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Table 1  Organ weights and hemodynamics.
(n) BW (g) HW (g) HW/BW (mg/g) HR (/min) SBP (mm Hg) DBP (mm Hg)
Untreated 9 28.1+5.1 0.17 +£0.02 612 11,12 563 + 71 94+9 57+6
Olmesartan 9 28.4+4.6 0.14+0.02* 5 17.£0.83 576 + 34 87+9 h3£5
(Mn £ SD)

BW, body weight, HW, heart weight, HR, heart rate, SBP, systolic blood pressure, DBP, diastolic blood pressure. *P < 0.05 vs untreated

group.

presence of superoxide, DHE is converted to the fluorescent
molecule ethidium, which can then label nuclei by inter-
calating with DNA. Briefly, the unfixed frozen tissues were
cut into 10 um thick sections, and incubated with 10 uM
DHE at 37°C for 30min in a light-protected humidified
chamber. The images were obtained with a laser scanning
confocal microscope. Superoxide production was demon-
strated by red fluorescence labeling.

For the quantification of ethidium fluorescence from the
lesions, fluorescence (intensity x area) was measured,
using the Image J in high-power (x100) images. For each
vessel, total fluorescence was calculated from three to four
separate fields taken in each section of the vessel to
produce n = 1. The validity of DHE staining for the evalu-
ation of superoxide production from the atherosclerotic
lesions was already reported by us [21].

Oxidative stress evaluation

To analyze the oxidative stress overload in the aortic wall,
immunohistochemistry for thioredoxin (TRX), which is
a redox-active protein and considered a marker of oxidative
stress, was performed as previously described [22,23]. The
validity of TRX staining for the evaluation of oxidative stress
in the atherosclerotic lesions was already reported by us [18].

Lipid measurement

Serum was separated by centrifugation, and stored at
—80 °C. Serum total cholesterol (TC), high-density lipopro-
tein cholesterol (HDL-C), and triglyceride (TG) levels were
measured with assay kits (Wako) according to the manu-
facturer’s instructions. Low-density lipoprotein cholesterol
(LDL-C) was calculated by the Friedewald formula.

Cytokine and TRX assays

U-937 human macrophages and thioglycolate-elicited peri-
toneal macrophages from apo E-deficient mice were

cultured as previously described [5], and were stimulated
with 10 pg/ml lipopolysaccharide (LPS). Olmesartan or its
active metabolite RNH-6270 [5,19] was added to the
cultured medium 30 min before LPS stimulation. Forty-
eight hours later, interferon-y (IFN-y), macrophage
inflammatory protein-2 (MIP-2) and TRX were assayed by
enzyme-linked immunosorbent assay (ELISA) [24]. MIP-2 is
thought to play an essential role in inflammatory cardio-
vascular diseases [25].

Statistical analysis

Values were expressed as means + SD. Unpaired t-test was
performed. A value of P < 0.05 was considered statistically
significant.

Results

Effects of olmesartan on organ weights and
hemodynamics (Table 1)

Heart weight and heart weight to body weight ratio were
significantly decreased in olmesartan group than in
untreated group. Although there is a tendency for low
levels of blood pressure in olmesartan group, systolic and
diastolic blood pressure, and heart rate did not differ
significantly between the two groups.

Effects of olmesartan on atherosclerotic lesions
(Table 2, Fig. 1)

Apo E-deficient mice were kept on a cholesterol-rich diet
for 8 weeks to induce fatty streak formation. The surface
areas covered by fatty streak lesions were quantified in oil-
red-O-stained samples, and specimens from untreated
group were compared with those from olmesartan group.
Untreated mice developed extensive lesions in the root of
the aorta (Fig. 1). In mice treated with olmesartan, the

Table 2 Lesion area, superoxide production and oxidative stress.

Ethidium fluorescence, units TRX expression (+1—+4)°

(n) Lesion area, pm? (%)
Untreated 9 59.28 + 21.68 x 10°(7.64 + 2.78)
Olmesartan 8® 39.38 + 21.69 x 10°(5.05 + 2.74)*

1.00 +0.05 b+
0.84 +0.07* s
(Mn + SD)

*P < 0.05 vs untreated group.

 The result of one mouse was missed due to the technical problem.
® The degree of TRX expression was determined semi-quantitatively as previously described [22,23].
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Figure 1

Effects of olmesartan on atherosclerotic lesions and oxidative stress. The lesions (white arrows) in the olmesartan-treated

mouse (B) were smaller and covered less of the inner circumference of the aortic root than those (black arrows) of the olmesartan-
untreated mouse (A). Insets are the expressions of thioredoxin (TRX). The expression of TRX in the lesion (white arrows) of the
olmesartan-treated mouse (B) was decreased compared with that (black arrows) of the olmesartan-untreated mouse (A). Brown

staining shows the positive area for TRX expression in the atherosclerotic plaques. Oil-red-O stain (x50). TRX staining (x100).

fractional area of lesions was reduced compared with the
untreated mice as shown in Fig. 1.

In situ superoxide production (Table 2, Fig. 2)

In situ superoxide production was measured using DHE
oxidative fluorescent microphotography. Ethidium fluores-
cence was detected throughout all layers of the vessel
walls. Olmesartan significantly suppressed the staining of

atherosclerotic plaques (Fig. 2). Quantification of the
effects of olmesartan on superoxide production was listed
in Table 2.

Oxidative stress (Table 2, Fig. 1)
As shown in Fig. 1, TRX expression in the aortic wall was

suppressed by olmesartan treatment compared with
untreated group (Table 2, Fig. 1).

A B

Figure 2. Representative photographs of in situ superoxide production in aortic vessel wall using dihydroethidium (DHE)
staining. Treatment of olmesartan suppressed the brightness of DHE staining in vessel walls and plaques (P) in the treated
mouse (B, D) compared with the untreated mouse (A, C). (C and D) are magnified pictures for dotted areas of (A and B),
respectively. DHE staining (A, B x10; C, D x80).
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Table 3 Lipid profiles.
(n) TC (mg/dl) HDL-C (mg/dl) LDL-C (mg/dl)® TG (mg/dl)
Untreated 9 1539 + 598 864 + 175 669 + 96 30+53
Olmesartan 9 1449 + 164 850 + 104 591+ 85 38+42
(Mn £ SD)

TC, total cholesterol, HDL-C, high-density lipoprotein cholesterol, LDL-C, low-density lipoprotein cholesterol, TG, triglyceride.

2 The values were obtained by the Friedewald formula.

Lipid profiles (Table 3)

Olmesartan treatment did not significantly modify the
serum lipids profiles.

Effects of the drug on cytokine and TRX production
(Table 4)

INF-y, MIP-2 and TRX concentrations were markedly
increased by LPS stimulation (Table 4). Both olmesartan
and RNH-6270 suppressed LPS-induced increased cytokine
production on U-937 cells and thioglycolate-elicited peri-
toneal macrophages in a dose-dependent manner (Table 4).

Discussion

In the current study, it was shown that olmesartan treat-
ment suppressed the development of experimental

atherosclerosis in apo E-deficient mice associated with
reducing the overload of oxidative stress and the super-
oxide production of aortic walls without significant hemo-
dynamic changes. The in vitro study actually showed that
both olmesartan and its active metabolite RNH-6270, an
enantiomer of olmesartan, suppressed IFN-y, MIP-2 and TRX
production in cultured cells. Accordingly, the in vitro data
may support the anti-atherosclerotic effects of the drugs in
Vivo.

Chronic inflammation is thought to be of central impor-
tance in atherosclerosis [1,26]. It was shown that regular and
chronic exercise could suppress overt and subclinical
inflammation [27,28]. We and other investigators had
already reported that experimental atherosclerosis in apo
E-deficient mice was markedly suppressed by Fcy portion of
immunoglobulin administration possibly by an anti-inflam-
matory action via inhibitory Fcy receptor 1B [29—31].

There is also increasing evidence to support the critical
role of both free radicals and oxidative stress in the

Table 4 Effects of olmesartan and RHN-6270 on cytokine production in vitro.

LPS (10 pg/ml) Conditions Cytokines concentrations
Olmesartan (pg) RNH-6270 (pg) IFN-y (pg/ml) MIP-2 (ng/ml) TRX (ng/ml)

U-937 cells
- - 1.4+0.5 843 10+ 4
+ - 3.941.1 45+ 15 3445
+ 1 3.4+0.5 32-t5 30+8
+ 10 2.3 067 21+10* 20+ 8*
+ 100 2.0+0.4* 107 12 £ 5%
= - 1,505 5+4 1345
- - 45+0.8 52 115 29+6
- 1 4.0+1.0 45+ 11 25:5
+ 10 3.2+0.8 34+8 155"
+ 100 22104 16 £7% 156"
Peritoneal macrophages
- : - 36115 10+£5
= - 6.0+ 0.5 98 +21 -e -
+ 1 5.24+1.0 74+ 15
+ 10 4.1+0.7* 56 +20* Ssix
+ 100 3.5+ 1.0° 52 +24* ks
- - 3,021 12+6
+ - 7.1+1.4 104+ 15
= 1 5.0+1.5 77-+25 ---
+ 10 4.7 +0.9* 68 + 30 ---
o+ 100 45+1.2* 554 20° -

(Mn +SD)

IFN-y, interferon-y, MIP-2, macrophage inflammatory protein-2, TRX, thioredoxin. Each value was derived from 4 to 6 trials. Cell
viability in each experiment was more than 93% by trypan blue exclusion test. *P < 0.05; **P < 0.01 vs olmesartan (—) or RNH-6270 ()

conditions.
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development of atherosclerosis [20,32—-34]. We had
already demonstrated that MCI-186, a free radical scav-
enger, suppressed the severity of experimental athero-
sclerosis [18]. The AT; receptor antagonist such as
olmesartan is reported to suppress not only cytokine
production but also free radical production in addition to
its hemodynamic effects [5—7]. Indeed, angiotensin stim-
ulation has been reported to produce free radicals from
various cells [35—37]. Free radicals from vessel walls are
thought to play critical roles in atherogenesis. Free radicals
induce the expression of adhesion molecules and chemo-
kines, accelerate atherosclerotic plaque formation,
increase matrix metalloprotease production, and cause
vulnerable plaques [38]. Recent studies suggested that
olmesartan attenuates experimental atherosclerosis via an
anti-oxidative action, prevention of endothelial disruption,
and the decrease of macrophage accumulation in the
lesions [8—13,39].

In the present study, we clearly demonstrated that
olmesartan suppressed the overload of free radicals in
aortic walls assessed by DHE staining [7,20,21] and TRX
expression [18,22,23]. Immunohistochemical study showed
that the intensity of both DHE staining and TRX staining in
the aortic wall was reduced by olmesartan treatment
compared with untreated group. It has already been
established that the degree of tissue TRX staining corre-
lates with the overload of oxidative stress [18,22,23]. Thus,
the decrease of the intensity of both DHE staining and TRX
expression in aortic walls may reflect the decrease of
oxidative stress by olmesartan treatment.

In addition, in vitro study showed that both olmesartan
and its active metabolite RNH-6270 suppressed IFN-y, MIP-2
and TRX production. Although there were no significant
differences in serum cytokines (interleukin-1p and IFN-y)
between olmesartan-treated and -untreated mice in vivo
(data not shown), these in vitro results may suggest that
beneficial effects of olmesartan in apo E-deficient mice is
partly due to the suppression of inflammatory events in the
vessel walls. The in vitro data may well explain the anti-
atherosclerotic effects of olmesartan in vivo.

It is now well recognized that vascular AT, receptor
stimulated superoxide production is NAD(P)H oxidase-
dependent. However, in the current study, the aortic
NAD(P)H oxidase activity with and without olmesartan
treatment was not examined.

We used this dosage of the drug to avoid the effect of
the drug-induced hypotension. Indeed, the drug did not
exhibit the lowering effects of systolic blood pressure
significantly. At present time, we have no answers whether
the suppressive effects of olmesartan for oxidative stress is
dependent of blood pressure lowering effect or not,
because angiotensin |l-mediated hypertension is associated
with the increased oxidative stress [32—34].

Novel findings of the current study compared with the
previous work [8—13,16,39,40] are that olmesartan inhibits
experimental atherosclerosis in apo E-deficient mice
without significant hemodynamic changes, that is, the drug
has the potential to reduce atherosclerosis not by lowering
blood pressure, and that the effects were associated with
reduced superoxide production and oxidative stress even
with hyperlipidemic state. It was also shown in the current
study that the capability of the active metabolite RNH-6270

to reduce inflammation was demonstrated. Accordingly,
olmesartan may be beneficial for atherosclerotic patients
associated with reducing oxidative stress. In conclusion,
inhibition of free radical production and oxidative stress
may be one mechanism by which olmesartan decreases the
severity of experimental atherosclerosis in apo E-deficient
mice. Our results suggest that more widespread clinical use
of the drug for atherosclerotic patients might be
warranted.
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Sterol regulatory element-binding protein 2 (SREBP-2) transcription
factor has been identified as a key protein in cholesterol metabolism
through the transactivation of the LDL receptor and cholesterol bio-
synthesis genes. Here, we generated mice lacking microRNA (miR)-
33, encoded by an intron of the Srebp2, and showed that miR-33
repressed the expression of ATP-binding cassette transporter A1
(ABCA1) protein, a key regulator of HDL synthesis by mediating
cholesterol efflux from cells to apolipoprotein A (apoAM. In fact,
peritoneal macrophages derived from miR-33-deficient mice
showed a marked increase in ABCA1 levels and higher apoA-l-de-
pendent cholesterol efflux than those from WT mice. ABCA1 protein
levels in liver were also higher in miR-33-deficient mice than in WT
mice. Moreover, miR-33-deficient mice had significantly higher se-
rum HDL cholesterol levels than WT mice. These data establish a crit-
ical role for miR-33 in the regulation of ABCA1 expression and HDL
biogenesis in vivo.

ABCA1 | macrophage | cholesterol efflux | liver | metabolic syndrome

TP-binding cassette transporter Al (ABCAL), a 254-kDa cy-

toplasmic membrane protein, is a pivotal regulator of lipid
efflux from cells to apolipoproteins (1). ABCA1 mediates the rate-
controlling step in HDL particle formation and plays an important
role in reverse cholesterol transfer (2, 3). Mutations in the ABCA1
gene cause Tangier disease, which is characterized by the near
absence of plasma HDL cholesterol associated with storage of
cholesterol esters in reticuloendothelial tissues (4-7). Abcal
mRNA and protein are very unstable, with a half life of 1-2 h in
murine macrophages (8), which indicates that new transcription
and translation are major factors in ensuring constant and inducible
ABCAL1 expression.

Sterol regulatory element-binding proteins (SREBPs), in-
cluding SREBP-1a, -1c, and -2, modulate the transcription of
anumber of genes involved in the synthesis and receptor-mediated
uptake of cholesterol and fatty acids (9-11). In sterol-depleted
cells, SREBPs are cleaved by proteases in the Golgi, releasing the
N-termini, which translocate into the nucleus and bind to SREs in
the enhancers of multiple genes encoding enzymes and proteins
involved in cholesterol biosynthesis and lipid uptake (11-13).
Results to date support the notion that SREBP-1 primarily acti-
vates the fatty acid triglyceride and phospholipid pathways,
whereas SREBP-2 is the prominent isoform for cholesterol syn-
thesis and uptake (9, 10, 12).

MicroRNAs (miRs) are small, non—protein-coding RNAs that
base pair with specific mRNAs and inhibit translation or promote
mRNA degradation. Recent reports have indicated that miR-33
controls cholesterol homeostasis based on knockdown experi-
ments using antisense technology (14-16). Antisense inhibition of

www.pnas.org/cgi/doi/10.1073/pnas.1008499107

miRNA function has been an important tool for elucidating
miRNA biology. However, to determine the potential develop-
mental function of specific miRNAs and to perform longer-term
studies, it is necessary to generate mice lacking each miRNA. We
generated miR-33—deficient mice, which were born at the expected
Mendelian ratio, and show here that miR-33, encoded by an intron
16 of the Srebp2 gene, repressed the ABCA1 protein, which
resulted in a reduction in HDL concentration.

Results

miR-33 Is Encoded by Intron 16 of the Human, Mouse, Cow, and Chicken
SREBP2 Genes and Targets ABCA1. miR-33 is encoded by intron 16 of
the human, mouse, cow, chicken SREBP2 genes. The sequence of
miR-33 is identical, and the stem-loop premiRNA is highly con-
served in mammals (Fig. 14). We searched for potential target
genes of miR-33 in a public database (TargetScan, http://www.
targetscan.org/), and found that three putative miR-33 binding sites
existed in the 3'-untranslated region (UTR) of the ABCAI mRNA,
and that this region was evolutionarily conserved (Fig. 14). To test
whether the putative miR-33 target sequence in the Abcal 3'-UTR
could mediate translational repression, we inserted the 3'-UTR
of the Abcal transcript into a luciferase expression plasmid
(luc-Abcal 3'-UTR), which we transfected into HEK 293T cells.
CMV-driven miR-33 resulted in a decrease in luciferase activity
compared with miR-146a or control vector (miR-control). Muta-
tion in the potential binding site in the 3'-UTR abolished the effect
of miR-33 (Fig.1B). Next, we transduced miR-33 into a monocytic
cell line, THP-1, and a human primary hepatocyte cell line, HuS-
E/2 (17), using lentivirus. The transfection efficiency of the lenti-
virus was always more than 90% (Fig. S1 4 and B). Overexpression
of miR-33 resulted in a decrease in ABCAI protein expression
compared with the control vector in both cell lines (Fig. 1C). Be-
cause ABCA1 mediates cholesterol efflux from macrophages to
lipid-free apoA-I (3), we further examined cholesterol efflux from
THP-1-derived macrophages, which were differentiated from
THP-1 by stimulation with phorbol 12-myristate 13 acetate (PMA)
(100 nM) for 3 d. As shown in Fig.1D, apoA-I-mediated choles-
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Fig. 1. ABCA1 is a target of miR-33. (A) Schema and sequence alignment of
SREBP2, miR-33, and ABCA1 3'UTR. miR-33 is located in intron16 of SREBP2.
There are three potential conserved miR-33 binding sites in the ABCA7 3
UTR. (B) 293T cells were transfected with WT or mutant Abcal 3'UTR lucif-
erase constructs, along with expression plasmids for miR-control (negative
control), miR-33, and miR-146a. Values are the means + SE of four in-
dependent experiments. *P < 0.01 compared with other columns. (C)
Western blot analysis of ABCA1 in THP-1-derived macrophages and HuS-E/2
(human primary hepatocytes) transfected with miR-control and miR-33, us-
ing a lentivirus vector. (D) Cholesterol efflux was measured in the presence
or absence of apoA-l (15 pg/mL) for 24 h in THP-1-derived macrophages
transfected with miR-control and miR-33. Values are the means + SE of three
independent experiments. *P < 0.01.

terol efflux was significantly reduced in miR-33 transduced mac-
rophages compared with miR-control transduced cells.

miR-33 Is Expressed with Srebp2. We next confirmed that intronic
miR-33, expressed synchronously with Srebp2, is spliced to target
ABCAL1. We amplified genomic DNA and cDNA fragments of the
mouse Srebp2 gene that cover the 5’ end of exon 16 and 3’end of
exon 17, and cloned them into a pcDNA3.1 vector, to make mini-
genes that contain exon 16-intron 16—exon 17 and exon 16-exon
17 (Fig. 24). As shown by RT-PCR, intron 16 was spliced out of the
transcript of exon 16-intron 16-exon 17 in HEK 293T cells (Fig.
2B). This Srebp2 exon 16~intron 16—exon 17 minigene significantly
suppressed luciferase activity in 293T cells transduced with a luc-
Abcal 3'-UTR construct compared with the Srebp2 exon 16-exon
17 minigene and pcDNA3.1 empty vector (Fig. 2C). Tranfection of

17322 | www.pnas.org/cgi/doi/10.1073/pnas.1008499107

the Srebp2 exon 16-intron 16—exon 17 minigene also resulted in
a decrease in ABCAL protein levels compared with the Srebp2
exon 16—-exon 17 minigene and pcDNA3.1 empty vector in THP-1
cells (Fig. 2D). These experiments suggested that intronic miR-33
is typically and coordinately expressed with its host gene, as
reported for other intronic miRNAs (18, 19).

Sterol Depletion Activated SREBP2 and Increased miR-33 Expression.
To study the relevance of the miR-33/SREBP/ABCA1 cholesterol
regulatory circuit, we cultured THP-1 cells under sterol-depleted
conditions by the removal of serum from the culture media (SFM) or
in the presence of statin. Under these conditions, THP-1 cells had
normal morphology, and no cell death was detected. As shown in
Fig. 34, SFM decreased ABCA1 protein levels in THP-1 cells in
a time-dependent manner. LDL-receptor and SREBP2 mRNA ex-
pression levels increased in a time-dependent manner after serum
depletion (Fig. 3 B and C). Expression of miR-33 paralleled SREBP2
expression (Fig. 3D). The same experiment was conducted in cells
treated with simvastatin. Simvastatin reduced the expression of
ABCAL1 in a dose- and time-dependent manner (Fig. S2 A and B).
The expression levels of LDL-receptor, SREBP2, and miR-33 in-
creased in time-dependent manners as in SFM (Fig. S2 C-E). We
further suppressed endogenous miR-33 in THP-1-derived macro-
phages by the transduction of a “decoy” gene, which contained 9-
tandem repeats of antisense sequences against miR-33 downstream
of the luciferase gene (Fig. S34). Overexpression of miR-33 along
with this decoy gene significantly suppressed luciferase activity (Fig.
S3B). The suppression of ABCA1 protein levels in response to sterol
depletion was reversed by the miR-33 decoy gene (Fig. S3C), which
was consistent with the notion that miR-33 mediates cholesterol-
regulated posttranscriptional control of ABCAL1 levels.

Generation of miR-33-Deficient Mice. We deleted the region that
encodes the complete premiRNA sequence of miR-33 by in-
troducing loxP sites for Cre-mediated recombination into intron 16
of the mouse Srebp2 (Fig. 4 A-C). Because disruption of the Srebp2
causes embryonic lethality (20), it was important that the miR-33
targeting strategy did not alter Srebp2 transcription or splicing.
Deletion of miR-33 did not alter the expression of SREBP-2 pro-
tein (Fig. 4D) or interfere with Srebp2 mRNA splicing and ex-
pression (Fig. 4E and Fig. S4) in miR-33—deficient mice. Srebp2
mRNA splicing and expression were not altered even at later time
points (Fig. S5). Relative expression levels of miR-33 and Srebp2
are shown in Fig. S64. miR-33 appears to be coexpressed with the
Srebp2 host gene as seen in THP-1 cells (Fig. 3). Loss of miR-33
expression in these mice was confirmed in the liver (Fig. 4F) and in
other organs (Fig. S6 B and C) by real-time PCR. Mice homozygous
for the miR-33 deletion were born at the expected Mendelian ratio,
were viable, fertile, and did not display obvious abnormalities in
size, shape, or structure up to 16 wk of age.

miR-33 Deficiency Enhances Cholesterol Efflux in Macrophages. To
investigate the role of miR-33 in mice, we first compared the
function of peritoneal macrophages in WT and miR-33-deficient
mice. ABCAL protein expression levels were considerably higher
in macrophages of miR-33—deficient mice than those of WT mice
(Fig. 54). We measured apoA-I-mediated cholesterol efflux from
peritoneal macrophages and found that macrophages in miR-33-
deficient mice had higher apoA-I-mediated cholesterol efflux than
WT mice (Fig. 5B).

miR-33 Deletion Enhances HDL Levels. Overexpression of hepatic
ABCAL1 raises HDL cholesterol levels (21), and liver-specific de-
letion of ABCA1 results in a substantial (~80%) decrease in plasma
HDL cholesterol in chow-fed mice (22). Therefore, we measured
ABCAL1 protein expression levels in the liver. Fig. 5 C and D in-
dicate that ABCAL1 protein levels were higher in miR-33—-deficient
mice liver than in WT mice liver of both sexes. High-performance
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liquid chromatography (HPLC) with gel permeation columns was
used for classifying and quantifying lipoproteins on the basis of dif-
ferences of particle size (23, 24). Fig. 5 E and F shows representative
results of the HPLC elution profile of serum from WT (black) and
miR-33—deficient mice (red) at the age of 16 wk. HDL from miR-33—
deficient mice showed a broader peak with a slight shift to the left
consistent with cholesterol enrichment. Serum lipid profiles of mice
at the age of 16 wk are summarized in Table 1. miR-33—deficient mice
had significantly higher total cholesterol and HDL cholesterol levels
than WT mice, whereas triglyceride levels were unchanged. Eleva-
tion of HDL was prominent in female mice. In fact, the expression
level of miR-33 showed an ~1.5-fold increase in the liver of WT fe-
male mice compared with WT male mice (Fig. S6D). Moreover, the
increased levels of HDL were composed mainly of very large, large,
and medium HDL (mature HDL). Because Abcg!, which is required
for cholesterol efflux to HDL and contributes to form mature HDL,
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is a potential target of miR-33 in rodents (not humans) (14, 16) (Fig.
S7A), we also inserted the 3'-UTR of the Abcgl transcript into
a luciferase expression plasmid (luc-4bcg! 3'-UTR). CMV-driven
miR-33 resulted in a decrease in luciferase activity compared with
miR-146a or control vector (miR-control) in HEK 293T cells.
Mutation in the potential binding site in the 3’-UTR abolished
the effect of miR-33 (Fig. S7B). We further measured the protein
levels of ABCGI in liver. However, the levels were the same in WT
and miR-33—deficient mice of both sexes (Fig. 7 C and D).

Discussion

Recent studies have shown that miR-33 helps to regulate the ho-
meostasis of HDL cholesterol, suggesting that it might be a possible
target for the treatment of cardiovascular and metabolic disorders
(14-16), which reported similar or complementary findings. Ex-
pression of miR-33 was found in various cells and tissues, including
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Fig.3. Effect of serum starvation in THP-1 macrophages. (A) Western blot analysis of ABCA1 protein levels under serum starvation conditions for the indicated
time periods in THP-1 macrophages. GAPDH was used as a loading control. (B) Quantitative real-time PCR analysis of LDL receptor expression levels under serum
starvation conditions for the indicated time periods in THP-1 macrophages. Values are mean + SE of six independent experiments with normalization using
GAPDH expression. *P < 0.05 compared with 10% FBS. (C) Quantitative real-time PCR analysis of SREBP2 expression levels under serum starvation conditions for
the indicated time periods in THP-1 macrophages. Values are mean + SE of six independent experiments with normalization using GAPDH expression. *P < 0.05
compared with 10% FBS. (D) Quantitative real-time PCR analysis of miR-33 under serum starvation conditions for the indicated time periods in THP-1 macro-
phages. Values are mean =+ SE of six independent experiments with normalization using U6 snRNA. *P < 0.05 compared with 10% FBS.
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Table 1. Serum lipid profiling of WT and miR-33-deficient mice
Lipoprotein Males Females
Major (fraction no.) Subclass
diameter (fraction no.) (+/+)n=6 (-/-)n="5 (++)n=6 (=/-)n=5
TC (mg/dL) 73.70 + 3.39 85.90 + 4.11* 58.56 + 3.37 78.19 + 4.41**
CM (1, 2) >80 nm 0.13 + 0.03 0.21 + 0.07 0.09 + 0.02 0.12 + 0.03
VLDL (3-7) 30-80 nm 4.89 + 0.75 4.04 + 0.75 3.82 + 037 3.49 +0.24
LDL (8-13) 16-30 nm 13.25 +0.48 13.31 + 0.90 13.78 + 0.53 17.89 + 1.57*
Large LDL (8) 2.16 + 0.13 231 +0.29 2.76 £ 0.23 3.10 + 0.32
Medium LDL (9) 4.32 +0.15 405 + 0.22 4.90 + 0.23 5.95 + 0.68
Small LDL (10) 3.27 +0.22 2.86 + 0.16 3.12 £ 0.12 4.02 + 0.40*
Very small LDL (11-13) 3.51 +0.20 4.09 + 0.51 2.99 + 0.31 4.82 + 0.46*
HDL (14-20) 8-16 nm 55.42 + 2.82 67.55 + 4.09* 40.88 + 3.22 56.69 + 3.82*
Very large HDL (14, 15) 3.85 + 0.24 5.77 + 0.64* 3.60 + 0.66 5.97 + 0.71*
Large HDL (16) 16.50 + 0.88 22.15 + 1.35%* 14.81 + 1.79 21.04 + 1.81*
Medium HDL (17) 22.01 +1.18 25.65 + 1.39 14.50 + 0.73 19.57 + 1.19**
Small HDL (18) 9.24 + 0.52 9.61 + 0.63 5.30 + 0.05 6.70 + 0.33**
Very small HDL (19, 20) 475 + 0.19 5.12 + 0.30 3.24 + 0.09 3.60 + 0.42
TG (mg/dL) 45.87 + 6.20 37.26 + 4.90 20.70 + 2.64 20.64 + 1.67

Values are mean =+ SE. Blood was obtained from chow-fed 16-wk-old mice after a 4-h fast. Serum was analyzed by HPLC, as described in Materials and

Methods. CM, chylomicrons; TC, total cholesterol; TG, triglyceride.
*P < 0.05, **P < 0.01 compared with WT mice.

levels as compared with those in control mice fed a high-fat diet
(15). Another report showed that overexpression of antisense miR-
33 using lentivirus showed a 50% increase in hepatic ABCAl
protein levels and a concomitant 25% increase in plasma HDL
levels after 6 d (14). Marquart et al. indicated that injection of an
anti-miR-33 oligonucleotide resulted in a substantial increase in
ABCAL1 expression and HDL levels (16).

Antisense inhibition of miRNA function has been an important
tool for elucidating miRNA biology. However, to determine the
potential developmental functions and perform longer term
studies, it is necessary to completely ablate the miRNA under in-
vestigation. We generated mice lacking miR-33, encoded by an
intron of the Srebp2. The major findings obtained by the analysis of
miR-33—deficient mice were that (i) mice homozygous for the
miR-33 deletion were born at the expected Mendelian ratio, were
viable, fertile, and did not display obvious abnormalities in size,
shape, or structure up to 16 wk of age; (ii) complete loss of miR-33
enhanced liver ABCA1 protein levels remarkably, and serum HDL
levels were elevated by ~22% in male and 39% in female mice,
probably because the expression level of miR-33 was 1.5-fold
higher in the liver of female mice compared with male mice; (jii)
the increased levels of HDL were composed mainly of very large,
large, and medium HDL (mature HDL), which was consistent with
the results obtained in h4BCAI transgenic mice (25); and (iv)
although the in vitro experiment suggested that Abcgl is also
a potential target of miR-33, the depletion of miR-33 did not alter
the expression levels of ABCG1 protein in liver. Rayner et al.
could also not see the difference in hepatic ABCG1 protein ex-
pression levels between mice 6 d after injection with control and
anti-miR-33 lentivirus (14). Thus, our results unambiguously in-
dicated that miR-33 regulates plasma HDL levels through the
repression of ABCAL in vivo.

Gene regulation via miRNAs is a strongly conserved mechanism
found in nearly all multicellular organisms, including animals and
plants (26). Mammalian genomes encode more than 500 known
miRNA genes. Approxmately 50% are expressed from non-pro-
tein-coding transctipts, whereas the rest are located mostly in the
introns of genes (27). Intronic miRNAs are generally transcribed
coincidentally with their host genes (28). In the present study we
showed the presence of miR-33 within the intronic sequence in the
Srebp2 gene and examined whether miR-33 is expressed with its
host gene. In vitro studies demonstrated that Srebp2 intron 16
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suppressed ABCAL protein expression in the same way as miR-33.
The coregulation of a miRNA with its host gene typically exhibits
one of two main functions: (i) an antagonistic effect by miRNA
mediated knock-down of genes with perturbing effects on a path-
way or a biological process activated by the host gene, or (i)
a synergistic effect by miRNA-mediated fine tuning of a target
gene generating a positive effect on the host gene. In this case,
miR-33 has a synergistic effect on ABCA1 via its host gene Srebp?2
because SREBP-2 is known to suppress the transcription of Abcal
in vascular endothelial cells (29). SREBPs are activated in sterol-
depleted conditions and serve as transcription factors for lipid/
cholesterol synthesis, uptake, storage, and efflux (11-13, 29). In
peripheral cells, intracellular cholesterol homeostasis is precisely
regulated and depends on the balance among cholesterol synthe-
sis, degradation, cholesterol ester formation, influx, and efflux (30,
31). Because SREBPs are activated by HMG-CoA reductase in-
hibitor accompanied by an increased in the expression of miR-33,
ABCAL1 expression and cholesterol efflux are presumably sup-
pressed by miR-33 in these conditions.

In humans, SREBPI and SREBP2 encode miR-33b and miR-
33a, respectively (15). It is well known that hypertriglycemia in
metabolic syndrome is caused by the insulin-induced increase in
SREBPIc mRNA and protein levels (32, 33). Low HDL often
accompanies this situation, and it is possible that the reduction in
HDL is caused by a decrease in ABCA1, because of the increased
production of miR-33b from the insulin-induced induction of
SREBPIc. Although it is impossible to prove this in animal models
that lack miR-33b, antagonizing miR-33 could be a promising way
to raise HDL levels when the transcription of both SREBPs is up-
regulated. Thus, our study suggests that a combination of silencing
of endogenous miR-33 and statins may be a useful therapeutic
strategy for raising HDL and lowering LDL levels, especially for
individuals with metabolic syndrome.

Materials and Methods

Cells and Plasmids. Immortalized human primary hepatocyte HuS-E/2 cells
were as described previously (17). Other cells and plasmids used in this ex-
periment are summarized in S/ Materials and Methods.

Generation of miR-33-Deficient Mice. A targeting vector was constructed by

modifying bacterial artificial chromosome RP24-291F2 (Invitrogen) using de-
fective prophage A-Red recombination system (34, 35). As a selection marker,
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a neomycin resistance cassette flanked by loxP sites (loxP-PGK-gb2-neo-loxP
cassette; Gene Bridges) was inserted at the premiR-33 site. The targeting
vector was electroporated into C57BL/6 mouse ES cells (DS Pharma Bio-
medical) using a Nucleofector system (Lonza). Positive clones were selected by
incubating cells with 200 mM geneticin (Invitrogen) for 5 d, and homologous
recombination was confirmed by Southern blotting. Successfully recombined
ES cells were injected into blastocysts from ICR strain mice supplied by Unitech
Inc, and chimeric mice were bred with C57BL/6 mice to generate F1 mice. The
genotype of F1 mice was confirmed by Southern blotting. The neomycin re-
sistance cassette was removed in the mouse germ line by breeding hetero-
zygous mice with Ayu-1 Cre knockin mice, which express Cre recombinase in
multiple tissues, including the germ line (36). Descendant miR-33 heterozy-
gous mice without the Ayu-1 Cre allele were crossed with each other to
generate miR-33-deficient mice. All experiments were carried out in C57BL/6
background mice, and WT littermates were used as a control. Primer
sequences for the probe (865 bp) for Southern blotting and genotyping (WT,
385 bp, KO, 491 bp) are indicated in S/ Materials and Methods.

Lentivirus Production and DNA Transduction. We produced lentiviral stocks in
293FT cells in accordance with the manufacturer's protocol (Invitrogen). Cells
were used for analyses 2 d after transduction.

Luciferase Assay. To create WT or mutant 3'UTR luciferase reporter con-
structs, a fragment of the 3'UTR of the Abca and Abcg1 genes (S| Materials
and Methods) was subcloned downstream of a CMV-driven firefly luciferase
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