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Abstract

MicroRNAs are small noncoding RNA molecules that regulate gene expression
posttranscriptionally through complementary base pairing with thousands of messenger RNAs.
They regulate diverse physiological, developmental, and pathophysiological processes. Recent
studies have uncovered the contribution of microRNAs to the pathogenesis of many human
diseases, including liver diseases. Moreover, microRNASs have been identified as biomarkers that
can often be detected in the systemic circulation. We review the role of microRNASs in liver
physiology and pathophysiology, focusing on viral hepatitis, liver fibrosis, and cancer. We also
discuss microRNAs as diagnostic and prognostic markers and microRNA-based therapeutic
approaches for liver disease.
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MicroRNAs (miRNAs) were first described in 1993, in developmental timing experiments in
the nematode Caenorhabditis elegans.t Since then, these small noncoding RNA molecules,
about 22 nucleotides long, were found to be posttranscriptional regulators of gene
expression in metazoans and plants.23 The human miRNA family comprises 1733 mature
miRNAs, encoded by 1424 precursors (some have miRs annotated on both sides of the
hairpin) (data from miRBase 17; www.mirbase.org/). A 2002 report that miRNASs were
involved in tumorigenesis led to the identification of many other miRNAs and increased our
understanding of their biogenesis and roles in oncogenesis.* A PubMed search from June
2011 using the keywords “microRNA” or “miRNA” found these terms in the titles or
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abstracts of 7691 research articles and 1360 reviews or commentaries; 4536 were related to
cancer and 482 were specific to liver diseases, including liver cancers (Figure 1). There has
been exponential growth in the number of miRNA articles related to cancer since 2002.

The discovery of miRNAs has increased our understanding of the posttranscriptional
regulation of genes and how this process contributes to development of cancer. More than
50% of genes that encode miRNAs are located at fragile sites or in cancer-associated regions
of the genome, indicating that miRNAs are cancer related and could serve as diagnostic
markers or therapeutic targets.> Almost every type of human cancer analyzed has been
associated with altered activities of miRNAs. These discoveries have accelerated our
understanding of the pathogenesis of human cancer and provide tools for diagnosis and
treatment of cancer.

miRNA biogenesis has been well characterized and basically consists of 6 steps:
transcription, cleavage, export, further cleavage, strand selection, and interaction with target
messenger RNAs (MRNAs). Modification of any of these steps could contribute to
development of liver or other diseases, including cancer (Figure 2). Briefly, miRNAs are
transcribed from genes by RNA polymerase Il into initial transcripts that are processed
either via a canonical pathway (cleaved by the Drosha-DGCR8 complex) or the mirtrons
pathway (processed by the spliceo-some) to form hairpin-like miRNA precursors called pre-
miRNASs. These precursors are exported from the nucleus to the cytoplasm, which requires
Exportin-5 and Ran-GTP. In the cytoplasm, they are processed by Dicer into imperfect
duplexes that consist of mature miRNA and complementary fragments called miRNAs.

The processed miRNAs are loaded onto the RNA-induced silencing complex (RISC) and
guided to their mRNA targets through interactions with members of the Argonaute family,
such as Agol-4 or Ago2, to form RISCs that are also called miRNP or miRISC. Gene
expression can be reduced or increased by miRNAs via several mechanisms, such as mMRNA
deadenylation, translational repression or activation, or other undiscovered processes.
Different base-paring combinations of mMiRNA-mRNA, through their unique
complementarities, could reduce or increase production of gene products. It is not clear how
miRNAs incorporate into RISCs and form complexes with different argonautes. However,
miRNAs and their biogenesis pathways are highly conserved evolutionally, from plants to
mammals, indicating their importance in cellular processes and development. Recent results
indicate that miRNA from plants used as foodstuffs (eg, rice) can regulate gene expression in
mammals.8

miRNAs regulate diverse physiological and developmental processes by controlling levels of
specific mMRNAS, so their own expression and processing must be tightly regulated for
normal cell function.” 8 Each miRNA could be transcribed and regulated independently, at
the transcriptional levels by activators and repressors, or at the epigenetic level through DNA
methylation.9-11 The expression levels of processing components are also tightly controlled
to regulate the abundance of mature miRNAs. Alterations in any of these processes could
lead to tumorigenesis or development of other diseases.? Single nucleotide polymorphisms
in genes that encode MiRNAs can affect their processing and target binding, along with
cancer risk, response to treatment, and disease progression.13 The complexity of miRNA
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regulation and the changes that contribute to tumorigenesis make it difficult to correlate
specific miRNAs or features of their processing with particular tumor types. In fact, levels of
miRNAs and miRNA processing are likely to vary throughout a tumor; tumor heterogeneity
is a barrier to effective diagnosis and treatment.

Chronic liver diseases such as viral hepatitis, which can be caused by infection with hepatitis
B or C viruses (HBV or HCV), alcohol consumption, or obesity, are major global health
burdens that can increase the risk of hepatocellular carcinoma (HCC). Although vaccination
can prevent HBV infection,4 strategies to eliminate HBV from chronic carriers are
ineffective and there are no vaccines for HCV. With 2 recently approved drugs and dozens
more in the pipeline, HCV treatment strategies are likely to improve.1> HCC is a common
form of primary liver cancer; it is the third most deadly and fifth most common cancer in the
world.16-18 Despite many years of research into treatment and causes of HCC, it remains
one of the most difficult-to-treat malignancies, with a 5-year survival rate of less than 12%
in the United States.18

mMiRNAS in Liver Disease

The roles of miRNAs in regulation of gene transcription in animal development have been
well documented.® Organogenesis and development of the liver have also been well
studied.20 Although we have limited understanding of the role of miRNAs in liver
development, these molecules are likely to regulate cell lineages and differentiation.
Expression of miR-122 is liver specific and inhibition of miR-122 expression in mice leads
to a down-regulation of cholesterol and lipid-metabolizing enzymes.21 Members of the
miR-181 family are highly expressed in embryonic liver and can target the mRNA that
encodes GATAB,22 a transcription factor that regulates liver organogenesis.2® Increasing our
knowledge about the roles of miRNAs in normal liver development will help us understand
liver pathophysiology and cancer pathogenesis (Figure 3). Because of a close link between
miRNAs and development, it is not surprising that so many different types of miRNAs are
involved in different stages of liver diseases (Figure 3). Most of the recent studies have
focused on the roles of mMiRNAs in initiation and progression of liver cancer, although we
are learning more about the roles of miRNAs in chronic liver disease.

Viral Hepatitis

Patients with viral hepatitis or chronic liver disease are at increased risk for developing
cirrhosis and primary liver cancer. The liver-specific miR-122 could contribute to the liver
tropism of HCV by accelerating the binding of ribosomes to the viral RNA and thereby
stimulating HCV translation.23 This exciting finding indicates that inhibition of miR-122
could block HCV replication. The finding resulted in a successful preclinical study? and the
first miRNA-based clinical trial (Figure 1).

Alcoholic and Nonalcoholic Fatty Liver Disease

Alcoholic liver disease (ALD) is a major cause of chronic liver disease worldwide and can
lead to fibrosis and cirrhosis.2> Nonalcoholic fatty liver disease (NAFLD) has been
recognized as the most common chronic liver disease in Western industrialized countries.
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NAFLD affects 20%-30% of adults in developed countries2> and is associated with insulin
resistance and metabolic syndrome, as in obesity and type 2 diabetes mellitus. Like viral
hepatitis, ALD involves activation of intracellular signaling pathways in various cell types,
including hepatocytes, hepatic stem cells, stromal cells, and inflammatory cells, although
different molecular events could be involved. miRNAs seem to be involved in the
pathogenesis of ALD. miR-125b, miR-146a, and miR-155 can regulate inflammatory
responses to lipopolysaccharide-induced tumor necrosis factor (TNF)-a in Kupffer cells.26
Recent studies indicate that Kupffer cell-specific miR-155 contributes to alcohol-induced
activation of TNF-a in macrophages from patients with ALD.27 Levels of circulating
miRNAs such as miR-34a and miR-122 were found to be increased in patients with NAFLD.
28 These miRNASs might be used as markers for diagnosis or therapeutic targets for ALD and
NAFLD.

Liver fibrosis is a consequence of chronic damage to the liver. It develops through a complex
network of signaling pathways that regulate the deposition of extracellular matrix proteins
and fibrogenesis, a characteristic of most types of chronic liver disease. Hepatic stellate cells
and inflammatory cells such as Kupffer cells could contribute to development of chronic
liver disease. Recent studies indicate that miR-29 regulates liver fibrosis and is part of a
signaling nexus that involves transforming growth factor S and nuclear factor xB in hepatic
stellate cells.2® Members of the miR-29 family were significantly down-regulated in livers of
mice following induction of fibrosis with CCl4 and in livers of patients with advanced
fibrosis. In addition, miR-29b suppresses activation of hepatic stellate cells and might slow
or prevent liver fibrosis.39 Other studies have associated overexpression of the miR-199 and
—200 families with progression of liver fibrosis.3! Interestingly, overall down-regulation of
miRNAs was observed in a feedback mechanism that occurs during the early phases of liver
regeneration.32 These studies reiterated the functional importance of miRNA during liver
regeneration and consequent liver fibrosis.

Numerous reports have linked deregulation of miRNA expression to liver cancers, but
studies related to viral hepatitis-related HCC are limited. Gene expression profiling studies
have shown different expression patterns of miRNA in HBV- and HCV-related HCC samples
at various stages of tumor progression and in patients from different ethnic backgrounds.
33-37 Through the examination of differentially expressed miRNAs that are associated with
chromosome amplification or deletion, miR-151 was identified as an oncomir, an mMiRNA
with an oncogenic potential.38 Abnormal expression patterns of miRNA have been
associated with stem cell-like HCC cells.22:3940 Another recent study indicated that
miR-199a/b-3p was down-regulated in HCC cells and can suppress growth of HCCs by
inhibiting the PAK4-Raf-MEK-ERK pathway.*! The roles of miRNA in hepatic
carcinogenesis are complex; different studies have reported unique profiles, with only a few
miRNAs in common, indicating the heterogeneity of HCC. The miRNAs that have been
identified in several studies, such as let-7, miR-122, miR-26, and miR-101, which are all
down-regulated in HCC, and miR-221, miR-181, and miR-17-92, which are all up-regulated
in HCC, could serve as biomarkers or therapeutic targets for HCC.
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Combinations of genomic analyses and functional studies have identified miRNAs that
function as oncogenes (oncomirs) or tumor suppressors. For example, up-regulation of
miR-21 can activate PTEN, which activates phosphatidylinositol 3-kinase signaling to AKT
and contributes to progression of HCC.#2 miR-21 is frequently up-regulated in other human
solid malignancies, such as tumors of breast, colon, lung, pancreas, prostate, and stomach.43
This miRNA is druggable and could be a good target for common human cancers, including
HCC.

In a comparison of samples of primary metastatic and nonmetastatic HCCs from patients,
altered levels of 20 miRNAs (including let-7g and miR-122a) were associated with venous
metastasis of HCC.34 Sixteen of these were down-regulated in metastatic tumors, indicating
that reducing their expression contributes to tumor progression. Down-regulation of one of
these, the hepatocyte-specific miRNA miR-122, promoted growth of HCCs in mice,
regulated expression of cell cycle components, and increased migration of HCC cells and
their invasive activities. miR-122 might therefore be a suppressor of HCC metastasis.*44°
The miRNA let-7g could suppress metastasis of HCC, in part, by targeting soluble
collagens.*® Moreover, a feedback loop that includes the transcription factor hepatocyte
nuclear factor (HNF)-4a and miRNA regulates inflammation and hepatocellular
oncogenesis.4’

The incidence of HCC is 2- to 6-fold higher in men than in women.*8 Moreover, women
with this disease tend to survive longer than men, indicating a sex-related mechanism that
prevents HCC formation or slows progression. Researchers identified 5 miRNAs (miR-26a,
miR-10b, miR-125h, miR-99b, and miR-325) that were expressed at higher levels in livers
of women than men; 3 were down-regulated in HCCs, indicating that they might act as
tumor suppressors.#? miR-26 has been consistently found to be silenced in metastatic HCC
and its levels are associated with patient survival time.4%:50 miR-26 targets mRNAs that
encode cell cycle components and systemic administration of this miRNA in a mouse model
of HCC inhibited cancer cell proliferation, induced tumor-specific apoptosis, and protected
mice from disease progression.®® Similarly, expression of let-7 can reduce growth of lung
tumors in mice.%!

Similar to HCC, miRNAs are involved in the pathogenesis of cholangiocarcinoma, the
second most common type of primary liver cancer. miR-21 and many other miRNAS are
expressed at high levels in cholangiocarcinoma and regulate programmed cell death 4 and
tissue inhibitor of metalloproteinase 3; they also prevent gemcitabine-induced apoptosis by
PTEN-dependent activation of phosphatidylinositol 3-kinase signaling.>2:3 Interleukin-6
epigenetically controls expression of miR-370 in malignant cholangiocytes.>* miR-494 is
down-regulated in cholangiocarcinoma; up-regulation of this miRNA can reduce cancer cell
proliferation by affecting multiple targets involved in the G;-S transition.>® These results
indicate that miRNAs are useful markers and possible therapeutic targets for
cholangiocarcinoma.
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Liver Cell Types and Associated miRNAs

Hepatocytes

Hepatocytes make up 70%-80% of the liver mass and mediate detoxification, modification,
and excretion of exogenous and endogenous substances. The function of miRNAs in normal
liver physiology was assessed in mice that lack functional Dicer1 in hepatocytes.>® Hepatic
function was maintained in the absence of mature miRNAs. However, chronic miRNA
deficiency led to hepatocyte apoptosis, hepatocyte regeneration, and portal inflammation,
which are processes associated with chronic liver disease. HNF-4a regulates hepatocyte
differentiation2; miR-24 and miR34a have each been found to target HA/F4a mRNA.57
miR-122 comprises more than 70% of the miRNA in the liver®8 and can be regulated by
HNF-4a.59 Therefore, HNF-4a. might regulate hepatocyte differentiation through miR-122.
miRNAs might regulate hepatocyte differentiation and metabolism during cellular stress,
triggered by various etiologic factors.

Kupffer Cells

Kupffer cells are macrophages in the liver. There have been few studies of the functions of
miRNAs in Kupffer cells, although they appear to be the major source of TNF-a production
in patients with ALD. miR-155 has been associated with ALD and might perpetuate
production of TNF-a production by stabilizing its mMRNA.27

Hepatic Stellate Cells

Hepatic stellate cells mediate hepatic fibrosis and have been found to express miR-29, the
miR-199 and —200 families, and miR-221/222.29-31.60.61 Expression of the miR-199 and
-200 families has been correlated with progression of liver fibrosis.31 Hepatocyte growth
factor could up-regulate miR-29, which regulates collagen synthesis to repress stellate cell
activity. The transcription factor nuclear factor xB can activate expression of miR-221 and
miR-222, which can promote proliferation of stellate cells. These miRNAs might be
therapeutic targets for liver fibrosis.

Liver Sinusoidal Endothelial Cells

Liver sinusoidal endothelial cells comprise approximately 50% of nonparenchymal hepatic
cells and serve as a scavenger system in the exchange of material between the blood and
liver parenchyma. Long-term exposure to alcohol can induce endothelin 1 and hypoxia-
inducible factor 1a and inhibit expression of miR-199 in liver sinusoidal endothelial cells.52
Overexpression of miR-199 can reduce expression of hypoxia-inducible factor 1a and
endothelin 1. miR-199 might therefore function as a negative regulator of the level of
endothelin 1 and the function of liver sinusoidal endothelial cells.

mMiRNA Regulatory Networks

Cell homeostasis is maintained by signaling networks that, when disrupted, cause diseases
such as cancer.53 miRNAs participate in many negative and positive feedback loops that
control cell processes, including stem cell properties (Figure 4). The let-7 miRNA precursor,
which binds to the mRNA Lin28 (a marker of human embryonic stem cells), is regulated by
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the product of the oncogene ¢-Myc, which contains let-7 binding sites, indicating the
presence of a feedback loop. Let-7 regulates other oncogenes as well as cell proliferation
and apoptosis. The let-7 family consists of 13 members, conserved in sequence and located
on 9 different chromosomes; its functions are conserved from C efegansto humans. Levels
of let-7 family members are down-regulated in malignancies, including HCC, and associated
with cancer stem cells.

Given the functional redundancy and corepression of let-7 family members in tumor cells,
there might be a common mechanism that coordinately inhibits multiple members of this
family. The 1in28 family members 1in28 and 1in28B each target and inhibit let-7.6465 |et-7
suppresses expression of ¢-Myc, which inhibits transcription of let-7. Loss of such a
negative feedback loop appears to be a common event in cancer cells from advanced-stage
tumors such as HCC.56

In contrast, miR-181 regulates the Wnt-g-catenin signaling pathway in a positive feedback
loop in stem cells. Members of the miR-181 family are highly expressed in HCC cells that
have stem cell properties.22 miR-181 promotes stem-cell-like features of HCC cells by
targeting mRNASs that encode CDX2 and GATAG, which are hepatic transcriptional
regulators of differentiation. miR-181 also inhibits the mRNA that encodes NLK, an
inhibitor of Wnt-B-catenin signaling. Activation of this pathway induces transcription of
epithelial cell adhesion molecule (EpCAM),67 which is cleaved by the metallopeptidase
ADAM17, in conjunction with PSEN2, to produce an intracellular ectodomain called
EpICD. EpICD complexes with FHL2, B-catenin, and Lef1 to induce transcription of cyclin
D1, c-myc, and miR-181.88.69 This type of positive feedback loop could be used by cancer
cells to continuously self-propagate and contribute to metastasis and drug resistance.

During hepatocarcinogenesis, inactivation of HNF-4a leads to an activation of miR-24 and
miR-629 via interleukin-6 signaling to Stat3. Activation of these miRNAs keeps HNF-4a
inactivated, leads to production of more miR-124, and promotes oncogenesis.*’ Gaining
better understanding of miRNA-regulated feedback loops and finding ways to manipulate
them might lead to strategies to inhibit liver cancer stem cells.”?

Biomarkers

Diagnostics

MiRNAs are good biomarkers because they are well defined, chemically uniform, restricted
to a manageable number of species, and stable in cells and in the circulation.”1-73
Challenges to their development as markers include their small size, the presence of target
sequences in precursor miRNAs, and absence of specific features such as caps or tails.
Analyzing patterns of miRNASs requires polymerase chain reaction (PCR)-based techniques,
hybridization assays, or next-generation sequencing methods.’#7>

Standard procedures for complementary DNA synthesis and amplification are modified to
function adequately with small RNAs.”6:77 Quantitative reverse transcriptase (QRT)-PCR—
based methods are generally difficult to reconcile with large sample numbers and probe sets.
If samples from a homogeneous patient population are available, one viable approach for
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exploratory studies could be to perform multiplex PCR”® with pooled samples, followed by
analyses of individual samples.”® Conventional gRT-PCR and microfluidic qRT-PCR
platforms each have better limits of detection and dynamic ranges than expression
microarrays80 but cannot compete with the ability of these assays to analyze thousands of
targets. Direct hybridization with RNA in solution, using color-coded probes, offers a more
highly multiplexed analysis without a need for amplification.81

Different studies of miRNA expression profiles report different results despite analyses
under similar conditions. These differences could be caused by variations in patient
populations (differences in diagnostic classification, sex and race composition,82-84 |ifestyle
factors such as alcohol or narcotic consumption,8-87 nutrition, or disorders such as
obesity®8:89 or fibrosis299:91) sampling differences, or use of primary tissues versus cell
lines. Furthermore, different methods are used for miRNA isolation®2 or analysis
(microarray and qRT-PCR data from the same samples do not always correlate well).93
Multicenter studies are needed to settle at least some of these issues and to cross-validate
findings.%4

Another challenge to the use of miRNAs as markers is that their mRNA targets are not easily
identified by computational methods.% Targets should be validated biochemically, such as
via immunoprecipitation of argonaute-miRNA-mRNA complexes.?® Also, it is important to
characterize miRNA targets not only at the mRNA level but also at the protein level, such as
by using proteome methods.?’~99 Network analyses might show association of a set of
down-regulated miRNAs with common cellular pathways or even convergence on a common
protein or set of related proteins.100-106 |t js also important to consider epigenetic factors,
copy number variations, and polymorphisms in the regulatory elements of genes that encode
miRNAs. 107,108

Circulating miRNA

Extracellular miRNAs (cell-free nucleic acids in the circulation)19° are stable and can be
recovered from serum, plasma, and other biologic fluids.”2110 Extracellular miRNA is found
in exosomes and in exosome-independent forms; the latter are presumably protected from
degradation by forming complexes with proteins, such as argonaute proteins (mainly Ago2)
or high-density lipoproteins.111.112 Some miRNAs (probably the minority)111.113 gre
packaged into exosomes and microvesicles!4 in multivesicular bodies; others exist as
protein-miRNA complexes (miRNPs) (Figure 5). Some miRNAs might even originate from
external sources (eg, derived from ingested food).6 The capacity of miRNAs for export
might depend on their specific sequence or specific export mechanisms of cell types. Liver-
specific mMiRNA-122 is released as a microvesicle-independent species.113115 The average
half-life of intracellular miRNA appears to be about 5 days, although some species are more
stable than others.”! The half-life of extracellular miRNA is unknown but probably depends
on the type of carrier (exosomes or free-protein complexes).

Use of circulating molecules as disease markers requires that enough material can be
detected and analyzed. miRNAs could be used as markers for cancer if cancer-specific
miRNAs existed, but such species have not been found, and only those normally present in
low concentrations could be used. However, systemic effects, such as altered levels or
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profiles of miRNAS, could be associated with disease risk and identified. Levels of miRNA
in whole blood are much higher than miRNA levels in plasma or serum.116 Serum and
plasma levels of specific miRNAs are not readily comparable,82 and the preparation of
plasma and sera (especially centrifugation) affects the amount of cellular miRNAs in the
presumed extracellular material.8494 Despite a number of proposals!16-118 and good
candidates for endogenous normalizers for tissue miRNA measurements, 119 no circulating
miRNA has been identified and validated for use as a standard. Variations in miRNA levels
with tissue type, donor sex and race, and to some degree technical features of collection and
assay methods have prevented their use as diagnostic or prognostic markers.%

Because of issues associated with purification of circulating miRNA, samples must be
processed uniformly and RNA must be isolated using a consistent, robust, simple, and quick
method to ensure valid comparisons of miRNA profiles in large studies. Direct gRT-PCR-
based miRNA assays using samples of plasma or serum without RNA extraction could be
feasible.120.121

Given the technical challenges, it is not surprising that there are conflicting data regarding
up-regulation or down-regulation of circulating miRNA in various pathologies.122-124 The
profiles of circulating miRNAs from patients with HCC and viral hepatitis in some respects
reflect those of tissue miRNAs from these patients.*%:125 The alterations in circulating
miRNA most consistently reported in patients with liver disease are therefore increases in
levels of mMiRNA-221 and —223 in patients with HCC.118.126 Cjrculating levels of
miRNA-21 and -122 are also increased in patients with HCC, but more so among patients
with chronic hepatitis or other types of toxic or viral liver injury.85.118

A mouse model of drug-induced liver injury was also reported to have increased circulating
levels of liver-specific miRNAs (122 and —192).127 Levels of miRNA-25, miRNA-375, and
let-7f are increased in the circulation of patients with HBV infection or HBV with HCC.128
Increased levels of miR-885-5p were significantly associated with liver disorders (HCC,
cirrhosis, and chronic HBV infection) but not with gastric malignancies.”® In a study of
HCV infection and NAFLD, serum levels of miRNA-34a and —122 correlated with fibrosis,
steatosis, and inflammatory activity.28 Encouragingly, a panel of plasma miRNAs (miR-122,
miR-192, miR-21, miR-223, miR-26a, miR-27a, and miR-801) can be used to diagnose
patients with HBV-related HCC.129 In patients with advanced liver fibrosis, circulating
levels of miR-29a are significantly reduced.2® In patients with cirrhosis, miR 513-3p and
miR-571 are increased whereas miR-652 is reduced.139 The combination of these miRNAs
was highly predictive for the presence of liver disease or cirrhosis and superior to classic
markers such as albumin, international normalized ratio, or platelet count.

As expected from the broad regulatory roles of miRNAs, disrupting their expression has
been associated with the onset and progression of several diseases,131-134 making them
interesting candidates for therapeutic targeting. However, interest in the biological activities
of miRNAS themselves, and their roles in posttranscriptional processing, is what has fueled
research in this field. Compounds that disrupt or mimic miRNAs could simultaneously
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modify multiple pathways and networks, a different approach from inhibitors of single
pathway constituents. There are 2 different strategies to miRNA therapeutics that have
different strengths and limitations.

miRNA Replacement

miRNA replacement therapy utilizes short RNA duplexes that mimic miRNAs that are
underexpressed in certain diseases. In mouse models in which down-regulation of a
particular miRNA was associated with disease development, the miRNA mimic was able to
reverse or reduce the disease phenotype.50:135.136 Ag gain-of-function reagents, miRNA
mimics restore normal level of the target MRNAS to diseased cells but may also alter
processes in healthy cells that normally do not express the miRNA, with unpredictable
outcomes. Not surprisingly, therefore, therapeutic development has been focused on
miRNAs that are underexpressed in diseased cells but highly expressed in normal tissues,
where additional levels would not be likely to have an effect.

Delivery of miR-26 suppresses Myc-induced tumorigenesis in mice.50 Systemic
administration of miR-124 can prevent and suppress hepatocarcinogenesis in mice by
inducing tumor-specific apoptosis without toxic side effects.4” Mimics to the miRNAs Let-7
and miR-34 are in preclinical development for cancer therapy (see
www.mirnatherapeutics.com).

The therapeutic objectives of miRNA mimics (supplementing a missing or underexpressed
miRNA) and small inhibitory RNAs (siRNAs) (which inhibit specific mRNA targets) are
essentially the same. However, it has been a challenge to develop the technology to safely
and effectively deliver siRNAs to target cells. This obstacle has slowed the development of
siRNAs as therapeutics and has been more difficult to overcome than initially believed; it is
expected to also affect the progress of miRNA replacement therapy.137

miRNA Inhibitors

miRNA inhibitors are chemically modified, single-stranded oligonucleotides that antagonize
overexpressed miRNAs. The most widely used miRNA inhibitors, which have been reported
to work by either degradation or sequestration of the mature miRNA, are termed antagomirs
or antimiRs, respectively. Antagomirs have a complementary sequence to the entire, mature
miRNA target, are based on the medium affinity chemistry termed 2’-O-methyl (2"-OMe),
are partially phosphorylated and are conjugated to cholesterol.2! Antagomirs have been
reported to inhibit target miRNAs, in a dose-dependent manner, in different tissues in mice
when administered intravenously as naked molecules.?1138 An antagomir of miR-221
blocked growth of HCC xenograft tumors in mice and prolonged their survival.139

AntimiRs are usually complementary to only part of the mature miRNA target, but bind it
with high affinity, and were developed using locked nucleic acid (LNA) chemistry. These
small anti-miRNAs have potent activity in a range of tissues in mice, rats, monkeys, and
chimpanzees following systemic administration as naked molecules, at doses considerably
lower than those of other inhibitors.24:140-145 The antimiR SPC3649 was tested in a phase
2a clinical trial of patients with chronic HCV infection (ClinicalTrials.gov number
NCT01200420).
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A particular challenge to developing miRNA antagonist therapies is that many human
miRNAs are members of functionally redundant families46:147 yet have insufficient
sequence similarity to allow them to be simultaneously bound by a typical-size
oligonucleotide. According to the miRBase 17, more than 25% of all mature human
miRNAs (511 of 1733) are members of a family (based on a 7-seed sequence identity)
comprising 2 or more members; some families have more than 10 members (Figure 6A).
Oligonucleotides with strong binding at very short sizes are required to target any of these
families. Pharmacologically active oligonucleotides (as short as 8-mers) are required to
target a significant part of these miRNA families and as short as 7-mers to target all families
(see Figure 6B).

LNA chemistry allows creation of very short oligonucleotides with sufficient affinities to
disrupt miRNA targets and such oligonucleotides have strong pharmacologic effects in
animals.?4 Obad et al recently showed that fully modified, seed-targeted LNA oligos as short
as 8-mers, termed tiny-LNAs, concomitantly and potently suppressed entire families of
miRNAs in cultured cells.1#8 Moreover, systemically administered, naked molecules of tiny-
LNAs distributed broadly throughout tissues of mice and had potent, dose-dependent, long-
lasting activity in liver, kidney, lung, and lung xenograft tumors.

Because they are only 8 nucleotides long, tiny-LNAs encounter many fully complementary
sequences in nontarget RNAs and therefore could cause undesired, off-target effects.
However, microarray analysis of cultured cells and livers of mice given tiny-LNAs against
miR-21, let-7, and miR-122 had the expected up-regulation of the mMRNAs targeted by the
miRNAs but no detectable effects on mMRNAs with target sites complementary to the tiny-
LNA. These findings indicate that off-target effects could be limited. This finding was
supported at the proteomic level; analyses of protein samples from livers of mice given tiny-
LNAs showed the expected effects on protein products of mMRNAs with canonical miR-122
target sites but no significant changes in protein products of mMRNAs with binding sites for
the anti-miR-122 tiny-LNA.

Clinical Development

miRNA-based therapeutics are still in early its stages. More work needs to be done to
understand the complex biological function of miRNAs, their roles in pathogenesis, and the
safety of compounds that alter their levels. Despite significant advances in recent years, the
miRNA mimic and antagonist technologies have also not yet been validated as platforms for
the development of safe and effective human therapeutics. However, a fair number of
miRNAs have been characterized to the point that they can be considered as attractive
therapeutic targets.

The most advanced program is for an antimiR, Miravirsen, that targets miR-122 and which
is being developed as a therapeutic for chronic infection with all subtypes of HCV. MiR-122
is a highly abundant, liver-specific miRNA involved in lipid and cholesterol metabolism and
in HCV replication.23:149 |n preclinical studies in micel40 and green African monkeys, 141
Miravirsen, given intravenously as a naked molecule, potently inhibited miR-122 in a dose-
dependent manner, resulting in expected increases in predicted mRNA targets and reductions
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in plasma cholesterol levels. In chimpanzees chronically infected with HCV subtype 1a or
1b, intravenous dosing with Miravirsen once weekly for 12 weeks reduced the viral load in a
dose-dependent manner, with a maximum decrease of 2.6 orders of magnitude in serum
levels of HCV RNA in the high-dose group.24 Notably, viral suppression lasted up to 3
months after the last dose, with no evidence of viral resistance or adverse effects in any of
the treated animals.

In May 2008, Miravirsen became the first miRNA inhibitor to enter clinical trials. Since
then, the compound has been tested in 2 phase 1 safety studies in healthy volunteers, a single
ascending dose and a 4-week multiple ascending dose study, and a phase 2a study in
treatment-naive patients with chronic HCV genotype 1 infection (data not published,
November 2011). In all of these studies, the compound was found to be safe, with no dose-
limiting toxicities and no discontinuations, but further confirmation is warranted. The 2
phase 1 studies showed some signs of efficacy, which included significant and dose-
dependent reductions in plasma levels of cholesterol—a surrogate marker of miRNA-122
disruption by the inhibitor. Preliminary data show a significant decrease of HCV RNA in
patients treated with Miravirsen, 130 providing the first piece of clinical evidence for
miRNAs as therapeutic targets (unpublished observations, March 2012).

Future Directions

Recent findings from integrative and mechanism-based profiling studies have provided
important information about the roles of miRNAs in normal cell functions and disease.
These studies could improve our understanding of the molecular mechanisms of chronic
liver diseases and liver cancer. Viral load affects risk for HCC, so development of antiviral
agents will aid chemopreventive measures to reduce the incidence of HCC. Promising agents
such as synthetic anti-miR-122 molecules could control HCV infection and reduce the
prevalence of HCC. The ability of miR-122 to reduce metastasis of HCC and its down-
regulation in metastatic HCC are interesting areas for future studies. Further analyses are
needed to determine whether inhibiting miR-122 promotes metastasis.

Liver diseases, including cancer, are complex. Tracking molecular mechanisms of their
progression would be better than using phenotypic surrogate parameters, such as patients’
age, sex, tumor size, and liver function, to define outcomes of diseases such as HCC. It is
therefore important to increase our understanding of the molecular mechanisms of tumor
formation and development. miRNAs appear to be stable and can be readily recovered from
formalin-fixed, paraffin-embedded tissues and body fluids such as serum and plasma. These
molecules could therefore serve as biomarkers for use in diagnosis of tumor type or
predicting response to therapy. Furthermore, miRNAs frequently target mRNAs that encode
multiple proteins, such as tumor suppressors and products of oncogenes. HCC cell activities
might depend on deregulation of miRNAs, and strategies designed to restore miRNA
function might be effective therapies.
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Figure2.
Steps in miRNA biogenesis. miRNAs are mainly transcribed by RNA polymerase Il

(RNAPII) into initial transcripts know as pre-miRNA, which are processed either via a
canonical pathway, in which they are cropped by the Drosha-DGCR8 complex, or via the
Mirtrons pathway, in which they are spliced to form hairpin-like miRNA precursors called
pre-miRNAs. These precursors are exported from the nucleus to the cytoplasm in an
Exportin-5-RanGTP—dependent manner. In the cytoplasm, they are processed by Dicer into
an imperfect duplex comprising mature miRNAs and a complementary fragment called
miRNA. The processed miRNAs are then loaded onto the RISC and are guided to their
MRNA targets through interacting with various members of the Argonaute family such as
Agol-4 or Ago2 to form RISCs that are known as miRNP or miRISC. miRNA-mediated
gene silencing or activation could be achieved through several identified mechanisms such
as mRNA deadenylation, translational repression or translational activation, and possibly
many more mechanisms yet to be discovered. Different base-paring combinations of
miRNA-mRNA through their unique complementarities could result in gene silencing or
gene activation.

Gastroenterology. Author manuscript; available in PMC 2018 December 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

WANG et al.

Page 23

Normal liver

Chronic liver

Hepatic fibrosis

homeostasis/ injury/ Liver cancer
development hepatitis il
(oo HBV, HCV, ‘ s
(Stem » ROV, & Stellate .
\ cell ) obesity, .. ; Sl
- alcohol i gl ;}5’35 y
& S
= > > Metastasis
7

Stellate ﬂmmﬁr}e
cell Q\c%ﬁ)
y

A

R

H'epato’é'ite Hepaté‘c‘ﬁe .
4] 1. | iIcc
miR-29 miR-130 miR-29 miR-221 miR-21 miR-199 miR-21  miR-124
miR-122 miR-181 miR-122 miR-666 miR-29 miR-200 miR-26 miR-221/222
Let-7 miR-155 miR-708 miR-34 miR-221 miR-122 Let-7

Figure 3.

Roles of miRNAs in the pathogenesis of chronic liver disease and cancer. Cells in the liver,
including hepatic stem and progenitor cells, hepatocytes, hepatic stellate cells, and immune
cells, contribute to the progression of chronic liver disease to liver cancer. Factors such as
HBYV and HCV infection, obesity, and alcohol contribute to development of chronic liver
disease, which can lead to fibrosis and cirrhosis and increase risk for HCC and intrahepatic
cholangiocarcinoma (ICC). The figure shows miRNAs that are involved in different stages

of liver disease.
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Figure 4.
miRNAs participate in negative and positive feedback loops that regulate stem cell

properties of cancer cells. (A) During normal development, the RNA-binding protein Lin28
is highly expressed in stem and progenitor cells. Lin28 blocks processing of let-7 miRNA
precursor molecules into mature miRNASs to maintain expression of genes that promote self-
renewal and proliferation. As progenitor cells differentiate, Lin28 expression decreases,
which allows let-7 processing and increased production of mature let-7 miRNAs. These
further inhibit Lin28, c-Myc, and several other cancer-associated genes. Similarly, c-Myc
can promote self-renewal and proliferation in stem and progenitor cells, in part by inhibiting
let-7 expression. Let-7 then represses the expression of genes involved in self-renewal,
resulting in lineage commitment and terminal differentiation. In liver cancer cells, especially
those with stem cell features, Lin28 and c-myc are highly activated, which results in an
inactivation of let-7 and the maintenance of stem cell-like features of cancer cells, in a
negative feedback loop. Let-7 can directly target Lin28, c-myc, K-Ras, HMGAZ2, Cyclin D1,
and soluble collagens such as COL1A1 and COL1A2. (B) Signaling pathways such as Wnt—
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B-catenin, EpCAM, and miR-181 are activated in hepatic cancer stem cells. miR-181
promotes stem cell features of HCC cells by targeting CDX2 and GATA6 (hepatic
transcriptional regulators of differentiation) and NLK (an inhibitor of Wnt—g-catenin
signaling); this inhibition of NLK up-regulates transcription of EpCAM. Upon cleavage by
TACE/PS-2, an intracellular ectodomain of EpCAM, referred as EpICD, translocates to the
nucleus in a multiprotein complex that contains FHL2, S-catenin, and Lef-1 to induce
transcription of genes that encode cyclin D1, c-Myc, and miR-181. This positive feedback
loop promotes the stem cell-like characteristics of HCC cells.
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Figure5.

Origins of extracellular, circulating miRNA. Schematic summary of miRNA translocation
from intracellular forms (free, complexed, and located in exosomes in multivesicular bodies)
to extracellular forms. Three main mechanisms are believed to contribute to this as
indicated. One mechanism is cell death (apoptosis or necrosis) with release of intracellular
species such as protein-associated miRs (in RISC together with mRNA), in argonaute-miR
complexes (MiRNA-miRNPs), in exosomes, and as free miRNA that is quickly degraded or
stabilized by association with plasma proteins such as high-density lipoproteins and
albumin. Another mechanism is through secretion of exosomes by fusion of multivesicular
bodies with the plasma membrane. Finally, exocytosis of miRNPs is believed to occur.
Different miRNAs appear to participate in different complexes and to different degrees in
exosomes and exosome-independent forms, indicating specific roles in intercellular
signaling, such as through putative miRNA, miRNP, and exosome receptors.
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