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A B S T R A C T

Cardiovascular disease (CVD), the leading cause of death and morbidity in the Western world, begins with lipid
accumulation in the arterial wall, which is the initial step in atherogenesis. Alterations in lipid metabolism result
in increased risk of cardiometabolic disorders, and treatment of lipid disorders remains the most common
strategy aimed at reducing the incidence of CVD. Work done over the past decade has identified numerous
classes of non-coding RNA molecules including microRNAs (miRNAs) and long-non-coding RNAs (lncRNAs) as
critical regulators of gene expression involved in lipid metabolism and CVD, mostly acting at post-transcriptional
level. A number of miRNAs, including miR-33, miR-122 and miR-148a, have been demonstrated to play im-
portant role in controlling the risk of CVD through regulation of cholesterol homeostasis and lipoprotein me-
tabolism. lncRNAs are recently emerging as important regulators of lipid and lipoprotein metabolism. However,
much additional work will be required to fully understand the impact of lncRNAs on CVD and lipid metabolism,
due to the high abundance of lncRNAs and the poor-genetic conservation between species. This article reviews
the role of miRNAs and lncRNAs in lipid and lipoprotein metabolism and their potential implications for the
treatment of CVD.

1. Introduction

Cardiovascular disease (CVD) is the leading cause of death and
morbidity in the Western world. Alterations in lipid metabolism result
in increased risk of cardiometabolic disorders, including type-2 diabetes
and atherosclerosis. Pharmaceutical treatment of lipid disorders re-
mains the most commonly used strategy aimed at reducing the in-
cidence of CVD. Work done over the past decade has identified nu-
merous classes of non-coding RNA molecules including microRNAs
(miRNAs) and long-non-coding RNAs (lncRNAs) as critical regulators of
gene expression involved in lipid metabolism and CVD mostly acting at
a post-transcriptional level [1–3]. miRNAs are small non-coding RNAs
containing about 22 nucleotides in length found in plants, animals and
some viruses. miRNAs directly bind to the 3′ untranslated region of
target mRNAs and control numerous biological processes through RNA
silencing and post-transcriptional regulation of gene expression [1, 2].
A single miRNA can regulate many (hundreds of) putative targets and a
single transcript may be regulated by multiple microRNAs [1, 4].
miRNAs have been identified as key regulators of multiple cardiome-
tabolic pathologies, including obesity, insulin resistance, athero-
sclerosis and heart failure [5–9]. Many miRNAs have been shown to be
dysregulated in different disease states and alterations in miRNA

expression or genetic variants associated with miRNAs or miRNAs
binding site loci have been associated with the progression of cardio-
metabolic diseases. This implies a unique therapeutic potential of
miRNAs in these diseases. In particular, emerging evidence demon-
strates that miRNAs are critical regulators of lipid and lipoprotein
metabolism and promising therapeutic targets for the treatment of CVD
[8, 10–13]. (See Fig. 1.)

While miRNAs are well studied and have an established role in the
regulation of lipid metabolism and CVD, the contribution of lncRNAs in
lipid homeostasis has just started to emerge [3, 8, 14, 15]. lncRNAs are
a heterogeneous group of transcribed RNA molecules ranging from 200
to 100,000 nucleotides in length. It is estimated that there are about
15,900 lncRNAs in human genome annotated by Genecode (Version 22)
[14, 16], however, the lncRNA annotations are rapidly increasing with
over 170,000 human lncRNA transcripts by NONCODE database
(http://www.bioinfo.org/noncode/) [17]. lncRNAs are categorized
based on genome location into long intergenic ncRNAs (lincRNAs),
natural antisense transcripts (NATs), enhancer-like ncRNAs (eRNAs),
and transcribed ultra-conserved regions (T-UCRs) [18, 19]. Multiple
studies have shown that numerous lncRNAs are regulated during de-
velopment, exhibit cell type-specific expression patterns, localize to
specific subcellular compartments, and are associated with
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physiological and pathological functions involved in cholesterol meta-
bolism and CVD [3, 8, 16]. However, the mechanisms by which many of
the lncRNAs exert their effects are poorly understood and the poor
conservation of lncRNAs across species poses a problem for the devel-
opment of lncRNA based therapies. This article reviews the role of
miRNAs and lncRNAs in lipid and lipoprotein metabolism and their
potential implication for the treatment of CVD.

2. miRNAs regulation of high density lipoprotein (HDL)
metabolism and reverse cholesterol transport

Cholesterol is an essential structural component of cell membranes

and myelin sheaths. In addition to its structural requirement, choles-
terol is also a biosynthetic precursor of bile acids, steroid hormones and
vitamin D. Abnormal levels of cholesterol are highly associated with the
progression of cardiometabolic diseases including type-II diabetes and
atherosclerosis [20, 21]. Mammalian cells cannot degrade cholesterol,
thus must be removed through a physiological process known as reverse
cholesterol transport (RCT). During RCT, excess cholesterol is trans-
ported from the peripheral tissues to the liver, where cholesterol can be
reutilized or excreted into the feces [22, 23]. Plasma HDL and its major
protein component, apolipoprotein AI (ApoAI), are the primary sterol
transporters capable of facilitating cholesterol mobilization from the
peripheral cells to the liver following cholesterol efflux by the ATP-

Fig. 1. Non-coding RNAs regulation of high-density lipoprotein (HDL) and low-density lipoprotein (LDL) metabolism. miRNAs have been shown to repress genes
involved in HDL and LDL homeostasis in different tissues as indicated. In the liver and intestine, ATP-binding cassette transporter A1 (ABCA1) is directly targeted by
multiple miRNAs, by which reduces cholesterol efflux to lipid-poor apolipoprotein AI (apoAI) that generate nascent HDL. The repression of ABCA1 by miRNAs in
peripheral cells such as macrophages inhibits the cholesterol efflux to lipid-poor apoAI. Through the action of lecithin-cholesterol acyltransferase (LCAT), free
cholesterol on nascent HDL is esterified forming cholesterol esters and converting nascent HDL to mature HDL. Circulating miRNAs, such as miR-92a, miR-223 and
miR-486, are association with HDL particles. These miRNAs are transported by HDL to target tissues or cells (such as liver and endothelial cells) to repress the
expression of their target genes. The cholesterol hepatic clearance and excretion from HDL is reduced by targeting scavenger receptor B-I (SR-B1) by miRNAs.
Moreover, miRNAs repress the expression of microsomal triglyceride transfer protein (MTP) and lysophosphatidylglycerol acyltransferase 1 (LPGAT1) involved in
very low-density lipoprotein (VLDL) secretion. VLDL is converted in the circulation to LDL and intermediate-density lipoprotein (IDL) by lipoprotein lipase (LPL).
Cholesterol ester-rich IDL and LDL can return to the liver and be taken up through interaction with the LDL receptor (LDLR), which can be regulated by miRNAs to
decrease LDL clearance. Blue boxes highlight lncRNAs, which regulate genes that control cholesterol and fatty acid metabolism. CETP, cholesteryl ester transfer
protein; SRs, scavenger receptors; LeXis, liver-expressed LXR-induced sequence; MeXis, macrophage-expressed LXR-induced sequence; LncLSTR, liver specific tri-
glyceride regulator; ApoA1-AS, ApoA1 antisense; ApoA4-AS, ApoA4 antisense; HUR, human antigen R; ACSL1, acyl-CoA synthetase subunit; FFA, free fatty acid;
SREBP, sterol regulatory element-binding protein. Figure was created using the Servier Medical Art illustration resources (http://www.servier.com).
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binding cassette transporters ABCG1 and ABCA1 [22, 23]. The HDL
receptor scavenger receptor class B type 1 (SR-B1) mediates RCT by
facilitating cholesterol efflux from macrophages and the uptake of HDL
cholesterol by hepatocytes for routing to the bile [24]. Several trans-
porters localized to the bile canaliculus have been shown to play es-
sential roles in the biliary secretion process including adenosine tri-
phosphate (ATP)-binding cassette transporter B11 (ABCB11), ABCB4,
ABCG5/G8 and ATPase class I type 8B member 1 (ATP8B1) [25]. RCT-
mediated cholesterol efflux from foam cells can prevent atherosclerotic
lesion progression and induce regression of pre-existing plaques. By
mediating the excretion of cholesterol and bile acids, RCT lowers the
level of cholesterol in circulation and has relevant implications for CVD
[26, 27]. Over the past decade, miRNAs have been identified as critical
regulators of HDL-C metabolism involved in HDL biogenesis, cellular
cholesterol efflux, HDL-C uptake and bile acid transport [10].

2.1. Regulation of HDL-C metabolism and RCT by miR-33

Of all the miRNAs involved in regulation of HDL-C metabolism and
RCT, the miR-33 family are the most studied and best understood. miR-
33a and miR-33b are intronic miRNAs encoded within the genes for the
SREBP-2 and SREBP-1 transcription factors. SREBP-1 and SREBP-2 are
two of the primary transcription factors responsible for regulation of
lipid metabolism. In response to low sterol levels SREBP-2 is activated,
leading to the induction of genes involved in cholesterol synthesis and
uptake [28]. SREBP-2 also induces the expression of its own transcript,
which leads to a concurrent induction of miR-33a. Under these condi-
tions, miR-33a assists in the SREBP-2 mediated regulation of cholesterol
levels by targeting ABCA1 and ABCG1 to prevent further removal of
cholesterol from the cell [29–31]. More recently, experiments done
with macrophages from miR-33 deficient mice demonstrated that miR-
33 plays an important role in regulating cholesterol efflux in vivo as well
as in vitro [32]. Similar to the coordinated effects of SREBP-2 and miR-
33a, miR-33b is induced along with its host gene, SREPB-1, and has
been shown to limit oxidation of fatty acids by targeting numerous
transcripts including those encoding CPT-1, CROT, and HADHβ [33].
This supports the primary function of SREBP-1, which is responsible for
induction of genes involved in fatty acid synthesis. In addition to their
ability to regulate intracellular cholesterol levels and fatty acid oxida-
tion, miR-33a and miR-33b have been shown to be key regulators of
other steps in the reverse cholesterol transport pathway, including HDL-
C biogenesis and bile acid synthesis/secretion. While ABCA1 is one of
the key transport molecules involved in cholesterol efflux from cells, it
is also required for the synthesis of the HDL-C molecules that are pri-
marily responsible for transport of cholesterol back to the liver. As such,
miR-33 is also an important regulator of HDL-C biogenesis by targeting
ABCA1 in the liver [34, 35]. Finally, miR-33a and miR-33b are also
involved in the last stage of RCT by regulating factors involved in the
synthesis (CYP7A1) and secretion (ATP8B1 and ABCB11) of bile acids,
which allow removal of cholesterol from the body through the feces
[36, 37]. Through its ability to regulate many different aspects of RCT,
including the efflux of cholesterol from peripheral tissues, transport to
the liver, and removal in the form of bile acids, miR-33 has been shown
to be a very potent regulator of RCT.

2.2. Targeting miR-33 for the treatment of atherosclerosis

Because of its important role in regulation of RCT, multiple studies
have sought to determine whether inhibition of miR-33 may provide a
reliable therapeutic approach for the treatment of atherosclerosis.
Current treatments for cardiovascular disease focus primarily on stra-
tegies to reduce levels of circulating LDL-C and thereby limit the ac-
cumulation of cholesterol within atherosclerotic plaques. More re-
cently, considerable effort has been made to develop strategies for
promoting the removal of lipids from macrophages and other cells that
make up the plaque by raising circulating HDL-C levels. Unfortunately,

current therapeutics, while successful at raising circulating HDL-C le-
vels, have not had a substantial impact on the risk of cardiovascular
events [38, 39]. However, the ability of miR-33 to impact many dif-
ferent functions related to RCT suggests that anti-miR-33 therapies may
be able to increase both the amount and function of circulating HDL-C,
thereby providing a more promising approach for treatment of patients
with CVD. Since its identification, many different studies have shown
that inhibition or genetic deletion of miR-33 leads to elevated expres-
sion of ABCA1 in the liver and increased circulating HDL-C in mice and
non-human primates [30, 31, 40–42]. Moreover inhibition of miR-33 in
mice was found to promote the regression of atherosclerotic plaques
[43], and further work demonstrated that inhibition or genetic deletion
of miR-33 could reduce plaque progression [44–46]. However, not all
studies have found significant changes in circulating HDL-C levels or
atherosclerotic plaque size in response to anti-miR-33 therapeutics
[47]. While the reason behind these discrepancies is not well under-
stood, numerous differences in the experimental design of these studies,
including the type of inhibitory molecules used, length and timing of
the treatment, and type of diet could contribute to the different out-
comes of these studies. Consistent with the idea that miR-33 may im-
pact atherogenesis by directly promoting cholesterol efflux from plaque
macrophages, our group recently demonstrated that genetic ablation of
miR-33 specifically in macrophages and other hematopoietic cells
protects against the progression of atherosclerosis without altering
plasma HDL-C levels [32].

2.3. Other regulatory functions of miR-33

In addition to its direct regulation of RCT, miR-33 has been shown
to control a myriad of other biologic functions that could also play an
important role in its effects on atherosclerosis, additional forms of
vascular disease, and other disease states. As well as being a key reg-
ulator of HDL-C metabolism and fatty acid oxidation, miR-33 has also
been reported to target factors involved in cholesterol transport. NPC1
is an important regulator of intracellular cholesterol trafficking and has
been shown to be directly targeted by miR-33 [30]. Similarly, oxysterol
binding protein-like 6 (OSBPL6) has also been identified as a miR-33
target involved in the transport of intracellular cholesterol [48]. Ad-
ditional work will be needed to clarify how these targets effect the
ability of miR-33 to regulate the efflux of HDL-C and determine whether
they may also impact the transport of LDL/VLDL cholesterol. Indeed,
the effect of miR-33 on VLDL metabolism remains controversial, with
different studies yielding contradictory results. Long term treatment
with miR-33 inhibitors was found to increase levels of circulating tri-
glycerides (TAGs) and promote accumulation of lipids in the liver [49].
Similarly, another group demonstrated that inhibition of miR-33 could
increase VLDL-C secretion and circulating TAGs by targeting N-ethyl-
maleimide-sensitive factor (NSF) [50]. These findings are in direct
contradiction to an earlier report in which VLDL-C was found to be
lower in non-human primates treated with miR-33 inhibitors, as well as
a number of studies in which inhibition of miR-33 increased circulating
HDL-C without affecting plasma VLDL-C levels [29–31, 51]. Similarly,
recent work by our group has demonstrated that genetic deficiency in
miR-33 results in increased total cholesterol and TAGs in Ldlr−/− mice
fed a Western diet [32], while loss of miR-33 in Apoe−/− animals was
not found to impact levels of either total cholesterol or TAGs [45]. It is
not currently clear why different studies have found such disparate
effects on VLDL-C and TAGs or what impact this may have on the de-
velopment of CVD.

While the direct regulation of ABCA1 and ABCG1 is likely the pri-
mary means by which miR-33 regulated cholesterol efflux, miR-33 has
also been shown to regulate important factors involved in nutrient
sensing and energy regulation. This may also be important for its ability
to mediate cholesterol efflux, as ABCA1 and ABCG1 require ATP utili-
zation in order to remove cholesterol from the cell. The miR-33 target
AMPK is a nutrient sensitive kinase that regulates numerous metabolic
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functions including activation of peroxisome proliferator–activated re-
ceptor γ coactivator 1-α (PGC1-α). PGC1-α is the primary transcription
factor involved in regulation of mitochondrial biogenesis, and its ex-
pression has also been shown to be regulated by miR-33 [33]. More
recently, Karunakaran and colleagues have demonstrated that the
ability of miR-33 to target PGC1-α as well as other factors involved in
mitochondrial function, such as pyruvate dehydrogenase kinase iso-
zyme 4 (PDK4), and solute carrier family 25 (SLC25A25) can alter
mitochondrial respiration and thereby impact ATP availability and
cholesterol efflux by ABCA1 [52]. Similarly, miR-33 was found to
regulate factors involved in autophagy, which was also shown to be
involved in the ability of miR-33 to promote cholesterol efflux [46].
Regulation of autophagy was also suggested to be involved in the effects
of miR-33 on efferocytosis, although other work in miR-33 deficient
macrophages showed increased uptake of apoptotic cells without any
changes in genes related to autophagy [32]. The ability of miR-33 to
regulate energy balance through regulation of fatty acid metabolism,
mitochondrial function and autophagy has been shown to impact many
different aspects of immune response including T-cell priming [53],
bacterial killing by macrophages [54], and macrophage polarization
[55]. The reduced inflammatory response of macrophages treated with
miR-33 inhibitors is believed to contribute to its reduction of athero-
sclerotic plaque size, and a recent report shows that miR-33 deficient
animals are protected from abdominal aortic aneurysm due to reduced
inflammation [56].

miR-33 has also been demonstrated to regulate the proliferation of
numerous cell types by targeting a number of different factors, in-
cluding key mediators of the cell cycle (CDK6, CyclinD1). This has been
shown to impact a number of different biologic functions including
adipocyte differentiation [57], liver regeneration [58], and tumor
growth/metastasis [59–61]. More recently the effect of miR-33 on
cellular proliferation has also been shown to impact late stages of CVD.
Work by Nishiga et al. demonstrated that mice deficient in miR-33 have
reduced cardiac fibrosis following transverse aortic constriction (TAC).
This work further demonstrates that miR-33 deficient animals had re-
duced cardiac function following TAC due to reduced fibroblast pro-
liferation and impaired cardiac remodeling [62]. Moreover, miR-33
was found to reduce intimal hyperplasia following vein grafts due to
reduced smooth muscle cell proliferation [63]. This work suggests that
inhibition of miR-33 for the treatment of atherosclerosis could actually
have a detrimental effect on cardiac function following heart failure or
vein graft bypass surgery. Additionally, whole body deletion of miR-33
was found to promote the development of obesity and metabolic dys-
function [64], and this was found to offset the beneficial effects that
occurred within plaque macrophages resulting in no changes in total
plaque size [32]. Even more recently work by our group has demon-
strated that the lack of miR-33 results in impaired function and reduced
responsiveness to insulin in a number of key metabolic tissues, in-
cluding the liver and adipose tissue, on both chow and high fat diets
(HFD). This work further demonstrates that the primary driving force
behind both the obesity and metabolic dysfunction is an increase in
food consumption [65]. Overall, the ability of miR-33 to regulate many
different factors involved in the development of CVD makes it an ex-
citing therapeutic target, but the vast array of different physiologic
functions it controls also raises important concerns about the potential
for unintended consequences. The most common methods for targeting
miRNAs relies on antisense oligonucleotide (ASO)-based approaches
and miRNA mimetics, however, the requirement for chemical mod-
ifications, hybridization-associated off-target effects, toxicity and drug
delivery problems make the leap from pre-clinical to clinical models a
challenge [66].

2.4. miRNA regulation of ABCA1 expression

In addition to the well-known role of miR-33 in controlling ABCA1
expression and cholesterol efflux, other miRNAs including miR-144,

miR-148a, miR-758, miR-26, miR-106b, miR-27, miR-145, miR-20a/b
and miR-10b, have been shown to regulate ABCA1 expression at the
post-transcriptional level in a variety of different cell types, such as
macrophages, pancreatic β-cells, neurons, enterocytes and hepatocytes
[67–76]. Two independent groups identified ABCA1 as a direct target of
miR-144, and inhibition of miR-144 increased the expression of ABCA1
in hepatocytes and macrophages, as well as raising plasma HDL levels
in mice [67, 77]. Conversely, overexpression of miR-144 using miR-
144-3p mimics (agomir) accelerates pathological progression of ather-
osclerosis in Apoe−/− mice through enhanced expression of in-
flammatory factors, decreased cholesterol efflux, reduced circulating
HDL-C and impaired RCT in vivo [78]. Two independent studies iden-
tified miR-128-1 and miR-148a as key regulators of the expression of
ABCA1 [79]. Overexpression of both miR-128-1 or miR-148a resulted
in reduced hepatic ABCA1 expression and plasma HDL-C levels in hy-
perlipidemic mice, however, only silencing of miR-148a significantly
increased hepatic ABCA1 expression and circulating HDL-C levels. Both
miRNAs also regulate the expression of ABCA1 in macrophages and
their overexpression and inhibition attenuated and enhanced ABCA1
expression and cholesterol efflux respectively [75, 79].

Recent data demonstrate that intestinal microorganisms could in-
fluence lipid metabolism, triggering development of metabolic and
cardiovascular diseases including atherosclerosis [80]. Intestinal mi-
crobiota can regulate RCT by modulating the expression of miR-10b
[74]. Protocatechuic acid (PCA), a gut microbiota metabolite of cya-
nidin-3 to 0-β-glucoside (Cy-3-G), promotes cholesterol efflux from
macrophages and increases cellular ABCA1 and ABCG1 expression [74].
Importantly, Cy-3-G consumption promotes macrophage RCT and re-
gresses atherosclerotic lesions by the regulation of the miRNA-10b-
ABCA1/ABCG1 cascade in Apoe−/− mice [74]. In neuronal cells, miR-
106b represses ABCA1 expression and impairs cellular cholesterol ef-
flux [71]. miR-106b increases levels of secreted amyloid β (Aβ) by in-
creasing Aβ production and preventing Aβ clearance, which can be
rescued by overexpression of miR-106b-resistant ABCA1 [71]. Ad-
ditionally, miR-145 post-transcriptionally regulates ABCA1 expression
in HepG2 cells and in murine pancreatic islets [73], while miR-758,
miR-26, miR-27 and miR-20a/b inhibit ABCA1 expression and choles-
terol efflux in mouse and human macrophage cell lines [69, 70, 72, 76].
Notably, miR-20a/b treatment promotes atherosclerotic development
in Apoe−/− mice accompanied by decreased ABCA1 expression in the
liver, attenuated RCT, and impaired formation of nascent HDL. Alter-
natively, miR-20a/b silencing attenuates the progression of athero-
sclerosis [76].

ABCA1 expression is transcriptionally regulated by liver X receptors
(LXRs), oxysterol-activated transcription factors that control cellular
cholesterol and fatty acid homeostasis in mammals [81, 82]. Aside from
repressing ABCA1 expression through directly binding to its 3′UTR,
miRNAs have also been shown to regulate transcriptional activation of
ABCA1 by controlling LXR expression. LXR is directly targeted and
transcriptionally regulated by miR-1, miR-206, miR-613, and miR-155
[70, 83, 84]. miR-1, miR-206 and miR-613 suppress lipogenesis by
targeting LXRα and attenuate the expression of LXRα target genes in-
cluding SREBP-1c, fatty acid synthase (FAS), carbohydrate responsive
element-binding protein (chREBP) and acetyl-CoA carboxylase 1
(ACC1) [84, 85]. In addition, miR-155 has been shown to be essential in
the development of non-alcoholic hepatosteatosis in mice by inhibiting
LXRα and its target genes involved in glucose regulation, fatty acid
uptake, and lipid metabolism [83]. LXR and retinoic-X-receptor (RXR)
form a heterodimer to mediate the transcriptional activation of ABCA1.
Repression of RXRα by miR-128-2 inhibits LXR-induced ABCA1 ex-
pression, which is demonstrated as a regulator of cholesterol home-
ostasis [86]. Together, these results demonstrate that the expression of
ABCA1 is targeted by numerous miRNAs in different cell types in-
dicating the importance of ABCA1 for regulation of different biologic
functions and the critical role of microRNAs in the control of ABCA1
levels.
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2.5. miRNA regulation of SR-B1 expression and function

In addition to ABCA1/G1-mediated cholesterol efflux, scavenger
receptor class B member 1 (SR-B1) mediates bidirectional flux of cho-
lesterol between cells and HDL-C, thus modulating the composition and
structure of HDL-C particles and facilitating the delivery of cholesterol
to steroidogenic tissues and the liver [87, 88]. The absence of SR-B1
results in early onset of occlusive atherosclerotic coronary artery dis-
ease and cardiac dysfunction in Apoe−/− mice [89]. A number of re-
ports have identified miRNAs, including miR-185, miR-96, miR-233,
miR-125a and miR-455, which bind directly to the 3′ UTR of SR-B1 and
inhibit its expression. This leads to impaired HDL-C uptake in hepatic
cells, whereas antagonism of these miRNAs displays opposite effects
[90, 91]. Interestingly, decreased expression of miR-96 and miR-185
coincided with increased levels of hepatic SR-B1 in Apoe−/− mice fed a
high-fat diet [90]. Furthermore, miR-185 serves as a relevant regulator
of lipid metabolism under normal physiological or pathological condi-
tions by targeting SR-B1, not only in the liver, but also in macrophages.
miR-185 suppresses SR-B1 expression and selective HDL-C uptake in
human THP-1 monocytic cell line [90]. While these studies demonstrate
that the expression of these miRNAs influences SR-B1 mediated cho-
lesterol efflux and delivery in vitro, further studies will be important for
defining their relevance in regulating cholesterol metabolism in vivo.

3. miRNA regulation of LDL-C metabolism

High levels of plasma LDL-C is the major risk factor for developing
atherosclerosis. Plasma LDL-C levels are regulated by the rate of hepatic
very low-density lipoprotein (VLDL) production and LDL-C clearance
via the hepatic LDLR. Recent studies have identified miRNAs that
control circulating LDL-C by regulating both processes [92].

3.1. miRNA regulation of VLDL secretion

miR-122 and miR-30c were the first miRNAs identified as critical
regulators of plasma LDL-C in vivo by controlling VLDL secretion
[93–96]. Genetic ablation or antisense oligonucleotide (ASO) inhibition
of miR-122 results in significantly reduced plasma cholesterol and TAG
levels in WT mice fed a chow or HFD [93, 97, 98]. The decreases in
circulating cholesterol and TAGs observed after miR-122 inhibition or
genetic deletion reflects reductions in both the HDL-C and VLDL frac-
tions accompanied by lower levels of serum ApoB-100 and ApoE [93,
99]. Genetic deficiency of miR-122 in mice promotes hepatic steatosis
accompanied by accumulation of both cholesterol and TAGs, as well as
infiltration of inflammatory cells in the liver [97, 99]. Mechanistically,
miR-122−/− mice show a significant reduction in hepatic microsomal
TAG transfer protein (MTP), which is required for hepatic VLDL as-
sembly and secretion [99]. Despite, these promising findings, germline
and liver-specific deletion of miR-122 results in greater tumor incidence
and higher tumor burden in the liver [97, 99]. Levels of circulating
miR-122 was identified as a novel biomarker associated with liver in-
jury and risk of developing metabolic syndrome and type 2 diabetes
(T2D) [100].

Similar to miR-122, miR-30c also regulates the expression of MTP.
miR-30c directly targets the 3’UTR region of MTP and significantly
decrease hepatic VLDL secretion. Additionally, miR-30c inhibits hepatic
lipid synthesis by targeting lysophosphatidyl glycerol acyltransferase 1
(LPGAT1), an enzyme involved in phospholipid synthesis [96]. Of note,
hepatic overexpression of miR-30c using lentivirus or miRNA mimics
lowered plasma cholesterol levels and de novo hepatic lipogenesis in
Western diet-fed Apoe−/− mice, attenuating the progression of ather-
osclerosis [94, 96]. Importantly, post-transcriptional inhibition of MTP
expression and VLDL secretion by miR-30c did not result in steatosis in
the liver, suggesting that miR-30c might have therapeutic potential as
an anti-hyperlipidemic and anti-atherosclerotic agent [96].

3.2. miRNA regulation of LDLR expression and activity

The clearance of LDL by the LDLR and the role of LDLR in cardio-
vascular disease have been extensively studied [101, 102]. Defects in
the LDLR are the most common cause of familial hypercholesterolemia
(FH) characterized by very high circulating LDL-C levels and premature
coronary artery disease [101]. Recently, several studies have identified
miRNAs that control the expression of LDLR in hepatic cell lines, in-
cluding miR-27a/b, miR-128-1, miR-130b, miR-148a, miR-185, miR-
199a, and miR-301 [75, 79]. Among these, only three miRNAs, miR-
128-1, miR-148a and miR-185 were confirmed to control plasma LDL-C
in vivo [75, 79, 103, 104]. miR-148a inhibits the expression of LDLR
and antagonism of miR-148a in vivo markedly increases hepatic LDLR
levels and enhances LDL-C clearance [75, 79]. Interestingly, miR-148a
inhibition also increases hepatic ABCA1 expression and circulating
HDL-C levels, demonstrating the therapeutic potential of inhibiting
miR-148a to ameliorate an elevated LDL-C/HDL-C ratio, a prominent
risk factor for CVD [75]. The relevance of miR-148a in regulating cir-
culating lipoproteins was recently corroborated in humans by the re-
cent identification of SNPs (rs4722551 and rs4719841) present in the
promoter region of miR-148a, which were associated with significant
alterations in plasma cholesterol, LDL-C and TAG levels [79]. Besides
LDLR and ABCA1, miR-148a has been shown to directly target the
3’UTR of other genes involved in lipid metabolism, including PGC1-α,
AMPK, and insulin induced gene (INSIG)-1 [79]. Näär and colleagues
also identified miR-128-1 using a GWAS meta-analysis as a relevant
regulator of plasma lipids in humans. Similar to miR-148a, miR-128-1
also targets the 3’UTR of the LDLR and ABCA1 [79] and its inhibition
reduced circulating LDL-C. Notably, long-term antisense antagonism of
miR-128-1 in mice significantly improved glucose homeostasis and in-
sulin sensitivity by enhancing the expression of the insulin receptor
(INSR) and insulin receptor substrate 1 (IRS-1) [79]. The effects of anti-
miR-128-1 treatment on circulating cholesterol and TAGs, as well as on
insulin sensitivity and glucose homeostasis, highlight its potential
contribution to numerous aspects of the metabolic syndrome [79]. In
addition to miR-148a and miR-128-1, another study has demonstrated
that miR-185 also regulates cholesterol uptake by directly targeting the
LDLR and the LDLR-destabilizing RNA binding protein, RNA-binding
KH-type splicing regulatory protein (KSRP) [103, 104]. Consistently,
antagonism of miR-185 in vivo shows both, cholesterol-lowering and
anti-atherosclerosis effects in Apoe−/− mice [103].

3.3. Other miRNAs regulating LDL-C metabolism

Hepatic LDLR expression is transcriptionally regulated by the
SREBP transcription factors, which also control the transcription of
most of the genes associated with cholesterol and fatty acid biosynth-
esis. SREBP2 expression and activation is promoted under conditions of
cholesterol-depletion and mediates the transcriptional upregulation of
LDLR expression in patients treated with statins, a competitive inhibitor
of the rate-controlling enzyme of the cholesterol synthesis pathway,
HMG-CoA reductase [105]. Interestingly, the Osborne group identified
a polycistronic miRNA locus, miR-96/182/183, that is upregulated in
the liver of mice treated with statins and ezetimibe, a drug that inhibits
cholesterol absorption in the small intestine [106]. Additional studies
demonstrated that miR-96/182/183 expression is regulated directly by
SREBP2, and two members of the cluster, miR-96 and miR-182, inhibit
INSIG-2 and FBXW7 [106]. Since INSIG-2 and FBXW7 are negative
regulators of SREBP activation by preventing SREBP proteolytic pro-
cessing and enhancing nuclear degradation respectively, this regulatory
mechanism suggests that induction of miR-96/182/183 works in a feed-
forward manner to further increase SREBP transcription and activation
during low cholesterol conditions. Indeed, overexpression of all three
pre-miRNAs is sufficient to increase SREBP activity and enhance lipid
synthesis in Hela cells. However, antagomirs of miR-96 and miR-182
cannot alter hepatic or circulating cholesterol levels in mice [106].
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Additional experiments in other animal models will be important to
elucidate the relevance of this miRNA cluster in regulating lipoprotein
metabolism. miR-185 was also found to be regulated by the SREBP-1
transcription factor by binding to the SRE region in its promoter [104].
HFD feeding in mice induces the expression of miR-185, which corre-
lated with increased circulating cholesterol levels and decreased
SREBP-2 expression by directly targeting the 3’UTR of SREBP-2 [104].
Importantly, overexpression of miR-185 results in decreased LDLR
protein expression and LDL uptake, as well as impaired HMGCR activity
in vitro, which mirrors the decreased SREBP-2 activity [104].

4. LncRNAs and cholesterol metabolism

In addition to microRNAs, it has been recently demonstrated that a
number of lncRNAs control lipid metabolism in different tissues and
cells. This section summarizes the recent findings in this area high-
lighting the specific contribution of those lncRNAs that influence cir-
culating lipids.

4.1. MeXis

MeXis (macrophage-expressed LXR-induced sequence) has recently
been identified as a sequence induced by LXR in macrophages [107].
MeXis is encoded in the proximity of the Abca1 locus and is required for
full LXR-mediated ABCA1 transcription in response to LXR activators.
Interestingly, MeXis is located in the nucleus and controls chromosome
architecture in the Abca1 locus.MeXis interacts directly with DDX17, an
established nuclear receptor coactivator, that is enriched at the LXR-
binding sites in the Abca1 enhancer region in macrophages. To study
the contribution of MeXis in regulation of macrophage ABCA1 expres-
sion and atherogenesis in mice, Tontonoz's group generated MeXis de-
ficient mice. The authors found that absence of MeXis significantly re-
duced ABCA1 expression in macrophages and enhanced the progression
of atherosclerosis. Of note, a similar transcript (TCONS00016111) is
encoded in the proximity of the ABCA1 locus in humans and its over-
expression or inhibition influences ABCA1 levels and cholesterol efflux
in a human macrophage cell line (THP-1). These findings correlate with
the significant association between a SNP overlapping the
TCONS00016111 transcript and human coronary disease and suggest
that the LXR-MeXis-ABCA1 axis might control macrophage sterol me-
tabolism in humans. Since LXR activators have shown deleterious ef-
fects in vivo, due to promotion of hepatic fatty acid synthesis and
steatosis, the identification of MeXis as a specific regulator of LXR-in-
duced ABCA1 expression in macrophages open a novel avenue for
promoting RCT in vivo without causing adverse effects.

4.2. LeXis

Similar to MeXis, the same group identified another LXR-regulated
transcript [LeXis (Liver-expressed LXR-induced sequence)], encoded in
the proximity of the Abca1 locus in mouse hepatocytes [108]. Hepatic
LeXis levels influence the expression of genes associated with choles-
terol biosynthesis and hepatic cholesterol content. Mice lacking LeXis
have elevated expression of cholesterol biosynthetic enzymes and in-
creased hepatic cholesterol content. Similar effects were observed in
mice transduced with adenoviral vectors expressing shRNA targeting
LeXis. Conversely, overexpression of LeXis significantly attenuates the
expression of cholesterogenic genes in the liver. To determine the
molecular mechanism by which LeXis control the expression of cho-
lesterol biosynthetic genes, the authors preformed mass spectrometry
analysis of LeXis interacting proteins. Interestingly, they found Raly, a
heterogeneous ribonucleoprotein previously linked to SREBP-2, as a
novel LeXis binding partner. Raly is associated with the promoter re-
gions of cholesterol biosynthetic genes and its occupancy is reduced in
presence of LeXis. Indeed, the effect of LeXis in regulating the expression
of cholesterol biosynthetic genes appears to be mediated by Raly, as its

ability to control hepatic cholesterol metabolism is lost when Raly is
knocked down. Similar to MeXis, LeXis has a putative lncRNA
(TCONS16452) in the human genome region adjacent to ABCA1 gene.
However, its relevance in regulation of cholesterol metabolism in
human or human hepatic cell lines remains to be elucidated.

4.3. ApoA4-AS

ApoA4-AS is a lncRNA identified in the liver of obese mice [109].
Similarly, this non-coding RNA is upregulated in human samples from
subjects with fatty liver compared with healthy controls. ApoA4-AS has
a similar pattern of expression that ApoA4 gene. Interestingly, circu-
lating ApoA4 levels correlate with HDL plasma levels. ApoA4-AS in-
teracts directly with HuR, a RNA binding protein that controls mRNA
stability and translation, promoting ApoA4 mRNA stability [109]. Si-
lencing ApoA4-AS in vivo did not influence hepatic TAG content but
significantly reduced plasma TAG and cholesterol levels. However, how
ApoA4-AS regulates circulating lipids is not known. The authors suggest
that ApoA4-AS might influence VLDL secretion by reducing hepatic
ApoA4 levels, which have been associated with hepatic VLDL produc-
tion. Further studies will be important to define the mechanism by
which ApoA4-As controls lipoprotein metabolism and hepatic lipid
homeostasis.

4.4. LncHR1

Hepatitis C virus (HCV) infection induces SREBP expression and
hepatic lipid accumulation. Using this premise, Li and colleagues
identified LncHR1 in human hepatoma cells (Huh7) inoculated HCV.
LncHR1 is located in the nucleus and the cytoplasm and controls the
expression SREBP-1-responsive genes. LncHR1 overexpression atte-
nuated the expression of SREBP-1 and FAS and reduced lipid droplet
(LD) formation in Huh7 cells. Conversely, silencing of Huh7 enhanced
SREBP-1 and FAS expression and promoted LD accumulation [110].
These results were further confirmed in vivo using a transgenic mouse
model that overexpressed LncHR1 (LncHR1TG). Similar to the results
obtained in vitro, hepatic SREBP-1 and FAS expression was attenuated
in LncHR1TG mice compared to WT mice. Remarkably, plasma TAG
levels were also reduced in the transgenic mice compared to WT mice.
However, the mechanism by which LncHR1 controls circulating lipids is
still poorly understood. Further experiments will be important to de-
termine whether circulating TAGs are affected by reduced VLDL pro-
duction, catabolism, or clearance.

4.5. ApoA1-AS

ApoA1-AS is a lncRNA located in the APO gene cluster that encodes
several APO genes including ApoA1, ApoA4, ApoA5 and ApoC3. ApoA1-
AS is an antisense transcript that regulates the expression of ApoA1 by
influencing the binding of LSD1 and SUZ12 to the APO cluster [111].
Both, LSD1 and SUZ12 epigenetically modified this genetic locus and
inhibited ApoA1, ApoA4 and ApoC3 expression. Most importantly an-
tagonism ApoA1-AS in monkeys increased hepatic expression and cir-
culating levels of ApoA1. It will be very interesting for future studies to
analyze the impact of ApoA1-AS silencing on regulation of lipoprotein
metabolism and HDL function.

4.6. LncLSTR

LncLSTR is a liver enriched LncRNA, whose expression is regulated
by metabolic state [112]. LncLSTR expression is reduced during fasting
state and significantly upregulated upon refeeding. However, the exact
molecular mechanism that controls it expression during metabolic
adaptation is not known. To define the specific contribution of LncLSTR
in regulating lipid metabolism, Li et al. inhibited the expression of
LncLSTR using shRNA adenovirus. The results showed a significant
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reduction in circulating TAGs in WT and Apoe−/− mice. Mechan-
istically, the authors found that LncLSTR significantly increases the
expression of ApoC2, a positive regulator of lipoprotein lipase (LPL),
the enzyme that controls the triglyceride-rich lipoprotein (TRL) cata-
bolism and fatty acid uptake and storage in oxidative tissues.

4.7. Lnc-HC

Lnc-HC is a liver and adipocyte expressed LncRNA that regulates the
expression of CYP7a1, an important enzyme in the cholesterol bio-
synthesis pathway, and ABCA1 [113]. Inhibition of Lnc-HC significantly
increased the expression of CYP7a1 and ABCA1 in hepatocytes. Me-
chanistically the authors found that Lnc-HC interacts with hnRNPA2B1,
a RNA binding protein. This RNA-protein complex interacts with
CYP7a1 and ABCA1 and regulates the expression of both transcripts.
Further experiments will be important to define whether these me-
chanisms operate in vivo.

4.8. DYNLRB2

DYNLRB2 is a LincRNA expressed in human macrophages treated
with oxidized-LDL (ox-LDL) [114]. Upregulation of DYNLRB2 in mac-
rophage foam cells enhances ABCA1 expression and the G protein-
coupled receptor 119 (GPR119), promoting cholesterol efflux and de-
creasing neutral lipid accumulation. While the role of DYNLRB2 in
regulating lipoprotein metabolism and atherogenesis is not known,
absence of DYNLRB2 reduced circulating lipids and attenuated ather-
osclerosis, suggesting that DYNLRB2 might influence lipoprotein me-
tabolism and the progression of atherosclerosis.

4.9. HULC

HULC is a LincRNA highly upregulated in hepatocellular carcinoma
(HCC) and contributes malignant development by supporting abnormal
lipid metabolism in hepatoma cells [115, 116]. HULC expression is
positively correlated with the acyl-CoA synthetase subunit ACSL1 in
clinical HCC tissues. Mechanistically, HULC elicits the methylation of
CpG islands in the miR-9 promoter, resulting in the suppression of miR-
9 expression and activation of the transcription factor PPARA and its
subsequent transactivation of ACSL1, which promotes lipogenesis and
accumulation of triglycerides and cholesterol in hepatoma cells [115].
The upregulation of HULC by ACSL1 through transcription factor RXRA
forms a positive feedback loop with HULC/miR-9/PPARA/ACSL1/
cholesterol/RXRA/HULC in hepatoma cells, providing new insights into
the mechanism of abnormal lipid metabolism mediated by HULC in the
development of HCC.

5. Concluding remarks

Both miRNAs and lncRNAs have been demonstrated to be important
regulators of lipid metabolism capable of substantially impacting the
development of atherosclerosis and other cardiometabolic diseases.
While the ability of miRNAs regulating cholesterol metabolism has been
well established, major hurdles still remain in the development and
utilization of miRNA based therapeutic approaches for the treatment of
CVD in humans. While the ability of miRNAs to bind many different
targets allows for control of very robust and complex regulatory net-
works as evidenced by the ability of miR-148 to both elevate HDL-C and
reduce LDL-C levels, this promiscuity also raises concerns over possible
unintended consequences of miRNA-based therapies. The legitimacy of
these concerns is demonstrated by the metabolic dysfunction of mice
lacking miR-33 and the increased incidence of hepatocellular carci-
noma following miR-122 inhibition. However, with the advent of new
tools for identifying physiologically relevant miRNA targets and ex-
ploring the impact of individual miRNA-target interactions, the field of
miRNA research is entering a new phase that will facilitate the

development of novel approaches to modulate miRNA biology in a
more targeted and specific manner.

Conversely, research on lncRNAs is still in its infancy and a great
deal of additional work is still needed to characterize the multitudes of
lncRNAs that have been discovered. These efforts are hindered by the
poor conservation of lncRNAs across species and the varied mechanisms
by which lncRNAs have been demonstrated to impact cellular functions.
Indeed, a number of potential lncRNAs have been found to actually
code for proteins of short peptides demonstrating that these are not in
fact lncRNAs at all. While the challenged in this burgeoning new field
are daunting, the dramatic impact of lncRNAs on lipid metabolism and
other biologic functions necessitates a continued effort to understand
this important new system of biologic regulation and progress in this
field is moving forward at a rapid rate. The dysregulation of both
lncRNAs and miRNAs in different diseases states makes these attractive
candidates for therapeutic interventions, as approaches to restore levels
of these molecules could provide an effective mechanism to curb dis-
ease progression without disrupting normal biologic functions. While
many challenges remain in understanding these new classes of non-
coding RNAs and utilizing this for the treatment of human disease,
these novel classes of regulatory molecules provide great promise for
the development of novel therapies.
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