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MicroRNAs (miRNAs) post-transcriptionally regulate gene
expression by targeting mRNAs and control a wide range
of biological functions. Recent studies have indicated that
miRNAs can regulate lipid and cholesterol metabolism in
mammals. Acyl-coenzyme A:cholesterol acyltransferase
(ACAT) is a key enzyme in cellular cholesterol metabolism.
The accumulated cholesteryl esters are mainly synthesized
by ACAT1 during the formation of foam cell, a hallmark of
early atherosclerotic lesions. Here, we revealed that miR-9
could target the 30-untranslated region of human ACAT1

mRNA, specifically reduce human ACAT1 or reporter
firefly luciferase (Fluc) proteins but not their mRNAs in dif-
ferent human cell lines, and functionally decrease the forma-
tion of foam cells from THP-1-derived macrophages. Our
findings suggest that miR-9 might be an important regulator
in cellular cholesterol homeostasis and decrease the forma-
tion of foam cells in vivo by reducing ACAT1 proteins.
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Introduction

Acyl-coenzyme A:cholesterol acyltransferase (ACAT) also
known as sterol O-acyltransferase, consists of two different
enzymes (ACAT1 and ACAT2). ACAT catalyzes the forma-
tion of cholesteryl esters (CEs) from cholesterol and long-
chain fatty acyl-coenzyme A and plays important roles in
cellular cholesterol homeostasis [1,2]. Human ACAT1 cDNA
K1 is identified by the functional complementation of
mutant Chinese hamster ovary (CHO) cells lacking ACAT
activity [3]. It is 4011 bp in length, contains an open reading
frame (ORF) of 1650 bp, encodes a protein of 550 amino
acids, and has an optional long 50-untranslated region

(50-UTR) of 1396 bp in length. Its genomic DNA contains
18 exons (exons Xa, Xb, and 1–16); exons 1–16 are located
on chromosome 1, whereas exon Xa (1279 bp) is located on
chromosome 7 [4]. The origin of mini-exon Xb, which is
10 bp long, is still unclear at present. Northern blot analysis
has revealed the presence of four ACAT1 transcripts (7.0,
4.3, 3.6, and 2.8 kb) in all of the examined human tissue
cells and cell lines. Surprisingly, the 4.3-kb ACAT1 mRNA
contains sequences from both chromosomes 1 and 7, indicat-
ing that it is produced from two different chromosomes, pre-
sumably by an interchromosomal trans-splicing event [4].

The chimeric 4.3-kb ACAT1 mRNA can produce two
ACAT1 isoforms (50 kD and 56 kD) [5,6]. Within the op-
tional long 50-UTR, the secondary RNA structure (nt 1355–
1384) is able to enhance the selection of the downstream
AUG1397 – 1399 as an initiation codon to produce the 50-kD
isoform [7], whereas the two upstream secondary RNA
structures (nt 1255–1268 and 1286–1342), transcribed, re-
spectively, from two different chromosomes, are required for
producing the 56-kD isoform [6]. Moreover, the optional
long 50-UTR of human ACAT1 mRNAs impairs the produc-
tion of ACAT1 protein by promoting its mRNA decay [8].
Up to now, no report has focused on the ACAT1 mRNA
30-UTR, which is 934 bp in length and locates in exon 16.

Atherosclerosis and its complications, coronary heart
disease, and stroke, constitute the most common cause of
mortality, and have become the pre-eminent health problem
worldwide during the last decade [9]. Atherosclerosis is a
progressive disease characterized by the accumulation of
cholesterol and fibrous elements in larger arteries, and is
also considered to be a chronic inflammation process [10–
13]. The formation of macrophage-derived foam cells that
contain massive amounts of CEs becomes a hallmark of
early stage of atherosclerotic lesions [10–13]. In macro-
phages present in human atherosclerotic lesions, a close con-
nection between the foam cell appearance and the ACAT1
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protein expression has been demonstrated [1,14]. For in-
stance, the clinical treatment with dexamethasone increases
the incidence of atherosclerosis, which may in part be due to
enhancing the ACAT1 expression and promoting the accumu-
lation of CEs during the macrophage-derived foam cell for-
mation [15]. Besides, tumor necrosis factor alpha specifically
enhances the expression of human ACAT1 gene through the
nuclear factor-kappa B pathway to promote the CE-laden cell
formation from the differentiating monocytes [16]. For the
reason that ACAT1 is intensively involved in the development
of atherosclerosis, ACAT1 has been considered as a drug
target for treatment of atherosclerosis [17].

MicroRNAs (miRNAs) are small, non-coding 20–24 nt
RNAs that regulate gene expression primarily by binding with
an imperfect complementarity to the 30-UTR of target mRNAs
[18–20], leading to translational repression through mRNA
degradation and/or translational inhibition [21]. The sequence
complementarity between the 6–8 bp seed region of the
miRNA and its binding site on the target RNA seems to
determine the specificity of miRNA–RNA interactions [22].
miRNAs have emerged as important modulators in multiple
normal and disease-related biological processes, including
homeostasis [18,20,23,24], oncogenesis [25–27], and cardio-
genesis [28,29]. Recent studies have indicated that miRNAs
can regulate lipid and cholesterol metabolism in mammals.
The overexpression of miR-33 from an sterol regulatory
element-binding protein 2 (SREBP2) intron strongly represses
ATP-binding cassette sub-family A member 1 (ABCA1) ex-
pression at both RNA and protein levels [23,24,30–32], and
decreases cellular cholesterol efflux to apolipoprotein A-I, a
key step in regulating reverse cholesterol transport [33].
MiR-122 inhibition by antisense oligonucleotides in mice
results in the increase of hepatic fatty acid oxidation and the
decrease of cholesterol synthesis [33,34]. At present, the effect
of miRNAs on the expression of ACAT1, the exclusive
enzyme for intracellular CE synthesis, has no report yet.

In this study, we revealed that miR-9 could target 30-UTR
of human ACAT1 mRNA, specifically reduce human
ACAT1 or reporter Fluc proteins but not their mRNAs in dif-
ferent human cell lines, and functionally decrease the forma-
tion of foam cells from THP-1-derived macrophages.

Materials and Methods

Prediction of miRNA target
The miRNA targets were predicted using Target Scan
5.1 (http://www.targetscan.org/vert_50/) and PicTar (http://
pictar.mdc-berlin.de/).

Cell culture and transfection
All of the cell lines were maintained in a basal medium as
indicated, supplemented with 10% fetal bovine serum,
100 mg/ml kanamycin, 50 U/ml streptomycin at 378C in a

humid atmosphere of 5% CO2 and 95% air. AC29 cells, the
mutant CHO cell line lacking endogenous ACAT1, were
grown in Ham’s F12 medium (Gibco-BRL, Gaithersburg,
USA). Human cell line SH-SY5Y was grown in a 1 : 1
mixture of Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco-BRL) and Ham’s F12 medium. Human cell line
HEK293T was grown in DMEM medium and human mono-
cyte cell line THP-1 cell was grown in RPMI 1640 medium
(Gibco-BRL) supplemented with 5% lipoprotein-poor
serum. For differentiating into macrophage, THP-1 was cul-
tured with 0.1 mM phorbol 12-myristate 13-acetate (PMA)
(Sigma, St Louis, USA) for 48 h. The THP-1-derived macro-
phage was then incubated with 40 mg/ml oxidized low-
density lipoprotein (oxLDL) for another 48 h without PMA
for foam cell formation. miRNA mimic was transfected into
cells using HiperFect (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions, or were co-transfected with
expression plasmids using Lipofectamine 2000 (Invitrogen,
Carlsbad, USA) according to the manufacturer’s instructions.

Plasmid construction
First, the expression plasmids for human ACAT1 and reporter
Fluc controlled under the human ACAT1 gene 30-UTR contain-
ing wild-type (pACAT1-W1 and pFluc-W1) and mutated
(pACAT1-M1 and pFluc-M1) miR-9 binding sites were con-
structed. Briefly, the ORFs encoding ACAT1 and reporter Fluc
were amplified by polymerase chain reaction (PCR) from plas-
mids pA1F and pGL3-B with primer sets ACAT1-F/ACAT1-R
and Fluc-F/Fluc-R, and inserted into NheI and HindIII sites of
pcDNA3.1(þ) to generate plasmids pACAT1-ORF and pFluc-
W1-ORF, respectively. The 30-UTR of ACAT1 gene was ampli-
fied by PCR from human genomic DNA with primer set
W1-F/W1-R, and inserted into HindIII and BamHI sites of
pACAT1-ORF and pFluc-W1-ORF to generate expression
plasmids pACAT1-W1 and pFluc-W1. The mutated fragments
3UTR-M1-l and -M1-r were amplified by PCR from the amp-
lified 30-UTR of ACAT1 gene with primer sets W1-F/M1-R
and M1-F/W1-R, respectively, and then the fragment 3UTR-
M1 with mutation of miR-9 binding site (50-GGTTTC-30) on
30-UTR of human ACAT1 gene was amplified by PCR from a
mixture of the two purified fragments 3UTR-M1-l and -M1-r
with primer set W1-F/W1-R, and inserted into HindIII and
BamHI sites of pACAT1-W1 and pFluc-W1 to generate ex-
pression plasmids pACAT1-M1 and pFluc-M1, respectively.

Then, the expression plasmids for reporter Fluc controlled
under the human ACAT1 gene 30-UTR containing 3 and
5 tandem wild-type (pFluc-W3 and -W5) and mutated
(pFluc-M3 and -M5) miR-9 binding sites were constructed,
respectively. Briefly, the wild-type (3UTR-W3-l and -W5-l)
and mutated (3UTR-M3-l and -M5-l) fragments were ampli-
fied by PCR from the amplified 30-UTR of ACAT1 gene with
primer sets W1-F/W3-R1, W1-F/W5-R1, W1-F/M3-R2, and
W1-F/M5-R2, and inserted into HindIII and NheI sites of
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pRluc-CMV to generate plasmids p3UTR-W3-l, -W5-l,
-M3-l, and -M5-l, respectively. The fragments 3UTR-W-m
and -M-m were annealed from complementary oligomer sets
W-F1/W-R3 and M-F2/M-R4, and inserted into NheI and
XbaI sites of p3UTR-W3-l, -W5-l, -M3-l, and -M5-l to gener-
ate plasmids p3UTR-W3-lm, -W5-lm, -M3-lm, and -M5-lm,
respectively. The wild-type (3UTR-W3-r and -W5-r) and
mutated (3UTR-M3-r and -M5-r) fragments were amplified
by PCR from the amplified 30-UTR of the ACAT1 gene with
primer sets W3-F3/W1-R, W5-F3/W1-R, M3-F4/W1-R, and
M5-F4/W1-R, and inserted into XbaI and BamHI sites of
p3UTR-W3-lm, -W5-lm, -M3-lm, and -M5-lm to generate
plasmids p3UTR-W3-lmr, -W5-lmr, -M3-lmr, and -M5-lmr,
respectively. The fragments 3UTR-W3-lmr, -W5-lmr,
-M3-lmr, and -M5-lmr were obtained by digestion of plas-
mids p3UTR-W3-lmr, -W5-lmr, -M3-lmr, and -M5-lmr with
HindIII and BamHI, and were inserted into HindIII and
BamHI sites of pFluc-W1 or pFluc-M1 to generate expression
plasmids pFluc-W3, -W5, -M3, and -M5, respectively. The
primers used for plasmids construction were listed in Table 1.

All of the constructed plasmids were confirmed by restric-
tion enzyme digestion and DNA sequencing.

Luciferase assay
Cells were co-transfected with 100 ng reporter luciferase
(Firefly luciferase, Fluc) expression plasmids, 10 ng internal

control expression plasmid pRluc-CMV (Renilla luciferase,
Rluc) plus 50 nM miR-9 mimic or mock miR by Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol.
Forty-eight hours after transfection, the cells were harvested,
and the Fluc and Rluc activities were determined using the
Dual-Glo Luciferase Assay System (Promega, Madison, USA).
The relative reporter Fluc activities were obtained by normaliz-
ing the reporter Fluc activities to Rluc activities, and the relative
reporter Fluc activities of cells with mock miR transfection were
set equal to 1.0 (fold).

RNA isolation, reverse-transcribed-PCR, and
quantitative reverse-transcribed-PCR
For miR-9 determination, small RNAs (,200 nt) were pre-
pared from cultured cells by using MirVanaTM miRNA
Isolation Kit (Ambion, Austin, USA), and reverse-transcribed
(RT) using miR-9 specific RT primer. The quantity of miR-9
was determined by quantitative reverse transcribed-PCR
(qRT-PCR) using TaqMan MicroRNA Assay Kit (Applied
Biosystems, Foster City, USA) in accordance with the manu-
facturer’s instructions, with U6 small nuclear RNA as an in-
ternal control. For pri-miR-9s determination, total RNAs were
prepared using Trizol (Invitrogen) according to the manufac-
turer’s instructions, and were RT using random primer
(Invitrogen). The quantities of three pri-miR-9s were deter-
mined by qRT-PCR. For other mRNA determination, total

Table 1 Primers used for plasmids construction

Primer Primer sequence Restriction enzyme sites

ACAT1-F 50-AAAGCTAGCGAGAGCTTCCCGGAGTCGA-30 NheI

ACAT1-R 50-AAGTCCAAGCTTCTAAAACACGTAA-30 HindIII

Fluc-F 50-CTAGCTAGCATGGAAGACGCCAAAAACAT-30 NheI

Fluc-R 50-CCCAAGCTTTTACACGGCGATCTTTCC-30 HindIII

W1-F 50-TAGAAGCTTGGACTTTGTTTCCTCC-30 HindIII

W1-R 50-AAAGGATCCTCAAGAGAAGTCAATATTTATTAGAC-30 BamHI

M1-F 50-GAAAGAAAATGTCTGTTTTGGTTTCATAATGTTATACATCCTA-30 –

M1-R 50-TAGGATGTATAACATTATGAAACCAAAACAGACATTTTCTTTC-30 –

W3-R1 50-AAAGCTAGCTCTTTGGAAAACAGACATTTTCT-30 NheI

W5-R1 50-AAAGCTAGCTCTTTGGAAAACAGACATTTTCTTCTTTGGAAAACAGACATTTTCT-30 NheI

M3-R2 50-AAAGCTAGCTGAAACCAAAACAGACATTTTCT-30 NheI

M5-R2 50-AAAGCTAGCTGAAACCAAAACAGACATTTTCTTGAAACCAAAACAGACATTTTCT-30 NheI

W-F1 50-AAAGCTAGCAGAAAATGTCTGTTTTCCAAAGATCTAGAAAA-30 NheIþXbaI

W-R3 50-TTTTCTAGATCTTTGGAAAACAGACATTTTCTGCTAGCTTT-30 NheIþXbaI

M-F2 50-AAAGCTAGCAGAAAATGTCTGTTTTGGTTTCATCTAGAAAA-30 NheIþXbaI

M-R4 50-TTTTCTAGATGAAACCAAAACAGACATTTTCTGCTAGCTTT-30 NheIþXbaI

W3-F3 50-AAATCTAGAAGAAAATGTCTGTTTTCCAAAGA-30 XbaI

W5-F3 50-AAATCTAGAAGAAAATGTCTGTTTTCCAAAGAAGAAAATGTCTGTTTTCCAAAGA-30 XbaI

M3-F4 50-AAATCTAGAAGAAAATGTCTGTTTTGGTTTCA-30 XbaI

M5-F4 50-AAATCTAGAAGAAAATGTCTGTTTTGGTTTCAAGAAAATGTCTGTTTTGGTTTCA-30 XbaI

The mutated nucleotides were underlined.
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RNAs were prepared using Trizol (Invitrogen), followed by
removal of residual DNA using DNase I (Promega), and were
RT using oligo (dT)18. The quantities of ACAT1, Fluc,
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNAs were determined by qRT-PCR using SYBR Green
qPCR Master Mix or by PCR and following agarose gel elec-
trophoresis. qRT-PCR and data collection were performed on
an Mx3005PTM instrument (Stratagene, La Jolla, USA). The
primers used for amplification of pri-miR-9, ACAT1, Fluc,
and GAPDH cDNAs were listed in Table 2. PCR condition
was 958C for 5 min to activate the DNA polymerase, then 40
cycles of 958C for 30 s, 608C for 30 s, and 728C for 30 s. The
melting curves of the PCR products were acquired by a step-
wise increase in the temperature from 60 to 958C after PCR
amplification, and the fluorescence was measured with every
18C increase. The relative ACAT1 mRNA was obtained by
normalizing ACAT1 mRNA to GAPDH mRNA, and the rela-
tive ACAT1 mRNA in cells with mock miR transfection was
set equal to 1.0 (fold).

Western blot analysis
Cells were lysed with radioimmunoprecipitation assay lysis
buffer [35] containing protease inhibitor mixture (Sigma),
and protein concentrations were then determined using the
BCA protein assay kit (Bio-Rad, Hercules, USA). Cell
lysates were subjected to sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis for western blot analysis according
to a method described previously [16]. After gel separation,
the proteins were transferred to nitrocellulose membranes.
The membranes were treated at room temperature with 5%
milk in tris-buffered saline tween-20 (TBST) (50 mM Tris–
HCl, pH 7.6, 0.15 M NaCl, and 0.05% Tween-20) for 3 h,
and then incubated with anti-ACAT1 antibody (dilution 1 :
1000; Santa Cruz, Santa Cruz, USA), anti-Fluc antibody (di-
lution 1 : 1000; Abcam, Cambridge, UK), or anti-b-actin

antibody (dilution 1 : 10 000; Sigma) for 3 h, respectively.
After incubation with horseradish peroxidase-conjugated
secondary antibodies (Pierce, Rockford, USA) for 1 h, the
membranes were washed extensively with TBST and
Tris-buffered saline (50 mM Tris–HCl, pH 7.6, and 0.15 M
NaCl), respectively. The signals were developed using
enhanced chemiluminescence western blotting detection
reagent (Pierce). The UVP Labwork software (UVP Inc.,
Upland, USA) was used to quantify band intensities. The
ratios of ACAT1 proteins were obtained by normalizing the
contents of ACAT1 proteins to those of b-actin proteins, and
the ratios of ACAT1 proteins expressed in cells with mock
miR transfection were set equal to 1.0 (fold).

Lipid droplet staining
Cells were fixed with 4% formaldehyde for 20 min, rinsed
with water, dipped in 60% isopropanol, and stained with
Oil red O for 15 min to identify lipid droplets containing
CEs. Cell nuclei were then stained in hematoxylin for 3–5
seconds. All of the procedures were performed at room tem-
perature. Lipid droplet accumulation in foam cell was evalu-
ated by Olympus Bx60 microscope and divided into three
grades þ, þþ, and þþþ, each standing for the intracellu-
lar lipid droplet occupying ,1/3, 1/3–2/3, or .2/3 in
cytoplasm [15,16].

Cholesterol assay
Cellular cholesterol contents were determined using Amplex
Red Cholesterol Assay Kit (Molecular Probes/Invitrogen) as
described [36] with slight modification. Briefly, for deter-
mination of cellular total cholesterol (TC) and free choles-
terol (FC), cells were extracted with chloroform/methanol (2
: 1; v/v); the chloroform phase was separated, dried, and dis-
solved in assay reaction buffer (100 mM potassium phos-
phate, pH 7.4, 50 mM NaCl, 5 mM cholic acid, and 0.1%

Table 2 Primers used for qRT-PCR

Gene Primer Primer sequence

ACAT1 ACAT1-q-F 50-GATGAAGGAAGGCTGGTGC-30

ACAT1-q-R 50-GGAAGCTGGTGGCAGTGTAT-30

Fluc Fluc-q-F 50-TCAAAGAGGCGAACTGTGTG-30

Fluc-q-R 50-GGTGTTGGAGCAAGATGGAT-30

GAPDH GAPDH-F 50-ACCCACTCCTCCACCTTTG-30

GAPDH-R 50-CTGTAGCCAAATTCGTTGTCAT-30

pri-miR-9-1 pri-miR-9-1-F 50-CTGTATGAGTGGTGTGGAGTCTTC-30

pri-miR-9-1-R 50-TCTCTCCTCCTCTTGTATCCTCTG-30

pri-miR-9-2 pri-miR-9-2-F 50-GCTGTATGAGTGTATTGGTCTTCA-30

pri-miR-9-2-R 50-CCTGACCTTTCTGGTTTTTACTGT-30

pri-miR-9-3 pri-miR-9-3-F 50-TGTGTCTGTCCATCCCCTCT-30

pri-miR-9-3-R 50-GCACGCAGAAGTTGTGAGAA-30
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Triton X-100). The content of CE was obtained from the dif-
ference of determined TC and FC contents in each sample.
The protein amounts were determined by using protein assay
kit (Bio-Rad).

Statistical analysis
Western blot and cholesterol assay data were shown as
mean+ standard deviation of three independent experiments
performed. (**P , 0.01, *0.01 , P , 0.05, Student’s t-test).

Other methods
Other molecular biology techniques were performed accord-
ing to the methods described by Sambrook et al. [37].

Results

Prediction of miR-9 target to ACAT1 mRNA
and expression analysis
Up to now, the effect of miRNAs on the expression of
ACAT1 has not been reported yet, although many studies
have focused on ACAT1 genes or expression [1–8].
Therefore, we used two different computational algorithms,
TargetScan 5.1 (http://www.targetscan.org/vert_50/) and
PicTar (http://pictar.mdc-berlin.de/) to search the 30-UTR of
human ACAT1 mRNA for miRNA binding sites. Both

algorithms predicted that only miR-9 could target the
30-UTR of human ACAT1 mRNA. The predicted miR-9
binding site is located at the 3555–3577 bp region of human
ACAT1 cDNA K1 [Fig. 1(A)], and are highly conserved on
the 30-UTR of different ACAT1 mRNAs from human, chim-
panzee, rhesus, rat, mouse, dog, cat, and horse [Fig. 1(B)].

In human cells, miR-9 can be matured from three different
miR-9 primary transcripts (pri-miR-9s), which are tran-
scribed by genomic loci on chromosomes 1, 5, and 15, re-
spectively [38]. qRT-PCR indicated that among three
pri-miR-9s, pri-miR-9-2 was highly expressed especially in
THP-1, SH-SY5Y, and SK-N-SH cell lines [Fig. 1(C)],
while pri-miR-9-1 and pri-miR-9-3 were expressed lowly in
all of the human cell lines examined. Also, Caco-2, Huh7,
and HepG2 cell lines presented high levels of miR-9
[Fig. 1(D)]. Moreover, the levels of human ACAT1 mRNAs
in Caco-2, Huh7, and HepG2 cell lines were lower than
those in the other four cell lines examined [Fig. 1(E)]. It
seems that the levels of miR-9 and ACAT1 mRNA in human
cell lines might appear in a negative correlation.

MiR-9 exogenously reduces human ACAT1 protein but
not mRNA
In order to study the effect of miR-9 on the expression of
human ACAT1 gene, we constructed expression plasmids

Figure 1 Prediction of miR-9 binding site on ACAT1 mRNAs and expression analysis (A) Schematic representation of miR-9 binding site on human

ACAT1 cDNA K1. The arrow showed the localization of miR-9 binding site on 30-UTR. White bar, ACAT1 gene ORF; horizontal line, 50- and 30-UTRs. (B)

Prediction of miR-9 binding sites on 30-UTR of ACAT1 mRNAs among various species. The vertical solid lines indicated sequence complementarity

between the seed region of miR-9 and its binding sites on ACAT1 mRNAs, and the vertical dotted lines represented the non-seed region complementarity.

(C–E) qRT-PCR analysis of the expression of pri-miR-9s (C), miR-9 (D), and human ACAT1 mRNAs (E) in THP-1, SH-SY5Y, SK-N-SH, HEK293T,

Caco-2, Huh7, and HepG2 cells. The relative pri-miR-9-2 (C), miR-9 (D), and ACAT1 mRNA (E) in THP-1 cells were set as 1.0 (fold), respectively.
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pACAT1-W1 and pACAT1-M1 with a wild-type (50-CCAA
AG-30) and mutated (50-GGTTTC-30) miR-9 binding site on
30-UTR of the human ACAT1 gene, respectively [Fig. 2(A)].
Then, AC29 cells were transiently co-transfected with
pACAT1-W1 or pACAT1-M1 plus miR-9 mimic or mock
miR. Western blot showed that human ACAT1 protein
reduced to 73% in cells co-transfected with pACAT1-W1
plus miR-9 mimic compared with that in cells co-transfected
with pACAT1-W1 plus mock miR, and no significant
change in cells co-transfected with pACAT1-M1 plus miR-9
mimic [Fig. 2(B)]. However, at the ACAT1 mRNA level, no
significant effect of miR-9 was observed by qRT-PCR
[Fig. 2(C)] or agarose gel electrophoresis of RT-PCR pro-
ducts (data not shown). These results showed that miR-9 ex-
ogenously reduced human ACAT1 protein but not mRNA.

Attenuation of the reporter Fluc protein by tandem
miR-9 binding sites
Next, we constructed a series of expression plasmids for the re-
porter Fluc controlled under the human ACAT1 gene 30-UTR
containing 1, 3, or 5 of tandem wild-type (pFluc-W1, 3, or 5)
and mutated (pFluc-M1, 3, or 5) miR-9 binding sites
[Fig. 3(A)]. Luciferase assays showed that when cells were
co-transfected with plasmids pFluc-M1, 3, or 5 plus miR-9
mimic, the Fluc activities were decreased (to 83%, 59%, or
30% in SH-SY5Y and to 92%, 65%, or 41% in HEK293T)
dependent on the number of tandem miR-9 binding sites
[Fig. 3(B,E)]. Similarly, western blot indicated that miR-9

reduced reporter Fluc proteins to 78%, 51%, or 29% in
SH-SY5Y and to 86%, 50%, or 35% in HEK293T
[Fig. 3(C,F)]. However, the actions disappeared when miR-9
binding sites were mutated (pFluc-M1, 3, or 5) for luciferase
assays [Fig. 3(B,E)] and western blot [Fig. 3(C,F)]. Further
qRT-PCR showed no significant effect of miR-9 on the level
of reporter Fluc mRNAs [Fig. 3(D,G)]. These results demon-
strated that the reporter Fluc was attenuated by tandem miR-9
binding sites on 30-UTR of human ACAT1 mRNA.

MiR-9 reduces endogenous ACAT1 protein in different
human cell lines
Furthermore, to illustrate whether miR-9 could reduce en-
dogenous ACAT1 protein, SH-SY5Y and HEK293T cells
were transfected with miR-9 mimic or mock miR. Western blot
showed that endogenous ACAT1 protein was reduced to 78%
and 67% in SH-SY5Y and HEK293T cells transfected with
miR-9 mimic, respectively, compared with that in cells trans-
fected with mock miR [Fig. 4(A)]. However, at the ACAT1
mRNA level, no significant effect of miR-9 was observed by
qRT-PCR [Fig. 4(B)] or agarose gel electrophoresis of
RT-PCR products (data not shown) in the two human cell
lines. The monocytic THP-1 cells can differentiate into macro-
phage with treatment of PMA, and also the THP-1-derived
macrophages can form foam cells under incubation with
oxLDL. By transfecting miR-9 mimic or mock miR into
THP-1 cells, THP-1-derived macrophages and foam cells,
miR-9 resulted in a decrease of ACAT1 proteins to 56%, 68%,

Figure 2 Effect of miR-9 exogenously on the human ACAT1 expression (A) Schematic representation of expression plasmids pACAT1-W1 and

pACAT1-M1 with wild-type (50-CCAAAG-30) and mutated (50-GGTTTC-30) miR-9 binding site on 30-UTR of human ACAT1 gene, respectively. White bar,

ACAT1 gene ORF; gray bar, 30-UTR of human ACAT1 gene; hollowed circle, wild-type miR-9 binding site; filled circle, and mutated miR-9 binding site.

(B,C) AC29 cells were co-transfected with 2 mg pACAT1-W1 or pACAT1-M1 expression plasmid plus 50 nM miR-9 mimic or mock miR per 60-mm dish.

Forty-eight hours after transfection, the quantities of ACAT1 proteins were determined by western blot (B; top panel) and the band intensities were

quantified by gray scale scan (B; bottom panel), and the quantities of ACAT1 mRNAs were determined by qRT-PCR (C) and RT-PCR analysis (data not

shown). *0.01 , P , 0.05.
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and 74%, respectively [Fig. 4(C)], but no significant effect of
miR-9 on the level of ACAT1 mRNAs [Fig. 4(D)]. These
results indicated that miR-9 reduced endogenous ACAT1 pro-
teins in different human cell lines including THP-1-derived
macrophages and foam cells.

MiR-9 decreases THP-1 macrophage-derived foam
cell formation
Since the foregoing results indicated that miR-9 reduced en-
dogenous ACAT1 protein in THP-1-derived macrophages
and foam cells, we performed lipid droplet staining and

cholesterol assay in detail. The results of lipid droplet stain-
ing displayed that the lipid droplets were obviously reduced
in THP-1-derived macrophages and foam cells with transfec-
tion of miR-9 mimic [Fig. 5(A)]. Then, the percentage of
foam cells stained at the þþ/þþþ grades was evaluated.
Without the oxLDL treatment, almost no formation of foam
cell from THP-1-derived macrophages [Fig. 5(B), lane 1]
was observed, whereas with the oxLDL treatment the per-
centage of foam cells stained at the þþ/þþþ grades was
significantly decreased with transfection of miR-9 mimic
[Fig. 5(B), lane 4]. Furthermore, cholesterol assay showed

Figure 3 Effect of tandem miR-9 binding sites on the reporter Fluc expression (A) Schematic representation of expression plasmids for the reporter

Fluc controlled under the human ACAT1 mRNA 30-UTR containing 1, 3, or 5 of tandem wild-type (pFluc-W1, 3, or 5) and mutated (pFluc-M1, 3, or 5)

miR-9 binding sites. Dotted bar, Fluc gene ORF; gray bar, 30-UTR of human ACAT1 gene; hollowed circle, wild-type miR-9 binding site; filled circle,

mutated miR-9 binding site. (B–G) SH-SY5Y and HEK293T cells were transfected with 200 ng reporter Fluc expression plasmids as depicted in (A), 20 ng

internal control expression plasmid Rluc plus 50 nM miR-9 mimic or mock miR per six-well plate. Forty-eight hours after transfection, the reporter Fluc and

internal control Rluc activities were determined using Dual-Glo Luciferase Assay System (B,E), the quantities of reporter Fluc proteins were determined by

western blot (C,F; top panel) and the band intensities were quantified by gray scale scan (C,F; bottom panel), and the quantities of reporter Fluc mRNAs

were determined by qRT-PCR (D,G). **P , 0.01, *0.01 , P , 0.05.
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that with transfection of miR-9 mimic, the levels of TC and
CE were evidently decreased, but FC was not changed
[Fig. 5(C)]. Significantly, the decreases of CE/TC ratios
were observed in THP-1-derived macrophages and foam
cells with transfection of miR-9 mimic [Fig. 5(D)], which
demonstrated that miR-9 reduced ACAT1 proteins followed
the enzymatic activities which synthesize the CEs of lipid
droplets.

Discussion

In this study, we revealed that miR-9 could target the human
ACAT1 mRNA 30-UTR, which contains a miR-9 binding site
located at the 3555–3577 bp region corresponding to human
ACAT1 cDNA K1 [Fig. 1(A)], and specifically reduced
human ACAT1 or reporter Fluc proteins but not their
mRNAs in different human cell lines (Figs. 2–4). In the be-
ginning, the results showed that the levels of miR-9 and
ACAT1 mRNA in human cell lines may appear in a negative
correlation [Fig. 1(D,E)]. Further studies demonstrated that

miR-9 specifically reduces proteins but not mRNAs
(Figs. 2–4). Hence, the reductive effect of miR-9 observed
is mainly through inhibition of the protein translation, which
is one of two identified independent mechanisms of miRNA
silencing [21]. At present, the possibility of ACAT1 protein
degradation has not been ruled out.

Furthermore, the lipid droplet staining and cholesterol
assay showed that miR-9 could functionally decrease the for-
mation of foam cells from THP-1-derived macrophages by
reducing ACAT1 proteins following the enzymatic activities,
which synthesize the CEs of lipid droplets [Fig. 4(C) and
Fig. 5]. The obtained data suggest that miR-9 might be an
important regulator in cellular cholesterol homeostasis and
decrease the formation of foam cells in vivo, a hallmark of
early atherosclerotic lesions, by reducing ACAT1 proteins.
In fact, several studies have been conducted on the expres-
sion of miR-9 in monocytic cells including human primary
monocyte and THP-1 cell line with the oxLDL treatment
[39,29], but no functional target of miR-9 in cellular choles-
terol homeostasis has been characterized yet. Therefore, our

Figure 4 Effect of MiR-9 on the endogenous cellular ACAT1 expression (A,B) SH-SY5Y and HEK293T cells were transfected with 50 nM miR-9

mimic or mock miR per 60-mm dish. The quantities of ACAT1 proteins were determined by western blot (A; top panel) and the band intensities were

quantified by gray scale scan (A; bottom panel), the quantities of ACAT1 mRNAs were determined by qRT-PCR (B) and RT-PCR analysis (data not shown)

48 h after transfection. (C,D) The monocytic THP-1 cells were differentiated into macrophages with a treatment of 0.1 mM PMA for 48 h. THP-1 and

THP-1-derived macrophages were transfected with 50 nM miR-9 mimic or mock miR per 60-mm dish, and then THP-1-derived macrophages were

incubated with or without 40 mg/ml oxLDL for another 48 h without PMA for further foam cells formation. The quantities of ACAT1 proteins were

determined by western blot (C; top panel) and the band intensities were quantified by gray scale scan (C; bottom panel), the quantities of ACAT1 mRNAs

were determined by qRT-PCR (D) and RT-PCR analysis (data not shown) 48 h after transfection. **P , 0.01.
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findings may provide a new highlight that miR-9 may down-
regulate the human ACAT1 and prevent the formation of
foam cells at an early stage of atherosclerosis.

Interestingly, when THP-1-derived macrophage was trans-
fected with miR-9 mimic and incubated with oxLDL for
foam cell formation, the levels of TC and CE were evidently
decreased while FC was not changed [Fig. 5(C)]. This phe-
nomenon might be due to the efflux acceleration and influx
slowdown of cellular cholesterols, and therefore, should be
further studied to illustrate other proteins, such as low-
density lipoprotein receptor, cluster of differentiation 36,
ABCA1, and ATP-binding cassette sub-family G member 1/
4 which may be involved in this process.
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