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Background: Hepatic lipogenesis dysregulation is essential for the development of non-alcoholic fatty liver
disease (NAFLD). Emerging evidence indicates the importance of the involvement of long non-coding RNAs
(LncRNAs) in lipogenesis. However, the specific mechanism underlying this process is not clear.
Objective: This study aimed to investigate the functional implication of LncRNA MEG3 (MEG3) in fatty degenera-
tion of hepatocytes and in the pathogenesis of NAFLD.
Methods: The expression ofMEG3was analysed in in vitro and in vivomodels of NAFLD,whichwere established by
free fatty acid (FFA)-challenged HepG2 cells and high-fat diet-fedmice, respectively. EndogenousMEG3was over-
expressed by a specific pcDNA3.1-MEG3 to evaluate the regulatory function of MEG3 on triglyceride (TG)- and
lipogenesis-related genes. Bioinformatic analysis was used to predict the target genes and binding sites, and the
targeted regulatory relationship was verified with a dual luciferase assay. Finally, the possible pathway that regu-
lates MEG3 was also evaluated.
Results:We found that the downregulation ofMEG3 in vitro and in vivomodels of NAFLDwas negatively correlated
with lipogenesis-related genes and that overexpression ofMEG3 reversed FFA-induced lipid accumulation inHepG2
cells. miR-21 was upregulated in the FFA-challenged HepG2 cells and was physically associated with MEG3 in the
process of lipogenesis. Our mechanistic studies demonstrated that MEG3 competitively binds to miR-21 with
LRP6, followed by the inhibition of the mTOR pathway, which induces intracellular lipid accumulation.
Conclusion:Our data are the first to document the workingmodel of MEG3 functions as a potential hepatocyte lipid
degeneration suppressor. MEG3 helps to alleviate lipid over-deposition, probably by binding to miR-21 to regulate
the expression of LRP6. Our results suggest the potency of MEG3 as a biomarker for NAFLD and as a therapeutic
target for treatment.

© 2019 Elsevier Inc. All rights reserved.
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1. Introduction

The incidence of non-alcoholic fatty liver disease (NAFLD) has
increased drastically in recent years, which poses a serious threat to
public health worldwide [1–3]. Therefore, timely intervention of NAFLD
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is of critical importance for alleviating thepublic health burden. The treat-
ment for NAFLD consists of lifestyle intervention and pharmacological
therapy. However, most drugs currently used have serious side effects,
such as weight gain and increased mortality [4]. It is clear that the main
cause of NAFLD is fat being over-deposited in the liver, and NAFLD is
associated with obesity, insulin resistance, and metabolic syndrome
[5,6]. Besides, there is increasing evidence that the dysregulation of
non-coding RNAs may result in abnormal lipid metabolism, which
contributes to the development of NAFLD [7], however, the underlying
mechanism remains unclear.

Long non-coding RNAs (LncRNA) are a group of non-coding intracellu-
lar RNA molecules that are N200 nucleotides in length [8]. LncRNAs regu-
late gene expression indirectly via transcriptional regulation,
posttranscriptional modification, and modulation of microRNA (miRNA)
activities [9]. Emerging evidence has revealed that LncRNAs function as
important contributors to biological processes underlying the pathophysi-
ology of NAFLD [10]. In our previous study, a systematic analysis was
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performed to detect the expression of LncRNAs in NAFLD samples, andwe
found that LncRNA MEG3 (maternally expressed gene 3, MEG3) levels
were significantly decreased in liver tissues of NAFLD patients [11].
MEG3 also known as gene trap locus 2 (GTL2), is an imprinted gene lo-
cated on chromosome 14q32.3 in humans that participates in chronic
liver diseases and various types of human cancers [12,13]. It has also
been reported that MEG3 can suppress fatty acid deposition by regulating
miR-140 [14]. However, the role of MEG3 in fat Metabolism, and how this
may modulate NAFLD remain to be clarified.

In recent years, a new regulatory mechanism has emerged, demon-
strating that coding- and non-coding RNAs can regulate each other
by competing for shared miRNAs, which has been demonstrated in a
variety of humandiseases [15]. Competing endogenous RNAs (ceRNAs),
also called natural microRNA sponges, are endogenous coding or non-
coding transcripts including circular RNAs, pseudogenes, and LncRNAs
that share sequences with common microRNAs [15]. MEG3 functions
as a ceRNA and competes with programmed cell death 4 (PDCD4)
mRNA for direct binding to miR-21, which has been widely demon-
strated in the process of ischaemic neuronal death [16]. Similarly,
it was also demonstrated that MEG3 inhibits the Hh-mediated
epithelial-mesenchymal transition (EMT) process in liver fibrosis via
the SMO protein and miR-21 [12]. Nevertheless, it is not clear whether
MEG3 functions as a ceRNA by competing for binding to miRNAs in
the development of NAFLD.

The present study aimed to investigate the functional implication of
MEG3 in fatty degeneration of hepatocytes and in the pathogenesis of
NAFLD. Our data show that the expression of MEG3 was downregulated
in hepatocytes with lipid degeneration and negatively related to
lipogenesis-related genes. Using bioinformatics analysis and specific
siRNAs we delineated the functional interactions among MEG3, miR-21,
and low-density lipoprotein receptor-related protein 6 (LRP6) in
NAFLD. We further confirmed that miR-21 facilitates lipid degeneration
by modulating lipogenesis-related gene expression. Moreover, MEG3
competed with LRP6 mRNA for binding to miR-21 and contradicted the
inhibitory effects of miR-21 on the LRP6-activated AKT/mTOR signalling
pathway to regulate lipid metabolism. These findings indicate that
LncRNAMEG3 functions as a ceRNA for miR-21 to regulate LRP6 expres-
sion during liver lipid deposition, which may inform new therapeutic
strategies for NAFLD.

2. Materials and Methods

2.1. Mouse Model of NAFLD

The mouse model of NAFLD was developed following previously
reported protocols [2]. A total of 12 C57BL/6 mice (males, 8 weeks
old) were purchased from SJA Laboratory Animal Corp (Changsha,
China) and weighed approximately 18 g each. The mice were divided
into two groups (N = 6 each) and were fed a high-fat diet (HFD) or a
standard chow diet (SCD) for 8 weeks to establish a mouse NAFLD
model. The body weights of the mice were monitored weekly. All
animal experimental procedures followed the guidelines stipulated by
the Research Ethical Committee of Laboratory Animal Center, Xiangya
Medical School, Central South University.

2.2. Cell Culture and Treatment

Human hepatocellular carcinoma cell line HepG2 (ATCC, US) was
cultured in a humidified CO2 chamber at 37 °C using DMEM (Gibco,
US) containing penicillin, streptomycin (Invitrogen, US) and 10% foetal
bovine serum (FBS) (Gibco, US). Cells were assigned to the control or
free fatty acid (FFA, containing oleic acid and palmitic acid at a 2:1
volume ratio) treatment groups. In the latter group, cells were treated
with gradient concentrations of FFA (0.25, 0.5, 1 and 2 mM) for 24 h
and were then used for further assays.
2.3. Oil-Red O Staining

As previously described [17], cultured HepG2 cells and liver tissues
were tested for lipid droplet formation using Oil-Red O staining.
HepG2 cells were placed on a coverslip, washed in PBS, and then fixed
in 10% formalin for 5 min. For liver tissues, formalin-fixed and
paraffin-based slices were de-waxed and re-hydrated. Samples were
washed briefly in isopropanol and stained with 0.5 g Oil-Red O stain
for 30 min. Stained cells were washed in distilled water. Samples were
then counter-stained with haematoxylin for 1 min and then observed
under a bright field microscope.

2.4. Haematoxylin-Eosin (HE) Staining

HE staining was performed to examine liver tissue morphology
following standard protocols. In brief, the live tissues were fixed intra-
tracheally with 4% paraformaldehyde in phosphate buffer and were
embedded in paraffin. Sections (4 μm)were stained with haematoxylin
(5%) for 10 min. Tissue slices were first rinsed in distilled water, acidi-
fied and then stained in eosin for 5min. After dehydration and coverslip
mounting, tissue slices were observed under a bright field microscope.

2.5. MTT Assay

An MTT assay was employed to quantify the relative viability and
proliferation of HepG2 cells from all groups. The test procedures
followed those of previously reported studies [18]. In brief, cells were
seeded into 96-well plates for 24 h and cultured in serum-free medium.
After treatment, 20 μL of MTT solution (5 mg/mL) was added followed
by 4 h of incubation, and cells were suspended in DMSO. Absorbent
values were measured at 570 nm, and the proliferation rate was calcu-
lated as (ATreatment − AControl)/AControl × 100%.

2.6. Triglyceride Assay

Triglyceride (TG) levels weremeasured by a TG kit (Nanjing, China).
The values obtained were normalized to total protein concentrations.
The intracellular TG content was expressed as mmol/g protein. Protein
concentrations were measured using the BCA method.

2.7. Cell Transfection

AMEG3 sequence was synthesized and sub-cloned into transfection
plasmid to generate recombinant vector pcDNA3.1-MEG3 (described as
MEG3 in figures). The control group was transfected with an empty
pcDNA3.1 plasmid (described as pcDNA3.1 in figures). miR-21 inhibitor,
miR-21 mimics and negative control (NC) were synthesized by
GenePharma (Shanghai, China). Sequences were as follows [19]: miR-
21 inhibitor: 5′-UCAACAUCAGUCUGAUAAGCUA-3′; miR-21 mimic:
5′-AACAUCAGUCUGAUAAGCUAUU-3′; negative control (NC), 5′-CAGU
ACUUUUGUGUAGUACAA-3′. We purchased specific siRNAs for human
LRP6 (sc-37233) from Santa Cruz Biotechnology (Shanghai, China).
The specific plasmids were transfected into cells using Lipofectamine™
2000 (Invitrogen, US) as described previously [20].

2.8. Dual Luciferase Reporter Assay

A dual luciferase reporter assay was employed to examine the
binding activity between MEG3 and miR-21 and between miR-21 and
LRP6 following established protocols in HepG2 cells [21]. First, we
constructed dual-luciferase reporter gene plasmids, which were ligated
to both wild-type and mutant forms of MEG3 or LRP6 gene coding
sequences. In brief, HepG2 cells from all groups were transfected with
a pGL3-Luc plasmid containing candidate binding elements, including
MEG3 or LRP6 gene fragments linked to a firefly luciferase neo expres-
sion vector, using the approaches mentioned above. After transfection,



Table 1
Primers used for qRT-PCR analysis.

Genes Primer sequences (5′-3′)

MEG3 F: 5′-CCATCACCTGGATGCCTACG-3′
R: 5′-GGGAATAGGTGCAGGGTGTC-3′

miR-21 F: 5′-CGCGCTAGCTTATCAGACTGA-3′
R: 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATT
CGCACTGGATACGACTCAACA-3′

LRP6 F: 5′-GGGAATAGGTGCAGGGTGTC-3′
R: 5′-GAAGGGAACCTTTAACCACTGC-3′

SREBP1 F: 5′-GGAGCCATGGATTGCACTTTCG-3′
R: 5′-GCTCAGGAAGGCTTCAAGAGAG-3′

LxRa F: 5′-GCTTCTGGAGACATCTCGGAGG-3′
R: 5′-GAGTTGCAGCTCATTCATGGCC-3′

ChREBP F: 5′-GTCATCCACAGCGGTCACTTC-3′
R: 5′-GTCTCTGCAGAGCAGCTTGAG-3′

SCD1 F: 5′-CTTGCGATATGCTGTGGTGC-3′
R: 5′-AAGTTGATGTGCCAGCGGTA-3′

ACC1 F: 5′-CAAGGTCAGCTGGTCCACATG-3′
R: 5′-CAAGGTCAGCTGGTCCACATG-3′

FAS F: 5′-TATGAAGCCATCGTGGACGG-3′
R: 5′-TATGAAGCCATCGTGGACGG-3′

U6 F: 5′-CTCGCTTCGGCAGCACA-3′
R: 5′-AACGCTTCACGAATTTGCGT-3′

β-Actin F: 5′-CCTCGCCTTTGCCGATCC-3′
R: 5′-GGATCTTCATGAGGTAGTCAGTC-3′
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HepG2 cells were measured for Renilla luciferase activity using the
Dual Luciferase Assay Kit (Promega, USA) according to the manufac-
turer's instructions. Firefly and Renilla luciferase activities were mea-
sured by a plate reader (NEO, Bio-Tek, USA) and normalized to Renilla
luciferase data.

2.9. RNA Extraction and qRT-PCR

Gene expression in cultured HepG2 cells and mouse liver tissues
were measured by quantitative real-time PCR (qRT-PCR) as previously
described [22]. In brief, cells were collected by centrifugation, and
total RNA was extracted and prepared for cDNA using the TaqMan
Gene Expression Kit (Applied Biosystems, US) following the manufac-
turer's instructions. Quantitative real-time PCR was performed using
specific primers targeting MEG3, miR-21, LRP6, SREBP1, LXRa, ChREBP,
SCD1, ACC and FAS on a Step One Plus real-time PCR system (Applied
Fig. 1.Downregulation of LncRNAMEG3 in the liver tissues of HFD-fed NAFLDmice. (A) Bodyw
tissue morphology of mouse livers between SCD and HFD groups; Oil-red O staining shows pr
(D) qRT-PCR shows the mRNA levels of lipogenesis-related genes, including SREBP1, LXRa, C
HFD-fed mice. Data are shown as mean ± s.d., n = 6. The data statistical significance is assesse
Biosystems, US). PCR conditions were as follows: 95 °C for 10 min,
followed by 45 cycles of 95 °C for 15 s and 60 °C for 1 min. Ct values
were calculated, and the relative expression level was quantified by
the 2−ΔΔCt approach using β-actin as the housekeeping gene. Each
sample was tested in triplicate for statistical analysis. The primers
used in this study are provided in Table 1.

2.10. Western Blotting

Total proteinswere extracted from cultured cells and liver tissues. In
brief, RIPA buffer with protease inhibitors was used to lyse cells,
followed by centrifugation at 14,000g for 10 min. The proteins were
separated by SDS-PAGE and then transferred onto PVDF membranes.
The membrane was then incubated with primary antibodies (targeting
LRP6, AKT, p-AKT, mTOR, and p-mTOR, all at 1:1500 dilutions, from Cell
Signaling, US) at 4 °C overnight. ECL chromogenic reagent was then
used to develop the membrane, which was then visualized under a
chemiluminescence system (Bio-Rad, US). The relative expression
level was calculated by comparing integrated grey values of target
proteins to the control bands as previously described [23].

2.11. Statistical Analysis

All data were included for statistical analyses using GraphPad Prism
7.0. Unpaired Student's t-test (two-tailed) was used for the comparison
between unpaired two-groups. One-way analysis of variance (ANOVA)
followed by Bonferroni test was applied for multi-group data compari-
son. Bar graphs were presented as means ± s.d. The difference was
considered statistically significant at P b 0.05.

3. Results

3.1. Downregulation of MEG3 in Hepatocytes with Lipid Degeneration in
Liver Tissues and the Negative Correlation with Lipogenesis-Related Genes

Our previous study suggested that MEG3was significantly decreased
in liver tissues of NAFLD patients [11].To provide further in vivo
evidence, we generated a NAFLD mouse model using the HFD feeding
method. Compared to the SCD group, the HFD-fed mice showed signifi-
cantly more rapid body weight increases (Fig. 1A). HE staining revealed
eight growth curves of SCD- and HFD-fedmice. (B) HE staining (left panels) shows general
ominent lipid deposition in the HFD mice (right panels). (C) TG levels in the liver tissues.
hREBP, SCD1, ACC1 and FAS. (E) Relative expression levels of MEG3 between SCD- and
d by Student's t-test, *P b 0.05, **P b 0.01.
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notable changes in liver tissues in the HFD group, including enlarged
hepatocyte volume, dispersion of lipid vacuoles, and compression of
liver sinusoid (Fig. 1B). Oil-Red O staining showed prominent lipid drop-
let deposition in the HFD group compared to that of the SCD group
(Fig. 1B). Consistentwith these findings, TG levels were also significantly
higher in HFD-fed mice (Fig. 1C). Furthermore, we also found elevated
levels of lipogenesis genes, including SREBP-1, LXRa, ChREBP, SCD1,
ACC1 and FAS, in the HFD mice (Fig. 1D). These observations demon-
strated the successful generation of the NAFLD mouse model. As
expected, the expression of MEG3 was significantly decreased in the
liver tissues of the HFD group (Fig. 1F), which showed a negative corre-
lation with lipogenesis-related genes.

3.2. Overexpression of MEG3 Reversed FFA-Induced Lipid Accumulation in
HepG2 Cells

To establish the role of MEG3 in lipid accumulation, we treated
HepG2 cells with palmitate to mimic fatty acid overload conditions.
Our results showed significant lipid deposition in the FFA-treated
group and deterioration with higher FFA concentrations (Fig. 2A),
which resulted in gradually suppressed cell viability in a dose-
dependent manner (Fig. 2B). Elevated TG levels demonstrated the
successful generation of the NAFLD cell model in a dose-dependent
manner (Fig. 2C). Using qRT-PCR, FFA treatment was found to suppress
MEG3 expression in HepG2 cells in a dose-dependentmanner (Fig. 2D).

To identify whether MEG3 was involved in the effect of palmitate on
lipid accumulation, HepG2 cells were transfected with pcDNA3.1-MEG3
(described as MEG3 in figures). pcDNA3.1-MEG3 efficiently increased
the expression of MEG3 in HepG2 cells (Fig. 2E). Notably, overexpression
of MEG3 showed a trend to lower FFA-induced lipid accumulation in
Fig. 2.Overexpression ofMEG3 reversed palmitate-induced lipid accumulation in HepG2 cells. H
staining shows the lipid deposition; (B) the viability of HepG2 cells was detected by an MTT a
HepG2 cells were treated with FFA (1 mM) plus transfected with pcDNA3.1-MEG3 (describe
shows lipid deposition in HepG2 cells; (G) TG levels in HepG2 cells. Data are shown as means
HepG2 cells (Fig. 2F). Similar results of intracellular levels of TG were
also observed (Fig. 2G). Furthermore, using a qRT-PCR assay, we found
that FFA treatment significantly elevated the expression levels of all six li-
pogenesis related genes (Fig. 3A–F). Since the expression of MEG3 in he-
patocytes was negatively related to lipogenesis-related genes, we also
investigated the role of MEG3 on those genes. Consistently, no matter
with or without FFA treatment, overexpression of MEG3 effectively re-
duced the expression levels of lipogenesis-related genes (Fig. 3A–F).

3.3.MEG3 Is Physically AssociatedwithmiR-21 in the Process of Lipogenesis

Since miR-21 has been reported as the downstream effector of
MEG3 [24], we further investigated the correlation between MEG3
and miR-21. Sequence analysis and an open online database, lnCeDB,
provided the putative binding sites between MEG3 and miR-21
(Fig. 4A). Subsequently, we constructed luciferase reporters containing
the wild-type MEG3 (MEG3-WT) or mutant MEG3 (MEG3-MUT). We
also overexpressed or knockdowned the expression of miR-21 via a
miR-21 mimic or a miR-21 inhibitor. Compared to the control, the
miR-21 mimic and miR-21 inhibitor significantly reduced or increased
the luciferase reporter activities of the MEG3-WT reporter but not
those of the MEG3-MUT reporter (Fig. 4B), suggesting that MEG3 was
physically associated with miR-21 via these sites.

To further validate the direct interaction between miR-21 and
MEG3, we detected the expression of miR-21 and MEG3 in HepG2
cells over-expressing MEG3 or HepG2 cells that were transfected with
miR-21 mimics. We found significantly decreased miR-21 expression
levels in HepG2 cells after MEG3 over-expression (Fig. 4C). In addition,
we observed a dose-dependent elevation in miR-21 expression in
HepG2 cells treated with FFA (Fig. 4D). After treatment with the miR-
epG2 cells were treatedwith different doses of FFA ranging from 0 to 2mM, (A) Oil-RedO
ssay; (C) TG levels in HepG2 cells; (D) qRT-PCR shows MEG3 expression in HepG2 cells.
d as MEG3), (E) qRT-PCR shows the relative expression of MEG3; (F) Oil-Red O staining
± s.d., n = 3, *P b 0.05, **P b 0.01, ***P b 0.001, ANOVA test.



Fig. 3. Upregulation of MEG3 inhibits lipogenesis-related gene expression in HepG2 cells. HepG2 cells were treated with FFA (1 mM) plus transfected with pcDNA3.1-MEG3 (described
as MEG3), qRT-PCR shows the relative mRNA level of (A) SREBP1, (B) LXRa, (C) ChREBP, (D) SCD1, (E) ACC1, and (F) FAS. Data are shown as means ± s.d., n = 3, *P b 0.05, **P b 0.01,
***P b 0.001, ANOVA test.
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21 mimic or inhibitor, we found an inverse correlation between MEG3
and miR-21 expression levels (Fig. 4E), which supported that miR-21
is a MEG3-targeting miRNA.

3.4. miR-21 Is Required for FFA-Induced Intracellular Lipogenesis

To investigate the function of miR-21 in the process of lipogenesis, we
detected the expressionof six lipogenesis-related genes in FFA-challenged
HepG2 cells transfected with a miR-21mimic or inhibitor. We found that
FFA treatment significantly elevated the expression levels of all six of
these genes, which was significantly weakened by the miR-21 inhibitor
Fig. 4. The interaction of MEG3with miR-21. (A) Predicted binding sites betweenmiR-21 andM
(C) qRT-PCR shows the relative expression ofmiR-21 inHepG2 cells were treatedwith FFA (1m
expression of miRNA-21 in HepG2 cells treated with different doses of FFA ranging from 0 to 2 m
transfected with the miR-21 mimic or inhibitor. Data are shown as means ± s.d., n = 3, N.S. m
and enhanced by the miR-21 mimic (Fig. 5A–E). These results suggested
that miR-21 mediates FFA-induced intracellular lipid accumulation.

3.5. LRP6 Is the Direct Target of miR-21 and Is Required formiR-21-Induced
Intracellular Lipid Accumulation

To identify the target of miR-21 that is responsible for the observed
increase in lipid production, we predicted the target gene of miR-21
using the TargetScan program. LRP6 is a direct target of miR-21 and
plays important roles in metabolic regulation, specifically in the
nutrient-sensing pathway [25].We investigated the correlation between
EG3. (B) Dual luciferase activity assay shows binding affinity betweenmiR-21 andMEG3.
M) plus transfectedwith pcDNA3.1-MEG3 (described asMEG3). (D) qRT-PCR detected the
M. (E) qRT-PCR detected the expression of MEG3 in FFA-challenged (1mM) HepG2 cells
eans no significance, *P b 0.05, **P b 0.01, ***P b 0.001, ANOVA test.



Fig. 5. Effects of miR-21 on the regulation of lipogenesis-related gene expression in HepG2 cells. HepG2 cells were treated with FFA (1 mM) plus transfected with miR-21 mimic or
inhibitor, qRT-PCR detected the related mRNA level of (A) SREBP1, (B) LXRa, (C) ChREBP, (D) SCD1, (E) ACC1, and (F) FAS. Data are shown as means ± s.d., n = 3, *P b 0.05, **P b 0.01,
***P b 0.001, ANOVA test.
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LRP6 and miR-21 via dual luciferase analysis. Our results indicate that
miR-21 mimic and miR-21 inhibitor significantly reduced or increased
the luciferase reporter activities of the LRP6-WT reporter but not those
of the LRP6-MUT reporter when compared to the control (Fig. 6A). The
expression of LRP6 was significantly lower in FFA-challenged HepG2
cells, demonstrating a dose-dependent relationship, which could be
prevented by the miR-21 inhibitor and weakened by the miR-21 mimic
(Fig. 6B, C). Next, we investigated the function of LRP6 in lipogenesis
using siRNA.We found that FFA-induced intracellular lipid accumulation
in HepG2 cells was significantly inhibited by siLRP6 (Fig. 6D, E).

It was reported that the activity of mTOR and the expression levels
of LXR were elevated in the livers of Lrp6R611C mice, which resulted in
the SREBP transcription factors being activated and the start of hepatic
lipogenesis [26]. We therefore verified whether the mTOR pathway
participated in the process of lipogenesis. In our results, the levels
of phosphorylated mTOR pathway components, such as p-mTOR and
p-AKT, were increased after LRP6was silenced (Fig. 6F, G). These results
suggested that LRP6 inhibits the activation of the mTOR pathway.

3.6. Overexpressed MEG3 Inhibits the Activation of the mTOR Pathway by
Regulating the Expression of LRP6

Since MEG3 and LRP6 compete for binding to miR-21, we proposed
that MEG3 may function as a ceRNA to regulate miRNAs with LRP6. As
expected, after transfection with pcDNA3.1-MEG3, the expression of
LRP6 in HepG2 cells was significantly upregulated, effectively inhibiting
the activation of the mTOR pathway (Fig. 7A). Taken together these
results indicate that MEG3 competes for binding to miR-21 with LRP6,
which results in a weakened activation of the mTOR pathway and
inhibited hepatic lipogenesis (Fig. 7B).

4. Discussion

The present studyfirst demonstrated that excess FFAs induced intra-
cellular lipid accumulation in hepatocytes and decreasedMEG3 expres-
sion. We found that overexpression of MEG3 increased LRP6 levels and
inhibited lipid accumulation. Currently, no study has revealed the direct
correlation between MEG3 and NAFLD, as most studies of MEG3 have
focused on its role in inhibiting tumour proliferation, including the pro-
liferation of hepatocellular carcinoma [27]. MEG3 has been reported to
be correlated with obesity in mice and has been discovered to be
involved in liver fibrosis [28]; however, the function of MEG3 in the
improvement of hepatic steatosis has not been studied. We thus
examined MEG3 expression in both FFA-challenged HepG2 cells and
HFD-fed mice. The results showed suppressed expression of MEG3 in
in vitro and in vivo models, which supports the role of MEG3 in
NAFLD pathogenesis. In addition, we measured TG release and lipid
droplet formation in HepG2 cells after MEG3 over-expression. The
results clearly showed that MEG3 upregulation suppressed lipogenesis
and TG secretion, providing direct evidence for the protective role of
MEG3 in the pathological process of NAFLD.

Fatty acid and fat synthesis in the liver is a highly regulatedmetabolic
pathway, and several lipogenic genes are simultaneously regulated at the
transcription level [29,30]. Emerging evidence has shown that the tran-
scription factor ChREBPhas emerged as a central regulator of lipid synthe-
sis in the liver since it acts synergistically with SREBP to induce lipogenic
genes such asACC and FAS and is required for glucose-induced expression
of the glycolytic enzyme liver-pyruvate kinase (L-PK) [31]. In general, the
expression of ChREBP is regulated by liver X receptors (LXRs) [32]. There-
fore, we selected SREBP1, LXRα, ChREBP, SCD1, ACC and FAS as
lipogenesis-related genes, and we investigated whether MEG3 mediated
the expression of these genes. In the present study, we demonstrated a
negative correlation between the expression of lipogenesis-related
genes andMEG3 in mouse and cell models of NAFLD. In addition, the ex-
pression of lipogenesis-related genes was significantly inhibited in
HepG2 cells after increasing endogenous MEG3 levels, with or with-
out a high FFA environment. These results provide indirect evidence
that MEG3 inhibits the pathological process of NAFLD.

Further mechanistic studies indicated that LRP6 participated in
the regulation of NAFLD by MEG3. LRP6 is a well-established factor
regulating lipid generation and secretion [25], which is consistent
with our results. The data of the present study demonstrated that
decreased MEG3 levels are associated with LRP6 protein levels. The
expression levels of MEG3 and LRP6 were simultaneously decreased in
FFA-challenged HepG2 cells in a dose-dependent manner. In addition,
dual luciferase analysis confirmed that MEG3 and LRP6 were both
targets of miR-21. In this study, miR-21 was notably reduced in MEG3
over-expressing cells, and LRP6was a target ofmiR-21.More importantly,
increased MEG3 reduced the weakening of LRP6 in FFA-challenged
HepG2 cells. Yan et al. found that MEG3 acts as a ceRNA and regulates
ischaemic neuronal death by targeting the miR-21/PDCD4 signalling
pathway [16], which is in accordance with our results.



Fig. 6. LRP6 is a direct target ofmiR-21 and suppresses the activation of the AKT/mTORpathway. (A) The binding sequence betweenmiR-21 and the 3′-UTR of LRP6 and the dual luciferase
activity assay shows binding affinity betweenmiR-21 and LRP6. (B) qRT-PCR shows the relative expression of LRP6 in HepG2 cells treated with FFA (1mM) plus transfectedwithmiR-21
mimic or inhibitor. (C) qRT-PCR shows the relative expression of LRP6 in HepG2 cells treated with different doses of FFA ranging from 0 to 2 mM. Data are shown asmeans± s.d., n=3,
N.S. means no significance, *P b 0.05, **P b 0.01, ANOVA test. After transfection with LRP6-specific silencing plasmids or negative control plasmids and treatment with 1 mM FFA, (D) Oil-
RedO staining shows the lipid deposition; (E) TG levels inHepG2 cells; (F)Western-blot shows theprotein expression levels of LRP6, p-mTOR,mTOR, p-AKT andAKT; (G) quantification of
the protein expression levels. Data are shown as means ± s.d., n = 3, N.S. means no significance, *P b 0.05, **P b 0.01, Student's t-test.

Fig. 7.MEG3 suppresses the activation of the AKT/mTOR pathway by competitively binding tomiR-21with LRP6. (A)Western blotting showing the expression of LRP6, p-mTOR,
mTOR, p-AKT and AKT proteins in HepG2 cells transfected with pcDNA3.1-MEG3 and challenged with FFA (1 mM). The quantification of the protein expression levels is shown
in the lower-left panels. Data are shown as means ± s.d., n=3, *P b 0.05, **P b 0.01, ANOVA test. (B) Schematic representation of a workingmodel in which MEG3 functions as a
potential hepatocyte lipid degeneration suppressor.
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In recent years, miR-21 was found to regulate TG and cholesterol
metabolism [33]. For example, miR-21 was recently reported to regu-
late LRP6 in cultured HepG2 cells, further initiating the downstream
regulation of lipid metabolic genes, including SREBP1, ACC1, LXRa and
SCD1 [34]. More interestingly, NAFLD patients had elevated levels of
circulatingmiR-21 [35], which indicated a possible correlation between
NAFLD andmiR-21. DownstreamofmiR-21, there are also various effec-
tor genes. This study is the first to identify the binding affinity between
miR-21 and the 3′UTR of LRP6 gene transcripts in FFA-challenged
HepG2 cells. It is well established that LRP6 regulates lipid homeostasis
via the nutrient-sensing AKT/mTOR pathway, which further mediates
various lipid metabolic genes. For example, in LRP6 mutant mice, the
AKT/mTOR pathway was found to be activated [25,26]. In the present
study, we also examined the activation levels of the mTOR pathway
and found that AKT/mTOR activity was suppressed after MEG3 over-
expression. Therefore, MEG3 overexpression eventually suppresses
lipid degeneration via targeted suppression of miR-21 to potentiate
LRP6 expression for further inhibition of the AKT-mTOR pathway.

In summary, our data identified a LncRNA MEG3-dependent
lipogenesis-regulating mechanism in hepatocytes under fatty acid over-
load conditions. FFAs inhibited MEG3 expression upregulating miR-21,
which further downregulates LRP6 expression to activate the AKT/
mTOR signalling pathway, eventually leading to potentiated TG secretion
and lipid degeneration. Moreover, overexpression of MEG3 strongly
inhibited the expression of lipogenesis- and lipid degeneration-related
genes via inhibition of miR-21 and, consequently, upregulation of LRP6;
the latter of which further inhibits the AKT-mTOR signalling pathway.
These results collectively suggested the potency of MEG3 as an early bio-
marker for NAFLD and as a drug target for disease intervention. Further
assays are required in both animals and patients to elucidate the correla-
tion between MEG3 and NAFLD disease progression.
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