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MicroRNA-370 controls the expression of MicroRNA-122
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Abstract We previously observed that treatment of mice
with a dominant negative form of cJun (dn-cJun) increased
the expression of genes involved in lipid metabolism and
modulated the expression of nine microRNAs (miR). To in-
vestigate the potential effect of these miRs on the expres-
sion of the genes of lipid metabolism, we performed studies
in cultured HepG2 cells. Transfection of HepG2 cells with
sense or antisense miR-370 or miR-122 upregulated and
downregulated, respectively, the transcription factor sterol-
regulatory element binding protein 1c¢ (SREBP-1c) and the
enzymes diacylglycerol acyltransferase-2 (DGAT2), fatty
acid synthase (FAS), and acyl-CoA carboxylase 1 (ACCI)
that regulate fatty acid and triglyceride biosynthesis. The
other seven miRs identified by the miR array screening did
not affect the expression of lipogenic genes. miR-370 up-
regulated the expression of miR-122. Furthermore, the ef-
fect of miR-370 on the expression of the lipogenic genes
was abolished by antisense miR-122. miR-370 targets the 3’
untranslated region (UTR) of Cptla, and it downregulated
the expression of the carnitine palmitoyl transferase lo
(Cptla) gene as well as the rate of 8 oxidation.ll Our data
suggest that miR-370 acting via miR-122 may have a caus-
ative role in the accumulation of hepatic triglycerides by
modulating initially the expression of SREBP-1c, DGAT2,
and Cptla and, subsequently, the expression of other genes
that affect lipid metabolism.—Iliopoulos, D., K. Drosatos, Y.
Hiyama, I. J. Goldberg, and V. I. Zannis. MicroRNA-370 con-
trols the expression of MicroRNA-122 and Cptla and af-
fects lipid metabolism. J. Lipid Res. 2010. 51: 1513-1523.
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MicroRNAs (miR) constitute a new class of small, non-
coding RNAs that regulate gene expression at the post-
transcriptional level by binding, in most cases, to the 3’
untranslated region (UTR) of target genes and inhibiting
translation or causing mRNA cleavage (1-7).

In humans, the precursors of miRs (called primiR) are
transcribed from a single gene or from polycistronic se-
quence by the RNA polymerase II (8-11). PrimiRs are
then cleaved in the nucleus by the action of the RNaselll
enzyme drosha and the double stranded RNA binding
protein pasha to form an imperfect double-stranded stem
loop ~70 nucleotides long called premiR. The premiR is
exported into the cytoplasm by the RAN GTP-dependent
exportin b and is processed by the dicer initially to a ~22
nucleotide miR duplex and subsequently to mature single
stranded miR. The mature miR is incorporated into the
RNA induced silencing complex (RISC) that includes the
argonaute proteins (5, 6, 12, 13). The miR associated with
the RISC complex binds to the 3' UTR of the target mRNA
and either inhibits translation (14-17) or may promote
RNA degradation (18, 19).

Bioinformatic analyses of known miRs suggest that the
majority of mRNAs can be controlled by miRs and that a
single miR could target several hundred mRNAs, includ-
ing mRNAs encoding for transcription factors (20-22).
miRs have been implicated in important cellular processes,
such as apoptosis (23-25), cell proliferation and differen-
tiation (22, 26-28), tumor suppression (6, 29), develop-
ment (30), and metabolism. At present, the role of miRs in
controlling the genes involved in metabolism is in early

Abbreviations: ACCI, acyl-CoA carboxylase 1; dn-cJun, dominant
negative cJun; Cptla, carnitine palmitoyl transferase la; DGAT2, dia-
cylglycerol acyltransferase-2; miR, microRNA; SREBP-1c, sterol-regula-
tory element binding protein 1c¢; UTR, untranslated region.
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stages of investigation, and our knowledge of the underly-
ing mechanism is limited (31, 32). Known examples in-
clude the regulation of insulin secretion by miR-375, which
targets myotrophin mRNA (28); miR-9, which targets
granulophilin and other pancreatic and brain mRNAs in-
volved in exocytosis (20, 33); and miR-29b and miR-122,
which control genes that affect amino acid (34) and lipid
(35, 36) metabolism, respectively. miR expression signa-
tures have been associated with well-defined clinico-patho-
logical features and disease outcome (37-42).

The observation that the dominant negative cJun (dn-
cJun) increased plasma cholesterol and triglyceride levels
in mice (43) prompted us to investigate its effects on the
regulation of genes implicated in hepatic fatty acid and
triglyceride metabolism and the potential involvement of
miRs in this process.

In the present study, we find that miR-370 targets the 3’
UTR of the carnitine palmitoyl transferase lo (Cptla)
and downregulates the expression of this enzyme that is
important to fatty acid  oxidation. Furthermore, miR-370
and miR-122 upregulate the expression of the lipogenic
genes, initially activating SREBP-1c and DGAT2 and,
subsequently, FAS and ACCI1. miR-122 promotes lipogen-
esis directly, whereas miR-370 promotes lipogenesis indi-
rectly via upregulation of miR-122. Our findings indicate
that extracellular stimuli that trigger upregulation of miR-
370 and/or miR-122 may have a causative role in the
accumulation of hepatic triglycerides by promoting lipo-
genesis and inhibiting  oxidation. Previous studies have
shown that excess hepatic fat is associated with insulin
resistance (44, 53) and metabolic syndrome (45) and that
it promotes oxidative (47) and endoplasmic reticulum
stress (48, 49), mitochondrial dysfunction (50, 53), inflam-
mation (52), and fibrosis (54).

EXPERIMENTAL PROCEDURES

Animal studies

C57BL/6 and apoEﬁf mice 812 weeks old were used in these
studies. ApoE_/_ and C57BL/6 mice were infected intravenously
through the tail vein with adenoviruses at a dose of 2 x 10° pfu as
described previously (43). Livers were excised 4 days postinfec-
tion for lipid and RNA determinations as described (43). Three-
month-old C57BL/6] (Jackson Laboratory) were fed either chow
diet or 60% high-fat diet (Research Diets, Diet #D12492). After 2,
5, and 8 weeks of diet, mice were sacrificed, and livers were
excised for miR and lipid determination. Animal studies were
performed according to the National Institutes of Health guide-
lines following protocols approved by the Institutional Animal
Care and Use Committee of Boston University.

miR expression studies

Hepatic miR levels were evaluated with miR TLDA microarray
assays as previously described (55) using RNU48 and RNU44 as
an internal control. Validation of these results was performed us-
ing the mirVana qRT-PCR miRNA detection kit (Ambion Inc.,
TX). The U6 small nuclear RNA was used as an internal control.

miR target prediction methods

TargetScan version 4.0 (http://www.targetscan.org/index.
html) and RNA22 (http://cbcsrv.watson.ibm.com/rna22_
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targets.html) databases were used to identify potential miR
targets.

Oligonucleotide transfections

HepG2 cells seeded in 6-well plates were transfected with 50
nM of specific miRs, inhibitors of miRs expression, or small inter-
ference RNAs (siRNA) using siPORT NeoFX transfection agent
(Ambion, Inc.). This reagent did not cause cell toxicity. RNA was
extracted at different time points post-transfection, and real-time
PCR analysis was performed as described below.

Real-time PCR analysis

Transcription of 0.1 wg RNA to cDNA was performed using
the AMV Kit (Roche, Indianapolis, IN). LightCycler-FastStart
DNA master SYBR Green, which contains Taq DNA polymerase,
dNTP mix, SYBR Green 1 dye, and MgCl, (Roche) was used as a
reaction mix. PCR was performed as described (56). The oligo-
nucleotide primers used for real-time PCR are shown in Table 1.
All samples were analyzed in triplicate, and the average value
of the triplicates was used for quantification. The data were
expressed relative to GAPDH, which was used as an internal
control.

Protein extraction from HepG2 cells

HepG2 cell pellets were lysed using Nonidet P-40 lysis buffer
containing 30 mM Tris (pH 7.5), 150 mM NaCl, 10% glycerol,
1% Nonidet P-40, and a cocktail of protease inhibitors. Cell pel-
lets were obtained by centrifugation. Supernatant was collected
and stored at —20°C. Nuclear protein extracts were prepared
from HepG2 cells using NE-PER nuclear and cytoplasmic extrac-
tion reagents (Pierce) according to the manufacturer’s protocol.

Western blot analysis and quantification

The cell lysates or nuclear extracts of HepG2 cells were elec-
trophoresed and separated on a 4-20% Tris-HCI gel (Bio-Rad,
Hercules, CA) and transferred to a Hybond-ECL nitrocellulose
membrane (Amersham Biosciences, Piscataway, NJ) as described
(56). The nitrocellulose membrane was probed with anti-SREBP-
lc (1:500 dilution) (K10); anti-FAS (1:500 dilution) (H-300);
anti-ACCI (1:1,000 dilution) (FL-114); and anti-GAPDH (1:5,000
dilution) (Santa Cruz Biotechechnology, Inc., Santa Cruz, CA).
Signals were detected using anti-rabbit immunoglobulin IgG
conjugated with horseradish peroxidase (1:5,000 dilution). The
nitrocellulose membranes were then exposed to photographic
film, which was scanned, and the intensities of the protein bands,
which were expressed as arbitrary units, were determined by
computerized densitometry. Protein levels were normalized to
GAPDH protein levels. Protein expression levels of Western blots
were quantified using the Image Quant 6 program analysis.

Luciferase assays

HepG2 cells were cotransfected in 12-well plates with 0.5 pg of
firefly luciferase reporter vector including the 3" UTR of Cptla
(pEZX, GeneCopoeia, Inc.) together with 0.05 pg of the phRL-
SV40 control vector (Promega) and 100 nM miR-370 (Ambion)
using Lipofectamine 2000 (Invitrogen). Firefly and Renilla
luciferase activities were measured consecutively by using the
Dual Luciferase Assay (Promega) 24 h after transfection. Each
reporter plasmid was transfected at least twice (on different
days), and each sample was assayed in triplicate.

Palmitic acid (PA) oxidation

Analysis was performed as described (57). HepG2 cells were
transfected with 50 nM miR-122 or miR-370, and 24 h later, were
washed with PBS prior to labeling in DMEM (1 ml/well) containing
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TABLE 1. Primers used for RI-PCR quantitation of mRNA levels

Species Gene Sense Primer Antisense Primer

Homo sapiens  Srebp-Ic  5-GGAGGGGTAGGGCCAACGGCCT-3’ 5-CATGTCTTCGAAAGTGCAATCC-8’
Fas 5-ACAGGGACAACCTGGAGTTCT-8" 5-CTGT GGTCCCACTTGATGAGT-3’
Accl 5-GTTGCACAAAAGGATTTCAG-3" 5"-CGCATTACCATGCTCCGCAC-3’

Dgat2 5-GAATCGTGGATCCCAAA-3
5-CAAGATGCACAAGTCTGGCG -3’

Apoe 5-CCCAGGTCACCCAGGAACT-3’
5-ATCGAGTGAAGGACCTGGC-3

Cptla 5 TGCTTTACAGGCGCAAACTG-3

Gapdh 5-CCCATCACCATCTTCCAGGAG-3’
5-ATCGGCGCGGAAGCTGTCGGGGTAGC

Srebp-2

ApoA-I

Mus musculus — Srebp-1c

GTC-3

Cptla 5-CGCACGGAAGGAAAATGG-3

5-GTCTTCATATAACCAAAGCGGG-3

5-GCTTCAGCACCATGTTCTCCTG-3

5 TTCCGATTTGTAGGCCTTCAA-3’

5-AGCTTGCTGAAGGTGGAGGT-3’

5 TGGAATCGTGGATCCCAAA-3

5-CTTCTCCATGGTGGTGAAGACG-3

5-ACTGTCTTGGTTGTTGATG
AGCTGGAGCAT-3

5 TGTGCCCAATATTCCTGG-3

Accl 5-ATTGGGCACCCCAGAGCTA-3 5-CCCGCTCCTTCAACTTGCT-3’
Dgat2 5- ACTCTGGAGGTTGGCACCAT-% 5-GGGTGTGGCTCAGGAGGAT-3’
Fas 5-CATGACCTCGTGATGAACGTGT-3’ 5-CGGGTGAGGACGTTTACAAAG-3
Srebp-2  5-CCGAGATGCAGGGCAAAG-3’ 5-GATGAAAGAACAATGAACAA

Gapdh 5-CCTGCACCACCAACTGCTTA-3’

GGCTTA-3’
5-TCATGAGCCCTTCCACAATG-3’

Abbreviations: ACCI, acyl-CoA carboxylase 1; dn-cJun, dominant negative cJun; Cptla, carnitine palmitoyl
transferase la; DGAT?2, diacylglycerol acyltransferase-2; miR, microRNA; SREBP-1c, sterol-regulatory element

binding protein Ic; UTR, untranslated region.

0.4 mM PA/1.5% BSA and ["*C]PA (1nCi/ml) (Perkin Elmer)
for 16 h. The medium was collected and centrifuged, and the
supernatant was transferred to a 25 ml flask with a center well
(Fisher Scientific) containing filter paper saturated with 100 pl
of 1M KOH. The flask was sealed with a stopper (Fisher Scien-
tific), and 200 ul of 69-72% perchloric acid (Fisher Scientific)
was added to the medium through the top of the stopper to
release the [14C]COQ. The flask was then incubated in a shaking
incubator at 37°C for 1 h. The radioactivity of [14C]C02 trapped
on the filter paper was determined by liquid scintillation count-
ing. The results were normalized with the protein content of the
cell culture plates determined by the Bradford method.

Statistical analysis

Data are presented as the mean + S.E. Comparison of data
from different groups of mice or different groups of HepG2 cells
was performed using the paired two-sample-for-means and two-
tailed ttest. Statistically significant differences between two
groups were defined as those giving a value of P< 0.05.

RESULTS

Effect of Ad-dn-cJun on expression of miRs and lipogenic
genes in the liver

We assessed the expression levels of 365 miRs by miR ar-
rays and identified nine miRs differentially expressed in the
livers of Ad-dn-cJun-infected apoEf/ " mice as compared with
Ad-GFP-infected mice (Fig. 1A and supplementary Fig. I).
Four miRs were upregulated (miR-200a, miR-122, miR-370,
miR-219) while five were downregulated (miR-30c, miR-29a,
miR-483, miR-125b, let-7b). Validation of these results using
areal-time SYBR Green miR assay (Fig. 1A, B) confirmed that
dn-cJun had altered the expression levels of these nine miRs.
Real-time PCR analysis of the hepatic mRNA of genes related
to lipid metabolism showed that the SREBP-1c gene expres-
sion was upregulated by 2.7-fold, DGAT?2 by 2.1-fold, FAS by
2.4-fold, and ACC1 by 2.75-fold. The Cptla gene was down-
regulated by 40%, whereas the expression of the SREBP-2
gene did not change (Fig. 1C).

Increased expression of miR-370 is associated with
increased expression of genes that are involved in hepatic
lipid metabolism

To assign a causative regulatory role to the nine miRs
that were up- or downregulated by Ad-dn-c-Jun in vivo for
the expression of genes associated with the fatty acid and
triglyceride metabolism, HepG2 cells were transfected
with the nine miRs. Real-time PCR analysis showed that
miR-370 upregulated the SREBP-1c and DGAT2 gene
expression 2.1- and 2.4-fold, respectively, 24 h post-trans-
fection, and the FAS and ACCI gene expression 3.1- and
3.3-fold, respectively, 72 h post-transfection (Fig. 2A). Simi-
lar upregulation of SREBP-Ic, DGAT2, FAS, and ACCI1
genes was achieved by miR-122, whereas miR-29a, miR-
30C, miR-125b, miR-219, miR-200a, miR-483, and let7a
did not affect the expression of the lipogenic genes (sup-
plementary Fig. IIA-D,F). Transfection experiments in
HepG2 cells also showed that miR-370 and miR-122 up-
regulated 3.2- and 3-fold, respectively, the expression of
LXRa (supplementary Fig. ITIA).

Silencing miR-370 with antisense miR-370 in HepG2
cells reduced SREBP-1c and DGAT2 mRNA levels 24 h
post-transfection (35% and 46% reduction, respec-
tively) (Fig. 2B). Antisense miR-370 did not affect FAS
or ACC1 mRNA levels 24 h post-transfection; however,
it caused a time-dependent decrease of these mRNA lev-
els over 24-48 h and a further slow decrease over 48-72
h post-transfection. Antisense miR-370 reduced the
mRNA levels of FAS by 26% and 36% and those of ACC1
43% and 52%, respectively, 48 h and 72 h post-transfec-
tion, respectively. The kinetics of induction or inhibi-
tion of the lipogenic genes by sense or antisense miR-370
indicate that SREBP-1c and DGAT?2 are early respond-
ers to miR-370 treatment (regulated within 24 h post-
transfection), while FAS and ACC1 are late responders
(regulated 24-72 h post-transfection). Similar time-
dependent reduction of SREBP-1c, DGAT2, ACC1, and
FAS expression were obtained by antisense miR-122
treatment of HepG2 cells (supplementary Fig. IIE).

miR-370 and miR-122 induce lipogenic genes 1515
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Fig. 1. Effect of dn-cJun on the hepatic lipid metabolism and miR gene expression in apoE7/7

®dn-c-jun
E

DGAT2 ACC1 CPT1A

mice. A:

miR changes detected by analysis of a microRNA TaqMan array using hepatic RNA obtained from five
dn-cJun-treated mice vs. five control mice. B: Validation of the miR data by real-time SYBR Green PCR assay.
C: Real-time PCR analysis of genes involved in fatty acid and triglyceride biosynthesis and catabolism in the
liver of dn-cJun-treated vs. control mice. Statistically significant changes in gene expression levels between
control and dn-cJun treated mice are indicated by asterisks, P < 0.005. ACCI, acyl-CoA carboxylase 1; dn-cJun,
dominant negative cJun; Cptla, carnitine palmitoyl transferase la; DGAT2, diacylglycerol acyltransferase-2;
miR, microRNA; SREBP-1c, sterol-regulatory element binding protein 1c.

Combined inhibition by both antisense miR-370 and an-
tisense miR-122 had a greater effect in the reduction of
SREBP-1c (84%), DGAT2 (71%), FAS (65%), and ACC1
(62%) mRNA levels 72 h post-transfection (Fig. 2C).
This treatment did not affect the expression apoE and
apoA-I genes (Fig. 2C and supplementary Fig. IIIB). To
validate the specificity of miR-370, we treated HepG2
cells with antisense miR-145. This treatment did not
affect the expression of SREBP-1 or the genes associ-
ated with fatty acid and triglyceride biosynthesis
(Fig. 2D).

miR-370 and miR-122 affect FAS and ACC-1 expression
via modulation of SREBP-1c and DGAT?2 expression

Our results strongly suggest that miR-370 regulates
SREBP-1c, DGATZ2, FAS, and ACC1 mRNA levels. How-
ever, the exact molecular pathway was not delineated. To
address this question, we performed real-time PCR anal-
ysis following treatment of HepG2 cells with miR-370 in
the presence of siRNA for SREBP-1c, DGATZ2, or both.
The miR-370 treatment alone or in the presence of
scrambled siRNA increased FAS and ACC1 mRNA levels
approximately 3-fold (Fig. 3A, columns 2, 3). siRNA-
mediated inhibition of SREBP-1c (Fig. 3A, column 4) or
DGAT? (Fig. 3A, column 5) reduced the miR-370-medi-
ated increase in expression of FAS by 34% and 23%, re-
spectively, and of ACC1 by 45% and 28%, respectively.
Combined inhibition of SREBP-1c and DGAT2 by the

1516 Journal of Lipid Research Volume 51, 2010

corresponding siRNAs, reduced the miR-370-mediated
increase of FAS by 47% and ACC1 by 44%, respectively
(Fig. 3A, compare columns 2, 6). Similar results were ob-
tained by treatment of HepG2 cells with miR-122 in the
presence of siRNA for SREBP-1¢, DGATZ2, or both (sup-
plementary Fig. I11G).

Control experiments showed that treatment of HepG2
cells with SREBP-1c siRNA downregulated SREBP-1c
mRNA levels by 81% and 91% at 24 h and 72 h, respec-
tively, and resulted in 55% and 45% decrease in the
mRNA levels of FAS and ACC1 72 h post-transfection (Fig.
3B). Western blot analysis revealed a strong reduction
of SREBP-1c, FAS, and ACC1 protein levels 72 h post-trans-
fection (Fig. 3C). Similar experiments showed that treat-
ment of HepG2 cells with DGATZ2 siRNA downregulated
DGAT2 mRNA levels by 95% and 100% at 24 h and 72 h,
respectively, and resulted in 55% and 50% decrease in
the mRNA levels of FAS and ACC1 72 h post-transfec-
tion (Fig. 3D). Western blot analysis revealed absence of
DGAT?2 and strong reduction of FAS and ACC1 protein
levels 72 h post-transfection (Fig. 3E) (58). The com-
bined data (Figs. 2A-D; 3A-E) suggest that the effect of
miR-370 on the lipogenic genes are manifested by up-
regulation of SREBP-1c and DGAT-2. The increase in
SREBP-1c directly upregulates the expression of FAS and
ACCI1 by binding to their SREs (59, 60), whereas the
increase in DGAT-2 appears to upregulate these genes
indirectly (61).
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Fig. 2. Modulation of expression of SREBP-1c and genes involved in fatty acid and triglyceride biosynthesis by miR-370 and miR-122 in
HepG2 cells. Real-time PCR analysis of SREBP-1¢, FAS, ACC1, and DGAT? after treatment of HepG2 cells with miR-370 at 0, 12, 24, 48, and
72 h post-transfection. Increases in gene expression at all time points were statistically significant (P < 0.005) A: Real-time PCR analysis of
SREBP-1c, FAS, ACC1, and DGAT? after liposomal transfection (50 nM) in HepG2 cells with anti-sense oligonucleotides for inhibition of
(B) miR-370; (C) miR-122 and miR-370; and (D) miR-145 (as a control). Statistically significant changes in gene expression at different
time points in panels B and C are indicated by * P < 0.005. The symbol + in panels A-C indicates that the difference between 48 h and
72 h post-transfection in FAS and ACC1 mRNA levels were statistically significant (P < 0.05). The difference observed in the expression of
FAS and ACCI between single antisense microRNA (B) or combination of both antisense microRNAs (C) is statistically significant (P <
0.05). There is no statistically significant difference (P> 0.1) in FAS and ACC1 expression levels in as-miR-145 treated HepG2 cells.
ACCI, acyl-CoA carboxylase 1; dn-cJun, dominant negative cJun; Cptla, carnitine palmitoyl transferase 1a; DGAT2, diacylglycerol acyl-

transferase-2; miR, microRNA; SREBP-1c, sterol-regulatory element binding protein lc.

miR-370 induces the lipogenic genes indirectly by
upregulating miR-122

The relationship between miR-370 and miR-122 was
investigated in two sets of experiments. Transfection of
HepG2 cells with miR-370 upregulated the expression of
miR-122 3.1-, 3.5-, and 3.9-fold at 24, 48, and 72 h post-
transfection, respectively, compared with untransfected or
control transfected cells (Fig. 4A). The complementary ex-
periment showed that transfection of HepG2 cells with
antisense miR-370 decreased miR-122 levels by 45%, 60%,
and 65% at 24, 48 h, and 72 post-transfection, respectively,
relative to the controls (Fig. 4A). This finding prompted us
to investigate whether the effect of miR-370 on the activa-
tion of the lipogenic genes was direct or indirect. Cotrans-
fection of HepG2 cells with miR-370 and antisense miR-122
abolished the miR-370-mediated increase of SREBP-1c
and reduced by 70-80% the miR-122-mediated activation
of FAS, ACC1, and DGAT-2 (Fig. 4B). This finding indi-
cates that miR-370 activates lipogenic genes indirectly via
miR-122.

Bioinformatic and molecular analysis revealed that
miR-370 regulates directly Cptla expression levels

Using the ENSEMBL database, we identified comple-
mentary binding sites for miR-122a and miR-370 on chro-
mosomes 18 and 14, respectively (supplementary Fig. IV).
Furthermore, to identify whether miR-122 and miR-370
directly regulate expression of genes for lipid metabolism,
we searched for their direct targets using TargetScan and

RNA22 miR gene target prediction programs. This analy-
sis identified five genes that may be direct targets of miR-
122, but none of them were related to lipid metabolism
(35, 62). On the other hand, we found that miR-370 has
complementarity with the 3" UTR of Cptla (Fig. 5A). To
confirm the direct interaction between miR-370 and the
predicted binding site on the 3" UTR of the Cptla gene,
we cotransfected HepG2 cells with a luciferase-containing
construct driven by the SV40 promoter and linked to the
3" UTR of Cptla and miR-370. This treatment decreased
the activity of the luciferase promoter construct by 60%
compared with a scrambled miR control (Fig. 5B). These
data strongly suggest that Cptla is a direct target of
miR-370.

We further tested the effect of miR-370 on the expres-
sion of Cptla in HepG2 cells. Transfection of HepG2 cells
with miR-370 reduced by 62% Cptla mRNA levels 48 h
post-transfection (Fig. 5C). A similar treatment of HepG2
cells with miR-122 showed a 26% reduction in Cptla
mRNA 48 h post-transfection (Fig. 5C). These findings are
consistent with the real-time PCR analysis of the hepatic
RNA of apoE_/ " mice treated with Ad-dn-cJun, which
showed an upregulation of both miR-370 and miR-122
(Fig. 1B). These analyses also indicated a significant de-
crease (40%) of Cptla mRNA levels compared with con-
trol mice treated with Ad-GFP (Fig. 1C). To assess
functional consequences of the miR-370-driven downreg-
ulation of Cptla mRNA levels, we determined the rate
of B oxidation of 14C—palmitate following transfection of
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Fig. 3. Regulation of SREBP-1c and DGAT2 by miR-370 precedes the regulation of FAS and ACC1 genes.
A: Real-time PCR analysis of FAS and ACC1 genes after treatment with miR-370 and downregulation of
SREBP-1c or DGAT? or both by treatment with the corresponding siRNA (50 nM) for 48 h. Asterisks indicate
statistical significance for both FAS and ACC1 expression levels between untreated and miR-370-treated
cells (P<0.005) as well as miR-370/siscrambled—treated and siSREBP-1¢/siDGAT2-treated cells. There is no
statistical significance between miR-370 and miR-370/siscrambled-treated cells. B: Real-time PCR analysis of
SREBP-1c, FAS, and ACCI genes after treatment of HepG2 cells with siRNA against SREBP-1c (50 nM) for
48 h. C: Western blot analysis of FAS and ACC1 proteins after treatment of HepG2 cells with siRNA against
SREBP-1c (50 nM) for 48 h. D: Real-time PCR analysis of FAS and ACC1 genes after treatment of HepG2 cells
with siRNA against DGAT2 (50 nM) for 48 h. E: Western blot analysis of FAS and ACC1 proteins after treat-
ment of HepG2 cells with siRNA against DGAT2 (50 nM) for 48 h. GAPDH protein levels were used as con-
trolin both panels C and E. ACC1, acyl-CoA carboxylase 1; dn-cJun, dominant negative cJun; Cptla, carnitine
palmitoyl transferase la; DGATZ2, diacylglycerol acyltransferase-2; miR, microRNA; SREBP-1c, sterol-regulatory
element binding protein lc.

HepG2 cells with miR-370. This analysis showed that
miR-370 reduced the B oxidation capacity of the cells by
40% (Fig. 5D). Overall, the data of Fig. 5A-D indicate that
miR-370 directly downregulates Cptla, which controls the
rate-limiting step in fatty acid B oxidation.

Correlation between miR-370 and miR-122 levels and
hepatic triglyceride accumulation in C57BL/6 mice

Infection of ApoE’/’ mice with 2 x 10 pfu of adenovi-
rus expressing the dn-cJun resulted in a 3.34- and 2.21-

1518 Journal of Lipid Research Volume 51, 2010

fold increase in miR-122 and miR-370 levels, respectively
(Fig. 1B). Hepatic lipid analysis showed that this treat-
ment of C57BL/6 mice with Ad-dn-cJun also led to a
2.1- and 1.25-fold increase in hepatic triglyceride and
cholesterol levels, respectively (Fig. 6A, B). This treatment
also led to a 3.34- and 2.21-fold increase in miR-122
and miR-370 levels, respectively (Fig. 1B). We explored
whether other stress conditions that increase hepatic
lipid accumulation are associated with alterations in he-
patic miR-122 and miR-370 levels. Feeding C57BL/6
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mice with 60% fat diet for 2, 5, or 8 weeks caused
approximately 2.5- and 3-fold increase in hepatic triglyc-
eride and cholesterol levels, respectively, in the 8th week
of dietary treatment and smaller but statistically signifi-
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cant increases in the 2nd and 5Hth week of treatment
(Fig. 6C, D). The increased hepatic lipid levels were as-
sociated with a progressive 3.6- to 4.9-fold increase in
miR-122 expression on the 2nd, 5th and 8th week of the
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Fig. 5. Effect of miR-370 on Cptla expression in HepG2 cells. A: Target sequence in the 3" UTR of Cptla for miR-370. B: Effect of miR-
370 on the activity of the SV40 luciferase construct linked to the 3" UTR of Cptla. C: Cptla mRNA levels assessed by real-time PCR analysis
24 h and 48 h post-transfection of HepG2 cells with 50 nM miR-370 or miR-122. D: Fatty acid B oxidation levels following transfection of
HepG2 cells with 50 wM of miR-370. Statistically significant differences relative to the controls are indicated by asterisks in panels B, C, and
D. ACC1, acyl-CoA carboxylase 1; dn-cJun, dominant negative cJun; Cptla, carnitine palmitoyl transferase la; DGATZ2, diacylglycerol
acyltransferase-2; miR, microRNA; SREBP-1c, sterol-regulatory element binding protein 1c¢; UTR, untranslated region.
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Fig. 6. Correlation of hepatic lipid levels with the levels of miR-122 and miR-370 in C57BL/6 mice. A, B: Effect of dn-cJun on the hepatic
triglyceride (A) and cholesterol (B) levels, 4 days postinfection with adenoviruses expressing dn-cJun or GFP. C, D: Effect of 2-, 5-, and
8-week high-fat diet on the hepatic triglyceride (C) and cholesterol (D) levels of C57BL/6 mice. (E and F) Effect of 2-, 5-, and 8-week high-
fat diets on the hepatic miR-122 (E) and miR-370 (F) levels of C57BL/6 mice. Statistically significant differences relative to the control are
indicated by asterisks in panels A-E. G: Strength of miR-gene and gene-gene interactions related with the pathways of fatty acid triglyceride
biosynthesis and catabolism. The figure depicts the interaction between miR-122 and miR-370 with their downstream targets. Both miRs
indirectly affect initially SREBP-1¢ and DGAT?2. In addition, miR-370 directly and miR-122 indirectly target Cptla gene expression. Down-
stream of the network, SREBP-1c directly and DGAT?2 indirectly modulate the expression of FAS and ACC1 mRNA and protein levels.
These changes result in increased fatty acid and triglyceride biosynthesis and decreased fatty acid catabolism and are expected to cause
hepatic triglyceride accumulation. The line thickness indicates the strength of the correlation. A single arrow indicates direct interaction,
while multiple arrows indicate indirect interaction. ACCI, acyl-CoA carboxylase 1; dn-cJun, dominant negative cJun; Cptla, carnitine
palmitoyl transferase 1oa; DGAT?Z, diacylglycerol acyltransferase-2; miR, microRNA; SREBP-1c, sterol-regulatory element binding protein 1c;

UTR, untranslated region.

diet, but it had no effect regarding miR-370 expression
(Fig. 6E, F).

A putative mechanism regarding the effect of miR-370
and miR-122 on the regulation of the lipogenic genes and
Cptla that is consistent with hepatic triglyceride accumu-
lation is presented in Fig. 6G and discussed further below.

DISCUSSION

The initial experiments, which employed an unbiased
screening method, showed that miR-370 and miR-122 were
upregulated in mice treated with dn-cJun and that these
changes were associated with upregulation of SREBP-1c¢
and other hepatic genes of fatty acid and triglyceride bio-
synthesis. Previous studies showed that the transcriptional
regulator SREBP-1c increases the transcription of genes of
fatty acid biosynthesis, whereas SREBP-2 regulates the
genes of cholesterol biosynthesis (59).

1520 Journal of Lipid Research Volume 51, 2010

The question whether there was a causative relationship
between the expression of miR-370 and miR-122 and the
expression of the genes involved in fatty acid and triglycer-
ide biosynthesis was addressed by a series of experiments
in HepG2 cells. These analyses established that miR-370
and miR-122 upregulated SREBP-1c and the genes in-
volved in fatty acid and triglyceride biosynthesis. Silencing
with anti-miR-370 or anti-miR-122 (or both) led to propor-
tionate downregulation of SREBP-1c, as well as the genes
involved in fatty acid and triglyceride biosynthesis.

The kinetics of induction or inhibition of expression of
the lipogenic genes by sense or antisense miR-370 and
miR-122 showed that the induction or inhibition of SREBP-
lc and DGAT?2 expression precedes that of FAS and ACCI.
Furthermore, the expression levels of ACC1 and FAS ap-
pear to depend on the levels of SREBP-1c and DGAT2.
Thus, silencing of SREBP-1c or DGAT?2 by siRNA inhibited
the miR-370- and miR-122-mediated upregulation of
ACCI and FAS.
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A significant, novel finding uncovered by our studies is
that miR-370 upregulates the expression of miR-122 and
that the effect of miR-370 on the upregulation of the lipo-
genic genes in HepG2 cells is greatly reduced by treatment
with antisense miR-122.

Knowing that miRs are negative regulators of gene ex-
pression, the effects of miR-370 and miR-122 on their
downstream targets is expected to involve an initial down-
regulation of one or more direct target genes. In most
cases, this will be followed by a cascade of up- or down-
regulation of downstream target genes encoding for tran-
scription factors and other proteins (20).

On the basis of these considerations, we propose the pu-
tative action mechanism of miR-370 and miR-122 on the
expression of lipid metabolism genes shown in Fig. 6G.
Intra- or extracellular stimuli upregulate the expression of
miR-122 or miR-370 (or both) through intermediate steps
depicted by arrows. Activation of miR-370 alone activates
miR-122. Early indirect targets of miR-122 are SREBP-1c
and DGAT?2. At present, the intermediate steps in the sig-
naling cascade that lead to the upregulation of SREBP-1c¢
and DGAT?2 by miR-370 and/or miR-122 are not known.
LXRa, which is significantly upregulated by miR-122 and
regulates SREBP-1c expression, may be involved in the
process (59, 63, 64). This study also establishes a direct
involvement of miR-370 in the regulation of the gene en-
coding Cptla, which controls 8 oxidation (65).

Computational analysis revealed complementarity be-
tween miR-370 sequence and the 3’ UTR region of Cptla.
The functional interaction between miR-370 and the 3’
UTR region of Cptla was validated experimentally by
downregulation of the activity of promoter luciferase con-
struct linked to the 3" UTR of Cptla. The inhibitory effect
of miR-370 was confirmed by transfection of HepG2 cells
with miR-370, which resulted in decreased Cptla expres-
sion and rate of 3 oxidation. Transfection experiments in
HepG2 cells showed that miR-122 also downregulated by
26% the gene expression of Cptla 48 h post-transfection.
As Cptla is not a direct target of miR-122, the observed
effect must be indirect. The decrease in 3 oxidation, com-
bined with the observed activation of SREBP-1c¢ and
DGAT?Z, is expected to lead to increased cellular storage of
lipids. A previous study also showed that inhibition of
Cptla by tetradecylglycidic acid (TGDA) caused hepatic
triglyceride accumulation and led to steatosis (66).

The association between upregulation of miR-370 and
miR-122 and/or hepatic lipid accumulation in vivo was
demonstrated in two different ways. The first was adenovi-
rus-mediated gene transfer of dn-Jun into mice that in-
duced both miR-370 and miR-122 and caused hepatic lipid
accumulation. The second was feeding experiments of
mice with a high-fat diet for 2, 5, or 8 weeks. This treat-
ment increased hepatic lipid accumulation and was associ-
ated with increased levels of miR-122 but not of miR-370.
Others have also reported that fat feeding in rats increased
miR-122 expression by 2.1- and 2.9-fold over a 4- and 12-
week period, respectively (67). Thus, although the two
treatments altered miR levels, their effects were different.
It is possible that in mice treated with the dn-cJun, signal-

ing pathways upregulate miR-370, which then upregulates
miR-122. Alternatively both miRs may be activated inde-
pendently. With fat feeding, upregulation of miR-122 is
independent of miR-370 and may originate from a differ-
ent signaling pathway. In this case, miR-122 induction by
the high-fat diet may be required to promote lipogenesis
via upregulation of SREBP-1c, DGAT-2, FAS, and ACCI.
On the other hand, the lack of induction of miR-370 will
not impede 3 oxidation and will facilitate catabolism of
the fatty acids that are abundant in the high-fat diet. Fu-
ture studies involving liposome-mediated or adenovirus-
mediated transfer of miR-122 and miR-370 to the liver, in
combination with microarray analysis, may reveal the sig-
naling mechanisms linked to these miRs that lead to he-
patic lipid accumulation.

Our findings, reported in the supplementary material, on
the effects of sense or antisense miR-122 on hepatic lipogen-
esis are complementary to those reported previously using
antisense miR-122 in HepG2 cells (35). This treatment re-
sulted in downregulation of the genes involved in fatty acid
synthesis, increased  oxidation, and phosphorylation of
AMP-activated protein kinase a1 (AMPKal), which increases
B oxidation (35, 68, 69). Antisense miR-122 treatment also
moderately decreased plasma lipid levels in normal and cho-
lesterol-fed mice and reversed hepatic steatosis (35).

At variance with the findings of Esau et al. (35) and our
data, a recently published study suggested that nonalco-
holic steatosis in humans was associated with decreased
levels of miR-122 (36). The miR-122 was underexpressed
by 20% based on microarray data and by 63% based on
qRT-PCR data (36). The control group, however, con-
sisted of individuals who were diagnosed with clinical fea-
tures of metabolic syndrome. The same study also indicated
that treatment of HepG2 with either sense or antisense
miR-122 transiently increased and then decreased the
SREBP-1c mRNA levels and gradually decreased FAS ex-
pression (36). Several previous miR studies showed that
overexpression of sense or antisense miR has opposite ef-
fects on the expression of the target genes.

CONCLUSION

Our study provides novel data on the role of miR-370 in
the upregulation of miR-122, which ultimately controls
the expression of lipogenic genes, and the direct role of
miR-370 on the inhibition of Cptla, which controls B oxi-
dation. The data suggest a putative molecular mechanism
linking miR-370 and miR-122 with hepatic triglyceride ac-
cumulation that can be explored in future studies B

The authors thank Anne Plunkett for preparing the manuscript.
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