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Aberrant cholesterol /lipid homeostasis is linked to a number of diseases prevalent in the developed world, including
metabolic syndrome, type II diabetes, and cardiovascular disease. We have previously uncovered gene regulatory mechanisms
of the sterol regulatory element—binding protein (SREBP) family of transcription factors, which control the expression of
genes involved in cholesterol and lipid biosynthesis and uptake. Intriguingly, we recently discovered conserved microRNAs
(miR-33a/b) embedded within intronic sequences of the human SREBF genes that act in a concerted manner with their host
gene products to regulate cholesterol /lipid homeostasis. Indeed, miR-33a/b control the levels of ATP-binding cassette (ABC)
transporter ABCA, a cholesterol efflux pump critical for high-density lipoprotein (HDL) synthesis and reverse cholesterol
transport from peripheral tissues. Importantly, antisense inhibition of miR-33 in mice results in elevated HDL and decreased
atherosclerosis. Interestingly, miR-33a/b also act in the fatty acid/lipid homeostasis pathway by controlling the fatty acid B-
oxidation genes carnitine O-octanoyltransferase (CROT), hydroxyacyl—coenzyme A—dehydrogenase (HADHB), and carni-
tine palmitoyltransferase 1A (CPTIA), as well as the energy sensor AMP-activated protein kinase (AMPKa 1), the NAD -
dependent sirtuin SIRT6, and the insulin signaling intermediate IRS2, key regulators of glucose and lipid metabolism. These
results have revealed a highly integrated microRNA (miRNA)—host gene circuit governing cholesterol/lipid metabolism and
energy homeostasis in mammals that may have important therapeutic implications for the treatment of cardiometabolic

disorders.

Cholesterol and other lipids are crucial for metazoan
life because they are essential components of membranes
as well as precursors for hormone and signaling mole-
cules. Furthermore, imbalances in cholesterol and lipids
are strongly associated with diseases prevalent in the
developed world such as metabolic syndrome, type II dia-
betes, and cardiovascular disease. To improve treatment
of these diseases, we need to expand our knowledge of
how cholesterol/lipid homeostasis is maintained and elu-
cidate the underlying molecular mechanisms contrib-
uting to metabolic abnormalities. Members of the sterol
regulatory element—binding protein (SREBP) family of
basic helix-loop-helix—leucine zipper transcription fac-
tors are crucial regulators of lipid and cholesterol homeo-
stasis. SREBPs activate the complete program (>30
genes) of fatty acid, triglyceride, phospholipid, and cho-
lesterol biosynthesis and uptake (Horton et al. 2002) as
well as genes involved in the production of nicotinamide
adenine dinucleotide phosphate (NADPH), an essential
cofactor for lipid and cholesterol synthesis. A recent
study from our laboratory has revealed that SREBPs
also activate many genes in the one-carbon cycle to

provide S-adenosylmethionine (SAMe), the major cellu-
lar methyl donor and a key cofactor for the synthesis of
the membrane phospholipid phosphatidylcholine (Walk-
er et al. 2011). The mammalian SREBP gene family
contains two members: SREBF1, which codes for two
isoforms, SREBP-1c¢ and SREBP-1a, and SREBF?2, cod-
ing for the SREBP-2 protein. SREBP-1 isoforms have
been shown to preferentially activate genes involved in
fatty acid, triglyceride, and phospholipid biosynthesis,
such as fatty acid synthase (FASN) and stearoyl coen-
zyme A desaturase (SCD). In contrast, SREBP-2 is more
important for the expression of genes involved in choles-
terol biosynthesis, such as 3-hydroxy-3-methylglutaryl-
coenzyme A reductase (HMGCR) and uptake (i.e., low-
density lipoprotein receptor, LDLR) (Horton et al. 2002).

SREBPs are regulated extensively on multiple levels to
coordinate cellular and physiologic metabolic processes
for optimal animal growth and homeostasis (Osborne
and Espenshade 2009). An important and well-studied
level of SREBP regulation is the posttranscriptional con-
trol of SREBP proteolytic processing/maturation by cho-
lesterol. This regulation is essential for proper cholesterol
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homeostasis and constitutes a feedback loop involving
cholesterol levels and SREBP-2. When sufficient levels
of cholesterol are present in the cell, SREBP-2 precursors
are tethered in the endoplasmic reticular membrane in
complex with the cholesterol-sensing chaperones SCAP
and INSIG (Osborne and Espenshade 2009). When cho-
lesterol levels fall below a threshold, the complex disso-
ciates and SREBP-2 is trafficked together with SCAP to
the Golgi for proteolytic processing to its active form and
released to the nucleus to activate genes for cholesterol
biosynthesis and uptake. Whereas SREBP-2 is controlled
by cholesterol in a negative feedback loop, we have
recently found that proteolytic maturation of metazoan
SREBP-1 precursors is controlled by levels of phosphati-
dylcholine, a downstream product of SREBP-1-regu-
lated pathways (fatty acid synthesis, one-carbon cycle,
and phosphatidylcholine biosynthesis genes) (Walker
etal. 2011).

In addition to proteolytic processing, SREBPs are con-
trolled at the transcriptional level. For example, the
expression of the SREBP-1c isoform is regulated by the
liver X receptor (LXR) nuclear receptor in response to
oxysterols (Repa et al. 2000; Schultz et al. 2000). Both
SREBP-1 and -2 isoforms also activate their own expres-
sion, ensuring higher levels of SREBPs through a feed-
forward mechanism. In the liver, regulation of SREBP-1c¢
by insulin is of great physiological importance. Postpran-
dial elevation in circulating insulin levels leads to
increased hepatic glucose and fatty acid uptake and pro-
duction of triglycerides for storage. Pathological insulin
levels associated with insulin resistance, a hallmark of
metabolic syndrome, are linked to increased hepatic
expression and enhanced nuclear accumulation of
SREBP-1c. This in turn results in elevated expression
of lipogenic genes and hepatic steatosis. The insulin-
dependent increase in SREBP-lc messenger RNA
(mRNA) is mediated through LXR-binding sites in the
SREBP-1c promoter (Chen et al. 2004). The mechanisms
of posttranscriptional regulation of SREBPs by insulin
are not completely understood but have been suggested
to involve both the INSIG/SCAP complex as well as
the function of the serine/threonine protein kinase
AKT. Indeed, SREBPs are known to be extensively con-
trolled by phosphorylation. Acting downstream from
insulin, AKT can directly phosphorylate SREBP and in-
hibit glucose synthase 3 (GSK3), a kinase that promotes
SREBP turnover, thereby stimulating SREBP-dependent
gene regulation (Sundqvist et al. 2005; Yellaturu et al.
2009). In addition, insulin activation of the mTOR signal-
ing pathway can also augment SREBP function through
an mTORCI1-dependent mechanism (Porstmann et al.
2008; Lewis et al. 2011; Peterson et al. 2011). The
nutrient sensor AMPK (5" AMP-activated protein kinase)
is a master regulator of cellular energy homeostasis in
response to energy stress (e.g., low ATP/AMP ratio),
negatively regulating energy-consuming cellular pro-
cesses such as the synthesis of proteins, fatty acids, and
cholesterol while simultaneously promoting mitochon-
drial biogenesis and activating fatty acid PB-oxidation
for the production of ATP (Hardie 2011a). Activated

AMPK directly inactivates several SREBP downstream
targets such as acetyl-CoA carboxylase (ACC) and
HMGCR by phosphorylation, but it can also inhibit
SREBPs themselves on multiple levels (Zhou et al.
2001; Foretz et al. 2005). This latter mechanism includes
inhibition of LXR (Yap et al. 2011) as well as direct phos-
phorylation of SREBPs (Li et al. 2011). Increased AMPK
activity has also been shown to promote the activity of the
NAD"-dependent deacetylase SIRT1 (Schug and Li
2011). We and other investigators recently showed that
SIRT]1 is a key negative regulator of SREBPs in metazo-
ans in response to nutrient deprivation, such as during
fasting (Ponugoti et al. 2010; Walker et al. 2010). Under
such conditions, AMPK is active, NAD™" levels are ele-
vated, and SIRT1 protein is increased, together promot-
ing SIRT1-dependent deacetylation of nuclear SREBPs,
which then results in their ubiquitylation and proteasomal
degradation and a reduction in lipogenic gene expression
and fat storage (Ponugoti et al. 2010; Walker et al. 2010;
Schug and Li 2011). These findings suggest that SREBPs
sit at the nexus of a highly integrated and interconnected
metabolic regulatory network governing cholesterol/
lipid and energy homeostasis.

MicroRNAs (miRNAs) have recently been shown to
represent yet another layer of regulation of metabolism
and cholesterol/lipid homeostasis (Fernandez-Hernando
et al. 2011; Najafi-Shoushtari 2011). MiRNAs are short
(22-25 nucleotides) single-stranded noncoding RNAs
with important functions in most biological processes.
They are transcribed by RNA polymerase II and subse-
quently processed by the miRNA biogenesis pathway
including Drosha, DGCRS, and Dicer and incorporated
into the RNA-induced silencing complex (RISC) (Fig.
1). Mature miRNAs then act to inhibit mRNA expression
by binding to partially complementary target sequences
in their 3’ UTRs (untranslated regions) and either reduc-
ing their translation or causing mRNA degradation (Bar-
tel 2009). Individual miRNAs typically have a number of
predicted targets based on complementarity with their
seed base sequences as well as evolutionary conservation
of target sites (Lewis et al. 2005; Grimson et al. 2007,
Friedman et al. 2009). We and other investigators have
recently discovered that the human SREBP-encoding
genes harbor intronic miRNAs (miR-33a/b) that appear
to act in concert with their host gene products to control
cholesterol /lipid homeostasis (Gerin et al. 2010; Horie
et al. 2010; Marquart et al. 2010; Najafi-Shoushtari
et al. 2010; Rayner et al. 2010). These studies show that
miR-33, through its regulation of the ABCA1 cholesterol
transporter, cooperates with SREBP to regulate choles-
terol homeostasis. In addition, we and other researchers
have found that miR-33 controls the expression of
fatty acid B-oxidation genes such as carnitine O-octa-
noyltransferase (CROT), hydroxyacyl-CoA-dehydrogenase
(HADHB), and carnitine palmitoyltransferase 1A (CPT1A)
as well as the energy homeostasis regulators AMPKal
(PRKAALI), SIRT6, and insulin receptor substrate 2
(IRS2). These results uncover a broader, concerted regula-
tion of metabolic networks by the SREBP and miR-33 tran-
scription factor/miRNA circuit. Moreover, they hint at the
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Figure 1. MicroRNA biogenesis pathway.

therapeutic value of antisense-based targeting of miR-33 for
diseases such as metabolic syndrome and atherosclerosis
that are associated with dysregulation of cholesterol /lipid
metabolism and insulin signaling.

RESULTS

SREBPs Are Host Genes to Conserved
MicroRNAs, miR-33a/b

During our analysis of the mechanism of transcrip-
tional regulation by the SREBP transcription factors,
we noticed the presence of conserved miRNAs (miR-
33b and miR-33a) within the intronic sequence of
both SREBFI and SREBF?2 genes, respectively (Fig. 2)
(Najafi-Shoushtari et al. 2010). Database searches re-
vealed that miR-33 is conserved inside the SREBP ge-
nomic sequences from insects such as Drosophila to hu-
mans. Interestingly, miR-33b is present within the
SREBFI gene in mammals, including humans and pri-
mates, but is absent in rodents; the physiological signifi-
cance of this difference is further touched upon below. To
explore the potential functional link of the SREBP tran-
scription factors and miR-33a/b, we initially investigated
the expression of the SREBF genes and their embedded
miRNAs. Consistent with the possibility of coordinated

functions, we found that miR-33a/b are extensively coex-
pressed with their SREBF host genes in human (miR-
33a/b) and mouse (miR-33) tissues (Najafi-Shoushtari
etal. 2010). To gain an understanding of the possible reg-
ulatory roles of miR-33a/b, we used several target predic-
tion programs such as TargetScan (Grimson et al. 2007),
Pictar (Krek et al. 2005), and miRanda (Betel et al. 2008).
This analysis revealed that miR-33a and miR-33b (which
differ by only two nucleotides) share a number of con-
served targets predicted by several algorithms (Table 1).
Intriguingly, the list of predicted targets includes genes
involved in cholesterol transport such as the ATP-binding
cassette (ABC) transporter ABCA1 and the endolysoso-
mal transport protein Niemann—Pick C1 (NPC1). This
suggested that miR-33a/b may indeed be functionally
linked to their host genes.

MiR-33 Targets the ABCA1
Cholesterol Transporter

We were particularly intrigued by the possibility
of ABCA1 as a target of miR-33a/b. ABCA1 ranks high-
est among predicted miR-33 targets and encodes a cho-
lesterol transporter. ABCA1 is a major regulator of
cellular cholesterol and phospholipid homeostasis by
mediating the efflux of cholesterol and phospholipids to
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Figure 2. SREBF gene structure with its intronic miRNAs. The human SREBFI and SREBF2 genes contain the intronic miR-33b and
miR-33a, respectively. miR-33a is conserved from insects (e.g., Drosophila) to humans, whereas miR-33b is conserved in all mam-

mals, except rodents.

apolipoprotein A1, which then form nascent high-density
lipoproteins (HDL) (Tall et al. 2008). It is also critical
for the reverse cholesterol transport from peripheral
tissues to the liver. Hence, whereas SREBPs promote
the intracellular accumulation of cholesterol/lipids,
ABCAL acts to decrease their levels. If miR-33a/b would
indeed negatively regulate ABCA1 expression, it would
thus represent the first example of miRNA—host gene
cooperativity.

To confirm ABCAI as a bona fide miR-33 target we
first showed that ABCA1 protein levels are reduced
upon introduction into cells of exogenous miR-33a/b
precursors; conversely, ABCALI levels are increased after
miR-33a/b antisense inhibition (Fig. 3) (Najafi-Shoush-

tari et al. 2010). MiRNAs typically act to lower protein
expression by targeting the 3’'UTR of mRNAs. The
ABCA1 3'UTR harbors three closely spaced/overlapping
predicted miR-33a/b target sites, and fusion of the
ABCA1 3'UTR fragment containing these sites to a lucif-
erase reporter confirmed that miR-33a/b can indeed reg-
ulate the ABCA1 3’UTR through the miR-33—binding
sites, as shown by site-directed mutagenesis (Najafi-
Shoushtari et al. 2010). In accord with the notion that
SREBPs and miR-33 may be functionally linked, we
showed that SREBP-2 and miR-33 are coregulated by
cholesterol in J774 mouse macrophage cells (Najafi-
Shoushtari et al. 2010). Importantly, manipulation of
miR-33 also affected cholesterol efflux in these cells

Table 1. Other selected predicted conserved targets of miR-33a/b involved in lipid homeostasis

Target Number Target
gene Gene name of sites scan  PICTAR miRanda Targeted in
ABCAl ATP-binding cassette, subfamily A 3 X X X Hsa, Ptr, Mmu, Rno, Cfa,
(ABC1), member 1 Mdo, Oan, Gga, Xtr
CROT Carnitine O-octanoyltransferase 2 X (%) X Hsa, Ptr, Mmu, Rno, Fca,
Gga
MRPS25  Mitochondrial ribosomal protein S25 2 X X X Hsa, Ptr, Mmu, Rno, Cfa,
Mdo, Oan, Gga
NPC1 Niemann—Pick disease, type C1 2 X X Hsa, Ptr, Mmu, Rno, Cfa,
Gga
SIRT6 Sirtuin (silent mating-type information 1 X X Hsa, Ptr, Mmu, Cfa
regulation 2 homolog) 6 (S. cerevisiae)
PRKAA1  Protein kinase, AMP-activated a1 catalytic 2 X X X Hsa, Ptr, Mmu, Rno, Cfa,
subunit Mdo, Gga, Xtr
HADHB  Hydroxyacyl—coenzyme A 1 X X X Hsa, Ptr, Mmu, Rno, Cfa,
dehydrogenase/3-ketoacyl—coenzyme Mdo, Oan, Gga
A thiolase/enoyl—coenzyme A
hydratase (trifunctional protein), 3
subunit
SNFILK  SNF1-like kinase 1 X X X Hsa, Ptr, Mdo, Oan, Gga
IRS2 Insulin receptor substrate 2 1 X X X Hsa, Ptr, Mmu, Rno, Cfa,
Mdo, Oan
HMGCR  3-hydroxy-3-methylglutaryl—coenzyme A 1 X X Hsa, Ptr, Mmu, Oan
reductase
CS Citrate synthase 1 X X Hsa, Ptr, Cfa, Oan, Xtr
CPTIA4 Carnitine palmitoyltransferase 1A (liver) 1 X Hsa, Mmu, Rno, Cfa, Gga,

Dme

Selected conserved miR-33a/b targets involved in cholesterol/lipid and energy homeostasis as predicted by TargetScan (Grimson et al. 2007),

PICTAR (Krek et al. 2005), and miRanda (Betel et al. 2008).

Hsa, human; Ptr, chimpanzee; Mmu, mouse; Rno, rat; Cfa, dog; Fca, Cat; Mdo, opossum; Oan, platypus; Gga, chicken; Xtr, frog; Dme, fruitfly.
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Figure 3. MiR-33a/b targets involved in cholesterol/lipid and
energy homeostasis. (4) Excess miR-33a/b (through introduction
of precursors; Pre-miR-33a/b) in human HepG2 hepatoma cells
reduces ABCA1 (ATP-binding cassette, subfamily A [ABCAL1],
member 1), CROT (carnitine O-octanoyltransferase), HADHB
(hydroxyacyl—coenzyme A dehydrogenase/3-ketoacyl—coen-
zyme A thiolase/enoyl—coenzyme A hydratase [trifunctional
protein], B subunit), CPT1A (carnitine palmitoyltransferase 1A
[liver]), IRS2 (insulin receptor substrate 2), AMPKal (5 AMP-
activated protein kinase al), and SIRT6 (sirtuin) protein levels.
(B) Transfection of miR-33a/b antisense oligonucleotides (anti-
miR-33a/b) into HepG2 cells increases ABCAIl, CROT,
HADHB, CPT1A, IRS2, AMPKal, and SIRT6 protein levels.

(Najafi-Shoushtari et al. 2010), suggesting that miR-33
could negatively impact reverse cholesterol transport
from peripheral cells, including atherogenic macrophag-
es/foam cells, thereby promoting atherosclerosis. Impor-
tantly, we found that injection of mice on a Western-type
diet with locked nucleic acid (LNA) antisense inhibitors
of miR-33 led to a significant 25%—30% elevation in cir-
culating HDL levels (Najafi-Shoushtari et al. 2010). Sim-
ilar results were reported by other investigators (Gerin
et al. 2010; Horie et al. 2010; Marquart et al. 2010;
Najafi-Shoushtari et al. 2010; Rayner et al. 2010). Addi-
tionally, in support of a potential pathological role for
miR-33 in atherosclerosis as suggested by our data
(Najafi-Shoushtari et al. 2010), it was recently reported
that injecting LDLR /™ mice on an atherogenic diet
with an anti-miR-33 oligonucleotide reduces atherosclero-
tic plaque size (Rayner et al. 2011). Our ongoing studies
in nonhuman primates fed a Western-type diet have con-
firmed that injection of LNA antisense oligonucleotides
directed against miR-33a/b elicits significant elevation
of HDL levels, without adverse effects (A Nédr, unpubl.),
suggesting the feasibility of therapeutic targeting of
miR-33. Taken together, the targeting of ABCA1l by
miR-33a/b and the apparent cooperativity of miR-33 and
SREBP adds an elegant layer of regulation to the choles-
terol homeostasis mechanism and supports the idea that
miR-33a/b may represent attractive therapeutic targets to
raise HDL and ameliorate atherosclerosis.

MiR-33 Targets Fatty Acid 3-Oxidation Genes

Whereas the results clearly show concerted regulation
of cholesterol by miR-33a and the SREBP-2 host gene

genes that promote fatty acid B-oxidation, such as CROT,
HADHB, and CPT14 (Table 1). HADHB encodes a sub-
unit of the mitochondrial trifunctional protein that cat-
alyzes the last three steps of fatty acid B-oxidation.
CROT catalyzes the transfer of short-chain fatty acids to
carnitine, making them available for degradation by [3-
oxidation. CPT14 is not a (-oxidation gene per se but
is required for the transport of long-chain fatty acids to
mitochondria where (-oxidation takes place and repre-
sents the rate-limiting enzyme in regulation of fatty acid
degradation (Jogl et al. 2004). Interestingly, the Drosoph-
ilahomolog of CPT1A, Cptl, contains a predicted binding
site of the fly miR-33 homolog, which is embedded in an
intron in the dSREBP gene (Gerin et al. 2010; Davalos
et al. 2011). Because insects are cholesterol auxotrophs
and do not appear to have an ABCALI ortholog, this sug-
gests that inhibition of fatty acid B-oxidation could repre-
sent a primordial function of miR-33, acting in concert
with the fly SREBP host gene product to control fatty
acid/lipid homeostasis (Table 1).

We show here that introduction of excess miR-33a/b
precursors results in down-regulation of the protein levels
of CROT, CPT1A, and HADHB (Fig. 3A), whereas anti-
sense-targeting of miR-33a/b causes accumulation of
these proteins (Fig. 3B). These results indeed indicate
regulation of B-oxidation genes by miR-33a/b. Similar
results have been reported by other investigators (Gerin
et al. 2010; Davalos et al. 2011). In accord with miR-33
regulation of fatty acid B-oxidation genes, excess miR-33
resulted in increased intracellular triglyceride and fatty
acid levels as well as increased lipid droplet formation in
human hepatoma cells and in the Drosophila fat body
(Gerin et al. 2010; Davalos et al. 2011). Taken together,
we and other investigators find that SREBP-1 and miR-
33b are indeed cooperating in a similar fashion to
SREBP-2/miR-33ato control fatty acid/lipid homeostasis.

Control of Glucose/Energy Homeostasis
Regulators AMPK, SIRT6, and IRS2 by miR-33

As discussed above, SREBPs integrate information
about nutritional state such as insulin, glucose, and AMP
levels to coordinate appropriate lipid levels. It was there-
fore intriguing to also find AMPKal, IRS2, and SIRT6
on the list of predicted miR-33 targets. AMPKal is the
catalytic subunit of AMPK and directly inhibits proteins
such as ACC and HMGCR as well as SREBPs, as dis-
cussed above (Hardie 2011b). IRS2 (insulin receptor sub-
strate 2) is one of two such proteins that mediate the effect
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of insulin by acting as a molecular adaptor between the
insulin receptor and downstream effectors (White
2003). Interestingly, depletion of IRS2 (but not IRS1)
in mouse liver results in elevated SREBP-1c expres-
sion/activity and downstream lipogenic gene expression
(Tobe et al. 2001; Matsumoto et al. 2002; Taniguchi
et al. 2005; Kohjima et al. 2008), suggesting another
potential functional link with the SREBP/miR-33 circuit.
SIRT6 is an NAD"-dependent histone deacetylase with
roles in metabolism and stress resistance (Kanfi et al.
2008; Kawahara et al. 2009; Lombard 2009; Michishita
et al. 2009; Yang et al. 2009; Kaidi et al. 2010; Kanfi
et al. 2010; Schwer et al. 2010; Tennen and Chua 2010;
Xiao et al. 2010; Mao et al. 2011; Tennen et al. 2011),
and has been shown to be a major regulator of glucose
uptake (Xiao et al. 2010; Zhong et al. 2010). Importantly,
recent studies of mice with liver-specific ablation of
SIRT6 revealed up-regulated hepatic glycolysis, lipogen-
esis, and triglyceride synthesis, accompanied by steatosis
(Kim et al. 2010). These data suggest that hepatic SIRT6
may also be functionally linked to the SREBP/miR-33
pathway. To investigate if these genes are indeed targeted
by miR-33, we modulated miR-33a/b levels in HepG2
cells. As with the other targets, excess miR-33a/b
increased the protein levels of IRS2, AMPKal, and
SIRT6 (Fig. 3A), whereas depletion of miR-33a/b
decreased their protein levels (Fig. 3B). Because
AMPK, IRS2, and SIRT®6 all appear to counteract hepatic
SREBP-1c—dependent lipogenesis, these results indicate
that miR-33b embedded within the SREBP-1¢ gene may

ROTTIERS ET AL.

cooperate with the SREBP-1c host gene product to pro-
mote hepatic lipid accumulation, similar to miR-33a
cooperation with SREBP-2 in promoting elevated intra-
cellular cholesterol levels.

CONCLUSIONS

A number of independent studies have now shown the
cooperation between SREBP-2 and its intronic miRNA
miR-33a, adding a layer of regulation to the SREBP-2
control of cholesterol homeostasis (Fig. 4) (Gerin et al.
2010; Marquart et al. 2010; Najafi-Shoushtari et al.
2010; Rayner et al. 2010). The finding by us and other
researchers of a similar cooperation between SREBP-1
and miR-33b in regulation of lipid homeostasis suggests
a more extensive and integrated network of functional
interactions between SREBPs and their intronic miRNAs.
These findings together indicate that an important func-
tion of miR-33 is inhibition of proteins counteracting
SREBP-dependent activities. Indeed, miR-33 targeting
of fatty acid B-oxidation genes would aid the SREBP-1
host gene product by preventing degradation of lipids pro-
duced by SREBP-1-regulated genes. Moreover, the find-
ing that miR-33 controls levels of AMPKal, a protein
that counteracts the function of SREBP through the inhib-
ition of downstream SREBP targets such as HMGCR and
ACC, as well as directly affecting SREBP itself, repre-
sents an excellent example of the notion that miR-33
acts as an “enforcer” of SREBP-dependent processes.
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Figure 4. SREBP transcription factors act coordinately with their intronic miRNA miR-33a/b to regulate both fatty acid and choles-
terol homeostasis. Whereas SREBPs activate genes involved in fatty acid and cholesterol biosynthesis and uptake such as FASN and
HMGCR, miR-33a/b act to repress genes functioning in cholesterol efflux (ABCA1) and fatty acid B-oxidation (CROT, HADHB, and
CPT1A) as well as negative regulators of SREBPs such as AMPKal, SIRT6, and IRS2.


http://symposium.cshlp.org/
http://www.cshlpress.com

Downloaded from symposium.cshlp.org on September 16, 2016 - Published by Cold Spring Harbor Laboratory Press

AN SREBP-miR-33 METABOLIC REGULATORY CIRCUIT 231

The SIRT6 inhibition of miR-33 also follows this para-
digm because it was shown that SIRT6 deacetylates
histone H3 lysine 9 (H3K9) residues at the promoters of
SREBP target genes such as FASN, ACCI, and SCDI in
the liver and directly inhibits their expression (Kim
etal. 2010), thus effectively opposing SREBP-1 function.
Finally, miR-33 inhibition of insulin receptor substrate
2 should promote SREBP-1 activity, because IRS2 reduc-
tion has been shown to activate the other insulin re-
ceptor substrate IRS1, which in turn activates SREBP-1
(Kohjima et al. 2008). This regulatory network is sche-
matically summarized in Figure 4. This extensive cooper-
ation of the SREBP transcription factors with miR-33a/b
uncovers a novel concept of integrated and concerted reg-
ulation of metabolic networks by a transcription factor/
miRNA circuits.

The cholesterol transporter ABCA1 was the first well-
described miR-33 target in macrophages and hepatoma
cells. ABCAI mediates the initial and essential step in
the formation of HDL. High LDL levels and low HDL
levels are strongly associated with risk for cardiovascular
disease. Whereas statins are relatively successful in low-
ering LDL, treatments for elevating HDL levels such as
niacin are only moderately efficacious. Hence, miR-33
may represent an attractive new target for raising HDL.
Indeed, ABCA1 and HDL levels were elevated in mice
carrying a homozygous deletion of miR-33a (Horie
et al. 2010). More importantly, HDL levels were elevated
in mice after miR-33a knockdown using an antisense
approach (Najafi-Shoushtari et al. 2010; Rayner et al.
2010, 2011), indicating that antisense targeting of
miR-33 could indeed be clinically useful. Highlighting
the therapeutic potential of miRNA-targeting antisense
approaches, miR-122, a liver-specific miRNA that regu-
lates hepatic cholesterol/lipid metabolism and hepatitis
C virus replication (Girard et al. 2008), has been success-
fully targeted by LNA antisense oligonucleotides in non-
human primates (Elmen et al. 2008; Lanford et al. 2010).
miR-122—targeting LNAs (miravirsen) are now being
evaluated in a phase 2a clinical trial of chronic hepatitis
C patients, and preliminary results look promising. These
LNA techniques or approaches, such as the so-called tiny
LNAs targeting entire miRNA families (Obad et al.
2011), represent exciting future directions for miR-33
antagonism for therapeutic purposes. With the expansion
of the function of miR-33a/b into the regulation of fatty
acid B-oxidation, insulin signaling, and energy homeosta-
sis, therapeutic benefits may encompass not only amelio-
rated atherosclerosis but also effects on the broader array
of conditions associated with metabolic syndrome, in-
cluding insulin resistance, hepatosteatosis, and circulat-
ing lipid abnormalities such as elevated triglycerides. In
the clinically relevant conditions of metabolic syndrome,
insulin levels are highly elevated, which causes a strong
transcriptional up-regulation of SREBP-1c, and thus pre-
sumably of miR-33b, in the liver. This is in contrast to
SREBP-2 and miR-33a, whose mRNA levels are only
modestly changed in response to cholesterol levels,
most likely because cholesterol regulation of SREBP-2
is chiefly acting at the posttranscriptional level (Brown

et al. 2010). Thus, targeting miR-33a/b in insulin resis-
tance conditions that are associated with elevated VLDL
and triglyceride levels and low HDL might prove to be
beneficial. An important complication to studying this
circuit in model organisms is the absence of miR-33b
in rodents, making studies in nonhuman primates neces-
sary to address the relevance and therapeutic potential
of targeting miR-33b. Such studies should also allow
the broader impact of miR-33 antisense targeting on other
possible/predicted downstream targets to be addressed as
well. Of interest could be predicted targets that would be
involved in other functions of SREBP, including the reg-
ulation of cofactors for lipid production such as NADPH
or S-adenosylmethionine. Of particular concern could be
predicted targets that affect cancer biology such as
CDKG®6, PIM-1, and p53. A recent study indicated indeed
that miR-33a targets the proto-oncogene Pim-1, but not
the predicted target CDK6, and suggested overexpression
of miR-33a as an anticancer treatment (Thomas et al.
2011). However, another study described the regulation
of p53 by miR-33 (Herrera-Merchan et al. 2010), suggest-
ing a complex and possible context-dependent response
to miR-33 manipulations. Final validation of miR-33
for therapeutic use in metabolic disorders thus awaits
further detailed in vivo investigation in primate models
and humans.
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