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hsa-miR-33a and hsa-miR-33b, intronic microRNAs (miRNAs) located within the sterol regulatory element-binding protein 2
and 1 genes (Srebp-2 and -1), respectively, have recently been shown to regulate lipid homeostasis in concert with their host
genes. Although the functional role of miR-33a and -b has been highly investigated, the role of their passenger strands, miR-33a*
and -b*, remains unclear. Here, we demonstrate that miR-33a* and -b* accumulate to steady-state levels in human, mouse, and
nonhuman primate tissues and share a similar lipid metabolism target gene network as their sister strands. Analogous to miR-
33, miR-33* represses key enzymes involved in cholesterol efflux (ABCA1 and NPC1), fatty acid metabolism (CROT and CPT1a),
and insulin signaling (IRS2). Moreover, miR-33* also targets key transcriptional regulators of lipid metabolism, including SRC1,
SRC3, NFYC, and RIP140. Importantly, inhibition of either miR-33 or miR-33* rescues target gene expression in cells overex-
pressing pre-miR-33. Consistent with this, overexpression of miR-33* reduces fatty acid oxidation in human hepatic cells. Alto-
gether, these data support a regulatory role for the miRNA* species and suggest that miR-33 regulates lipid metabolism through
both arms of the miR-33/miR-33* duplex.

MicroRNAs (miRNAs) are an abundant class of endogenous
noncoding RNAs that have emerged as key posttranscrip-

tional regulators of gene expression (1). In animals, miRNAs
cause repression by base pairing to the 3= untranslated region (3=
UTR) of their target mRNAs, which contain perfect or near-per-
fect sequence complementarity to nucleotides (nt) 2 to 8 (the
“seed region”) of the mature miRNA (1–3). The canonical miRNA
biogenesis pathway involves the stepwise processing of primary
miRNA transcripts (pri-miRNAs) by the RNase III proteins
Drosha and Dicer (1–3). After processing by Drosha in the nu-
cleus, the pri-miRNA is exported to the cytoplasm and subse-
quently cleaved by Dicer to produce an �22-nt miRNA/miRNA*
duplex (1–3). Although both strands of the duplex are necessarily
produced in equal amounts by transcription, their accumulation
is asymmetric at the steady state (4–6). By convention, the most
abundant duplex strand is defined as the mature miRNA strand,
whereas the less abundant strand is known as the “passenger
strand,” or miRNA star strand (herein referred to as miRNA*) (4,
5, 7). The mechanisms of miRNA strand selection and RNA-in-
duced silencing complex (RISC) loading are still unclear; how-
ever, it is thought that strand selection is dictated by the relative
thermodynamic stability of each duplex end (4, 5). The strand
with unstable base pairs at the 5= end typically evades degradation
and is incorporated into Argonaute (Ago) complexes, where it
mediates posttranscriptional gene silencing (4, 5).

Although miRNAs have been implicated in numerous normal
and disease-related biological processes, the potential regulatory
activity of the miRNA* species is less well known. Nonetheless, it
has been shown that a substantial fraction of Drosophila melano-
gaster miRNA genes are highly conserved along both miRNA and
miRNA* strands and that abundant miRNA* species are present
at physiologically relevant levels and can associate with Argonaute
proteins (8). While most Drosophila miRNAs are bound to Ago1
(9), the passenger strand is bound to the small interfering RNA

(siRNA) effector Ago2 (10–12) and exerts a detectable impact on
gene regulatory networks in this species. With the development of
deep sequencing technologies, a similar functionality for verte-
brate miRNA* species is now emerging (13–15). In particular,
recent groups have demonstrated not only the significant presence
of miRNA* strands across species, but their regulatory role as well
(16, 17).

Profiling approaches from our group and others aimed at iden-
tifying miRNAs that regulate cholesterol homeostasis discovered
the presence of miR-33a and -b in the introns of the sterol regu-
latory element-binding protein (SREBP) genes Srebp-1 and
Srebp-2 (18, 19). These loci code for the membrane-bound tran-
scription factors SREBP-1 and SREBP-2, which modulate the
transcription of a number of genes involved in the synthesis and
receptor-mediated uptake of cholesterol and fatty acids (20). Dur-
ing conditions of low intracellular cholesterol, miR-33a is cotran-
scribed with Srebp-2 and works to increase cellular cholesterol
levels by reducing cholesterol export through the inhibition of the
ATP binding cassette (ABC) transporters ABCA1 and ABCG1, as
well as the endolysosomal protein Niemann-Pick C1 (NPC1) (18,
19, 21, 22). Similarly, when Srebp-1c is induced during hyperin-
sulinemia or insulin resistance, miR-33b is cotranscribed and
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works to reduce cellular fatty acid oxidation by targeting carnitine
O-octanoyltransferase (CROT), carnitine palmitoyltransferase 1A
(CPT1a), hydroxyacyl coenzyme A (hydroxyacyl-CoA) dehydro-
genase subunit beta (HADHB), and AMP kinase subunit alpha
(AMPK�), as well as insulin signaling, by targeting insulin recep-
tor substrate 2 (IRS2) and sirtuin 6 (SIRT6) (23, 24). In addition,
we and others have recently shown that miR-33 contributes to the
regulation of cholesterol and fatty acid homeostasis by targeting
key transcriptional regulators of lipid metabolism, including ste-
roid receptor coactivator 1 (SRC1), steroid receptor coactivator 3
(SRC3), nuclear transcription factor Y, gamma (NFYC), and nu-
clear receptor-interacting protein 1 (RIP140) (25).

While the functional role of miR-33 has been highly investi-
gated, the role of its passenger strand, miR-33*, has not been ad-
dressed. Here, we report that miR-33* is highly conserved across
animal species and accumulates to steady-state levels in human,
mouse, and nonhuman primate tissues. Additionally, we demon-
strate that miR-33* shares a similar target network to miR-33 and
directly represses target genes in human hepatic and macrophage
cell lines. Importantly, inhibition of either miR-33 or miR-33*
rescues target gene expression in human hepatic cells overexpress-
ing pre-miR-33. Consistent with this and in support of a physio-
logical role for the miR-33* species, miR-33* overexpression re-
duces fatty acid oxidation in hepatocytes. Altogether, these data
support a regulatory role for the miRNA* species and suggest that
miR-33 regulates lipid metabolism through both arms of the miR-
33/miR-33* duplex.

MATERIALS AND METHODS
Materials. Chemicals were obtained from Sigma unless otherwise noted.
The synthetic LXR ligand T0901217 was purchased from Cayman Chem-
ical. Total human RNA was purchased from Life Technologies (First-
Choice human total RNA survey panel). Mouse monoclonal antibodies
against ABCA1 and Dicer were purchased from Abcam. Rabbit polyclonal
antibodies against NPC1 and CROT, a mouse monoclonal antibody
against NFYC, and a goat polyclonal antibody against CPT1a were ob-
tained from Novus. A rabbit polyclonal antibody against IRS2 was pur-
chased from Bethyl, and a rabbit polyclonal antibody against RIP140 was
acquired from Santa Cruz. Rabbit polyclonal antibodies against SRC1 and
SRC3 were purchased from Cell Signaling, and a mouse monoclonal an-
tibody against heat shock protein 90 (HSP90) was obtained from BD
Biosciences. Secondary fluorescently labeled antibodies were from Molec-
ular Probes (Invitrogen).

Bioinformatic analysis. Target genes for miR-33a, miR-33a*, miR-
33b, and miR-33b* were identified and compared using the online target
prediction algorithm miRWalk, which provides target interaction infor-
mation from eight different prediction programs. Specifically the pro-
grams miRanda, miRDB, miRWalk, and TargetScan were used. Putative
targets produced by at least two of the programs for miR-33a (7,245 tar-
gets) and miR-33b (5,891 targets) and at least one of the programs for
miR-33a* (4,488 targets) and miR-33b* (4,692 targets) were then up-
loaded into Reactome (www.reactome.org) to find significantly enriched
pathways.

Cell culture. Human hepatic (Huh7), human monocytic (THP1), and
monkey kidney fibroblast (COS7) cells were obtained from American
Type Culture Collection. Huh7 and COS7 cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS) and 2% penicillin-streptomycin in 10-cm2 dishes at 37°C
and 5% CO2. THP1 cells were maintained in RPMI 1640 medium (Sigma)
supplemented with 10% FBS and 2% penicillin-streptomycin. THP1
differentiation into macrophages was induced using 100 nM phorbol-12-
myristate acetate (PMA) for 72 h. For analysis of miR-33a and -a* expres-
sion, Huh7 cells were plated in DMEM containing 10% lipoprotein-defi-

cient serum (LPDS) and treated with native low-density lipoprotein
(nLDL; 120 �g/ml) or simvastatin (5 �M) for 24 h. For analysis of miR-
33b and -b* expression, Huh7 cells were plated in DMEM containing 10%
FBS and stimulated with 10 �M T090 for 12 h.

RNA isolation and qRT-PCR. Total RNA was isolated using TRIzol
reagent (Invitrogen) according to the manufacturer’s protocol. For
mRNA quantification, cDNA was synthesized using iScript RT supermix
(Bio-Rad), following the manufacturer’s protocol. Quantitative real-time
PCR (qRT-PCR) was performed in triplicate using iQ SYBR green super-
mix (Bio-Rad) on an iCycler real-time detection system (Bio-Rad). The
mRNA level was normalized to the gene coding for GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) or 18S as a housekeeping gene. The
following human primer sequences were used: 18S, 5=-AGCTATCAATC
TGTCAATCCTGTC-3= and 5=-GCTTAATTTGACTCAACACGGGA-3=;
ABCA1, 5=-GGTTTGGAGATGGTTATACAATAGTTGT-3= and 5=-CCC
GGAAACGCAAGTCC-3=; GAPDH, 5=-AACTTTGGCATTGTGGAAG
G-3= and 5=-ACACATTGGGGGTAGGAACA-3=; SRC1, 5=-ACCACTTT
GTCTGTCGAGCCTGA-3= and 5=-TCCAGGCTCAGGTTTGGAGTTG
AT-3=; SRC3, 5=-ATGCCACAGGCCTGGAAGAAATTG-3= and 5=-CTG
CTTCTTGGCCTTGGAAAGCAT-3=; NFYC, 5=-GACACTTGCCACCA
ATGCTCAACA-3= and 5=-AGAGCTGCTGTCCATCTGTGAACT-3=;
RIP140, 5=-AGGGAGGCTTCATCTGCTGAAAGT-3= and 5=-AACTTCT
CCATTTGCGCTGTGTGG-3=; NPC1, 5=-CTTAGTGCAGGAACTCTG
TCCAGG-3= and 5=-TCCACATCACGGCAGGCATTGTAC-3=; IRS2 5=-
ACCTCAGTTCAAGGTAAAGCCGGA-3= and 5=-AGGTACCTGCACT
GGAATCCAACA-3=; CPT1a, 5=-TGCTTTACAGGCGCAAACTG-3=
and 5=-TGGAATCGTGGATCCCAAA-3=; CROT, 5=-TGTTCACCACAG
GGATACAAGCCT-3= and 5=-TACCTTGGCCTCCCACCGTGCTAA-
3=; SREBP-1c, 5=-TCAGCGAGGCGGCTTTGGAGCAG-3= and 5=-CATG
TCTTCGATGTCGGTCAG-3=; and SREBP-2, 5=-AACGGTCATTCACCC
AGGTC-3= and 5=-GGCTGAAGAATAGGAGTTGCC-3=. The following
mouse primer sequences were used: SREBP-2, 5=-GCGTTCTGGAGACC
ATGGA-3= and 5=-ACAAAGTTGCTCTGAAAACAAATCA-3=; and 18S,
5=-TTCCGATAACGAACGAGACTCT-3= and 5=-TGGCTGAACGCCAC
TTGTC-3=. The following monkey primer sequences were used: SREBP-
1c, 5=-CAACGCTGGCCGAGATCTAT-3= and 5=-TCCCCATCCACGAA
GAAACG-3=. For miRNA quantification, total RNA was reverse
transcribed using the RT2 miRNA First Strand kit (SABiosciences) or
miScript II RT kit (Qiagen). Primers specific for human miR-33a, miR-
33a*, miR-33b, and miR-33b* (SABiosciences) or miR-33a, miR-33a*,
miR-33b, miR-33b*, miR-451, and miR-148a (Qiagen) were used, and
values were normalized to either of the SNORD38B (SABiosciences) or
SNORD68 (Qiagen) housekeeping genes.

miRNA transfection. Huh7 and THP1 cells were transfected with 40
nM miRIDIAN miRNA mimic (miR-33a, mIR-33b, miR-33a*, or miR-
33b*) or with 60 nM miRIDIAN miRNA inhibitor (Inh-miR-33a, Inh-
miR-33a*, Inh-miR-33b, or Inh-miR-33b*) (Dharmacon) utilizing
RNAiMax (Invitrogen). All experimental control samples were treated
with an equal concentration of a nontargeting control mimic (CM) se-
quence (Dharmacon) or inhibitor negative-control sequence (CI) (Dhar-
macon) to control for non-sequence-specific effects in miRNA experi-
ments. Verification of miR-33 and -33* overexpression and inhibition was
determined using qRT-PCR as described above.

Lentivirus and Huh7 transduction. A lentivirus encoding the miR-
33a precursor (miR-33) and empty vector control were obtained from
System Biosciences, Inc. (SBI). High-titer preparations were produced by
vector gene transfer (University of Iowa) (18). Subconfluent cultures of
Huh7 cells were infected with 3 � 106 lentiviral particles from empty
vector or miR-33 for 16 h. The medium then was replaced, and after 48 h,
the cells were split and treated 24 h later with lentiviral particles as previ-
ously described (26). Forty-eight hours after the last treatment, the effi-
ciency of transduction was confirmed via flow cytometry and immuno-
fluorescence by measuring green fluorescent protein (GFP) expression as
described below.
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Flow cytometry. Huh7 cells were analyzed for expression of GFP by
fluorescence flow cytometry. Briefly, monolayers were washed twice in
1� phosphate-buffered saline (PBS) and then incubated with trypsin for
3 min. Enzyme activity was then quenched with 10% FBS–DMEM, and
suspended cells were collected and washed in 10 ml cold 1% bovine serum
albumin (BSA) (Sigma)–PBS, centrifuged, and washed again in cold 1%

BSA–PBS. Cells were then analyzed on a flow cytometer system (Accuri
Cytometers) and gated at 10,000 viable cells per sample.

Immunofluorescence. The expression of GFP in empty vector and
pre-miR-33-transduced Huh7 cells was analyzed directly using a Zeiss
Axiovert 2000 M fluorescence microscope (Carl Zeiss). Images were ac-
quired using a charge-coupled device AxioCam MRm with a 40� objec-

FIG 1 miR-33a and -a* and miR-33b and -b* are differentially expressed in human tissues. (A) Schematic representation of hsa-miR-33a and hsa-miR-33b
stem-loop structures. Mature sequences for the 5= (5p) and 3= (3p) strands are highlighted in blue and orange, respectively. (B) Assessment of miR-33a and
miR-33a* primer efficiencies. Cycle threshold (Ct) values were plotted against the log of six sequential 10-fold dilutions of human miR-33a or -33a* mimics.
Efficiency (E) � 10(�1/slope). (C) Assessment of miR-33b and miR-33b* primer efficiencies. Cycle threshold values were plotted against the log of six sequential
10-fold dilutions of human miR-33b or -33b* mimics. E � 10(�1/slope). (D) Expression profile of miR-33a and miR-33a* in selected human tissues (Life
Technologies). (E) Expression profile of miR-33b and miR-33b* in selected human tissues (Life Technologies). (F) qRT-PCR analysis of miR-33a, miR-33a*,
miR-33b, miR-33b*, miR-148a, and miR-451 in Huh7 cells transfected with nonsilencing control siRNA (NS) or Dicer siRNA (siDicer). Western blot analysis
of Dicer expression is shown in the right panel. (G) Assessment of miR-33a and miR-33a* relative expression levels in Huh7 cells transfected with control mimic
(CM), miR-33a, or miR-33a* after Ago2 immunoprecipitation (Ago2-IP). The relative expression levels of miR-33a and miR-33a* were normalized to cells
transfected with CM. In panels D, E, and G, data are means � SEM and representative of 2 experiments in duplicate. In panel F, data are means � SEM from 3
experiments in triplicate. *, P � 0.05.
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tive (Carl Zeiss). For lipid droplet analysis, Huh7 cells were transfected
with control mimic (CM), miR-33a mimic, or miR-33a* mimic as de-
scribed above. Following 36 h of transfection, cells were incubated with 1
mM oleate for 12 h and starved for the next 24 h. Cells were washed and
fixed for 30 min with 4% paraformaldehyde (PFA)–PBS and stained for 30
min with 1 �g/ml Bodipy 493/503 in PBS. The coverslips were then
mounted on glass slides with Gelvato-DAPI (4=,6-diamidino-2-phenylin-
dole) and analyzed using an EVOSfl digital inverted microscope (AMG;
batch no. B2112-155D-028; software revision, 9978). Images were ac-
quired using a 20� LPlan FL (AMEP-4624) objective and edited using
Photoshop (Adobe).

Lipid content analysis. For lipid quantification, Huh7 cells were
transfected with 40 nM control mimic (CM), miR-33a mimic, miR-33a*,
or miR-33a and miR-33a* mimic as described above. Following 36 h of
transfection, cells were incubated with 1 mM oleate for 12 h and starved
for the next 24 h. The cells were then washed three times in 1� PBS and
collected; �-hydroxybutyrate, free fatty acids (FFA), and triglycerides
were quantified using commercially available kits (Biovision) according
to the manufacturers’ instructions.

Western blot analysis. Cells were lysed in ice-cold buffer containing
50 mM Tris-HCl (pH 7.5), 125 mM NaCl, 1% NP-40, 5.3 mM NaF, 1.5
mM NaP, 1 mM orthovanadate, 175 mg/ml octylglucopyranoside, 1
mg/ml protease inhibitor cocktail (Roche), and 0.25 mg/ml AEBSF [4-(2-
aminoethyl) benzenesulfonyl fluoride hydrochloride] (Roche). Cell ly-
sates were rotated at 4°C for 1 h before the insoluble material was removed
by centrifugation at 12,000 � g for 10 min. After normalization for equal
protein concentration, cell lysates were resuspended in SDS sample buffer
before separation by SDS-PAGE. Following overnight transfer of the pro-
teins onto nitrocellulose membranes, the membranes were probed with

the antibodies to the following proteins: ABCA1 (1:1,000), NPC1 (1:
1,000), IRS2 (1:500), CPT1a (1:500), CROT (1:500), RIP140 (1:500),
SRC1 (1:250), SRC3 (1:250), NFYC (1:500), and HSP90 (1:1,000). Protein
bands were visualized using the Odyssey infrared imaging system
(LI-COR Biotechnology). Densitometry analysis of the gels was carried
out using ImageJ software from the NIH (http://rsbweb.nih.gov/ij/).

3=-UTR luciferase reporter assays. cDNA fragments corresponding
to the 3= UTR of ABCA1, NPC1, CROT, IRS2, SRC1, SRC3, and NFYC
were amplified by RT-PCR from total RNA extracted from HepG2 cells
with XhoI and NotI linkers. The PCR product was directionally cloned
downstream of the Renilla luciferase open reading frame of the psi-
CHECK2 vector (Promega), which also contains a constitutively ex-
pressed firefly luciferase gene, which is used to normalize transfections. A
cDNA fragment corresponding to the entire 3= UTR of CPT1a was pur-
chased from GeneCopeia. Point mutations in the seed region of predicted
miR-33a* or miR-33b* sites within the 3= UTR of the above constructs
were generated using Multisite-Quickchange (Stratagene) according to
the manufacturer’s protocol. All constructs were confirmed by sequenc-
ing. COS7 cells were plated into 12-well plates (Costar) and cotransfected
with 1 �g of the indicated 3=-UTR luciferase reporter vectors and 40 nM
the miR-33a* or miR-33b* mimic or negative-control mimic (CM)
(Dharmacon) using Lipofectamine 2000 (Invitrogen). Luciferase activity
was measured using the Dual-Glo luciferase assay system (Promega).
Renilla luciferase activity was normalized to the corresponding firefly lu-
ciferase activity and plotted as a percentage of the control (cells cotrans-
fected with the corresponding concentration of control mimic). Experi-
ments were performed in triplicate and repeated at least three times.

Ago2-IP. Ago2 immunoprecipitation (Ago2-IP) experiments after
miR-33a, miR-33a*, and CM overexpression were conducted with Huh7
cells. Briefly, 1 � 107 cells were transfected with 20 nM miR-33a, miR-
33a*, or CM using RNAimax for 24 h. After 24 h, cells were collected and
subjected to Ago2-IP using the RNA isolation kit for human Ago2 (Wako
Chemicals) according to the manufacturer’s instructions. The IP pull-
down RNA was used to determine the expression levels of miR-33a, miR-
33a*, miR-33b, miR-33b*, miR-148a, miR-451, CROT, and NPC1, as
described above.

Mouse studies. Male C57BL/6 mice were purchased from Jackson
Laboratories (Bar Harbor, ME) and kept under constant temperature and
humidity in a 12-h controlled dark/light cycle. Eight-week-old C57BL/6
male mice (n � 5 per group) were placed on a chow diet, a high-fat diet
(HFD) containing 0.3% cholesterol and 21% (wt/wt) fat (from Dyets,
Inc.), or a chow diet containing 0.005% (wt/wt) rosuvastatin
(AstraZeneca UK, Ltd.), equaling 5 mg/kg body weight per day for 3
weeks. At sacrifice, liver samples were collected, snap-frozen, and stored at
�80°C. Total liver RNA was isolated using the Bullet blender homoge-
nizer (Next Advance) in TRIzol. One microgram of total RNA was reverse
transcribed using the RT2 miRNA First Strand kit (SABiosciences) for

FIG 2 miR-33a and -a* and miR-33b and -b* are coexpressed with their host
genes, Srebp-2 and Srebp-1. (A) Quantitative real-time fluorescence PCR
(qRT-PCR) analysis of miR-33a, miR-33a*, and SREBP-2 in human hepatic
(Huh7) cells loaded with cholesterol by nLDL (120 �g/ml) and depleted of
cholesterol by statin treatment (5 �M). (B) qRT-PCR analysis of miR-33b,
miR-33b*, and SREBP-1c in Huh7 cells treated with the LXR agonist
T0901317 (T090) for 12 h. (C) qRT-PCR analysis of SREBP-2 and miR-33a
and miR-33a* in the livers of C57BL6 mice (n � 5 per group) fed a chow diet,
high-fat diet (HFD), or rosuvastatin-supplemented diet (statin). (D) qRT-
PCR analysis of SREBP-1c, miR-33b, and miR-33b* in the livers of rhesus
monkeys (n � 6 per treatment) after 1 h of glucose stimulation. In panels A to
D, the data are means � SEM and representative of �2 experiments in tripli-
cate. *, P � 0.05.

TABLE 1 Predicted lipid metabolism target genes for miR-33a*

Gene
product

Target gene predicted by
algorithma

Conserved
in micemiRanda miRWalk

ABCA1 X Yes
NPC1 X Yes
CROT X No
CPT1a X X Yes
AMPK� X X Yes
IRS2 X Yes
SRC1 X X No
SRC3 X Yes
RIP140 X X Yes
NFYC X Yes
a X, predicted binding site present.
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miR-33a and -a* and miR-33b and -b* quantification and normalized to
SNORD66 using quantitative PCR described above. For mRNA quantifi-
cation, cDNA was synthesized using iScript RT supermix (Bio-Rad) and
iQ SYBR green supermix (Bio-Rad) as described above. All animal exper-
iments were approved by the Institutional Animal Care Use Committee of
New York University Medical Center.

Nonhuman primate studies. Five male rhesus monkeys (Macaca mu-
latta), age 14.3 � 0.53 years (mean � standard error of the mean [SEM]),
were fasted overnight and anesthetized with ketamine (10 mg/kg); isoflu-
rane gas maintained the anesthesia plane. An ultrasound-guided needle

biopsy specimen of the liver was collected at baseline and flash frozen. For
the glucose tolerance test (GTT), an intravenous catheter was placed in the
saphenous vein. Following the collection of 4 baseline blood samples (3 ml
each), a dose of 300 mg/kg of 50% dextrose (Hospire, Inc., Lake Forest, IL)
was delivered intravenously (i.v.) over 30 s. Blood samples were then
collected at 1, 3, 5, 7, 10, 15, 20, 30, 40, 50, and 60 min after injection.
Glucose values were promptly measured in whole blood using an Ascensia
Breeze 2 blood glucose monitoring system (Bayer HealthCare LLC.,
Mishawaka, IN), and additional serum samples were stored at �80°C for
subsequent analysis. A second liver biopsy specimen was collected imme-
diately following the 60-min time point and again 6 h after glucose infu-
sion. Animal procedures were approved by the Animal Care and Use
Committee of the Biomedical Research Center, National Institute on Ag-
ing. Liver RNA was isolated using the Bullet blender homogenizer (Next
Advance) in TRIzol. For mRNA quantification, 1 �g of total RNA was
reverse transcribed using iScript RT supermix (Bio-Rad) and iQ SYBR
green supermix (Bio-Rad). Quantification of miR-33b and miR-33b* was
assessed using the RT2 miRNA First Strand kit (SABiosciences) as de-
scribed above.

Statistics. All data are expressed as means � SEM. Statistical differ-
ences were measured using either an unpaired Student t test or 2-way
analysis of variance (ANOVA) with Bonferroni’s correction for multiple
comparisons when appropriate. A P value of �0.05 was considered statis-

TABLE 2 Predicted lipid metabolism target genes for miR-33b*

Gene
product

Target gene predicted by
algorithma

Conserved
in micemiRanda miRWalk

ABCA1 X X No
CS X No
SRC3 X No
RIP140 X No
NFYC X No
a X, predicted binding site present.

FIG 3 miR-33a* specifically targets the 3= UTR of human genes Npc1, Crot, Irs2, Src1, Src3, and Nyfc, while miR-33b* specifically targets the 3= UTR of human
Nfyc. (A through F) Luciferase reporter activity in COS7 cells transfected with control mimic (CM) or miR-33a* mimic and the human or mouse (A) Npc1, (B)
Crot, (C) Irs2, (D) Src1, (E) Src3, or (F) Nfyc 3= UTRs containing the indicated point mutations (PM) in the miR-33a* target sites. (G) Luciferase reporter activity
in COS7 cells transfected with control mimic (CM) or miR-33b* mimic and the human Nfyc 3= UTR containing the indicated point mutations (PM) in the
miR-33b* target site. (H) qRT-PCR analysis of CROT and NPC1 in Huh7 cells transfected with the control mimic (CM), miR-33a, or miR-33a* after Ago2
immunoprecipitation (Ago2-IP). In panels A to G, the data are expressed as mean percentages of 3=-UTR activity of CM � SEM and are representative of �3
experiments in triplicate. *, P � 0.05. n.s., not significant. In panel H, the data are means � SEM and representative of 2 experiments in duplicate.
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tically significant. Data analysis was performed using Prism software ver-
sion 5.0a (GraphPad, San Diego, CA). On the figures, asterisks represent
the following: *, P � 0.05; **, P � 0.01; and ***, P � 0.001.

RESULTS
miR-33* is evolutionarily conserved and accumulates to steady-
state levels in human, mouse, and nonhuman primate tissues.
We previously identified the presence of miR-33 using genome-
wide expression profiling in mouse peritoneal macrophages
enriched or depleted of cholesterol (18). Interestingly, further
characterization of the array revealed that in addition to miR-33,
miR-33* (Fig. 1A) was significantly downregulated by cholesterol
loading with acetylated-LDL (�1.63-fold change; P � 0.035) (27).
Recent evidence shows that certain miRNAs display tissue-depen-
dent miRNA arm selection (13), thereby identifying a possible
biological function for the accumulation of miRNA* strands.
Therefore, after confirming equal primer efficiencies for miR-33a
and -a* and miR-33b and -b* (Fig. 1B and C), we first sought to
measure the expression of miR-33a and -b and miR-33a* and -b*
in various human tissues using qRT-PCR. As seen in Fig. 1D and
E, both arms of miR-33 were differentially expressed, especially in
the brain, testes, and adipose tissue. Notably, miR-33a* accumu-
lated to higher steady-state levels than miR-33a in the liver, a

tissue in which miR-33 has been extensively studied. Our miR-
33a* and miR-33b* measurements were specific for the mature
form since siRNA-mediated knockdown of Dicer (Fig. 1F, right
panel) significantly reduced the expression of both mature
miRNAs, while the expression of miR-451, an miRNA that is pro-
cessed independently of Dicer (28), was unchanged (Fig. 1F, left
panel). Similar results were observed when we analyzed the ex-
pression of miR-148a, an miRNA highly expressed in human
hepatic cell lines (Fig. 1F, left panel). Moreover, to determine the
primer specificity for mature miR-33a and -a* and miR-33b and
-b* compared to their precursor hairpins, we immunoprecipi-
tated the RISC using an antibody specific for Ago2. Cells trans-
fected with miR-33a mimics had a higher expression of miR-33a
in the RISC than cells transfected with control mimic (CM) or
miR-33a* (Fig. 1G). Similarly, cells transfected with miR-33a*
showed increased expression of miR-33a* in the RISC compared
with cells transfected with CM or miR-33a (Fig. 1G). Altogether,
these results demonstrate that we were able to determine specifi-
cally the expression of mature miR-33a and -a* and miR-33b and
-b* and that these miRNAs are expressed in most human tissues.

Because miRNA and miRNA* sequences tend to show differ-
ent patterns of nucleotide divergence (29–31), we next assessed

FIG 4 Posttranscriptional regulation of ABCA1, NPC1, CROT, CPT1a, IRS2, SRC1, SRC3, NFYC, and RIP140 by miR-33a and miR-33a* in Huh7 cells. (A)
qRT-PCR analysis of SREBP-2, SREBP-1c, ABCA1, NPC1, CROT, CPT1a, IRS2, SRC1, SRC3, NYFC, and RIP140 in Huh7 cells transfected with a control mimic
(CM), miR-33a mimic, or miR-33a* mimic. (B) Western blot analysis of ABCA1, NPC1, CROT, CPT1a, IRS2, SRC1, SRC3, NFYC, and RIP140 in Huh7 cells
transfected with CM, miR-33a, or miR-33a*. Quantification of protein relative to the loading control (HSP90) is shown in the right panel. a.u., arbitrary units.
(C) qRT-PCR analysis of SREBP-2, SREBP-1c, ABCA1, NPC1, CROT, CPT1a, IRS2, SRC1, SRC3, NYFC, and RIP140 in Huh7 cells transfected with a control
inhibitor (CI), inhibitor of miR-33a (Inh-33a), or inhibitor of miR-33a* (Inh-33a*). (D) Western blot analysis of ABCA1, NPC1, CROT, CPT1a, IRS2, SRC1,
SRC3, NFYC, and RIP140 in Huh7 cells transfected with CI, Inh-33a, or Inh-33a*. Quantification of protein relative to the loading control (HSP90) is shown in
the right panel. In panels A to D, the data are means � SEM and representative of �3 experiments in triplicate. *, P � 0.05.
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the evolutionary profiles of miR-33a and -a* and miR-33b and -b*
in 21 vertebrate genomes. As shown in Fig. S1A in the supplemen-
tal material, both arms of the miR-33a duplex are highly con-
served across vertebrates, while the conservation of miR-33b and
-b* is lost in rats and mice (see Fig. S1B). Consistent with this, both
miR-33 duplex arms were detectable in human hepatic cells
(Huh7) and were synchronously expressed with their host genes,
Srebp-1 and Srebp-2, upon transcriptional activation (Fig. 2A and
B). To ascertain whether both arms of the miR-33a duplex were
coexpressed in vivo, C57BL/6 mice were fed a chow, high-fat diet
(HFD) or statin-supplemented diet for 3 weeks. As shown in
Fig. 2C, both miR-33a and miR-33a* were downregulated in
the livers of mice fed the HFD and significantly upregulated in the
livers of mice fed a diet supplemented with statin. Because the
conservation of miR-33b in the intron of Srebp-1 is lost in mice,
we next evaluated the expression of miR-33b and -b* in the livers
of rhesus monkeys stimulated with glucose. Intraperitoneal injec-
tion of a bolus of glucose to fasted monkeys led to peak glucose
(174 � 10 nM/liter) and insulin (8.9 � 0.19 ng/ml) concentra-
tions 5 and 15 min after injection, respectively. Consistent with
this, SREBP-1 mRNA levels increased 60 min after glucose stim-
ulation (Fig. 2D). Interestingly, both arms of the miR-33b duplex
also increased after stimulation, suggesting for the first time that
miR-33b or -b* is cotranscribed with its host gene in vivo. Thus,
given that both miR-33a* and miR-33b* were concurrently ex-
pressed with their host genes in vitro and in vivo, we hypothesized
that both passenger strands may be contributing to the endoge-
nous role of the miR-33a/miR33b duplex.

miR-33 and miR-33* are predicted to regulate a similar num-
ber of target genes. To gain insight into the function of miR-33*,
we analyzed its potential gene targets using the target prediction
algorithm miRWalk (which provides target interaction informa-
tion from eight different prediction programs, including mi-
Randa, miRDB, and TargetScan) (32) and the pathway analysis
tool Reactome (www.reactome.org). These prediction tools re-
vealed that both miR-33a and -b duplex arms were enriched in
lipid and specifically fatty acid metabolism (P � 0.00088 and
0.00039 for miR-33a and -a* and P � 0.0028 and 0.035 for miR-
33b and -b*) and previously identified as direct targets of miR-33a
and -b. Importantly, several genes involved in cellular cholesterol
mobilization (Abca1 and Npc1), fatty acid metabolism (Cs [coding
for citrate synthase], Crot, Cpt1a, and Ampk�), and insulin signal-
ing (Irs2) had putative binding sites for miR-33a* and -b*. In
addition, several transcriptional regulators of lipid metabolism
genes (Src1, Src3, Rip140, and Nfyc) were also predicted to be
targets of both passenger strands (Tables 1 and 2).

miR-33* species can repress targets via perfect and near-per-
fect seed matches. To test whether miR-33a* and -b* could re-
press the Abca1, Npc1, Cs, Crot, Cpt1a, AMPK�, Irs2, Src1, Src3,
and Nfyc genes, we used reporter constructs with the luciferase
coding sequence fused to the 3= UTR of the aforementioned genes.
The constructs were cotransfected into COS7 cells along with a
miR-33 mimic, miR-33* mimic, or nontargeting control mimic
(CM). Similar to its sister strand, miR-33a* significantly inhibited
the 3=-UTR activities of Npc1, Irs2, Crot, Src1, Src3, and Nfyc (see
Fig. S2A B, and D to G in the supplemental material). Interest-

FIG 5 Posttranscriptional regulation of ABCA1, NPC1, SRC1, SRC3, NFYC, and RIP140 by miR-33a and miR-33a* in THP1 cells. (A) qRT-PCR analysis of
ABCA1, NPC1, SRC1, SRC3, NYFC, and RIP140 in THP1 cells transfected with a control mimic (CM), miR-33a mimic, or miR-33a* mimic. (B) Western blot
analysis of ABCA1, NPC1, SRC1, SRC3, and NFYC in THP1 cells transfected with CM, miR-33a, or miR-33a*. Quantification of protein relative to the loading
control (HSP90) is shown in the right panel. (C) qRT-PCR analysis of ABCA1, NPC1, SRC1, SRC3, NYFC, and RIP140 in THP1 cells transfected with a control
inhibitor (CI), inhibitor of miR-33a (Inh-33a), or inhibitor of miR-33a* (Inh-33a*). (D) Western blot analysis of ABCA1, NPC1, SRC1, SRC3, and NFYC in
THP1 cells transfected with CI, Inh-33a, or Inh-33a*. Quantification of protein relative to the loading control (HSP90) is shown in the right panel. In panels A
to D, the data are means � SEM and representative of �3 experiments in triplicate. *, P � 0.05.
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ingly, only miR-33a significantly inhibited the 3= UTR of Ampk�
and Cpt1a, despite binding sites for both duplex strands of miR-
33a (see Fig. S2C and H). Transfection of miR-33b* resulted in
reduced luciferase expression for Nfyc compared to controls (see
Fig. S2J), while Src3 3=-UTR activity was unaffected (see Fig. S2K).
Neither miR-33b nor miR-33b* repressed relative luciferase levels
when cells were cotransfected with the 3= UTR of Cs (see Fig. S2L).
Notably, both miR-33* arms of miR-33a and -b failed to target
Abca1 3=-UTR activity, despite strong downregulation from each
sister strand (see Fig. S2I and M). Importantly, mutation of the
miR-33a* and -b* target sites relieved the repression of Npc1, Crot,
Irs2, Src1, Src3, and Nfyc (Fig. 3A to G) 3=-UTR activity, confirm-
ing a direct interaction of miR-33a* and -b* with these sites. Spe-
cifically, mutation of both miR-33a* sites in the 3= UTR of Src1
and Src3 was needed to completely reverse the inhibitory effects of
miR-33a* (Fig. 3D and E). To further determine the direct effect of
miR-33a and -a* on some of their common target genes, we per-
formed Ago2 immunoprecipitation in Huh7 cells transfected with
miR-33a and miR-33a* and assessed the expression of CROT and
NCP1 mRNA. Interestingly, the expression of CROT and NPC1
was increased in cells transfected with miR-33a and miR-33a*
compared with that of cells that overexpressed a negative-control
mimic (CM), suggesting that both miRNAs interact directly with
CROT and NPC1 in the RISC (Fig. 3H).

miR-33 and miR-33* cooperate to regulate target gene re-
pression. Although miR-33a and miR-33b have identical seed se-

quences, their sister strands are predicted to bind to different re-
gions in the 3= UTR of target genes (see Fig. S1 in the supplemental
material). To determine whether miR-33a and -a* and miR-33b
and -b* cooperate to reduce target gene expression, we tested the
effect of each miRNA duplex on the 3= UTR of several targets
(Npc1, Crot, and Nfyc). Cotransfection of both miR-33a and miR-
33a* resulted in a 10% further reduction of Npc1, Crot, and Nfyc
3=-UTR activity (data not shown). A similar effect was observed
when COS7 cells were cotransfected with the 3= UTR of Nfyc and
a miR-33b and miR-33b* mimic (data not shown), thus suggest-
ing that both arms of the miR-33a/miR-33b duplex may cooperate
to regulate the expression of Npc1, Crot, and Nfyc.

miR-33* regulates gene expression in human macrophage
and hepatic cell lines. We next determined whether miR-33a*
and -b* could mediate translational repression of ABCA1, NPC1,
CROT, CPT1a, IRS2, SRC1, SRC3, NFYC, and RIP140. Transfec-
tion of hepatic cells (Huh7) with miR-33a* significantly reduced
NPC1, CPT1a, SRC1, and RIP140 mRNA and NPC1, CROT,
CPT1a, IRS2, SRC1, SRC3, NFYC, and RIP140 protein expres-
sion, while Srebp-2, the host gene of miR-33a*, was unchanged
(Fig. 4A and B). The repressive effects of miR-33a* were compa-
rable to that of its sister strand, miR-33a (Fig. 4A and B), and were
also reproduced in the human macrophage cell line THP1 (Fig. 5A
and B), indicating that both arms of the miR-33a/miR-33a* du-
plex are active in these cell types. Consistent with this, overexpres-
sion of miR-33b* in Huh7 (Fig. 6A and B) and THP1 (Fig. 7A and

FIG 6 Posttranscriptional regulation of ABCA1, NFYC, and RIP140 by miR-33b and miR-33b* in Huh7 cells. (A) qRT-PCR analysis of SREBP-2, SREBP-1c,
ABCA1, RIP140, and NFYC in Huh7 cells transfected with a control mimic (CM), miR-33b mimic, or miR-33b* mimic. (B) Western blot analysis of ABCA1,
RIP140, and NFYC in Huh7 cells transfected with CM, miR-33b, or miR-33b*. Quantification of protein relative to the loading control (HSP90) is shown in the
right panel. (C) qRT-PCR analysis of SREBP-2, SREBP-1c, ABCA1, RIP140, and NFYC in Huh7 cells transfected with a control inhibitor (CI), inhibitor of
miR-33b (Inh-33b), or inhibitor of miR-33b* (Inh-33b*). (D) Western blot analysis of ABCA1, RIP140, and NFYC in Huh7 cells transfected with CI, Inh-33b,
or Inh-33b*. Quantification of protein relative to the loading control (HSP90) is shown in the right panel. In panels A to D, the data are means � SEM and
representative of �3 experiments in triplicate. *, P � 0.05.
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B) cells also significantly decreased the mRNA expression of
RIP140 and NFYC. Interestingly, both miR-33a* and miR-33b*
strongly repressed ABCA1 and CPT1a expression in Huh7 (Fig. 4
and 6) and THP1 (Fig. 5 and 7) cells, despite confirmation of
direct binding by luciferase assays (see Fig. S2 in the supplemental
material). As SRC1 is a coactivator of ABCA1 expression (33) and
a direct target of miR-33a*, we hypothesize that miR-33* is re-
pressing ABCA1 mRNA and protein expression through this
pathway. Similarly, PPAR�, a transcriptional activator of CPT1a
(34), also has a strong binding site for miR-33a* in its 3= UTR,
which may explain the repressive effects of miR-33a* on CPT1a
mRNA and protein levels. Additionally, the moderate downregu-
lation observed when we analyzed the effect of miR-33a* or miR-
33b* on 3=-UTR activity compared with protein expression might
be explained by the presence of canonical and noncanonical bind-
ing sites for both miRNAs within the coding regions of the target
genes analyzed (data not shown). Indeed, several reports, using
HITS-CLIP and PAR-CLIP, have shown that around 40% of
miRNA binding sites are mapped to the coding region of certain
genes (35, 36). Therefore, we cannot rule out that part of the effect
of miR-33a* and miR-33b* might be due to certain binding activ-
ity on the coding region. Nevertheless, our present data show that
at least a portion of their targeting activity is mediated through the
binding sites located within the 3= UTR of the analyzed genes.
Further experiments are necessary to determine the biological sig-
nificance of the miR-33a* and miR-33b* binding sites within
mRNA coding regions. To assess the role of endogenous miR-33a*
and -b* in regulating target gene expression, Huh7 and THP1 cells
were transfected with a control inhibitor (CI), an inhibitor of

miR-33a* (Inh-33a*), or an inhibitor of miR-33b* (Inh-33b*). As
shown in panels C and D of Fig. 4, 5, 6, and 7, inhibition of en-
dogenous miR-33a* or miR-33b* significantly increased the
mRNA or protein levels of ABCA1, NPC1, CROT, CPT1a, SRC1,
SRC3, NFYC, and RIP140, consistent with the hypothesis that
miR-33a* and -b* have physiological roles in controlling lipid
metabolism gene expression.

miR-33 and miR-33* differentially regulate target gene ex-
pression. To evaluate which miR-33 duplex arm plays a larger role
in regulating lipid metabolism genes, we used lentiviral vectors to
manipulate the levels of pre-miR-33a in human hepatic cells.
Huh7 cells were efficiently transduced with a miR-33a lentiviral
vector or empty control vector (Fig. 8A and B) and maintained
green fluorescent protein expression after being cultured for 2
days (Fig. 8A). Moreover, miR-33-transduced cells presented in-
creased levels of miR-33a and miR-33a* (Fig. 8C), as well as a
concomitant decrease in expression of the genes coding for
ABCA1, NPC1, CROT, CPT1a, IRS2, SRC1, SRC3, RIP140, and
NFYC (Fig. 8D). Interestingly, transduced hepatic cells mimicked
the ratio of miR-33 to miR-33* expression seen in human liver
tissue (Fig. 1D). After confirmation of efficient transduction,
Huh7 cells were transfected with an inhibitor of each duplex
strand (Inh-33a and Inh-33a*) or control inhibitor (CI) and target
gene expression was analyzed via qRT-PCR and Western blotting.
As seen in Fig. 8E and F, both arms of the miR-33a duplex con-
tribute to the repression of target genes, as inhibition of either
miR-33a or miR-33a* led to the derepression of ABCA1, NPC1,
CROT, CPT1a, IRS2, SRC1, SRC3, RIP140, and NFYC at the
mRNA and protein level. Interestingly, miR-33a* seems to play a

FIG 7 Posttranscriptional regulation of ABCA1, NFYC, and RIP140 by miR-33b and miR-33b* in THP1 cells. (A) qRT-PCR analysis of ABCA1, NYFC, and
RIP140 in THP1 cells transfected with a control mimic (CM), miR-33b mimic, or miR-33b* mimic. (B) Western blot analysis of ABCA1 and NFYC in THP1 cells
transfected with CM, miR-33b, or miR-33b*. Quantification of protein relative to the loading control (HSP90) is shown in the right panel. (C) qRT-PCR analysis
of ABCA1, NYFC, and RIP140 in THP1 cells transfected with a control inhibitor (CI), inhibitor of miR-33b (Inh-33b), or inhibitor of miR-33b* (Inh-33b*). (D)
Western blot analysis of ABCA1 and NFYC in THP1 cells transfected with CI, Inh-33b, or Inh-33b*. Quantification of protein relative to the loading control
(HSP90) is shown in the right panel. In panels A to D, the data are means � SEM and representative of �3 experiments in triplicate. *P � 0.05.
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larger role in regulating CPT1a, NPC1, SRC3, and NFYC, as Huh7
cells transfected with Inh-33a* show a larger derepression at the
protein level compared with Inh-33a (Fig. 8E). Taken together,
these findings suggest a shared regulation of lipid metabolism by
miR-33a and miR-33a*.

miR-33* inhibits cellular fatty acid oxidation. As miR-33*
strongly inhibits several genes involved in fatty acid oxidation
(coding for CROT and CPT1a), we next sought to investigate the
functional role of miR-33* in this process. To this end, we evalu-
ated the effects of miR-33a, miR-33a*, or miR-33a and -a* on fatty
acid oxidation in Huh7 cells incubated with oleic acid for 12 h
(Fig. 9A) and then starved for the next 24 h. As seen in Fig. 9C,
Huh7 cells transfected with an miR-33a or miR-33a* mimic
showed significantly lower levels of �-hydroxybutyrate, an end
product of hepatic fatty acid oxidation (37), than cells transfected
with a control mimic (CM). Interestingly, cells transfected with
both miR-33a and miR-33a* showed slightly lower levels of �-hy-
droxybutyrate compared to cells transfected with either mimic
alone, thus suggesting a shared regulation of fatty acid oxidation

by both arms of the miR-33a/miR-33a* duplex. We next evaluated
lipid droplet formation in Huh7 cells transfected with CM, miR-
33a, or miR-33a*. Consistent with decreased levels of fatty acid
oxidation, miR-33a- and miR-33a*-transfected cells accumulated
significantly more triglycerides (TG) (Fig. 9D) and free fatty acids
(FFA) (Fig. 9E) in larger lipid droplets (Fig. 9B).

DISCUSSION

The experiments shown herein expand our current understanding
of how miR-33a and -b contribute to the regulation of lipid ho-
meostasis. We and others have previously established that miR-
33a and -b work in concert with their host genes, Srebp-2 and
Srebp-1, to ensure that a cell’s metabolic state is balanced (18, 19,
21–23). During transcriptional activation of Srebp-1 and Srebp-2,
miR-33a and miR-33b are also transcribed, negatively regulating
the expression of genes involved in cellular cholesterol export,
fatty acid oxidation, and insulin signaling. We now show that the
passenger strands of miR-33a and -b, miR-33a* and -b*, are also
coincidentally generated with their host transcripts and repress

FIG 8 Both arms of the miR-33 duplex contribute to the posttranscriptional regulation of target gene expression. (A to B) Huh7 cells were transduced with a
lentivirus encoding the miR-33a precursor (pre-miR-33) or empty vector control. Transduction efficiency was confirmed 48 h after culturing by measuring GFP
expression using fluorescence microscopy (A) and flow cytometry (B). (C) qRT-PCR analysis of miR-33a (top panel) and miR-33a* (bottom panel) in empty
vector-transduced or pre-miR-33-transduced Huh7 cells. (D) qRT-PCR analysis of SREBP-2, SREBP-1c, ABCA1, NPC1, CROT, CPT1a, IRS2, SRC1, SRC3,
RIP140, and NFYC in Huh7 cells transduced with pre-miR-33. Values were compared to those from empty vector-transduced cells. (E) qRT-PCR analysis of
ABCA1, NPC1, CROT, CPT1a, IRS2, SRC1, SRC3, RIP140, and NFYC in pre-miR-33-transduced Huh7 cells transfected with a control inhibitor (CI), inhibitor
of miR-33a (Inh-miR-33a), or inhibitor of miR-33a* (Inh-miR-33a*). (F) Western blot analysis of ABCA1, NPC1, CROT, CPT1a, IRS2, SRC1, SRC3, NFYC, and
RIP140 in pre-miR-33-transduced Huh7 cells transfected with CI, Inh-miR-33a, or Inh-miR-33a*. Quantification of protein relative to the loading control
(HSP90) is shown in the right panel. FS, forward scatter. In panels A to F, the data are means � SEM and representative of �2 experiments in triplicate. *, P �
0.05.
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similar genes involved in cholesterol export (Abca1 and Npc1),
fatty acid oxidation (Crot and Cpt1a), insulin signaling (Irs2), and
the transcriptional regulation of lipid metabolism (Src1, Src3,
Rip140, and Nfyc). Historically, miRNA* species contribute less to
gene regulatory networks than their partner miRNA strands; how-
ever our data indicate that miR-33a* and -b* functionally contrib-
ute to the regulation of lipid homeostasis. We speculate that miR-
33a* and -b* work collectively with their sister strands to boost
intracellular cholesterol and fatty acid levels by balancing the post-
transcriptional repression of genes involved in cellular cholesterol
efflux and fatty acid oxidation. Given that miR-33a* and -b* have
different seed sequences and share a similar target gene network
with miR-33a and -b, accumulation of both arms of the miR-33
duplex would be predicted to (i) contribute to the posttranscrip-
tional repression of similar transcripts through different sites in
the target mRNA, and/or (ii) contribute to the posttranscriptional
repression of distinct sets of mRNA transcripts in the same bio-
logical pathway (Fig. 10).

Thus far, relatively little is known about the functionality of
miRNA* species. Signs of their existence arose with the develop-
ment of deep sequencing techniques and were later followed by
the demonstration of tissue-specific miRNA* abundance (8, 13).
Hypothetically, each miRNA duplex produces an miRNA strand
and miRNA* strand in a ratio that is predetermined by the ther-
modynamic stabilities and structural factors that contribute to

miRNA accumulation (4, 5). Because each miRNA/miRNA* du-
plex has a unique structure and thermodynamic profile, these ra-
tios should, in theory, remain constant across tissues (6). Our
present study, however, suggests that the accumulation of miR-
33a* and miR-33b* is tissue dependent, a finding that both chal-
lenges this hypothesis and extends recent reports of miRNA
tissue-dependent stability. Indeed, while this article was in prep-
aration, Voellenkle et al. reported a clear bias toward miR-33a*
accumulation in endothelial cells using deep sequencing tech-
niques (38). Additionally, it was reported that miR-33a* was not
only expressed in monocyte-derived macrophages (MDMs), but
also downregulated under M2-polarizing conditions (39). While
these observations support our findings that miR-33* may con-
tribute to the functional role of miR-33, the role of miR-33 in
endothelial cells and MDMs is currently unknown.

The presence of miR-33a* and -b* in human, mouse, and non-
human primate livers and their coexpression with Srebp-2,
Srebp-1, and miR-33a and -b during cholesterol depletion or LXR
stimulation in vivo strongly point towards a functionally active
role for miR-33a* and -b* in regulating cholesterol and fatty acid
metabolism. Here, we identify seven miR-33a* (Npc1, Crot, Irs2,
Src1, Src3, Nfyc, and Rip140) and two miR-33b* (Nfyc and Rip140)
target genes and show that miR-33a* and miR-33b* overexpres-
sion leads to their posttranscriptional repression. Notably, both
miR-33a* and miR-33b* downregulate ABCA1 expression at the

FIG 9 miR-33* cooperates with miR-33 to regulate fatty acid oxidation in human hepatic cells. (A) Neutral lipid accumulation in Huh7 cells loaded with 0.25%
BSA or 1 mM oleic acid and stained with Bodipy (green) and DAPI (blue). Scale bar, 200 �m. (B) Neutral lipid accumulation in Huh7 cells transfected with a
control mimic (CM), miR-33a mimic, or miR-33a* mimic and loaded with 1 mM oleic acid. Following 0 h and 24 h of starvation, cells were washed, fixed, and
stained with Bodipy (green) and DAPI (blue). Scale bar, 200 �m. (C) Analysis of �-hydroxybutyrate in Huh7 cells transfected with CM, miR-33a, miR-33a*, or
miR-33 and miR-33a* at 24 h of starvation. (D) Analysis of triglyceride (TG) content in Huh7 cells transfected with CM, miR-33a, or miR-33a* at 0 h and 24 h
of starvation. (E) Analysis of free fatty acid (FFA) content in Huh7 cells transfected with CM, miR-33a or miR-33a* at 0 h and 24 h of starvation. In panels A to
E, the data are means � SEM and representative of �2 experiments in triplicate. *, P � 0.05 compared to CM (C) and compared to CM, miR-33, and miR-33*
at time (t) 0 h (D and E). #, P � 0.05 compared to CM at 24 h (D and E).
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mRNA and protein levels in human hepatocyte and macrophage
cell lines, despite confirmation of direct binding. As SRC1 is a
transcriptional activator of ABCA1 expression (33) and a direct
target of miR-33a*, the downregulation of ABCA1 through this
pathway cannot be ruled out. Unlike miR-33a*, miR-33b* does
not directly target SRC1. Thus, we hypothesize that miR-33b*
may be acting through an alternative mechanism. Indeed, miR-
33b* has four predicted binding sites in the 3= UTR of SP1, an-
other transcriptional activator of ABCA1 expression. Taken to-
gether, these results point toward a shared regulation of ABCA1
expression by both arms of the miR-33/miR-33* duplex. One can
imagine that during sterol-depleting states, when Srebp-2 is tran-
scriptionally activated to upregulate cholesterol uptake and syn-
thesis genes, the miR-33/miR-33* duplex is also activated, down-
regulating ABCA1 expression directly through miR-33 or
indirectly through the repression of ABCA1 transcriptional acti-
vators by miR-33*. Whether this has functional implications in
regulating cholesterol efflux remains to be determined.

In addition to discovering novel targets for miR-33a* and -b*,
our work also identifies miR-33a* as a functional regulator of fatty
acid metabolism. By inhibiting the expression of CROT and
CPT1a, miR-33a* reduces �-oxidation and concomitantly in-
creases cellular free fatty acid levels and triglycerides in hepato-
cytes. In addition, luciferase activities indicate that miR-33a and

miR-33a* synergistically regulate the expression of CROT, thus
suggesting that both arms of the miR-33a duplex cooperate to
regulate fatty acid oxidation. Indeed, overexpression of miR-33
and miR-33* in human hepatocytes led to a further reduction of
�-oxidation than that in cells transfected with either mimic alone.

The present study corroborates recent reports indicating func-
tional targets of specific mammalian miRNA* species, such as
miR-223 and miR-223* (17) and miR-30e* (16), and supports the
regulatory impact of miRNA* species on the mammalian genome.
Together, these results raise the intriguing possibility that miR-
33* plays a cooperative role with miR-33 by targeting the same
transcripts within the Srebp axis, a key pathway for controlling
cholesterol and fatty acid homeostasis. This is particularly rele-
vant, as previous works from our lab and others have highlighted
the therapeutic potential of inhibiting miR-33 to treat atheroscle-
rosis and metabolic syndrome (40, 41). Because miR-33 and miR-
33* have different seed sequences, inhibition of one duplex arm
would not inhibit the functionality of the other arm. In fact, block-
ing the targeting of miR-33 could presumably lead to an increased
loading of miR-33* into the RISC, especially given the shared reg-
ulation of target gene expression (42). Although this suggests that
antagonism of miR-33* would enhance the seemingly beneficial
effects of anti-miR-33 treatment, further studies are warranted to
assess the functional contribution of miR-33* in vivo. Addition-

FIG 10 Proposed model of miR-33 arm-specific processing and target gene regulation. miR-33a* and -b* work collectively with their sister strands, miR-33a and
-b, to boost intracellular cholesterol and fatty acid levels by balancing the posttranscriptional repression of genes involved in cellular cholesterol efflux (ABCA1
and NPC1), fatty acid oxidation (CROT, CPT1a, HADHB, and AMPK), glucose metabolism (SIRT6 and IRS2), and the transcriptional regulation of lipid
metabolism (SRC1, SRC3, NFYC, and RIP140). Pol II, polymerase II.
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ally, experiments performed with primary mouse hepatocytes (for
miR-33a and -a*) and human hepatocytes (for miR-33a and a*
and miR-33b and -b*) will be important to define the roles of the
guide and passenger strands in regulating lipid metabolism gene
expression after physiological stimuli, such as insulin.
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