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MicroRNAs and liver disease
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The biological roles of microRNAs (miRNAs) have been extensively studied. miRNA122 represents more than half of the
miRNAs expressed in the liver and has various physiological and pathological functions, which include enhancing hepatitis virus
replication, regulating lipid metabolism and suppressing hepatocellular carcinoma. miRNAs, whether globally or individually,
have been linked with hepatocarcinogenesis. Furthermore, some miRNAs have been shown to be involved in the pathogenesis of
nonalcoholic steatohepatitis. Using nucleotide-based strategies, these miRNAs may be developed as potential therapeutic
targets. Because changes in miRNA expression can be measured in sera, they may be used as non-invasive biomarkers if they
correctly reflect the pathological state of the liver. In this review, we show the biological roles of representative miRNAs in liver
disease and discuss the current issues that remain to be clarified for future clinical applications.
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INTRODUCTION

MicroRNAs (miRNAs) are short, single-stranded, noncoding RNAs
that are expressed in most organisms.! As the discovery of the miRNA
lin-4 in Caenorhabditis elegans,>> 1881 miRNA precursors and 2588
mature miRNA human sequences have been deposited in miRBase,
a public repository hosted by the Sanger Institute, as of June 2014.*
It is speculated that miRNAs regulate >30% of protein-coding genes
in humans.”” By regulating gene expression, miRNAs are involved
in various physiological and pathological processes.>* In particular,
a growing number of studies have been published, especially since
2005, connecting miRNAs with liver disease. There are now >3000
published reports. Because it is impossible to summarize all of the
results here, we describe the roles of representative miRNAs that are
considered important in the pathology of liver disease.

BIOLOGICAL ROLES OF MIR122 IN LIVER DISEASE

miRNA expression is tissue specific. miR122 is an miRNA that makes
up more than half of all of the miRNAs expressed in the liver, followed
by miR192 and miR199a/b-3p, accounting for 52%, 17% and 5%,
respectively.!? Therefore, miR122 is thought to have an important role
in the liver. The most striking feature of miR122 is its positive role in
hepatitis C virus (HCV) replication. The 5" internal ribosome entry
site of the HCV genome contains two possible miR122-binding sites
that are essential for efficient HCV replication in the liver.!! miR122
interacts with these sites and enhances replication of HCV, at least in
part by enhancing viral translation. Eight years after the first report of
the positive effects of miR122 on HCV replication,'! miravirsen, an
locked nucleic acid, antagomir against miR122 that suppresses HCV
replication, was developed as the first patient drug based on miRNAs.
In a phase 2 clinical trial, miravirsen was well tolerated and produced a

good virological response.!? Thus, miRNA-based therapeutics may
change the current treatment of some diseases.

A more recent study reported the outcome of the interaction
between miR122 and HCV. During infection, HCV RNA specifically
sequesters miR122, impairing the intrinsic function of miR122 and
derepressing normal miR122 targets. This ‘miRNA sponge’ effect was
originally reported with the phosphatase and tensin homolog
pseudogene 1 (PTENP1), which harbors the same miRNA target
sequences as phosphatase and tensin homolog deleted from chromo-
some 10 (PTEN).!* Normal expression of PTENPI may work as a
decoy for several miRNAs, which also target PTEN. Once PTENPI
expression is lost, the decoy effects are also lost, resulting in further
PTEN targeting and a resulting decrease in its expression (Figure 1).
This previously unidentified and surprising decoy function of the
pseudogene may have a tumor-suppressive role by regulating miRNA
function.'® The report convincingly showed that, similar to PTENP1,
HCV RNA acts as a decoy for miR122 and impairs its normal function
(Figure 2), which may facilitate the long-term oncogenic potential of
HCV .1

To determine the biological role of miR122, miR122-deleted mice
were generated. Deletion of mouse miR122 caused the mice to develop
steatohepatitis and subsequent liver tumors.!>!® Serum levels of
cholesterol and triglyceride were also significantly reduced in these
mice. There results are consistent with previous studies using miR122
inhibitors in vivo.!”!8 miR122 is the first reported miRNA involved in
lipid metabolism. Several studies have reported that antagonism of
miR122 results in a sustained decrease in plasma cholesterol levels in
mice, non-human primates and humans.!?»17-20 Despite these results,
the molecular mechanisms underlying miR122-regulated cholesterol
levels still remain to be elucidated. Although many genes associated
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Figure 1 PTEN is protected from microRNA binding by PTENP1. PTENPI
(upper) and PTEN (lower) 3’ UTRs contain a highly conserved domain.
miRNAs targeting the PTEN 3’ UTR in this domain can be trapped by the
domain in the PTENP1 3" UTR in the presence of PTENP1. Through these
functional interactions, PTENP1 is biologically active as it can regulate
cellular levels of PTEN by trapping miRNAs. miRNA, microRNA; PTEN,
phosphatase and tensin homolog deleted from chromosome 10; PTENP1,
phosphatase and tensin homolog pseudogene 1; UTRs, untranslated regions.
A full color version of this figure is available at the Journal of Human
Genetics journal online.

with cholesterol metabolism are affected by miR122 inhibition, they
are not always direct targets of miR122.>! Because miR122-deleted
mice showed both steatohepatitis and reduced serum levels of lipid,
miR122 may target genes important in lipoprotein secretion.?! To
address the precise role of miR122 in lipid metabolism, comprehensive
miR122 target profiling and functional analyses are important.

miR122 also acts as a tumor suppressor. This tumorigenic role was
confirmed with the loss of miR122 in knockout mice, as described
above.!>1® The expression of miR122 is decreased in half of the cases
of hepatocellular carcinoma (HCC), particularly non-viral HCC.!°
Decreased expression of miR122 is also closely linked with aggres-
siveness and chemo-resistance of HCC.2223 Therefore, miR122 seems
to have an important role as a tumor suppressor in the liver.

Although the details are not described here, miR122 is also involved
in other hepatic functions and disease, including proper liver
development,*?>  hepatitis B virus pathogenesis,”® circadian
rhythms,?” iron metabolism?® and others.>#?> Thus, miR122, the
major miRNA in the liver, is involved in various kinds of physiological
functions in addition to liver disease (Figure 3).

BIOGENESIS AND FUNCTIONS OF miRNAs
Although individual miRNAs may have important roles in the liver,
it is also possible that almost all miRNAs are deregulated because
of impaired miRNA biogenesis. Initially, primary miRNAs, which
contain stem-loop structures, are transcribed by RNA polymerase I1.%
These primary miRNAs are processed by a microprocessor complex
composed of Drosha (RNAase I11)*° and DiGeorge syndrome critical
region gene 8/partner of Drosha®® in the nucleus.?! The processed
products are ~ 65-nucleotide hairpin-shaped precursors (pre-miR-
NAs) that are transported to the cytoplasm via exportin-5.3%33
Pre-miRNAs are further cleaved into mature miRNAs by Drosha
and Dicer RNA polymerase III. Mature miRNA duplexes are loaded
onto an RNA-induced silencing complex and are unwound into the
single-stranded mature form.>*3¢ The resulting co-complex directly
targets the 3’-untranslated regions of target mRNAs, depending on
sequence similarities, to negatively regulate their expression by
enhancing mRNA cleavage or inhibiting translation.®37

Given that Dicer is essential for most miRNA processing, condi-
tional mice with deletion of the Dicer gene in hepatocytes may provide
a useful model for determining the physiological function of global
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Figure 2 HCV RNA sequesters miR122 and derepresses miR122-targeting
genes. (a) miR122 normally suppresses the expression levels of its target
genes, which contain miR122-targeting sequences in their 3’ UTRs. Solid
lines in 3’ UTR indicate the positions of possible miR122 target sequences.
(b) In HCV-infected cells, viral RNA specifically sequesters miR122 by its
miR122 target sequences in its 5’ IRES (indicated by solid lines in 5" IRES)
to derepress its normal host target genes. These may be responsible for the
pathogenesis of long-term HCV infection. HCV, hepatitis C virus; IRES,
internal ribosome entry site; UTRs, untranslated regions. A full color version
of this figure is available at the Journal of Human Genetics journal online.

miRNAs in the liver.3® In these mutant mice, liver zonation was
deregulated with diffuse expression of periportal proteins, such as
carboxykinase and E-cadherin.®® Dicer-deficient hepatocytes result in
prominent steatosis and depletion of glycogen stores. Mutant mice
developed HCC after 1 year of age with Dicer-deficient hepatocytes.’®
These results suggest that Dicer and/or global miRNAs in the liver
have vital roles in the regulation of the liver development
and metabolism, and in the suppression of tumor development.’
Consistent with this, one study reported that low dicer expression in
human HCC is linked with a poor prognosis.*® Thus, it may be
important to consider not only individual miRNA function, but also
gross miRNA function in light of the pathogenesis of liver disease.

miRNAs AND HCC

Numerous reports have described the deregulated expression of
miRNAs in human HCC. Most studies have selected candidate
miRNA(s) and revealed their target genes, which may be involved in
carcinogenesis, and compared miRNA expression levels between
cancerous and non-tumorous background tissues. The list of miRNAs
with deregulated miRNA expression has already been described in
several excellent reviews.*%*! Here we describe select miRNAs that
may have crucial roles in HCC.
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Figure 3 miR122 has many functions in the liver. miR122 is involved
in HCV replication, lipid metabolism, hepatocarcinogenesis and cell
differentiation, which are pathologically and physiologically important in the
liver. HCV, hepatitis C virus. A full color version of this figure is available at
the Journal of Human Genetics journal online.

The expression level of miR26 has been linked to the prognosis of
HCC.*? Patients with higher miR26 expression show better prognosis
following surgery. Consistent with results from a clinical study, miR26
has been confirmed as a tumor suppressor in mice. In a c-Myc-driven
hepatocarcinogenesis model in mice, miR26 delivery by adeno-
associated virus significantly suppressed tumor burden.*> Thus,
miR26 expression suppresses HCC, and therefore may be useful for
the prevention or treatment of HCC.

Another well-known tumor-suppressive miRNA is let-7. The
oncogenic and RNA-binding proteins LIN28 and LIN28B specifically
block the processing of let-7 precursors into mature miRNAs,*
suggesting that their overexpression might promote malignancy by
repressing let-7. On the other hand, let-7 targets LIN28 and LIN28B,
decreasing their protein levels. Thus, LIN28 and let-7 antagonize one
other under normal physiological conditions. If these antagonizing
effects are deregulated, pathological conditions may occur (Figure 4).

Inflammation is considered a major cause of cancer.*>*¢ HCC
frequently occurs in persistently inflamed liver tissues that are a result
of chronic hepatitis viral infection or nonalcoholic steatohepatitis
(NASH). However, the molecular linkage between chronic inflamma-
tion and carcinogenesis has not been well characterized. miRNAs may
be involved in chronic inflammation-induced carcinogenesis. In fact,
several studies have clarified one such linkage, in which miRNAs
may serve as a bridge between continuous inflammation and
carcinogenesis. One report in particular described a positive-
feedback loop in an inflammatory response mediated by NF-kB that
activates Lin28B transcription (Figure 5).4” LIN28B, an inhibitor of the
pre-let-7 processing described above, reduces mature let-7 levels.
Let-7 normally inhibits interleukin 6 (IL-6) expression, resulting in
higher levels of IL-6 than usually achieved by NF-kB activation.
IL-6-mediated signal transducer and activator of transcription 3
(STAT3) activation is necessary for transformation and IL-6 activates
NF-kB, completing the positive-feedback loop. Although the experi-
ments in this study primarily used the breast cancer cell line MCF10A,
a similar feedback loop was observed in HCC tissues. The authors
termed these mechanisms an ‘epigenetic switch’ because the loop
maintains the epigenetic transformed state even in the absence of
inflammation.

Another paper reported a similar but distinct observation: when
using diethyl nitrosamine-induced foci of altered hepatocytes (FAH),
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Figure 4 Deregulated balance between LIN28/28B and let-7 leads to
oncogenesis. LIN28/28B and let-7 antagonize each other under normal
physiological conditions. Once LIN28/28B expression is enhanced, for
example, by inflammation and the balance collapses, LIN28/28B expression
is augmented and let-7 expression further suppressed, resulting in the
oncogenic effects of LIN28/28B. A full color version of this figure is
available at the Journal of Human Genetics journal online.
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Figure 5 A model bridging chronic inflammation and transformation by
miRNA. Inflammation triggers activation of NF-xB, which leads to the
transcription of LIN28B. LIN28B inhibits the production of let-7, which
normally inhibits IL-6 expression, resulting in higher levels of IL-6 than
usually achieved by NF-kB activation. IL-6-mediated STAT3 activation is
necessary for transformation and IL-6 activates NF-xB, completing the
positive-feedback loop. IL-6, interleukin 6; miRNA, microRNA. A full color
version of this figure is available at the Journal of Human Genetics journal
online.

LIN28-expressing cells are present in FAH, in which let-7 is down-
regulated, resulting in the expression of IL-6,
mediating the progression of malignancies from progenitors. An
important difference between the cells in FAH and those in early
hepatocarcinogenesis is that IL-6 signaling is autocrine, mediated by
reduced let-7 due to the upregulation of LIN28B in FAH cells. This
mechanism may contribute to malignant progression from HCC

enhanced
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progenitor cells.*8 Although these hypotheses may be interesting, their
relevance in hepatocarcinogenesis needs to be further confirmed to
determine the applicability and reproducibility of these findings.

miRNAs AND NASH
Deregulated miRNAs may also be involved in the pathogenesis of
NASH.* The list of miRNAs with deregulated expression in NASH is
described in several excellent reviews.**>0 Here we describe miR21 and
miR103/107.

miR21 levels are upregulated in the liver of NASH patients
compared with control subjects or simple steatosis patients.”!
Low-density lipoprotein receptor (LDLR)-deleted mice (Ldlr —/—)
fed a high fat diet show aggressive liver inflammation, which can be
used as an NASH model.>! miR21 expression in the livers of these
mice is also increased. Pharmacological inhibition of miR21
using antagomir-2 reduced hepatic inflammation and liver fibrosis,
suggesting that miR21 has a central role in liver inflammation induced
by steatosis.’! Hence, antagomir-21 may be useful as a therapeutic
option against NASH. Importantly, miR21 is expressed mainly in
inflammatory and biliary cells, and not in hepatocytes. Although
peroxisome proliferator-activated receptor alpha was raised as a
possible target in this study, the precise mechanisms regarding the
role of miR21 in the pathogenesis of NASH remain to be determined.

Another landmark study about miRNA and NASH reported that
miR103/107 expression is upregulated in the liver of alcoholic
steatohepatitis and NASH patients.>> Although the sequences of
mature miR103 and 107 differ by one nucleotide at position 21 and
cannot be discriminated by northern blotting, both miRNAs were
upregulated in the liver of alcoholic steatohepatitis and NASH.>?
Overexpression of these miRNAs induces glucose intolerance, and,
conversely, silencing by antagomirs results in improved glucose
tolerance and insulin sensitivity in ob/ob obese mice.’?> These results
suggest that miR103 and 107 regulate insulin sensitivity.>> A transgenic
model that constitutively overexpresses miR103 exhibited glucose
intolerance. Apigenin, a flavonoid that inhibits the maturation of
miRNAs, improved the pathogenic status.>® These results suggest that
miR103 may be a promising therapeutic target and the modulation
of its expression may be a good candidate for improving insulin
sensitivity.

CIRCULATING miRNAs AS DIAGNOSTIC MARKERS

miRNAs in the circulation are relatively stable.>* Non-coding RNAs,
including miRNAs, are passively released from dying cells or actively
released by inclusion in an exosome or in microvesicles, or in a
protein-bound form. Microarrays, PCR methods and next-generation
sequencing technologies are currently being used to examine the
levels of circulating noncoding RNAs. Easily assessable serum-based
miRNAs may be useful as novel biomarkers for diagnostic or
prognostic purposes in various diseases.

Utilizing a single or several circulating miRNAs as diagnostic
markers for HCC has been extensively reported, although the
specificity is relatively poor.>> A combination of multiple circulating
miRNAs instead of a single miRNA may offer more specificity and
sensitivity as a diagnostic marker for HCC diagnosis and prognosis
prediction. For example, a panel consisting of seven miRNAs (miR29a,
29¢, miR133a, miR143, miR192 and miR505) was recently reported to
have higher diagnostic accuracy of HCC (area under the curve =0.833
to detect a smaller size of HCC) than AFP, a commonly used marker,
in hepatitis B virus-positive patients.’® Although these results are
promising, several other panels using different miRNA sets have also
been investigated for similar diagnostic purposes with high accuracy.
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To confirm the reproducibility and ensure the results are useful for a
clinical setting, standardized protocols and well-designed prospective
studies will be essential in the future.

Similar to the cases of HCC diagnosis, some miRNAs have been
tested for the diagnosis of NASH. For example, 84 circulating miRNAs
were assessed to determine if they are differentially expressed in
patients with nonalcoholic fatty liver disease.’’ Among them, miR122
circulating levels were most markedly changed (7.2-fold change in
NASH versus controls, and 3.1-fold change in NASH versus simple
steatosis). miR122 serum levels were significantly associated with the
nonalcoholic fatty liver disease activity score (NAS). The area under
the curve, which indicates the ability of miR122 to discriminate an
advanced disease from the mild form, was about 0.7. This is fair, but
more sensitive and specific markers are needed. Panels using several
miRNAs, similar to the cases in HCC diagnosis, may also be necessary
for NASH diagnosis. Although the development of non-invasive
diagnostic methods for NASH is promising, more work is still needed
to improve the reliability of circulating noncoding RNAs as novel
biomarkers.

miRNAs AS NOVEL THERAPEUTICS AGAINST LIVER DISEASE
Given the mounting evidence that miRNAs are frequently deregulated
in HCC and may be involved in oncogenesis, these miRNAs may
provide novel molecular targets for therapeutic intervention. However,
due to the complexity associated with pleiotropic miRNA functions,
the number of clinical trials has been limited.”® The leading
nucleotide-targeting therapy, miravirsen, an locked nucleic acid-
based anti-miR122 against HCV replication, has been successful in a
phase ITa study.'? In addition, MRX34, a liposome-formulated miR-34
mimic developed by Mirna Therapeutics (Austin, TX, USA), produced
complete HCC regression in mouse models,>® and a phase I study is
currently recruiting patients with advanced liver cancer for HCC
therapeutic intervention (NCT01829971). Regulus Therapeutics (San
Diego, CA, USA) is developing anti-miR122 (RG-101) and anti-
miR103 (RG-125) for anti-HCV and anti-NASH, respectively. Enroll-
ment of patients in phase II has been completed for anti-miR122 and
enrollment of patients in phase I is about to start for anti-miR103 with
AstraZeneca (London, UK). On the basis of the results that anti-
miR21 and anti-miR221 prolonged survival time in a preclinical
mouse model that genetically develops HCC, Regulus Therapeutics is
also developing anti-miRNAs against these targets for clinical use. In
addition, a miR7 mimic is currently being developed by MiReven
(Nedians, WA, Australia) to target HCC. Mir7 targets the phosphoi-
nositide 3-kinase pathway and has been shown to decrease tumor
growth both in vitro and in vivo.%°

CHALLENGES FOR CLINICAL TRANSLATION

The biological roles of miRNAs have been extensively studied.
However, the reproducibility of reported results are not satisfactory
at present, possibly because miRNAs associate with multiple targets
given the ambiguity in their sequence matches. The fact that miRNAs
have multiple targets and the fact that mRNAs are targeted by multiple
miRNAs further complicates the interpretation of any results. More
solid data using sophisticated models such as gene-modified mice or
well-controlled clinical studies are needed. System biology approaches
will also be essential to fully understand the biological roles of
miRNAs. Additional issues that should be considered before better
clinical translation are as follows:

(1) For the development of useful biomarkers using circulating
miRNAs, specificity and sensitivity, as well as methods to measure



small amounts of RNA in sera, with high reproducibility and the
universal control to adjust data from different times and samples
will be necessary.

(2) For the development of effective therapeutics using miRNAs,
identification of the miRNAs important in pathogenesis will be
critical, although passive miRNAs may be utilized as prognostic
and diagnostic markers.

(3) For the development of effective interventions using miRNA-
related oligonucleotides, the delivery method, improved oligonu-
cleotide modification and safety must be considered further.
Because miRNAs generally have diverse effects because they target
multiple mRNAs, undesired outcomes or so called ‘off-target
effects, may be encountered, even when a specific miRNA is
targeted.

CONCLUSIONS

The discovery of miRNA has, without doubt, opened up new
possibilities for understanding the molecular mechanisms of gene
regulation. The speed of discovery in this field is astonishing. In fact,
novel therapeutics targeting miRNAs have already been successfully
tested in clinical trials. Some miRNAs may also be clinically useful as
novel biomarkers. In addition, the discovery of novel concepts in the
pathogenesis of hepatocarcinogenesis frequently involves miRNA.
However, several important issues remain to be resolved. Continuous
research will be essential for the development of truly innovative
concepts in our understanding of pathogenesis and its connection with
miRNAs and to transform the obtained knowledge into real clinical
applications.
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