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Abstract

Obesity is defined as the excessive accumulation of body fat that ultimately leads to chronic

metabolic diseases. Diets rich in saturated fatty acids (SFA) exacerbate obesity and hepatic

steatosis, which increase the risk of hepatic insulin resistance and type 2 diabetes (T2DM).

Although microRNAs (miRNAs) play an important role in a range of biological processes,

the implications of SFA-induced miRNAs in metabolic dysregulation, particularly in the path-

ogenesis of hepatic insulin resistance, are not well understood. This study investigated the

implications of miR-96, which is induced strongly by SFA, in the development of hepatic

insulin resistance. The liver of HFD mice and the palmitate-treated hepatocytes exhibited an

impairment of insulin signaling due to the significant decrease in INSR and IRS-1 expres-

sion. According to expression profiling and qRT-PCR analysis of the miRNAs, the expres-

sion level of miR-96 was higher in hepatocytes treated with palmitate. Moreover, miR-96

was also upregulated in the liver of HFD mice. Interestingly, miR-96 targeted the 3’UTRs of

INSR and IRS-1 directly, and repressed the expression of INSR and IRS-1 at the post-tran-

scriptional level. Accordingly, the overexpression of miR-96 was found to cause a significant

decrease in INSR and IRS-1 expression, thereby leading to an impairment of insulin signal-

ing and glycogen synthesis in hepatocytes. These results reveal a novel mechanism

whereby miR-96 promotes the pathogenesis of hepatic insulin resistance resulted from SFA

or obesity.

Introduction

Obesity is a rapidly spreading chronic health problem resulting from an imbalance between

energy intake and energy output, which often leads to a range of metabolic diseases [1, 2]. The

excess intake of dietary saturated fatty acids (SFA), which is the leading cause of weight gain

and obesity, inevitably increases intracellular lipid accumulation in the liver and skeletal mus-

cle [2, 3]. Because the liver is considered to be the most important organ for metabolic fuel

homeostasis, the buildup of lipid droplets within the liver can cause metabolic dysregulation to

varying degrees as well as a progressive complex of liver disease, known as nonalcoholic fatty
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liver disease (NAFLD) [4]. NAFLD is now the most prevalent liver disorder in the developed

countries and is associated strongly with the development of hepatic insulin resistance and

reduced whole-body insulin sensitivity. The hepatic insulin resistance derived from NAFLD

generally implies the insufficient ability of insulin to suppress glycogenolysis, gluconeogenesis,

and glucose output in the liver, thereby causing decreases in glucose disposal, consequently

leading to type 2 diabetes (T2DM), and metabolic syndrome [2, 3]. Accumulating studies con-

ducted on obese humans and rodent models have suggested a range of causal associations

between NAFLD and insulin resistance in the liver and other tissues [2–4]. Regardless of

progress, the exact mechanism for how SFA provokes hepatic insulin resistance is not well

understood.

Insulin signaling includes a finely regulated relay of intracellular signals, that mostly

involves the phosphorylation and dephosphorylation of signaling molecules, which are initi-

ated from insulin binding to the insulin receptor (INSR) [3, 5]. The binding of insulin to the

INSR induces tyrosine phosphorylation of the insulin receptor substrate (IRS), and then trans-

duces signals through the downstream enzymes, such as PI3K and Akt2 [6]. Thus far, several

causes have been proposed to explain how the dysregulation of insulin signaling processes

arises in NAFLD in a variety of experimental and clinical models [5, 7]. The accumulation of

SFA increases intracellular lipid metabolites including ceramide and DAG, which impair the

insulin signaling cascade through the IRS-1 serine phosphorylation induced by PKC, IKK and

JNK [2, 8]. Although IRS-1 serine phosphorylation by SFA is considered as an emerging detri-

mental factor in insulin sensitivity, a growing lines of evidence have suggested that the reduc-

tion of INSR expression also promotes the pathogenesis of insulin resistance and diabetes. The

knockout model of INSR in mice exhibited the rapid onset of hyperinsulinemia and hypergly-

cemia, followed by diabetic ketoacidosis [9], and the liver-specific INSR knockout in mice also

showed severe liver dysfunction, hyperglycemia, hyperinsulinemia, and impaired glucose

homeostasis [7]. Furthermore, an accumulating evidence has been reported a modest suppres-

sion of INSR expression in T2DM patients [10, 11]. Therefore, the level of hepatic INSR

expression is strongly associated with the whole-body insulin sensitivity. On the other hand,

the molecular mechanisms responsible for obesity or SFA-induced downregulation of INSR

are largely unknown, even though different hypotheses have been put forward.

MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene expression at the

post-transcriptional level [12]. Mature miRNAs bind to specific sequences located on the 3’

untranslated regions (3’UTR) of the target genes, eventually triggering the suppression of

translation or degradation of the target mRNAs [12, 13]. Although the molecular targets and

roles of the individual miRNAs are still largely unknown, it has been suggested that the dysre-

gulation of miRNAs expression is closely associated with a range of pathological states, such as

neurodegeneration and cardiovascular diseases and cancer [13, 14]. Following the discovery

that miRNA plays an important role in metabolic regulation, such as amino acids catabolism

[15], miRNAs have been also suggested to be critical regulators in the glucose and lipid metab-

olism, whose derangement is linked to the development of insulin resistance and T2DM [16,

17]. Recently, it was reported that the certain miRNAs targeting the 3’UTR of the insulin sig-

naling intermediates’ mRNA are modulated by the SFA-induced obesity and NAFLD, and that

these miRNAs participate actively in the development of hepatic insulin resistance [18–20].

Therefore, it is noteworthy that high fat diet (HFD) in mice causes insulin resistance, concomi-

tant with the upregulation of specific miRNAs, such as miR-802, miR-103, and miR-107, in

the liver [18, 21]. Despite the advances in knowledge, the emerging mechanism for how miR-

NAs are linked causally in the hepatic insulin resistance by SFA-induced obesity is poorly

understood. In this study, a significant increase in miR-96 expression was found in the

liver of HFD mice and SFA-treated hepatocytes, suggesting that miR-96 is involved in the
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pathogenesis of hepatic insulin resistance. Therefore, we further revealed that miR-96 targets

3’UTRs of INSR and IRS-1 genes directly to suppress the expression of the INSR and IRS-1

protein, resulting in impaired insulin signaling and glycogen synthesis. Overall, these results

suggest that the induction of miR-96 by SFA is a casual factor in the development of hepatic

insulin resistance.

Materials and Methods

Animals and HFD-induced insulin resistance

All animal experiments were conducted in accordance with the NIH Guide for Care and Use

of Laboratory Animals (1996) and were approved by the Animal Use and Care Committee at

Dongguk University (approval No. IACUC-2013-007). All efforts were made to minimize ani-

mal suffering. Male C57BL/6N mice were obtained from OrientBio (Seongnam, Gyeonggi,

Korea) and kept in the same temperature- and humidity-controlled holding facility on a light

(12 h)-dark (12 h) cycle with food and water ad libitum. At 6 wks of age, the mice were fed a

normal fat diet (NFD, 12% calories from fat; Purina) or a high fat diet (HFD, 60% calories

from fat; Dyets Inc.) for 14 wks to establish diet-induced obese (DIO) mice. S1 Table lists the

detailed compositions of the two diets. Oral glucose tolerance tests (OGTT) and insulin toler-

ance tests (ITT) were performed after 13 and 14 wks of feeding initiation, respectively. At the

end of experiments (3 days after ITT), the mice were overnight-fasted for 12 h and sacrificed

by cervical dislocation 30 min after intraperitoneal injection of the vehicle or insulin (2 U/kg

of body weight; Sigma-Aldrich). The liver and gastrocnemius skeletal muscle were removed

rapidly, washed three times with ice-cold PBS, and then subjected to total RNA and immuno-

blot analysis.

Cell culture

HepG2, a human liver cancer cell line, was purchased from ATCC (#77400). L6 GLUT4myc

myocyte was provided by Dr. Amira Klip at the Hospital for Sick Children, Toronto, Canada.

HepG2 and L6 GLUT4myc cells were grown in MEMα supplemented with 10% FBS and 1%

penicillin-streptomycin (Gibco) in an atmosphere containing 5% CO2 at 37˚C. The cells from

passages 3 to 10 were used for the following experiments.

Fatty acids treatment

A bovine serum albumin (BSA)-conjugated oleate solution was purchased from Sigma-

Aldrich, and a fatty acids-free BSA (Bovogen, VIC, Australia)-conjugated palmitate (Sigma-

Aldrich) solution was prepared as described previously [22]. Briefly, BSA and sodium palmi-

tate were dissolved completely in 150 mM NaCl by heating at 37˚C and 70˚C, respectively. The

BSA solution was added slowly to the palmitate solution dropwise at 37˚C with continuous

stirring where the molar ratio of palmitate to BSA was 6:1. The BSA-conjugated palmitate

and BSA vehicle was aliquoted and stored at -80˚C. HepG2 cells were seeded at a density of

5 × 105/well in a six-well plate. On the next day, the cells were treated with BSA-conjugated

palmitate (0.5 mM) or oleate (0–0.5 mM) for 18 h. The control cells were treated with BSA

vehicle. Where applicable, the cells were treated with or without 100 nM insulin during the last

30 min of incubation.

Transfection of miRNA mimics and plasmids

HepG2 cells were reverse-transfected with the 200 nM mimics of miR-96, AntimiR-96 and/or

scrambled control miRNA (scRNA) using G-fectin (Genolution, Seoul, Republic of Korea)
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according to the manufacturer’s instructions, and then seeded at a density of 3 × 105/well in a

six-well plate. The miRNA mimics were purchased from Genolution. For the Dual-luciferase

target validation assay, L6 GLUT4myc cells were seeded at a density of 5 × 104/well in a

twelve-well plate. On the next day, the cells were cotransfected with 200 nM miR-96 mimic,

scRNA control and/or 100 ng of plasmid containing the reporter gene using Lipofectamine

2000 (Invitrogen).

RNA extraction, quantitative RT-PCR (qRT-PCR) and RT-PCR

The total cellular RNA of HepG2 cells or murine tissues (the liver and skeletal muscle) was

extracted using the miRNeasy Mini Kit (Qiagen). To analyze mRNA and miRNA expression,

cDNA was synthesized from the total cellular RNA (1 μg) using the miScript II RT Kit (Qia-

gen). The levels of miR-96, U6 snRNA or mRNA (INSR, IRS-1, Akt2, GSK3β, and β-Actin)

expression were measured by qRT-PCR or RT-PCR using the miScript SYBR Green PCR Kit

(Qiagen) or GoTaq Green Master Mix (Promega), respectively. The results of qRT-PCR were

analyzed using the advanced relative quantification method in Light-Cycler 480 software

(Roche Diagnostics). U6 snRNA and β-Actin were applied as the internal control on the

expression levels of the miRNAs and mRNAs, respectively. S2 Table lists the primers (pur-

chased from Bionics, Seoul, Republic of Korea) and PCR conditions used in this study.

Cloning of INSR and IRS-1 3’UTRs and Dual luciferase reporter gene

assay

The segment of human INSR 3’UTR (252 nt, INSR 3Uwt) or IRS-1 3’UTR (416 nt, IRS-1

3Uwt), containing the predicted binding site of miR-96, was amplified from the cDNA of

HepG2 cells by RT-PCR using the specific primers (S2 Table). INSR 3Uwt or IRS-1 3Uwt was

then subcloned into the pmirGLO Dual-luciferase miRNA target expression vector (Promega)

using the SacI/XbaI sites. The mutated miR-96-binding sites (INSR 3Umut or IRS-1 3Umut)
was prepared from the INSR 3Uwt or IRS-1 3Uwt using PCR-based site-directed mutagenesis

with the specific primers as described in S2 Table. The Dual-luciferase target validation assay

was carried out using the Dual-luciferase reporter system (Promega). Briefly, L6 GLUT4myc

cells were cotransfected with miR-96, scRNA control, INSR 3Uwt, INSR 3Umut, IRS-1 3Uwt,
and/or IRS-1 3Umut in a twelve-well plate. After 24 h transfection, the cells were lysed with

the passive lysis buffer (Promega). The activities of Firefly and Renilla luciferase were deter-

mined by a Sirius L luminometer (Titertek-Berthold, Pforzheim, Germany), and the relative

activity of luciferase was obtained by normalizing the ratio of Firefly/Renilla.

Glycogen assay

HepG2 cells were reverse-transfected with miR-96 or scRNA control. After 48 h transfection,

the cells were incubated in FBS-free MEMα for 4 h, and then placed in high glucose DMEM

without FBS in the presence or absence of 100 nM insulin for 2 h. After washing three times

with ice-cold PBS, the glycogen contents in the cells were measured using the Glycogen colori-

metric assay Kit II (Biovision, CA, US) according to the manufacturer’s instructions.

Cell lysis, immunoblotting and antibodies

HepG2 cells and the liver of mice were washed three times with ice-cold PBS and lysed using a

lysis buffer (ice-cold PBS containing 1% Triton X-100, phosphatase inhibitor cocktail II

(Sigma-Aldrich), and 0.2 mM PMSF) by homogenation. The lysates were mixed with 2X

Laemmli buffer, and heated for 10 min at 100˚C. Gel electrophoresis was carried out by SDS—
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PAGE on 8 or 10% resolving gels, transferred and immunoblotted with various antibodies.

The anti-IRS-1 antibody was obtained from Upstate Biotechnology (Lake Placid, NY, US). The

antibody against phospho-tyrosine-IRS-1 and Actin was purchased from Santa Cruz Biotech-

nology (Santa Cruz, CA, US). All other antibodies were purchased from Cell Signaling Tech-

nology (Danvers, MA, US). The detailed information of antibodies used in this study is listed

in S3 Table. ECL Western Blotting Detection Reagent from GE Healthcare (Buckinghamshire,

UK) was used for the visualization of immunoblot. The intensities of immunoblots were deter-

mined by densitometry using an Alpha Imager HP scanning system (Alpha Innotech, San

Leandro, CA, US).

In silico analysis and statistical analysis

The miR-96 targeting INSR 3’UTR and IRS-1 3’UTR was screened computationally using pub-

licly available algorithms (TargetScan: www.targetscan.org, Pictar: pictar.mdc-berlin.de, and

miRWalk: www.umm.uni-heidelberg.de). Data are expressed as means ± SEM. from at least

three independent sets of experiments. We tested the significance of the difference using the

Student’s t-test for unpaired data.

Results

HFD causes metabolic dysfunction and upregulates miR-96 expression

in the liver of mice

Because obesity is related causally to the development of insulin resistance and the aberrant

expression of miRNAs targeting the insulin signaling elements participates actively in the

development of insulin resistance, HFD-induced insulin resistance was established and the

miRNAs modulated by HFD were analyzed. As shown in S1 Fig, the mice fed with HFD for 14

wks showed a significant increase in the fasting blood glucose level accompanied by high body

weight gain, and a reduced rate of insulin-stimulated whole body glucose disposal, as assessed

by the OGTT and ITT. This result clearly suggests that HFD in mice induced hyperglycemia,

impaired glucose tolerance, and impaired insulin tolerance, which are the typical characteris-

tics of T2DM. Under these conditions, the expression of INSR and IRS-1 mRNA and protein

was reduced significantly in the liver of HFD mice, whereas the expression of Akt2, GSK3β,

and Actin was unaffected by HFD (Fig 1A–1F). To assess the key insulin signaling elements

modulated by HFD in the liver further, the phosphorylation of INSR and its downstream sig-

naling molecules were analyzed in the presence or absence of insulin stimulation. As expected,

the phosphorylation of INSR, IRS-1, Akt2, and GSK3β induced by insulin was reduced signifi-

cantly in the liver of HFD mice. These results suggest that HFD in the mice resulted in

impaired hepatic insulin signaling, which was due mainly to the reduction of INSR and IRS-1

protein expression because the reduced phosphorylation level was proportional to their pro-

tein content (Fig 1A–1F).

Because the impairment of insulin signaling by HFD could be attributed most likely to the

downregulation of INSR, this study assessed the alterations of INSR 3’UTR-targeting miRNAs

in the liver of mice. We initially selected about 20 miRNAs presumably targeting INSR 3’UTR

by TargetScan, PicTar, and miRWalk analysis for further experiments according to its target-

ing score to INSR 3’UTR, as well as quality and quantity of the results from Affymetrix miRNA

array (data not shown). Interestingly, the certain miRNAs, such as miR-96, miR-140, miR-151,

miR-185, miR-378, miR-455, miR-532, and miR-874, presumably targeting a 3’UTR of INSR,

were upregulated by more than 1.5-fold in the liver of HFD mice compared to NFD-fed con-

trol, whereas the levels of other selected miRNAs remained unaffected (S2 Fig). This result is
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consistent with previous independent studies based on obese-type insulin resistance mice

models [18, 21, 23–25]. Therefore, the upregulated miRNAs are potential candidate miRNAs

for downregulating INSR expression, but none of these miRNAs has been validated to target

INSR 3’UTR. Next, according to the confirmation of miRNAs expression by qRT-PCR, the

level of miR-96 expression was elevated most drastically (more than 4-fold) in the liver of

HFD mice but not in skeletal muscle (Fig 1G). The SFA-enriched HFD resulted in an

impairment of insulin signaling via the reduction of INSR and IRS-1 protein expression with

the concomitant upregulation of miR-96 in the liver of mice, and 3’UTRs of INSR and IRS-1
were suggested as a potential target of miR-96 from the target prediction algorithms. There-

fore, this study focused on miR-96 for further studies to evaluate its functional significance in

hepatic insulin resistance.

miR-96 is associated with an impairment of insulin signaling by palmitate

Next, this study examined whether a high fatty acids level alone can cause impaired insulin sig-

naling through the induction of miR-96 accompanied by a reduction of INSR in hepatocytes.

Firstly, human hepatoma HepG2 cells were exposed to varying concentrations of unsaturated

Fig 1. Upregulation of miR-96 by HFD in the liver of DIO mice. Mice given HFD for 14 wks exhibited

hyperglycemia, impaired glucose tolerance, and impaired insulin tolerance, as shown in S1 Fig. (A) The mice

were fasted overnight and sacrificed 30 min after an i.p. injection of the vehicle or insulin (2 U/kg of body

weight). The representative immunoblots (2 from 7 mice/group) obtained from the liver lysates are shown. (B)

The mRNA levels of INSR and IRS-1 were measured by qRT-PCR from the liver of vehicle-injected mice. (C)

The protein expression and phosphorylation of INSR was normalized to the amount of Actin. (D) The protein

expression and phosphorylation of IRS-1 were normalized to the amount of Actin. (E) The protein expression

of Akt2 was normalized to the amount of Actin. The level of Akt2 phosphorylation was normalized to the

amount of Akt2. (F) The protein expression of GSK3βwas normalized to the amount of Actin. The level of

GSK3β phosphorylation was normalized to the amount of GSK3β. (G) The expression of miR-96 was

measured by qRT-PCR from the liver and skeletal muscle (SkM). The values are expressed as the relative

ratio, where the average intensity of NFD-fed mice was set to one. The values are the means ± SEM. from five

individuals. **, P < 0.01; ***, P < 0.001.

doi:10.1371/journal.pone.0169039.g001
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(oleate) fatty acid for 18 h, but oleate did not affect the expression of INSR, IRS-1, and Akt2

(S3 Fig). Therefore, HepG2 cells were treated with palmitate, which is the most abundant SFA

in the diet, and the effects of palmitate on the expression and phosphorylation of insulin sig-

naling molecules were then assessed. As shown in Fig 2, protein, but not mRNA levels of INSR

and IRS-1 was reduced substantially by palmitate treatment in HepG2 cells compared to the

control, while the levels of Akt2, GSK3β, and Actin expression were unaffected. In addition,

palmitate led to a significant decrease in the insulin-stimulated tyrosine phosphorylation of

INSR concomitantly with the reduced insulin-stimulated phosphorylation of its downstream

insulin signaling molecules, such as IRS-1, Akt2, and GSK3β in HepG2 cells (Fig 2A and 2C–

2F). It suggests that SFA palmitate resulted in an impairment of insulin signaling by decreasing

INSR and IRS-1 expression in hepatocytes. This study then examined whether the levels of

miR-96, which tentatively targets the 3’UTRs of INSR and IRS-1, were increased in the palmi-

tate-treated HepG2 cells, because the expression of INSR and IRS-1 was decreased by

palmitate. As we assumed, the level of miR-96 in HepG2 cells was upregulated drastically

(approximately 2-fold) by the palmitate, but not oleate, treatment (Fig 2F), and the level of

miR-96 was negatively correlated with the protein levels of INSR and IRS-1 (Fig 2A–2D), sug-

gesting that the induction of miR-96 is closely associated with the development of insulin resis-

tance in hepatocytes.

INSR and IRS-1 are direct targets of miR-96

As the upregulation of miR-96 by HFD or palmitate treatment was negatively correlated with

the cellular INSR and IRS-1 level in hepatocytes (Figs 1 and 2), this study next examined

whether the 3’UTRs of INSR and IRS-1 are direct targets of miR-96. In silico target prediction

analysis, such as TargetScan, PicTar, and miRWalk, showed that the 3’UTR of INSR or IRS-1
mRNA contains highly conserved tentative binding sites for mature miR-96 as shown in Fig

3A and 3B. To determine if miR-96 can target INSR or IRS-1 directly by interacting with its

3’UTR in vitro, the 3’UTR of INSR or IRS-1 was cloned and inserted downstream of a luciferase

reporter gene. Subsequently, L6 GLUT4myc cells were cotransfected with the mature miR-96

mimic or scRNA control using 3’UTR reporter vectors, as described in the Methods section.

As indicated in Figs 1 and 2, miR-96 expression was upregulated in the hepatocytes by HFD or

palmitate, and a dual luciferase-based reporter assay was conducted to determine if miR-96

regulates INSR or IRS-1 directly by binding to the 3’UTR region of INSR or IRS-1. Luciferase

reporter constructs containing either a tentative miR-96 target sequence in 3’UTRs (wild-type;

INSR 3Uwt or IRS-1 3Uwt), or nucleotides mutant of the tentative target sequence (INSR

3Umut or IRS-1 3Umut) were inserted in the pmirGLO vector (Fig 3C and 3D, upper panel).

These reporter constructs were transfected transiently together with the miR-96 mimic or

scRNA control. As shown in Fig 3C, cotransfection with the miR-96 mimic and reporter con-

struct (INSR 3Uwt) resulted in a significant reduction of luciferase activity, as compared to the

scRNA control. Mutations in the tentative miR-96 binding site in INSR 3’UTR abrogated the

suppressive effect of miR-96 (Fig 3C). This result suggests that miR-96 targets INSR 3’UTR

directly via its binding site and then inhibits INSR expression. Similarly, the 3’UTR of the

human IRS-1 gene has been suggested to encode a tentative binding site for miR-96 (Fig 3B),

and cotransfection with miR-96 and the reporter construct of IRS-1 3’UTR (IRS-1 3Uwt)
decreased the luciferase activity significantly, compared to the scRNA control (Fig 3D). This

effect of miR-96 was abolished by mutations in its binding site (IRS-1 3Umut) (Fig 3D). There-

fore, miR-96 participates in the repression of INSR and IRS-1 by HFD or palmitate, because

INSR and IRS-1 are direct targets of miR-96.
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INSR and IRS-1 are suppressed by miR-96 at the post-transcriptional

level

As miR-96 interacts authentically with INSR and IRS-1 mRNAs by binding to their 3’UTR

regions, the induction of miR-96 should repress INSR and IRS-1 expression, leading to an

impairment of insulin signaling in hepatocytes. To examine this further, the miR-96 mimic

was transfected into the HepG2 cells by reverse-transfection and the expression levels of INSR,

IRS-1 and insulin signaling intermediates were assessed. To measure the transfection effi-

ciency of the miR-96 mimics and scRNA control, the level of miR-96 expression was analyzed

by qRT-PCR in HepG2 cells before and after transfection. Based on an qRT-PCR analysis, the

level of miR-96 in HepG2 cells was increased > 1,000-fold by transfection with 200 nM of the

miR-96 mimics, compared to endogenous miR-96 (data not shown). Therefore, 200 nM of the

miR-96 mimic and AntimiR-96, a 2’-O-methyl-modified antisense oligonucleotide against

mature miR-96, was adopted for reverse-transfection. The overexpression of miR-96 in

HepG2 cells exhibited a significant decrease in the levels of INSR and IRS-1 protein expression

compared to the scRNA control, whereas the protein expression of the insulin signaling

Fig 2. Impaired insulin signaling and upregulation of miR-96 by palmitate in HepG2 cells. HepG2 cells

were treated with either the vehicle or palmitate (0.5 mM) for 18 h, and then incubated in the presence or

absence of insulin (100 nM) for 30 min. (A) Representative immunoblots obtained from HepG2 cells lysates

are shown. (B) The mRNA levels of INSR and IRS-1 from the vehicle or palmitate-treated HepG2 cells were

measured by qRT-PCR. (C) The protein expression or phosphorylation of INSR was normalized to the

amount of Actin. (D) The protein expression or phosphorylation of IRS-1 was normalized to the amount of

Actin. (E) The protein expression of Akt2 was normalized to the amount of Actin. The level of Akt2

phosphorylation was normalized to the amount of Akt2. (F) The protein expression of GSK3βwas normalized

to the amount of Actin. The level of GSK3β phosphorylation was normalized to the amount of GSK3β. (G) The

expression of miR-96 from the vehicle BSA, oleate (0.5 mM for 18 h) or palmitate-treated HepG2 cells was

measured by qRT-PCR. The values are expressed as the relative ratio, where the intensity of the vehicle

(open column) was set to one. The values are expressed as the means ± SEM. from three independent

experiments. **, P < 0.01; ***, P < 0.001.

doi:10.1371/journal.pone.0169039.g002
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molecules, such as Akt2 and GSK3β, were unaffected (Fig 4A–4C). Moreover, transfection

with AntimiR-96 revoked the repression of INSR and IRS-1 by miR-96 almost completely,

whereas the levels of INSR and IRS-1 were increased by the inhibition of endogenous miR-96

using AntimiR-96 (Fig 4A–4C). On the other hand, there were no significant changes in the

mRNA levels of INSR and the insulin signaling molecules, such as IRS-1, Akt2, and GSK3β,

according to RT-PCR and qRT-PCR (Fig 4D), indicating that miR-96 suppresses INSR and

IRS-1 at the post-transcriptional level. Overall, miR-96 promotes the downregulation of INSR

and IRS-1 in HepG2 cells.

Overexpression of miR-96 inhibits insulin signaling and glycogen

synthesis

As INSR and IRS-1 expression is suppressed at the post-transcriptional level by miR-96 in

hepatocytes, this study further examined whether the upregulation of miR-96 causes insulin

resistance in hepatocytes. The overexpression of miR-96 alone in HepG2 cells decreased the

insulin-stimulated phosphorylation of INSR significantly at the receptor level of insulin signal-

ing, with the concomitant repression of INSR (Fig 5A and 5B). Moreover, the phosphorylation

of the downstream signaling molecules of INSR, such as IRS-1, Akt2, and GSK3β, was also

reduced dramatically by the overexpression of miR-96 alone (Fig 5A–5E). This effect is attrib-

uted mainly to the reduced expression of INSR. Although, on the other hand, overexpression

Fig 3. Targeting sites of miR-96 in the 3’UTRs of INSR and IRS-1, and a target validation by reporter

gene assay. (A) The seed sequence (red box) of miR-96 was predicted to target INSR 3’UTRs. (B) The seed

sequence (red box) of miR-96 was predicted to target IRS-1 3’UTRs. (C) The fragment of INSR 3’UTR was

inserted downstream of a firefly luciferase open reading frame (wild-type: INSR 3Uwt). The mutated 3’UTR of

the INSR gene lacking the miR-96 binding site (INSR 3Umut) was examined (upper panel). Non-containing

3’UTR (Empty), INSR 3Uwt or INSR 3Umut construct was cotransfected with either scRNA control (open

column) or designated mature miR-96 mimic (closed column) into the L6 GLUT4myc cells. Luciferase

activities was measured at 24 h after transfection (lower panel). (D) The fragment of IRS-1 3’UTR was

inserted downstream of a firefly luciferase open reading frame (wild-type: IRS-1 3Uwt). The mutated 3’UTR of

the IRS-1 gene lacking the miR-96 binding site (IRS-1 3Umut) was examined (upper panel). Empty, IRS-1

3Uwt or IRS-1 3Umut construct was cotransfected with either scRNA control or designated miR-96 mimic into

the L6 GLUT4myc cells. Luciferase activities was measured at 24 h after transfection (lower panel). The

relative luciferase activities were plotted against that of each scRNA control, which was set to one. The values

are expressed as the means ± SEM. from three independent experiments. **, P < 0.01.

doi:10.1371/journal.pone.0169039.g003
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of AntimiR-96 alone increased slightly the expression of INSR and IRS-1, it is only seemed to

increase insulin-stimulated phosphorylation of IRS-1 significantly (Fig 5A–5C). However,

cotransfection of AntimiR-96 with miR-96 almost completely rescued the inhibition of expres-

sion and insulin-stimulated phosphorylation of INSR and IRS-1 caused by miR-96 (Fig 5A–

5C). Finally, the modulation of glycogen synthesis by miR-96 was assessed in the presence or

absence of insulin and/or AntimiR-96 in hepatocytes (Fig 5F). In the control, insulin increased

significantly the level of GSK3β phosphorylation and glycogen synthesis, whereas insulin-stim-

ulated phosphorylation of GSK3β and glycogen synthesis were abolished almost completely by

the overexpression of miR-96 alone (Fig 5E and 5F). Furthermore, the cotransfection of Anti-

mir-96 with miR-96 recovered impairment of insulin-stimulated glycogen synthesis induced

by miR-96 overexpression, indicating that miR-96 regulates the glycogen synthesis in hepato-

cytes (Fig 5F). Therefore, the upregulation of miR-96 provokes an impairment of insulin sig-

naling and glycogen synthesis in hepatocytes through the repression of INSR and IRS-1, and

that miR-96 is a causal factor for SFA-induced hepatic insulin resistance.

Discussion

Obesity is closely associated with the dysregulation of glucose utilization and cellular metabo-

lism, as well as cell survival in many cells [2, 5]. In particular, the excessive intake of SFA

increases the accumulation of DAG, mitochondrial dysfunction, inflammation, and oxidative

stress in the liver, eventually provoking insulin resistance, T2DM, and metabolic syndrome [7,

8]. Over the last two decades, accumulating evidence has suggested that certain miRNAs tar-

geting the molecules in the insulin signaling cascade are expressed aberrantly in SFA-induced

obesity, leading to insulin resistance and T2DM [14]. The present study revealed for the first

time that (i) the expression of miR-96 is upregulated in the liver of HFD mice, as well as in the

palmitate-treated HepG2 cells; (ii) miR-96 targets INSR and IRS-1 3’UTRs directly and down-

regulates INSR and IRS-1 expressions at the post-transcriptional level in hepatocytes; and (iii)

Fig 4. Effect of miR-96 on the INSR and IRS-1 expression. (A-C) HepG2 cells were reverse-transfected

with scRNA (100 nM), AntimiR-96 (100 nM), and/or miR-96 (100 nM) mimic. After 48 h transfection, the

expression of insulin signaling intermediates was analyzed by immunoblotting. Representative immunoblots

obtained from HepG2 cells lysates were shown in A. (B) The expression of INSR was normalized to the

amount of Actin. (C) The expression of IRS-1 was normalized to the amount of Actin. (D) HepG2 cells were

reverse-transfected with 200 nM of miR-96 mimic or scRNA control. The mRNA levels were analyzed at 24 h

after reverse-transfection by RT-PCR (upper panel) and qRT-PCR (lower panel). Values are means ± SEM.

**, P < 0.01; ***, P < 0.001 vs. scRNA control; ###, p < 0.001 scRNA + miR-96 vs. AntimiR-96 + miR-96.

doi:10.1371/journal.pone.0169039.g004
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the overexpression of miR-96 impairs hepatic insulin signaling and the glycogen metabolism

through the repression of INSR and IRS-1. Therefore, these results reveal a novel mechanism

whereby the induction of miR-96 plays a crucial role in the development of hepatic insulin

resistance in SFA-induced obesity.

Hsa-miR-96 located on chromosome 7q32.2 is a member of the miR-183 family, which

consists of three highly conserved miRNAs (miR-96, miR-182 and miR-183) in vertebrates

[26]. Although the miR-183 family exhibits the conservation of their genomic organization

and sequence homology, many lines of evidence indicate that the levels of these miRNAs can

be regulated individually by transcription, DNA methylation, and post-transcriptional pro-

cessing [26, 27]. Based on recent findings, the members of the miR-183 family, despite their

sequences being dissimilar, are involved in a wide variety of normal physiological processes

and pathological conditions, such as cell proliferation, apoptosis, immunity, and metabolism

[26, 28, 29]. Among them, the role and biological significance of miR-96 have focused mainly

Fig 5. Impairment of insulin signaling and glycogen synthesis by miR-96. (A-E) HepG2 cells were

reverse-transfected with the scRNA (100 nM), AntimiR-96 (100 nM) and/or miR-96 (100 nM) mimic. After 48 h

transfection, the cells were incubated in the presence or absence of insulin (100 nM) for 30 min and subjected

to immunoblotting. (A) Representative immunoblots obtained from HepG2 cells lysates are shown. (B) The

expression and phosphorylation of INSR were normalized to the amount of Actin. (C) The expression and

phosphorylation of IRS-1 were normalized to the amount of Actin. (D) The protein expression of Akt2 was

normalized to the amount of Actin. The level of Akt2 phosphorylation was normalized to the amount of Akt2.

(E) The protein expression of GSK3βwas normalized to the amount of Actin. The level of GSK3β
phosphorylation was normalized to the amount of GSK3β. (E) The glycogen contents were quantified in the

presence or absence of insulin (100 nM) from the scRNA control, AntimiR-96 and/or miR-96 mimic-

transfected HepG2 cells. The values are expressed as the relative ratio, where the intensity of the scRNA

control was set to one. The values are expressed as the means ± SEM. from three independent experiments.

*, P < 0.05; **, P < 0.01; ***, P < 0.001 vs. scRNA control; $$, P < 0.01 scRNA + insulin vs. miR-96 + insulin;

%%, P < 0.01 AntimiR-96 vs. AntimiR-96 + insulin; &&, P < 0.01 AntimiR-96 + miR-96 vs. AntimiR-96 + miR

+96 + insulin; ##, P < 0.01 miR-96 vs. AntimiR-96 + miR-96.

doi:10.1371/journal.pone.0169039.g005
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on the oncogenesis and cancer progression in various malignancies, such as the liver, stomach,

and breast cancer [29–31]. Therefore, miR-96 is recognized as an oncomiR that facilitates the

development of malignancies by promoting the growth, proliferation, and survival of cancer

cells [32, 33]. On the other hand, the metabolic influence of miR-96 was first reported in pan-

creatic β-cells [34]. Insulin secretion from pancreatic β-cells was inhibited substantially by

miR-96, which increased the levels of the granuphilin/Slp4 protein, a potent inhibitor of insu-

lin exocytosis, and decreased the expression of Noc2, a Rab27A-binding protein [34]. Recently,

miR-96 was reported to be upregulated by the depletion of mitochondrial DNA and targeted

IRS-1 directly in SK-Hep1 cells [35], suggesting that the role of miR-96 in insulin resistance

results from a mitochondrial dysfunction. Because obesity is an established risk factor for

oncogenesis, metastasis, chemoresistance, and a poorer prognosis [36], even though the bio-

logical mechanisms underlying the relationship between obesity and cancer are complex and

not well understood [37], the current study showed that obesity-induced miR-96 regulates

insulin signaling, which provides novel insights into the molecular basis underlying the obe-

sity-driven pathogenesis of insulin resistance, β-cell failure, and cancer progression. Hence,

miR-96 is proposed as a key player in the crosstalk between metabolic diseases and cancer, as

well as the detrimental factors for obesity-induced lipotoxicity and insulin resistance. There-

fore, the clinically applicable specific inhibitors for miR-96 may have developed as potential

tools for therapeutic applications in the metabolism and cancer, even though further study in

this subject is clearly warranted.

In this study, the expression of miR-96 was increased significantly in the liver of HFD mice

and palmitate-treated hepatocytes. Although only a limited number of reports regarding the

differential expression of miR-96 are available, recent studies based on an analysis of various

metabolic dysfunctions provided not only supporting data for these results, but also showed

the potential significance of miR-96 in hepatic insulin sensitivity. Members of the miR-183

family were upregulated in the liver of NAFLD patients [38] and obese diabetic animal models,

such as db/db and ob/ob mice [39, 40]. Moreover, an increase in miR-96 was also observed in

the retinas of diabetic retinopathy rats [41]. Interestingly, miR-96 was upregulated in the liver

of insulin resistant mice injected with resistin [42], which is considered a potential adipokine

responsible for obesity-mediated insulin resistance, T2DM, and inflammation [43]. In addi-

tion, the expression of resistin was higher in the plasma of HFD-fed mice and its inhibition

improved HFD-induced hepatic insulin resistance [44]. Although there is no evidence of a

direct molecular mechanism involved in the transcriptional activation of miR-96 expression

by obesity and resistin, an increased miR-96 level could contribute to the development of insu-

lin resistance induced by resistin or obesity.

Although the direct molecular mechanisms demonstrating the transcriptional regulation of

miR-96 expression have never been reported, the upregulation of miR-96 in hepatocytes might

be triggered by the palmitate or HFD-induced activation of certain transcription factors. In sil-
ico analysis of the transcription factor binding sites suggests that several tentative regulators

activated in obesity or HFD may bind to the specific regions located on the promoter of miR-

96. Among them, SREBPs, which play key roles in the biosynthesis of cholesterol and fatty

acids, are activated by HFD and their activation is linked causally to diabetic fatty liver and car-

bohydrate-induced hyperlipidemia [45]. Recently, Jeon, et al. reported that the promoter for

miR-96 on mouse chromosome 6 is a direct target of SREBP activation [46]. Accordingly, the

level of miR-96 expression is most likely to be induced by SREBPs activation, resulting from

palmitate or HFD. Moreover, miR-96 can provoke a rapid increase in nuclear SREBPs and

lipid synthesis in the liver of mice via the negative regulation of INSIG-2, which is a key mole-

cule for retaining the SREBP-precursor in the ER [46]. Therefore, the activation of SREBPs in

the liver by SFA may be a substantial regulatory mechanism for miR-96 induction. In addition,
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similar to SREBPs, PPARγ are responsible for lipid accumulation in the liver and the expres-

sion of several genes important for the lipid metabolism [47]. According to global microarray

analysis, the expression of miR-96 was increased by PPARγ activation in differentiating

3T3-L1 adipocytes [48]. Moreover, PPARγ is colocalized with an adipogenic transcription fac-

tor, C/EBPα [49], which is also activated by HFD-fed mice [50]. In this regard, the activation

of PPARγ co-operated with C/EBPα in obesity also play an important regulatory role for the

upregulation of miR-96 in the liver. It is also noteworthy that several lines of evidence imply

the induction of miR-96 through an XBP1-dependent mechanism under ER stress induced by

HFD. XBP1 is known to bind to the promoter region of C/EBPα, which promotes adipogen-

esis and lipid [51], and is activated ER stress conditions, such as HFD and obesity [52].

Although further study is warranted, these studies suggest that miR-96 may be a novel culprit

in the vicious cycle between the hepatic lipid accumulation and insulin resistance. In conclu-

sion, the expression of miR-96 is upregulated substantially in the liver of HFD mice as well as

hepatocytes treated with SFA palmitate. miR-96 suppresses INSR and IRS-1 by targeting their

3’UTRs directly. The overexpression of miR-96 results in the drastic repression of INSR and

IRS-1 protein expression, which subsequently leads to an impairment of insulin signaling and

glycogen synthesis in hepatocytes. Overall, these results show that miR-96 induced by SFA is

involved in the development of hepatic insulin resistance, which may in turn lead to T2DM.
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The signal values were computed using the Affymetrix1 GeneChip™ Command Console soft-

ware, and are expressed as the relative ratio, where the value of the NFD-fed control was set to

one. The blue columns represent the upregulated miRNAs using a fold change cutoff of 1.5 or

greater.

(PDF)

Implication of miR-96 in Hepatic Insulin Resistance

PLOS ONE | DOI:10.1371/journal.pone.0169039 December 30, 2016 13 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169039.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169039.s002


S3 Fig. Expression of INSR and IRS-1 by oleate in HepG2 cells. HepG2 cells were treated

either with the vehicle or oleate (0.1–0.5 mM) for 18 h. (A) Representative immunoblots

obtained from HepG2 cells lysates are shown. (B) The protein expression of INSR was normal-

ized to the amount of Actin. (C) The protein expression of IRS-1 was normalized to the

amount of Actin. The values are expressed as the relative ratio, where the intensity of the vehi-

cle (open column) was set to one. The values are expressed as the means ± SEM. from three

independent experiments.

(PDF)

S1 Table. Diet composition of NFD and HFD.

(PDF)

S2 Table. Primer lists and PCR conditions for qRT-PCR, RT-PCR and cloning.

(PDF)

S3 Table. Antibodies used in this study.

(PDF)

Acknowledgments

This research was supported by National Research Foundation of Korea, South Korea (NRF)

grants funded by Ministry of Education (2013R1A1A2057932) and Ministry of Science, ICT

and Future Planning, South Korea (2016M2B2A4912473).

Author Contributions

Conceptualization: WL.

Formal analysis: WL WY KM.

Investigation: WL WY KM.

Methodology: WL WY.

Validation: WY KM.

Writing – original draft: WL.

References
1. Fock KM, Khoo J. Diet and exercise in management of obesity and overweight. J Gastroenterol Hepa-

tol. 2013; 28 Suppl 4:59–63. Epub 2013/11/28. doi: 10.1111/jgh.12407 PMID: 24251706

2. Boren J, Taskinen MR, Olofsson SO, Levin M. Ectopic lipid storage and insulin resistance: a harmful

relationship. J Intern Med. 2013; 274(1):25–40. Epub 2013/04/05. PMID: 23551521

3. Kahn SE, Hull RL, Utzschneider KM. Mechanisms linking obesity to insulin resistance and type 2 diabe-

tes. Nature. 2006; 444(7121):840–6. Epub 2006/12/15. doi: 10.1038/nature05482 PMID: 17167471

4. Perry RJ, Samuel VT, Petersen KF, Shulman GI. The role of hepatic lipids in hepatic insulin resistance

and type 2 diabetes. Nature. 2014; 510(7503):84–91. Epub 2014/06/06. doi: 10.1038/nature13478

PMID: 24899308

5. Samuel VT, Shulman GI. Mechanisms for insulin resistance: common threads and missing links. Cell.

2012; 148(5):852–71. Epub 2012/03/06. doi: 10.1016/j.cell.2012.02.017 PMID: 22385956

6. Saltiel AR, Pessin JE. Insulin signaling pathways in time and space. Trends Cell Biol. 2002; 12(2):65–

71. PMID: 11849969

7. Michael MD, Kulkarni RN, Postic C, Previs SF, Shulman GI, Magnuson MA, et al. Loss of insulin signal-

ing in hepatocytes leads to severe insulin resistance and progressive hepatic dysfunction. Mol Cell.

2000; 6(1):87–97. Epub 2000/08/19. PMID: 10949030

Implication of miR-96 in Hepatic Insulin Resistance

PLOS ONE | DOI:10.1371/journal.pone.0169039 December 30, 2016 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169039.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169039.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169039.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169039.s006
http://dx.doi.org/10.1111/jgh.12407
http://www.ncbi.nlm.nih.gov/pubmed/24251706
http://www.ncbi.nlm.nih.gov/pubmed/23551521
http://dx.doi.org/10.1038/nature05482
http://www.ncbi.nlm.nih.gov/pubmed/17167471
http://dx.doi.org/10.1038/nature13478
http://www.ncbi.nlm.nih.gov/pubmed/24899308
http://dx.doi.org/10.1016/j.cell.2012.02.017
http://www.ncbi.nlm.nih.gov/pubmed/22385956
http://www.ncbi.nlm.nih.gov/pubmed/11849969
http://www.ncbi.nlm.nih.gov/pubmed/10949030


8. Capurso C, Capurso A. From excess adiposity to insulin resistance: the role of free fatty acids. Vascul

Pharmacol. 2012; 57(2–4):91–7. Epub 2012/05/23. doi: 10.1016/j.vph.2012.05.003 PMID: 22609131

9. Joshi RL, Lamothe B, Cordonnier N, Mesbah K, Monthioux E, Jami J, et al. Targeted disruption of the

insulin receptor gene in the mouse results in neonatal lethality. EMBO J. 1996; 15(7):1542–7. Epub

1996/04/01. PMID: 8612577

10. Stumvoll M, Goldstein BJ, van Haeften TW. Type 2 diabetes: principles of pathogenesis and therapy.

Lancet. 2005; 365(9467):1333–46. Epub 2005/04/13. doi: 10.1016/S0140-6736(05)61032-X PMID:

15823385

11. Taylor SI, Accili D, Imai Y. Insulin resistance or insulin deficiency. Which is the primary cause of

NIDDM? Diabetes. 1994; 43(6):735–40. Epub 1994/06/01. PMID: 8194657

12. Pillai RS, Bhattacharyya SN, Filipowicz W. Repression of protein synthesis by miRNAs: how many

mechanisms? Trends Cell Biol. 2007; 17(3):118–26. Epub 2007/01/02. doi: 10.1016/j.tcb.2006.12.007

PMID: 17197185

13. Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell. 2009; 136(2):215–33. Epub

2009/01/27. doi: 10.1016/j.cell.2009.01.002 PMID: 19167326

14. Hennessy E, O’Driscoll L. Molecular medicine of microRNAs: structure, function and implications for

diabetes. Expert Rev Mol Med. 2008; 10:e24. Epub 2008/08/16. doi: 10.1017/S1462399408000781

PMID: 18702835

15. Mersey BD, Jin P, Danner DJ. Human microRNA (miR29b) expression controls the amount of branched

chain alpha-ketoacid dehydrogenase complex in a cell. Hum Mol Genet. 2005; 14(22):3371–7. Epub

2005/10/06. doi: 10.1093/hmg/ddi368 PMID: 16203741

16. Rottiers V, Naar AM. MicroRNAs in metabolism and metabolic disorders. Nat Rev Mol Cell Biol. 2012;

13(4):239–50. doi: 10.1038/nrm3313 PMID: 22436747

17. Otsuka M, Kishikawa T, Yoshikawa T, Yamagami M, Ohno M, Takata A, et al. MicroRNAs and liver dis-

ease. J Hum Genet. 2016.

18. Trajkovski M, Hausser J, Soutschek J, Bhat B, Akin A, Zavolan M, et al. MicroRNAs 103 and 107 regu-

late insulin sensitivity. Nature. 2011; 474(7353):649–53. doi: 10.1038/nature10112 PMID: 21654750

19. Jordan SD, Kruger M, Willmes DM, Redemann N, Wunderlich FT, Bronneke HS, et al. Obesity-induced

overexpression of miRNA-143 inhibits insulin-stimulated AKT activation and impairs glucose metabo-

lism. Nat Cell Biol. 2011; 13(4):434–46. doi: 10.1038/ncb2211 PMID: 21441927

20. Kurtz CL, Peck BC, Fannin EE, Beysen C, Miao J, Landstreet SR, et al. MicroRNA-29 fine-tunes the

expression of key FOXA2-activated lipid metabolism genes and is dysregulated in animal models of

insulin resistance and diabetes. Diabetes. 2014; 63(9):3141–8. doi: 10.2337/db13-1015 PMID:

24722248

21. Kornfeld JW, Baitzel C, Konner AC, Nicholls HT, Vogt MC, Herrmanns K, et al. Obesity-induced overex-

pression of miR-802 impairs glucose metabolism through silencing of Hnf1b. Nature. 2013; 494

(7435):111–5. doi: 10.1038/nature11793 PMID: 23389544

22. Pike LS, Smift AL, Croteau NJ, Ferrick DA, Wu M. Inhibition of fatty acid oxidation by etomoxir impairs

NADPH production and increases reactive oxygen species resulting in ATP depletion and cell death in

human glioblastoma cells. Biochimica et Biophysica Acta (BBA)-Bioenergetics. 2011; 1807(6):726–34.

23. Karolina DS, Armugam A, Tavintharan S, Wong MT, Lim SC, Sum CF, et al. MicroRNA 144 impairs

insulin signaling by inhibiting the expression of insulin receptor substrate 1 in type 2 diabetes mellitus.

PLoS One. 2011; 6(8):e22839. doi: 10.1371/journal.pone.0022839 PMID: 21829658

24. Kerley-Hamilton JS, Trask HW, Ridley CJ, DuFour E, Ringelberg CS, Nurinova N, et al. Obesity is medi-

ated by differential aryl hydrocarbon receptor signaling in mice fed a Western diet. Environ Health Per-

spect. 2012; 120(9):1252. doi: 10.1289/ehp.1205003 PMID: 22609946

25. Vickers KC, Shoucri BM, Levin MG, Wu H, Pearson DS, Osei-Hwedieh D, et al. MicroRNA-27b is a reg-

ulatory hub in lipid metabolism and is altered in dyslipidemia. Hepatology. 2013; 57(2):533–42. PMID:

22777896

26. Dambal S, Shah M, Mihelich B, Nonn L. The microRNA-183 cluster: the family that plays together stays

together. Nucleic Acids Res. 2015; 43(15):7173–88. Epub 2015/07/15. doi: 10.1093/nar/gkv703 PMID:

26170234

27. Tanaka M, Suzuki HI, Shibahara J, Kunita A, Isagawa T, Yoshimi A, et al. EVI1 oncogene promotes

KRAS pathway through suppression of microRNA-96 in pancreatic carcinogenesis. Oncogene. 2014;

33(19):2454–63. Epub 2013/06/12. doi: 10.1038/onc.2013.204 PMID: 23752186

28. Li G, Luna C, Qiu J, Epstein DL, Gonzalez P. Alterations in microRNA expression in stress-induced cel-

lular senescence. Mech Ageing Dev. 2009; 130(11–12):731–41. Epub 2009/09/29. doi: 10.1016/j.mad.

2009.09.002 PMID: 19782699

Implication of miR-96 in Hepatic Insulin Resistance

PLOS ONE | DOI:10.1371/journal.pone.0169039 December 30, 2016 15 / 17

http://dx.doi.org/10.1016/j.vph.2012.05.003
http://www.ncbi.nlm.nih.gov/pubmed/22609131
http://www.ncbi.nlm.nih.gov/pubmed/8612577
http://dx.doi.org/10.1016/S0140-6736(05)61032-X
http://www.ncbi.nlm.nih.gov/pubmed/15823385
http://www.ncbi.nlm.nih.gov/pubmed/8194657
http://dx.doi.org/10.1016/j.tcb.2006.12.007
http://www.ncbi.nlm.nih.gov/pubmed/17197185
http://dx.doi.org/10.1016/j.cell.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19167326
http://dx.doi.org/10.1017/S1462399408000781
http://www.ncbi.nlm.nih.gov/pubmed/18702835
http://dx.doi.org/10.1093/hmg/ddi368
http://www.ncbi.nlm.nih.gov/pubmed/16203741
http://dx.doi.org/10.1038/nrm3313
http://www.ncbi.nlm.nih.gov/pubmed/22436747
http://dx.doi.org/10.1038/nature10112
http://www.ncbi.nlm.nih.gov/pubmed/21654750
http://dx.doi.org/10.1038/ncb2211
http://www.ncbi.nlm.nih.gov/pubmed/21441927
http://dx.doi.org/10.2337/db13-1015
http://www.ncbi.nlm.nih.gov/pubmed/24722248
http://dx.doi.org/10.1038/nature11793
http://www.ncbi.nlm.nih.gov/pubmed/23389544
http://dx.doi.org/10.1371/journal.pone.0022839
http://www.ncbi.nlm.nih.gov/pubmed/21829658
http://dx.doi.org/10.1289/ehp.1205003
http://www.ncbi.nlm.nih.gov/pubmed/22609946
http://www.ncbi.nlm.nih.gov/pubmed/22777896
http://dx.doi.org/10.1093/nar/gkv703
http://www.ncbi.nlm.nih.gov/pubmed/26170234
http://dx.doi.org/10.1038/onc.2013.204
http://www.ncbi.nlm.nih.gov/pubmed/23752186
http://dx.doi.org/10.1016/j.mad.2009.09.002
http://dx.doi.org/10.1016/j.mad.2009.09.002
http://www.ncbi.nlm.nih.gov/pubmed/19782699


29. Lin H, Dai T, Xiong H, Zhao X, Chen X, Yu C, et al. Unregulated miR-96 induces cell proliferation in

human breast cancer by downregulating transcriptional factor FOXO3a. PLoS One. 2010; 5(12):

e15797. Epub 2011/01/05. doi: 10.1371/journal.pone.0015797 PMID: 21203424

30. Xu D, He X, Chang Y, Xu C, Jiang X, Sun S, et al. Inhibition of miR-96 expression reduces cell prolifera-

tion and clonogenicity of HepG2 hepatoma cells. Oncol Rep. 2013; 29(2):653–61. Epub 2012/11/16.

doi: 10.3892/or.2012.2138 PMID: 23151657

31. Tang X, Zheng D, Hu P, Zeng Z, Li M, Tucker L, et al. Glycogen synthase kinase 3 beta inhibits micro-

RNA-183-96-182 cluster via the beta-Catenin/TCF/LEF-1 pathway in gastric cancer cells. Nucleic Acids

Res. 2014; 42(5):2988–98. Epub 2013/12/18. doi: 10.1093/nar/gkt1275 PMID: 24335145

32. Ress AL, Stiegelbauer V, Winter E, Schwarzenbacher D, Kiesslich T, Lax S, et al. MiR-96-5p influences

cellular growth and is associated with poor survival in colorectal cancer patients. Mol Carcinog. 2015;

54(11):1442–50. PMID: 25256312

33. Zhang Q, Ren W, Huang B, Yi L, Zhu H. MicroRNA-183/182/96 cooperatively regulates the proliferation

of colon cancer cells. Mol Med Rep. 2015; 12(1):668–74. doi: 10.3892/mmr.2015.3376 PMID:

25695717

34. Lovis P, Gattesco S, Regazzi R. Regulation of the expression of components of the exocytotic machin-

ery of insulin-secreting cells by microRNAs. Biol Chem. 2008; 389(3):305–12. doi: 10.1515/BC.2008.

026 PMID: 18177263

35. Jeong HJ, Park SY, Yang WM, Lee W. The induction of miR-96 by mitochondrial dysfunction causes

impaired glycogen synthesis through translational repression of IRS-1 in SK-Hep1 cells. Biochem Bio-

phys Res Commun. 2013; 434(3):503–8. doi: 10.1016/j.bbrc.2013.03.104 PMID: 23583389

36. Vucenik I, Stains JP. Obesity and cancer risk: evidence, mechanisms, and recommendations. Ann N Y

Acad Sci. 2012; 1271:37–43. PMID: 23050962

37. Hursting SD, Dunlap SM. Obesity, metabolic dysregulation, and cancer: a growing concern and an

inflammatory (and microenvironmental) issue. Ann N Y Acad Sci. 2012; 1271:82–7. PMID: 23050968

38. Leti F, Malenica I, Doshi M, Courtright A, Van Keuren-Jensen K, Legendre C, et al. High-throughput

sequencing reveals altered expression of hepatic microRNAs in nonalcoholic fatty liver disease—

related fibrosis. Translational Research. 2015; 166(3):304–14. doi: 10.1016/j.trsl.2015.04.014 PMID:

26001595

39. Nakanishi N, Nakagawa Y, Tokushige N, Aoki N, Matsuzaka T, Ishii K, et al. The up-regulation of micro-

RNA-335 is associated with lipid metabolism in liver and white adipose tissue of genetically obese mice.

Biochemical and Biophysical Research Communications. 2009; 385(4):492–6. doi: 10.1016/j.bbrc.

2009.05.058 PMID: 19460359

40. Crepin D, Benomar Y, Riffault L, Amine H, Gertler A, Taouis M. The over-expression of miR-200a in the

hypothalamus of ob/ob mice is linked to leptin and insulin signaling impairment. Molecular and Cellular

Endocrinology. 2014; 384(1–2):1–11. doi: 10.1016/j.mce.2013.12.016 PMID: 24394757

41. Wu JH, Gao Y, Ren AJ, Zhao SH, Zhong M, Peng YJ, et al. Altered microRNA expression profiles in ret-

inas with diabetic retinopathy. Ophthalmic Res. 2012; 47(4):195–201. doi: 10.1159/000331992 PMID:

22156553

42. Wen F, Zhou L, Wu X, Xia S, Sun C, Yang Z. CHARACTERIZATION OF mIRNA AND mRNA EXPRES-

SION PROFILES IN NORMAL AND RESISTIN-TREATED MOUSE LIVER BY MICROARRAY. Acta

Endocrinologica-Bucharest. 2015; 11(3):284–93.

43. Piya MK, McTernan PG, Kumar S. Adipokine inflammation and insulin resistance: the role of glucose,

lipids and endotoxin. J Endocrinol. 2013; 216(1):T1–T15. doi: 10.1530/JOE-12-0498 PMID: 23160966

44. Kusminski CM, McTernan PG, Kumar S. Role of resistin in obesity, insulin resistance and Type II diabe-

tes. Clin Sci (Lond). 2005; 109(3):243–56.

45. Moon YA, Liang G, Xie X, Frank-Kamenetsky M, Fitzgerald K, Koteliansky V, et al. The Scap/SREBP

pathway is essential for developing diabetic fatty liver and carbohydrate-induced hypertriglyceridemia in

animals. Cell Metab. 2012; 15(2):240–6. Epub 2012/02/14. doi: 10.1016/j.cmet.2011.12.017 PMID:

22326225

46. Jeon TI, Esquejo RM, Roqueta-Rivera M, Phelan PE, Moon YA, Govindarajan SS, et al. An SREBP-

responsive microRNA operon contributes to a regulatory loop for intracellular lipid homeostasis. Cell

Metab. 2013; 18(1):51–61. doi: 10.1016/j.cmet.2013.06.010 PMID: 23823476

47. Gavrilova O, Haluzik M, Matsusue K, Cutson JJ, Johnson L, Dietz KR, et al. Liver peroxisome prolifera-

tor-activated receptor gamma contributes to hepatic steatosis, triglyceride clearance, and regulation of

body fat mass. J Biol Chem. 2003; 278(36):34268–76. Epub 2003/06/14. doi: 10.1074/jbc.M300043200

PMID: 12805374

48. John E, Wienecke-Baldacchino A, Liivrand M, Heinaniemi M, Carlberg C, Sinkkonen L. Dataset integra-

tion identifies transcriptional regulation of microRNA genes by PPAR gamma in differentiating mouse

Implication of miR-96 in Hepatic Insulin Resistance

PLOS ONE | DOI:10.1371/journal.pone.0169039 December 30, 2016 16 / 17

http://dx.doi.org/10.1371/journal.pone.0015797
http://www.ncbi.nlm.nih.gov/pubmed/21203424
http://dx.doi.org/10.3892/or.2012.2138
http://www.ncbi.nlm.nih.gov/pubmed/23151657
http://dx.doi.org/10.1093/nar/gkt1275
http://www.ncbi.nlm.nih.gov/pubmed/24335145
http://www.ncbi.nlm.nih.gov/pubmed/25256312
http://dx.doi.org/10.3892/mmr.2015.3376
http://www.ncbi.nlm.nih.gov/pubmed/25695717
http://dx.doi.org/10.1515/BC.2008.026
http://dx.doi.org/10.1515/BC.2008.026
http://www.ncbi.nlm.nih.gov/pubmed/18177263
http://dx.doi.org/10.1016/j.bbrc.2013.03.104
http://www.ncbi.nlm.nih.gov/pubmed/23583389
http://www.ncbi.nlm.nih.gov/pubmed/23050962
http://www.ncbi.nlm.nih.gov/pubmed/23050968
http://dx.doi.org/10.1016/j.trsl.2015.04.014
http://www.ncbi.nlm.nih.gov/pubmed/26001595
http://dx.doi.org/10.1016/j.bbrc.2009.05.058
http://dx.doi.org/10.1016/j.bbrc.2009.05.058
http://www.ncbi.nlm.nih.gov/pubmed/19460359
http://dx.doi.org/10.1016/j.mce.2013.12.016
http://www.ncbi.nlm.nih.gov/pubmed/24394757
http://dx.doi.org/10.1159/000331992
http://www.ncbi.nlm.nih.gov/pubmed/22156553
http://dx.doi.org/10.1530/JOE-12-0498
http://www.ncbi.nlm.nih.gov/pubmed/23160966
http://dx.doi.org/10.1016/j.cmet.2011.12.017
http://www.ncbi.nlm.nih.gov/pubmed/22326225
http://dx.doi.org/10.1016/j.cmet.2013.06.010
http://www.ncbi.nlm.nih.gov/pubmed/23823476
http://dx.doi.org/10.1074/jbc.M300043200
http://www.ncbi.nlm.nih.gov/pubmed/12805374


3T3-L1 adipocytes. Nucleic acids research. 2012; 40(10):4446–60. doi: 10.1093/nar/gks025 PMID:

22319216

49. Lefterova MI, Zhang Y, Steger DJ, Schupp M, Schug J, Cristancho A, et al. PPARgamma and C/EBP

factors orchestrate adipocyte biology via adjacent binding on a genome-wide scale. Genes Dev. 2008;

22(21):2941–52. doi: 10.1101/gad.1709008 PMID: 18981473

50. Um MY, Moon MK, Ahn J, Youl Ha T. Coumarin attenuates hepatic steatosis by down-regulating lipo-

genic gene expression in mice fed a high-fat diet. Br J Nutr. 2013; 109(9):1590–7. Epub 2013/04/20.

doi: 10.1017/S0007114512005260 PMID: 23597175

51. Sha H, He Y, Chen H, Wang C, Zenno A, Shi H, et al. The IRE1alpha-XBP1 pathway of the unfolded

protein response is required for adipogenesis. Cell Metab. 2009; 9(6):556–64. doi: 10.1016/j.cmet.

2009.04.009 PMID: 19490910

52. Sriburi R, Bommiasamy H, Buldak GL, Robbins GR, Frank M, Jackowski S, et al. Coordinate regulation

of phospholipid biosynthesis and secretory pathway gene expression in XBP-1(S)-induced endoplasmic

reticulum biogenesis. J Biol Chem. 2007; 282(10):7024–34. doi: 10.1074/jbc.M609490200 PMID:

17213183

Implication of miR-96 in Hepatic Insulin Resistance

PLOS ONE | DOI:10.1371/journal.pone.0169039 December 30, 2016 17 / 17

http://dx.doi.org/10.1093/nar/gks025
http://www.ncbi.nlm.nih.gov/pubmed/22319216
http://dx.doi.org/10.1101/gad.1709008
http://www.ncbi.nlm.nih.gov/pubmed/18981473
http://dx.doi.org/10.1017/S0007114512005260
http://www.ncbi.nlm.nih.gov/pubmed/23597175
http://dx.doi.org/10.1016/j.cmet.2009.04.009
http://dx.doi.org/10.1016/j.cmet.2009.04.009
http://www.ncbi.nlm.nih.gov/pubmed/19490910
http://dx.doi.org/10.1074/jbc.M609490200
http://www.ncbi.nlm.nih.gov/pubmed/17213183

