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Liver diseases contribute to the global mortality and morbidity and still represent a
major health problem leading to the death of people worldwide. Although there are
several treatment options available for Hepatitis C infections, for most liver disease the
pharmacological options are still limited. Therefore, the development of new targets
against liver diseases is of high interest. Non-coding RNA (ncRNA) such as microRNA
(miRNA) or long ncRNA (lncRNA) have been shown to be deeply involved in the
pathophysiology of almost all acute and chronic liver diseases. The emerging evidence
showed the potential therapeutic use of miRNA associated with different steps of
hepatic pathophysiology. In the present review, we summarize emerging insights of
ncRNA in liver diseases. We also highlight example of ncRNAs participating in the
pathogenesis of different forms of liver disease and how they can be used as potential
therapeutic targets for novel treatment paradigms. Furthermore, we describe an
overview of up-to-date clinical trials and discuss about its future in clinical applications.
Finally, we highlight the role of circulating ncRNAs in diagnosis of liver diseases and
discuss the challenges and drawbacks of the usage of ncRNAs in clinical setting.
Keywords: ncRNA, miRNA, lncRNA, liver, HCC, therapy

NON-CODING RNA
Studies on the transcription landscape of the human genome show that only 2% of the genome
encodes for proteins, while 98% of the genome consists of non-coding sequences. Just recently, it
has become clear that the non-protein coding parts of the genome cannot be simply considered
as ‘junk’ RNA but have important functions e.g., in the regulation of gene expression (Pertea,
2012). Non-coding RNA (ncRNA) bind to both DNA and RNA in a very specific way, potentially
leading to their degradation or alterations in their transcription, processing, editing and translation
(Geisler and Coller, 2013). In addition, ncRNAs generate a complex regulatory network by
competing among each other for binding to mRNAs, behaving as competing endogenous RNA
(ceRNA) (Ragusa et al., 2017;Yamamura et al., 2018). In this context, the modified version of
Francis Crick’s ‘central dogma’ illustrates the role of ncRNA, where the information passed from
DNA to RNA can either be directly transformed into protein or as regulatory RNA that influences
the transcription or translation of other coding or non-coding genes (Peschansky and Wahlestedt,
2014; Cobb, 2017).
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to the development of hemochromatosis by up-regulating
the expression of human hemochromatosis protein (Hfe),
hemojuvelin (Hjv), bone morphogenetic protein receptor type
1A (Bmpr1a) and the hepcidin antimicrobial peptide (Hamp)
(Castoldi et al., 2011). Along with miR-122, a broad variety of
other miRNA have been shown to be deeply involved in the
physiology and pathophysiology of the liver. Interesting insights
on the role of miRNA in liver development were provided by
Hand et al., illustrating significant downregulation of miR-122,
miR-192, and miR-194 in conditional knockout of DICER1 in
hepatoblast-derived cells. Dicer1flox/flox mutants displayed no
change in phenotype directly after birth, but the progression
of hepatocyte damage at 2–4 months of age was observed, as
demonstrated by increased aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) levels. Moreover livers of these
mice were enlarged most likely due to an increased hepatocyte
proliferation and apoptosis (Hand et al., 2009). A comprehensive
review on miRNA function in liver development is given
in (Chen and Verfaillie, 2014), moreover important ncRNAs
in liver diseases are cell-specifically given in Table 1. In
conclusion, miRNAs demonstrate their function in maintaining
liver homeostasis, and their involvement in acute and chronic
liver diseases.

Non-coding RNA have become subject of translational
research due to its involvement in the pathophysiology of a
broad range of human diseases including genetic disorders,
inflammatory diseases and various cancers. The unique nature
of RNA, which can be synthesized energetically and rapidly,
makes them a promising target for drug development. Along
with the classical functional subtypes such as ribosomal RNA
(rRNA), small nuclear RNA, small nucleolar RNA and tRNA,
ncRNA are divided into two major classes based on the transcript
length. Small ncRNA (≤200 nucleotides) includes microRNA
(miRNA), small interfering RNA (siRNA) and PIWI- interacting
RNA, while RNAs >200 nucleotides in length are summarized
as long ncRNAs (lncRNAs) (Gomes et al., 2013; Adams et al.,
2017). In comparison to miRNAs, lncRNA lack open reading
frames and are mostly tissue specific (Derrien et al., 2012;
Anastasiadou et al., 2018). In this review, we discuss the role
of ncRNA in liver diseases. We highlight important examples
of ncRNA participating in the pathogenesis of different forms
of liver disease and how they can be used as therapeutic tools/
targets for novel treatment paradigms. Furthermore, we attempt
to give an overview of up-to-date clinical trials featuring ncRNA.

microRNA
THERAPEUTIC USE OF miRNA IN
METABOLIC LIVER DISEASES

microRNA are small ncRNA molecules (18–24 bp in length) that
negatively regulate the expression of their target mRNAs and
lead to either their translational suppression, cleavage or decay.
More than 2500 miRNA are annotated in human according
to miRBase version 21. miRNAs are predicted to target more
than 60% of protein-coding genes, exerting a pleiotropic effect
on biological networks (Jansson and Lund, 2012). Binding of
miRNA to the 3’UTR of specific mRNA targets occur through
a specific miRNA region called ‘seed region’ consisting of
a contiguous string of at least 6 nucleotides at position 2
beginning of 50 of the molecule (Thomson et al., 2011). The
molecular mechanism concerning block of translation or mRNA
degradation is mediated by an RNA-induced silencing complex
(RISC) that includes Argonaute (AGO) protein family (ValenciaSanchez et al., 2006). miRNA control several cellular processes
including proliferation, differentiation, cell-death, metastasis and
angiogenesis that contributes to the pathogenesis of liver diseases
(Ha, 2011).

Obesity and type 2- diabetes mellitus represent epidemic
metabolic disorders affecting millions of people worldwide due
to different genetic backgrounds, lifestyles and environmental
stimuli. In the last years, it was demonstrated that miRNA
represent key regulators of metabolism. While miR-33a/b and
miR-122 directly controls cholesterol and lipid metabolism in
concert with their host genes (reviewed in Moore et al., 2011;
Fernandez-Hernando et al., 2013; Singh et al., 2017; Aryal et al.,
2017), the SREBP transcription factors and represent the best
studied miRNA in the context of metabolic liver diseases and
NASH, miR-103 and miR-107 have recently emerged as new
regulators of insulin and glucose homeostasis in the context of
metabolic liver diseases (Joven et al., 2012; Chakraborty et al.,
2014; Vienberg et al., 2017). miR-103 and miR-107 are located
in introns in the pantothenate kinase 1-3 (PANK1-3) genes, are
up-regulated in livers of leptin-deficient (ob/ob) mice (Xie et al.,
2009). Antisense-mediated silencing of miR-103 and miR-107
improved insulin sensitivity and glucose homeostasis (Trajkovski
et al., 2011) whereas overexpression (predominantly in adipose
tissue) was sufficient to cause defects in glucose homeostasis in
these mouse models (Naar, 2011; Rottiers and Naar, 2012) Based
on these results, RegulusTM developed a GalNAc-conjugated
anti-miR-103/107 (RG-125), that was tested for the treatment of
nonalcoholic steatohepatitis (NASH) patients who suffered from
type 2 diabetes in parallel. (Lovis et al., 2008; Zhao et al., 2009).
In the third quarter of 2016, Astrazeneca launched a Phase I/IIa
study involving subjects with type II diabetes and nonalcoholic
fatty liver disease (NAFLD). The study is anticipated to be
complete in December 2017 and in case of positive results might

THE ROLE OF miRNA IN THE LIVER
Since their discovery in 1993, tremendous efforts were made to
clarify the physiological role of miRNA in tissue development,
homeostasis and regeneration of the liver (Schueller et al.,
2018). miR-122 represents the most abundant hepatic miRNA,
contributing about 70% of all hepatic miRNA (Chang et al.,
2004; Girard et al., 2008). Inhibition of miR-122 was associated
with decreased plasma concentrations of different lipids (such as
cholesterol) and increased hepatic fatty-acid oxidation, resulting
in a reduction of hepatic fatty-acid and cholesterol synthesis
(Esau et al., 2006). Furthermore, miR-122 inhibition was linked
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group of Knabel and colleagues demonstrated that the systemic
delivery of scAAV8-encoded miR-29a ameliorates liver fibrosis
in CCl4 treated mice (Knabel et al., 2015; Yang et al., 2017). All
together, these data provide a strong evidence for a potential
therapeutic use of miRNA and especially of miR-29 (summarized
in (Deng et al., 2017)) in the management of patients with liver
fibrosis.
Hepatocellular carcinoma (HCC) is the most important
primary liver tumor representing the third leading cause of
all cancer related deaths worldwide. Its curative treatment
encompasses liver transplantation, liver resection and
radiofrequency ablation (RFA) when the tumor is localized
within the liver (Petrowsky and Busuttil, 2008). Unfortunately,
in most cases HCC is diagnosed in later disease stages, when
treatment options are limited and curation cannot be achieved.
In these cases, Sorafenib (Nexavar) is the only approved
substance for systemic therapy (Raza and Sood, 2014; Finn et al.,
2018). However, the efficacy of Sorafenib is only moderate with
a median survival of 10.7 months in the SHARP trial, which
compared Sorafenib against placebo in patients with advanced
(BCLC C) HCC (Rimassa and Santoro, 2009). Thus, in patients,
that are not eligible for curative treatment approaches the overall
survival is still poor and novel therapeutic targets are urgently
needed.

represent a new milestone in translating miRNA into clinical
routine.

THERAPEUTIC USE OF miRNA IN
NON-METABOLIC LIVER DISEASES
Liver fibrosis and cirrhosis represent the common end-point of
chronic liver injury. Hepatic stellate cells (HSC) represent the
main cell type involved in the development of liver fibrosis as,
upon inflammatory stimuli they transform into a myofibroblastlike phenotype and start to secrete extracellular matrix proteins
such including different collagens, ultimately leading to hepatic
fibrosis. Various authors have demonstrated that the expression
of large number of miRNAs is altered during the process of
HSC activation (Roderburg et al., 2011 Hepatology). While
e.g., miR-29c∗ , miR-501, miR-349, miR-325-5p, miR-328, miR143, and miR-193 displayed a significant upregulation, miR-341,
miR-20b-3p, miR-15b, miR-16, miR-375, miR-122, miR-146a,
miR-92b, and miR-126 were found to be downregulated (Guo
et al., 2009a,b; Maubach et al., 2011; Lakner et al., 2012). Just
recently it was demonstrated that miR-29a transgenic mice were
less prone to develop liver fibrosis after undergoing bile duct
ligation surgery compared to wild-type mice. Moreover, the

TABLE 1 | ncRNA altered in liver diseases.
Targets

Reference

miR-124

STAT3, IL-6R

Xiao et al., 2015

H19

SHP

Li et al., 2018

Cholangiocyte specific ncRNA

HSC-specific ncRNA
miR-29

IGF-I, PDGF-C, HSP47, Collagens

Kwiecinski et al., 2011; Roderburg et al., 2011

miR-30

KLF11

Tu et al., 2015

miR-200

α-SMA, β-catenin, TGFβ-2

Sun et al., 2014

miR-122

P4HA1, FN1, SRF

Li et al., 2013; Zeng et al., 2015

miR-21

PTEN, API, SPRY2, HNF4, PDCD4

Wei et al., 2013; Zhang et al., 2013

miR-34a

ACSL1

Yan et al., 2015

MEG3

Iκbα

Chen et al., 2016

MALAT1

CXCL5

Leti et al., 2017

NEAT1

miR-122, KLF-6

Yu F. et al., 2017

PVT1

miR-152

Zheng et al., 2016

GAS5

miR-222

Yu et al., 2015

lincRNA-p21

p21

Zheng et al., 2015

Hepatocyte-specific ncRNA
miR-122

CyclinGl, ADAM10, IGF1R, SRF

Bai et al., 2009; Hou et al., 2013

miR-192

Zebl, Zeb2

Kim et al., 2011; Roy et al., 2016

H19

Goyal et al., 2017

Hand2

C-met

Wang et al., 2017

00321

CyclinBl

Wu et al., 2018

ARSR

Akt/SREBP-lc

Zhang et al., 2018

HULC

miR-186

Wang et al., 2018

miR-155

Smad3, C/EBPβ

Csak et al., 2015

miR-223

Caspase 3

Kupffer cells-specific miRNA
Yang et al., 2014

HIF1A-AS
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of miR-221 in HCC was associated with tumor stage, metastasis
and recurrence period after surgery (Gramantieri et al., 2009).
An infection of Hep3B cells with adenovirus vectors encoding
‘miR-221 sponge’ reduces cell viability and induces apoptosis
(Moshiri et al., 2014). A very recent publication by He et al
showed miRNA sponge against miR-351 alleviated hepatic
fibrosis by targeting the vitamin D receptor (He et al., 2018).
microRNA mimics are double-stranded synthetic miRNA
molecules which, when administered in cells, are processed into a
single-stranded antisense (guide-) strand identical to the miRNAstrand of interest, while the less stable (passenger-)strand can be
attached to cholesterol in order to increase the cellular uptake
(DiMarco and Fernandez, 2015). Other than mimics, loss of
tumor-suppressor miRNA can also be restored by adenovirusassociated vectors with cloned miRNA of interest (Liu and
Berkhout, 2011). TP53 is a multifunctional transcription factor
that controls cell cycle progression, programmed cell death
and DNA replication and repair (Stegh, 2012). It is frequently
mutated therefore behaves as tumor suppressor in human
cancers. Loss of miR-34a in HCC is linked to the status of p53.
A small molecular modulator, Rubone has been shown to increase
the occupancy of p53 on the miR-34 promoter that induces
the expression of miR-34 (Xiao et al., 2014), leading to antitumor effect in xenograft HCC mice. MRX34 is a therapeuticbased liposomal miR-34 mimic that has been undergoing phase
I clinical trial (NCT01829971) in patients with advanced solid
HCC tumors (Beg et al., 2017). In a subset of 14 patients with
refractory advanced tumors, application of MRX34 intravenously
twice weekly has shown evidence of antitumor activity. However,
due to severe immune related adverse events the trial was halted
and a clinical trial for MRX34 specifically in patients with
malignant melanoma could not been started.

The advantages of miRNA-mediated therapy over
small molecule drugs (such as Sorafenib) include (i)
the ease of chemical modification of oligonucleotides
(Lennox and Behlke, 2011), (ii) metabolic ability through
nucleases and (iii) multiple gene targeting ability to modulate
cellular and biological processes (Garzon et al., 2010). Inhibition
and restoration of oncogenic and tumor-suppressive miRNA can
be therapeutically manipulated through different technologies
for example antisense oligonucleotides (ASO) or miRNA sponge
and synthetic miRNA mimics. As competitive inhibitor of
miRNA, ASO known as anti-miRNA or antagomir anneals to
the mature guide strand and induces degradation of duplex
formation. Krutzfeldt et al. (2005) administered intravenous
chemically modified miR-122 with cholesterol or with 20 -Omethyl linkage and phosphorothioate in vivo of which the
former modification increases cellular uptake in hepatocytes,
whereas the latter improve the binding affinity and prevent
degradation by nuclease, respectively. Although they can be
delivered intravenously, they have poor stability. In comparison
to ASO, locked nucleic acid anti-miRs (LNA-anti-miRs) are
stable and specific due to the presence of phosphorothioate in
their backbone. An effective anti-miRNA therapy, Miravirsen is
a 15-nucleotide LNA anti-miR against mature miR-122, known
to promote HCV RNA accumulation within the cells (Lanford
et al., 2010; Janssen et al., 2013). This anti-miR was tested on 36
patients with chronic HCV genotype I infection within a phase
II clinical trial (NCT01200420, funded by Santaris Pharma). It
was found that subcutaneous injection of Miravirsen resulted
in prolonged decrease in HCV RNA in a dose- dependent
manner. In addition, the safety of Miravirsen in patients was
evaluated and no liver-related complications were found. Just
recently, van der Ree et al. (2017) presented results from a phase
1B study that assessed safety and antiviral efficacy of a single
dose of RG-101, a hepatocyte targeted N-acetylgalactosamine
conjugated oligonucleotide that antagonizes miR-122, in patients
with chronic HCV infection with various genotypes (van der
Ree et al., 2017). 32 patients were enrolled of which 28 patients
received RG-101. Similar to Miravirsen, treatment with RG-101
reduced viral in all treated patients within 4 weeks, and lead to
a sustained virological response in three patients. Considering
the positive safety and efficacy profile of both Miravirsen and
RG-101 it seems likely that antagonizing miR-122 might will
enter clinical application within the next years in patients with
hepatitis C virus infection. Notably, phase 2 studies analyzing
are the efficacy of a combination of RG-101 with direct-acting
antivirals are underway (EudraCT 2015-001535-21). Of note
treatment with Miravirsen and RG-101 were associated with a
prolonged but reversible decrease in total plasma cholesterol
levels, which is in line to their predicted targets. Obviously, these
data might be of potential impact on the treatment of metabolic
liver diseases such as NAFLD or NASH (Szabo and Csak, 2016).
However, until now no data from clinical trials are available to
support a use of Miravirsen or RG-101in these patients.
miRNA sponges contain multiple binding sites
complementary to seed sequence (nucleotides 2-7) of the
miRNA of interest (Ebert et al., 2007), therefore the miRNA
family having same seed sequence can be targeted. Up-regulation
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CIRCULATING miRNA
The sequential progression from fibrosis to cirrhosis results
in dysplastic nodules, finally culminating into HCC. Several
research groups have analyzed single miRNAs or miRNA panel
with a diagnostic potential for liver fibrosis in patients with
chronic liver diseases (summarized e.g., in Roy et al., 2015;
Loosen et al., 2017; do Amaral et al., 2018). Notably, for some
of these miRNAs (e.g., miR-22, miR-34, and miR-122), it could
be demonstrated that their diagnostic value of is superior to that
of classical markers including alanine aminotransferase, CK-18,
FIB-4 and APRI, highlighting the potential of miRNAs in the
context of liver diseases (Anadol et al., 2015; Appourchaux et al.,
2016; Liu et al., 2016). Besides liver fibrosis, circulating miRNA
has been considered as potential non-invasive biomarkers
detected in plasma and serum that not only stratifies the patients
with early-stage tumors, but also the patients with advanced stage
tumors, tumor recurrence and chemosensitivity. Several studies
have shown the importance of cell-free circulating miRNA to
distinguish between different stages of HCC with respect to
control donors. In a large study, Zhou et al. (2011) analyzed
alterations in circulating miRNAs in plasma from 934 patients
[chronic hepatitis B (CHB), cirrhosis and HBV-related HCC]
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liver such as colorectal cancer with hepatic metastasis (Yu
X. et al., 2017). Several in vitro studies have been performed
to understand the regulation of HULC in cellular pathways.
HULC is a part of regulatory network acting as a ‘sponge’
that down-regulates few miRNA, including miR-372, miR-9
and miR-107 which in turn activate the transcriptional factors
CREB, PPARA and E2F1, respectively. This network ultimately
results in tumorigenesis-related gene reprogramming, including
proliferation and angiogenesis. Expression of HULC was strongly
associated with HBV X (HBx) protein, an oncogenic viral protein.
HBx up-regulates HULC levels which in turn promotes hepatoma
cell proliferation by suppressing p18 (Du et al., 2012). To further
evaluate the therapeutic role of HULC in liver cancer in vivo, the
acceleration and decrease in tumor volume was observed in nude
mice transplanted with HULC overexpressing or siRNA-HULC
transfected hepatoma cells.
H19, a maternal expressed and paternal 2.7 kb gene is located
near the telomere region of chromosome 11. Its abundant
expression in embryogenesis contains miR-675on 1st exon,
whose excision is mediated by HuR, stress response RNA binding
protein. High expression of H19 is associated with advanced HCC
stages and prognostic significance correlates with the predictive
value of tumor recurrence (Raveh et al., 2015). H19 is linked
to HCC tumor with inflammatory conditions including viral
hepatitis, alcoholic and NASH. The oncogenic potential of H19
was confirmed by reduction in tumor volume caused by siRNAH19 transfected Hep3b cells. miR-675 encoded H19 controls
cellular growth via suppression of E-cadherin (Matouk et al.,
2014).
Other lncRNA - MALAT-1 (metastasis-associated lung
adenocarcinoma transcript) is ubiquitously expressed in liver,
lung, kidney, spleen, heart and testis. High expression of
MALAT-1 in the liver was at high risk of cancer recurrence
after surgery. Reduction of MALAT-1 in HepG2 cells reduced
tumor progression, cell proliferation and viability. The function
of MALAT-1 has been studied in liver fibrosis where downregulation of MALAT-1 in HSC decreased the expression of
myofibroblast markers and restored the level of SIRT1 (Lai et al.,
2012; Wu et al., 2015; Hou et al., 2017).
In addition to oncogenes, lncRNA act as tumor suppressors
such as Meg3, AOC4P, INXS and Dreh. Meg3 is predicted
to be an independent prognostic factor for HCC patients due
to positive correlation of its low expression to worse survival
and relapse-free survival. Overexpression of MEG3 induces
apoptosis and decreases anchorage-dependent and –independent
cell proliferation in both, HCC and liver fibrosis models (Braconi
et al., 2011; He et al., 2014). The direct therapeutic effect of MEG3
on tumor growth in liver cancer and fibrotic liver has not been
yet established. Similarly, amine oxidase, copper containing 4
pseudogene (AOC4P) correlated with poor prognostic outcomes
in 108 HCC patients and reduced cell growth, migration and
promoted EMT in vitro. Therapeutic application of AOC4P
overexpressing SK-Hep1 cells into nude mice has been shown to
significant reduced tumor growth and lung metastasis 8 weeks
after tail vein injection (Wang et al., 2015).
To understand the role of lncRNA in liver metabolism,
one study has reported an inter-genic liver-enriched lncRNA

from three different independent cohorts. In these analyses, a
panel of seven miRNA including miR-122, miR-192, miR-21,
miR-223, miR-26a, miR-27a, and miR-801 that provided the
possibility to differentiate HCC patients from healthy controls
and even from patients with liver cirrhosis was identified.
Yet another intriguing finding on circulating miRNA has been
shown by Chen et al. (2013) in which an optimal plasma
miRNA signature was established to diagnose patients with
early stage liver cirrhosis. By the application of genome-wide
microarray, they identified miR-106 and miR-181b to be downregulated and up-regulated respectively, in independent training
and validation cohorts comprising of 128 CHB-related cirrhosis
patients, 79 CHB patients and 137 healthy donors. Furthermore,
the diagnostic performance of the miRNA classifier in CHBrelated silent cirrhosis was improved and higher than the Area
under curve (AUC) of single clinical parameter, including total
bilirubin, AST, ALT and prothrombin time.
Lin et al. (2015) recently attempted to identify serum miRNA
combinations that could not only detect the presence of clinical
but also predict the development of HCC in at-risk patients.
This three-stage study from China involved healthy controls,
inactive HBsAg carriers, individuals with CHB, individuals with
hepatitis B-induced liver cirrhosis, and patients with diagnosed
HCC. The study demonstrated that a miRNA classifier (Cmi)
containing seven differentially expressed miRNAs (miR-29a,
miR-29c, miR-133a, miR-143, miR-145, miR-192, and miR505) was suitable for diagnosis of HCC. The value of Cmi
for the detection of preclinical HCC was higher than that of
AFP. In detail the sensitivity of Cmi was 29.6% 12 months
before clinical diagnosis, 48.1% 9 months before clinical
diagnosis, 48.1% 6 months before clinical diagnosis, and 55.6%
3 months before clinical diagnosis (Lin et al., 2015), highlighting
the potential of circulating miRNA in the context of HCC
diagnosis and surveillance of patients at high risk for developing
HCC.

lncRNA IN LIVER DISEASE
The first functional lncRNA was introduced 20 years ago.
Functionally it was shown that this lncRNA is responsible for
X-chromosome inactivation and lacks an ORF. The low detection
limit of lncRNA is due to the tissue-specific expression and low
conservation of lncRNA within the different species. The most
widely described class of lncRNA is natural antisense transcript
(NAT) in cis position.

HCC, LIVER FIBROSIS AND METABOLIC
DISEASE
The aberrant expression of lncRNA in HCC plays a role in
the modulation of malignant phenotypes. Discovered in 2007,
HULC (highly up-regulated in liver cancer) is <500 nt highly
conserved lncRNA and is regarded as the most up-regulated
gene in HCC (Panzitt et al., 2007). Elevated levels of HULC
were observed in liver cancer or cancer metastasizing to the
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miRNA formulations can be influenced by macrophages and
monocytes (Squadrito et al., 2013). Yet another side effect
observed include inhibition of coagulation, hepatotoxicity and
activation of the complement cascade. Therefore, off target
effects limit the therapeutic applicability. Current techniques to
improve the delivering ncRNA-delivering include their chemical
modifications, packaging into liposomes, viral delivering and
their loading on nanoparticles (summarized e.g., in Sehgal et al.,
2013; Chery, 2016; Grijalvo et al., 2018).

LncLSTR whose deletion in mice reduces plasma triglyceride
(TG). LncLSTR has an impact on FXR/apoC2 pathway that
modulates several metabolic pathways including bile acid
synthesis and lipid homeostasis. However, more studies has to
be performed to understand the full potential as a therapy (Li
et al., 2015). High-throughput expression profiling of lncRNA
in 48 NASH patients has identified liver-specific high expression
of RP11-484N16.1 with positive correlation of NASH grade and
NAFLD score playing a role in cell growth (Atanasovska et al.,
2017).

FUTURE PERSPECTIVES
CIRCULATING lncRNA

The importance of ncRNA as therapeutic agents is increasing
with remarkable progress and represents a milestone for
novel therapeutic approaches. In view of the large number
of reported preclinical studies on miRNA, only a few have
entered clinical trials. The promising field of lncRNA is new
and further experimental work is needed to understand their
potential as therapeutic targets. A clear understanding on
the different miRNA mechanisms such as decoy activity and
5’UTR regulatory activity is required to understand the cellular
circuits and network-associated miRNA. The efficiency of the
miRNA delivery system must be ensured by improving the
chemical design of miRNA mimics or antagomirs. Although
the adenovirus- mediated delivery of miRNA seems favorable
and effective, but the adverse immune response impedes their
functional capability in therapy. A patent on novel miRNA
gene fragment HAAVmiR in combination with adenovirus and
multiple copies of miR-122 has been filed by the group of Xu and
colleagues in an attempt to reduce or eliminate contaminating
effects of viral particles. Finally, the combination of miRNA or
lncRNA-targeting therapeutics along with other biological drugs
could bring out the efficacy of treatment. Due to the involvement
of multiple cellular pathways in liver diseases, combinatorial
treatment may target several pathways simultaneously which in
turn can be a viable option to modulate different aspects of liver
diseases.

An increasing number of circulating lncRNA are reported
as potential disease biomarkers. However, the need of highly
sensitive detection of lncRNA in circulation is required for their
low expression to understand diagnosis, prognosis and prediction
of recurrence. For example, in addition to tissues, HULC was
found to be up-regulated in the plasma of HCC, colorectal
patients metastasized to the liver and in hepatitis B positive
patients, indicating circulating HULC as diagnostic biomarker.
Yet another lncRNA-AF085935 distinguishes both HCC patients
from healthy individuals as well as HCC patients from hepatitis
B-infected patients (Lu et al., 2015).

CHALLENGES IN THERAPEUTIC
TARGETING OF ncRNAs IN LIVER
DISEASE
microRNA-targeting therapeutics could be a powerful strategy
for cancer treatment. Although there are number of reported
successful preclinical studies regarding miRNA therapeutics,
only a few of them have proceeded into clinical trials. The
challenges for the development of miRNA-based therapeutics
include off-target effect and ineffective delivery to the site of
interest. Insufficient delivery of synthetic unmodified ‘naked’
oligonucleotides to a specific target to achieve maximal target
inhibition is caused by the delivery obstacles such as degradation
by serum and cellular nucleases or their poor uptake due to size
and negative charge. The most important aspects of overcoming
these obstacles are chemical modification with a proper sequence
and optimal concentration of oligonucleotides. The prevention
of the passage of hydrophilic negatively charged oligonucleotides
through negatively charged plasma membranes should also be
taken into account (Burnett and Rossi, 2012; Winkler, 2013;
Juliano, 2016). Moreover the efficacy of ncRNA delivery is
tissue dependent: liver, kidney and spleen are more accessible
than other tissues in terms of sufficient delivery, although the
side effects such as autoimmunity should be considered when
designing oligonucleotides for cancer treatment. Off target effects
result in silencing of genes other than the target gene along
with potential immune response and toxicity due to chemical
modification. miRNA mimics, administered therapeutically are
detected by the innate immune system TLR, which in turn
leads to the secretion of IL-6 and TNF. In addition, different

Frontiers in Pharmacology | www.frontiersin.org

AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING
This work was supported by a Mildred Scheel Endowed
Professorship from the German Cancer Aid (Deutsche
Krebshilfe), the German Research Foundation (DFG) (LU
1360/3-1 and SFB-TRR57/P06), the Interdisciplinary Centre for
Clinical Research (IZKF), Aachen, Germany, and the Ernst Jung
Foundation Hamburg to TL, a project grant from the German
Research Foundation (DFG RO 4317/4-1) to CR, a START grant
from the medical faculty RWTH Aachen to CR and SR as well as
a project grant of the German Center for Cardiovascular Diseases
(DZHK, B18-005Ext) to CR.

6

August 2018 | Volume 9 | Article 805

Roy et al.

ncRNA in Liver Diseases

REFERENCES

without reducing inflammation in a mouse model of steatohepatitis. PLoS One
10:e0129251. doi: 10.1371/journal.pone.0129251
Deng, Z., He, Y., Yang, X., Shi, H., Shi, A., Lu, L., et al. (2017). MicroRNA-29: a
crucial player in fibrotic disease. Mol. Diagn. Ther. 21, 285–294. doi: 10.1007/
s40291-016-0253-9
Derrien, T., Johnson, R., Bussotti, G., Tanzer, A., Djebali, S., Tilgner, H., et al.
(2012). The GENCODE v7 catalog of human long noncoding RNAs: analysis
of their gene structure, evolution, and expression. Genome Res. 22, 1775–1789.
doi: 10.1101/gr.132159.111
DiMarco, D. M., and Fernandez, M. L. (2015). The regulation of reverse cholesterol
transport and cellular cholesterol homeostasis by microRNAs. Biology 4,
494–511. doi: 10.3390/biology4030494
do Amaral, A. E., Cisilotto, J., Creczynski-Pasa, T. B., and De Lucca Schiavon, L.
(2018). Circulating miRNAs in nontumoral liver diseases. Pharmacol. Res. 128,
274–287. doi: 10.1016/j.phrs.2017.10.002
Du, Y., Kong, G., You, X., Zhang, S., Zhang, T., Gao, Y., et al. (2012). Elevation
of highly up-regulated in liver cancer (HULC) by hepatitis B virus X protein
promotes hepatoma cell proliferation via down-regulating p18. J. Biol. Chem.
287, 26302–26311. doi: 10.1074/jbc.M112.342113
Ebert, M. S., Neilson, J. R., and Sharp, P. A. (2007). MicroRNA sponges:
competitive inhibitors of small RNAs in mammalian cells. Nat. Methods 4,
721–726. doi: 10.1038/nmeth1079
Esau, C., Davis, S., Murray, S. F., Yu, X. X., Pandey, S. K., Pear, M., et al.
(2006). miR-122 regulation of lipid metabolism revealed by in vivo
antisense targeting. Cell Metab. 3, 87–98. doi: 10.1016/j.cmet.2006.
01.005
Fernandez-Hernando, C., Ramirez, C. M., Goedeke, L., and Suarez, Y. (2013).
MicroRNAs in metabolic disease. Arterioscler. Thromb. Vasc. Biol. 33, 178–185.
doi: 10.1161/ATVBAHA.112.300144
Finn, R. S., Zhu, A. X., Farah, W., Almasri, J., Zaiem, F., Prokop, L. J.,
et al. (2018). Therapies for advanced stage hepatocellular carcinoma with
macrovascular invasion or metastatic disease: a systematic review and metaanalysis. Hepatology 67, 422–435. doi: 10.1002/hep.29486
Garzon, R., Marcucci, G., and Croce, C. M. (2010). Targeting microRNAs in
cancer: rationale, strategies and challenges. Nat. Rev. Drug Discov. 9, 775–789.
doi: 10.1038/nrd3179
Geisler, S., and Coller, J. (2013). RNA in unexpected places: long non-coding RNA
functions in diverse cellular contexts. Nat. Rev. Mol. Cell Biol. 14, 699–712.
doi: 10.1038/nrm3679
Girard, M., Jacquemin, E., Munnich, A., Lyonnet, S., and Henrion-Caude, A.
(2008). miR-122, a paradigm for the role of microRNAs in the liver. J. Hepatol.
48, 648–656. doi: 10.1016/j.jhep.2008.01.019
Gomes, A. Q., Nolasco, S., and Soares, H. (2013). Non-coding RNAs: multitasking molecules in the cell. Int. J. Mol. Sci. 14, 16010–16039. doi: 10.3390/
ijms140816010
Goyal, N., Sivadas, A., Shamsudheen, K. V., Jayarajan, R., Verma, A., Sivasubbu, S.,
et al. (2017). RNA sequencing of db/db mice liver identifies lncRNA H19 as a
key regulator of gluconeogenesis and hepatic glucose output. Sci. Rep. 7:8312.
doi: 10.1038/s41598-017-08281-7
Gramantieri, L., Fornari, F., Ferracin, M., Veronese, A., Sabbioni, S., Calin,
G. A., et al. (2009). MicroRNA-221 targets Bmf in hepatocellular carcinoma
and correlates with tumor multifocality. Clin. Cancer Res. 15, 5073–5081.
doi: 10.1158/1078-0432.CCR-09-0092
Grijalvo, S., Alagia, A., Jorge, A. F., and Eritja, R. (2018). Covalent strategies
for targeting messenger and non-coding RNAs: an updated review on
siRNA, miRNA and antimiR conjugates. Genes 9:E74. doi: 10.3390/genes902
0074
Guo, C. J., Pan, Q., Cheng, T., Jiang, B., Chen, G. Y., and Li, D. G. (2009a).
Changes in microRNAs associated with hepatic stellate cell activation status
identify signaling pathways. FEBS J. 276, 5163–5176. doi: 10.1111/j.1742-4658.
2009.07213.x
Guo, C. J., Pan, Q., Li, D. G., Sun, H., and Liu, B. W. (2009b). miR-15b
and miR-16 are implicated in activation of the rat hepatic stellate cell: an
essential role for apoptosis. J. Hepatol. 50, 766–778. doi: 10.1016/j.jhep.2008.
11.025
Ha, T. Y. (2011). MicroRNAs in human diseases: from cancer to
cardiovascular disease. Immune Netw. 11, 135–154. doi: 10.4110/in.2011.11.
3.135

Adams, B. D., Parsons, C., Walker, L., Zhang, W. C., and Slack, F. J.
(2017). Targeting noncoding RNAs in disease. J. Clin. Invest. 127, 761–771.
doi: 10.1172/JCI84424
Anadol, E., Schierwagen, R., Elfimova, N., Tack, K., Schwarze-Zander, C.,
Eischeid, H., et al. (2015). Circulating microRNAs as a marker for liver
injury in human immunodeficiency virus patients. Hepatology 61, 46–55.
doi: 10.1002/hep.27369
Anastasiadou, E., Jacob, L. S., and Slack, F. J. (2018). Non-coding RNA
networks in cancer. Nat. Rev. Cancer 18, 5–18. doi: 10.1038/nrc.20
17.99
Appourchaux, K., Dokmak, S., Resche-Rigon, M., Treton, X., Lapalus, M.,
Gattolliat, C. H., et al. (2016). MicroRNA-based diagnostic tools for advanced
fibrosis and cirrhosis in patients with chronic hepatitis B and C. Sci. Rep.
6:34935. doi: 10.1038/srep34935
Aryal, B., Singh, A. K., Rotllan, N., Price, N., and Fernandez-Hernando, C. (2017).
MicroRNAs and lipid metabolism. Curr. Opin. Lipidol. 28, 273–280. doi: 10.
1097/MOL.0000000000000420
Atanasovska, B., Rensen, S. S., Van Der Sijde, M. R., Marsman, G., Kumar, V.,
Jonkers, I., et al. (2017). A liver-specific long noncoding RNA with a role in
cell viability is elevated in human nonalcoholic steatohepatitis. Hepatology 66,
794–808. doi: 10.1002/hep.29034
Bai, S., Nasser, M. W., Wang, B., Hsu, S. H., Datta, J., Kutay, H., et al. (2009).
MicroRNA-122 inhibits tumorigenic properties of hepatocellular carcinoma
cells and sensitizes these cells to sorafenib. J. Biol. Chem. 284, 32015–32027.
doi: 10.1074/jbc.M109.016774
Beg, M. S., Brenner, A. J., Sachdev, J., Borad, M., Kang, Y. K., Stoudemire, J., et al.
(2017). Phase I study of MRX34, a liposomal miR-34a mimic, administered
twice weekly in patients with advanced solid tumors. Invest. New Drugs 35,
180–188. doi: 10.1007/s10637-016-0407-y
Braconi, C., Kogure, T., Valeri, N., Huang, N., Nuovo, G., Costinean, S., et al.
(2011). microRNA-29 can regulate expression of the long non-coding RNA
gene MEG3 in hepatocellular cancer. Oncogene 30, 4750–4756. doi: 10.1038/
onc.2011.193
Burnett, J. C., and Rossi, J. J. (2012). RNA-based therapeutics: current progress
and future prospects. Chem. Biol. 19, 60–71. doi: 10.1016/j.chembiol.2011.
12.008
Castoldi, M., Vujic Spasic, M., Altamura, S., Elmen, J., Lindow, M., Kiss, J.,
et al. (2011). The liver-specific microRNA miR-122 controls systemic iron
homeostasis in mice. J. Clin. Invest. 121, 1386–1396. doi: 10.1172/JCI4
4883
Chakraborty, C., Doss, C. G., Bandyopadhyay, S., and Agoramoorthy, G. (2014).
Influence of miRNA in insulin signaling pathway and insulin resistance: micromolecules with a major role in type-2 diabetes. Wiley Interdiscip. Rev. RNA 5,
697–712. doi: 10.1002/wrna.1240
Chang, J., Nicolas, E., Marks, D., Sander, C., Lerro, A., Buendia, M. A.,
et al. (2004). miR-122, a mammalian liver-specific microRNA, is processed
from hcr mRNA and may downregulate the high affinity cationic amino
acid transporter CAT-1. RNA Biol. 1, 106–113. doi: 10.4161/rna.1.2.
1066
Chen, R. P., Huang, Z. L., Liu, L. X., Xiang, M. Q., Li, G. P., Feng, J. L., et al. (2016).
Involvement of endoplasmic reticulum stress and p53 in lncRNA MEG3induced human hepatoma HepG2 cell apoptosis. Oncol. Rep. 36, 1649-1657.
doi: 10.3892/or.2016.4919
Chen, Y., and Verfaillie, C. M. (2014). MicroRNAs: the fine modulators of
liver development and function. Liver Int. 34, 976–990. doi: 10.1111/liv.
12496
Chen, Y. J., Zhu, J. M., Wu, H., Fan, J., Zhou, J., Hu, J., et al. (2013). Circulating
microRNAs as a fingerprint for liver cirrhosis. PLoS One 8:e66577. doi: 10.1371/
journal.pone.0066577
Chery, J. (2016). RNA therapeutics: RNAi and antisense mechanisms and
clinical applications. Postdoc J. 4, 35–50. doi: 10.14304/SURYA.JPR.
V4N7.5
Cobb, M. (2017). 60 years ago, Francis Crick changed the logic of biology. PLoS
Biol. 15:e2003243. doi: 10.1371/journal.pbio.2003243
Csak, T., Bala, S., Lippai, D., Kodys, K., Catalano, D., Iracheta-Vellve, A.,
et al. (2015). MicroRNA-155 deficiency attenuates liver steatosis and fibrosis

Frontiers in Pharmacology | www.frontiersin.org

7

August 2018 | Volume 9 | Article 805

Roy et al.

ncRNA in Liver Diseases

Hand, N. J., Master, Z. R., Le Lay, J., and Friedman, J. R. (2009). Hepatic function
is preserved in the absence of mature microRNAs. Hepatology 49, 618–626.
doi: 10.1002/hep.22656
He, X., Sun, Y., Lei, N., Fan, X., Zhang, C., Wang, Y., et al. (2018). MicroRNA351 promotes schistosomiasis-induced hepatic fibrosis by targeting the vitamin
D receptor. Proc. Natl. Acad. Sci. U.S.A. 115, 180–185. doi: 10.1073/pnas.
1715965115
He, Y., Wu, Y. T., Huang, C., Meng, X. M., Ma, T. T., Wu, B. M., et al.
(2014). Inhibitory effects of long noncoding RNA MEG3 on hepatic stellate
cells activation and liver fibrogenesis. Biochim. Biophys. Acta 1842, 2204–2215.
doi: 10.1016/j.bbadis.2014.08.015
Hou, W., Bukong, T. N., Kodys, K., and Szabo, G. (2013). Alcohol facilitates
HCV RNA replication via up-regulation of miR-122 expression and inhibition
of cyclin G1 in human hepatoma cells. Alcohol. Clin. Exp. Res. 37, 599–608.
doi: 10.1111/acer.12005
Hou, Z., Xu, X., Fu, X., Tao, S., Zhou, J., Liu, S., et al. (2017). HBx-related long
non-coding RNA MALAT1 promotes cell metastasis via up-regulating LTBP3
in hepatocellular carcinoma. Am. J. Cancer Res. 7, 845–856.
Janssen, H. L., Reesink, H. W., Lawitz, E. J., Zeuzem, S., Rodriguez-Torres, M.,
Patel, K., et al. (2013). Treatment of HCV infection by targeting microRNA.
N. Engl. J. Med. 368, 1685–1694. doi: 10.1056/NEJMoa1209026
Jansson, M. D., and Lund, A. H. (2012). MicroRNA and cancer. Mol. Oncol. 6,
590–610. doi: 10.1016/j.molonc.2012.09.006
Joven, J., Espinel, E., Rull, A., Aragones, G., Rodriguez-Gallego, E., Camps, J.,
et al. (2012). Plant-derived polyphenols regulate expression of miRNA paralogs
miR-103/107 and miR-122 and prevent diet-induced fatty liver disease in
hyperlipidemic mice. Biochim. Biophys. Acta 1820, 894–899. doi: 10.1016/j.
bbagen.2012.03.020
Juliano, R. L. (2016). The delivery of therapeutic oligonucleotides. Nucleic Acids
Res. 44, 6518–6548. doi: 10.1093/nar/gkw236
Kim, T., Veronese, A., Pichiorri, F., Lee, T. J., Jeon, Y. J., Volinia, S., et al.
(2011). p53 regulates epithelial-mesenchymal transition through microRNAs
targeting ZEB1 and ZEB2. J. Exp. Med. 208, 875–883. doi: 10.1084/jem.2011
0235
Knabel, M. K., Ramachandran, K., Karhadkar, S., Hwang, H. W., Creamer, T. J.,
Chivukula, R. R., et al. (2015). Systemic delivery of scAAV8-encoded MiR29a ameliorates hepatic fibrosis in carbon tetrachloride-treated mice. PLoS One
10:e0124411. doi: 10.1371/journal.pone.0124411
Krutzfeldt, J., Rajewsky, N., Braich, R., Rajeev, K. G., Tuschl, T., Manoharan, M.,
et al. (2005). Silencing of microRNAs in vivo with ’antagomirs’. Nature 438,
685–689. doi: 10.1038/nature04303
Kwiecinski, M., Noetel, A., Elfimova, N., Trebicka, J., Schievenbusch, S., Strack, I.,
et al. (2011). Hepatocyte growth factor (HGF) inhibits collagen I and IV
synthesis in hepatic stellate cells by miRNA-29 induction. PLoS One 6:e24568.
doi: 10.1371/journal.pone.0024568
Lai, M. C., Yang, Z., Zhou, L., Zhu, Q. Q., Xie, H. Y., Zhang, F., et al.
(2012). Long non-coding RNA MALAT-1 overexpression predicts tumor
recurrence of hepatocellular carcinoma after liver transplantation. Med. Oncol.
29, 1810–1816. doi: 10.1007/s12032-011-0004-z
Lakner, A. M., Steuerwald, N. M., Walling, T. L., Ghosh, S., Li, T., Mckillop,
I. H., et al. (2012). Inhibitory effects of microRNA 19b in hepatic
stellate cell-mediated fibrogenesis. Hepatology 56, 300–310. doi: 10.1002/hep.
25613
Lanford, R. E., Hildebrandt-Eriksen, E. S., Petri, A., Persson, R., Lindow, M., Munk,
M. E., et al. (2010). Therapeutic silencing of microRNA-122 in primates with
chronic hepatitis C virus infection. Science 327, 198–201. doi: 10.1126/science.
1178178
Lennox, K. A., and Behlke, M. A. (2011). Chemical modification and design of
anti-miRNA oligonucleotides. Gene Ther. 18, 1111–1120. doi: 10.1038/gt.2011.
100
Leti, F., Legendre, C., Still, C. D., Chu, X., Petrick, A., Gerhard, G. S., et al.
(2017). Altered expression of MALAT1 lncRNA in nonalcoholic steatohepatitis
fibrosis regulates CXCL5 in hepatic stellate cells. Transl. Res. 190, 25.e–39.e.
doi: 10.1016/j.trsl.2017.09.001
Li, J., Ghazwani, M., Zhang, Y., Lu, J., Li, J., Fan, J., et al. (2013). miR-122 regulates
collagen production via targeting hepatic stellate cells and suppressing
P4HA1 expression. J. Hepatol. 58, 522–528. doi: 10.1016/j.jhep.2012.
11.011

Frontiers in Pharmacology | www.frontiersin.org

Li, P., Ruan, X., Yang, L., Kiesewetter, K., Zhao, Y., Luo, H., et al. (2015). A liverenriched long non-coding RNA, lncLSTR, regulates systemic lipid metabolism
in mice. Cell Metab. 21, 455–467. doi: 10.1016/j.cmet.2015.02.004
Li, X., Liu, R., Huang, Z., Gurley, E. C., Wang, X., Wang, J., et al.
(2018). Cholangiocyte-derived exosomal long noncoding RNA H19 promotes
cholestatic liver injury in mouse and humans. Hepatology doi: 10.1002/hep.
29838 [Epub ahead of print].
Lin, X. J., Chong, Y., Guo, Z. W., Xie, C., Yang, X. J., Zhang, Q., et al. (2015).
A serum microRNA classifier for early detection of hepatocellular carcinoma:
a multicentre, retrospective, longitudinal biomarker identification study with
a nested case-control study. Lancet Oncol. 16, 804–815. doi: 10.1016/S14702045(15)00048-0
Liu, X. L., Pan, Q., Zhang, R. N., Shen, F., Yan, S. Y., Sun, C., et al. (2016). Diseasespecific miR-34a as diagnostic marker of non-alcoholic steatohepatitis in a
Chinese population. World J. Gastroenterol. 22, 9844–9852. doi: 10.3748/wjg.
v22.i44.9844
Liu, Y. P., and Berkhout, B. (2011). miRNA cassettes in viral vectors: problems and
solutions. Biochim. Biophys. Acta 1809, 732–745. doi: 10.1016/j.bbagrm.2011.
05.014
Loosen, S. H., Schueller, F., Trautwein, C., Roy, S., and Roderburg, C. (2017).
Role of circulating microRNAs in liver diseases. World J. Hepatol. 9, 586–594.
doi: 10.4254/wjh.v9.i12.586
Lovis, P., Roggli, E., Laybutt, D. R., Gattesco, S., Yang, J. Y., Widmann, C., et al.
(2008). Alterations in microRNA expression contribute to fatty acid-induced
pancreatic beta-cell dysfunction. Diabetes Metab. Res. Rev. 57, 2728–2736.
doi: 10.2337/db07-1252
Lu, J., Xie, F., Geng, L., Shen, W., Sui, C., and Yang, J. (2015). Investigation
of serum lncRNA-uc003wbd and lncRNA-AF085935 expression profile in
patients with hepatocellular carcinoma and HBV. Tumour Biol. 36, 3231–3236.
doi: 10.1007/s13277-014-2951-4
Matouk, I. J., Raveh, E., Abu-Lail, R., Mezan, S., Gilon, M., Gershtain, E., et al.
(2014). Oncofetal H19 RNA promotes tumor metastasis. Biochim. Biophys. Acta
1843, 1414–1426. doi: 10.1016/j.bbamcr.2014.03.023
Maubach, G., Lim, M. C., Chen, J., Yang, H., and Zhuo, L. (2011). miRNA studies
in in vitro and in vivo activated hepatic stellate cells. World J. Gastroenterol. 17,
2748–2773. doi: 10.3748/wjg.v17.i22
Moore, K. J., Rayner, K. J., Suarez, Y., and Fernandez-Hernando, C. (2011). The
role of microRNAs in cholesterol efflux and hepatic lipid metabolism. Annu.
Rev. Nutr. 31, 49–63. doi: 10.1146/annurev-nutr-081810-160756
Moshiri, F., Callegari, E., D’abundo, L., Corra, F., Lupini, L., Sabbioni, S.,
et al. (2014). Inhibiting the oncogenic mir-221 by microRNA sponge: toward
microRNA-based therapeutics for hepatocellular carcinoma. Gastroenterol.
Hepatol. Bed Bench 7, 43–54.
Naar, A. M. (2011). MiRs with a sweet tooth. Cell Metab. 14, 149–150. doi: 10.1016/
j.cmet.2011.07.005
Panzitt, K., Tschernatsch, M. M., Guelly, C., Moustafa, T., Stradner, M., Strohmaier,
H. M., et al. (2007). Characterization of HULC, a novel gene with striking upregulation in hepatocellular carcinoma, as noncoding RNA. Gastroenterology
132, 330–342. doi: 10.1053/j.gastro.2006.08.026
Pertea, M. (2012). The human transcriptome: an unfinished story. Genes 3, 344–
360. doi: 10.3390/genes3030344
Peschansky, V. J., and Wahlestedt, C. (2014). Non-coding RNAs as direct and
indirect modulators of epigenetic regulation. Epigenetics 9, 3–12. doi: 10.4161/
epi.27473
Petrowsky, H., and Busuttil, R. W. (2008). Resection or ablation of small
hepatocellular carcinoma: What is the better treatment? J. Hepatol. 49, 502–504.
doi: 10.1016/j.jhep.2008.07.018
Ragusa, M., Barbagallo, C., Brex, D., Caponnetto, A., Cirnigliaro, M., Battaglia, R.,
et al. (2017). Molecular crosstalking among noncoding RNAs: a new network
layer of genome regulation in cancer. Int. J. Genomics 2017:4723193.
doi: 10.1155/2017/4723193
Raveh, E., Matouk, I. J., Gilon, M., and Hochberg, A. (2015). The H19
Long non-coding RNA in cancer initiation, progression and metastasis a proposed unifying theory. Mol. Cancer 14:184. doi: 10.1186/s12943-0150458-2
Raza, A., and Sood, G. K. (2014). Hepatocellular carcinoma review: current
treatment, and evidence-based medicine. World J. Gastroenterol. 20,
4115–4127. doi: 10.3748/wjg.v20.i15.4115

8

August 2018 | Volume 9 | Article 805

Roy et al.

ncRNA in Liver Diseases

Rimassa, L., and Santoro, A. (2009). Sorafenib therapy in advanced hepatocellular
carcinoma: the sharp trial. Expert Rev. Anticancer Ther. 9, 739–745.
doi: 10.1586/era.09.41
Roderburg, C., Urban, G. W., Bettermann, K., Vucur, M., Zimmermann, H.,
Schmidt, S., et al. (2011). Micro-RNA profiling reveals a role for miR-29 in
human and murine liver fibrosis. Hepatology 53, 209–218. doi: 10.1002/hep.
23922
Rottiers, V., and Naar, A. M. (2012). MicroRNAs in metabolism and metabolic
disorders. Nat. Rev. Mol. Cell Biol. 13, 239–250. doi: 10.1038/nrm3313
Roy, S., Benz, F., Alder, J., Bantel, H., Janssen, J., Vucur, M., et al.
(2016). Down-regulation of miR-192-5p protects from oxidative stressinduced acute liver injury. Clin. Sci. 130, 1197–1207. doi: 10.1042/CS201
60216
Roy, S., Benz, F., Luedde, T., and Roderburg, C. (2015). The role of miRNAs
in the regulation of inflammatory processes during hepatofibrogenesis.
Hepatobiliary Surg. Nutr. 4, 24–33. doi: 10.3978/j.issn.2304-3881.2015.
01.05
Schueller, F., Roy, S., Vucur, M., Trautwein, C., Luedde, T., and Roderburg, C.
(2018). The role of miRNAs in the pathophysiology of liver diseases and toxicity.
Int. J. Mol. Sci. 19:E261. doi: 10.3390/ijms19010261
Sehgal, A., Vaishnaw, A., and Fitzgerald, K. (2013). Liver as a target for
oligonucleotide therapeutics. J. Hepatol. 59, 1354–1359. doi: 10.1016/j.jhep.
2013.05.045
Singh, A. K., Aryal, B., Zhang, X., Fan, Y., Price, N. L., Suarez, Y., et al. (2017).
Posttranscriptional regulation of lipid metabolism by non-coding RNAs and
RNA binding proteins. Semin. Cell Dev. Biol. doi: 10.1016/j.semcdb.2017.11.026
[Epub ahead of print].
Squadrito, M. L., Etzrodt, M., De Palma, M., and Pittet, M. J. (2013). MicroRNAmediated control of macrophages and its implications for cancer. Trends
Immunol. 34, 350–359. doi: 10.1016/j.it.2013.02.003
Stegh, A. H. (2012). Targeting the p53 signaling pathway in cancer therapy the promises, challenges and perils. Expert Opin. Ther. Targets 16, 67–83.
doi: 10.1517/14728222.2011.643299
Sun, X., He, Y., Ma, T. T., Huang, C., Zhang, L., and Li, J. (2014).
Participation of miR-200a in TGF-beta1-mediated hepatic stellate cell
activation. Mol. Cell. Biochem. 388, 11–23. doi: 10.1007/s11010-0131895-0
Szabo, G., and Csak, T. (2016). Role of MicroRNAs in NAFLD/NASH. Dig. Dis. Sci.
61, 1314–1324. doi: 10.1007/s10620-015-4002-4
Thomson, D. W., Bracken, C. P., and Goodall, G. J. (2011). Experimental
strategies for microRNA target identification. Nucleic Acids Res. 39, 6845–6853.
doi: 10.1093/nar/gkr330
Trajkovski, M., Hausser, J., Soutschek, J., Bhat, B., Akin, A., Zavolan, M., et al.
(2011). MicroRNAs 103 and 107 regulate insulin sensitivity. Nature 474,
649–653. doi: 10.1038/nature10112
Tu, X., Zheng, X., Li, H., Cao, Z., Chang, H., Luan, S., et al. (2015). MicroRNA30 protects against carbon tetrachloride-induced liver fibrosis by attenuating
transforming growth factor beta signaling in hepatic stellate cells. Toxicol. Sci.
146, 157–169. doi: 10.1093/toxsci/kfv081
Valencia-Sanchez, M. A., Liu, J., Hannon, G. J., and Parker, R. (2006). Control of
translation and mRNA degradation by miRNAs and siRNAs. Genes Dev. 20,
515–524. doi: 10.1101/gad.1399806
van der Ree, M. H., De Vree, J. M., Stelma, F., Willemse, S., Van Der
Valk, M., Rietdijk, S., et al. (2017). Safety, tolerability, and antiviral effect
of RG-101 in patients with chronic hepatitis C: a phase 1B, double-blind,
randomised controlled trial. Lancet 389, 709–717. doi: 10.1016/S0140-6736(16)
31715-9
Vienberg, S., Geiger, J., Madsen, S., and Dalgaard, L. T. (2017). MicroRNAs in
metabolism. Acta Physiol. 219, 346–361. doi: 10.1111/apha.12681
Wang, T. H., Lin, Y. S., Chen, Y., Yeh, C. T., Huang, Y. L., Hsieh, T. H., et al.
(2015). Long non-coding RNA AOC4P suppresses hepatocellular carcinoma
metastasis by enhancing vimentin degradation and inhibiting epithelialmesenchymal transition. Oncotarget 6, 23342–23357. doi: 10.18632/oncotarget.
4344
Wang, Y., Chen, F., Zhao, M., Yang, Z., Li, J., Zhang, S., et al. (2017). The long
noncoding RNA HULC promotes liver cancer by increasing the expression of
the HMGA2 oncogene via sequestration of the microRNA-186. J. Biol. Chem.
292, 15395–15407. doi: 10.1074/jbc.M117.783738

Frontiers in Pharmacology | www.frontiersin.org

Wang, Y., Zhu, P., Wang, J., Zhu, X., Luo, J., Meng, S., et al. (2018).
Long noncoding RNA lncHand2 promotes liver repopulation via c-Met
signaling. J. Hepatol. doi: 10.1016/j.jhep.2018.03.029 [Epub ahead of
print].
Wei, J., Feng, L., Li, Z., Xu, G., and Fan, X. (2013). MicroRNA-21 activates hepatic
stellate cells via PTEN/Akt signaling. Biomed. Pharmacother. 67, 387–392.
doi: 10.1016/j.biopha.2013.03.014
Winkler, J. (2013). Oligonucleotide conjugates for therapeutic applications. Ther.
Deliv. 4, 791–809. doi: 10.4155/tde.13.47
Wu, J., Zhou, X., Fan, Y., Cheng, X., Lu, B., and Chen, Z. (2018). Long non-coding
RNA 00312 downregulates cyclin B1 and inhibits hepatocellular carcinoma
cell proliferation in vitro and in vivo. Biochem. Biophys. Res. Commun. 497,
173–180. doi: 10.1016/j.bbrc.2018.02.049
Wu, Y., Liu, X., Zhou, Q., Huang, C., Meng, X., Xu, F., et al. (2015). Silent
information regulator 1 (SIRT1) ameliorates liver fibrosis via promoting
activated stellate cell apoptosis and reversion. Toxicol. Appl. Pharmacol. 289,
163–176. doi: 10.1016/j.taap.2015.09.028
Xiao, Y., Wang, J., Yan, W., Zhou, Y., Chen, Y., Zhou, K., et al. (2015). Dysregulated
miR-124 and miR-200 expression contribute to cholangiocyte proliferation in
the cholestatic liver by targeting IL-6/STAT3 signalling. J. Hepatol. 62, 889–896.
doi: 10.1016/j.jhep.2014.10.033
Xiao, Z., Li, C. H., Chan, S. L., Xu, F., Feng, L., Wang, Y., et al. (2014). A smallmolecule modulator of the tumor-suppressor miR34a inhibits the growth of
hepatocellular carcinoma. Cancer Res. 74, 6236–6247. doi: 10.1158/0008-5472.
CAN-14-0855
Xie, H., Lim, B., and Lodish, H. F. (2009). MicroRNAs induced during adipogenesis
that accelerate fat cell development are downregulated in obesity. Diabetes
Metab. Res. Rev. 58, 1050–1057. doi: 10.2337/db08-1299
Yamamura, S., Imai-Sumida, M., Tanaka, Y., and Dahiya, R. (2018). Interaction
and cross-talk between non-coding RNAs. Cell. Mol. Life Sci. 75, 467–484.
doi: 10.1007/s00018-017-2626-6
Yan, G., Li, B., Xin, X., Xu, M., Ji, G., and Yu, H. (2015). MicroRNA-34a
promotes hepatic stellate cell activation via targeting ACSL1. Med. Sci. Monit.
21, 3008–3015. doi: 10.12659/MSM.894000
Yang, F., Lou, G., Zhou, X., Zheng, M., He, J., and Chen, Z. (2014). MicroRNA223 acts as an important regulator to Kupffer cells activation at the early stage
of Con A-induced acute liver failure via AIM2 signaling pathway. Cell Physiol.
Biochem. 34, 2137–2152. doi: 10.1159/000369658
Yang, Y. L., Wang, F. S., Li, S. C., Tiao, M. M., and Huang, Y. H. (2017). MicroRNA29a alleviates bile duct ligation exacerbation of hepatic fibrosis in mice through
epigenetic control of methyltransferases. Int. J. Mol. Sci. 18:192. doi: 10.3390/
ijms18010192
Yu, F., Jiang, Z., Chen, B., Dong, P., and Zheng, J. (2017). NEAT1 accelerates
the progression of liver fibrosis via regulation of microRNA-122 and
Kruppel-like factor 6. J. Mol. Med. 95, 1191–1202. doi: 10.1007/s00109-0171586-5
Yu, F., Zheng, J., Mao, Y., Dong, P., Lu, Z., Li, G., et al. (2015). Long non-coding
RNA growth arrest-specific transcript 5 (GAS5) inhibits liver fibrogenesis
through a mechanism of competing endogenous RNA. J. Biol. Chem. 290,
28286–28298. doi: 10.1074/jbc.M115.683813
Yu, X., Zheng, H., Chan, M. T., and Wu, W. K. (2017). HULC: an oncogenic
long non-coding RNA in human cancer. J. Cell. Mol. Med. 21, 410–417.
doi: 10.1111/jcmm.12956
Zeng, C., Wang, Y. L., Xie, C., Sang, Y., Li, T. J., Zhang, M., et al. (2015).
Identification of a novel TGF-beta-miR-122-fibronectin 1/serum response
factor signaling cascade and its implication in hepatic fibrogenesis. Oncotarget
6, 12224–12233. doi: 10.18632/oncotarget.3652
Zhang, M., Chi, X., Qu, N., and Wang, C. (2018). Long noncoding RNA lncARSR
promotes hepatic lipogenesis via Akt/SREBP-1c pathway and contributes to the
pathogenesis of nonalcoholic steatohepatitis. Biochem. Biophys. Res. Commun.
499, 66–70. doi: 10.1016/j.bbrc.2018.03.127
Zhang, Z., Zha, Y., Hu, W., Huang, Z., Gao, Z., Zang, Y., et al. (2013). The
autoregulatory feedback loop of microRNA-21/programmed cell death protein
4/activation protein-1 (MiR-21/PDCD4/AP-1) as a driving force for hepatic
fibrosis development. J. Biol. Chem. 288, 37082–37093. doi: 10.1074/jbc.M113.
517953
Zhao, E., Keller, M. P., Rabaglia, M. E., Oler, A. T., Stapleton, D. S., Schueler,
K. L., et al. (2009). Obesity and genetics regulate microRNAs in islets, liver, and

9

August 2018 | Volume 9 | Article 805

Roy et al.

ncRNA in Liver Diseases

adipose of diabetic mice. Mamm. Genome 20, 476–485. doi: 10.1007/s00335009-9217-2
Zheng, J., Dong, P., Mao, Y., Chen, S., Wu, X., Li, G., et al. (2015). lincRNA-p21
inhibits hepatic stellate cell activation and liver fibrogenesis via p21. FEBS J.
282, 4810–4821. doi: 10.1111/febs.13544
Zheng, J., Yu, F., Dong, P., Wu, L., Zhang, Y., Hu, Y., et al. (2016). Long
non-coding RNA PVT1 activates hepatic stellate cells through competitively
binding microRNA-152. Oncotarget 7, 62886–62897. doi: 10.18632/oncotarget.
11709
Zhou, J., Yu, L., Gao, X., Hu, J., Wang, J., Dai, Z., et al. (2011). Plasma
microRNA panel to diagnose hepatitis B virus-related hepatocellular
carcinoma. J. Clin. Oncol. 29, 4781–4788. doi: 10.1200/JCO.2011.38.
2697

Frontiers in Pharmacology | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
The reviewer ZL and handling Editor declared their shared affiliation.
Copyright © 2018 Roy, Trautwein, Luedde and Roderburg. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

10

August 2018 | Volume 9 | Article 805

