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The regulation of synthesis, degradation, and distribution of
lipids is crucial for homeostasis of organisms and cells. The ste-
rol regulatory element-binding protein (SREBP) transcription
factor family is post-translationally activated in situations of
reduced lipid abundance and activates numerous genes involved
in cholesterol, fatty acid, and phospholipid synthesis. In this
study, we provide evidence that the primary transcript of
SREBP2 contains an intronic miRNA (miR-33) that reduces cel-
lular cholesterol export via inhibition of translation of the cho-
lesterol export pump ABCA1. Notably, miR-33 also inhibits
translation of several transcripts encoding proteins involved in
fatty acid B-oxidation including CPT1A, HADHB, and CROT,
thereby reducing fatty acid degradation. The genetic locus
encoding SREBP2 and miR-33 therefore contains a protein that
increases lipid synthesis and a miRNA that prevents export and
degradation of newly synthesized lipids. These results add an
additional layer of complexity to our understanding of lipid
homeostasis and might open possibilities for future therapeutic
intervention.

The expression of enzymes involved in cholesterol, fatty acid,
and phospholipid synthesis is coordinated by the family of ste-
rol regulatory element-binding factor (SREBP)?® transcription
factors (1, 2). These factors normally reside in an inactive form
tethered to the membrane of the endoplasmic reticulum and
get activated by proteolytic cleavage when cellular cholesterol
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and/or fatty acid levels drop (3). Although lower organisms
have only one SREBP gene, vertebrates have two, SREBPI and
SREBP2. The locus encoding for SREBP1 gives rise to two dis-
tinct mRNAs, SREBP1a and SREBPI1c, which are transcribed
from two distinct promoters. SREBP1a, SREBP1c, and SREBP2
differ with regard to transcriptional activation capacity, tissue
distribution, and mode of regulation (4,5). Overall, SREBP1a
contains the strongest transcriptional activity, potently driving
expression of the complete set of fatty acid and cholesterol syn-
thesis genes (2). Although a certain preference of SREBP2 for
the activation of genes involved in cholesterol synthesis has
been suggested it can still activate most of the fatty acid synthe-
sis genes (2).

Micro-RNAs (miRNAs) are short 21-24-nucleotide long,
nonprotein-coding RNAs that are increasingly recognized as
important regulators of gene expression (6—8). By binding to
the 3’ untranslated region of protein-coding mRNA transcripts
they can reduce translation from these transcripts and in some
cases lead to their degradation (9, 10). Target gene recognition
is promiscuous and in some instances pairing of only six to eight
nucleotides of the miRNA (the so-called “seed region”) to the 3’
UTR of target transcripts is sufficient for silencing (11). Each
miRNA therefore is predicted to target numerous target genes,
and in many cases several hundred. Placing individual miRNAs
in a functional context, is therefore often not trivial (12).

Herein we present evidence that the genetic locus of SREBP2
not only encodes a sterol sensing transcription factor (2), but
also contains a highly conserved miRNA that regulates choles-
terol export and fatty acid B-oxidation. miR-33 reduces cellular
cholesterol export by directly targeting the transcript of the
ATP binding cassette A1 (ABCA1) protein, and reduces 3-ox-
idation by directly targeting transcripts for the B-subunit of the
mitochondrial trifunctional protein (hydroxyacyl-coenzyme A
dehydrogenase/3-ketoacyl-coenzyme A thiolase/enoyl-coen-
zyme A hydratase 3-subunit; HADHB), the liver-specific iso-
form carnitine palmitoyltransferase 1A (CPT1A) and the
carnitine O-octanoyltransferase (CROT). miR-33 therefore
cooperates with its embedding gene SREBP2 to maintain cellu-
lar lipid levels. We also supply data to suggest that the regula-
tion of B-oxidation could be evolutionarily conserved down to
Drosophila melanogaster.

EXPERIMENTAL PROCEDURES

DNA Constructs and Reporter Assays—Genomic regions
encompassing the predicted miR-33 binding sites in the 3' UTR
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of human ABCAI, HADHB, CROT, ATP8BI, SLC25A25, and
CPT1IA, as well as the Drosophila CPT1 3' UTR were amplified
by polymerase chain reaction using Pful polymerase (Fermen-
tas, St. Leon-Rot, Germany) and inserted downstream of the
constitutively active luciferase expression cassette of the plas-
mid pGL3 control (Promega, Madison, W1I) (supplemental Fig.
S1). Site-directed mutagenesis was performed using a modified
QuikChange site-directed mutagenesis system (Stratagene-
Agilent, Diegem, Belgium) or fusion PCR. Mutations intro-
duced in reporter constructs are indicated by asterisks. Supple-
mental Table S1 contains the primers used in this study for
cloning.

Synthetic preMIRs and a negative control were obtained
from Applied Biosystems (Foster City, CA). Transfections was
performed in 24-well plates in 0.5 ml with Lipofectamine 2000
(Invitrogen) using preMIRs at a final concentration of 2 nm (in
the final volume of 0.5 ml) as well as 200 ng of firefly luciferase
constructs and 50 ng of a constitutively active Renilla luciferase
construct driven by the SV40 promoter (Promega, Madison,
WI). Relative luciferase activity in all figures refers to firefly
luciferase activities normalized to Renilla luciferase. Values are
mean * S.D. of triplicates. Locked nucleic acids and cholesterol-
modified 2-O-methyl-oligonucleotides were designed as de-
scribed previously and obtained from IDT DNA Technologies
(Leuven, Belgium) (13). Transfections were performed in
24-well plates using 100 nm antisense oligonucleotide and 1 ul
of Lipofectamine 2000 using 100 ul of OptiMEM serum-free
medium and 500 pl of total DMEM. miR-33 antagomir denotes
a 1:1 mixture of miR-33a and miR-33b antagomir.

Lentiviral Infection—Lentiviral constructs driving expres-
sion of miR-33a were generated by introducing a PCR fragment
generated from genomic DNA encompassing the human miR-
33a into the Xhol-BamHI or a Mlul-Clal of the pGIPZ or
pTRIPZ empty vector, respectively (Openbiosystems, Ther-
mofisher, Epsom, UK) (supplemental Fig. S2). miR-33 sponges
were generated by ligating six tandem repeats of miR-33 recog-
nition sites in the XhoI-BamHI site of pGIPZ empty vector (14).
Packaging was performed using a second generation plasmid
system (psPAX2 and pMD2.G; Addgene plasmids 12,259 and
12,260, respectively, Cambridge, MA) by transient transfection
with the calcium phosphate coprecipitation method. We used
20 pg of lentiviral vectors, 20 ug of psPAX2, and 10 ug of
pMD2.G per 10-cm tissue culture dish. Cells were infected 24 to
48 h after transfection in the presence of 4 mg/ml of Polybrene
(Sigma). Infected cells were selected for 4 days with 1.5
(HepG2), 0.5 (THP1), and 2 pg/ml (Y1 cells) of puromycin
(Merck, Darmstadt, Germany). HepG2 cells were kind gifts of
Miikka Vikkula (Université Catholique de Louvain), THP1 cells
were from the laboratory of Paul Tulkens (Université Catholique
de Louvain), Y1 cells from Tobias Else (University of Michigan),
and 293T cells from Eric Fearon (University of Michigan). Where
indicated, cells were treated with 500 ng/ml of doxycyclin (Sigma)
or 5 mm T0901317 (Cayman, Ann Arbor, MI).

Quantitative PCR—RNA was isolated using TRIzol (Invitro-
gen) and reverse transcription was performed using Rever-
tAid™ H Minus reverse transcriptase (Fermentas, St. Leon-
Rot, Germany) according to the manufacturer’s protocols using
2 pug in a total volume of 20 ul. We used 5 ul of these diluted
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cDNAs in subsequent quantitative PCR in MyiQ™ thermal
cycler using SYBR Green as a fluorescent dye (Bio-Rad) and
hotstart Taq polymerase (Eurogentec, Seraing, Belgium). PCR
programs were 95 °C for 3 min, 40 cycles at 95 °C for 10 s and
60 °C for 1 min with acquisition of fluorescent information,
followed by a melting curve. Experiments shown represent
averages and standard deviations for three to six biological rep-
licates. Primers for amplification can be obtained upon request.
Human tissue RNA was a kind gift from Eric Fearon (University
of Michigan) and originally obtained from Ambion (Ambion-
Invitrogen, Lennik, Belgium).

Cholesterol Export—Apolipoprotein Al was overexpressed,
delipidized, and purified as described previously (15). Cells
were plated at high density (2.5 X 10° cells per well) in 24-well
plates and loaded for 24 h with 0.5 mCi of [1,2-*H]cholesterol
(PerkinElmer Life Sciences) per well containing 500 ul of
medium. After overnight equilibration in DMEM containing
0.2% BSA, cells were incubated in the presence or absence of 5
mg of apoAl for 7 h. Radioactivity was measured in the cell
culture medium and normalized to the radioactivity remaining
in the cells. Experiments were performed using 5 to 8 replicates
per experimental condition and values shown represent
mean = S.D.

Thin Layer Chromatography (TLC)—Cellular lipids were
extracted essentially by the Folch method (16) and subse-
quently dried under N,, and the pellet was resuspended in a
volume of chloroform/methanol (2:1) proportional to the pro-
tein concentration assessed in 5% of the cells. Equal amounts of
lipids were separated by TLC with diethyl ether/hexane/glacial
acetic acid (35:65:1, v/v/v) as solvent on high performance TLC
silica plates (Merck, Darmstadt, Germany). Plates were dried
and evenly sprayed with 0.05% of Primulin in acetone/water
(4:1, v/v) (17). Visualization was performed using 340 nm exci-
tation and a digital camera, or, for quantification, using the Cy2
channel of a fluorescent imager (GE Healthcare, Diegem, Bel-
gium). Lipid species were identified by comparison of R values
with lipid standards.

B-Oxidation Assays—Cellular B-oxidation was assessed as
described previously (18). Briefly, for each well in a 24-well plate
1.25 ml of 22 mm palmitic acid and 2 mCi of [9,10-*H]palmitic
acid (PerkinElmer Life Sciences) were dried under N,, resus-
pended in 12.5 ml of phosphate-buffered saline (PBS) contain-
ing 10 mg/ml of fatty acid-free bovine serum albumin (BSA,
Sigma), and then further diluted with 37.5 ml of PBS. Cells were
washed once with Hanks’ balanced salt solution (Invitrogen)
and then preincubated in 200 ul of PBS containing 0.5 mg/ml of
BSA in the presence or absence of 100 uM Etomoxir (Sigma) for
1 h. After addition of 50 ul of the radioactive palmitic acid
mixture, cells were incubated for 2 h. Anion exchange columns
were used to separate radioactivity incorporated into water
from palmitic acid. Radioactive counts were normalized to the
amount of protein per well as determined by bicinchoninic acid
assay (ThermoFisher Belgium, Tournai, Belgium).

Northern Blot Analysis—W e separated 10 ug of total RNA on
denaturing 15% polyacrylamide/urea mini-gels (acrylamide/
bisacrylamide = 19:1) using Tris borate-EDTA (TBE) buffer
(19). Transfer was performed in 0.5X TBE buffer using a semi-
dry transfer system (Trans-Blot SD, Bio-Rad) at 100 mA/gel
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(10 X 7.5 cm) for 90 min onto a positively charged nylon mem-
brane (Hybond N+, GE Healthcare). RNA was cross-linked
using ultraviolet light (Stratalinker 1800, Agilent-Stratagene,
Diegem, Belgium). To label probes, 50 nmol of oligonucleotides
were radioactively labeled using 30 units of T4-polynucleotide
kinase (Fermentas) in a total volume of 50 ul for 60 min in the
presence of 50 uCi of [y-**P]ATP. Unincorporated nucleotides
were separated using G25-Sepharose spin columns (GE Health-
care) according to the manufacturer’s instructions. Membranes
were prehybridized for 1 h and then hybridized overnight in
rapid hybridization buffer at 10° cpm/ml (RapidHyb, GE
Healthcare) at 42 °C. Three stringent washes were performed
and the signals were revealed either by exposure to autoradiog-
raphy film (U6) or by use of a storage phosphorscreen (Pharos
FX, Bio-Rad).

Western Blot Analysis—Proteins were extracted using radio-
immunoprecipitation buffer (RIPA) and genomic DNA was
sheared by brief sonification. Equal amounts of clear lysates
were resolved on 10% Tris glycine polyacrylamide mini-gels
and transferred to PVDF membranes (Immobilon P, Millipore)
using a tank-transfer system. Equal transfer was validated by
staining with Ponceau Red. Membranes were blocked with 10%
skimmed milk in Tris-buffered saline (TBS) and incubated with
primary antibodies in TBS containing 0.05% Tween 20, 2% BSA,
and 0.05% sodium azide overnight at 4 °C. Antibodies were
used at the following dilutions: ABCA1 at 1:1,000 (AB.H10,
Santa Cruz Biotechnologies), HADHB at 1:1,000 (ARP48133,
Aviva Systems Biology, San Diego, CA), HADHA at 1:1,000
(HPA015536, Sigma), CPT1 1:1000 (Proteintech, Manchester,
UK), GAPDH at 1:2,000 (6C5, Pierce-ThermoFisher), and
B-actin at 1:10,000 (AC-40, Sigma). Secondary horseradish per-
oxidase-coupled antibodies (rabbit, GE Healthcare; mouse,
Sigma) were used at 1:10,000 in 10% skimmed milk in TBS
containing 0.05% Tween 20. Signals were revealed using an
enhanced chemiluminescence reagent (SuperSignal West Pico
chemiluminescent substrate, Pierce-ThermoFisher), and sub-
sequent exposure to autoradiography film (Super RX film, Fuji-
film Medical Systems, Sint-Niklaas, Belgium).

Animals—All mice were raised under standard husbandry
conditions and housed in colony cages with a 12-h light/dark
cycle. They had free access to water and food, unless otherwise
specified. Male C57/BL6 mice (Janvier, Le Genest-St-Isle,
France) were fed regular chow containing 10% of calories as fat
(Carfill, Oud-Turnhout, Belgium) or a high fat diet containing
60% of calories derived from fat (Diet 12492, Research diets,
New Brunswick, CT) for 16 weeks starting either at 4 or 8 weeks
of age. The experiments were performed with the approval of
the ethical committee of the host institution.

RESULTS

miR-33a Is Produced from an Intron of the SREBP2 Gene and
Targets the Transcript of ABCAI—miR-33a and miR-33b are
localized in corresponding introns of the human SREBP2 and
SREBPI genes, respectively (Fig. 1A and supplemental Fig. S3).
Localization and sequence of this miRNA family is highly con-
served down to insects and chordates, but not in worms. Most
species (including the mouse), however, only possess miR-33a
in the SREBP2 gene and have lost the sequence of miR-33b
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FIGURE 1. miR-33a localization within SREBP2 and sequences are evolu-
tionary conserved. A, schematic representation of the human SREBP2 locus
with embedded miR-33a sequence including evolutionary conservation of
the latter. B, alignment of human miR-33a and miR-33b.
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FIGURE 2. miR-33 targets the ABCA1 3’ UTR for translational inhibition.
A, predicted annealing of human miR-33a to the ABCAT 3’ UTR. Asterisks
denote the bases changed in the mutant constructs. B, reporter assay to
assess the influence of miR-33 on the ABCAT 3’ UTR. 293T cells were trans-
fected with a construct carrying part of the ABCA1 3" UTR (ABCAT), a mutant of
the ABCA1 3’ UTR with site-directed mutagenesis of the sequence comple-
mentary to the miR-33 seed (ABCAT MUT), or the parental pGL3 control plas-
mid (control) in the presence of a synthetic pre-miR-33 or a negative control
pre-miRNA. Values are normalized to the activity of a constitutively active
Renilla luciferase expression construct and represented as mean = S.D. of
triplicates. Asterisk denotes p < 0.05 in Student's t test (n = 3).

control

within the SREBPI gene (Fig. 1A and supplemental Fig. S3).
With regard to their sequence, miR-33a and miR-33b differ
only by two nucleotides outside the seed sequence (Fig. 1B).
According to several target gene prediction algorithms, the
mRNA transcript of the cellular cholesterol export pump
ABCAL1 contains putative binding sites miR-33a and miR-33b
in its 3" UTR (Pictar, Targetscan, Diana micro-T 3.0) (20—
23)(Fig. 2A). Given the large overlap in predicted target genes
for miR-33a and miR-33b, and the fact that miR-33a is com-
pletely conserved in most animal species, we focused our work
on miR-33a (Fig. 1A4). The predicted binding site in ABCAI is
highly conserved during evolution and present in mammals,
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FIGURE 3. miR-33 reduces endogenous ABCA1 protein levels and modu-
lates cellular cholesterol export in HepG2 cells. A and B, HepG2 cells were
transduced with lentiviral constructs driving constitutive expression of miR-
33a (miR-33) or a control construct (control). Western blot analysis (A) and
apoAl-dependent cholesterol export (B) were performed after incubation for
16 h in the presence or absence of the LXR agonist T0901317. Values repre-
sent mean * S.E. of 6 replicates. Asterisks denote p < 0.05 in Student’s t test
(n = 6). HepG2 cells were transduced with miRNA sponges targeting miR-33
or a control construct. Western blot analysis (two replicates are shown) (C)
and apoAl-dependent cholesterol export (D) were performed in the absence
of T0901317 and are represented as in A and B. HepG2 were transfected with
cholesterol-coupled antisense oligonucleotides (antagomir) targeting miR-
33a and miR-33b (equal amounts) or a negative control (ie. the sense
sequence of Arabidopsis thaliana miRNA159a). Western blot analysis (E) and
apoAl-dependent cholesterol export (F) were performed 48 h after transfec-
tion and are represented as above (n = 6).

birds, fish, and reptiles (supplemental Fig. S4A4). To test
whether it is functional, we cloned the region of the 3" UTR of
the ABCA1I gene surrounding the predicted miR-33a binding
site downstream of a constitutively active firefly luciferase cas-
sette. Cotransfection of preMIR-33a significantly reduced the
activity of the reporter construct containing the 3" UTR of
ABCA (Fig. 2B). Introduction of site-directed mutations in the
region of perfect complementarity to the seed region of miR-33
abolished this response, demonstrating that miR-33a can
directly target this transcript (Fig. 2, B, asterisks, in A shown as
sites of mutation, and supplemental Fig. S4B).

miR-33 Inhibits Endogenous ABCA1I Levels and Inhibits Cel-
lular Cholesterol Export—To determine whether expression of
miR-33a regulates endogenous levels of ABCA1, we transduced
HepG2 cells with a lentiviral expression vector constitutively
driving expression of a 500-bp genomic region surrounding the
miR-33a sequence. We observed that miR-33a causes a marked
decrease of ABCA1 protein levels (Fig. 34, lanes 1 and 2) as
assessed by immunoblot analysis. This effect was maintained
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FIGURE 4. miR-33 reduces endogenous ABCA1 protein levels and modu-
lates cellular cholesterol export in THP1 macrophages. A, Western blot
analysis of THP1 cells engineered to express miR-33a under the control of a
doxycyclin-dependent promoter (THP1 miR-33) or control cells (THP1 control).
Cells were differentiated into macrophages by treatment with PMA for 3 days.
Protein lysates were analyzed upon treatment with or without doxycyclin for
24 h and the LXR agonist T0901317 for 16 h. B, apoAl-dependent cellular
cholesterol export was measured in the absence or presence of doxycyclin for
24 h upon treatment for 16 h with the LXR agonist T0901317 (n = 7). Error bars
denote *S.D.

when cells were treated with the liver X receptor (LXR)-agonist
T0901317 (Fig. 34, lanes 3 and 4), which has previously been
shown to activate transcription of ABCA1 (24, 25).

ABCA1 acts as a cellular cholesterol export pump. Although
there are a number of cholesterol efflux pumps, ABCA1 has the
unique capability to export cholesterol to lipid-free apolipopro-
tein AI (apoAl) and is therefore involved in the initial step of
high-density lipoprotein particle formation in liver, as well as
reverse cholesterol transport (26). To test whether the observed
reduction of ABCA1 upon activation of miR-33 expression
might be sufficient to reduce cellular cholesterol export, we
loaded cells with radioactively labeled cholesterol, and
observed significantly reduced apoAl-dependent cholesterol
export in the HepG2 liver cancer cell line (Fig. 3B) and THP1
monocytic leukemia cell line derived from macrophages (Fig.
4B). Given rather low baseline levels of ABCA1 in THP1 cells,
this experiment was performed only in the presence of the LXR
agonist T0901317 (24, 25).

Notably, overexpression of competitive antagonists of
miR-33 action (i.e. miRNA sponges) in HepG2 cells led to an
up-regulation of ABCA1 protein levels, which was accompa-
nied by a significant increase in apoAI-dependent cellular cho-
lesterol export (Fig. 3, Cand D). Because the observed effect was
rather small, we sought to confirm these findings with an
independent method of inhibiting miR-33. To this end, we
used cholesterol-coupled 2-O-methyl-oligonucleotides (i.e.
antagomirs) (13). When antagomir 33 was transfected into
Hep@G2 cells, an even more dramatic stimulation of apoAlI-de-
pendent cholesterol export was observed (Fig. 3, E and F). In
parallel experiments we established a human macrophage cell
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line, THP1, where miR-33a is expressed under a doxycyclin
responsive promoter. Treatment of a control cell line with
doxycyclin does not alter expression of ABCA1 protein levels in
the absence or presence of T0901317 (Fig. 4A, first to fourth
lanes). However, the cell line transduced with the conditional
miR-33a lentivirus shows strong reduction of ABCA1 levels
upon treatment with doxycyclin (Fig. 44, fifth to eighth lanes).
Similar results were also obtained in the human adrenocortical
carcinoma cell line Y1 (supplemental Fig. S5). Taken together,
our data suggest that endogenous miR-33 targets and represses
translation of ABCA1, and reduces cellular cholesterol export.

miR-33 Targets Components of Cellular B-Oxidation—Evo-
lution has conserved a protein coding for a master regulator of
cholesterol synthesis (SREBP-2) and a miRNA that prevents the
cellular export of cholesterol in the same primary transcript
(Figs. 1-4). However, SREBPs not only activate cholesterol syn-
thesis but also fatty acid and phospholipid synthesis (2). We
therefore wondered whether other pathways in lipid metabo-
lism might also be regulated by miR-33. Our attention was
immediately drawn to fatty acid 3-oxidation, because three dis-
tinct proteins involved in this pathway are predicted targets for
miR-33 in mammals and birds (HADHB, CPT1A, and CROT)
(Fig. 5, A, C,and E, and supplemental Figs. S6 —S8 for evolution-
ary conservation). CPT1A is the liver-specific isoform of the
enzyme that converts acyl-CoA to acylcarnitine and thereby
allows fatty acids to enter the mitochondrion where fatty acid
B-oxidation takes place (27). Although not strictly an enzyme of
the B-oxidation, the activity of CPT1A is rate-limiting for B-
oxidation, and is the most highly regulated element in this met-
abolic pathway (28). CROT, sometimes abbreviated COT, is a
peroxisomal enzyme that couples short chain fatty acids to car-
nitine and thereby allows their entry in the mitochondrial
matrix. Peroxisomal B-oxidation is limited to the degradation
oflong- and medium-chain fatty acids as it is not able to oxidize
short chain fatty acids (29). Coupling to carnitine via CROT
thereby allows mitochondrial entry of short chain fatty acids in
a pathway that potentially bypasses CPTIA. The gene HADHB
encodes for the B-subunit of the mitochondrial trifunctional
protein that carries out the last three steps of 3-oxidation (30).

We first attempted to validate that the predicted target sites
in the transcripts of CPTI1A, CROT, and HADHB are targeted
by miR-33. To this end, we cloned the regions encompassing
the predicted miR-33 binding site behind a constitutively active
firefly luciferase expression cassette (Fig. 5, A, C, and E).
Cotransfection of these constructs with preMIR-33 signifi-
cantly reduced activation of constructs containing the wild type
3’ UTR when compared with transfection with a preMIR con-
trol (Fig. 5, B, D, and F). Site-directed mutagenesis of one or two
of the predicted seed binding sites completely abolished this
response (mutated nucleotides indicated by asterisks). Not all
predicted binding sites seemed to contribute to the response of
miR-33 to the same extent. For example, deletion of the non-
conserved predicted binding site 1 of the CPTIA transcript did
not affect regulation by miR-33. It should be noted that several
prediction algorithms do not recognize CPTIA as a miR-33
target gene. This is due to the fact that these algorithms utilize
ashort 3’ UTR generated from an alternative exon (supplemen-
tal Fig. S9A4). Quantitative RT-PCR in different human organs,
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however, suggests that the transcript lacking the predicted
miR-33 binding site is expressed at very low concentrations
(supplemental Fig. S9B). It should be noted that several addi-
tional genes involved in other aspects of lipid metabolism or
mitochondrial energy metabolism such as the NPCI gene
(Niemann-Pick disease, type C1) involved in intracellular cho-
lesterol distribution, the phospholipid flippase ATP8BI, or the
mitochondrial phosphate carrier SLC25A25 also contain pre-
dicted miR-33 binding sites in their 3" UTR. In reporter assays,
these 3" UTRs convey a varying degree of responsiveness to
miR-33 (supplemental Fig. S10).

miR-33 Inhibits Cellular Fatty Acid B-Oxidation—To ascer-
tain effects of miR-33 on endogenous target genes, we per-
formed a Western blot analysis for HADHB and CPT1A on
lysates from HepGz2 cells that had been transduced with a len-
tivirus driving expression of miR-33. As shown in Fig. 64,
miR-33 suppresses HADHB and CPT1A protein levels. Of note,
a similar effect on HADHB levels, albeit to a smaller extent, can
be observed in THP1 cells and Y1 cells (Fig. 44 and supplemen-
tal Fig. S5). The mitochondrial trifunctional protein consists of
an a subunit (encoded by HADHA) and a 8 subunit (encoded by
HADHB) (31). Previous studies have shown that reduction of
one or the other component in heterozygote knock-out mice
leads to a concomitant reduction of the other subunit (31-33).
In line with these observations, the strong reduction of HADHB
in HepG2 was accompanied by a reduction in HADHA. Unfor-
tunately we were not able to obtain specific Western blot results
using commercially available and custom-made antibodies
against CROT. In addition to their function as inhibitors of
protein translation, miRNAs often lead to a small reduction of
target transcript abundance. We therefore were curious to see
whether the mRNA transcript abundance of CROT was altered
upon expression of miR-33. As shown in Fig. 6B, CROT mRNA
levels were significantly reduced in cell lines overexpressing
miR-33 to a degree that is similar to the reduction of ABCAI
and CPTI1A, consistent with the idea that this transcript is
indeed targeted by miR-33 and on the protein level might even
be more strongly decreased.

To evaluate effects of miR-33 on fatty acid B-oxida-
tion, we measured incorporation of radioactivity from
[9,10-*H]palmitic acid into water. To measure the mito-
chondrial contribution to B-oxidation, we measured B-oxi-
dation in the presence or absence of etomoxir, an irreversible
inhibitor of CPT1A and CROT (34, 35). As shown in Fig. 6C,
overexpression of miR-33 is associated with a 20% reduction of
mitochondrial B-oxidation. When analyzing cellular extracts
by TLC we observed a significant increase in cellular free fatty
acid levels and triacylglycerides (Fig. 6D and supplemental Fig.
S11). Inhibition of miR-33 with miRNA sponges or antisense
oligonucleotides did not cause a reproducible increase in fatty
acid B-oxidation or alteration of HADHB and CPT1A protein
levels in HepG2 cells (data not shown).

Given the fact that CROT serves to channel medium chain
fatty acids, the end products of peroxisomal B-oxidation, into
the mitchondrion it seemed conceivable that miR-33 might
alter the chain lengths of cellular fatty acids (29). Preliminary
studies using separation by TLC, and gas chromatography of
fatty acid chain lengths in triacylglycerides, phospholipids, and
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cholesterol esters do not appear to support this hypothesis
(data not shown).

It has been previously noted that cellular miR-33 levels are
dependent on culture conditions and exogenous lipid supply
(36). Culturing cells at high density and/or in lipid-free medium
leads to an increase of miR-33 (supplemental Fig. S124). Given
the influence of miR-33 on cholesterol export and $-oxidation,
we investigated whether miR-33 are altered under conditions of
fasting or high fat diet. In the livers of fasting mice and in two
separate cohorts of mice exposed to a high fat diet for 16 weeks,
we did not observe any significant alteration of miR-33 expres-
sion levels, albeit there was a small but non-significant trend for
the high-fat diet group toward lower miR-33 levels (supple-
mental Fig. S12, B—D). Further studies are required to establish
how miR-33 is regulated under varying physiological condi-
tions, including dietary content and fasting/refeeding. In these
studies, we are relying on Northern blot analysis, because
miR-33 shows tissue-dependent differences in 3’ end length
(Isomirs), which might confound quantification of miRNA lev-
els by methods that rely on reverse transcription using hairpin
primers (supplemental Fig. S13) (37, 38).

CPT1 in Cholesterol Auxotroph Drosophila Contains a Func-
tional miR-33 Binding Site—As mentioned above, SREBPs of
higher organisms help to coordinately induce genes involved in
cholesterol, fatty acid, and phospholipid synthesis. Notably,
miR-33 is highly conserved in D. melanogaster (and other Dros-
ophilids), which are auxotrophs for cholesterol, i.e. they cannot
synthesize cholesterol. It has been previously shown that the
homologs of SREBPs do not respond to changes in cholesterol,
but rather changes in palmitate and/or phospholipids (39, 40).
Notably, the transcript of Drosophila CPTI contains a pre-
dicted miR-33 binding site in its 3" UTR that is completely
conserved in all Drosophilids (Fig. 7A). When cloned behind a
constitutively active firefly luciferase expression cassette, this
element confers responsiveness to miR-33 in reporter assays
(Fig. 7B). Mutation of the seed region completely abolishes this
response suggesting that this element mediates the response to
miR-33.

DISCUSSION

Cholesterol is an essential component of cell membranes and
serves as the starting point for the synthesis of steroid hor-
mones and bile acids. Genes involved in its synthesis are coor-
dinately up-regulated by the action of SREBP transcription fac-
tors (2). The discovery that miR-33 inhibits ABCA1 expression
and consequentially cellular cholesterol export suggests that
one genetic locus increases synthesis and limits export of cho-
lesterol through two distinct mechanisms (Fig. 84). When
decreases in cellular cholesterol levels trigger the activation of
SREBP transcription factors, the presence of miR-33 prevents
cholesterol from leaving the cell by suppressing expression of
ABCAL, thus allowing cellular cholesterol levels to be restored
(Fig. 8A).

containing site-directed mutations of one and/or the other predicted miR-33
seed binding region (CPTTA MUT1/2/1 + 2) were cotransfected with pre-
miR-33 or a pre-miR control, and evaluated identically to the experiment
described in the legend to Fig. 2B. Asterisks denote p < 0.05 in Student's t test
(n = 3). Error bars denote =S.D.
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hand, elevated levels of high density
lipoprotein cholesterol reduces the
risk of arteriosclerosis (42, 43).
Agents that alter HDL cholesterol
levels therefore carry the potential
to reduce cardiovascular diseases.

In a process termed reverse cho-
lesterol transport, peripheral tissues
export their excess cholesterol to
HDL using the cholesterol export
pumps ABCA1l and ABCGI1 (44).
ABCAL1 is unique in the way that it
can export cholesterol to nascent
HDL particle or naked ApoAl This
process seems to be essential for the
formation of HDL particles because
liver- and intestine-specific knock-
out mice for ABCAI show strong
reductions in HDL levels (45—47).
The reciprocal relationship also
appears to be true in that increased
gene dosage of ABCAI increases
plasma HDL levels and protects
from arteriosclerosis in animal
models of hyperlipidemia (48).

Inactivating mutations in ABCA 1
lead to the development of Tangier
disease, which is characterized by
the absence of HDL and the accu-
mulation of cholesterol in periph-
eral tissues (42). Loss-of-function
alleles of ABCA1 are associated with
a decrease in HDL levels and might
be associated with an increase in
cardiovascular mortality (42, 49).
Given its preventive effect in mice,
increasing ABCAL protein levels by
inhibiting miR-33 might therefore
prove useful in the prevention of
cardiovascular diseases. Future in
vivo experiments will be required to
evaluate this possibility.

miR-33 and the Inhibition of
B-Oxidation—Activation of SREBPs
stimulates transcription of several
genes involved in fatty acid synthe-
sis. Inhibition of fatty acid degrada-
tion by miR-33 therefore is an ele-
gant way to prevent degradation of
newly synthesized lipids (Fig. 84).
D. melanogaster is a cholesterol
auxotroph and activation of SREBP
is regulated by reduced levels of

Although cholesterol is required for most cells, its inappro-  palmitate and/or phospholipids. Interestingly, a conserved
priate accumulation in the wall of blood vessels is a hallmark of miR-33 binding site is present in the CPT1 transcript of all
arteriosclerosis. High levels of low density lipoprotein choles-  Drosophila species. No predicted binding sites exist in the clos-
terol are a major risk factor for the development of arterioscle- est homolog of ABCA1 (CG1718). This suggests, that the
rosis and death from cardiovascular causes (41). On the other bifunctional SREBP-miR-33 locus in Drosophila is concen-
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trated on the maintenance of cellular fatty acid levels (Fig. 8B).
Surprisingly, based on miRNA binding site prediction algo-
rithms, binding sites for miR-33 in B-oxidation genes are absent
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in lower vertebrates. At first glance this might suggest that the
modulation of B-oxidation by miR-33 is of lesser importance
than its effects on cholesterol export. However, the CPT1 genes
in fish have undergone additional duplications leading to a
total of five CPT1 homologs (localized in Zebrafish chr25,
24637246 -24664477; chr24, 35296460-35323563; chr3,
29494843-29531322; chr7, 49453562—49466880; and chrl8,
9105052-9120233) (50). It is therefore likely that the selective
pressure for the maintenance of a functional miR-33 binding
site in these genes is less pronounced. It should also be noted
that annotation of 3" UTRs in lower animals is not complete.
Extending annotated gene transcripts with expressed sequence
tags reveals that CPT1A in the frog Xenopus tropicalis and even
the primitive chordate Ciona intestinalis (sea squirt) contain
miR-33 seed binding sites (supplemental Fig. S7, C and D).
Taken together with conservation of the binding site in Dro-
sophila CPT1, this reinforces the notion that the influence of
miR-33 on B-oxidation is of ancient origin.

Several explanations seem possible to explain why we did not
observe an increase in (-oxidation and HADHB levels upon
inhibition of miR-33. First, our inhibition is likely not complete.
Second, it is possible that these transcripts might be under par-
allel repression by other miRNAs, so that reduction of miR-33
does not matter. Third, in the case of CPT1A, it should also be
noted that the miR-33 binding site is localized quite distant
from the open reading frame. It has recently been noted that
cancer cell lines and proliferative cells often express transcripts
with shorter 3" UTRs (51). Therefore it seems possible that a
significant portion of CPT1A in the tissue culture cell lines
escapes repression by miR-33. Fourth, alterations in enzyme
concentration in situations where the other regulatory mecha-
nisms are working undisturbed might not necessarily be
expected to alter flux through B-oxidation. Because we were
unable to assess CROT protein abundance with commercial
antibodies, it remains to be determined whether this protein
might in fact increase upon miR-33 inhibition.

CROT and CPT1A are enzymes that couple fatty acids to
carnitine. Although CROT is localized to the peroxisomes, it
serves to transfer remnants from peroxisomal 3-oxidation to
the mitochondria and therefore fuels mitochondria with
fatty acids independently of CPT1A (29). As mentioned
before, CPT1A is the rate-limiting and most highly regulated
step in B-oxidation. Interestingly, the dominant allosteric
inhibitor malonyl-CoA regulates CROT similarly to CPT1A
(28, 52). In an elegant twist, evolution has maintained the
regulation by miR-33 of two enzymes that are sensitive to
malonyl-CoA by miR-33. Increases in (3-oxidation in situa-
tions of low malonyl-CoA levels might therefore be limited
by miR-33.

In a more restricted number of species, SREBPI contains
the intronic miR-33b, which differs by two nucleotides in the
center from miR-33a. Notably, these two changes lead to a
perfect complementarity of miR-33b with the CROT 3" UTR
over a total of 18 nucleotides, which could allow miR-33b to
induce Ago2-dependent cleavage of the CROT transcript
(supplemental Fig. S8, B versus C). Because the embedding
gene SREBPI is more potent at activating genes involved in
fatty acid synthesis than SREBP2, it makes sense teleologi-
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cally that the embedded miRNA would more efficiently
inhibit B-oxidation.

The relevance of targeting HADHB is not quite as appar-
ent, although reduced HADHB concentrations might help
maintain adequate intermediary product levels in a situation
where the enzyme that supplies the substrates for B-oxida-
tion (CPT1A and CROT) is inhibited. The situation is also a
bit reminiscent of the situation of the SREBP proteins them-
selves. High levels of SREBP proteins do not necessarily
mean high transcriptional activity, because these proteins
are maintained in an inactive form attached to the mem-
brane of the endoplasmic reticulum and need to be activated
by proteolytic cleavage when lipid levels fall. Protein
amounts of SREBPs therefore represent the maximum
potential to respond to changes in lipid levels. Likewise,
altering the levels of HADHB might change the potential
maximum flux through B-oxidation, but might have little
influence under most conditions where fatty acid supply in
the mitochondria is rate-limiting for 3-oxidation.

The protein product of the HADHB transcript forms the
B-subunit of the mitochondrial trifunctional protein, which
carries out three steps of 3-oxidation. Surprisingly, there is evi-
dence that reduced gene dosage or activity of this enzyme com-
plex leads to the accumulation of lipids in the liver (hepatic
steatosis) (32, 33). This was observed both in mice that carry a
hypomorphic allele of the HADHB gene and, notably, in mice
heterozygote for a null mutation of the HADHA gene (encoding
the a-subunit) (32, 33). These observations are consistent with
the idea that HADHA and HADHB levels limit capacity for
B-oxidation in certain settings.

Clinically, regulation of B-oxidation might be of significant
importance. Presently, non-alcoholic fatty liver disease
(NAFLD) is by far the most common liver ailment (53). With
the increasing prevalence of obesity, it affects 10-25% of the
general population and up to 75% of obese type II diabetic
patients (54). Although generally benign, about 10% of the cases
progress to non-alcoholic steatohepatitis (NASH), which
severely affects liver function in up to 25% of cases. A recent
study of Cabellero and co-workers (55) suggests that SREBP2
transcript levels in NAFLD and NASH are elevated 3- and
7-fold, respectively. Given the fact that SREBP2 transcript lev-
els correlate well with miR-33a levels in most tissues and cell
lines (data not shown), it seems likely that miR-33a in these
diseases would be elevated as well. Even small reductions of
B-oxidation by miR-33 in a situation of hyperalimentation
might contribute to an accumulation of lipids in the liver of
patients with NAFLD or NASH. Interfering with miR-33 func-
tion in vivo therefore not only holds promise in increasing HDL
cholesterol levels but may also prove beneficial for treatment of
NAFLD and NASH.

Unfortunately, no single mouse model or feeding regimen
reliably reproduces the features of NAFLD and NASH. In our
two cohorts of mice on the high fat diet we did not observe an
increase in miR-33 levels. In fact, there was a small, but not
significant, trend for reduced miR-33 levels, as one might intu-
itively expectin a situation of hyperalimentation. Future studies
on samples from the patient with NAFLD and NASH will be
warranted.
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Addendum—While this manuscript was in preparation and under
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