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Abstract

Cholesterol metabolism is tightly regulated at the cellular level. In addition to classic
transcriptional regulation of cholesterol metabolism (e.g., by SREBP and LXR), members of a
class of non-coding RNAs termed microRNAs (miRNAs) have recently been identified to be
potent post-transcriptional regulators of lipid metabolism genes, including cholesterol
homeostasis. We and others have recently shown that miR-33 regulates cholesterol efflux and
HDL biogenesis by downregulating the expression of the ABC transporters, ABCA1 and ABCG1.
In addition to miR-33, miR-122 and miR-370 have been shown to play important roles in
regulating cholesterol and fatty acid metabolism. These new data suggest important roles of
microRNASs in the epigenetic regulation of cholesterol metabolism and have opened new avenues
for the treatment of dyslipidemias.
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Regulation of cellular cholesterol metabolism

Cholesterol is an essential structural component in the cell membrane of most vertebrates
and a precursor in metabolic pathways, including steroid hormone and bile acid synthesis.
Cholesterol homeostasis thus needs to be tightly regulated, and perturbations in lipid
metabolism are associated with disease states, including atherosclerosis, metabolic
syndrome, and type 2 diabetes [1].

Animal cells synthesize cholesterol from acetyl-CoA through a series of more than 20
enzymatic reaction steps [2]. In addition, cells obtain cholesterol from the circulation in the
form of apolipoprotein B-containing lipoproteins, especially low-density lipoproteins (LDL)
[3,4] (Figure 1). LDL particles are internalized via the LDL receptor (LDLr) on the cell
surface and hydrolyzed to free cholesterol in lysosomes [3,4]. The intracellular cholesterol
concentration is tightly controlled by feedback mechanisms that operate at both
transcriptional and posttranscriptional levels [5,6]. When cells accumulate excess sterols, the
activity of 3-hydroxy-3-methylglutaryl coenzyme A (HMGCOoA) reductase, a rate-limiting
enzyme of the biosynthetic pathway, declines by more than 90% and the cell surface
expression of LDLr decreases [6]. In contrast, upon depletion of intracellular cholesterol,
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cells maintain a high activity of HMGCoA reductase and highly express LDLr (Figure 1).
This coordinated process is regulated by ER-bound sterol regulatory element-binding
proteins (SREBPs) [5,7,8]. The SREBP family of basic-helix-loop-helix leucine zipper
(bHLH-LZ) transcription factors consists of SREBP-1a, SREBP-1c and SREBP-2 proteins
that are encoded by two unique genes, SREBF-1 and SREBF-2. The SREBPs differ in their
tissue-specific expression, target gene selectivity and the relative potencies of their trans-
activation domains. SREBP-1c target genes are involved in fatty acid metabolism, such as
fatty acid synthase (FASN) [5,7,8]. SREBP-2 is responsible for cholesterol related genes,
such us HMGCOoA reductase and LDLr. SREBP-1a targets both set of genes, but the
expression of the SREBP-1c isoform predominates in vivo, particularly in the mouse liver in
the fed state [5,7,8]. Increased SREBP activity causes cholesterol and fatty acid
accumulation by downregulating the SCAP-mediated activation of the SREBP pathway by
feedback inhibition.

The liver X receptor (LXR) nuclear hormone receptors also contribute to cholesterol
homeostasis by activating the transcription of genes involved in the response to cholesterol
excess, including ABCAL, ABCG1 and ABCG5/8 [9-11]. These transporters promote
cellular cholesterol efflux to HDL and its associated apolipoprotein, apo-Al, a critical step
in the initiation of reverse cholesterol transport to the liver for excretion [12,13] (Figure 1),
whereas ABCG5/8 promote cholesterol excretion into bile [14]. ABCAL is also primarily
responsible for initiating HDL formation in the liver, a finding brought to light when the
mutation in Tangier disease, a condition characterized by low plasma HDL, was mapped to
the ABCA1 gene [15-18]. As HDL levels are inversely correlated with atherosclerosis
susceptibility, these discoveries have set off an enormous amount of research on the
regulation, mechanism of action, and suitability of ABCAL1 as a target to increase HDL
levels for the treatment of atherosclerosis.

Mechanisms of action and biogenesis of miRNAs

As noted, microRNAs have newly recognized influences on cholesterol homeostasis.
MicroRNAs (miRNAs) constitute a large family of small (~22 nucleotide [nt]) noncoding
RNA molecules, single stranded in the mature form, that are important post-transcriptional
regulators of gene expression [19-21] in metazoan animals, plants and protozoa. Since their
discovery in C. elegans [22-24], hundreds of miRNAs have been identified as a result of the
cloning and sequencing of size-fractionated RNAS, deep sequencing technologies, and
computational prediction methods [25].

miRNAs typically control the expression of their target genes by imperfect base pairing to
the 3" untranslated regions (3'UTR) of messenger RNAs (mRNAS) thereby inducing
repression of the target mRNA. This inhibitory effect can occur by either transcript
destabilization, translational inhibition, or both [21,26,27]; however, recent studies suggest
that miRNAs may also repress mMRNA targets by binding to other regions including 5" UTRs
or protein-coding exons [28-31]. Bioinformatic predictions and experimental approaches
indicate that a single miRNA may target more than a hundred mRNAs [32]. Indeed, human
miRNAs are predicted to control the activity of more than 60% of all protein-coding genes
[26,32,33]. miRNASs have now been implicated in the control of a wide range of biological
functions including development, differentiation, metabolism, growth, proliferation and
apoptosis [19,20,34-39].

miRNAs are located throughout the genome within intronic and exonic portions of protein-
coding genes, as well as intergenic regions. As illustrated in Figure 2, the production of the
functional, ~22 nt mature miRNA involves multiple processing steps. Most animal miRNAs
are transcribed by RNA polymerase 1l as long primary transcripts, generating a stem-loop
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containing primary miRNA (pri-miRNA) [40] The pri-miRNA is processed within the
nucleus by the microprocessor complex, which consists of a ribonuclease 111 (RNase 111)
called Drosha [41], a RNA-binding protein DGCR8/Pasha [42] and a variety of co-factors
[DEAD box helicases p68 and p72, and heterogeneous nuclear ribonucleoproteins) [43]
thought to promote the fidelity, specificity, and/or activity of Drosha cleavage. In most
mammalian miRNAs, Drosha processing occurs co-transcriptionally, i.e. before splicing of
host RNA (canonical pathway). However, a subset of intronic miRNAs called “miRtrons”
can circumvent the Drosha pathway and are made by splicing and debranching of short
hairpin introns [44-46]. The product of Drosha cleavage is a 70-100 nucleotide hairpin-
shaped precursor, the pre-miRNA, that is transported to the cytoplasm via an Exportin-5-
and Ran-GTP-dependent mechanism [47]. This pre-miRNA is further processed to produce
a ~22 nt long miRNA duplex (miRNA:miRNA¥*) by another RNaselll enzyme, Dicer [48-
50], or alternatively through cleavage by Ago2, an Argonaute protein that is part of the
complex that aligns the miRNA and messenger RNA [51-53]. The miRNA duplex produced
via either Dicer or Ago2 processing is then unwound into the mature single-stranded form
(quide strand) and its complementary strand (passenger strand or miRNA*). This single
stranded RNA associates with members of the Ago protein family within the effector
ribonucleoprotein complex RISC (RNA-induced silencing complex) [43,54-56]. As part of
the RISC, the mature miRNA guides the complex to its RNA target by Watson-Crick base-
pairing interactions regulating protein synthesis [21]. In animals, most miRNAs appear to
pair imperfectly within the 3’ UTR of their mRNA targets, and repress translation and/or
decay of the mRNA [57]. The mechanistic details of protein synthesis inhibition by miRNAs
are not well understood, but may include sequestration from ribosomes by relocation into P
bodies, blockage of translational initiation, translational repression after initiation or target
deadenylation coupled to transcript degradation [57,58].

Identifying functionally important miRNA target genes is crucial for understanding the
impact of specific miRNAs on cellular function. This has been challenging, as miRNAs
usually have imperfect complementarity with their targets [21]. In mammals, the most
consistent requirement of miRNA:target interaction, although not always essential, is a
contiguous and perfect base pairing of the miRNA nt 2-8, representing the “seed” region
[59]. In many cases, the seed seems to determine this recognition; in other cases, additional
determinants are required, such as reasonable complementarity to the miRNA 3’ half to
stabilize the interaction (nt 13-16). In addition, some other features of the 3' UTR sequences
surrounding the target site, such as AU-rich sequences, positioning within the 3’ UTR at
least 50 nt from the stop codon and away from the center of long UTRs, may boost miRNA
efficacy [21]. Interestingly, another class of mMIRNA target sites has recently been described.
The new “centered sites” lack both perfect seed pairing and 3’-compensatory pairing and
instead have 11-12 contiguous Watson-Crick pairs to the center of the miRNA [60]. The
existence of multiple public miRNA target prediction algorithms has greatly facilitated the
rapid identification of miRNA target genes; however, these require validation.

miRNAs and lipid metabolism

The first microRNA that regulates lipid metabolism, miR-122, was identified as the most
highly expressed miRNA in the adult liver, where it accounts for 70% of all miRNAs [61].
Several studies of miR-122 suggest its importance in establishing gene expression patterns
critical to the differentiated state of the liver. Notably, inhibition of this miRNA in vivo has
pronounced effects on cholesterol and fatty acid metabolism. Using antisense strategies,
several groups have reported that antagonism of miR-122 in the liver results in sustained
decreases in plasma cholesterol levels in both mice and hon-human primates [62—-66]. Mice
treated with antisense oligonucleotides (ASO) to miR-122 showed 25-35% reductions in
total cholesterol, and this reflected decreases in both the LDL and HDL lipoprotein fractions
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[63,65]. In African green monkeys, efficient silencing of miR-122 in the liver was achieved
by only 3 doses of anti-miR-122 and caused sustained decreases in total plasma cholesterol
without any apparent liver toxicity or histopathological changes [62]. Furthermore,
prolonged antagonism of miR-122 in chimpanzees, achieved by weekly injections of anti-
miR-122 for 12 weeks, also reduced plasma cholesterol by 30%; however, unlike in mice,
these changes were predominantly observed in the LDL fraction [66]. Interestingly, the
reduction in cholesterol levels persisted for several weeks after the end of treatment
suggesting that miR-122 ASO treatment has prolonged effects on hepatic gene expression
and cholesterol metabolism.

Microarray analyses of the livers of miR-122 ASO treated mice showed upregulation in the
mRNAs of up to 400 genes, of which approximately 70% had at least one 6-nt seed match
for miR-122 in their 3'UTR [62,63,65]. While these analyses revealed that miR-122 actively
represses a large number of mMRNAs in the liver, the gene pathways regulating cholesterol
biosynthesis were not foremost among those, and it remains unclear which direct gene
targets of miR-122 cause the changes in circulating cholesterol. However, the gene
expression profiling approaches used are limited in that they only identify miRNA effects on
mMRNA stability. As a large majority of miRNAs regulate their targets by translational
inhibition, such changes would not have been detected using this method. Despite this
caveat, several genes of interest were noted among the mRNAs altered by anti-miR-122,
including FASN, ACC1 and ACC2, which are involved in fatty-acid synthesis and oxidation
(Table 1). Hepatocytes from anti-miR-122 treated mice showed reduced fatty acid synthesis
and increased fatty acid oxidation rates, and accordingly, antagonism of miR-122 in a mouse
model of diet-induced obesity significantly improved hepatic steatosis and reduced levels of
triglyceride accumulation [63].

The lack of toxicity in primate studies suggests that miR-122 inhibition in humans may be
feasible, and this is being actively investigated for the treatment of chronic hepatitis C virus
infection [67,68]. Interestingly, the 5’ noncoding region of the HCV genome contains two
highly conserved miR-122 binding sites that are essential for accumulation of viral RNA in
hepatic cells. Notably, antagonism of miR-122 in chronically HCV-infected chimpanzees
markedly suppresses viremia, suggesting that it may be an effective therapeutic [66]. In
addition to reducing viral replication, antagonism of miR-122 likely also reduces HCV
propagation by decreasing the expression of enzymes involved in lipid metabolism, which
can enhance HCV replication in cell culture models. The continued study of miR-122 in this
disease model is likely to yield important insights, not only into the potential of miR-122
antagonists as anti-HCV therapies, but also into its effects on genes involved in hepatic lipid
metabolism.

A second microRNA, miR-370, was recently identified to have similar effects on lipid
metabolism [68]. However, whereas miR-122 promotes changes in lipogenesis directly,
miR-370 was shown to act primarily by modifying the expression of miR-122 [68]
Transfection of the human hepatic cell line HEPG2 with miR-370 upregulates expression of
miR-122 and conversely, miR-370 inhibition decreases miR-122 levels. Like miR-122,
transfection of hepatic cells with miR-370 upregulates the expression of lipogenic genes,
including SREBP1c and DGAT?2. In addition, miR-370 directly regulates the expression of
carnitine palmitoyl transferase 1la (Cptla), an enzyme that promotes fatty acid p-oxidation.
These findings highlight the complex regulatory role that microRNAs are likely to play in
modulating lipid metabolism, through both direct and indirect effects on target gene
expression.

Most recently, three independent studies demonstrated that miR-33a, an intronic microRNA
located within the SREBF-2 gene, plays important roles in the homeostatic regulation of
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cholesterol metabolism [69-71]. These reports showed that miR-33a targets genes involved
in cholesterol trafficking, including ABCA1, ABCG1 and NPC1. Interestingly, each group
uncovered the role of miR-33a in regulating cholesterol homeostasis by independent means.
In our report, miR-33a was identified through genome-wide profiling of miRNAs whose
expression was altered by cellular cholesterol content [69]. We found that during states of
cholesterol depletion, miR-33a expression rises, and conversely miR-33a levels decrease
during states of cholesterol enrichment in both macrophages and hepatocytes. Notably,
miR-33a was also regulated in the livers of mice when dietary cholesterol was altered.
Marquart et al and Najafi-Shoushtari et al each identified miR-33a using in silico
bioinformatic screening and noted its intriguing presence within intron 16 of SREBF-2
(Figure 3) [70,71]. The sequence and genomic location of miR-33a is highly conserved from
Drosophila to humans, and its intronic location within SREBF-2 suggests that these two
transcripts may be co-regulated. Indeed, we found that miR-33a and SREBF-2 are co-
transcribed during states of cholesterol depletion [69], and expression levels of miR-33a and
SREBF-2 were also comparable across a variety of tissues [71].

Interestingly, target prediction algorithms place ABCAL at the top of the list for predicted
target genes of miR-33a, and all three studies demonstrate that miR-33a strongly represses
the expression of this cholesterol transporter under a variety of conditions. The 3'UTR of
ABCAL contains three highly conserved consensus-binding sites for miR-33a, and
mutational analysis of these sites showed that they cumulatively contribute to miR-33-
dependent repression of ABCAL [69]. As a consequence of this targeting, miR-33a
expression limits the efflux of cholesterol to apoAl, the building block of HDL, in both
macrophages and hepatocytes. Conversely, antagonism of endogenous miR-33 using anti-
sense oligonucleotides upregulates ABCAL expression both in vitro and in vivo, and
promotes the efflux of cholesterol to apoAl, the first step in reverse cholesterol transport to
the liver (Figure 3). Interestingly, a second sterol transporter, ABCG1, which promotes the
efflux of cholesterol to pre-lipidated apoAl (HDL), is also targeted by miR-33a [69].
Despite the presence of a miR-33a binding site in the 3'UTR of human ABCG1, the
targeting of ABCG1 by miR-33a only appears to be of significant consequence in mouse
cells [69,70]. In mouse macrophages and hepatocytes, expression of miR-33 reduces
ABCGL protein and decreases cholesterol efflux to HDL [69]. These species-specific
differences in the post-transcriptional regulation of ABCG1 may have contributed to
previous discordant findings of ABCGL1 regulation in mouse and human cells. Together,
these findings establish that during sterol-limited states, miR-33a is coincidentally generated
with SREBF-2 transcription and works to increase cellular cholesterol levels by limiting
cholesterol export through the downregulation of ABCAL and ABCG1 (Figure 3).

It has been known for some time that SREBP2 activation downregulates the expression of
ABCAL1, an LXR target gene. However, until now, the exact mechanism of this
downregulation remained incompletely understood. The discovery that miR-33a is
expressed when SREBP-2 is induced, and limits sterol export by targeting ABCAL, provides
the missing link in our understanding of this pathway and suggests that the SREBP and the
LXR axes of cholesterol control are elegantly connected.

Our study also identified the lysosomal cholesterol transport protein NPC1 as a target of
miR-33a [69]. Interestingly, the human NPC1 gene is strongly repressed by miR-33a owing
to the presence of two miR-33a binding sites, whereas mouse NPC1 contains only one
miR-33a binding site resulting in a lower degree of targeting in this species. While it may
appear paradoxical that during times of cholesterol depletion, miR-33a limits intracellular
cholesterol mobilization by blocking NPC1 expression, NPC1 is known to work in concert
with ABCAL to promote cholesterol efflux and to play an important role in the lysosomal
export of cholesterol to the mitochondria, where CYP27 action generates 27-
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hydroxycholesterol, a potent agonist of LXR [72]. Another possibility is that miR-33a
inhibits NPC1 expression in an effort to reduce cholesterol transport to the ER, providing a
feedback loop to increase SREBP-2 activation and increase cholesterol synthesis. Thus by
reducing NPC1 expression, miR-33a likely limits the availability of LXR ligands and
activation of LXR target genes, including ABCAL, as well as prevents cholesterol transport
to the ER, until the cholesterol needs of the cell are met.

Manipulating the expression of miR-33a in vivo, whether through locked-nucleic acids or
viral delivery of sense or antisense oligonucleotides, significantly altered HDL cholesterol
levels in mice [69-71]. Our study and that of Marquart et al., showed that delivery of
miR-33 in vivo decreases hepatic ABCAL expression and reduces circulating HDL [69-70].
Conversely, anti-sense inhibition of miR-33 increased HDL levels [69-71]. Notably, hepatic
gene expression profiling showed that, other than the specific upregulation of miR-33a
target genes ABCAL and ABCGL, inhibition of miR-33a results in few detectable changes
in lipid metabolism-related genes [69]. Similar results were seen in macrophages treated
with anti-miR-33a, showing that anti-miR-33a specifically relieves the repression of
miR-33a target genes [69]. Interestingly, another member of the miR-33 family, miR-33b, is
found within intron 17 of human SREBP-1c [71]. Unlike miR-33a however, the sequence of
miR-33b is only present in humans and is not conserved in mice or other small mammals.
Moreover, the mature sequences of miR-33a and miR-33b differ by only 2 nucleotides,
resulting in both miR-33a and miR-33b having overlapping gene targets, including ABCAL.
Therefore under conditions in which SREBP-1 is activated to promote fatty acid synthesis
(for example, by LXR or insulin), miR-33b may coordinately downregulate ABCA1
expression and cholesterol efflux, and hence reduce HDL biogenesis. This may be
particularly relevant in the setting of metabolic syndrome, which is characterized by
increased triglycerides, and plasma levels of VLDL, and reduced plasma HDL. Although it
has yet to be investigated, miR-33b may contribute to these pathological alterations in lipid
metabolism in insulin resistant states.

Summary and concluding remarks

Despite the promise of these early studies, our understanding of the role of miRNASs in
regulating lipid metabolism is still quite limited. The liver, a major site of lipid metabolism,
is the organ most amenable to the delivery of oligonucleotides following systemic injection,
thus facilitating future studies of miRNA regulation of lipid metabolism in vivo. Clinical
translation of these findings for the use of microRNA therapeutics in the treatment of
hyperlipidemia and atherosclerosis is likely to be in the distant future (Box 1). However, the
limited treatment duration of anti-miR-122 in HCV infection and the positive safety profile
in preclinical studies suggest that this type of therapy may be established sooner for HCV
patients at high risk for developing HCV-related morbidity and mortality. Indeed phase |
clinical trials are currently underway to investigate the use of anti-miR-122 in the treatment
of chronic HCV infection.

Clinical Implications

miR-33a represses expression of genes involved in cholesterol transport

« ABCAL: transporter that mediates cholesterol efflux to lipid-poor apoAl (hascent
HDL) during HDL biogenesis and reverse cholesterol transport

» ABCG1I.: transporter that mediates cholesterol efflux to HDL

* NPCL1: lysosomal cholesterol transport protein
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Inhibitors of miR-33a alter cholesterol metabolism
» Increase cellular cholesterol efflux to apoAl in both:
hepatocyte - site of HDL biogenesis
macrophage — a key player in atherosclerotic plaque
e Raise circulating HDL by 25-50%
» HDL raising ability similar in magnitude to niacin, currently the most widely used
HDL targeted therapeutic

Future directions to development of miR-33 antagonists

»  Testing the safety and pharmacokinetic profile of miR-33 anti-sense
oligonucleotides (ASOs) in animal models, including non-human primates

Establishing that miR-33 ASOs have a disease modifying effect in animal models
cholesterol-associated diseases such as atherosclerosis
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Figure 1.

Regulation of cellular cholesterol metabolism. Animal cells synthesize cholesterol from
acetyl-CoA. In addition, cells obtain cholesterol from the circulation in the form of
apolipoprotein B-containing lipoproteins, especially LDL. The circulating LDL particles
carrying cholesterol and cholesterol esters are internalized through LDLr and transported to
sorting endosomes. LDL particles are subsequently transported to late endosomes (LE) and
lysosomes (LY), while LDL receptors are recycled to the plasma membrane. Free
cholesterol egress from LE/LY in a process mediated by Niemann-Pick type C 1 and 2
proteins (NPC1 and NPC2). Under low intracellar cholesterol concentration, the SCAP-
SREBP complex moves to the Golgi complex where the SREBP is processed to its nuclear
form. The nuclear SREBP turns on genes involved in cholesterol biosynthesis (e.g.
HMGCR) and cholesterol uptake (LDLr). Conversely, in response to cellular cholesterol
excess, the oxysterols generated bind and activate the liver X receptors (LXRs), which
heterodimerize with retinoid X receptors (RXR) and activate the expression of the ATP
transporters (ABCA1 and ABCG1). ABCA1 and ABCGL1 promote cholesterol efflux via
apoAl and HDL respectively and help to maintain intracellular cholesterol homeostasis.
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Figure 2.

miRNA biogenesis and function. miRNAs are transcribed in the nucleus into primary
transcripts (pri-miRNAS). They are transcribed from independent miRNA genes, from
polycistronic transcripts or from introns of protein-coding genes. Pri-miRNAs are then
processed in two steps in the nucleus and cytoplasm, catalyzed by the RNase 111 type
endonuclease Drosha and Dicer, respectively. These enzymes function in complexes with
dsRNA-binding domains proteins, DGCR8 and TRBP for Drosha and Dicer, respectively. In
the canonical pathway (illustrated here) Drosha-DGCRS8 processes the transcript to a stem-
loop-structured precursor (pre-miRNA). A subset of miRNAs, called miRtrons, also derived
from introns, is processed into pre-miRNAS by the spliceosome and the debranching
enzyme. Both canonical miRNAs and miRtrons are exported to the cytoplasm via Exportin
5, where they are further processed by Dicer-TRBP to yield ~ 20-bp miRNA duplexes. The
typical Dicer cleavage product features 5’ phosphate groups and two-nucleotide overhangs at
the 3’ ends. One strand is selected to function as mature miRNA and loaded into the RISC,
while the partner miRNAX* strand is preferentially degraded. In contrast, the precursor of
miR-451 is recognized directly by Ago2. The unusual structure of the precursor (short stem,
miRNA sequence spans the loop) promotes binding and cleavage by Ago?2 after the 30th
nucleotide. Therefore, miR-451 is produced independently of Dicer. The miRNA is further
matured by so far unknown mechanisms. The mature miRNA produced by these two
mechanisms leads to translational repression or mRNA degradation. The key components of
the RISC are components of the Argonaute family (Ago 1-4). Animal miRNAs usually
show only partial complementarity to the target MRNA promoting translational repression
(initiation and post initiation steps) or deadenylation coupled to exonucleolytic degradation
of target MRNA. mRNAs repressed by deadenylation or at the translation-initiation step are
moved to P-bodies for either degradation or storage.
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Figure 3.

miR-33 Reduces Cholesterol Transport And Efflux Under Low Sterol Conditions. When
sterol conditions are low, SREBP-2 is cleaved in the Golgi and translocates to the nucleus,
where it acts as a transcription factor to regulate genes containing a sterol response element
(SRE), including SREBP-2 itself. miR-33a is located within intron 16 of SREBP-2, and is
co-transcribed along with its host transcript. Once processed by the miRNA system, mature
miR-33a can bind the 3'UTR of its target genes, such as ABCA1, ABCG1 and NPC1
repressing their expression. This results in reduced cholesterol efflux to apoAl and HDL.
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Table 1

Cholesterol and lipid-related genes regulated by miR-33, miR-122 and miR-370
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miRNA  Putative Target gene  Biological Function Tissue/cell type Ref
miR-33 ABCA1 Cholesterol efflux, HDL biogenesis Human hepatoma cell lines (HepG2, Huh7, Hep3B), mouse  [67]
liver, mouse hepatic cell line (Hepa), J774, human
endothelial cell Iline (EAhy926), Primary mouse and
human macrophages, Hepa, THP-1, Hep3B
[68]
[69]
ABCG1 Cholesterol efflux
NPC1 Intracellular cholesterol transport
miR-122  Aldoa Primary mouse hepatocytes [60]
Gysl [61]
Cengl
P4hal
Ndrg3
Tmed3
Hfe2
Slc35a4
miR-370 CPTla Fatty acid oxidation Human hepatoma cell line (HepG2) [66]
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