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Abstract

The incidence of nonalcoholic fatty liver disease (NAFLD) and hyperlipidemia, with their
associated risks of endstage liver and cardiovascular diseases, is increasing rapidly due to the
prevalence of obesity. Although the mechanisms of NAFLD have been studied extensively, the
underlying pathogenesis and the role of microRNAs in this process remain relatively unclear.
MicroRNA (miRNA)-dependent posttranscriptional gene silencing is now recognized as a key
element of lipid metabolism. Here we report that the expression of microRNA-24 (miR-24) is
significantly increased in the livers of high-fat diet-treated mice and in isolated human hepatocytes
incubated with fatty acid. Knockdown of miR-24 in those mice caused impaired hepatic lipid
accumulation and reduced plasma triglycerides. Bioinformatic and in vitro and in vivo studies led
us to identify insulin-induced gene 1 (Insigl), an inhibitor of lipogenesis, as a novel target of
miR-24. Inhibition of endogenous miR-24 expression by way of miR-24 inhibitors led to up-
regulation of Insigl, and subsequently decreased hepatic lipid accumulation. It is well established
that liver-specific deletion of Insigl leads to higher hepatic and plasma triglyceride levels by
inhibiting the processing of sterol regulatory element-binding proteins (SREBPS), transcription
factors that activate lipid synthesis. As expected, miR-24 knockdown prevented SREBP
processing, and subsequent expression of lipogenic genes. In contrast, the opposite result was
observed with overexpression of miR-24, which enhanced SREBP processing. Thus, our study

Address reprint requests to: Guisheng Song, Ph.D., Department of Medicine, Division of Gastroenterology, Hepatology and Nutrition,

University of Minnesota Medical School, MMC 36, VFW Cancer Research Center, V354, 406 Harvard St. SE, Minneapolis MN
55455, gsong@umn.edu, fax: 612-625-5620.

Supporting Information
Additional Supporting Information may be found in the online version of this article at the publisher’s website.

Potential conflict of interest: Nothing to report



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ng et al.

Page 2

defines a potentially critical role for deregulated expression of miR-24 in the development of fatty
liver by way of targeting of Insigl.

Conclusion—Our findings show a novel mechanism by which miR-24 promotes hepatic lipid
accumulation and hyperlipidemia by repressing Insigl, and suggest the use of miR-24 inhibitor as
a potential therapeutic agent for NAFLD and/or atherosclerosis.

The prevalence of nonalcoholic fatty liver disease (NAFLD), a condition characterized by
excessive fat accumulation in the form of triglycerides, is increasing among people of all
ages in proportion to the rapid rise in obesity and type 11 diabetes.! In a large proportion of
these patients, the condition progresses to fat-related steatohepatitis, known as nonalcoholic
steatohepatitis (NASH), which dramatically increases the risks of cirrhosis, liver failure, and
hepatocellular carcinoma (HCC).2 Cirrhosis due to NASH is an increasingly frequent reason
for liver transplantation. It is estimated that 90% of obese patients have some form of fatty
liver, ranging from simple steatosis to the more severe forms of NASH and cirrhosis.3

The pathogenesis of NAFLD is complex and is widely considered to be the hepatic
expression of the metabolic syndrome, together with type 1l diabetes, insulin resistance, and
obesity.4 In addition, oxidative stress and cytokines are important contributing factors,
which together can result in steatosis and progressive liver damage in genetically susceptible
individuals. The pathogenesis of NASH may be inherently involved with the metabolic
syndrome and its associated insulin resistance and proinflammatory processes.® For
example, obesity is frequently linked to type-I1 diabetes and consequently, to
hyperinsulinemia, which leads to increased insulin-like factor 1 (IGF-1) and elevated
production of sex steroids and cytokines.! In 2010, it was reported that obesity is associated
with a chronic inflammatory state characterized by the release of interleukin (IL)-6 and
tumor necrosis factor alpha (TNFa), two well-known inflammation-promoting cytokines.®
However, the cause(s) of NAFLD and the progression of NAFLD to NASH have yet to be
defined.

The discovery of a class of naturally occurring small noncoding RNAs, termed microRNAs
(miRNAS), over the last decade has provided new insight into the pathogenesis of
NAFLD.”10 A growing body of evidence suggests that aberrant expression of miRNAs is
related to various human metabolic diseases and some miRNASs are key regulators of
obesity-related fatty liver, type Il diabetes, and atherosclerosis.8:11:12 Most notably, it is now
well established that the introduction of specific miRNAs or anti-miRs into diseased cells
and tissues can induce favorable therapeutic responses.1314 The potential application of
miRNA therapy is significant not only for cancer but also metabolic diseases, due to the
apparent role of miRNAs as key regulators of lipid metabolism and tumorigenesis.

Our interest in miR-24 initially arose from hepatocyte-specific miRNA profiling studies in
mouse livers, in which we showed that miR-24 is highly and specifically expressed in
hepatocytes. Furthermore, we observed that a high-fat diet (HFD) significantly induced
expression of miR-24 in livers of mice and identified Insigl (insulin-induced protein 1) as a
potential target gene of miR-24. Insigl is a polytopic membrane protein of the endoplasmic
reticulum (ER) that regulates lipid synthesis by retaining SREBPs in the ER and preventing
their proteolytic activation in the Golgi apparatus.1>-17 The movement of SREBPs from ER
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to the Golgi complex is a central event in lipid homeostasis in animal cells.18-20 SREBPs
are membrane-bound transcription factors that activate genes encoding enzymes required for
synthesis of cholesterol and triglycerides.1?:20 The three SREBP isoforms, SREBP1a,
SREBP1c, and SREBP2, have different roles in lipid synthesis. SREBP1c is involved in
fatty acid and triglyceride synthesis, whereas SREBP2 is relatively specific to cholesterol
synthesis.29 Immediately after their synthesis, SREBPs bind to SCAP (SREBP cleavage-
activating protein). When Insig1 protein levels are low, SCAPs escort SREBPs to the Golgi,
where they are processed and released into the cytosol, and can then enter the nucleus and
activate transcription of lipogenic genes.1® Overexpression of Insigl in liver inhibits
lipogenesis and knockout of Insigl leads to increased total content of both liver and plasma
triglycerides,?122 suggesting that the crosstalk between miR-24 and Insigl may play an
important role in the development of NAFLD and hyperlipidemia.

Materials and Methods

Bioinformatic Analysis

MiR-24 expression is elevated in livers of patients with NAFLD/NASH.2 To identify
potential target genes of miR-24, we downloaded microarray raw data of normal and
NAFLD/NASH patient liver samples from the PubMed GEO Database.2* mRNA profiles of
five normal liver samples (male) and eight NAFLD/NASH liver samples (male) were
compared using GeneSpring (Agilent Genomics). Differentially expressed genes were
defined by a log-scale ratio <0.5 between paired samples with a P value <0.05. Based on
these criteria, we identified 411 down-regulated genes in NAFLD/NASH samples
(Supporting Table 1). To identify genes that have binding motifs of miR-24, we downloaded
the target gene databases of miR-24 based on TargetScan,2® Pictar,2% and Starbase.2” These
three databases were compared using Microsoft Access 2000, yielding 48 common potential
targets that have miR-24 binding motifs (Supporting Table 2). We then compared the 411
down-regulated genes in livers of patients with NAFLD/NASH to 48 genes that have
binding motifs for miR-24 using Microsoft Access 2010. Of the three genes that were
overlapped between two databases, only Insigl was related to hepatic lipid
accumulation?1:28.29 (Supporting Table 3).

Animals, Diet Treatment, and Sample Collection

Male Dicer17/f mice on a mixed 12954, C57BI/6 strain background3C were crossed with
C57BI/6 Alb-Cre*’~ mice3! to generate Dicer1f/fl Alb-Cre*/~ mice. To specifically
investigate the impact of miRNAs on mature liver function, we initiated Cre recombinase
expression in 8- to 10-week-old mice. For this purpose, we used a double-stranded AAV
vector that affords more rapid and efficient transgene expression than conventional AAV
vectors by bypassing the need for conversion from a single-stranded to a double-stranded
state after transduction.32 To restrict Cre expression to hepatocytes, we used a hepatocyte-
specific transthyretin (Ttr) promoter and pseudotyped the vector genome with capsids from
AAVS, a serotype that can transduce virtually all hepatocytes in vivo without causing
toxicity.33 The AAV8-Ttr-Cre vector is highly efficient and can delete the floxed Dicer1
sequences in all hepatocytes within 48 hours.
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Male C57BI/6 mice (8 weeks old) were maintained on an HFD (Open Source D12492) for 8
weeks. The mice were then divided into two groups; one group was treated with miR-24-
ASO (anti-sense oligonucleotide) and the other was treated with miR-24-MM-ASO (control
scramble) for 4 weeks. At the 12th week, the mice were anesthetized and blood was
collected by way of cardiac puncture. Subsequently, the livers were harvested and
immediately frozen in liquid nitrogen and stored at —80°C for further analysis.

miR-24-ASO Injection

Results

MiR-24-ASO (Exigon) was formulated in 0.9% NaCl to a final concentration of 30 mg/mL.
Eight-week-old male C57BI/6 mice (Jackson Laboratory) received a dose of 25 mg/kg
miR-24-ASOor miR-24-MM-ASO (0.9% NaCl) weekly by way of tail vein injection.3*
Mice were sacrificed at the indicated times. All procedures involving mice were approved
by the Institutional Animal Care Committee at the University of Minnesota, University of
California San Francisco, and the Agency for Science Technology and Research, Singapore.

A more detailed description of Materials and Methods is included in the Supporting
Information.

MiR-24 Is Robustly Induced in Fatty Acid Treated Human Hepatocytes, HepG2 Cells, and
Livers of Mice on an HFD

Hepatocytes are the major cells that control lipid metabolism and the primary site of lipid
accumulation in NAFLD. Since abundance is an important factor for cellular or
physiological processes, we initially identified miRNAs that were highly and specifically
expressed in hepatocytes. We therefore used hepatocyte-specific Dicer1 knockout mice to
identify those miRNAs, allowing us to avoid expression changes of miRNA associated with
hepatocyte isolations. Dicerl is a cytoplasmic type-111 RNase that plays a central role in
miRNA biogenesis.” To generate a global hepatocyte-specific miRNA deficiency mouse
model, we disrupted miRNA processing in all hepatocytes of adult mice by knocking out
Dicer1 using an AAV8-TTR-Cre system. We then performed miRNA profiling of livers
from hepatocyte-specific Dicer1 knockout (DKO) and wild-type (WT) mice and considered
miRNAs whose expression was at least 1.7-fold higher in WT than DKO mice as
hepatocyte-specific miRNAs. This led us to identify at least 10 miRNAs that were the most
highly and specifically expressed in hepatocytes, including miR-122, miR-192, and miR-24
(Table 1). To determine the potential roles of these abundant miRNAs in NAFLD, we fed
WT C57BI/6 mice an HFD (Supporting Fig. 1A-D) and measured their hepatic expression.
Only miR-24 was up-regulated 4-fold in the livers of HFD-treated mice (Fig. 1A). In
addition, miR-24 expression was 5-fold higher in hepatocytes versus nonhepatocytes (Table
1), indicating that liver parenchymal cells represent the main source of miR-24 expression.
HFD dramatically induced expression of miR-24, suggesting its potential role in hepatic
lipid accumulation.

We also determined whether fatty acids can up-regulate the expression of miR-24 in primary
human hepatocytes and hepatocyte-like cells in vitro. Oleic acids are the most abundant fatty
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unsaturated acids in liver triglycerides in both normal subjects and patients with NAFLD.3®
In this study, both human hepatocytes and HepG2 cells were used for our in vitro models
due to their increased sensitivity to fat accumulation and high levels of Insigl, SREBP1c,
and SREBP2.3% Nile Red staining revealed that oleic acid treatment led to significantly
higher levels of intracellular lipids in the primary hepatocytes (Fig. 1B,C), which further up-
regulated expression of miR-24 (Fig. 1D). In HepG2 cells, oleate treatment displayed the
same phenotype as visualized in human hepatocytes (Supporting Fig. 2A-C). Taken
together, our in vivo and in vitro studies indicated that both HFD treatment in mice and fatty
acid treatment in human hepatocytes and HepG2 cells can induce expression of miR-24.

MiRNAs exert their function by inhibiting the expression of target genes. To further
elucidate the role of miR-24 in NAFLD, we began to identify target genes of miR-24 by
combining messenger RNA (mRNA) profiling of human fatty livers with bioinformatic
prediction of miR-24 binding motifs within potential target MRNAS. Due to high levels of
miR-24 in fatty livers of humans,23 we initially identified down-regulated genes by
comparing transcript profiles between five normal and eight human NAFLD/NASH liver
samples. We identified 411 down-regulated genes in human fatty livers (Supporting Table
1). It is well established that the conserved seed region of miRNA that binds the 3’
untranslated region (UTR) of mRNA is an important feature in the miRNA target
recognition.26:36 Therefore, we further predicted genes that have miR-24 binding site using
TargetScan, 30 Pictar,26 and StarBase,2” and only selected overlapped hits from both Target
and PicTar algorithms. This was confirmed by Ago HITS-CLIP (high-throughput
sequencing of RNAs isolated by crosslinking immunoprecipitation; from Argonaute protein
complex),2” which led us to identify 48 potential target genes that have binding motifs for
miR-24 (Supporting Table 2).

We then compared the 48 potential target genes with miR-24 binding sites to the 411 down-
regulated genes in livers of human NAFLD/NASH patients. This led us to identify three
genes including Insigl, KLF6 (Kruppel-like factor 6), and CXADR (Coxsackie virus and
adenovirus receptor) that have reduced expression in human fatty liver and a conserved
binding motif for miR-24 (Supporting Table 3). It is well described that Insigl is a potent
inhibitor of lipogenesis by preventing SREBP processing.2%:37 In addition, our prediction
from in silico algorithms showed that the 3’ UTR of Insigl mRNA was 100%
complementary to the miR-24 5’ conserved seed region exhibiting the highest prediction
score and binding energy (Fig. 2A). Therefore, we selected Insigl as a potential target of
miR-24.

Since Insigl is a potential target of miR-24, we determined its expression by quantitative
reverse-transcription polymerase chain reaction (QRT-PCR) in the livers of dietary obese
mice treated with miR-24-AS0O or miR-24-MM-ASO (control). It was not surprising that
Insigl expression increased 3-fold in the livers of miR-24-ASO-treated mice compared to
those treated with scramble (Fig. 2B). Taken together, hepatic expression of miR-24 was
increased in dietary mouse models of obesity, and the crosstalk between miR-24 and Insigl
may play an important role in development of fatty liver.
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Insigl Is a Direct Target of miR-24

To establish that miR-24 directly recognizes the predicted target site within the 3’ UTR of
Inisgl, the 3’ UTR region of Insigl mMRNA was cloned into a luciferase reporter vector
(pMiR-Report) to generate pMiR-Insigl. Mouse hepatoma Hepal,6 cells were transfected
with pMiR-Insigl and chemically synthesized miR-24 mimic or miR-24 inhibitor. Because
cel-miR-67 has the lowest homology between mouse and human genomes, both the mimic
and inhibitor designed based on cel-miR-67 were used as negative controls for miR-24
mimic or miR-24 inhibitor, respectively. We found that miR-24 mimic significantly down-
regulated luciferase activity in a dose-dependent fashion compared to control mimics (Fig.
2C). Consistently, miR-24 inhibitor antagonized the inhibitory effect of miR-24 mimic on
luciferase activity (Fig. 2D). Furthermore, we mutated the binding motif for miR-24 within
Insigl 3’ UTR, and found that both miR-24 mimics and inhibitors had no effect on luciferase
activity (Fig. 2E,F), indicating a direct interaction between miR-24 and Insigl mRNA. To
further validate our prediction that Insigl is a target of miR-24, we increased intracellular
levels of miR-24 by transfecting miR-24 mimics into human hepatocytes and HepG2 cells in
the absence of fatty acid. qRT-PCR and western blot revealed that miR-24 significantly
inhibited expression of Insigl in human hepatocytes (Fig. 2G,1) and HepG2 cells
(Supporting Fig. 3A,C). In contrast, miR-24 knockdown by transfecting miR-24 inhibitor
into both human hepatocytes and HepG2 cells led to an increase of mMRNA and protein
levels of Insigl (Fig. 2H,1; Supporting Fig. 3B,C). These results confirmed that Insigl is a
direct target of miR-24.

MiR-24 Directly Represses Expression of Insigl During Lipid Accumulation in Primary
Human Hepatocytes and HepG2 Cells

To investigate the role of the interaction between miR-24 and Insigl in hepatic lipid
accumulation, we mutated the binding motif of miR-24 within the 3’ UTR of Insigl in the
pMiR-Insigl (referred to as pMiR-InsiglMu), and introduced the luciferase reporter vector
pMiR-Insigl or pMiR-InsiglMu into oleate-treated HepG2 cells. Since oleate treatment
increases miR-24 expression in HepG2 cells, as described above, it was expected that oleate
treatment would lead to a decrease of luciferase activity in HepG2 cells transfected with
pMiR-Insigl compared to pMiR-InsiglMu. In fact oleate treatment of HepG2 cells
transfected with pMiR-Insig1l resulted in robust repression of luciferase activity compared to
pMiR-InsiglMu (Fig. 3A). Furthermore, we observed that the oleate treatment led to an
increase of miR-24 and decrease of Insigl (Fig. 3B), which subsequently promoted
intracellular lipid accumulation in human hepatocytes (Fig. 3C,D). Similar results were also
observed in HepG2 cells (Supporting Fig. 4A,B,C). These observations further suggested
that miR-24 may be a critical promoter of hepatic lipid accumulation by interacting with
Insigl.

To determine loss-of-function for miR-24 in oleate-treated human hepatocytes and
HepG2cells, we transfected miR-24 inhibitor into both cell types to knock down up-
regulated miR-24. As expected, antagonizing miR-24 led to a significant increase of Insigl
(Fig. 3E), which further prevented lipid accumulation in human hepatocytes (Fig. 3F,G).
MiR-24 knockdown in oleate-treated HepG2 cells gave similar results (Supporting Fig. 4D—
F). Nonetheless, through both gain-of-function and loss-of-function in vitro assays, these
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data demonstrated that miR-24 was necessary and sufficient for the down-regulation of
Insigl during fatty acid treatment. Together, our results indicated that Insigl is a direct
target of miR-24 during lipid accumulation in human hepatocytes and HepG2 cells and the
crosstalk between miR-24 and Insigl may play an important role in hepatic lipid
accumulation.

MiR-24 Facilitates SREBP Processing, Which Subsequently Increases Expression of
Lipogenic Genes and Lipid Accumulation by Targeting Insigl

Overexpression of Insigl causes inhibition of SREBP processing that is essential for high
levels of lipid synthesis in the liver.1’ To further confirm that the ability of miR-24 to
promote SREBP processing and increase lipogenesis was mediated by Insigl, we inhibited
miR-24 by transfecting miR-24-ASO into human hepatocytes and HepG2 cells to induce
expression of Insigl, and then knocked down the induced Insigl using Insigl-ASO. We
found that the decreased nuclear SREBP1c and SREBP2 protein levels present in the
hepatocytes and HepG2 cells transfected with miR-24-ASO alone normalized after
additional Insigl knockdown (Fig. 4A; Supporting Fig. 5A), which established Insigl as a
potential key target in promoting SREBP processing. This observation led us to conclude
that the crosstalk between miR-24 and Insigl plays a key role in hepatic lipid accumulation.
To confirm this, we determined the lipid content in cells treated with miR-24-ASO before
and after additional Insigl-ASO treatment. The results showed that miR-24 knockdown
prevented lipid accumulation, and additional treatment of Insigl-ASO antagonized the effect
of miR-24-ASO0 on lipid accumulation both in human hepatocytes (Fig. 4B,C) and HepG2
cells (Supporting Fig. 5B,C).

SREBPs are transcription factors that activate genes encoding enzymes required for
synthesis of cholesterol and triglycerides.19:20 Therefore, we analyzed expression levels of
lipogenic genes including SCD1 (stearoyl-CoA desaturase-1), GPAT (glycerol 3-phosphate
acyltransferase), and FASN (fatty acid synthase), three direct targets of SREBP1¢38 as well
as HMGCR (3-hydroxy-3-methylglutaryl-CoA reductase), a target of SREBP2. We found
that miR-24 knockdown led to increased Insigl, and down-regulated SCD1, GPAT, FAS\,
and HMGCR in both human hepatocytes (Fig. 4D) and HepG2 cells (Supporting Fig. 5D). In
contrast, overexpression of miR-24 prevented expression of Insigl and up-regulated SCD1,
GPAT, FASN, and HMGCR (Fig. 4E; Supporting Fig. 5E). Western blot further revealed that
miR-24 modulated expression of HMGCR by interacting with Insigl (Fig. 4F). Taken
together, our results indicated that miR-24-induced lipid accumulation is, in part, mediated
by Insigl.

Suppression of miR-24 Expression Improves Obesity-Associated Hyperlipidemia and Fatty

Liver

Next, we assessed the functional contribution of increased Insigl expression to the
development of fatty liver by reducing miR-24 expression in obese mice. We synthesized
LNA (locked nucleic acid) anti-miR-24 ASO (anti-sense oligonucleotide) (miR-24-AS0O)
specifically targeting miR-24. To confirm that the phenotype observed in miR-24-ASO-
injected mice was due to specific miRNA deficiency, and not toxicity caused by the ASO,
we generated miR-24-mismatched-anti-sense oligo (miR-24-MM-ASO), a control ASO that
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differs from miRNAs in four mismatched basepairs. C57BI/6 mice, which had been on an
HFD for 8 weeks, were injected with either miR-24-ASO or miR-24-MM-ASO for 4 weeks.
We observed an 88% reduction of hepatic miR-24 expression in mice that received miR-24-
ASO compared to miR-24-MM-ASO, and a 3-fold increase of Insigl, as revealed by gRT-
PCR (Fig. 5A) and immunostaining (Supporting Fig. 6A,B). MiR-24-ASO treatment had no
effect on body and liver weight (Supporting Table 5). On the other hand, antagonizing
miR-24 significantly reduced high levels of triglycerides and cholesterol in liver and
triglycerides in plasma in HFD animals treated with miR-24-ASO (Fig. 5B-E), in contrast to
plasma total cholesterol levels (Fig. 5F). Nile Red and hematoxylin and eosin (H&E)
staining further confirmed that miR-24 knockdown reduced hepatic lipid accumulation in
livers of HFD-treated mice (Supporting Fig. 6C,D). Our findings indicated that the crosstalk
between miR-24 and Insigl plays an important role in NAFLD and hypertriglyceridemia,
and miR-24-AS0O may be a potential therapeutic target for both disorders.

MiR-24 Knockdown Reduces Levels of Nuclear SREBP1C and SREBP2 Proteins and
Lipogenic Enzyme mRNA in Livers of HFD-Treated Mice

Insig1 has an apparent antilipogenic action by inhibiting SREBPs processing.17:22 We
therefore compared nuclear SREBP1c and SREBP2 levels in livers of miR-24-ASO and
miR-24-MM-ASO treated mice. As expected, western blot revealed that miR-24-ASO
treatment led to a significant increase in Insigl and reduction in SREBP1c, SREBP2 and
HMGCR in the livers of HFD-treated mice (Fig. 5G). It is known that SREBP1c is a
transcriptional activator of lipogenic genes including SCD1, GPAT, and FASN38 and
SREBP2 is a transcriptional activator of HMGCR.20 Elevation of SREBP1c and SREBP2
due to miR-24 knockdown should promote expression of these lipogenic genes. We
therefore compared the expression of SCD1, GPAT, FASN, and HMGCR in livers of
miR-24-ASO0 treated and control mice using gRT-PCR. In the miR-24-ASO treated group,
the mRNA of four enzymes averaged at least 40% lower those of control group (Fig. 5H).
Thus, the reduction of nuclear SREBP1c and SREBP2 was associated with a dramatic
reduction in the expression of the target enzymes responsible for the lipogenesis, which
prevents hepatic lipid accumulation and hyperlipidemia.

In summary, our data have shown that overexpression of miR-24 led to deceased Insigl,
increased nuclear SREBP1c and SREBP2, and subsequently elevated lipid accumulation in
primary human hepatocytes and HepG2 cells, whereas antagonizing miR-24 led to the
opposite and more therapeutic effect. We have also shown that knockdown of miR-24 in
livers of HFD-treated mice produced similar effects as overexpression of Insigl, including
reduced fatty liver and hypertriglyceridemia. Mechanistically, SCAP-SREBP complex is
retained in the ER by the interaction between SCAP and Insigl under normal conditions. An
increase in miR-24 levels inhibits Insigl expression, which reduces the assembly of SCAP-
SREBP complexes. This then leads to translocation of SCAP-SREBP from the ER to Golgi
and proteolytic processing of SREBPs, which then enter the nucleus and activate
transcription of lipogenic genes (Fig. 6). Our findings and those of others have shown that
miR-24.

Hepatology. Author manuscript; available in PMC 2016 March 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ng et al. Page 9

Discussion

Our study addresses a potentially important role for miR-24 overexpression in the
development of obesity-associated NAFLD. The observation that antagonizing miR-24
expression in dietary obese mice improves these metabolic parameters clearly indicates a
functional role for increased miR-24 expression in the development of obesity-associated
NAFLD. Importantly, increased miR-24 expression is not restricted to murine obesity
models of NAFLD, but is also detected in human NASH patients.22 Thus miR-24 and its
target gene(s) may act as potential new targets for the treatment of obesity-associated
NAFLD or its advanced form NASH. In addition, we also found that the binding motif of
miR-24 within the Insigl 3’ UTRs is conserved between human, rat, and mouse, and
overexpression of miR-24 in human hepatocytes and HepG2 cells can significantly inhibit
expression of Insigl, further suggesting that our finding can be applied to human NAFLD.

Among these potential target genes, we have functionally validated Insigl as a bona fide
target of miR-24 both in vitro and in vivo. Gain-of-function and loss-of function for Insigl
causes decreased or increased total content of triglycerides in mouse livers,
respectively,21:37 further indicating the important role of Insigl in obesity-regulated fatty
liver diseases. In addition, some genome-wide association studies revealed an association
between Insigl variants with the susceptibility to develop hypertriglyceridemia in humans,28
which is consistent with our finding that miR-24 knockdown normalizes triglyceride levels.

Although the role of Insigl in metabolic diseases has been studied extensively, surprisingly
few studies have addressed the role of the crosstalk between miR-24 and Insigl in the
molecular mechanism of fatty liver diseases. Our data revealed an important role for the
crosstalk between miR-24 and Insigl in the control of hepatic lipid accumulation and
hypertriglyceridemia in vivo. We demonstrated that knockdown of miR-24 led to up-
regulated Insigl, down-regulated nuclear SREBP1c, and down-regulation of hepatic SCD1,
GPAT, FASN, and HMGCR expression. These findings are consistent with earlier reports
that overexpression of Insigl represses SREBP processing and in turn increase expression of
SCD1, GPAT, FASN, and HMGCR 2! It is well known that SCD1, GPAT, FASN, and
HMGCR are characterized mediators of hepatic lipid accumulation in vitro and in vivo,20:39
suggesting that miR-24-evoked, Insigl-dependent inhibition of SREBP processing
represents a candidate pathway to cause fatty liver and possibly hypertriglyceridemia.
Although the mechanism(s) by which miR-24 controls hepatic lipid accumulation clearly
requires further investigation, our study reveals an important role for the interaction between
miR-24 and Insigl in obesity-induced fatty liver disease in vivo. Our data showed that
miR-24 is significantly induced in the livers of HFD-treated mice, and its knockdown has a
therapeutic response for NAFLD and hypertriglyceridemia in mice. In addition, miR-24 has
a conserved binding motif on the 3’ UTR of both human and mouse Insigl, and the
expression of miR-24 is induced in human NASH patients,23 suggesting that antagonizing
miR-24 is a potential therapeutic target for the treatment of NAFLD. The ultimate purpose
of our study was to develop miR-24-ASO0 as a therapeutic agent for NAFLD and potentially
also for the treatment of hyperlipidemia. Our findings suggest, in fact, that such an approach
is feasible. In addition, mice receiving miR-24-ASO treatment showed negligible effects on
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) (data not shown

Hepatology. Author manuscript; available in PMC 2016 March 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ng et al. Page 10

here), suggesting its minimal hepatic toxicity. Therefore, we will further optimize the dose
and duration of miR-24-ASO and investigate its therapeutic potential for NAFLD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
Supported in part from grants received from the Department of Medicine, Minnesota Medical Foundation, NIH

Clinical and Translational Science Award at the University of Minnesota (UL1TR000114), and Grants-in-Aid from
the University of Minnesota.

Abbreviations

ALT alanine aminotransferase
ASO anti-sense oligonucleotide
AST aspartate aminotransferase
FASN fatty acid synthase
GPAT glycerol 3-phosphate acyltransferase
HCC hepatocellular carcinoma
HFD high-fat diet
HMGCR 3-hydroxy-3-methylglutaryl-CoA reductase
Insigl insulin-induced gene 1
NAFLD nonalcoholic fatty liver disease
NASH nonalcoholic steatohepatitis
SCAP SREBP cleavage-activating protein
SCD1 stearoyl-CoA desaturase-1
SREBP sterol regulatory element-binding protein
TTR transthyretin
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Fig. 1.
miR-24 is highly induced in livers of HFD-treated mice and human hepatocytes treated with

fatty acid. To identify the function of highly and specifically expressed miRNAs in
hepatocytes in NAFLD, we determined the expression levels of the top 10 miRNAs in the
livers of mice maintained on HFD for 2 months using Tagman microRNA Assay. (A) HFD
treatment led to higher levels of miR-24 in livers of mice. (B,C) Oleate treatment increased
lipid accumulation and (D) expression of miR-24 in primary human hepatocytes. The lipid
content in the cultured hepatocytes was determined fluorimetrically using Nile Red, which
has been shown to selectively stain intracellular lipid droplets. Data represent mean + SEM.
*P < 0.05.
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Fig. 2.

Insigl is a direct target of miR-24. (A) Bioinformatic prediction showing that the seed
sequence of miR-24 has a high level of complementarity to Insigl 3’ UTR, prediction score,
and favorable binding energy. Complementary sequences to the seed region of miR-24
within the 3’ UTRs of Insigl are conserved between human, mouse, and rat and highlighted
in red. (B) Knockdown of miR-24 in HFD-treated mice led to an increase in Insigl mRNA
levels. C57BI/6 WT mice were kept on normal chow until 8 weeks of age and then
maintained on HFD until 16 weeks of age. At that time, the mice were given miR-24-ASO
(25 mg/kg, tail-vein injection) until 20 weeks. The C57BI/6 mice maintained on HFD and
treated with miR-24-MM-ASO served as control. The expression levels of miR-24 were
determined by qRT-PCR. (C) miR-24 mimic transfection into Hepal,6 cells caused dose-
dependent inhibition of the activity of a luciferase reporter gene linked to the 3’ UTR of
mouse Insigl. (D) Conversely, transfection with a miR-24 inhibitor antagonized the binding
of miR-24 mimics to the 3’ UTR of mouse Insigl, which was reflected by increased
luciferase activity. (E,F) Mutated binding motif for miR-24 within Insigl 3’ UTR impaired
miR-24 binding, which is reflected by negligible change of luciferase activity after miR-24
overexpression or knockdown. (G) miR-24 mimic transfection into human hepatocytes
inhibited expression levels of endogenous Insigl. (H) Knockdown of miR-24 by transfecting
miR-24 inhibitor into hepatocytes caused an increase in endogenous Insigl mRNA levels.
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(1) Western blot analysis further confirmed that miR-24 mimics repressed but miR-24
inhibitor induced protein levels of endogenous Insigl in primary hepatocytes. The ImagelJ
program was used to quantify western blot bands. Data represent mean + SEM. *P < 0.05.
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Fig. 3.
MiR-24 directly represses expression of Insigl during lipid accumulation in human

hepatocytes. (A) Oleate treatment led to a decrease in luciferase activity of pMiR-Insigl as
compared with pMiR-InsiglMu. HepG2 cells were transfected with reporter constructs
pMiR-Insigl or the mutated pMiR-InsiglMu, and luciferase activity was determined after
24 hours of oleate treatment. (B—D) Oleate treatment led to up-regulated miR-24 and
decreased Insigl as revealed by gRT-PCR, which subsequently led to a significant increase
in lipid content in human hepatocytes as displayed by Nile Red staining. (E-G) miR-24
inhibitor transfection into oleate-treated human hepatocytes antagonized the inhibitory effect
of up-regulated miR-24 on Insigl and lipid accumulation. Insigl and miR-24 levels were
determined by qRT-PCR and lipid content was measured by Nile Red staining. Data
represent mean + SEM. *P < 0.05.
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Fig. 4.
The inhibitory effect of miR-24 on lipogenesis is mediated by Insigl. (A) miR-24

knockdown in human hepatocytes led to increased protein levels of Insigl, which
subsequently caused a decrease in nuclear SREBP1c and SREBP2. Additional knockdown
of induced Insigl with siRNA restored levels of nuclear SREBP1c and SREBP2. Human
hepatocytes were treated with oleate to induce miR-24, and then miR-24-ASO was
transfected into the cells to knock down the up-regulated miR-24. Nuclear SREBP1c,
SREBP2, and Insigl proteins were determined by western blot. CREB protein (CAMP-
response element-binding protein) served as internal control of nuclear protein. The ImageJ
program was used to quantify western blots. (B,C) miR-24 knockdown prevented lipid
accumulation in human hepatocytes, and additional knockdown of Insigl rescued the effect
of miR-24-ASO0. (D) Deletion of miR-24 increased expression of Insigl in human
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hepatocytes, which subsequently led to a significant decrease in mMRNA levels of SCD1,
FASN, GPAT, and HMGCR. (E) Overexpression of miR-24 repressed expression of Insigl,
which subsequently caused an increase in mRNA levels of lipogenic genes including SCD1,
FASN, GPAT, and HMGCR. mRNA levels of SCD1, FASN, GPAT, and HMGCR were
measured by gRT-PCR. (F) Western blots further revealed that miR-24 overexpression by
transfecting miR-24 mimics into human hepatocytes increased protein levels of HMGCR,
while miR-24 knockdown by miR-24 inhibitor had a reverse effect. Data represent mean +
SEM. *P < 0.05.
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Fig. 5.

Ar?tagonizing miR-24 prevents hepatic lipid accumulation and hypertriglyceridemia in HFD-
treated mice. (A) miR-24-ASO0 injection resulted in down-regulated miR-24 and increased
Insigl expression in livers of dietary obese mice. (B,C) miR-24 knockdown inhibited lipid
accumulation in livers of HFD-fed mice injected with miR-24-ASO as compared to mice
injected with miR-24-MM-ASO. Representative images are shown. Cellular triglyceride
content was measured by Oil Red staining and triglyceride content (per mg protein) was
measured with a triglyceride estimation kit. (D) miR-24 knockdown reduced hepatic
cholesterol in HFD-treated mice. (E) Antagonizing miR-24 led to decreased serum
triglyceride levels of HFD-fed mice treated with miR-24-ASO (n = 6) as compared to mice
injected with miR-24-MM-ASOs (n = 6). (F) miR-24 knockdown had no effect on levels of
serum cholesterol. (G) miR-24 knockdown in HFD-treated mice led to an increase in protein
levels of Insigl and prevented nuclear SREBPs processing, which was reflected by
decreased nuclear SREBP1c and SREBP2 protein levels in livers of HFD-treated mice with
miR-24-ASO0 injection. Furthermore, HMGCR protein level was decreased due to reduced
nuclear SREBP2. (H) gRT-PCR showing that HFD-treated mice with decreased levels of
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miR-24 also retained reduced expression of SCD1, FASN, GPAT, and HMGCR after
miR-24-ASO0 injection. Data represent mean + SEM. *P < 0.05.
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Fig. 6.

Pr?:)posed mechanism by which miR-24 promotes hepatic lipid synthesis. Immature SREBPs
form a SREBP-SCAP complex, which is retained in the ER by the interaction between
SCAP and the ER-anchoring protein Insigl. By directly inhibiting Insigl expression,
miR-24 facilitates the escape of SCAP-SREBP complex from ER to Golgi, where they are
processed by two membrane-bound proteases. The processed SREBP fragments are then
released into the cytosol where they then enter the nucleus to activate transcription of
lipogenic genes.
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Table 1

Top Ten miRNAs That Are Highly and Specifically Expressed in Hepatocytes

miRNA (mmu) Average Ct (WT)

Average Ct (DKO)

Fold Change (Hc/non-Hc)

miR-2134 17.618
miR-1937b 18.536
miR-126-3p 21.019
miR-2146 21.214
miR-1937¢c 21.372
miR-122 21.855
miR-16 22.340
miR-192 22.716
miR-1951 23.028
miR-24 23.061

18.109
18.553
21.098
21.671
21.135
25.358
22.985
25.497
22.362
23.934

3.92

2.83

2.95

3.84

2.37
31.70
4.37

19.20
1.76

5.12

To identify novel miRNAs that are highly and specifically expressed in hepatocytes, we performed hepatocyte-specific miRNA profiling from
livers of hepatocyte-specific Dicerl knockout and wild-type mice. MiRNAs that were >1.7-fold down-regulated in Dicerl knockout mice and cycle
threshold (Ct) value <24 were considered hepatocyte-specific miRNAs. Based on these criteria, we identified 10 miRNAs that are highly and
specifically expressed in hepatocytes, including miR-122, miR-21, and miR-24. The expression of each mRNA relative to U6 nuclear small RNA

(internal control) was determined using the 27BCT method.

WT, wild type; DKO, Dicerl knockout; Hc, hepatocyte. The Ct value of U6 small RNA (internal control) was 17.284 and 15.801 for WT and DKO

mice, respectively.
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