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Abstract

Altered lipoprotein metabolism plays a key role during atherogenesis. For over 50 years,
epidemiological data have fueled the proposal that HDL-cholesterol (HDL-c) in circulation is
inversely correlated to cardiovascular risk. However, the atheroprotective role of HDL is currently
the focus of much debate and remains an active field of research. The emerging picture from
research in the past decade suggests that HDL function, rather than HDL-c content is important in
disease. Recent developments demonstrate that miRNAs play an important role in fine-tuning the
expression of key genes involved in HDL biogenesis, lipidation, and clearance, as well as in
determining the amounts of HDL-c in circulation. Thus, it has been proposed that miRNAS that
affect HDL metabolism might be exploited therapeutically in patients. Whether HDL-based
therapies, alone or in combination with LDL-based treatments (e.g. statins), provide superior
outcomes in patients has been recently questioned by human genetics studies and clinical trials.
The switch in focus from “HDL-cholesterol” to “HDL function” opens a new paradigm to
understand the physiology and therapeutic potential of HDL, and to find novel modulators of
cardiovascular risk. In this review we summarize the current knowledge on the regulation of HDL
metabolism and function by miRNAs.

1. INTRODUCTION

MicroRNAs (miRNAs) are small, ~22 nt RNAs that regulate target genes by binding to
complementary sequences (generally in the 3"UTR) of target mRNA. MicroRNAs associate
with the RNA-Induced Silencing Complex (RISC) and subsequently promote translational
suppression and/or RNA degradation of their targets (reviewed in [1]). MicroRNAS can be
intergenic, or generated from within introns and sometimes even exons of a hosting coding
gene. The initial miRNA transcript (pri-miRNA) is usually long (from a few hundred to
several thousand nt), and its transcription is subject to the same control mechanisms as
coding mMRNAs, i.e. the levels of different miRNAs can be regulated by transcription factors.
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The pri-miRNA transcript then undergoes sequential processing by endonucleases first to
pre-miRNA, and then to the functional, mature miRNA which associates with the RISC to
regulate targets [1]. In the last decade, miRNAs have been recognized as essential regulators
of multiple (patho)physiological processes. A plethora of reports have recently shown that
high-density lipoprotein (HDL) biogenesis, lipidation, and clearance are modulated by
several miRNAs. In this review we first summarize the major proteins involved in HDL
metabolism, from synthesis to clearance, then we highlight each miRNA that has been
shown to control HDL metabolism, and finally we discuss our current knowledge of the
mechanisms involved that lead to these changes.

Circulating HDLs are heterogeneous spherical or discoidal particles with a density > 1.063
g/mL (reviewed in [2]), and decorated at the surface with a vast array of different proteins,
including several apolipoproteins and enzymes that affect HDL function. The amount of
HDL in circulation has traditionally been referred to by its cholesterol content (i.e., HDL-
cholesterol or HDL-c). However, HDL-c is only one measure of several important
parameters of HDL particles, since cholesterol represents only 15-20% of the total mass of
the lipoprotein [2]. Notably, emerging evidence suggests that HDL-c levels do not
necessarily reflect particle size/number or, more importantly, biologic function. The surface
of HDL particles contains phospholipids and proteins, which account for 25-30% and 45—
50% of the mass of the particle, respectively [2]. The levels and composition of these HDL
components now appear to be important factors that dictate HDL function. In healthy
individuals, only a small amount (5%) of triacylglycerides is carried in HDL, with the bulk
of the lipids that are associated with HDL being cholesterol and phospholipids [2]. The first
step of HDL biogenesis requires apolipoprotein APOAL to be lipidated at the surface of
hepatocytes and enterocytes for form nascent- or pref-HDL. A two-step model was
proposed in which the sterol transporter ABCA1 promotes the initial transfer of both
phospholipids and cholesterol to lipid-poor APOAL, while a second sterol transporter,
ABCGL, subsequently facilitates further enrichment with cholesterol from endothelial and
bone marrow-derived cells in peripheral tissues [3]. In mice, hepatic, intestinal, and adipose
ABCAL contribute approximately 70%, 15%, and 10%, respectively, of HDL-c in
circulation [4-6]. Patients with Tangier disease and AbcaZ™'~ mice have non-functional
ABCAL, and show little or no circulating HDL-c [7]. Patients with familial
hypoalphalipoproteinemia have reduced ABCA1 activity due to more mild mutations in
ABCA1 and also exhibit abnormally low plasma HDL-c [7]. Intriguingly, although the role
of ABCGL1 on cholesterol efflux to HDL is well established from work in cell culture,
Abcg1™!~ mice do not show decreased levels of plasma HDL-c [8], and no disease-related
polymorphisms have been reported in humans. ABCGL1 localizes intracellularly [9], and
therefore its effects on cholesterol efflux are likely secondary to a role in intracellular
cholesterol mobilization.

The free cholesterol at the surface of nascent HDL is esterified by LCAT
(lecithin:cholesterol acyltransferase) and translocated into the core of the particle. LCAT-
deficient mice and humans have very low HDL-c (as well as very low circulating APOA1
due to rapid renal clearance of precursor HDL particles). In 1973, Glomset & Norum
proposed that “the function of the LCAT reaction is to transport unesterified cholesterol
synthesized in the peripheral tissues to the liver” [10]. This proposal led to the current
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“reverse cholesterol transport” (RCT) paradigm, which involves mobilization of extrahepatic
cholesterol (e.g. from macrophages in the arterial subendothelial space) back to the liver,
where cholesterol is metabolized to bile acids prior to their secretion into the bile and
excretion into the feces (Figure. 1).

Another important HDL-bound protein is the enzyme CETP (cholesteryl
ester:triacylglyceride transfer protein), which facilitates the exchange of HDL-derived
cholesteryl esters with (V)LDL-derived triacylglycerides. The lack of CETP activity in
rodents is perhaps the main reason behind the vastly different lipid lipoprotein profiles and
susceptibility to atherosclerosis between humans and mice. Loss-of-function mutations in
CETP in humans result in hyperalphalipoproteinemia (high HDL) [11, 12] providing further
support for the idea that CETP activity and HDL-c levels are inversely correlated.

The hepatic clearance of circulating HDL is mediated by the scavenger receptor SR-B1,
(gene symbol SCARBI) which was initially described as an HDL receptor in multiple
tissues, especially the liver and steroidogenic tissues [13]. SR-B1 facilitates the selective
uptake of HDL-derived cholesterol and cholesteryl esters. While no SR-B1-deficient patients
have been identified, a number of reports have described different mutations in the human
SCARBI gene that affect HDL uptake [14]. In rodents, liver-specific ScarbZ transgenic and
knock-out models revealed a critical role for hepatic SR-B1 on HDL clearance from
circulation.

For the past 50 years, epidemiological data have steadily shown that circulating HDL-c is
inversely correlated with cardiovascular disease and predicts cardiovascular risk. Early
epidemiologic studies in the 1960’s and 1970’s revealed that low HDL-c was frequent in
patients with CVD and an independent risk factor for myocardial infarction [15-18].
Consistent with these data, increasing plasma HDL-c was atheroprotective in rabbits [19],
and in mice transgenic for key genes involved in HDL biogenesis [20-23]. Additionally,
infusion of reconstituted HDL promoted the regression of coronary atheromata in rodents
and patients [24]. The “HDL hypothesis” ascertains that HDL exerts a cardioprotective
effect, and thus interventions that raise plasma HDL-c were predicted to reduce
cardiovascular risk. Thus a race to develop drugs to rise circulating HDL-c began.

However, both human genome-wide association studies and clinical trials using HDL-c
raising compounds (niacin, CETP inhibitors, apoA-1 transcriptional upregulators; all very
effective in raising plasma HDL-c) quickly cast doubts on this simplified HDL hypothesis
[25]. This led to its reformulation into the “functional HDL hypothesis”, which establishes
that it is not the amount of HDL-c, but the ability of HDL particles to mobilize cholesterol
through the RCT pathway, what determines their antiatherogenic properties [26, 27]. Indeed,
a recent study in almost 3,000 patients that correlated the capacity of HDL to efflux
cholesterol from cultured macrophages and the incidence of cardiovascular events provided
clear evidence supporting the “functional HDL” hypothesis [28]. However, the relative
contribution of the different biological activities of HDL towards atheroprotection
(cholesterol efflux, anti-inflammatory, anti-thrombotic, anti-oxidative, pro-endothelial)
remains unclear. Although HDL-c is still a useful biomarker for cardiovascular risk, current
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efforts in the therapeutic field are focused on improving HDL function/quality rather than
HDL quantity.

2. miRNAs TARGETING HDL BIOGENESIS AND LIPIDATION

2.1. miR-33

The miR-33 family consists of two members, miR-33a and miR-33b, expressed from within
an intron of SREBP-2and SREBP-1, respectively [29-33]. SREBPs are the master
regulators of sterol and fatty acid synthesis [34], and conditions that induce or repress the
expression of the SREBP genes result in the concomitant change in miR-33 expression. For
example, low intracellular cholesterol contents or treatment with statin drugs induce the
expression of SREBP-2and miR-33a in cells and animals [29-31]. Interestingly, the intron
of SREBP-1 containing miR-33b is scrambled in mice and other rodents, thus abrogating
miR-33b expression in those species. Given that the expression of the hosting SREBP-2and
SREBP-1 genes is controlled by different nutritional and hormonal stimuli, murine studies
likely are missing regulatory circuits controlled by miR-33b in the primate liver, particularly
in response to insulin or under lipogenic conditions (which induce SREBP-I). Both miR-33
isotypes share the same seed sequence, but differ in 2 nt in the 3’ region. Whether these 2 nt
confer target specificity is currently unknown.

Initial reports showed that miR-33 represses the expression of genes involved in cholesterol
efflux, including ABCAL and ABCGL1, in hepatocytes and macrophages [29-33]. Hence,
enhanced expression of miR-33 in cells using miR-33 mimics or pre-miR-33-encoding
adenovirus results in attenuated expression of ABCA1 and ABCG1, and led to a
concomitant decrease in cholesterol efflux to exogenous ApoAl and HDL [29-32].
Conversely, antisense oligonucleotides (ASOs) that abolished miR-33 expression increased
the amounts of those transporters and cholesterol efflux to HDL both in cells and mice [29—
31]. The miR-337/~ mice showed a similar phenotype, with increased hepatic ABCA1
expression and elevated plasma HDL-c [33]. Additional studies showed that miR-33 also
controls hepatic biliary output, via modulation of the canalicular transporters ABCB11 (also
known as BSEP) and ATP8B1 (also known as FIC1) [35]. It was hypothesized that, by
controlling hepatic (and presumably also intestinal) HDL biogenesis (via ABCA1),
peripheral HDL lipidation (via ABCA1 and ABCG1), and bile secretion (via ABCB11 and
ATP8BL1), miR-33 could modulate the flow of cholesterol through the RCT pathway. This
latter proposal was validated both in chow-fed wild-type mice [35] and in western diet-fed
Ldlr"= mice [36]. Collectively, the results of these studies suggested that ASOs against
miR-33 could be used therapeutically to raise HDL-c in patients and provide
atheroprotection. This proposal was also fueled by studies in African green monkeys
showing that the effect of anti-miR-33 ASOs on HDL-cholesterol was preserved when these
monkeys were fed a variety of diets [37, 38].

In addition to its role on sterol metabolism, miR-33 also modulates lipid and glucose
metabolism by directly targeting genes encoding enzymes involved in fatty acid p-oxidation
(CPTI1A, HADHB, CROT) [32, 39], insulin signaling (/RS2, PRKAA1, SIRT6) [39], and
gluconeogenesis (PCK1, G6PC)[40]. Collectively, these studies reveal miR-33 as a
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regulatory hub for multiple intracellular metabolic processes, coordinating the expression of
genes involved in sterol, fatty acid, and glucose homeostasis.

The functional consequences of loss of miR-33, either by genetic ablation or by therapeutic
silencing with ASOs, on atherogenesis were evaluated in several studies using
atherosclerosis-prone mouse models. An initial study in Za//'~ mice showed that a 4-week
treatment with 2’ -fluoro/methoxyethyl (2" F/MOE) anti-miR-33 ASOs after 14-weeks of
western diet (WD) feeding increased plasma HDL-c and accelerated the regression of
atheromata, compared to control ASOs [36]. In contrast, an independent study in Lalr’~
mice using locked nucleic acid (LNA) ASOs showed that anti-miR-33 therapy failed to
sustain elevated plasma HDL-c levels over the course of 12 weeks, raised the levels of
plasma VLDL-tag (very low-density lipoprotein—triacylglycerides), and did not prevent the
progression of atherosclerosis in WD-fed mice [41]. Two additional progression studies also
reported unchanged plasma HDL-c levels, but, in contrast to the earlier study, reported a
significant reduction in atheromata progression, in Lad///~ mice treated with 2”F/MOE anti-
miR-33 ASOs [42, 43]. Paradoxically, although HDL-c was unchanged in all these
progression studies, hepatic and/or macrophage Abcal expression remained de-repressed in
anti-miR-33-treated mice, compared to control ASOs.

The mechanism for the return of plasma HDL-c to control levels in these long-term
experiments remains to be established. Atheroprotection following ASO treatment in the
context of unchanged HDL-c [42, 43] may be the result of altered gene expression in the
artery wall. Importantly, it was shown that 2’/FMOE anti-miR-33 ASOs efficiently
transduce macrophages in the subendothelial space of the aortic root of La///~ mice and
promote their polarization towards an anti-inflammatory M2 phenotype [36, 43] via direct
targeting of PRKAAI[43]. An additional direct target that is also de-repressed in these same
macrophages was ALDH1AZ2[43], which is implicated in the metabolism of retinoic acid
and promotes the proliferation and differentiation of anti-inflammatory regulatory T cells
[44]. These results suggest that anti-miR-33 therapy might exert its atheroprotective effects
by promoting changes in the inflammatory status of the plaque, perhaps in addition to
increasing ABCA1/ABCG1-dependent cholesterol efflux to HDL. Studies in ApoE ™~ mice,
which have little plasma HDL-c, have not addressed this postulate directly. However, ASO
treatment of ApoE~/~ mice resulted in atheroprotection in the absence of changes in HDL-c
[45], and it was suggested that miR-33 controls mitochondrial function in the macrophage in
plagues via direct targeting of PGC-1, PDK4, and SLC25A25 [45]. Finally, ApoE™~
miR-337/~ mice had decreased atherosclerotic lesions, elevated plasma HDL-c, and
decreased circulating monocytes, compared to ApoE~~ mice [46]. However, ApoE~~ mice
transplanted with ApoE~~ miR-337/~ bone marrow (i.e. in the absence of blood cells-
derived miR-33) showed no changes in plasma HDL-c or plaque size, compared to mice
transplanted with ApoE~~ [46]. Hence, these latter studies would imply that hepatic, not
macrophage, miR-33 is the key therapeutic target to promote atheroprotection.

The potential of anti-miR-33 therapy was further questioned by a report showing that,
compared to wild-type littermates, miR-33~/~ mice gain weight at an accelerated pace and
develop obesity, hepatosteatosis, and insulin resistance [47]. The same study presented
SREBPIc as a direct target of miR-33, which would explain those phenotypic changes [47].
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Other authors, however, have argued against SREBPI as a direct miR-33 target [35, 48] and
changes in insulin sensitivity following therapeutic silencing of miR-33 [48]. Elevated
plasma TAG have been reported in high-fat diet-fed miR-33~/~ mice, compared to wild-type
littermates [48], and in long-term studies in wild-type mice with anti-miR-33 ASOs,
compared to control ASOs [41, 49, 50]. In contrast, other similar ASO long-term studies in
mice and non-human primates showed no change [38, 42, 43, 46] or even a decrease [37, 48]
in plasma TAG.

The reasons behind the different outcomes among all the studies detailed above, both in
terms of plasma lipoproteins levels and lesion size/regression, remain to be elucidated. It is
possible that different bioavailability and/or potency of 2'F/MOE and LNA
oligonucleotides, length of treatment, and interactions with dietary components or the
microbiome might explain the discrepancies in HDL, VLDL, and atherogenesis among these
studies. In any case, caution must be taken when translating the results from anti-miR-33
studies directly from mice to humans. As mentioned above, primates, but not rodents,
express SREBPI-derived miR-33b, suggesting that miR-33 levels in mice are likely reduced
compared to humans. Perhaps the recently generated miR-33b humanized transgenic mouse
[51], by reintroducing the SREBP1/miR-33b—dependent regulatory circuits, will provide a
better model to study the role of miR-33 on hepatic and peripheral sterol and TAG
metabolism, and provide a more relevant model to human physiology and disease. In
conclusion, whether anti-miR-33 therapy, alone or in combination with other drugs, will
raise HDL and offer atheroprotection to dyslipidemic patients remains an open question that
will need further investigation.

Finally, very recent studies have pointed to the potential of miR-33 as a biomarker for lipid-
related disorders, including atherosclerosis. Hence, the levels of miR-33a and/or miR-33b
were shown to be increased in: i) human atherosclerotic plaques, compared to normal artery
walls [45, 52]; ii) plasma from hypercholesterolemic children, compared to healthy controls
[53]; and iii) plasma from obese children, compared to lean controls [54]. The caveat of
these latter reports, however, is the small number of patients involved, and the very low
levels of miR-33 in the circulation. Larger population studies will be necessary to firmly
establish an association between miR-33a/b in circulation, HDL-c levels, obesity, and/or
cardiovascular risk.

2.2. miR-148

The newest microRNA found to regulate plasma lipid and lipoprotein metabolism is
miR-148a. Two recent and independent studies found that miR-148a regulates both LDL and
HDL metabolism [55, 56]. Using genome-wide association analysis, Wagschal et al.
identified miR-148a as a lipid-metabolism associated miRNA that is likely the causal gene
for the genetic variation known to affect plasma lipid levels in human populations [55].
Specific single nucleotide polymorphisms (SNPs) in close proximity to miR-148a showed
significant association with plasma total and LDL cholesterol levels. The miR-148a locus is
intergenic, and although there are protein coding genes in more distal regions, analysis of the
haplotype blocks suggest that SNPs that affect miR-148a are causal for the variation in
plasma lipids [55]. In a separate study, Goedeke et a/. identified miR-148a as a regulator of
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lipid metabolism using a genome-wide screen designed to find miRNASs that regulate LDL
uptake in human hepatoma cells (Huh7) [56]. Importantly, miR-148a is highly expressed in
the liver in both humans and mice [57]. Given the central role of the liver in regulating
plasma lipoprotein metabolism, the presence of high hepatic levels of miR-148a suggests it
may play an important role in regulating plasma lipid levels.

Using UTR-luciferase reporter assays as well as RNA-RISC complex immunoprecipitation
analysis, both LDLR and ABCA1 were validated as bona-fide miR-148a target genes [55,
56]. Wagschal et al. subsequently showed that overexpression of miR-148 resulted in
decreased ABCAL1 protein in hepatic and macrophage cells lines (HepG2 and THP1 cells,
respectively), and decreased cellular cholesterol efflux to APOA1. Conversely, silencing
miR-148a in cells resulted in increased ABCAL protein and increased cholesterol efflux.
Goedeke et al. demonstrated that manipulation of miR-148a expression also altered LDLR
levels and LDL uptake in hepatoma cells [56]. To complement these in vitro studies,
miR-148 overexpression in vivowas shown to decrease both plasma HDL-c and hepatic
ABCAL protein levels in wild-type C57BL/6 mice [55]. Additionally, silencing miR-148a
expression with LNAs markedly elevated ABCA1 mRNA and protein in the livers of
Western diet-fed ApoE£~~ mice, and resulted in both short-term (5 days) and long-term (16
weeks) modest increases in HDL-c levels. Plasma LDL-c levels were also modestly reduced
by miR-148a silencing [56]. However, it was not shown whether these changes in plasma
lipid levels affected atherosclerosis, which remains an important question to be answered.
The study from Goedeke et al. also used an /in vivo model to show that silencing miR-148a
using LNAs altered lipid metabolism. They used APOB transgenic mice with reduced LDLR
levels (ApoB-Tg Ld/r*/~ mice), where the plasma lipoprotein profile resembles that of
hypercholesterolemic patients [56]. Silencing miR-148a in these latter mice resulted in a
large increase in LDL-c, and a smaller increase in HDL-c levels.

The expression of miR-148a was also shown to be induced by high-fat diet and in obese
(leptin-deficient) ob/ob mice, and following fasting and re-feeding [56]. These latter results
were shown to be the consequence of miR-148a being a direct target of SREBP-1c, a
transcription factor that regulates hepatic lipogenesis that is highly regulated in fasting and
re-feeding conditions [58, 59]. The transcriptional regulation of miR-148a by SREBP-1¢
raise important questions about the physiologic setting when this miRNA is functional.
Firstly, SREBP-1c is also a transcriptional target of LXRs [60], and therefore LXR
activation would also increase miR-148a levels. LXRs are activated when sterol levels are
high, and initiate a gene expression program the results in increased sterol efflux (via
increased ABCAL and ABCG1) as well as decreased sterol uptake by degrading the LDLR
(via increased Inducible Degrader of LDL (IDOL)) [60]. In the case of LDLR, miR-148a
could play a supportive role to LXRs, which mediate the post-transcriptional regulation of
LDLR protein IDOL, an E3 ubiquitin ligase that directly targets the LDLR for proteasomal
degradation [61]. Thus, miR-148a may complement this pathway, by also targeting the
LDLR mRNA. In contrast, the regulation of ABCA1 by miR-148a would appear
paradoxical, or counter productive to the role of LXRs, since ABCAL will be induced, and
then subsequently targeted by miR-148a, which would also be induced. This LXR-
dependent increase in ABCA1 and miR-148a may be part of a negative feedback loop to
prevent excess intracellular sterols from being lost. There may also be an additional caveat.
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Physiologically, but not pharmacologically, LXR activation is uncoupled from activation of
SREBP-1c. LXRs are activated when cellular cholesterol levels are elevated, generating
oxysterols [60]. Thus, while LXRs induce SREBP-1c expression, SREBP-1c¢ maturation and
activation is, in fact, blocked, because elevated sterols promote retention of SREBP1 in the
ER via regulation of SCAP and INSIGs [34]. Thus, since miR-148a is primarily regulated by
SREBP1c, the regulation of LXRs may only be important in a pharmacologic but not a
physiological setting.

Whether miR-148a harbors potential to modulate cardiovascular risk in patients remains to
be established. In theory, silencing miR-148a could have two obvious benefits: first, to lower
circulating LDL-c by increasing LDLR-dependent uptake; and second, to increase HDL-c
levels and/or raise ABCAL1-mediated cholesterol efflux. However, it will also be important to
determine whether the physical and functional properties of the HDL and LDL particles are
also altered following miR-148a therapeutic silencing.

2.3. miR-122

The most abundant miRNA in the mouse and human liver is miR-122, comprising
approximately 70% of all hepatic miRNAs [62]. Although there are extensive studies
showing a role for miR-122 in regulating lipid metabolism [63], the mechanisms have been
surprisingly elusive. miR-122 was one of the first miRNAs to be effectively silenced in mice
and non-human primates using ASOs. The result was a dramatic reduction in plasma
cholesterol and triglyceride [63]. In mice fed a high-fat diet, silencing miR-122 resulted in
an even more pronounced lipid lowering effect, in both the LDL and HDL fractions [63]. To
determine the potential mechanism, investigators used hepatic gene expression profiling to
show that silencing miR-122 results in reduced expression of several genes involved in
hepatic triglyceride metabolism genes, ultimately leading to decreased fatty acid and sterol
synthesis. Such changes in gene expression do not imply these genes are directly targeted by
miR-122, since the levels of direct targets would be expected to be de-repressed following
miR-122 silencing. One potential target that might mediate miR-122-dependent changes in
plasma lipids is AMP-activated protein kinase (AMPK) [63], a metabolic master switch that
regulates several important metabolic pathways, including fatty acid oxidation and glucose
uptake [64]. Additional miR-122 potential targets include PRARB/S5 and BAF60A [65].
BAFG60A is part of the SWI/SNF nucleosome remodeling complex that regulates the activity
of several nuclear receptors, including PPARs, which are central regulators of fatty acid
metabolism [66]. The transcriptional regulation of miR-122 has also been studied, and
miR-122 has been shown to be regulated by the circadian clock; however, this effect is
largely observed in the pri- and pre-miR-122 transcript level, and not in the more stable
mature miR-122 transcript [65].

The lipid lowering effects of miR-122 were also observed in non-human primates. Silencing
miR-122 using LNAs did not result in hepatotoxic effects in either mice or non-human
primates [67], consistent with the study in mice from Esau and colleagues [63]. In the
primate model, the decreases in plasma lipids were more pronounced in the LDL-c fraction
[67]. The role of miR-122 in regulating plasma HDL-c levels remains relatively unexplored.
Targeting miR-122 therapeutically has been considered, given the data in mice discussed
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above. However, studies in miR-122~/~ mice raised significant concerns. The latter mice
were shown by two independent groups to be more prone to hepatic inflammation, fibrosis
and hepatocellular carcinoma [68, 69]. These studies confirmed that miR-122 is an
important regulator of plasma lipids, as miR-122/~ mice also had reduced plasma
cholesterol in both LDL and HDL fractions, as well as reduced plasma triglyceride levels
[68, 69]. In terms of mechanism, the two studies pointed to different sets of potential target
genes, based on hepatic global gene expression, compared to wild-type mice. One group
identified a set of lipid metabolism genes as direct miR-122 target genes, including members
of the Agpatfamily and Fsp27[68]. The other group demonstrated (likely indirect) reduced
expression of lipid metabolism genes, including Mitp [69], the enzyme that is required for
the lipidation and secretion of VVLDL from the liver. Older miR-122~/~ mice also showed a
pronounced increase in hepatic triglyceride content compared to wild-type animals [68, 69],
which may be secondary to a pro-inflammatory phenotype. Taken together, long-term
silencing of miR-122 would seem to be associated with a significant risk of developing
unwanted side effects, thus limiting their use in patients. Nevertheless, determining the
molecular mechanisms for how miR-122 regulates lipid and lipoprotein metabolism remains
an important, unanswered question.

2.4. miR-144

Circulating HDL-c levels have also been shown to be regulated by miR-144, which is part of
a bycistronic miRNA cluster that contains miR-451. Two independent groups identified
ABCAL as a direct target of miR-144 [70, 71]. Using miRNA target prediction software, the
ABCAL1 3"UTR was found to contain at least two miR-144 binding sites that were tested
functionally using luciferase reporter systems. Both groups also showed that increased
miR-144 levels in isolated hepatocytes [70] or macrophages and THP-1 cells [71] resulted in
reduced cholesterol efflux to lipid poor APOAL, as well as reducing ABCAL1 protein levels.
In addition, overexpression of miR-144 in the livers of mice resulted in a decrease in plasma
HDL-c levels, and decreased ABCA1 protein, but not mRNA [70]. In contrast, ASO-
mediated silencing of miR-144 in mice fed a high-fat diet increased both plasma HDL-c
levels and hepatic ABCAL protein levels [70, 71]. A subsequent study also confirmed that
miR-144 targets ABCA1 [72]. However, compared to miR-33, the effects of miR-144 on
HDL-c were more modest.

The major difference between these two miR-144 studies was the proposed mechanism
governing the transcriptional regulation of the miRNA. De Aguiar Vallim and colleagues
[70] identified miR-144/-451 as a direct target of the nuclear receptor FXR, a transcription
factor essential for maintaining bile acid homeostasis [73]. Ramirez ef a/. [71] identified
miR-144 as a direct target gene of LXR. These two nuclear receptors are major regulators of
plasma lipid levels. FXR activation, following administration of synthetic agonists, caused
pronounced hypolipidemia, with decreases in all major lipoprotein fractions, including
HDL-c as well as reducing hepatic lipids [70, 73]. It has been proposed that the induction of
miR-144 by FXR, and subsequent repression of ABCAL is part of a complex pathway that
involves several genes that mediate hepatic cholesterol channeling into the bile [70]. In
contrast, LXR activation using synthetic agonists has been shown to be atheroprotective
[74], but is associated with unwanted effects such as hepatic lipid accumulation [75]. The
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regulation of miR-144 by LXR is more puzzling, since LXRs also induce ABCAL. However,
as we discuss above for miR-148a, miR-144 may play a role in fine tuning ABCAL1 levels
and preventing excess cholesterol loss from cells [60].

The therapeutic potential of silencing miR-144, by raising HDL-c levels and presumably
promoting accelerated RCT remain to be determined. In a recent study, treatment of
atheroscelrosis prone Apo£~~ mice with an agomir for miR-144 increased inflammation
and inflammatory cytokine gene expression, reduced RCT, and increased atherosclerosis
[76]. It remains to be determined whether this level of overexpression, which was
presumably supra-physiologic, is relevant to patients.

2.5. miR-758

The intergenic miR-758 is abundantly expressed in the brain, heart, and aorta, with low
levels in the liver. The expression of miR-758 is repressed in both livers and peritoneal
macrophages in high-fat diet-fed mice, compared to chow [77]. However, the molecular
mechanism governing this regulation is unknown. Interestingly, miRNomic studies using
limited numbers of samples showed increased levels of miR-758 in aortic plaques from
hypercholesterolemic patients, compared to those from normocholesterolemic individuals
[52]. Data showed that the 3"UTR of ABCAL1 contains evolutionarily conserved sequences
that confer response to miR-758, and that manipulation of miR-758 levels with miR-mimics
or silencing oligonucleotides modulates cholesterol efflux to APOAL, but not to HDL, in
cell culture assays [77]. The consequences of therapeutic inhibition of miR-758 on RCT and
atherogenesis have not yet been reported.

2.6. miR-145

The intergenic miR-143/-145 cluster is mostly expressed in the vascular smooth muscle cell
(VSMC) compartment, where it regulates the expression of several key genes that control
cell differentiation and contractile function, and promotes the VSMC switch from a
contractile/non-proliferative to a migrating/proliferative phenotype [78]. miR-145 has been
reported to control the expression of ABCA1 and cholesterol efflux hepatocytes, pancreatic
islets, VSMCs, and macrophages via conserved sequences in the 3’UTR of ABCA1 [72,
79]. The same authors reported that membrane vesicles secreted by shear-stressed cultured
endothelial cells were enriched with miR-143/145 and modulated gene expression in co-
cultured smooth muscle cells and macrophages [79], and suggested that the transfer of
miRNAs between cells within the plaque /n7 vivo might influence gene expression and cell
function (e.g. cholesterol efflux to HDL) in the subendothelial space. Genetic loss of
miR-143/-145 resulted in decreased atheromata in both L/~ [79] and ApoE~~ [80]
backgrounds, which would be consistent with de-repressed ABCAL expression in plaque
macrophages, although no increase in HDL-c was noted in neither study. The relative
contribution of vascular ABCAZ1-dependent cholesterol efflux vs. vascular architectural
changes to these changes in atherogenesis remains to be established. Whether miR-143/-145
might be exploited therapeutically deserves further examination, given that its levels are
induced in atherosclerotic plaques from hypertensive patients [81, 82] and in plasma from
patients with coronary artery disease [83].
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2.7. miR-27a/b

The miR-27 family consists of two members that differ by one nucleotide outside the seed
sequence, giving rise to miR-27a and miR-27b [84]. The former is an intergenic mMiRNA,
while the latter is part of the intragenic miR-23b/-27b/-24-1 miRNA cluster expressed from
within an intron of CIORF3. The expression of miR-27 is enriched in endothelial cells,
smooth muscle cells, and macrophages. Interestingly, miR-27b expression is induced in the
livers of mice fed a high-fat diet [85], where it suppresses critical regulators of lipid
metabolism that include PPARy, ANGPTL3, HMGCR, SREBP-1, SREBP-2, and APOB
[84, 85]. Three independent laboratories showed that ABCAL is a conserved direct target of
miR-27 in both hepatocyte and macrophage cell lines [86—88], as well as in the mouse liver
[87]. Accordingly, transfection of hepatoma cells with miR-mimics or miR-inhibitors
resulted in altered ABCA1-dependent cholesterol efflux to ApoA1l [86, 87]. These data
suggested that a therapeutic intervention aimed at decreasing miR-27 might raise hepatic
and vascular ABCAZ1-dependent cholesterol efflux and RCT. The interest in anti-miR-27-
based therapies was enhanced by the discovery that miR-27a/b also target directly the low-
density lipoprotein receptor (LDLR) and the LDLR-related genes LRP6 and LDLRAP1 [87,
89]. However, no changes in plasma total cholesterol, LDL-c or HDL-c, or in hepatic
cholesterol contents were noted in mice overexpressing miR-27 via an adeno-associated
virus or following therapeutic silencing with ASOs [87]. Additionally, clinical data [90] and
murine models [91, 92] show that loss of ANGPTL3 (another miR-27 target) activity is
correlated with decreased HDL-c, LDL-c, and VLDL-triglycerides in plasma, further
suggesting that the miR-27/ANGPTL3/ABCAL/LDLR axis might be of interest to curb
cardiovascular risk. Similar to miR-148 discussed above, perhaps anti-miR-27 ASOs might
represent a better therapeutic approach for hypercholesterolemic patients by increasing both
LDL-c clearance (via LDLR) and HDL biogenesis (via ABCAL).

2.8. miR-10b

Both epidemiological and animals studies have suggested that anthocyanins (polyphenolic
compounds commonly found in certain fruits, berries, and red wine) reduce the risk of
atherosclerosis and cardiovascular disease [93]. Whether anthocyanins are bioactive per se,
or they need to be metabolized to exert these protective effects has not been definitively
established. It was recently reported that the anthocyanin Cy-3-G is metabolized to
protocatechuic acid (PCA) by the intestinal flora [94]. These same authors found that the
expression of the intergenic miR-10b was induced in peritoneal macrophages following
exposure to PCA, compared to vehicle. Bioinformatics analysis revealed that conserved
responsive sequences for miR-10b are present in the 3'UTR of both ABCA1 and ABCG1.
The authors showed that PCA promoted accelerated RCT in ApoE~~ mice by increasing
both ABCA1- and ABCG1-dependent cholesterol efflux from macrophages and the overall
RCT in vivo. Importantly, the effects of PCA on cholesterol efflux and RCT were mimicked
by miR-10b overexpression, and abrogated by miR-10b inhibitors. Finally, Cy-3-G feeding
raised HDL-c and accelerated the regression of atheromata in ApoE '~ mice in a PCA-
dependent manner [94]. While the mechanism by which PCA induces the expression of
miR-10b in macrophages (and perhaps other tissues) is still obscure, these studies showed
for the first time that the intestinal microbiome can exert important modulatory effects on the
RCT pathway and might be exploited therapeutically.
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Multiple studies in the past 5 years showed that ABCAL is targeted by a multiplicity of
miRNAs, besides the ones discussed above. Additional miRNAs that target ABCA1 include
miR-128 [55] and miR-19b [95, 96] (which also modulates plasma HDL-c levels in mice),
miR-26 [97], miR-106b [98], miR-93 [99], and miR-101 [100]. The reasons why ABCA1
seems to be a “hot spot” for post-transcriptional regulation are unknown, but is likely in part
due to the large, broadly conserved 3° UTR of the ABCAI mRNA. Whether there are
additive/synergistic effects among these miRNAs on ABCA1-dependent cholesterol efflux
and HDL function in response to a variety of physiological stimuli, and their role on
atherogenesis is unknown.

3. miRNAs TARGETING SR-B1

The expression of SR-B1 in HepG2 hepatoma cells was found to be significantly increased
following silencing of Drosha and Dicer [101], suggesting that SR-B1 levels might be
regulated post-transcriptionally by miRNAs. The same authors defined conserved sequences
in the 3"UTR of SR-B1 that confer response to miR-185, miR-96, and miR-223 [101].
However, overexpression or silencing each miRNA had modest effects on HDL-c uptake in
HepG2 and CHO cells (which express SR-B1). An additional study found conserved sites in
in the 3" UTR of SR-B1 mRNA that conferred response to miRNA-125a and miRNA-455
[102]. Both miR-125a and miR-455 are abundant in liver and steroidogenic tissues, where
their expression is down-regulated by corticotrophin and cAMP [102]. Following
manipulation of either miR-125a or miR-455 in murine Leydig tumor cells with miR-
mimics or miR-inhibitors, SR-B1 mRNA and protein levels, SR-B1-mediated HDL-c
uptake, and SR-B1-supported steroidogenesis were inhibited or stimulated, respectively
[102]. Whether manipulation of any of these miRNAs (alone or in combination) results in
changes in HDL-c /n vivo has yet to be tested.

4. miRNAs TARGETING THE HDL PROTEOME

There has been surprisingly little attention given to miRNAs that target the various proteins
that decorate the HDL particle. Of the major apolipoproteins associated with HDL, which
include APOAL, APOA2, APOA4, APOC1, APOC2, APOC3, APOC4, APOD, APOF,
APOH, APQJ, APOL1 and APOM [2], only APOM was shown to be a direct target of
miR-573 [103]. Perhaps the fact that most mRNAS that encode apolipoproteins have
relatively short 3" UTR regions (70-200 nt) limits the opportunity for miRNA-mediated
regulation. The other major protein cargo of HDL includes enzymes and other proteins such
as LCAT, PLTP, CETP, PON1, PAF-AH (gene symbol PLA2G?7), SAAL, SAA4 [2]. PON1
was shown to be directly regulated by miR-616, and a SNP at the binding site of miR-616 in
PONL1 is associated with stroke and myocardial infarction in patients [104]. The expression
of PLA2G7was induced in the livers of miR-155~/~ mice [105], but whether PLA2G7 is a
true physiologic target of miR-155 has not yet been determined experimentally. Importantly,
the role of many of these HDL-associated proteins on RCT and atherosclerosis remains to be
elucidated. As we identify additional genes that affect HDL function, we will likely
recognize new roles for miRNAs in regulating these genes and pathways.
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5. CIRCULATING HDL-ASSOCIATED miRNAs

The original observations that cells can secrete miRNAs and that miRNAs are present in
human biological fluids, including blood, were made almost 10 years ago [106, 107]. It is
possible that a significant share of miRNAs found in circulation is the result of non-selective
microvesicle secretion and/or cell death. However, a pioneering report showed that HDL
particles transport specific miRNAs [108]. These same authors showed that HDL-associated
miRNAs could be delivered to and alter target gene expression in recipient cells and tissues
[108, 109]. Interestingly, the signature of HDL-associated miRNAs was different between
normal and familial hypercholesterolemia patients [108]. An independent study confirmed
changes in specific miRNAs in HDL isolated from healthy subjects and patients with stable
coronary artery disease or acute coronary syndrome [110]. Although in these studies HDL-
mediated miRNA delivery to cells appeared dependent on the cell surface expression of SR-
B1, other reports showed that miRNAs circulating in blood [111] and cerebrospinal fluid
[112] may act as ligands for cell surface Toll-like receptors. The proposal that free or
lipoprotein-associated miRNAs serve as second messengers to provide long-distance
communication and homeostatic regulation between tissues is a new frontier in the field,
with profound implications for diagnostic and therapeutic purposes. For a comprehensive
review on lipoprotein-associated miRNAs, please see the article by Kasey Vickers in this
Special Issue of BBA.

6. CONCLUSIONS

In the past few years, miRNAs have emerged as physiologic regulators of HDL metabolism.
The traditional view that raising HDL-c levels in blood reduces cardiovascular risk has been
lately challenged by both human genetic data and pharmacologic intervention studies. The
new “functional HDL” paradigm states that it is the ability to mobilize cholesterol through
the RCT pathway for subsequent hepatobiliary excretion, coupled to anti-inflammatory and
anti-thrombotic (and perhaps other) activities, that determines HDL’s atheroprotective
properties. It should be noted that the majority of the miRNA studies that affect HDL
discussed in the review report on changes in HDL-c, but the role of these miRNAs on HDL
functionality is unknown. Additionally, despite the plethora of reports showing miRNAs
targeting one or several transcripts involved in HDL lipid metabolism, a neglected area in
the field has been the description of miRNASs that impact HDL-associated proteins and non-
lipid-related HDL functions. Whether miRNAs that modulate HDL biogenesis, peripheral
lipidation, remodeling, or clearance can be exploited therapeutically to improve HDL
function (beyond changes in HDL-c) and provide atheroprotection is a new frontier ripe for
exploration.
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Highlights

In this review, we summarize the major miRNAs reported to be in
involved in HDL metabolism

HDL mediate the reverse cholesterol transport pathway, and are a
candidate for therapeutic intervention in cardiovascular disease.

Multiple miRNAs target key transcripts involved in HDL biosynthesis,
lipidation, and clearance.

Reports in mice and non-human primates show that silencing specific
miRNAs raises HDL-c in circulation.

Whether these miRNAs can be exploited to improve HDL function and
offer atheroprotection is currently under investigation.

Biochim Biophys Acta. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Baldan and de Aguiar Vallim Page 22

Liver 7Circulation ] . Artery Wall |

Reverse Cholesterol Transport 2:2123:“,
::2:?25 N HDL miR-33a/b
miR-223 i N
bile acids N N O
o o (5
/ SR-B1 ‘{ BCG1

P ester
& | \} ‘
i APOA1 & P cholesterol

cholesterol

N & L' ABCA1
ABCA1 — T A
miR-10b, miR-27a/b, Pre-g HDL miR-10b, miR-27a/b,
miR-33a/b, miR-144, miR-33a/b, miR-144,
miR-145, miR-148a, miR-145, miR-148a,
miR-758 miR-758

Fig. 1. Mobilization of cholesterol via HDL particles
The lipidation of lipid-poor APOAL in the hepatocyte (and in minor proportion in the

enterocyte and adipocyte) generates pre-p HDL, which is further lipidated in the peripheral
vasculature via ABCA1 and possibly ABCG1. Unesterified cholesterol in the nascent
particle is esterified by LCAT. HDL exchanges lipids and apolipoproteins with APOB-
containing lipoproteins (not shown in the figure). Clearance of HDL-bound cholesteryl
esters is facilitated by SR-B1 in the liver. Excess hepatic cholesterol is eventually
metabolized to bile acids and excreted through bile. miRNAs known to target transcripts
involved in HDL biogenesis and the reverse cholesterol transport pathway are annotated in
red boxes.
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