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Abstract
Background/Aims: An increase in intracellular lipid droplet formation and hepatic triglyceride 
(TG) content usually results in nonalcoholic fatty liver disease. However, the mechanisms 
underlying the regulation of hepatic TG homeostasis remain unclear. Methods: Oil red O staining 
and TG measurement were performed to determine the lipid content. miRNA expression was 
evaluated by quantitative PCR. A luciferase assay was performed to validate the regulation 
of Yin Yang 1 (YY1) by microRNA (miR)-122. The effects of miR-122 expression on YY1 and 
its mechanisms involving the farnesoid X receptor and small heterodimer partner (FXR-SHP) 
pathway were evaluated by quantitative PCR and Western blot analyses. Results: miR-122 was 
downregulated in free fatty acid (FFA)-induced steatotic hepatocytes, and streptozotocin and 
high-fat diet (STZ-HFD) induced nonalcoholic steatohepatitis (NASH) in mice. Transfection 
of hepatocytes with miR-122 mimics before FFA induction inhibited lipid droplet formation 
and TG accumulation in vitro. These results were verified by overexpressing miR-122 in the 
livers of STZ-HFD-induced NASH mice. The 3’-untranslated region (3’UTR) of YY1 mRNA is 
predicted to contain an evolutionarily conserved miR-122 binding site. In silico searches, a 
luciferase reporter assay and quantitative PCR analysis confirmed that miR-122 directly bound 
to the YY1 3’UTR to negatively regulate YY1 mRNA in HepG2 and Huh7 cells. The (FXR-SHP) 
signaling axis, which is downstream of YY1, may play a key role in the mechanism of miR-122-
regulated lipid homeostasis. YY1-FXR-SHP signaling, which is negatively regulated by FFA, was 
enhanced by miR-122 overexpression. This finding was also confirmed by overexpression of 
miR-122 in the livers of NASH mice. Conclusions: The present results indicate that miR-122 
plays an important role in lipid (particularly TG) accumulation in the liver by reducing YY1 
mRNA stability to upregulate FXR-SHP signaling.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is a common liver disease that has become a 
major public health problem worldwide. NAFLD is characterized by hepatic accumulation 
of lipids and includes a spectrum of diseases from simple liver steatosis to nonalcoholic 
steatohepatitis (NASH) with liver dysfunction [1]. NASH may lead to the development of 
cirrhosis and end-stage liver disease or hepatocellular carcinoma (HCC) [2]. Despite progress 
in NAFLD research, the pathogenesis of this disease remains unclear and the options for 
NAFLD diagnosis and treatment are limited.

In mammals, the liver is a metabolic organ that plays an important role in the regulation 
of TG homeostasis. Excessive TG deposition in hepatocytes derives from an increased 
delivery of FFA into the liver, leading to the development of NAFLD [3]. In obesity-associated 
NAFLD, FFA delivery to the liver is increased, especially during the fed state, due to adipose 
tissue insulin resistance [4]. Accumulated TGs in hepatocytes appear to be relatively inert 
and associated with benign outcomes; hepatocyte injury is driven by lipotoxicity from FFAs 
and their derivatives, as well as overloading of mitochondrial capacity [5].

Hepatic lipogenesis is regulated by different pathways, including sterol regulatory 
element-binding protein 1 (SREBP-1) [6], liver X receptor (LXR) [7], fibroblast growth 
factor 21 (FGF21) [8], and carbohydrate-responsive element-binding protein (ChREBP) 
[9]. Previous studies have demonstrated that SREBP-1c is regulated by a nuclear receptor 
cascade involving the farnesoid X receptor (FXR) and small heterodimer partner (SHP) in 
obesity and aging [10, 11]. Notably, a previous study showed that YY1 alters lipid metabolic 
homeostasis via targeting intron 1 of the FXR gene. In addition, FXR is involved in the 
regulation of insulin resistance and lipid metabolic disorders. FXR inhibits the activation of 
hepatic stellate cells and inflammatory cell invasion, as well as the regeneration of liver cells 
to prevent liver fibrosis. Several FXR agonists have been identified and have shown promise 
in preventing and treating NAFLD, indicating that YY1-FXR may be a therapeutic target in 
NAFLD.

miRNAs are a class of small non-coding RNAs that regulate gene expression post-
transcriptionally by binding to complementary regions in the 3′UTR of target mRNAs, 
resulting in mRNA degradation or attenuated translation [12]. Several studies have 
shown that miRNAs play a role in hepatic TG homeostasis. For instance, miR-33 affects TG 
metabolism by targeting key genes involved in fatty acid oxidation [13]. miR-378 ameliorates 
hepatic steatosis in obese mice by directly targeting the P110α subunit, a core component of 
insulin signaling [14]. miR-122 is one of the most abundant miRNAs in the liver, accounting 
for approximately 70% and 52% of the whole hepatic miRNome in adult mice and humans, 
respectively [15, 16]. A recent study showed that miR-122 plays a critical role in the regulation 
of hepatic TG and cholesterol homeostasis. These data may improve our understanding of 
the pathogenesis of hepatic metabolic disorders [17, 18]. AMP-activated protein kinase 
(APK) and circadian metabolic regulators of the peroxisome proliferator-activated receptor 
family were suggested as putative effectors of miR-122-mediated metabolic control [15, 19]; 
however, the molecular mechanisms underlying the regulation of hepatic lipid homeostasis 
by miR-122 remain unclear.

In this study, we showed that miR-122 was downregulated in steatotic hepatocytes 
and the livers of STZ-HFD-induced NASH mice. Overexpression of miR-122 in vivo and in 
vitro inhibited TG accumulation in hepatocytes by destabilizing YY1 mRNA to inhibit YY1 
expression. The FXR-SHP axis was negatively modulated by YY1. Our findings reveal a 
novel post-transcriptional mechanism by which miR-122 regulates YY1 expression in the 
pathogenesis of NAFLD.

Materials and Methods

Cell culture, transfection, and induction of lipid accumulation in vitro
Human HCC cell lines HepG2 and Huh7 were purchased from the Cell Bank of the Chinese Academy of 

Sciences (Shanghai, China). HepG2 and Huh7 cells were grown in DMEM containing 10% FBS, penicillin (100 
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U/mL) and streptomycin (100 mg/mL) at 37°C in a 5% CO2 humidified incubator. An FFA fat-overloading 
model was generated by mixing oleic acid and palmitate acid obtained from Sigma–Aldrich (St. Louis, MO, 
USA) in a 2:1 ratio to establish a lipid accumulation model to induce hepatocytes as reported previously 
[20]. This model was shown to mimic NAFLD characteristics, with low levels of cellular toxicity [21]. Control 
groups in all cases were treated with 1% fatty acid-free BSA without palmitate acid and oleic acid. Three 
hours prior to FFA treatment, the oligonucleotides were transiently transfected into hepatocytes. The miR-
122 mimic (miR-122) and the corresponding negative control (miR-N.C.) were purchased from GenePharma 
(Shanghai, China). Transfection was performed using Lipofectamine™ 2000 Transfection Reagent from Life 
Technologies Corporation (Carlsbad, CA, USA) according to the manufacturer’s instructions.

In the miR-122 mimic group, synthetic pre-miR-122 (miRIDIAN mimic, has-miR-122, 
UGGAGUGUGACAAUGGUGUUUG) was transfected into hepatocytes; in the miR-N.C. group, both cell lines 
were transfected with pre-miR-122 negative control (miRIDIAN miR mimic transfection negative control, 
N.C.).

Mouse NASH model and miR-122 over-expression vector treatment
The DNA fragment for mmu-miR-122 was amplified from genomic DNA and inserted into the AgeI/

EcoRI site of the lentiviral expression vector pGCSIL-GFP from GeneChem (Shanghai, China) and verified 
by sequencing. All animal procedures were performed according to the “Guide for the Care and Use of 
Laboratory Animals” prepared by the National Academy of Sciences and published by the National Institutes 
of Health (NIH publication 86–23, revised 1985). The experimental protocol was approved by the Animal 
Care Ethics Committee of Nanjing Drum Tower Hospital. Mice were randomly divided into four groups 
(eight mice/group): a normal control group, a NASH model group, a miR-122 over-expression group, and an 
empty vector treatment group. Normal control mice were housed without any treatment and fed a normal 
diet (composed of 12 kcal% fat). NASH model mice were generated as previously described [22]. Briefly, 
pregnant C57BL/6J mice were purchased from the Laboratory Animal Center of Shanghai, Academy of 
Science. The new mice were subjected to a single subcutaneous injection of 200 μg STZ from Sigma–Aldrich 
on the second day after birth. Four weeks after STZ injection, male mice were fed a HFD (composed of 60 
kcal% fat) ad libitum until sacrifice. One week after beginning the HFD, normal control and NASH model 
mice were injected with 0.2 mL physiological saline via the tail vein every 3 days for a total of five times. 
miR-122 overexpression mice received 0.2 mL lentiviral miR-122 over-expression vector (1 × 107 IU/mL) 
and empty vector treatment mice received 0.2 mL empty lentiviral vector (1 × 107 IU/mL) at the same time 
points as the normal control mice receiving saline injection via the tail vein. At the end of week 8, the mice 
in each group were euthanized, the livers were removed and a portion was immediately frozen and stored 
at −80°C until subsequent analyses, including TG content analysis and quantitative PCR. The remaining 
portion of the liver was fixed with 10% formalin for subsequent liver histology evaluation.

Analysis of lipid content and cellular TG measurement
Cellular lipid droplets were visualized by Oil Red O staining as described previously [23]. Briefly, cells 

on slides were fixed in 10% formalin from WAKO Pure Chemical Industries (Osaka, Japan) at 4°C for 10 min 
and the slides were rinsed with PBS (pH 7.4). After air drying, the slides were placed in 100% propylene 
glycol for 2 min and stained with a 0.5% Oil Red O solution in propylene glycol for 30 min. The slides were 
transferred to an 85% propylene glycol solution for 1 min, rinsed in distilled water twice, and processed for 
hematoxylin counterstaining.

Tissue and cellular TG were extracted and quantified with a TG determination kit. In brief, TG content 
was measured using the Triglyceride Assay Kit from NanJing JianCheng Bioengineering Institute (Nanjing, 
Jiangsu, China) according to the manufacturer’s instructions and normalized to total protein concentration. 
Intracellular TG content is expressed in µg/μL protein and TG content in mice liver tissue is expressed in 
mg/g.

RNA extraction and quantitative reverse transcription PCR (qRT-PCR)
Total RNA including miRNA was isolated from cultured cells and tissues using TRIzol Reagent from 

Life Technologies Corporation (Carlsbad, CA, USA) following the manufacturer’s instructions. Total RNA was 
quantified using a spectrophotometer from BioTek (Shoreline, WA, USA) at 260 nm. Total RNA (2 μg) was 
reverse-transcribed into cDNA using SuperScript III from Life Technologies Corporation (Carlsbad, CA, USA) 
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according to the manufacturer’s instructions. For the detection of miR-122 levels, qRT-PCR was performed 
using an ABI ViiA™ 7 System (Applied Biosystems, Foster City, CA, USA) and TaqMan microRNA assay kits 
with specific primers for miR-122 from Applied Biosystems (Foster City, CA, USA) and endogenous U6 
snRNA as the control. For the detection of FXR and SHP expression, qRT-PCR was performed using Fast 
SYBR Green Master Mix on an ABI ViiA™ 7 System. The primers for YY1, FXR, SHP, and GAPDH (control) used 
in this study are available upon request.

Cell viability MTT assay
Cell viability was determined by the MTT assay using tetrazolium 3-(4, 5) –dimethylthiahiazo(-z-y1)-3, 

5-di-phenytetrazoliumromide dye. Briefly, approximately 5 × 103 cells per well were seeded into a 96-well 
plate. At the indicated times, 20 mL MTT solution were added to each well and the plate was subsequently 
incubated at 37°C for 4 h in the incubator. The liquid was then removed from the plate and 150 mL DMSO 
were added to each well. All plates were read at 490 nm.

Bioinformatics and luciferase reporter assay
An in silico search for possible miRNA-binding sites in the 3’ untranslated region (UTR) of the YY1 

gene was performed using TargetScan and miRANDA [24] from the Memorial Sloan-Kettering Cancer Center 
(New York, NY, USA).

To examine the YY1 3’UTR as a target of miR-122 in vitro, luciferase assays were performed with a 
pmirGLO Dual-Luciferase miRNA Target Expression Vector from Promega (Madison, WI, USA) containing both 
the coding sequences of firefly luciferase and Renilla luciferase (internal control). The YY1 3’UTR (accession 
number NG_046908.1) was 
cloned into the pmiRGLO vector 
system using specific primers 
(Fig. 4A). Plasmids were verified 
by Sanger sequencing. 293T cells 
were seeded into 12-well plates 
(5×105 cells/well). After 24 h, 
the cells were transfected with 
200 nM hsa-miR-122 miRNA 
mimics or a negative control 
(hsa-miR-122, Negative Control) 
and 1.6 µg/well plasmid DNA 
with the use of Lipofectamine 
2000 (Invitrogen). The activities 
of firefly and Renilla luciferase 
were measured 24 h after co-
transfection using the Dual-
Luciferase Reporter 1000 Assay 
System from Promega (Madison, 
WI, USA) according to the 
manufacturer’s protocol. Hsa-
miR-122 was used as a positive 
control. Analysis was performed 
using the GloMax Multi 
Detection System from Promega 
(Madison, WI, USA). YY1–MUT 
was used to introduce mutations 
into the miR-122-binding sites 
using specific primers (Table 1). 
Three independent luciferase 
reporter assays were performed 
including wild-type and mutated 
target sequences.

Table 1. Primer sequences used for subcloning and mutagenesis

 

 

Oligonucle
otide 

Sequence (5′–3′) Purpose 

YY1-WT-F 
CTCATCTCTTCTGTCCTTTCCTGTCTCTGAAATAGTCATCACTCCCCTTGACTCTCTCTG

TTCACGTCTC 

Subcloni
ng of the 

YY1 3′ 
end into 
pmirGlo 

YY1-WT-R 
TCGAGAGACGTGAACAGAGAGAGTCAAGGGGAGTGATGACTATTTCAGAGACAGGAAA

GGACAGAAGAGATGAGAGCT 

Subcloni
ng of 

the YY1 3
′ end into 
pmirGlo 

YY1-MUT-F 
CTCATCTCTTCTGTCCTTTCCTGTCTCTGAATATGTGTAGTGAGGCCTTGACTCTCTCT

GTTCACGTCTC 

Subcloni
ng of the 
YY1 3′M
UT end 

into 
pmirGlo 

YY1-MUT-R 
TCGAGAGACGTGAACAGAGAGAGTCAAGGCCTCACTACACATATTCAGAGACAGGAAA

GGACAGAAGAGATGAGAGCT 

Subcloni
ng of the 
YY1 3′M
UT end 

into 
pmirGlo 

YY1-PC-F CCAAACACCATTGTCACACTCCAACCGGTCAAACACCATTGTCACACTCCAC 

Subcloni
ng of the 
YY1 3′PC 
end into 
pmirGlo 

YY1-PC-R 
TCGAGTGGAGTGTGACAATGGTGTTTGACCGGTTGGAGTGTGACAATGGTGTTTGGAG

CT 

Subcloni
ng of 

the YY1 3
′PC end 

into 
pmirGlo 
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Western blotting
Extracted protein from cells was separated by 10% SDS-PAGE and transferred to nitrocellulose 

membranes at 100 mA for 2 h. The membranes were blocked in skimmed milk for 1 h at room temperature 
and overnight at 4°C in anti-FXR and anti-SHP (1:1, 000) antibodies from Abcam (Cambridge, UK), followed 
by incubation with secondary antibodies at room temperature for 2 h. The immunoreactive bands were 
visualized using an ECL-PLUS Kit from Thermo Scientific (Piscataway, NJ, USA). The relative protein 
expression levels were normalized to that of GAPDH.

Histological examination
Liver sections were prepared as described previously [25], stained with H&E and observed for hepatic 

steatosis on an Olympus microscope. The steatosis score was calculated to semi-quantitatively evaluate the 
severity of hepatic steatosis as previously reported [26]. Briefly, the steatosis grade was scored according 
to the degree of parenchymal involvement as follows: 0, <5%; 1, 5% to 33%; 2, 33% to 66%; and 3, >66%.

Statistical analysis
Values are expressed as the mean±standard error of the mean (SEM) or mean±standard deviation (SD). 

Significant differences between two groups were determined by Student’s t test. Statistical significance is 
displayed as *P < 0.05, **P < 0.01 or ***P < 0.001.

Results

Effect of FFA on lipid accumulation in HepG2 and Huh7 cells
Lipid accumulation and increased numbers of lipid droplets are the hallmarks of NAFLD. 

The overwhelming influx of FFA may cause hepatotoxicity and stimulate progression from 
simple steatosis to NASH via several mechanisms beyond direct cytotoxicity. To gain insight 
into the underlying mechanism, HepG2 and Huh7 cells were exposed to FFA. HepG2 and 
Huh7 cells were cultured and induced with 0.5 mM FFA for 24 h before measuring total 
lipids using Oil Red O dye or TG content using a TG testing kit. As shown in Fig. 1A, lipid 
droplet accumulation in FFA-treated cells indicated lipid accumulation in both HepG2 and 
Huh7 cells as a model of NAFLD. The basal TG accumulation level was low in both HepG2 and 
Huh7 cells; however, cells exposed to FFA showed a high accumulation of TG, suggesting that 
a successful in vitro NAFLD model was generated using 0.5 mM FFA (Fig. 1B).

Differential expression of miR-122 and FXR in steatotic hepatocytes
To investigate any potential correlation between miR-122 expression and lipid metabolic 

homeostasis in the fatty liver, miR-122 expression was measured in different cells following 
FFA treatment by quantitative real-time PCR. The mature miR-122 levels in HepG2 and Huh7 
steatotic hepatocytes were significantly decreased by 21% and 26% (Fig. 2A), respectively, 
compared with those in untreated cells. Since YY1 is a regulator of FXR, the YY1 mRNA level 
was analyzed by quantitative-PCR. Cells exposed to FFA showed a significant upregulation of 
the YY1 mRNA level in both cell lines (Fig. 2B). To investigate the regulation of FXR by FFA, 
FXR and its target gene, SHP, were examined by Western blotting. As shown in Fig. 2C, the 
expression of FXR and SHP was significantly downregulated in both hepatic steatotic cell 
lines compared to non-steatotic cells.

miR-122 regulates lipid droplet formation and TG content in HepG2 and Huh7 cells
To examine the regulation of lipid deposition by miR-122, Oil red O staining and TG 

content analysis were performed in steatotic HepG2 and Huh7 cells treated with or without 
miR-122 mimics. The MTT assay showed no statistically significant differences in OD values 
at 24 h between steatotic cells treated with miR-122 mimics at concentrations below 100 pM 
and the N.C. and control groups (all P > 0.05) (Fig. 3A). These results indicate that treatment 
with 100 pM miR-122 mimics has no effect on the viability of steatotic HepG2 and Huh7 
cells. Basal lipid droplet and TG accumulation levels were high in steatotic HepG2 and Huh7 
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cells, which were used as the model control (Fig. 3B and C). As shown in Fig. 3B and C, lipid 
droplet formation and TG levels were significantly lower in the miR-122 treatment group 
than in the model control and N.C. groups (P < 0.05). Treatment with miR-122 mimics 
therefore suppressed lipid droplet formation and reduced TG content in both HepG2 and 
Huh7 cells in the presence of FFA, indicating that miR-122 mimics negatively regulate lipid 
droplet formation in hepatocytes when the level of lipid accumulation is high.

Confirmation of the YY1 3’UTR as a target of miR-122 by luciferase reporter assays
The software tools miRANDA and TargetScan predicted the binding of miR-122 to 

YY1 3’UTR transcript positions 615-616, 618-621 and 623-628 (position relative to the 
translational stop codon, NG_046908.1, Fig. 4A), with mirSVR and PhastCons scores of 
-0.1655 and 0.5237, respectively. Co-transfection of miR-122 mimics with the YY1 3’UTR 
target sequence into 293T cells resulted in a 63% decrease in luciferase activity compared 
with the negative control (P < 0.01). In contrast, luciferase activity remained unaffected 
by co-transfection of the YY1 3’UTR target sequence carrying the miR-122 binding sites in 
the mutated form compared with the wild-type construct (Fig. 4B), indicating a negative 
interaction between miR-122 and the predicted binding sites in the YY1 3’UTR.

miR-122 mimics regulate YY1 and FXR levels in HepG2 and Huh7 cells
Our data and those of recent reports [15, 17] suggest that miR-122 regulates lipid 

accumulation and TG homeostasis. It was reported that YY1 suppresses FXR transcription 
by binding to the YY1 responsive element in intron 1 of the FXR gene. The downregulation 
of FXR and miR-122 expression in FFA-induced HepG2 cells led us to speculate that miR-122 
may regulate FXR signaling by suppressing YY1 mRNA. To test this hypothesis, the relative 
abundance of YY1, FXR, and SHP was examined in HepG2 and Huh7 cell lines by quantitative 

Fig. 1. Lipid accumulation in HepG2 and Huh7 cells treated with 0.5 mM FFA for 24 h. (A) Representative 
photomicrographs of HepG2 and Huh7 cells (×40) stained with Oil Red O. (B) TG content in HepG2 and Huh7 
cells. The results are expressed as the mean ± SEM of three independent experiments. *Significant effect of 
FFA-treated vs. untreated HepG2 or Huh7 cells.

Figure 1
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real-time PCR and Western blotting, respectively (Fig. 5). Quantitative real-time PCR was 
performed to confirm the effect of miR-122 mimics on YY1 in both steatotic hepatic cell 
lines. Transfection of 100 pM miR-122 mimics significantly decreased the abundance of 
YY1 mRNA in steatotic HepG2 and Huh7 cells. Transfection of miR-122 mimics into steatotic 
hepatocytes upregulated FXR and SHP protein expression in both steatotic cell lines. The 
negative control had no effect on mature miR-122 levels or FXR protein expression.

miR-122 inhibits hepatic TG accumulation and improves the histology of NASH mice
To further evaluate the effect of miR-122 on hepatic steatosis in vivo, STZ-HFD-induced 

NASH mice were generated to induce insulin resistance and liver steatosis as observed in 
previous reports [22]. We adopted the ‘lentiviral tail vein injection’ method to deliver pre-
mmu-miR-122 into mouse hepatocytes. C57BL/6 mice were treated with 200 μL saline, miR-
122 (1 × 107 TU/mL of the lentiviral miR-122 vector), or the empty lentiviral vector as a N.C. 
for a total of five times. A NASH mouse model developed after 4 weeks of HFD feeding. The 
observed alteration in hepatic steatosis was confirmed by H&E staining and TG content was 
analyzed as described previously. Examination of H&E-stained liver sections revealed fatty 
degeneration, inflammatory cell infiltration, and hepatocellular ballooning predominantly 
around the central veins in mice liver tissue from the vehicle group. The steatosis score 
was significantly higher in STZ-HFD mice than in the normal control group (Fig. 6A). The 
steatosis score was significantly lower in the lentiviral miR-122 injection group compared 
with the STZ-HFD mice group or the empty lentivirus injection group. The steatosis scores in 
all groups are shown in Table 2. The overexpression of miR-122 resulted in a decrease in TG 
content (Fig. 6B). Empty lentiviral vector-injected mice showed no significant difference in 
the histology or TG content in the livers of NASH mice.

Fig. 2. FFA downregu-
lates miR-122 expres-
sion and suppresses 
the expression of FXR 
and SHP. (A) HepG2 and 
Huh7 cells were treated 
with 0.5 mM FFA or ve-
hicle DMSO for 24 h and 
the expression of ma-
ture miR-122 was mea-
sured by quantitative-
PCR. (B) The YY1 mRNA 
level in HepG2 and 
Huh7 cells was analyzed 
by quantitative-PCR. (C) 
The expression of FXR 
and SHP in HepG2 and 
Huh7 cells was analyzed 
by Western blotting af-
ter 0.5 mM FFA treat-
ment for 24 h.

Figure 2
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Overexpression of miR-
122 regulates YY1, FXR 
and SHP levels in NASH 
mice
Quantitative real-time 

PCR assays were performed 
to analyze the mRNA levels 
of mature miR-122, YY1, 
FXR, and SHP in liver tissues. 
As shown in Fig. 7, miR-122 expression levels were reduced in NASH mice. Mature miR-

Fig. 3. miR-122 mimics suppress 
lipid accumulation in FFA-treated 
HepG2 and Huh7 cells. (A) The 
effect of miR-122 on FFA-treated 
HepG2 and Huh7 cell viability 
was evaluated using the MTT as-
say. FFA (0.5 mM)-treated HepG2 
and Huh7 cells were transfected 
with different concentrations of 
miR-122 mimics and a scramble 
control. The rate of cell inhibition 
was measured 24 h post-transfec-
tion using the MTT assay. Data are 
presented as the mean ± SEM (n = 
3). (B, C) Two hours after transfec-
tion with 100 pM miR-122 mimic 
or N.C., HepG2 or Huh7 cells were 
treated with FFA (0.5 mM) for 24 
h. Lipid synthesis was examined 
by Oil Red O staining (40×). The in-
hibitory effect of miR-122 on lipid 
accumulation in both cell lines is 
shown. TG content was analyzed 
in HepG2 and Huh7 cells. The results are expressed as the mean ± SEM of three independent experiments. 
*Significant effect of miR-122-treated vs. untreated HepG2 or Huh7 cells.

Figure 3

Fig. 4. The YY1 3’UTR is a direct 
target of miR-122. (A) YY1-lucifer-
ase reporter plasmid construction. 
The seed sequence of miR-122 tar-
geting YY1 is indicted in gray. Mu-
tant sequence of the reporter plas-
mid is indicted. (B) 293T cells were 
transfected with a firefly luciferase 
transcript containing either the 
wild-type or mutant form of the 
YY1 3’UTR and transfected with 
either the normal control (N.C.) or 
miR-122 mimics and assessed for 
luciferase activity 48 h post-trans-
fection.

Figure 4
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122 levels were elevated in the livers of model 
mice infected with the lenti-miR-122 virus, 
whereas empty lentivirus injection had no 
effect on mature miR-122 levels. To assess the 
effect of miR-122 overexpression on YY1 and its 
downstream FXR and SHP mRNA levels in vivo, 
YY1, FXR and SHP mRNA levels were examined 
by quantitative real-time PCR. Consistent with 
the in vitro results, YY1 mRNA levels were 
upregulated, whereas FXR and SHP mRNA levels 
were downregulated in NASH mouse livers 

Fig. 5. miR-122 mimics decrease 
YY1 mRNA levels in the plasma and 
upregulate FXR-SHP. HepG2 or Huh7 
cells were transfected with 100 pM 
miR-122 mimics or N.C. for 2 h and 
then treated with FFA (0.5 mM) for 
24 h. (A) YY1 mRNA levels were 
determined using quantitative real-
time PCR. Significant differences be-
tween the FFA model and miR-122 
mimics-transfected cells are shown. 
P<0.001. (B) FXR and SHP protein 
levels after treatment with miR-122 
mimics or FFA were analyzed by 
Western blotting.

Figure 5

Fig. 6. Lipid deposition and triglyc-
eride content in liver tissues after 
8 weeks. (A) H&E staining of hepa-
tocytes (×40) showing hepatocytes 
with enlarged fat vacuoles. a. Mice 
fed a normal diet were used as a con-
trol. b. Mice fed a HFD after STZ injec-
tion showed enlarged fat vacuoles in 
almost all hepatocytes. The vacuoles 
pushed the nucleus to the periphery 
of the cell, presenting the character-
istic signet ring appearance, which 
indicates the successful development 
of the NASH mouse model. c. Histogram of the livers of NASH mice with miR-122 overexpression showing 
the smaller size of fat vacuoles. d. Histogram of the livers of NASH mice treated with the empty lentiviral vec-
tor showing that the size of fat vacuoles did not change significantly compared with the NASH model group. 
(B) Hepatic TG content of mice treated with the miR-122 overexpression vector, the empty lentiviral vector 
(miR-122 normal control), saline only (NASH model), or normal diet mice (control; n = 8). Data represent 
the mean ± SEM * Significant differences between the control and NASH groups, as well as between the 
NASH and miR-122 groups are shown. P<0.05.

Figure 6

 

 
 Steatosis score 
Control 0 
NASH 2.75±0.46 
miR-122 1.88±0.83 
miR-122 N.C. 2.50±0.53 

 

 

Table 2. NAFLD steatosis scores. Data are 
shown as the mean ± SD
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compared with those in wild-type healthy mice. In agreement with the in vitro results, YY1 
mRNA levels were downregulated, whereas FXR and SHP mRNA levels were significantly 
upregulated in lenti-miR-122-injected mice. No changes were observed in the empty 
lentivirus-injected group. These results further suggest that miR-122 is involved in the 
regulation of the YY1-FXR-SHP signaling pathway in vivo.

Discussion

NAFLD is a common chronic liver disease worldwide and a major public health concern 
in modern society [27]. However, liver steatosis is a complex process modulated by many 
factors and much of its pathogenesis remains undiscovered. Several studies have shown that 
miR-122 plays a role in NAFLD [15, 17]. In this study, we elucidated a novel mechanism 
underlying the effect of miR-122 and identified the YY1-FXR-SHP regulatory axis as a 
potential target of miR-122 with a protective effect against hepatic steatosis.

Studies have shown that miRNAs play a critical role in the suppression or stimulation 
of hepatic lipogenesis. Furthermore, miR-122 is the most abundant miRNA in the liver [28]. 
miR-122 plays a central role in liver development, differentiation, homeostasis, and other 
functions. miR-122 expression is driven by liver-enriched transcription factors (LETFs), 
including hepatocyte nuclear factor (HNF) 6 and 4a [29-31]. miR-122 plays a crucial role in 
the regulation of cholesterol and fatty acid metabolism in the adult liver. In vivo antisense 

Fig. 7. Relative gene expression in mouse liver tissues after lentiviral miR-122 injection.  (A) Mature miR-
122 was upregulated after lentiviral miR-122 injection. miR-122 regulated the expression of YY1 (B), FXR 
(C), and SHP (D) mRNAs in mouse liver tissues (n = 8). Data are expressed as the mean ± SEM * Significant 
differences between the control and NASH groups, and between the NASH and miR-122 groups are shown. 
P<0.05.

Figure 7

http://dx.doi.org/10.1159%2F000485765


Cell Physiol Biochem 2017;44:1651-1664
DOI: 10.1159/000485765
Published online: December 06, 2017 1661

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2017 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Wu et al.: Regulation of Hepatic Triglyceride by MicroRNA-122

studies coupled with microarray analysis have been instrumental to uncover the role of miR-
122 in lipid metabolism. Indeed, antisense-mediated inhibition of hepatic miR-122 markedly 
lowered plasma cholesterol levels in both mice and non-human primates [15, 16]. Despite 
reports in which miR-122 was downregulated in a steatotic hepatocyte model and miR-
122 mimics reduced hepatocyte steatosis [18], the mechanism by which miR-122 regulates 
hepatic lipogenesis remains unknown. Many studies have attempted to identify downstream 
targets of miR-122 and found that miR-122 induced changes in lipogenic gene expression, 
including fatty acid synthesis, TG synthesis, fatty acid oxidation and transport. One of the 
studies demonstrated that miR-122 inhibition in a diet-induced mouse model of obesity 
resulted in decreased mRNA expression levels of acetyl-CoA carboxylase 2, FASN, stearoyl 
CoA desaturase-1, and HMG CoA reductase [15]. FXR agonists were reported to upregulate 
miR-122, suppressing the growth of hepatocellular carcinoma cells [32]. Therefore, we 
hypothesized there may be a close relationship between miR-122 and the FXR signaling axis.

FXR, or NR1H4, is a member of the nuclear receptor superfamily. The importance of 
FXR in TG metabolism was confirmed in FXR-deficient mice, which exhibited marked 
hepatosteatosis and hypertriglyceridemia [33]. The TG-lowering effects of endogenous and 
synthetic FXR agonists were evaluated in rodent models [10]. The synthetic FXR agonist 
GW4064 was able to prevent liver steatosis in obese mice, such as the ob/ob and db/db 
models [34]. Based on this finding, obeticholic acid (OCA) was proposed for the treatment 
of NASH as a synthetic FXR agonist [35]. A phase 2 trial showed that administration of OCA 
at 25 mg or 50 mg daily for 6 weeks reduced markers of liver inflammation and fibrosis and 
increased insulin sensitivity. However, lipid abnormalities were associated with the use of 
OCA for NASH treatment, giving rise to safety concerns [36]. Therefore, the identification of 
miR-122 as an FXR regulator in the modulation of lipid deposition and TG homeostasis in 
hepatocytes is important for understanding the pathogenesis of NAFLD.

Analysis of the human miRNA database revealed no miR-122 binding sequence in the 
3ʹUTR of FXR mRNA. Generally, the target mRNA sequence of miR-122 will become unstable 
and susceptible to degradation, resulting in decreased mRNA abundance and subsequent 
decreased translation. However, FXR was upregulated after miR-122 over-expression. 
Therefore, we speculated that miR-122 may indirectly induce FXR by inhibiting the expression 
of its repressor. Here we proposed that YY1 could be the target of miR-122 in the liver. YY1 is a 
member of the Polycomb Group protein family, which functions as a transcription factor and 
is important in biological processes such as development, replication and cell proliferation 
[37, 38]. Recently, hepatic YY1 expression was reported to be a critical endogenous regulator 
to promote TG accumulation in the liver, leading to a fatty liver. It was also proven that YY1 
promotes hepatosteatosis mainly via the repression of FXR expression [10].

In this study, we showed for the first time that miR-122 upregulates FXR expression by 
targeting the 3’UTR of its upstream regulator, YY1 mRNA. Moreover, the down-regulation of 
YY1 and consequent upregulation of FXR may play an important role in miR-122-mediated 
hepatic lipogenesis in vitro and in vivo. miR-122, FXR, and SHP were downregulated and YY1 
was upregulated in association with lipid accumulation in vivo and in vitro. Overexpression 
of miR-122 suppressed the lipid content in FFA-induced steatotic hepatocytes and STZ-HFD-
induced NASH mouse livers. A further study indicated that miR-122-mediated upregulation 
of the FXR-SHP axis by suppressing YY1 may be a key mechanism underlying its effect on the 
regulation of TG homeostasis.

 The present study not only showed that miR-122 regulates TG homeostasis by 
modulating the YY1-FXR-SHP axis but also demonstrated that the effect of miR-122 down-
regulation on fat accumulation via the YY1-FXR-SHP axis may be involved in the pathogenesis 
of NAFLD. This provides a new understanding of the molecular mechanism underlying the 
pathogenesis of liver steatosis from a miRNA perspective.

A recent study provided strong evidence that activation of FXR upregulates miR-122 
expression and, in turn, downregulates the expression of miR-122 target genes, including 
insulin-like growth factor-1 receptor and cyclin G1 [32]. Our study provided insight 
into another potential relationship between miR-122, YY1 and FXR by which miR-122 
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upregulation of the FXR-SHP axis via the suppression of YY1 may play a feedback role in 
hepatic TG homeostasis.

Conclusion

This is the first study to identify a novel mechanism of the regulation of YY1 and FXR 
expression by miR-122 in human and mouse hepatocytes. miR-122 may play an important 
role in the translational control of YY1 and FXR to regulate TG homeostasis. The over-
expression of miR-122 may induce the YY1-FXR-SHP regulatory axis to reduce hepatic TG 
levels. miR-122 can potentially serve as a target for NAFLD treatment.
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