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Abstract

MicroRNA are structural components of an epigenetic mechanism of post-transcriptional
regulation of messenger RNA translation. Recently, there is significant interest in the application
of microRNA as a blood-based biomarker of underlying physiologic conditions, and the
therapeutic administration of microRNA inhibitors and mimics. The purpose of this review is to
describe the current body of knowledge on microRNA regulation of genes involved in lipid
metabolism, and to introduce the role of microRNA in development and progression of
atherosclerosis.
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Introduction

Dyslipidemia is a major risk factor for atherosclerosis, and reductions in levels of
atherogenic lipoproteins substantially decrease risk. The current selection of behavioral and
pharmacological interventions has variable and often inadequate effects on improving
lipoprotein profiles. MicroRNA (miR) are a regulatory mechanism effecting mRNA
translation, with downstream alterations in lipoprotein synthesis, reverse cholesterol
transport and insulin signaling, making miR a potential biomarker of underlying pathology
and therapeutic target and/or agent for regulating lipoprotein metabolism. Thus far, two
miRs are proven to have a direct role in lipoprotein metabolism [1, 2], and a number of

© 2012 Elsevier Inc. All rights reserved.

Corresponding Author: Elena Flowers, RN, MS, University of California, San Francisco, School of Nursing, Department of
Physiologic Nursing, 2 Koret Way, #N611Y, San Francisco, CA 94143, Telephone: 415-606-9285, eflowers@ucsf.edu.

Author Contributions:

Elena Flowers conducted literature search, synthesized data, composed manuscript, and created tables and figures.

Erika S. Froelicher advised first author on manuscript composition, editorial process, and provided critical review of content.
Bradley E. Aouizerat provided expert review and content checking, and advised first author on manuscript composition and scope.

Disclosures/conflicts of interest: none
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Flowers et al.

Page 2

others have been implicated and warrant investigation. This paper will summarize the
current knowledge of miR expression and function in lipid metabolism. Because the body of
knowledge is limited, we will include miR findings from both /n vitroand in vivo studies of
animal models and humans.

MicroRNA Biogenesis

MicroRNA are nucleotide sequences 18-25 nucleotides in length that are composed of
ribonucleic acid and possess a regulatory role in mRNA translation. The first observation of
miR described binding of short antisense RNA to mRNA in the cellular cytoplasm of
Caenorhabditis elegans. [3] Subsequently, numerous miR have been found in diverse
species, including humans, the sequences of which are highly conserved across species,
supporting a critical role of these molecules in post-transcriptional gene regulation. [4-6]
The first description of miR in metabolic processes in animals was in Drosophila
melanogaster. [7]

MiR sequences originate in the cell nucleus, where miR encoding genes are transcribed,
generating miR precursors (Figure 1). Initially, a primary miR (pri-miR) transcript several
thousand base pairs in length is formed, which adopts a double strand stem-loop structure
for stability. [8] Pri-miR is processed into a 60—70 nucleotide molecule called pre-miR by a
nuclear ribonuclease called Drosha. [9, 10] Pre-miR is then exported to the cytoplasm where
it is further modified by the Dicer ribonuclease into a double stranded nucleotide sequence
18-25 nucleotides in length. [11] This double stranded molecule is cleaved into a functional
strand called the “guide strand” and the complementary strand termed the “passenger
strand,” which is subsequently degraded by the DiGeorge syndrome critical region gene 8
(DGCRS) protein, commonly called Pasha [12], yielding the mature single strand miR. [13,
14] In order to preserve these molecules from degradation in the cytoplasm, the functional
miR is bound to DGCRS8 protein to form a ribonucleoprotein called the ribonucleoprotein
miR-induced silencing complex (RISC). RISCs accumulate in cytoplasmic foci called P-
bodies. [15-17] In addition to storing miR molecules, RISCs contain enzymes necessary for
MRNA degradation following cleavage caused by miR binding. [17] Ultimately, RISCs bind
to the 3" un-translated region of MRNA in order to inhibit initiation of translation, thus
acting to modulate the quantity and rate of protein translation. [18] MiR that are perfectly
complimentary to the mRNA sequences cause mMRNA cleavage, whereas imperfect
complementarity causes reversible inhibition of mMRNA translation. [19]

Individual MiR species are assigned a numeric name in sequential order by date of
discovery and classification. [20] The full name of a miR species is preceded by a three-
letter prefix designating the species (e.g., hsa-miR-101 was the 1015t miR to be reported in
Homo sapiens). [20] Orthologous, or identical miR sequences found in multiple species are
assigned the same numeric value with a species-specific prefix. [20] For example, the mouse
orthologue to the human example given above is mmu-miR-101 (Mus musculus miR-101).
MiR species whose sequence differs at only one or two locations are called paralogues and
are given a single letter suffix (e.g. hsa-miR-30a, hsa-miR30b, hsa-miR30c). [20]

MiR regulate numerous disease processes, including cell differentiation and proliferation in
cardiac tissue during fetal cardiac development and cardiac hypertrophy, conduction
physiology via potassium channels, angiogenesis in myocardium, glucose metabolism, lipid
metabolism, and adipocyte differentiation. [21, 22] The first studies of miR and metabolism
were performed in fruit flies and determined that dme-miR-14 regulates fat metabolism by
down-regulating the production of triacylglycerol and diacylglycerol. [7] Further work
demonstrated that flies lacking dme-miR-278 become insulin resistant with an increased
insulin production accompanied by elevated circulating glucose. [23] MiR expression
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patterns can differ by tissue type, suggesting that this mechanism of gene expression
regulation is dynamic and can be highly specific. [24] Because miR regulation of mMRNA
translation is a highly dynamic process, it is thought that miR activity may be triggered by
external stimuli, mediating an organism’s response to changes in its environment. Thus there
is potential for miRs to be biomarkers for disease progression and/or response to therapy,
and ultimately targets of therapeutics for cardiovascular and metabolic disorders.

The miR showing the greatest therapeutic promise to date is miR-33. [25] The transcripts for
the two hsa-miR-33 isoforms (a and b) are located in a non-coding region of Sterol
Regulatory Binding Element Factor (SREBF) genes, which regulates cholesterol synthesis
by several mechanisms, including transcriptional regulation of LDL-c receptors (Table 1,
Figure 2). [2] MiR-33 is highly conserved across species, and can be found in numerous cell
types, including macrophages, hepatocytes, and endothelial cells. [2] Microarray
experiments found hsa-miR-33 to be differentially expressed in response to cholesterol
enrichment or depletion in human macrophage cells /n vitro. [2] Hsa-miR-33-a expression is
directly correlated with levels of SREBF-2, and inversely correlated with expression of
Adenosine Triphosphate Binding Cassette Transporter (ABCAL), a cholesterol efflux pump.
[2] Similar findings were observed in mouse models of hypercholesterolemia (i.e.,
homozygous LDL-c receptor knockout and homozygous apolipoprotein E knockout). [2]
Also, mmu-mir-33 was inversely associated with serum cholesterol, with decreased
expression in homozygous LDL-c receptor knockout mice fed high fat diets compared to
normal diet. Corresponding changes in SREBF-2 (positive) and ABCAL (negative) were
observed. Importantly, these findings prove that miR-33 is responsive to environmental
changes (i.e. alterations in cholesterol levels secondary to diet or medication), making miR
potential biomarkers of response to environmental stimuli and targets of therapeutic
interventions.

Additional putative binding sites for miR-33 occur on ATP-Binding Cassette, SubFamily G
(ABCG1) and Neimann Pick type C1 (NPC1) mRNA. /n vitrotransfection studies
demonstrated that miR-33 decreased ABCAL and NPC1 mRNA, but not ABCG1 mRNA, in
human macrophages. Finally, lentivirus transfection of mice with mmu-miR-33 substantially
decreased ABCAL, resulting in 22% decrease in plasma high-density lipoprotein cholesterol
(HDL-c), while transfection of mmu-miR-33 inhibitor resulted in increased expression
ABCA1 and accompanying 25% increase in HDL-c. [2] Increased HDL-c in response to
miR-33 inhibitors corresponds with several anti-atherogenic events, including changes in
reverse cholesterol transport, decreased plaque size and lipid accumulation in foam cells,
decreased number of macrophages, and increased plaque stability in the aortic root of mouse
hearts. [26] An intriguing observation is that the transfected miR-33 inhibitors were found to
actually enter atherosclerotic lesions, and increase expression of ABCA1 in macrophages
residing in the plaque. [26] The same macrophages displayed changes in expression of
inflammatory genes. [26]

MiR-33 also regulates mRNA associated with B—oxidation of fatty acids, including
Hydroxylacyl-CoA Dehydrogenase/3 Ketoacyl-CoA Thiolase (HADHB), Carnitine O-
Octanoyltransferase (CROT), and Carnitine Palmitoyltransferase 1A (CPT1A) (Table 1).
[27] Overexpression of miR-33b in radioactively labeled hepatocytes (Huh7 and HepG2)
decreased the rate of oxidation, while inhibition induced p-oxidation. [27] In Huh7 cells,
transfection with miR-33b also led to accumulation of a greater number of triglycerides and
larger lipid droplets. [27]
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Until recently, studies of miR-33 function were stymied by the lack of the presence of both
the miR-33b isoform and the SREBF1 gene in mice. A recent study of African green
monkeys, who, like humans, have the SREBF1 gene and sae-miR-33b isoform, found
substantial alterations in gene expression and lipoprotein levels after sae-miR-33-b
inhibition. [28] Animals receiving sae-miR-33b inhibitor had decreased triglycerides (50%)
and increased HDL-c (50%) after 12 weeks of treatment, with no apparent side effects. [28]
Numerous corresponding changes in mRNA involved in regulation of lipoprotein levels with
putative binding sites for sae-miR-33b, including ABCA1, CROT, HADHB, SREBF1,
Protein Kinase AMP-Activated 1 (AMPK), and CPT1A were associated with changes in
lipoprotein levels (Table 1, Figure 2). [28]

In both /n vitro studies of Huh7 cells and /n vivo studies of mice, miR-33 appears to inhibit
translation of Insulin Receptor Substrate 2 (IRS2) mRNA, with accompanying downstream
alterations in IRS2 targets (Table 1). [27] Similarly, the expression of IRS2 is increased in
African Green Monkeys treated with sae-miR-33b inhibitor. [28] IRS2 is a mediator of
insulin and insulin-like growth factor 1, and decreased levels are associated with
development of insulin resistance. [29] Impaired insulin metabolism is widely known to be a
risk factor for cardiovascular disease, and is associated with lipoprotein metabolism in that
impaired insulin secretion resulting from insulin resistance also leads to decreased
lipoprotein lipase response and accumulation of plasma fatty acids. [30] Correspondingly, /n
vitro inhibition of miR-33a and miR-33b up-regulates fatty acid oxidation and hepatocyte
insulin response. [27] Similar to studies of miR-mediated lipoprotein metabolism, further
studies of insulin metabolism in animal models are limited by the lack of miR-33b in
traditional animal models of diabetes (i.e. mice, rats).

MiR-122 accounts for 70% of all miR in the adult mouse liver and is conserved in species
ranging from fish to vertebrate mammals. [24, 31] Several experimental studies of miR-122
indicate a regulatory role in lipid metabolism. Transfection of an anti-sense oligonucleotide
inhibitor of mmu-miR-122 into a mouse hepatocyte-derived cell line (AML12) caused an
increase in six MRNA (Glycogen Synthase 1 (GYS1), Solute Carrier Family 7 (SLC7AL),
Misshapen/NIK-Related Kinase 1 (MINK1), Aldoase A, Fructose-Biphosphate (ALDOA),
Cyclin G1 (CCNG1), and Procollagen-Proline, 2-Oxoglutarate-4-Dioxygenase, Alpha
Subunit, Isoform 1 (P4HAZL)) [1], some of which may have indirect effects on lipid
metabolism (Table 1, Figure 2). The same results were observed with mmu-miR-122
inhibition in mice, and in both experiments, an inhibitor dose-dependent response of MRNA
expression was observed. [1] Importantly, the mmu-miR-122 inhibited mice had a
significant decrease in plasma total cholesterol and plasma triglycerides compared to
controls. [1]

Similarly, hsa-miR-122, along with hsa-miR-422, inhibits translation of the Cholesterol 7a.-
hydroxylase (CYP7A1) mRNA, and therefore bile acid synthesis. [32] In a human
hepatocyte-derived cell line (HepG2), cells treated with hsa-miR-122 inhibitor displayed
increased bile acid concentrations compared to untreated controls, implicating hsa-miR-122
regulation of CYP7AL as a possible mechanism for decreasing serum cholesterol and
triglycerides. [32] In addition, inhibition of hsa-miR-122 in Hep2G cells decreased the
expression of SREBF-1c, a gene that regulates transcription of the low density lipoprotein
cholesterol (LDL-c) receptor and cholesterol synthesis pathway, along with other enzymes
known to regulate fatty acid and triglyceride accumulation in the liver. [33] The activity of
hsa-miR-122 in this context appears to be regulated by hsa-miR-370, making the latter an
additional potential therapeutic target. [33] In a porcine model of obesity, liver levels of ssc-
miR-122 were down regulated in response to a high cholesterol diet compared to normal
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diet, and corresponding increases in body weight, total cholesterol, and HDL-c were
observed. [34] However, no changes in SLC7AL, a target of miR-122 with a regulatory role
in endothelial function, were observed.

As described above, miR-370 has an indirect effect on lipid metabolism via its up-regulation
of miR-122 and its targets. Hsa-miR-370 has a direct inhibitory effect on CPT1A in Hep2G
cells, which facilitates p-oxidation and is also a target of miR-122, as well as direct effects
on SREBF-1c (Table 1, Figure 2). [33] Inhibition of three enzymes (diacylglycerol O-
acyltransferase 2 (DGAT2), fatty acid synthase (FASN), and acetyl-CoA carboxylase 1
(ACACA)) is also seen in Hep2G cells /in vitro, and it appears that changes in FASN and
ACACA are mediated by the effects on SREBF and DGAT2 (Table 1, Figure 2). [33]
Transfection of mmu-miR-370 in mice resulted in increased hepatic triglyceride and
cholesterol levels, but corresponding changes in mRNA targets were not described. [33]

Emergent Candidate MiR and Lipoprotein Regulation

Several additional miR show preliminary evidence of a role in the regulation of lipoprotein
metabolism. MiR-758 was a bioinformatically predicted regulatory agent for ABCA1, the
protein enabling cellular cholesterol efflux by apolipoprotein Al containing particles (i.e.,
HDL-c). /n vitro studies of mouse (J774 cells) and human (THP-1 cells) macrophages
revealed miR-758 is inversely associated with ABCAL, with inhibition of miR-758 causing
increased ABCAL expression, and administration of a miR-758 mimic causing decreased
expression. [35] Further study of an animal model found expression of mmu-miR-758 was
decreased in peritoneal macrophages from mice fed a high fat diet, with accompanying
increases in the expression of ABCAL. [35]

MiR-106b also appears to target ABCAL, impairing cellular cholesterol efflux in mouse
neuroblastoma (Neuro2a) cells treated with radioactively labeled cholesterol. [36] This miR
shows important neurologic implications as amyloid p peptide, a precursor to Alzheimer’s
Disease that appears to be regulated by ABCAL, is substantially increased by transfection of
miR-106b /n vitro. [36]

Emergent Candidate MiR and Atherosclerosis

A primary consequence of dyslipidemia (i.e., elevated non-HDL-c) is the development of
atherosclerosis. Thus miR-modulated regulation of lipid metabolism influences the
development of atherosclerotic lesions. Several studies show that miR influence the
development and progression of atherosclerotic lesions via a number of mechanisms,
including inflammation of macrophages and foam cell development, smooth muscle cell
proliferation and migration, and apoptosis. Here we provide a brief summary of miR
involved in atherosclerosis. Additional review of this body of literature can be found
elsewhere. [37]

The hypothesis that miR may have overlapping regulatory functions in lipid metabolism and
atherosclerosis is supported by the observation that miR-21 is a prevalent miR in
cardiomyocytes, regulating apoptosis and vascular smooth muscle cell proliferation. [38]
MiR-21 also appears to have a role in liver function and cholesterol regulation. Hepatic
expression of miR-21 is up-regulated by free unsaturated fatty acids, with increased
expression in the livers of rats fed a high fat diet and human liver tissue of obese individuals.
[39] The mechanism of action of miR-21 in this setting is down-regulation of expression of
the Phosphatase and Tensin Homolog protein, a tumor suppressor involved in early hepatic
insulin hypersensitivity. [39] These findings provide additional evidence for dynamic
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activity of miR in response to environmental stimuli, resulting in alterations of metabolic
function. In humans, has-miR-21 is detectable in blood [40, 41], and therefore feasibly
measured in a research context, making this an ideal target for testing whether variable
expression is associated with risk reduction interventions.

Microarray measurement of miR in human monocytes /n vitro exposed to oxidized LDL-c
showed differential expression of several miR, with as much as 11-fold change in expression
(hsa-miR-125-5p) in exposed cells versus controls. [42] Oxidized LDL-c is a pro-
atherogenic species that has a high affinity for macrophages, facilitating in the development
of foam cells and atherosclerotic lesions. Administration of hsa-miR-125-5p inhibitors in
human monocytic leukemia (THP-1) cells results in significant increases in total cholesterol
after exposure to oxidized LDL-c, as well as decreased oxidized LDL-c uptake in
macrophages. [42] Inhibition studies also show alterations in inflammatory markers
associated with atherosclerosis, including Interleukin-6, Interleukin-2, Transforming Growth
Factor-B, and Tumor Necrosis Factor-a.. [42] Ischemia-induced arterial injury is associated
with changes in miR expression in endothelial cells in rats, including up-regulation of rno-
miR-21 and down-regulation of rno-miR-125. [43] Numerous additional studies report that
miR expression is associated with changes in vascular smooth muscle cell function in
mammalian species, particularly mmu-miR-143, mmu-miR-145, rno-miR-145 [44-47], rno-
miR-221, and rno-miR-222. [48]

Further research is needed to identify where atherosclerosis-associated differential
expression of miR occurs in tissues associated with this disease (e.g. endothelial cells,
smooth muscle cells, macrophages). Furthermore, understanding of all of the regulatory
effects of miR on expression of genes associated with atherosclerosis mechanisms, including
which mRNA are targeted, remains incomplete. And finally, the temporally and spatially
(i.e., tissue type, cell type) specific expression represents a critical additional layer of
complexity that warrants detailed study.

Conclusions

MiR are a class of small RNA molecules with reversible regulatory actions on gene
expression. MiR regulate a wide variety of physiologic processes including dyslipidemia, a
major risk factor for atherosclerosis. MiR-33 targets ABCA1, and has tremendous
prospective therapeutic implications, given its direct role on HDL-c, non-HDL-c, and
triglycerides. Importantly, exogenous miR-33 treatment has recently been studied in large
primates, with dramatic improvements in lipoprotein levels and no apparent short-term side
effects. In addition, inhibition of miR-33 appears to improve insulin sensitivity.

MiR-122 is the most prevalent miR in the livers of many species, and targets several genes
that control cholesterol metabolism. Moreover, miR-122 appears to act in tandem with other
miR (i.e. mir-370) to modify lipoprotein metabolism in the liver. The aggregate effects of
miR-122 appear to be decreased total cholesterol and triglycerides and decreased production
of the LDL-c receptor. There are several additional miR with early evidence suggesting
functional roles in cholesterol metabolism, and the activity of miR appears to be responsive
to changes in the environment. Thus, these miR may represent plausible anti-atherogenic
therapeutic targets.

Clinical Implications

There are three potential implications for miR in clinical practice. The first is measurement
of risk for significant clinical outcomes. Taking miR-33 as an example, differential
expression is observed in genetically altered mice lacking LDL-c receptors compared to
controls. Importantly, these differences were observed in hepatic tissue. However, in order
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for miR expression to be clinically practical in humans, differential expression must be
observed in readily accessible tissue, such as blood. Measurement of miR in peripheral
blood leukocytes for a wide array of conditions including cancer [49, 50], myocardial
infarction and injury [51, 52], stroke [53], and sepsis [54], show distinct patterns of
expression in disease states compared to controls. These findings suggest that use of
differential miR expression patterns in peripheral blood of humans with abnormal lipid
metabolism is a plausible clinical biomarker. To our knowledge, no studies of human miR
expression in dyslipidemia have been reported (Table 2). There are three possible
implications for measurement of miR profiles in peripheral blood: (1) indirect markers of
underlying pathology, (2) direct markers of pathology, and (3) reflective makers of
pathology. In order to study the latter, studies measuring simultaneous expression of miR in
blood and organs are needed. No studies comparing miR expression levels in blood to organ
specific (e.g. macrophages and liver) expression were found, however comparative studies
in animals have been reported for other disease processes. [55]

Secondly, a translational application for blood-based miR measurement is to assess
expression before and after risk reduction interventions (e.g., medication, diet, physical
activity) to determine whether blood-based expression is differential, and whether miR are
biomarkers for changes in clinical risk profile. Data suggest that miR are highly responsive
to changes in the /n vitro cellular environment and to an organisms environment. Keeping
with the miR-33 example provided above, differential expression has been observed
between mice fed high fat compared to normal diets. Studies report encouraging preliminary
findings supporting environment-induced response in human-derived cell lines /n vitro
(Table 2). Future studies employing repeated measures designs for miR expression in
humans are warranted in order to determine whether miR can serve as a meaningful measure
of the effects of interventions and underlying physiologic changes.

Finally, there are currently two plausible mechanisms for miR as an intervention. The first is
administration of antisense oligonucleotide inhibitors to specific miR (also termed
antagomiRs), into the peripheral circulation. Inhibitors block the activity of the
endogenously occurring miR, resulting in alteration of gene expression at a specific location.
Animal studies have demonstrated successful inhibition of miR-33 activity following
inhibitor administration, accompanied by substantial changes in lipoprotein profile. The
second application is miR mimics, which are synthesized and chemically modified copies of
miR species that can be administered into the peripheral circulation in order to enhance the
overall effect of a specific miR. Both applications are effective in /n vitro studies of human-
derived cells (Table 2). A review of these methods is described in detail elsewhere. [56]

Strengths and Weaknesses

Significant strengths of miR research are the potential for an important complementary
approach to assessing cardiovascular risk, measurement of response to behavioral and
pharmacologic interventions, and as therapeutic targets for cardiovascular risk reduction.
MiR are highly dynamic, and alterations in expression are likely to precede changes in
current standard clinical biomarkers. A limitation to clinical translation of miR research to
the clinical setting is that the majority of experiments on miR expression and lipoprotein
metabolism were performed on tissues that are not feasible to access in routine clinical care
(e.g. liver, endothelium). In order for a biomarker to be clinically useful, the tissue source
must be easily obtained, and further research on feasibility and utility of blood-based
detection in humans is needed.
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miR microRNA

mMRNA messenger RNA

RNA ribosomal nucleic acid

pri-miR primary microRNA
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RISC ribonucleoprotein miR-induced silencing complex
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Figure 1. MicroRNA processing pathwaysin the nucleus and cytoplasm
Dotted lines: segments of RNA that are cleaved from precursor molecules during processing

of mature microRNA

Solid lines: segments of RNA that are retained during processing and incorporated in mature

microRNA

RISC: ribonucleoprotein miR induced silencing complex
DGCRS8 protein: DiGeorge syndrome critical region gene 8, whish is an essential cofactor

protein for primary miR processing
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Figure 2. Messenger RNA targets of microRNA that areinvolved in regulation of lipoprotein
metabolism

Pointed tip arrows: up-regulation of target mRNA expression

Blunted tip arrows: down-regulation of target MRNA expression

ABCAL: Adenosine Triphosphate Binding Cassette Transporter

SREBPF: Sterol Regulatory Element Binding Transcription Factor

DGAT?2: Diacylglycerol O-Acyltransferase 2

CYP7AL: Cholesterol 7a-hydroxylase

FASN: Fatty Acid Synthase

NRIH3: Nuclear Receptor Subfamily 1, group H, member 3/Liver X Receptor a
ACACA: Acetyl-CoA Carboxylase a

SLC7AZ1: Solute Carrier Family 7

GYS1: Glycogen Synthase 1
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