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“Micromanaging” metabolic syndrome
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Metabolic diseases are character-
ized by the failure of regulatory
genes or enzymes to effectively orches-
trate specific pathways involved in the
control of many biological processes. In
addition to the classical regulators of
metabolic homeostasis, recent discover-
ies have shown the remarkable role of
small non-coding RNAs (microRNAs)
in the post-transcriptional regulation of
a number of genes, and their involvement
in many pathological states, such as dia-
betes, atherosclerosis and cancer. Of note
is microRNA-33 (miR-33), an intronic
microRNA (miRNA) located within the
sterol regulatory element-binding pro-
tein (SREBP) genes, one of the master
regulators of cholesterol and fatty acid
metabolism. We have recently shown
that miR-33 regulates cholesterol efflux
and high-density lipoprotein (HDL)
formation, as well as fatty acid oxida-
tion and insulin signaling. These results
describe a model in which miR-33 works
in concert with its host genes to ensure
that the cell’s metabolic state is balanced,
thus highlighting the clinical potential
of miRNAs as novel therapeutic targets
for treating cardiometabolic diseases.

Regulation of Cholesterol
Metabolism

Cellular dysregulation of lipid homeosta-
sis is a primary perturbation associated
with the development of many diseases
such as atherosclerosis and type II diabe-
tes.! Cholesterol, a main constitutive of
cell membranes and the precursor of ste-
roids and bile acids, is synthesized endog-
enously from acetyl-CoA in a highly
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regulated enzymatic pathway? or obtained
from the circulation via apolipoprotein
B-containing lipoproteins, such as the low-
density lipoprotein (LDL).? The intracellu-
lar levels of cholesterol are highly regulated
by a series of feedback mechanisms medi-
ated by the ER-bound sterol regulatory
element-binding proteins (SREBPs) “¢ and
the liver X receptors (LXRs).” Vertebrates
have two Srebp genes. Srebp-2 preferen-
tially controls the synthesis and uptake of
cholesterol through the regulation of both
the LDL-receptor (LDLR) and 3-hydroxy-
3-methylglutaryl coenzyme-A reductase
(HMGCR; the rate-limiting enzyme in
the cholesterol biosynthesis), whereas
Srebp-1 regulates genes involved in the
synthesis of fatty acids and, more recently,
468 Therefore, an
increase in SREBP activity leads to choles-
terol and fatty acid accumulation and the
downregulation of their own processing
pathway.*¢ The other major transcription
factors that contribute to the regulation
of lipid metabolism are the oxysterol-
activated nuclear receptors, namely LXRs.
When intracellular cholesterol levels are
high, LXRs activate the expression of genes
involved in cholesterol efflux including the
ATP-binding cassette (ABC) transporters,
ABCA1 and ABCG. ABCA1 primarily
functions in macrophages and hepato-
cytes, where it promotes cholesterol efflux,
and in the liver, as an essential player in the
production of HDL.>'® Cholesterol efflux
to HDL and its associated apolipoprotein,
Apo-Al, is considered a critical step in the
initiation of reverse cholesterol transport
(RCT), the process that delivers choles-

terol excess to the liver for its excretion

cell cycle regulation.

into bile.”!’ Because HDL levels correlate

3249



¥ Cholesterol levels | SREBP-2

\> SREBP2 T

Srebp-2
LXR agonists
“' SREBP-1c
LXR/RXR 1‘

Carbohydrate metabolism

miR-33a/b
—
IRS2
SIRTé
AMPK

B
]

miR-33a | Drosha | DGCR8
: -
1
i 5
)
1
E Pri-microRNA \>
I
: Pre-microRNA
]
I
I
;

miR-33b :
1
]
1
]
)
1
1
]
I

Cholesterol metabolism

miR-33a/b

F’:éz:

(o

Mature microRNA  wel Frreef brr
miR-33CI/b Cytoplasm

Fatty acid metabolism

miR-33a/b

Figure 1. miRNA-33: A key regulator of metabolic pathways. Transcriptional activation of Srebp-2 or Srebp-1 by low sterol levels or LXR ligands/insu-
lin, respectively, induces the co-transcription of miR-33a and miR-33b from their host genes. These miRNAs simultaneously inhibit the expression of
several targets involved in cholesterol transport, fatty acid oxidation and glucose metabolism by binding to complementary regions in their 3'UTRs.
Upper right part: General view of microRNA biogenesis. miRNAs are transcribed in the nucleus as long primary transcripts (pri-miRNAs) and processed
by Drosha to produce stem-loop-structured precursors (pre-miRNA), which are then exported to the cytoplasm via Exportin 5. Once in the cyto-
plasm, they are further processed by Dicer to generate a 22-bp miRNA duplex. One strand of the duplex is incorporated in the RNA-induced silencing

translational repression or mRNA degradation.

complex (RISC complex) containing Ago proteins. These mature miRNAs bind to partially complementary sites in the 3'UTR of target genes to promote

inversely with atherosclerosis susceptibil-
ity, there is an increasing interest in study-
ing the regulation, mechanism of action,
and suitability of ABCAL as a target to
increase HDL levels for the treatment and
prevention of atherosclerosis.!!

microRNAs

In addition to the classical transcriptional
regulators, SREBPs and LXRs, miR-
NAs have been shown to regulate the
expression of key genes involved in lipid
homeostasis. microRNAs are small (-23
nucleotides), non-coding, single-stranded
RNAs that control the expression of
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protein coding genes by primarily acting
as sequence-specific inhibitors of mRNA
(mRNA).">"* miRNAs are transcribed
in the nucleus by RNA polymerase II
into primary transcripts (pri-miRNAs)
that are then processed sequentially in
the nucleus and cytoplasm by a complex
of RNase IlI-endonucleases, Drosha and
Dicer.** Specifically, Drosha processes
the pri-miRNA transcript to a 70-100
nt stem-loop precursor (pre-miRNA),
which is then delivered to the cytoplasm
by Exportin 5, where it is subsequently
cleaved by Dicer to produce a miRNA
duplex.!"* The resulting duplex is then
the RNA-induced

incorporated  into
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silencing complex (RISC) in association
with an Ago family member. One of the
strands (the passenger strand) is degraded,
while the other strand (the mature
miRNA) remains associated with the Ago
protein and binds to partially complemen-
tary sites in mRNAS.*! In animals, miR-
NAs control gene expression by binding
to the 3'-untranslated region (3'UTR) of
their targets, causing mRNA destabiliza-
tion or protein translation inhibition."
miRNAs have emerged as key regu-
lators of almost all cellular processes
including cell differentiation and cell
proliferation.”!¢ Specifically, many micro-
RNAs have been shown to play a role
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in the post-transcriptional regulation of
lipid metabolism, including miR-122,
miR-370, miR-378/378*, miR-335, miR-
125a-5p and miR-33."2° Among these,
miR-122 was the most widely studied
miRNA and the first described for its role
in regulating total serum cholesterol and

hepatic metabolism."”!

More recently,
several groups have described the role of
the miR-33 family as a key regulator of

lipid homeostasis.?**¢

miR-33 and Cholesterol
Homeostasis

miR-33 is expressed in a variety of cell
types and tissues and consists of two
intronic microRNAs, miR-33a and miR-
33b, which are encoded within the introns
of the Srebp-2 and Srebp-1 genes, respec-
tively.?>?* While miR-33a and miR-33b
differ in only 2 nucleotides in the mature
form and have the same targets, they dif-
fer in their pattern of evolutionary conser-
vation. miR-33a is encoded within intron
16 of the human Srebp-2 gene and is con-
served in many animal species. However,
the conservation of miR-33b, which is
found within intron 17 of the human
Srebp-1 gene, is lost. The Srebp-1 genes of
larger mammals contain miR-33b, but in
the Srebp-1 genes of rodents and chickens,
miR-33b is absent.”

Metabolic stimuli that activate Srebp
genes expression also regulate miR-33a
and -b expression, indicating that miR-
33 is co-expressed with its host genes.
For example, miR-33a and its host gene,
Srebp-2, are upregulated in response to
cellular cholesterol depletion and down-
regulated in response to cholesterol load-
ing.?> In this condition, miR-33 represses
genes involved in cholesterol trafficking
and efflux, such as ABCAI, which has
three highly conserved binding sites for
miR-33 in its 3'UTR.?*?* Consistent with
this finding, cultured mammalian cells
that overexpress miR-33 show a decrease
in cholesterol efflux to Apo.?** More
interestingly, the opposite occurs when
cells are transfected with “anti-miRs”
or “antago-miRs,” RNA molecules that
specifically reduce endogenous levels of
miR-33. Antagonism of miR-33 in vitro
and in vivo significantly increases ABCA1
expression, promotes cholesterol efflux to

www.landesbioscience.com

Apo-Al and increases HDL plasma levels
in mice.”?” Furthermore, genetic dele-
tion of miR-33 in mice causes an increase
in hepatic ABCAL expression and a 25%
increase in circulating levels of HDL.»

miR-33 Regulates Fatty Acid
Oxidation and Insulin Signaling

The intronic location of miR-33a is highly
conserved in many species, including
Drosophila  melanogaster.
these fruit flies do not synthesize sterols
or express ABCAI; instead, their Srebp
gene regulates fatty acid production, simi-
lar to the Srebp-1 gene of humans. This
observation suggests additional func-
tions for miR-33a and -b and led us to
identify new targets involved in fatty

Interestingly,

acid metabolism, including carnitine
palmitoyltransferase 1A (CPT1A), car-
nitine O-octanoyltransferase (CROT),
and hydroxyacyl-CoA dehydrogenase/3-
ketoacy-CoA thiolase/enoyl-CoA hydra-
tase (trifunctional protein) and B subunit
(HADHB).?® Consistent with bioinfor-
matic analyses, we and Gerin et al. showed
that miR-33 decreases the expres-
sion of CPTla, CROT and HADHB
at the mRNA and protein level.?®?
Furthermore, overexpression of miR-33a
and -b reduces fatty acid oxidation and
leads to the accumulation of triglycerides
in human hepatic cells and in the fat body
of miR-33 transgenic flies.?®

Our previous work also revealed an
interesting role for miR-33a and -b in
glucose metabolism, as miR-33a and -b
overexpression reduces IRS2 levels and
inhibits the activation of downstream
messenger cascades, including the PI3/
AKT pathway.?® Consistent with these
findings, miR-33b overexpression reduces
insulin-induced 2-deoyxglucose (2-DOG)
uptake in hepatic cells, suggesting that
miR-33 plays a key role in regulating insu-
lin signaling.”®

Pivotal Role of miR-33
in Metabolism

In addition to modulating fatty acid and
insulin signaling, miR-33 also regulates
the expression of sirtuin-6 (SIRT6).%
Sirtuins are the mammalian homologs
of the yeast histone deacetylase, Sir2,
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and have emerged as broad regulators of
many important processes, including cell
fate determination, organ metabolism
and function, age-related diseases and
tumorigenesis.”** Given their important
regulatory function, many are highly
controlled at the transcriptional and post-
transcriptional level. For example, SIRT1
has recently been shown to be regulated
by microRNAs.?>%¢  Additionally,
work now shows that another mem-
ber of the sirtuin family, SIRT6 (which

plays a significant role in regulating glu-

our

cose homeostasis), is also subject to post-
transcriptional regulation by these non-
coding RNAs.>3  Liver-specific dele-
tion of SIRT6 in mice causes profound
alterations in gene expression, leading
to increased glycolysis, triglyceride syn-
thesis and reduced B-oxidation,”” which
correlates with our in vitro results in
human hepatic cell lines transfected with
miR-33.28

Another interesting finding is the
inhibitory effect of miR-33 on the AMP-
(AMPK).2#
This cellular energy sensor contributes

activated protein  kinase
to the regulation of the liver circadian
clock,” which coordinates hepatic lipid
metabolism at the transcriptional and
post-transcriptional level.” In the liver,
activation of AMPK promotes fatty acid
B-oxidation, while inhibiting cholesterol
and triglyceride synthesis. Taken together,
miR-33a and -b appear to be fundamental
modulators of lipid metabolism.

Future Directions: Implications
in Metabolic Disease

Our data suggests a model in which miR-
33a and -b work in concert with their host
genes to ensure that the cell’s metabolic
state is balanced. During conditions in
which SREBP-2 and -1 are activated, miR-
33a and -b act in concert with their host
genes to boost intracellular cholesterol
levels by targeting ABCALI, reduce insulin
signaling by targeting IRS2, and increase
fatty acid levels by targeting a variety of
fatty acid oxidation enzymes. Given that
the abnormal regulation of these pathways
leads to diseases such as atherosclerosis,
metabolic syndrome and non-alcoholic
facty liver disease (NAFLD), miR-33 rep-
resents an ideal target for future therapies.
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Although much remains to be learned

concerning the role of miRNAs in regulat-

ing lipid homeostasis and insulin signal-
ing, these results highlight the potential of
miRNA manipulations in the treatment

of diseases.
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