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Abbreviation list

DNL - de novo lipogenesis

ER — endoplasmic reticulum

HCC — hepatocellular carcinoma
miRNA — micro ribonucleic acid

mRNA — messenger RNA

NAFLD — non-alcoholic fatty liver disease
NASH — non-alcoholic steatohepatitis
RISC — RNA-induced silencing complex
TF — transcription factor

TS — tumour suppressor

UPR — unfolded protein response

UTR - untranslated region



ABSTRACT

Non-alcoholic fatty liver disease (NAFLD) is associated with a thorough reprogramming of
hepatic metabolism. Epigenetic mechanisms, in particular those associated with deregulation
of the expressions and activities of microRNAs (miRNAs), play a major role in metabolic
disorders associated with NAFLD and their progression towards more severe stages of the
disease. In this review, we discuss the recent progresses addressing the role of the many facets
of complex miRNA regulatory networks in the development and progression of NAFLD. The
basic concepts and mechanisms of miRNAs-mediated gene regulation, as well as the various
setbacks encountered in basic and translational research in this field are debated. miRNAs
identified so far, whose expressions/activities are deregulated in NAFLD, and which contribute
to the outcomes of this pathology are further reviewed. Finally, the potential therapeutic usages
in a short to medium term of miRNAs-based strategies in NAFLD, in particular to identify non-
invasive biomarkers, or to design pharmacological analogs/inhibitors having a broad range of

actions on hepatic metabolism, are highlighted.



With the worldwide obesity pandemic, insulin resistance, diabetes and non-alcoholic fatty liver
disease (NAFLD) have become major public health issues. Hepatic steatosis arising from non-
viral, non-genetic and non-alcoholic origin is the main characteristic of the NAFLD spectrum
of metabolic disorders, which can further progress to inflammation (non-alcoholic
steatohepatitis, NASH), fibrosis, and finally cirrhosis and hepatocellular carcinoma (HCC) as
end stage diseases [1,2]. NAFLD is associated with a thorough reprogramming of hepatic
metabolism resulting from deregulation of key molecular mechanisms governing the latter, as
well as associated gene expression. Alterations of epigenetic mechanisms dictating gene
expression, which include DNA methylation, histone acetylation and non-coding RNA-
dependent regulation, contribute importantly to these hepatic metabolic disorders. Among the
latter, microRNAs (miRNAs) play a major role in NAFLD and its progression towards more
severe stages of the disease, therefore having a great potential to affect patient outcome [3].
Many facets of miRNA regulatory networks remain obscure in heterogenous and multifactorial
metabolic diseases, such as NAFLD and its complications. However, despite the high
complexity of miRNA biology, several of them have already been identified as important actors
in NAFLD and as reliable circulating biomarkers for non-invasive diagnosis between different
stages of the disease [4]. Deepening our understanding on the complex roles of specific
miRNAs in NAFLD should open promising perspectives in the close future for therapeutic

strategies based on pharmacological targeting of miRNAs.

MiRNA biogenesis, expression and functions

The human genome contains over 2000 miRNAs, whose primary functions are to inhibit gene
expression [5]. miRNAs synthesis starts with the transcription of primary miRNAs (pri-
miRNAs), which are then cleaved by a nuclear enzymatic protein complex (Drosha/DGCRS8)
to generate pre-miRNA molecules [6,7]. Pre-miRNAs are then translocated to the cytoplasm
and processed into mature miRNA duplexes of around 20-25 nucleotides by the Dicer enzyme.
The guide strand of the duplex is incorporated into the RNA-induced silencing complex (RISC),
while the passenger strand is frequently degraded [6,7]. Nevertheless, this latter step of miRNAs
biogenesis is highly versatile, as passenger strands can also be incorporated into RISC and

trigger gene silencing [8]. Mature miRNAs bind to complementary seed sequences in the 3'-
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UTR of messenger RNAs (mRNAs), leading either to their degradation, or inhibition of their
translation by restraining their access to the translational machinery. The end result of both
mechanisms is inhibition of gene expression. Importantly, one miRNA has the capacity to bind
numerous 3'-UTRs of different mRNAs, and one mRNA can be targeted by multiple miRNAs
as well. While this represents the dogmatic view of miRNA-mRNA interactions, other
mechanisms have been reported, such as miRNAs binding to the 5'-UTR or coding sequence of
mRNAs [9]. Furthermore, some miRNAs may not be intended to inhibit, but rather to enhance
gene expression, providing an additional layer of complexity in the miRNA molecular functions
[10]. Finally, other mechanisms have been described for miRNAs, including direct binding to
Toll-like receptors [ 11], or mitochondrial transcripts [12], which furtherly outlines our currently

limited understanding of miRNA biology.

The expressions and functions of specific miRNAs can be highly different between distinct cell
types [13,14]. Indeed, direct transcriptional regulation of miRNAs or of protein-coding genes,
in which miRNAs are encoded, depends on the availability of cell-specific transcription factors
(TFs) under the control of various environmental factors, but also of the energetic,
differentiation and proliferative status of the cells [15]. Vice versa, the transcriptome of a
specific cell type is conversely shaped by miRNAs expression and activity levels. A corollary
of these observations is that miRNA-dependent functions observed in pathologic and cancerous
cells/tissues may not be translatable to primary cells or tissues, even from same origin [16].
Moreover, rodent disease models are widely used to assess functions and therapeutic potentials
of miRNAs, yet miRNAs in humans frequently have different target genes, or could be under
the control of different regulatory mechanisms [17]. Finally, pharmacological targeting by
miRNA inhibitors/activators in cells/tissues of interest may be, to some extent, unspecific and
can lead to inconclusive interpretations of related studies, due to off-target events. Given all
these potential pitfalls, data should be interpreted with high degree of caution, depending on

the experimental approaches used to investigate miRNA functions.

Increasing evidence also indicates that the expression and activity of miRNAs do not always
correlate [15]. A wide variety of mechanisms, including competitive binding of proteins or
RNAs to miRNAs, as well as differences in the relative stoichiometries of cellular miRNAs or
mRNAs, are responsible for this paradox as illustrated in Fig.1. Finally, miRNAs can undergo
sequence editing during processing (e.g., A-to-I), which affects their binding characteristics and
governs the choice of the strand (guide versus passenger) incorporated in the RISC complex
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[18,19]. Supporting the complexity of these elaborated miRNA-based regulatory mechanisms,
over 4000 editing sites have been found in pri-miRNAs and mature miRNAs with great

differences between human and animals [18].

In conclusion, it is clear that investigating the cell/tissue-specific miRNA expression or
circulating miRNA signature likely represents valuable diagnostic tools featuring specific
diseases. However, considering only alterations of miRNAs expression to evaluate their

pathophysiological roles in tissues and complex diseases such as NAFLD is far from sufficient.

MiRNAs-dependent epigenetic reprogramming in NAFLD

Various metabolic pathways deregulated in NAFLD converge in the aberrant accumulation of
lipids into hepatocytes. These include 1) boosted de novo lipogenesis (DNL), ii) increased
uptake of lipids found in excess in the blood, iii) diminished hepatic export of lipids, or iv)
impaired lipid oxidation [20,21]. All these metabolic processes are tightly regulated by specific
miRNAs (Fig.2). Since elevated glucose levels fuel DNL, miRNA-dependent alterations of
hepatic glycolysis, gluconeogenesis and glycogen metabolism are also key pathological
mechanisms contributing to NAFLD development. Finally, deregulated cellular processes, such
as autophagy or endoplasmic reticulum (ER)-stress and the unfolded protein response (UPR)
were also recently implicated in steatosis development and shown to be under the control of

miRNAs [22-24] (Fig.2).

Several miRNAs were suggested to exert tight control on various aspects of the hepatic lipid
metabolism [3,25]. Herein, we will focus on four specific miRNAs, i.e., miR-122, miR-33,
miR-34a and miR-21, which are well acknowledged for their important regulatory functions in
hepatic metabolism and their high therapeutic potential in fatty liver disease (FLD). A non-
exhaustive list of other miRNAs with deregulated hepatic expression and/or altered circulating

levels in NAFLD is provided in Table 1.

MiR-122 accounts for almost 70% of all miRNA copies expressed in the liver [26]. Current
evidence indicates that it represents a major regulator of hepatic lipid metabolism. In mice,
hepatic miR-122 inhibition leads to i) indirect downregulation of lipogenic enzymes (e.g.
FASN, ACC), increased fatty acid B-oxidation and a decreased accumulation of intracellular
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triglycerides [27], and ii) decreased cholesterol synthesis [28], through mechanisms still poorly
understood (Fig.2). Strikingly, although miR-122 expression is downregulated in hepatic
tissues of patients with NAFLD/NASH [29], circulating levels of this miRNA are increased,
with evidence indicating that hepatic miR-122 secretion is promoted by fatty acid-dependent
mechanisms [30] (Table 1).. A recent meta-analysis further reported that miR-122 allows a
good diagnostic accuracy in distinguishing NAFLD from NASH [4]. Based on these studies,
miR-122 appears undoubtedly as an important regulator of hepatic lipid metabolism and
illustrates well the cautiousness principle assuming that circulating levels of miRNAs do not

always reflect their tissue expression and/or activity, as shown in NAFLD patients.

Although miR-34a is weakly expressed in hepatocytes, it appears to tightly regulate the lipid
metabolism. This miRNA is also significantly upregulated in the plasma and liver of NASH
patients, qualifying it as a good and reliable biomarker of this disease stage [4,31] (Table 1).
In human hepatic cells and in mouse models of steatosis, inhibition of miR-34a allowed to
demonstrate that this miRNA specifically targets PPARa and Sirtuin 1 (SIRT1), thereby
restraining fatty acid catabolism and favouring steatosis development [32]. Interestingly, miR-
34a inhibition also promoted AMP-activated protein kinase o (AMPKa) activity, a major
metabolic switch antagonizing lipogenesis [32]. Finally, miR-34a was also shown in mice to
exert broad control over lipid storage by specifically targeting the hepatocyte nuclear factor 4
(HNF4), a key transcription factor protecting from steatosis development through the

transcriptional control of several genes implicated in lipid catabolism [33].

MiR-33 is also upregulated in hepatic tissues and the blood circulation of patients with NAFLD,
and especially NASH [34] (Table 1). This miRNA attracted attention since its two isoforms a
and b are encoded in the introns of two key lipogenic transcription factors, SREBP2 (sterol
regulatory element-binding protein 2) and SREBP1 respectively. MiR-33 regulates both
cholesterol and fatty acids metabolism in human hepatic cell lines by targeting cholesterol
efflux regulatory proteins (ABCA1 and ABCGI) and regulators of fatty acid B-oxidation
(CPTIA and AMPKa) [35,36]. Based on these studies, miR-33 inhibitors are regarded as
potential therapeutic weapons against cardiovascular diseases and atherosclerosis [35].
However, miR-33 was also reported to protect from obesity and hepatic steatosis in mice [37].
Interestingly, the molecular mechanisms linking obesity and miR-33 are still debated, since
different mouse models of miR-33 deletion have led to the observation of different mechanisms
of action, i.e., as miR-33-mediated inhibition of the lipogenic TF SREBP1 [38] or a miR-33-

dependent restriction of food intake through still unclear molecular mechanisms [37].
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Discrepant results between different studies on this miRNA could also originate from the
inhibition of different isoforms of miR-33. Of note, injections of miR-33 inhibitors in mice at
protective doses against atherosclerosis did not foster obesity development in these animals,
unlike miR-33 gene ablation, therefore supporting the potential safety of therapeutic

interventions with miR-33 inhibitors [39].

MiR-21 is highly increased in the liver and plasma of patients with NASH [29,40] (Table 1).
This miRNA is a typical representative of stress-induced miRNAs, strongly expressed in the
liver, but remaining inactivated in normal physiological conditions [41]. Thousands of reports
have outlined the oncogenic role of miR-21, but recent works have also highlighted its key
functions in hepatic metabolism and inflammation [41]. In human hepatic cells, miR-21
expression/activity was shown to be induced by unsaturated fatty acids [42], or by steatogenic
strains of HCV (our unpublished results). In hepatic cells, miR-21 targets important factors
restraining hepatic steatosis development, such as phosphatase and tensin homolog (PTEN),
which inhibits DNL and fatty acid uptake [43] or PPARa, which triggers lipid oxidation [44].
We recently also demonstrated that hepatocytes-specific miR-21 ablation in mice restrains
steatosis development induced by an obesogenic diet, through upregulation of multiple miR-21
targets involved in lipid metabolism [41]. Other miR-21-dependent mechanisms, such as 1)
modulation of the HBP1-p53-SREBP1 signalling axis promoting diet-induced steatosis [42];
i1) targeting of HMGCR, which regulates both triglycerides and cholesterol metabolism [45];
and iii) regulation of fatty acid-binding protein 7 (FABP7), which modulates lipid trafficking
in hepatocytes [46], were also recently reported, testifying for the broad range of miR-21

functions, not only in carcinogenesis, but also in the metabolic homeostasis.

Hepatic carbohydrate metabolism

Carbohydrate and lipid metabolism pathways are tightly interlinked via common biochemical
substrates, and need to be considered together regarding NAFLD development and the role of
miRNAs in this disease. Several miRNAs were reported to modulate the glycogen metabolism,
thereby potentially diverting glucose towards DNL, as observed in insulin resistance [47]
(Fig.2). miR-122 was reported to target glycogen synthase 1 (GYS1), thereby restraining
glycogen synthesis [27], while miR-20-5p drove hepatic glycogen synthesis through indirect
mechanisms involving p53 and PTEN [48]. Moreover, miR-29 decreased glycogen content and

glucose uptake in primary human skeletal muscle cells, also indirectly, by attenuating insulin



signalling [49]. Interestingly, miR-20 and miR-29a serum levels in NAFLD patients are
significantly up- and down-regulated, respectively, pointing also to these specific miRNAs as
potential biomarkers [50,51] (Table 1). Upregulation of hepatic glycolysis is likewise
frequently observed in NAFLD patients and may contribute importantly to DNL by providing
metabolic substrates in excess [52]. In this regard, miR-122 was shown to target the glycolytic
enzyme aldolase A in hepatic cells, suggesting that miR-122 downregulation with NAFLD
could be in part responsible for upregulation of glycolysis [53] (Fig.2). Other studies, mostly
using cancer cells, have pointed to specific miRNAs potentially regulating glycolysis. This is
indeed the case for miR-34a, which targets lactate dehydrogenase A (LDHA), a key enzyme in
glycolysis [54], or miR-125b, which is significantly upregulated in NASH patients [55] and
targets hexokinase II (HKII), therefore inhibiting glycolysis in HCC cells [56] (Fig.2). Whether
these miRNAs modulate glycolysis in NAFLD/NASH and whether they exert a protective or
deleterious role in these diseases remains to be established. Finally, miR-33 was also shown to
inhibit gluconeogenesis, a pathway up-regulated in insulin-resistant NAFLD patients, via direct
targeting of phosphoenolpyruvate carboxykinase (PCK1) and glucose-6-phosphatase (G6PC),

two key enzymes in the de novo glucose biosynthesis [57].
Stress-activated pathways

ER stress-associated UPR regulation by miRNA - NAFLD entails important cellular stress and
lipotoxicity, which lead to the activation of stress-activated pathways, such as the unfolded
protein response (UPR) triggered by endoplasmic reticulum (ER) stress. Hepatic steatosis
disturbs normal ER functions and thus triggers the three axes of the UPR, which include
inositol-requiring enzyme 1 (IRE1), PRKR-like ER kinase (PERK) and activating transcription
factor 6 (ATF6) [22]. Interestingly, the UPR was shown to activate directly lipogenesis, thus
creating a vicious circle promoting lipid accumulation [22]. Among the pleiotropic cellular
actions of miR-122, this miRNA also negatively regulates the UPR in human HCC cells (Fig.2),
and its downregulation, as observed in NAFLD, results in decreased apoptosis [58].
Interestingly, the UPR can in turn further modulate miRNAs expression, as exemplified by
miR-30c-2-3p, which is induced by PERK, leading to the targeting and subsequent
downregulation of X-box-binding protein-1 (XBP-1) expression [59]. In addition, IRE1, a key
endoribonuclease in the UPR, was shown to induce the selective degradation of miRNAs in
mouse embryonic fibroblasts, resulting in apoptosis activation [60]. High apoptotic levels
observed in NAFLD significantly contribute to progression towards NASH [61], further
highlighting the importance of miRNAs controlling the UPR.



MiRNA-dependent regulation of autophagy - Autophagy deeply impacts hepatocyte lipid
homeostasis by reducing in particular cellular fat content [23]. Nevertheless, autophagic
regulation by miRNAs in the liver is poorly studied, yet data in hepatic cancer cells could lay
the bases in this field. Indeed, miR-375, which is upregulated in the liver and serum of NAFLD
patients (Table 1), was shown to behave as an important inhibitor of autophagy in HCC cells
by targeting the autophagy-related protein 7 (ATG7) [62]. Other miRNAs were reported to
modulate autophagy, such as miR-224, which downregulates ATGS, or miR-101 and miR-199,
which target the mTOR kinase, a key signalling effector promoting autophagy [24]. Future
studies are now required to better understand the role of miRNAs in the regulation of cellular
stress responses and the relevance of these mechanisms for NAFLD, which remain likely

underestimated, despite the recent progresses discussed above.
MiRNA-dependent shaping of malignancy in NAFLD

The incidence of HCC in non-cirrhotic patients with NAFLD is on the rise, breaking the dogma
that cirrhosis is a necessary pre-requisite to develop HCC [1,63]. The molecular mechanisms
associated with cancer development in the absence of cirrhosis remain mostly obscure, but
accumulating evidence indicates that non-genomic alterations of cancer-related factors in

NAFLD could generate a favourable microenvironment promoting hepatic tumorigenesis.

Supporting this concept, PTEN, a key tumour suppressor (TS), whose partial loss of
expression/activity is sufficient to induce malignancies in various organs, is significantly
downregulated with steatosis in both animal models and humans [64,65]. miR-21 was
repeatedly reported to target PTEN expression in hepatic cancer cells, supporting its reputation
of a potent oncogenic miRNA (oncomiRs) in other cancers [43]. Thus, besides its role in hepatic
metabolism and NAFLD/NASH development, upregulation of miR-21 in FLD may also
promote tumorigenesis. Nevertheless, and as illustrated in Figure 3, the multitude of validated
miR-21 targets, which are intricately linked to the control of metabolism, immunity and
carcinogenesis, still raise important debates about the pathophysiological in vivo role of miR-
21 as a cancer-promoting factor in the liver. In contrast to miR-21, miR-122 was shown to have
a tumour-suppressive role in HCC through different mechanisms including i) an indirect
inhibition of the oncogene c-Myc as reported in mice [66] and ii) its potential role in promoting
hepatocytes differentiation in human liver [67]. Consistent with its role as a TS, miR-122 is
frequently downregulated in HCC and miR-122 downregulation correlates with poor prognosis
[67]. Finally, a reciprocal regulation of key miRNAs in NAFLD by deregulated cancer-related
factors may also occur. For example, miR-34a expression was reported to be under the control
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of the TS p53 in the liver of diet-induced obese mice, suggesting that inhibition of p53 and
thereby miR-34a downregulation have a protective role against NAFLD-associated
complications [68]. Moreover, the relevance of this pathway was recently further supported by

studies in rats showing that activation of p53/miR-34a pathway triggers liver fibrosis [69].

Here again, a clear understanding of how miRNAs deregulated in NAFLD contribute to priming
hepatocytes for malignancy, either directly or indirectly, for example by providing a favourable
environment for carcinogenesis, necessitates further investigations. Deepening our knowledge
in this field could provide both fundamental scientists and clinicians with breakthrough

concepts to understand and prevent/treat HCC in non-cirrhotic patients with NAFLD.

Therapeutic potential of targeting miRNAs for NAFLD

High-throughput technologies, such as miRNA microarrays and miRNA sequencing, have been
determinant to identify deregulated miRNAs in tissues or the blood circulation, that are likely
involved in disease development or presenting a therapeutic potential [70]. Nevertheless, and
as described above, variations in the expression of a miRNA do not necessarily infer differences
in its activity or support its relevance in a disease. Therefore, a growing number of additional
tools, such as miRNA sensors and decoys, are being currently developed to evaluate miRNAs
bioavailability and activity in pathophysiological conditions, as well as their therapeutic
potential [71]. In this regard, the gold standard methodology to confirm pathophysiological
miRNA/mRNA interactions takes advantage of luciferase reporter gene-based assays. Relevant
cells, e.g., hepatic cells for NAFLD, are engineered to express 3’-UTR sequences (or other
related sequences) of mRNA targets of interest, coupled to a reporter gene, such as luciferase,
whose activity is modulated by synthetic nucleotides mimicking or inhibiting specific miRNAs
[72]. Alternatively, pull-down assay of labelled miRNAs (e.g., biotinylated miRNAs), or
immunoprecipitation of AGO complexes (RISC-associated proteins binding to miRNAs),
followed by RNA sequencing are other valuable strategies for high throughput targets
identification [73]. Various publicly available software (e.g., TargetScan, MirWalk, miRDB,
miRGator, miRTar) are also frequently used to bioinformatically predict potential mRNA

targets of miRNAs and vice versa, by aligning pre-defined seed sequences of the miRNAs with
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mRNA sequences [74]. Although bioinformatic algorithms that allow the detection of
miRNAs/mRNAs interactions often lead to relevant results, these predictions are to be
considered with caution and need to be confirmed through experimental approaches, such as
those described above. Conversely, available bioinformatic approaches are currently limited in
their predictive power as illustrated in Figure 4, which highlights the elevated number of miR-
122, miR-34a, miR-33 and miR-21 targets, which were experimentally validated, but not

predicted by bioinformatic tools.

To decipher the roles and functions of miRNAs in vivo, three main experimental approaches
have been developed in rodents: a) genetic engineering of constitutive or conditional knock-out
animals, b) modulation of miRNA expression by viral transductions, or ¢) administration of
synthetic oligonucleotides mimicking or inhibiting endogenous miRNAs. Table 2 summarizes
important studies performed in vivo through these different approaches to investigate the role
of key miRNAs relevant for NAFLD. All methods display both advantages and disadvantages.
Genetic engineering of miRNA knock-out mouse models leads to the loss of both the guide and
passenger miRNA strands, with the impossibility to distinguish a specific role for each strand.
Gene knock-out also results in the complete loss of miRNA expression, in contrast to the usual
2-to 10-fold changes observed in pathophysiological conditions. Finally, if the coding sequence
for the knocked-out miRNA lies within a host gene, the expression of this latter may also be
affected. In contrast, and highly relevant for NAFLD in particular, a significant interest of
genetic approaches resides in the possibility to generate cell/tissue-specific knock-out or
overexpression of miRNAs, therefore avoiding numerous adverse effects often associated with
viral transductions or pharmacological targeting of miRNAs. Indeed, lentiviral, adenoviral
(AV) and adeno-associated viral (AAV) transduction can be employed for delivery of miRNAs
analogs/antagonists in vivo [75,76]. Lentiviral vectors have the advantage of triggering a stable
genomic insertion of the transgene, but potential insertional mutagenesis is a high-risk factor.
AV/AAV mediated-delivery provides a transgene remaining in an episomal form, which can
be lost with cell division, yet the risk of insertional mutagenesis is low. Relevant for NAFLD
research, genetic engineering of these viruses with specific promoters or appropriated tropism
of the viral capsid proteins, can provide a liver-specific expression of the miRNA transgenes.
However, immune responses against these vectors cannot always be excluded. Finally,
synthetic oligonucleotides mimicking (mimics) or inhibiting (antimiRs) endogenous miRNAs
can be administered in vivo, with a high efficiency (Table 2). These pharmacological

compounds allow to reasonably control the level of inhibition/activation for specific miRNAs,
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as well as the timing of these interventions, in addition to opening valuable therapeutic
perspectives for complex metabolic diseases, such as NAFLD. Unfortunately, important
drawbacks of pharmacological mimics/antimiRs call for cautiousness. Indeed, an efficient
effect of mimics/antimiRs requires supra-physiological concentrations that can saturate the
RISC complex in target cells, leading to important and unwanted off-target effects [77].
Furthermore, targeting specifically one cell type or organ with these pharmacological
compounds remains challenging, although various delivery systems, such as liposomal
solutions, lipid conjugates and polymers have been developed for the liver [78,79].
Interestingly, nanoparticles combined with engineered proteins able to target specific cell types
for delivery were also successfully used for miRNA conveyance to acute myeloid leukaemia
cells specifically [80]. Such approaches could also be adapted for hepatic miRNAs delivery in
the future. Chemical modification techniques on oligonucleotide sequences have likewise been
developed to prevent degradation of these short double-stranded RNAs by RNAses, as well as
to enhance their binding affinity [81]. For mimics, chemical modifications can interfere with
recognition of the synthetic miRNA by the RISC complex and only 2'-fluoro (2'-F)
modifications were reported to display protection against nucleases, while still allowing
recognition by RISC [82]. Of note, optimization through chemical modifications of the
binding/activity of mimics can also drastically improve the stability and affinity of these
compounds, potentially leading to unexpected and unwanted cellular effects as compared to
those of endogenous miRNAs. AntimiRs, on the contrary, are more suitable for chemical
modifications in order to improve their functional affinity and stability. These include 2'-O-
methyl (2'-O-Me)-cholesterol-conjugated oligonucleotides (antagomiRs), 2'-O-methoxyethyl
(2'-MOE)-conjugated oligonucleotides, or locked nucleic acid (LNA) presenting a modified
structure of the sugar of the oligonucleotides [82,83]. It is important to underline that different
strategies investigating the role of the same miRNA in specific pathologies (e.g. genetic
deletion and administration of inhibitory synthetic nucleotides) may yield to discrepant results
and conclusions about the relevance of this miRNA for therapeutic purpose. A striking example
of this paradox is illustrated by studies investigating the role of miR-21 in cardiac stress

protection through either administration of antimiRs or genetic deletion in mice [84].

Based on the above elements, it is clear that before stepping up to clinical trials for miRNA-
based therapies, a thorough examination of the role and relevance of miRNAs of interest needs

to be performed in various in vivo models and through different methodical approaches.
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The lack of exploitable biomarkers to diagnose different stages of NAFLD with a non-invasive
strategy is currently one of the biggest challenges that clinicians are facing, since, to date, liver
biopsies remain the gold standard diagnosis method. Recent evidence indicates that the levels
of specific miRNAs in the serum of patients with NAFLD/NASH may be significantly altered,
depending of the stage of the disease (Table 1) [4,55,85]. In particular, miR-122 and miR-34a
serum levels correlate with damage-associated liver enzymes and lipids in the serum, as well
as with hepatic inflammation and fibrosis stage, confirming their relevance as circulating
biomarkers able to accurately discriminate NAFLD from NASH in patients [4,50,86]. Other
circulating miRNAs, such as miR-16, miR-19a/b, miR-21, miR-125, miR-375 and miR-192,
were also suggested to represent promising new blood biomarkers for NAFLD/NASH (Table
1) [3,4,50,55,87], but further validation of the relevance of these miRNAs as trustworthy
biomarkers for NAFLD/NASH is now required in large human cohorts. Last, it is noteworthy
that miRNA-based biomarkers in the circulation could be highly relevant in other diseases with
NAFLD-like characteristics, such as glycogen storage disease type I, which can progress

towards HCC, but for which no currently available serum biomarkers are pertinent [88].

Currently, no clinical trials have been designed to test miRNA-based therapies specifically for
NAFLD/NASH. However, encouraging data with miR-122 and miR-34 pharmacological
inhibitors in other liver pathologies are precluding the design of future trials in NAFLD/NASH.
Besides diagnostic value, both miR-122 inhibition or mimicking is of therapeutic relevance
[89]. miR-122 silencing was indeed effective against HCV infection in African green monkeys
[90] and in chimpanzees [91]. A miR-122 antisense LNA (Miravirsen) is currently in phase II
clinical trial, since the ability of these inhibitors was confirmed to reduce viral RNA loads in
HCV-infected patients, without inducing viral resistance [92,93]. In addition, N-
acetylgalactosamine-conjugated miR-122 inhibitors (RG-101) were also efficient in
significantly decreasing and even clearing viral load in patients [94]. On the other hand, for
NAFLD and HCC, therapeutic approaches with miR-122 mimics may improve the outcome of
patients, by refraining NAFLD progression to NASH, or decreasing HCC aggressiveness.

However, no clinical trials have been currently achieved to test this hypothesis.

For HCC and other solid tumours treatments, another clinical trial was established using the

compound MRX34, a liposomal mimic of miR-34 [95]. However, while first results of this trial
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were encouraging, showing in particular an efficient downregulation of cancer-promoting
factors targeted by miR-34, serious immune-related adverse events have called upon a halt in
this clinical trial. The failure of this trial and other experimental evidence indicate that two
major issues need to be solved in order to improve the efficiency and safety of miRNA-based
therapies. First, the specific delivery of miRNAs mimics/inhibitors to the diseased cells/organs
of interest needs to be improved in order to prevent unwanted off-target effects in healthy
organs. Further, illustrating this issue are anti-miR-33-based therapies, which yielded promising
results in mice to treat cardiovascular pathologies, but which could also potentially promoted
obesity and metabolic dysfunctions [37]. Similarly, although the pharmacological inhibition of
miR-21 may ameliorate NAFLD/NASH or restrict hepatocyte proliferation in cancer [41,96],
it may also induce a deficient immune response [97]. Second, the therapeutic dosage of
pharmacological mimics/antimiRs is a delicate equilibrium between the efficient doses leading
to appreciable clinical outcomes and toxic doses inducing adverse effects, in particular through
the disruption of an optimal physiological stoichiometry between all miRNAs in cells/tissues
as highlighted in Fig.1. These important issues are part of the next challenges that clinicians
and scientists need to address to progress with miRNA-based therapies for NAFLD/NASH and

other diseases.

Several other miRNAs have been identified, in addition to those extensively discussed in
previous sections, as potential therapeutic targets for NAFLD/NASH. One interesting candidate
is miR-132, whose inhibition in obese mice triggers up-regulation of several of its specific
targets, i.e., PTEN, SIRT1 and FOXO3 (forkhead box O3), which act in concert to alleviate
diet-induced hepatic steatosis [98]. Other miRNAs, including miR-217, miR-181a and miR-29
were also reported to govern expression of SIRT1, a key regulator of autophagy and lipogenesis
[99-102]. The impact of pharmacological modulation of miRNAs expression/activity on
metabolic pathways can be further amplified when targeted miRNAs regulate important TFs
and their co-factors, which have broad impacts on metabolic homeostasis. This is the case for
miRNAs regulating i) lipogenic TFs, such as SREPB1, ChREBP, LXR and PPARy, ii)
important co-factors or repressors of lipogenic TFs such as PGCla and NCOR respectively,
and iii) TFs promoting lipid catabolism, such as PPARa. Figure 5 summarizes miRNAs
previously described to modulate expression and activity of these key players in glucose/lipid
metabolism. Expression of many of those miRNAs illustrated in Figure 5 were reported to have

an altered expression in the liver, of either rodent models of obesity and steatosis, or of patients
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with NAFLD. Others were identified in studies investigating the lipid metabolism in adipose
tissues from obese mice/humans. For the latter, whether they are also effective in regulating
hepatic lipid metabolism remains to be established. Future studies should further assess the
relevance and feasibility of therapeutic strategies based on pharmacological mimicking or
inhibition of these miRNAs for NAFLD/NASH treatments. In an attempt to clarify this
question, in Table 3 we have summarized published data concerning the regulation of the
expression of these miRNAs in different pathological conditions, as well as their nutritional and
hormonal regulation. Interestingly, almost all of these miRNAs seem to be under
nutritional/hormonal control. However, a part of these studies highlights findings in organs
other than the liver, such as skeletal muscle, heart and adipose tissue. While these data represent
an important base for new therapeutic strategies, the relevance of these findings in to be taken

with caution in NAFLD, since, as mentioned before, these mechanisms can be tissue-specific.

Concluding remarks

Since their discovery in the early 1990s, significant progresses in our understanding of the role
and regulation of miRNAs have been achieved, opening new perspectives for diagnostics and
therapeutic interventions in complex and multifactorial diseases such as hepatic metabolic
disorders and cancers. Standardizations of circulating miRNA expression profiles as
biomarkers for non-invasive NAFLD/NASH diagnostics are being currently evaluated and
could lead to routine clinical practices in the short-term, following validation of these
biomarkers in extended cohorts of patients. However, prior to concrete clinical applications for
miRNAs-based therapies in the treatment of NAFLD/NASH, several important questions and
technical challenges remain to be addressed. These include in particular 1) understanding and
mastering of the interaction networks between miRNAs, their target mRNAs, protein factors
(e.g., RBPs) and other non-coding RNAs (e.g., IncRNAs), in order to assess miRNA activity ii)
to decipher the specific roles of guide and passenger strands of miRNAs of interest, and iii) to
achieve an efficient and specific targeting of miRNA mimics or inhibitors to hepatic
cells/tissues. Solving these issues should provide clinicians with an extensive arsenal of
therapeutic weapons to treat not only hepatic diseases, but also numerous other pathologies still

poorly curable.
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Figure legends

Figure 1: Molecular mechanisms modulating the repressor activity of miRNAs

A) RNA-binding proteins (RBPs) can influence the repressor activity of miRNAs through
different mechanisms. Indeed, RBPs can promote the repressor activity of miRNAs by binding
target mRNAs and favouring a conformation suitable for miRNA-mRNA binding and
repression of transcription (a) (PMID 25048093). On the contrary, as shown in (b) RBPs can
also inhibit miRNAs activities by binding the miRNAs themselves, therefore impeding their
interactions with target mRNAs. A typical example illustrating this mechanism is the
sequestering of miR-21 by the RNA-binding protein HuR, which prevents miR-21 to repress
its targets (PMID 26189797). Alternatively, RBPs can occupy the miRNA-binding sequence or
induce non-permissive conformations of the target mRNA for recognition by specific miRNAs
by binding outside of the 3’UTR, both mechanisms resulting in inhibition of the repressor

activity of miRNAs (PMID 25048093).

B) Competing RNAs such as long non-coding RNAs (IncRNAs), small non-coding RNAs
(sncRNA including microRNAs and small nucleolar RNAs), circular RNAs or pseudogenes
can hold sequences complementary to the miRNA and thus sequester/decoy the miRNA from

binding to its target mRNA, leaving it unrepressed (PMID 24523727).

C) Stoichiometry of target mRNAs expression can influence miRNA activity. When a target
mRNA-X is over-expressed, it can sequester most copies of the miRNA in the cell, therefore
strongly influencing the effect of this miRNA on secondary targets, even in the absence of

alterations of miRNA expression (PMID 21802130).

D) Stoichiometry of miRNAs can also influence the respective activity of specific miRNAs.
When miR-X competes with miR-Y for the same target, overexpression of miR-X will displace
miR-Y from its primary target and leave it available to bind to secondary mRNAs targets

(PMID 21802130).

Figure 2: miRNAs governing the glucose/lipid metabolism and stress-induced pathways

in the liver
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Schematic representation of miRNAs deregulated in NAFLD and contributing to steatosis
development by altering the hepatic glucose and lipid metabolism, autophagy, the ER-stress
and the UPR pathways.

Figure 3: Pleiotropic roles of miR-21 in hepatic metabolic homeostasis and tumorigenesis.

Although miR-21 is upregulated in NAFLD/NASH and contributes to the development of fatty
liver disease, many studies have identified it as a potent oncogenic miRNA (oncomiR) targeting
key tumour suppressors (PMID 27699004). However, numerous experimentally validated miR-
21 targets are also well-characterized oncogenes suggesting that depending on the context (e.g.,
cells/tissues, tumour microenvironment, mutations, metabolic homeostasis, etc.), miR-21 may
also have a tumour suppressive activity. The multitude of miR-21 targets involved in intricate
processes tightly regulating metabolism and progression/regression of tumorigenesis render
difficult to predict the outcomes of potential therapeutic strategies based on inhibition or
activation of miR-21. Illustrating this complexity and the miR-21 pleiotropic roles, a list of
experimentally validated human miR-21-5p targets was retrieved from the miRWalk database
(V2.0) and then cross-referenced (Venn Diagram, upper left panel) with HCC-related genes
obtained from the MetaCore™ software and a list of glucose/lipid metabolism-related genes
(Gene Ontology, glucose and lipid metabolic processes). 23 genes were overlapping between
validated miR-21 targets and genes involved in metabolism (upper right panel in green). An
overlap of 109 genes was found between validated miR-21 targets and HCC-related factors.
The 109 HCC-related factors were then classified as oncogenes (lower left panel in red), or as
tumour suppressors (lower right panel in blue), based on literature. References (PMIDs) for the
classification of each gene are mentioned below the gene name. It is noteworthy that some miR-
21 targets classified as tumour suppressors or oncogenes are involved in hepatic metabolism
(e.g., PTEN, BRCAIl, HPGD, AKT2, PPARa, MYC and CLU in green in lower panels), thereby

emphasizing the contribution of metabolic reprogramming to hepatic tumorigenesis.

Figure 4: Predicted and validated human miR-122-5p, miR-33a-5p, miR-34a-5p and miR-

21-5p targets involved in glucose and lipid metabolism.

The miRWalk 2.0 database was used to retrieve the lists of predicted and validated targets of:
(A) miR-122-5p, (B) miR-33a-5p, (C) miR-34a-5p and (D) miR-21-5p. Predicted targets were
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obtained using 12 different algorithms (i.e., miRWalk2.0, MicroT4, miRanda, miRBridge,
miRDB, miRMap, miRNAMap, PICTAR2, PITA, RNA22, RNAhybrid and TargetScan). Only
candidates predicted by at least five different algorithms are represented. Predicted and
validated targets of each miRNA were then compared with glucose/lipid metabolism-related
genes obtained with the MetaCore™ software (Enrichment with Gene Ontology, biological
processes, lipid/glucose metabolism). Genes involved in lipid/glucose metabolism and targeted

by each specific miRNA are displayed on right panels.

Figure 5: miRNAs targeting of key metabolic transcription factors and regulators

In order to develop an efficient miRNA-based strategy, targeting transcription factors involved
in hepatic glucose and lipid metabolism would likely have a broader systemic effect on NAFLD
than choosing miRNAs targeting specific metabolic enzymes. As depicted in the figure, miR-
192 and miR-29, which are both deregulated in the liver of patients with NAFLD, were reported
to target SREBP1, thereby downregulating hepatic lipogenesis in rodents (PMID 28483554,
28664184). ChREBP is regulated by miR-1322 in hepatic cells (PMID 30079502). LXR, which
can regulate the activity of both SREBP1 and ChREBP, was also found to be targeted by
miRNAs such as miR-1, miR-155, miR-206 and miR-613 (PMID 23499676, 23991091,
24603323, 23496987). PPARy, a fourth lipogenic transcription factor, was found to be
regulated by miR-27a, miR-34a, miR-128 and miR130 (PMID 28167956). Of note, besides
lipogenesis, PPARYy is also involved in hepatic stellate cells activation repression, thereby
negatively regulating hepatic fibrosis. Given that hepatic fibrosis is a common complication in
later stages of NAFLD, these miRNAs could be employed to prevent fibrosis development as
well, aside from lipid metabolism modulation. Of interest are also miRNAs targeting co-factors
(e.g., PGCla) or repressors (e.g., NCOR) of PPARy. Few miRNAs have been shown to regulate
the expression of these proteins, including miR-696 and miR-130a for PGCla (PMID
27432632, 25595716), miR-16 and miR-100 for NCOR2 (PMID 22292036, 24244722).
Several other miRNAs indicated in the figure were shown to target PPARy in murine and
human adipose tissue, including miR-27b, miR-540, miR-302a, miR-138, and miR-548d but
their role in the liver remains currently not investigated. Another strategy to alleviate steatosis
in the liver is to activate lipid oxidation by de-repressing expression of PPARa, a key lipid
oxidation factor. PPARa was shown to be targeted by miR-9, miR-10b, miR-21, miR-33 and
miR-199a (PMID 25592151, 19780876, 21636785, 24100264, 25312970). Finally, as for
PPARy, miRNAs targeting PPARa in adipose tissue of obese mice/humans, e.g., miR-106b-93
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(PMID 23954633), are also indicated. Arrows on the miRNAs indicate up- or down-regulation
of the miRNA in NAFLD; ML: mouse liver; HL: human liver; MAT: mouse adipose tissue;
HAT: human adipose tissue; H-HCC: human HCC samples; ND: Not determined. The PMID

of references of interest are indicated.

BOX 1

BOX 2

BOX 3

The main role of miRNAs is to induce mRNA degradation or to inhibit their translation,
but new functions have been recently uncovered.

Both the guide and passenger strand of miRNAs can be functionally active in cells.
The expression of a miRNA does not necessarily correlate with its activity in
pathophysiological conditions.

miRNA activity can be modulated by various mechanisms including competing
endogenous RNAs, RNA-binding proteins, miRNAs editing and the stoichiometry of
miRNAs/mRNAs.

Both the expression and the activity of specific miRNAs needs to be evaluated to
understand their pathophysiological roles.

miRNAs regulate various aspects of the trafficking, anabolism and catabolism of lipids
in hepatic cells.

Other pathways contributing to steatosis development, e.g. the carbohydrate metabolism
and stress-activated pathways, are also under the control of miRNAs.

Deregulated miRNAs expression/activity with NAFLD can importantly contribute to
alterations of cancer-related factors in the liver.

Alterations of miR-122, miR-33, miR-34a and miR-21 expression/activity are key
mechanisms contributing to NAFLD development and progression to more severe
stages.

Currently available bioinformatic tools have a limited predictive power to identify all
relevant pathophysiological targets of specific miRNAs.

In vivo modulation of miRNAs expression/activity can be accomplished through either
genetic engineering of knockout/transgenic animals, or transduction of viral vector
systems, or pharmacological delivery of synthetic modified nucleotides inhibiting or
mimicking endogenous miRNAs.

Different in vivo approaches to decipher the pathophysiological role of a specific
miRNA can lead to different conclusions due to the peculiarity of available methods.
Circulating levels of miR-122 and miR-34a are suitable biomarkers for NAFLD/NASH.
Other miRNAs of interest as biomarkers need further validation in large human cohorts.
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No clinical trials using miRNAs-based therapies have been currently designed for
NAFLD specifically.

Optimization of hepatic delivery systems, chemical modifications, and pharmacological
dosages of miRNA analogues/inhibitors are required to design successful clinical trials
for miRNAs-based therapies in NAFLD.

Analogues/inhibitors of miRNAs targeting metabolic transcription factors having a
broad systemic effect on hepatic metabolism are of particular interest as therapeutic
tools for NAFLD.
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Table 1 : Deregulated miRNAs in hepatic tissues and blood circulation of patients with
NAFLD/NASH

Liver tissue miRNAs

Circulating miRNAs

Reference Reference
miRNA Expression miRNA Levels
P (PMID) (PMID)
24973316, 21886843,
miR-122 J 19030170 miR-122 T 27956809, 26565986,
29848284
. 19030170, . 21886843, 23727030,
miR-34a T 30142428 miR-34a T 27956309
miR-33 T 27669236 miR-33 T 27669236
. 19030170, .
miR-21 T 56338827 miR-21 T 23727030
. 24973316, . 24973316, 27956809,
miR-192 T 30142428 miR-192 T 26565986
19030170,
miR-375 J 30142428, miR-375 0 24973316
26874844
. 19030170, .
miR-146b 0 58119530 miR-146b J 25232454, 27493762
. 19030170 .
miR-221/222 T 52967590 miR-221/222 T 30544653
miR-132 T 28381526 miR-132 J 27493762
miR-181b T 19030170 miR-181d J 25232454
miR-422 $ 28119530 miR-197 $ 25232454
miR-139 $ 28119530 miR-29a $ 29848284
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Table 2 : Experimental in vivo approaches to investigate the role of miR-122, miR-34a,
miR-33 and miR-21 in NAFLD.

Pharmacological analogues (mimics) or Constitutive/conditional knock-out
inhibitors (antimiRs) animals and viral transductions
miRNA ~ mimic/antimiR ~ PMID | miRNA Genetic PMID
manipulation
mimic (LNP-DP1) 23727126 knock-out 28735896
mimic (agomiR) 26933995 knock-out 22820290
mimic (GPMQNs) 28114997 knock-out 22820284
miR-122 mimic (AAV) 22820288 | miR-122 "Ver'Spe;'th'c knock-" 54113455
in mice in mice i i d total
antimiR (LNA) 21364282 Iverspeciticandtotal 55270288
knock-out
antimiR (ASO) 16459310 liver-specificand total g5 553¢
knock-out
antimiR (antagomiR) 16258535 knock-out 30342367
mlRf-;ﬁZ "N antimiR (antagomiR) 27855320 knock-out 27635790
miR-122 in antimiR (LNA) 18368051 | miR-34a knock-out 22844244
primates antimiR (LNA) 19965718 | inmice knock-out 27377585
. . mimic (agomiR) 29197627 knock-out 28533191
miR-34a in Lentiviral miR-34
mice antimiR (antagomiR) 24560136 . 22964582
expression
miR-34a in . .
fish antimiR (antagomiR) 30115855 knock-out 26538644
MiR-34a in mimic 24397447 | miR-33in knock-out 29091769
primates )
i antimiR 24753547 | ™' knock-out 29466739
mice antimiR (LNA) 29643920 knock-out 24300912
antimiR (ASO) 23702658 Knock-out 20855588
antimiR (antagomiR) 26338827 miR-21in knock-out 26338827
miR-21 in antimiR (LNA) 25141837 | mice  verseedficandtotal )., 000
. knock-out
mice miR-21in  Adenovirus-mediated
antimiR (NP) 25652012 . 27226339
rats miR-21 decoy

Table 3 : Summary of the nutritional, hormonal and pathological regulation of miRNAs
which were found to target lipid metabolism-related transcription factors and
co-factors.
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