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Nonalcoholic fatty liver disease is associated with an altered hepatocyte microRNA
profile in LDL receptor knockout mice☆
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Abstract

MicroRNAs modulate processes associated with cell cycle control and differentiation. Here we explored the potential of microRNAs in the modulation of
hepatic lipid metabolism and the development of nonalcoholic fatty liver disease.

MicroRNA profiles of hepatocytes from low-density lipoprotein (LDL) receptor knockout mice fed a chow diet or a hypertriglyceridemia/fatty liver-inducing
Western-type diet (WTD) were determined using quantitative real-time polymerase chain reaction. Ninety-seven of 103 microRNAs measured were expressed
by hepatocytes and low variability between hepatocyte pools was observed. Feeding WTD coincided with a marked fivefold decrease in the relative expression
level of miR-216 (Pb.05) and miR-302a (Pb.01). Interestingly, an increased hepatic miR-216 expression was detected in response to fasting. MicroRNA/biological
function linkage analysis suggested that the change in hepatocyte microRNA profiles in response to high dietary lipid levels is associated with changes in cell
cycle control and proliferation. In accordance with a diminished miR-302a expression on the WTD, hepatocyte mRNA expression levels of miR-302a target genes
ABCA1 and in particular ELOVL6 were increased in response to WTD (twofold to ninefold). This suggests a role for miR-302a in hepatic cholesterol, fatty acid and
glucose metabolism.

In conclusion, we have shown that fatty liver development in LDL receptor knockout mice is associated with a significant change in the hepatocyte microRNA
profile, i.e., a fivefold decrease in miR-216 and miR-302a expression. Based upon our comparative gene and microRNA expression studies it is anticipated that
miR-302a may prove to be a valuable therapeutic target in the regulation of hepatic fatty acid utilization and insulin resistance.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is characterized by the
accumulation of lipid in liver cells (hepatic steatosis) and forms the
most common cause of liver disease (reviewed by Jou et al. [1]). The
intra-hepatic lipid balance is maintained by different processes
including receptor-mediated uptake of lipids, de novo synthesis of
lipids, secretion of lipids into the bile and the blood compartment and
hepatic storage of lipids. Perturbations in the activity of essential
mediators functioning in these processes can induce disturbances in
the intrahepatic lipid homeostasis. More specifically, when the input
of lipid exceeds the output of lipid from the liver, this will induce
excessive storage of lipid and thus lead to the development of hepatic
steatosis. Nonalcoholic fatty liver disease may slowly progress into
nonalcoholic steatohepatitis (NASH), which is characterized by
excessive liver inflammation. Nonalcoholic steatohepatitis is an
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established risk factor for the development of end-stage liver disease
(i.e., cirrhosis), a condition that generally can only be treated by
performing a liver transplantation.

MicroRNAs constitute an important class of highly conserved
noncoding RNAs that inhibit the protein expression of their target
genes through modulation of the mRNA translation rate and/or
stability [2]. Recent studies have indicated that the hepatic expression
profile (signature) of microRNAs is significantly different in subjects
with NASH vs. controls with normal liver histology [3]. Importantly,
although microRNAs are primarily known for their role in cell cycle
regulation and cell differentiation [4,5], microRNAs such as miR-122
have also been shown to modulate the expression of genes involved
in lipid metabolism [6,7] Alterations in the microRNA signature may
thus underlie the metabolic changes that result in the initial
formation of hepatic steatosis and subsequent development of
NASH. Initial microRNA profiling studies in whole liver specimens
in mice have already been executed to identify microRNA targets that
may be crucially involved in hepatic lipid metabolism and steatosis
development [8]. However, the liver is a complex tissue that consists
of several different cell types that each play a distinct role in hepatic
metabolism. We have previously shown that, for studies on the
function/expression of genes, it is important to take their intrahepatic
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Table 1
Probes used for quantitative real-time PCR-based miRNA profiling

miRNA
target

Probe sequence miRNA
target

Probe sequence

let-7a ugagguaguagguuguauaguu miR-189 gugccuacugagcugauaucagu
let-7b ugagguaguagguugugugguu miR-190 ugauauguuugauauauuaggu
let-7d agagguaguagguugcauagu miR-191 caacggaaucccaaaagcagcu
let-7e ugagguaggagguuguauagu miR-193 aacuggccuacaaagucccag
let-7g ugagguaguaguuuguacagu miR-194 uguaacagcaacuccaugugga
let-7i ugagguaguaguuugugcu miR-195 uagcagcacagaaauauuggc
miR-100 aacccguagauccgaacuugug miR-199a cccaguguucagacuaccuguuc
miR-103 agcagcauuguacagggcuauga miR-199a⁎ uacaguagucugcacauugguu
miR-107 agcagcauuguacagggcuauca miR-19a ugugcaaaucuaugcaaaacuga
miR-10a uacccuguagauccgaauuugug miR-200a uaacacugucugguaacgaugu
miR-122a uggagugugacaaugguguuugu miR-200c aauacugccggguaaugaugga
miR-124a uuaaggcacgcggugaaugcca miR-205 uccuucauuccaccggagucug
miR-125a ucccugagacccuuuaaccugug miR-21 uagcuuaucagacugauguuga
miR-125b ucccugagacccuaacuuguga miR-210 cugugcgugugacagcggcug
miR-126 ucguaccgugaguaauaaugc miR-213 accaucgaccguugauuguacc
miR-127 ucggauccgucugagcuuggcu miR-214 acagcaggcacagacaggcag
miR-128a ucacagugaaccggucucuuuu miR-216 uaaucucagcuggcaacugug
miR-128b ucacagugaaccggucucuuuc miR-218 uugugcuugaucuaaccaugu
miR-130a cagugcaauguuaaaagggc miR-219 ugauuguccaaacgcaauucu
miR-130b cagugcaaugaugaaagggcau miR-222 agcuacaucuggcuacugggucuc
miR-132 uaacagucuacagccauggucg miR-223 ugucaguuugucaaauacccc
miR-133a uugguccccuucaaccagcugu miR-23a aucacauugccagggauuucc
miR-133b uugguccccuucaaccagcua miR-23b aucacauugccagggauuaccac
miR-134 ugugacugguugaccagaggg miR-25 cauugcacuugucucggucuga
miR-135a uauggcuuuuuauuccuauguga miR-26a uucaaguaauccaggauaggcu
miR-135b uauggcuuuucauuccuaugug miR-27b uucacaguggcuaaguucug
miR-137 uauugcuuaagaauacgcguag miR-28 aaggagcucacagucuauugag
miR-138 agcugguguugugaauc miR-296 agggcccccccucaauccugu
miR-139 ucuacagugcacgugucu miR-299 ugguuuaccgucccacauacau
miR-140 agugguuuuacccuaugguag miR-29a cuagcaccaucugaaaucgguu
miR-141 aacacugucugguaaagaugg miR-29c uagcaccauuugaaaucgguua
miR-142-5p cauaaaguagaaagcacuac miR-301 cagugcaauaguauugucaaagc
miR-144 uacaguauagaugauguacuag miR-302a uaagugcuuccauguuuugguga
miR-145 guccaguuuucccaggaaucccuu miR-30a-3p cuuucagucggauguuugcagc
miR-146 ugagaacugaauuccauggguu miR-30b uguaaacauccuacacucagc
miR-148a ucagugcacuacagaacuuugu miR-30c uguaaacauccuacacucucagc
miR-149 ucuggcuccgugucuucacucc miR-30d uguaaacauccccgacuggaag
miR-150 ucucccaacccuuguaccagug miR-30e uguaaacauccuugacugga
miR-152 ucagugcaugacagaacuugg miR-320 aaaagcuggguugagagggcgaa
miR-154 uagguuauccguguugccuucg miR-323 gcacauuacacggucgaccucu
miR-15a uagcagcacauaaugguuugug miR-324-5p cgcauccccuagggcauuggugu
miR-15b uagcagcacaucaugguuuaca miR-328 cuggcccucucugcccuuccgu
miR-16 uagcagcacguaaauauuggcg miR-331 gccccugggccuauccuagaa
miR-17-5p caaagugcuuacagugcagguagu miR-335 ucaagagcaauaacgaaaaaugu
miR-181a aacauucaacgcugucggugagu miR-338 uccagcaucagugauuuuguuga
miR-181b aacauucauugcugucgguggguu miR-339 ucccuguccuccaggagcuca
miR-181c aacauucaaccugucggugagu miR-340 uccgucucaguuacuuuauagcc
miR-182 uuuggcaaugguagaacucaca miR-342 ucucacacagaaaucgcacccguc
miR-183 uauggcacugguagaauucacug miR-9 ucuuugguuaucuagcuguauga
miR-184 uggacggagaacugauaagggu miR-9⁎ uaaagcuagauaaccgaaagu
miR-185 uggagagaaaggcaguuc miR-98 ugagguaguaaguuguauuguu
miR-186 caaagaauucuccuuuugggcuu
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cellular localization into account [9–11], and we anticipate that the
same accounts for microRNAs. Hepatocytes, also known as liver
parenchymal cells, represent the primary metabolic cell type within
the liver and disturbances in the expression of key genes involved in
hepatocyte lipid metabolism have been associated with the develop-
ment of fatty liver and cholestasis both in animal models and man
[12–14]. In the current study, we have investigated with a
commercially available validated real-time polymerase chain reaction
(PCR)-based platform the hepatocyte-specific microRNA signature of
103 murine microRNAs in an established hyperlipidemic mouse
model of NASH—Western-type diet (WTD)-fed low-density lipopro-
tein (LDL) receptor knockout mice [15,16]—to identify microRNAs
that can possibly be used as therapeutic targets to inhibit the
development of hepatic steatosis and end-stage liver disease.

2. Materials and methods

2.1. Animals

Homozygous LDL receptor knockout (LDLR−/−) mice were obtained from the
Jackson Laboratory as mating pairs and bred at the Gorlaeus Laboratories, Leiden,
The Netherlands. Mice were maintained on a regular chow diet containing 5.7% (w/
w) fat and no cholesterol (RM3, gross energy content=15.11 MJ/kg; Special Diet
Services, Whitham, UK) or were fed a semisynthetic WTD containing 15% (w/w)
cocoa butter and 0.25% (w/w) cholesterol (Diet W, gross energy content=18.73 MJ/
kg; Special Diet Services). Mice were fed ad libitum or fasted overnight (∼16 h) and
subsequently anesthetized, sacrificed. After whole body perfusion with PBS, livers
were isolated and immediately frozen in liquid N2 and stored at −80°C until RNA
extraction. Animal experiments were performed at the Gorlaeus Laboratories of the
Leiden/Amsterdam Center for Drug Research in accordance with national laws. All
experimental protocols were approved by the Ethics Committee for Animal
Experiments of Leiden University.

2.2. Oral glucose tolerance test

Mice were fasted for 16 h after food withdrawal at 5:00 p.m. At 9:00 a.m. the next
day, mice were subjected to an oral glucose tolerance test (OGTT). This procedure
began with a blood sample collection using a manual ACCU-CHEK Compact glucose
monitor (t=0 min), immediately followed by an oral gavage of 2 g/kg D-glucose as a
25% solution in sterilized 0.9% NaCl. Additional blood samples were analyzed for blood
glucose concentrations via tail bleeding at 15, 30, 45, 60, 90, 120 and 180 min after the
oral glucose administration. Based upon the obtained glucose vs. time profiles, the
glucose area-under-the-curve (AUC) for each mouse was calculated using GraphPad
Prism software.

2.3. Hepatocyte isolation

Hepatocyte fractions that consist of pure hepatocytes as judged by light
microscopy and which do not express the macrophage marker CD68 as determined
by quantitative gene expression analysis were isolated as described [11]. Mice were
anaesthetized and the vena cava inferior was cannulated. Subsequently, the vena porta
was ligated and the liver was perfused for 10 min (14 ml/min) with oxygenated Hanks'
buffer pH 7.4, containing HEPES (1.6 g/l). The perfusion was continued for 10 min with
Hanks/HEPES buffer containing 0.05% (w/v) collagenase (Type IV, Sigma) and 1 mM
CaCl2. Hepatocytes were isolated after mincing the liver in Hanks' buffer containing
0.3% bovine serum albumin, filtering through nylon gauze and centrifugation thrice for
10 min at 50×g.

2.4. Quantitative microRNA expression analysis

Stem-loop quantitative real-time reverse transcriptase (RT)-PCR analysis for
the detection of 103 different microRNAs was performed using the commercially
available Applied Biosystems Taqman microRNA platform essentially as described
[17]. Total RNA was isolated from hepatocytes using the established guanidium
thiocyanate/phenol/chloroform RNA extraction method of Chomczynski and Sacchi
[18]. Ten nanograms of RNA from two pooled RNA samples of two mice (total of
four mice) was mixed with a reverse transcriptase (RT) master mix containing
dNTPs, multiscribe RT enzyme, RT buffer, RNAse inhibitor and microRNA-specific
RT primers. The reverse transcription reaction was carried out in an AB7500 fast
thermal cycler for 30 min at 16°C, 30 min at 42°C and 5 min at 85°C. The
generated microRNA-specific cDNA was mixed with Taqman 2X Universal PCR
master mix (NO AmpErase UNG) and microRNA-specific Taqman MicroRNA probes
(20×) and subjected to fluorescent real-time quantitative PCR analysis using the
AB7500 Fast System using the following PCR program: 95°C for 10 min and 40
cycles of 15 s at 95°C and 1 min at 60°C. For sequences of the miRNA-specific
probes used, refer to Table 1. Within the microRNA, RT-PCR kit manufacturing and
assay controls were included to verify optimal PCR efficiency. Previous studies
using this kit have shown that microRNAs can be efficiently and reliably be
detected over a large dynamic range up to a cycle threshold (Ct) value of 39 [17].
Only microRNAs that showed a Ct value of 40 were therefore considered not
detectable. Relative expression numbers were calculated by the ΔCt method in
which the Ct of a specific microRNA is subtracted from the average Ct of two
widely used housekeeping microRNAs, let-7a and miR-16 [19,20], and raising two
to the power of this difference. The average expression level of the two
housekeeping genes was thus arbitrarily set as 1 for normalization purposes. The
average Ct of two housekeeping microRNAs was used to exclude the possibility
that changes in the relative expression were caused by variations in the expression
of the separate housekeeping microRNAs. Respective average housekeeping Ct
values were 23.0±0.5 (let-7a) and 23.0±0.1 (miR-16) for chow-fed mice and
23.3±0.5 (let-7a) and 22.9±0.1 (miR-16) for WTD-fed mice.

2.5. Microarray gene expression analysis

The Mouse Genome Survey Arrays used in the study contained 33.012 different
probes representing 26.514 genes, which included transcripts from the public



Table 2
Plasma lipids in LDLR−/−mice fed a regular chow (CHOW) or WTD for 2 weeks

CHOW WTD P

Total cholesterol 241±15 1600±98 b.001
VLDL cholesterol 9±1 585±64 b.001
LDL cholesterol 126±9 777±43 b.001
HDL cholesterol 92±9 195±5 b.001
Triglycerides 73±5 555±48 b.001
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domain as well as from the Celera library. Total RNA from hepatocytes from LDLR−/−
mice fed a regular chow diet or WTD for 2, 4 or 6 weeks ad libitum was as
described above. Double stranded cDNA was prepared from 2 μg of total RNA. An in
vitro transcription reaction was used to synthesize 50–100 μg of UTP-digoxigenin-
labeled complementary RNA (cRNA). Equal amounts of cRNA (10 μg) from two
pooled RNA samples of two mice (total of four mice) per time point was hybridized
to Mouse Genome Survey Arrays for 16 h at 55°C. Subsequently, an alkalic
phosphatase-linked digoxigenin antibody was incubated with the array, and the
phosphatase activity was initiated to start the chemiluminescent signal. The
chemiluminescent (cRNA) and fluorescent (spot backgound) signals of the cRNA
and standard controls spots were scanned for 5 and 25 s using an AB1700
Chemiluminescence Analyzer (Applied Biosystems). Using the software supplied
with the AB1700 apparatus, the spot chemiluminescent signal was normalized over
the fluorescent signal of the same spot (using the standard control signals) to obtain
the normalized signal value that was used for further analysis. In the analysis, the
median value of the normalized signal of two independent arrays for each time
point was calculated as an indication for the relative gene expression number at
that time point.
CHOW WTD
0

500

1000

1500

2000

2500

3000

A
U

C

0 30 60 90 120 150 180
0

3

6

9

12

15

CHOW WTD

Time (min)

G
lu

co
se

 (
m

M
)

Fig. 1. Blood glucose kinetics during an OGTT. An OGTT was performed in overnight
fasted LDLR−/− mice that were fed a regular chow diet (CHOW; open circles and
white bars) and those fed a WTD (filled circles and black bars) for 2 weeks. The
blood glucose levels in time (top) and the AUC (bottom) was calculated. Data
represent means±S.E.M.
2.6. Statistical analyses

Statistical differences in the relative microRNA expression profiles were deter-
mined with two-way ANOVA with Bonferroni posttest and corrected for multiple
testing if appropriate using GraphPad InStat software (www.graphpad.com). P values
b.05 were considered significant. Data are presented as means±S.E.M.
3. Results

To identifymicroRNA targets possibly involved in the development
of fatty liver/hepatic steatosis, we have profiled the expression levels
of 103 murine microRNAs in hepatocytes isolated from LDLR−/−
mice that were fed a high-fat WTD containing 0.25% cholesterol and
15% fat for 2weeks ad libitum. UnderWestern-type feeding conditions,
LDL receptor knockout mice exhibit severe hyperlipidemia, i.e.,
hypertriglyceridemia and amarked 6- to 63-fold increase in the levels
of apolipoprotein B-containing lipoproteins very low-density and
low-density lipoproteins (VLDL and LDL, respectively) in plasma
(Table 2). Previous studies have shown that this rapid rise in plasma
lipids in LDL receptor knockout mice upon WTD feeding is associated
with hepatic steatosis, i.e., the accumulation of both cholesterol and
triglycerides in hepatocytes [15] and insulin and glucose tolerance
[16]. In accordance, we could macroscopically observe a clear fat-
induced whitening of the livers in mice that were subjected to WTD
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Fig. 2. Correlations of the microRNA expression (given as Ct numbers) between the
different pools of RNA isolated from hepatocytes of LDLR−/− mice on a regular chow
(CHOW) diet or aWTD for 2 weeks. Only detectable microRNAs (Ctb40) were included
in the analysis. A highly significant correlation (R2N.97) is observed in Ct values
between the different pools of RNA.
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Fig. 3. Relative expression levels of the 97 microRNAs detected in hepatocytes from LDLR−/− mice on a regular chow diet. Data are expressed relative to average expression level of
the housekeeping microRNAs let-7a and miR-16 and represent means±S.E.M.
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Fig. 4. The relative expression level of the microRNAs miR-216 and miR-302a that were
differentially expressed between hepatocytes from LDLR−/− mice fed a regular chow
diet (CHOW; white bars) and those fed aWTD (black bars) for 2 weeks. Data represent
means±S.E.M. ⁎Pb.05, ⁎⁎Pb.01 (two-way ANOVA).
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feeding (data not shown). However, in the current study, feeding the
WTD for only 2 weeks did not yet affect the glucose tolerance (Fig. 1).

Of the total 103 microRNAs measured, 97 microRNAs were
actually expressed by hepatocytes from mice fed either chow or
WTD for 2 weeks. Four microRNAs were identified as not being
expressed (Ct≥40 in all samples), including miR-9⁎, miR-125b, miR-
127 and miR-205. Of note, individual microRNA expression levels
significantly correlated across the various hepatocyte pools (R2=.974
and Pb.001 for chow; R2=.972 and Pb.001 forWTD; Fig. 2), suggestive
of a low variability of hepatic microRNA expression levels between
mice. As evident from Fig. 3, the relative expression level of the
different microRNAs varied greatly in hepatocytes of mice fed the
control (low-fat) chow diet. miR-122a was identified as being the
most highly expressed microRNA (relative expression vs. housekeep-
ing=6.5), which is in agreement with previous findings in total liver
specimens [21]. Two-way ANOVAwith correction for multiple testing
on the microRNA expression profiles indicated that the microRNA
signature was essentially the same between hepatocytes isolated
from mice fed chow or WTD. More specifically, the separate
microRNAs, the type of diet and the interaction between the two
variables contributed for 98.7% (Pb.001), 0.00% (P=.67) and 0.54%
(P=.038), respectively, to the total variation in the microRNA
signature. The ANOVA Bonferroni posttest, however, revealed that
the expression of two specific microRNAs was different between
chow- and WTD-fed mice. A significant fivefold decrease in the
relative expression level of both miR-216 (Pb.05) and miR-302a
(Pb.01) was detected in hepatocytes under the high lipid conditions
(Fig. 4). Importantly, the lowering effect of theWTD on the expression
of both miR-216 and miR-302a could be verified in an independent
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Table 3
Biological pathways that were significantly overrepresented in the list of predicted
mouse miR-216/302a target genes (Pb.05; PANTHER software)

Pathway No. observed in
miR-216/302a
targets

No. expected
from public
database

P

Nucleobase, nucleoside,
nucleotide and nucleic
acid metabolic process

106 45 9.63E−19

Primary metabolic process 167 98 6.41E−17
Metabolic process 168 103 5.25E−15
Cell cycle 51 22 1.15E−08
Developmental process 67 36 1.94E−07
System development 50 24 5.68E−07
Nervous system development 34 15 7.05E−06
Cellular process 110 77 1.20E−05
Mesoderm development 37 18 4.16E−05
Intracellular signaling cascade 37 19 5.24E−05
Ectoderm development 34 17 7.35E−05
Signal transduction 78 52 1.18E−04
Cell communication 79 54 2.22E−04
Mitosis 18 7 3.63E−04
Nuclear transport 6 1 5.46E−04
Muscle organ development 15 6 8.33E−04
Embryonic development 15 6 9.82E−04
Segment specification 9 3 1.72E−03
Skeletal system development 14 6 1.92E−03
Apoptosis 22 11 2.12E−03
Response to stress 14 6 2.77E−03
Pattern specification process 11 4 4.88E−03
Protein metabolic process 59 43 6.18E−03
Gamete generation 20 11 6.92E−03
Negative regulation of apoptosis 8 3 1.59E−02
Cell surface receptor

linked signal transduction
41 29 1.60E−02

Reproduction 20 12 1.76E−02
Cellular component organization 26 17 2.21E−02
Induction of apoptosis 9 4 2.44E−02
Coenzyme metabolic process 4 1 3.12E−02
Female gamete generation 7 3 4.75E−02
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experiment using whole liver specimens from LDLR−/− mice. In the
ad libitum fed state, the relative expression level of miR-216 and miR-
302a was respectively 56% and 49% decreased in livers from mice fed
theWTD as compared with that on chow diet (Fig. 5). Tovar et al. [22]
have previously detected an inverse correlation between insulin-like
growth factor (IGF) activation and miR-216 levels in hepatocellular
carcinoma. Importantly, in line with diminished (hepatic) insulin
signaling in the fasting state, miR-216 expression in livers of mice fed
the regular chow diet markedly increased upon fasting of mice (108%
vs. fed state). Furthermore, fasting abolished the WTD-induced
decrease in the hepatic expression level of miR-216 as observed in
the ad libitum fed state (Pb.05 for fasting effect; Fig. 5), resulting in an
equally high level of miR-216 in fasted mice of either diet group. This
suggests that metabolic factors other than the dietary lipid content,
i.e., plasma insulin/IGF levels, also to a great extent influence the
hepatocyte relative expression level of miR-216. In contrast, a similar
WTD-induced decrease in the expression of miR-302a was observed
in livers from mice that were or were not subjected to overnight
fasting before sacrifice, further establishing the importance of the
high intrahepatic lipid pressure in the regulation of hepatocyte miR-
302a expression (Pb.05 for diet effect; Fig. 5). In accordance with the
general view that highly expressed microRNAs are “housekeeping
microRNAs,” no change, however, was observed in miR-122a
expression upon WTD feeding or in response to fasting in whole
liver specimens (Fig. 5).

To determine whether miR-216 and miR-302a are directly
involved in the control of hepatic lipid metabolism, a microRNA/
target gene/biological function linkage analysis was performed in
silico using the PicTar algorithm for the prediction of microRNA
targets (http://pictar.mdc-berlin.de). For miR-216, we extracted 67
target genes, while 224 target genes were indicated to be responsive
to the miR-302a. We subsequently categorized putative target genes
by the PANTHER classification system (http://www.pantherdb.org),
which is a database that classifies genes into families and subfamilies
of shared function and identified pathways that are enriched in the
list of microRNA targets. Transcripts associated with biological
processes involved in basic cell cycle control and cell proliferation
and differentiation such as nucleoside, nucleotide and nucleic acid
metabolism and nuclear transport were greatly overrepresented
(more than twofold) with a high probability (Pb.01) in the list of miR-
216 and miR-302a targets (Table 3), which concurs with recent
findings of Card et al. [23] and Kushibiki [24] that suggest a role for
these two miRNAs in the induction of cell cycle arrest and apoptosis.
In contrast, biological processes associated with lipid metabolism
were not significantly overrepresented in the total list of miR-216/
miR-302a targets. However, the miR-216/miR-302a target list does
contain genes associated with pathways involved in cholesterol,
(phospho)lipid, fatty acid and carbohydrate metabolism. For miR-
216, these include HDL binding protein (HDLBP; vigilin), phosphatase
and tensin homolog (PTEN) and adiponectin receptor 1 (ADIPOR1),
while myotubularin-related protein 4 (MTMR4), phosphatidylinosi-
tol-4-phosphate 5-kinase type II alpha (PIP5K2A), ATP-binding

http://pictar.mdc-berlin.de
http://www.pantherdb.org
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cassette transporter A1 (ABCA1), long-chain fatty acid elongation 6
(ELOVL6), alkylglycerone phosphate synthase (AGPS), receptor
accessory protein 3 (REEP3) and forkhead box J3 (FOXJ3) are putative
lipid-associated targets of miR-302a. Previously, we have performed
large scale microarray gene expression profiling to identify specific
pathways and genes involved in the response of hepatocytes from
LDLR−/− mice to increased dietary lipid levels [25]. To determine
whether the inhibition of miR-216 and miR-302a expression in
hepatocytes on WTD was paralleled by a decrease in their regulatory
activity, we extracted from our original microarray dataset the time-
dependent expression profiles of their respective target genes. Gene
expression of HDLBP, PTEN, ADIPOR1, ABCA1, ELOVL6, and REEP3 was
detected in hepatocytes of LDLR−/−mice fed a WTD for 0, 2, 4 and 6
weeks, while MTMR4, FOXJ3, AGPS and PIP5K2A were identified as
not being expressed in hepatocytes. As depicted in Fig. 6, no major
changes (more than two fold change) in the relative expression levels
of the miR-216 targets HDLBP, PTEN and ADIPOR1 and the miR-302a
target REEP3 were observed upon WTD feeding. In contrast, in
accordance with a diminished miR-302a expression/function, the
relative expression levels of the miR-302a targets ABCA1 and in
particular ELOVL6 were increased in response to theWTD (twofold to
ninefold; Fig. 6) in hepatocytes of LDLR−/− mice.
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Fig. 6. Relative mRNA expression levels of miR-216 and miR-302a target genes that are
associated with lipid metabolism in hepatocytes from LDLR−/− mice fed a WTD for 2,
4 or 6 weeks, as determined by microarray analysis. Data are presented as fold
compared with relative expression values on chow diet.
4. Discussion

In the current study we profiled murine hepatocyte microRNA
levels during nonalcoholic fatty liver development. Our data suggest
an important role for miR-216 and miR-302a in the control of
hepatic metabolism upon a high lipid stimulus as the relative
expression level of these two microRNAs is significantly decreased in
response to WTD feeding. However, from our microarray gene
expression analysis in hepatocytes under the dietary conditions, it
seems that the decrease in miR-216 expression is not associated
with a parallel increase in the expression of miR-216 target genes
involved in hepatic metabolism. This argues against a major role for
miR-216 in the control of hepatic lipid homeostasis. In contrast, the
decrease in miR-302a expression in hepatocytes coincided with a
marked ninefold increase in the expression of the miR-302a target
gene ELOVL6. ELOVL6 belongs to a highly conserved family of
microsomal enzymes involved in the formation of long-chain fatty
acids [26]. ELOVL6 has a role in the elongation of palmitate (16:0) to
stearate (18:0), as well as in the elongation of palmitoleate (16:1n-
7) to vaccinate (18:1n-7) [27]. Importantly, although ELOVL6-
deficient mice become obese and do develop hepatic steatosis to a
similar extent as their wild-type littermate controls when fed a high-
fat diet, they are protected from hyperinsulinemia, hyperglycemia
and hyperleptinemia [26]. Combined, these findings suggest that the
decrease in hepatic miR-302a activity, which coincides with an up-
regulation of ELOVL6 gene expression, is not the initial cause for the
development NAFLD but may rather predispose the liver to the
(hepatic) insulin resistance that occurs at later stages of the disease.
Hepatic insulin resistance is one of the major characteristics of the
metabolic syndrome, a prominent risk factor for the development of
cardiovascular disease [28]. Further studies will be needed to prove
the importance of miR-302a in the regulation of hepatic lipid
metabolism and insulin resistance and reveal the potential of miR-
302a as therapeutic target for the treatment of hepatic insulin
resistance and associated cardiovascular diseases.

In conclusion, we have shown that WTD-induced nonalcoholic
fatty liver development in LDL receptor knockout mice is associated
with a significant change in the hepatocyte microRNA signature,
i.e., a fivefold decrease in miR-216 and miR-302a expression.
Based upon our comparative gene and microRNA expression
studies, it is anticipated that miR-302a may prove to be a valuable
therapeutic target in the regulation of hepatic fatty acid utilization
and insulin resistance.
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