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Abstract Cholesterol homeostasis is among the most

intensely regulated processes in biology. Since its isolation

from gallstones at the time of the French Revolution,

cholesterol has been extensively studied. Insufficient or

excessive cellular cholesterol results in pathological pro-

cesses including atherosclerosis and metabolic syndrome.

Mammalian cells obtain cholesterol from the circulation in

the form of plasma lipoproteins or intracellularly, through

the synthesis of cholesterol from acetyl coenzyme A

(acetyl-CoA). This process is tightly regulated at multiple

levels. In this review, we provide an overview of the

multiple mechanisms by which cellular cholesterol

metabolism is regulated. We also discuss the recent

advances in the post-transcriptional regulation of choles-

terol homeostasis, including the role of small non-coding

RNAs (microRNAs). These novel findings may open new

avenues for the treatment of dyslipidemias and cardiovas-

cular diseases.
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Introduction

For over 100 years, cholesterol has been extensively studied.

Since its discovery in 1815 by the French chemist, M.E.

Chevreul, the structure has been revealed, the biosynthetic

pathway determined, and the feedback mechanisms that

regulate cholesterol metabolism explained [1]. An important

constituent of mammalian cell membranes, cholesterol

serves to modulate membrane fluidity and permeability.

Cholesterol is also the precursor of all steroid hormones and

bile acids and plays a key role in membrane trafficking,

transmembrane signaling processes, as well as cell prolif-

eration [2, 3]. Despite its undeniable importance, however,

abnormal levels of cholesterol can have serious cellular

consequences and may lead to diseases such as atheroscle-

rosis and type II diabetes [4, 5]. Because of this, cells have

developed complex mechanisms to regulate the abundance

and distribution of sterols within cells.

Vertebrate cells contain cholesterol and although dif-

ferent tissues have characteristic patterns of cholesterol

metabolism, the basic pattern is similar in all cells. Animal

cells acquire cholesterol endogenously, through a highly

regulated process beginning with acetyl coenzyme A

(acetyl-CoA) [6, 7], and exogenously, from the circulation

in the form of apolipoprotein B-containing lipoproteins,

such as low-density lipoprotein (LDL) [8, 9]. LDL particles

are delivered to peripheral cells by receptor-mediated

endocytosis and hydrolyzed to free cholesterol in the

lysosome [8, 9]. Intracellular cholesterol levels are tightly

controlled by feedback mechanisms that operate at both

transcriptional and post-transcriptional levels [10, 11].

When intracellular levels of cholesterol are low, the ER-

bound sterol regulatory element-binding proteins

(SREBPs) coordinate the transcriptional activation of

3-hydroxy-3methylglutaryl coenzyme A reductase

(HMGCR, the rate limiting enzyme of cholesterol bio-

synthesis) and almost all down-stream enzymes of the

mevalonate (MVA)-pathway [12]. In addition to sterol

metabolism, the MVA-pathway is important for the pro-

duction of dimethylallyl pyrophosphate (DMAPP) and
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isopentenyl pyrophosphate (IPP), which serves as the basis

for the biosynthesis of molecules used in processes as

diverse as terpenoid synthesis, protein prenylation, cell

membrane maintenance, hormones, protein anchoring, and

N-glycosylation [11]. SREBPs also activate the transcrip-

tion of the LDL receptor (LDLr), which leads to an

increase in cellular cholesterol uptake [11].

The liver X receptor (LXR) nuclear hormone receptors

also contribute to cholesterol homeostasis. LXRs are

important transcriptional regulators of genes involved in

the response to cholesterol excess by activating the tran-

scription of genes involved in reverse cholesterol transport

(RCT), such as the ABC transporters, ATP-binding cassette

transporter A1 (ABCA1) and ATP-binding cassette trans-

porter G1 (ABCG1) [13–15].

In addition to the classical transcriptional regulators of

cholesterol metabolism, members of a class of non-coding

RNAs, termed microRNAs (miRNAs), have lately been

identified as important post-transcriptional regulators of

cholesterol homeostasis. In particular, several groups have

shown that microRNA-33 (miR-33) regulates cholesterol

efflux and high-density lipoprotein (HDL) biogenesis by

down-regulating the expression of ABCA1 and ABCG1

[16–20]. In addition, miR-33 also inhibits the translation of

several genes involved in fatty acid oxidation, including

carnitine palmitoyltransferase 1A (CPT1a), carnitine

O-octanoyltransferase (CROT), hydroxyacyl-CoA dehy-

drogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase

(trifunctional protein), beta subunit (HADHB), and AMP-

activated protein kinase (AMPK), thereby reducing fatty

acid degradation [21, 22]. Other miRNAs such as miR-122,

miR-370, miR-378/378*, miR-125a, miR-27 and miR-355

have also been shown to regulate cholesterol homeostasis

and fatty acid metabolism [23–29].

While significant advances have been made in under-

standing the balance between cholesterol synthesis and

transport, the mechanisms surrounding cholesterol homeo-

stasis remain incompletely understood. In this review, we

summarize the general aspects of cholesterol metabolism, as

well as the current evidence surrounding the critical role of

miRNAs in regulating cholesterol balance. In particular, we

will focus on the contribution of miR-33a and miR-33b in the

epigenetic regulation of cholesterol homeostasis.

Cholesterol synthesis and trafficking

Cholesterol synthesis

Mammalian cells acquire cholesterol mainly from the diet

and endogenous biosynthesis. The dietary intake of cho-

lesterol is limited, and therefore the physiological

requirements for cholesterol are supplied mostly through

de novo synthesis. Almost all cells are involved in the

synthesis of cholesterol, with the liver accounting for as

much cholesterol as the extrahepatic tissues combined [30].

Cholesterol is synthesized in the endoplasmic reticulum

(ER) and cytoplasm from acetyl-CoA through the MVA-

pathway [31]. The rate-limiting enzyme of this pathway is

HMGCR, which catalyzes the conversion of HMG-CoA to

mevalonic acid and is a common target for cholesterol

lowering drugs, such as statins [32]. In the first committed

step of cholesterol biosynthesis, squalene is converted to

lanosterol. From this precursor, cholesterol is synthesized

in a 19-step process involving the activity of nine different

enzymes. The last steps of cholesterol synthesis have been

divided into two pathways and can proceed via lathosterol

and 7-dehydrocholesterol (Kandutsch–Russell pathway)

[33] or via desmosterol to cholesterol (Bloch pathway) [6,

7, 31]. These pathways share the same enzymatic steps but

differ in the stage at which the C-24 bond is reduced.

Following synthesis, cholesterol and a considerable

fraction of its precursors, including lathosterol and des-

mosterol, leave the ER in order to maintain low sterol

levels. The newly synthesized cholesterol is targeted to the

plasma membrane via non-vesicular mechanisms to

become available to extracellular acceptors; additionally,

the newly synthesized cholesterol may access other sites,

such as the endosomes [34]. In order to prevent over-

accumulation of free cholesterol in the plasma and intra-

cellular membranes, cholesterol is converted to cholesterol

esters (CEs) primarily by the enzyme, acyl-CoA acyl-

transferase (ACAT) [35]. Cholesterol esters are stored as

cytosolic lipid droplets and can be liberated by a different

enzyme, cholesterol ester hydrolase (CEH). This choles-

terol/cholesterol ester cycle occurs rapidly, and releases

free cholesterol to be trafficked to other intracellular

compartments [36].

De novo cholesterol and its precursors play essential roles

in many cellular and developmental pathways. Both iso-

prenoids and post-squalene sterol intermediates serve as

precursor molecules for the biosynthesis of many end-

products, such as dolichol, coenzyme Q, isopentenyl-tRNA,

and heme a. Cholesterol is also a major component of the

plasma membrane and is needed for the formation of cave-

olae and lipid rafts [37]. In addition, cholesterol serves as the

precursor for metabolites, such as bile acids, steroids, and

fat-soluble vitamins. These important functions of choles-

terol are underscored by an increasing number of genetic

disorders that are attributed to mutations in cholesterol bio-

synthetic enzymes [38]. The prototype of these disorders,

RSH/Smith–Lemli–Opitz syndrome (RSH/SLOS), is caused

by the deficiency of 7-dehydrocholesterol reductase, and

results in decreased cholesterol levels [39]. More recently,

other multiple malformation syndromes, including desmos-

terolosis and lathosterolosis, have been characterized [40].
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Unlike the liver and peripheral tissues, almost 95% of

cholesterol is provided by de novo synthesis in the brain

[41]. Only small amounts of cholesterol can be delivered to

the brain from the periphery through high-density lipo-

proteins (HDLs). These lipoproteins can cross the blood–

brain barrier (BBB), whereas larger lipoproteins, such us

low-density lipoproteins and very low density lipoproteins

(LDL/VLDL), are unable to do so. Approximately 70% of

the brain’s cholesterol is associated with the myelin sheath

[42, 43]. Studies performed in culture cells have demon-

strated that oligodendrocytes have the highest capacity of

cholesterol synthesis, followed by astrocytes, which syn-

thesize at least three times more cholesterol than neurons.

Despite this, neurons have a particularly high demand for

cholesterol to form and maintain the axons, dendrites, and

synaptic connections [44, 45]. In neurons, LDL receptor-

related protein (LRP) serves as a neuronal receptor for

astrocyte-produced ApoE-containing lipid particles [46].

Many neurological diseases, including Alzheimer disease

(AD) and Huntington’s disease, have been associated with

defective cholesterol metabolism in the brain [47]. Indeed,

the e4 allele of the ApoE gene was identified as the

strongest genetic risk factor for AD [48, 49].

Cholesterol influx and endosomal trafficking

Aside from de novo synthesis, cells obtain cholesterol from

the uptake of circulating plasma lipoproteins through the

LDL receptor pathway [50]. Cholesterol obtained from

food is initially transported from the small intestine to the

liver from which it is delivered to the rest of the body. For

long-distance transfer between cells in the circulatory

system, enterocytes and hepatocytes package cholesterol

and cholesteryl esters into lipoproteins, complex spherical

particles that range in size and composition (for review see

[51]). Briefly, dietary cholesterol is absorbed by entero-

cytes of the small intestine where it is packaged, along with

triglycerides, into chylomicrons. As the chylomicrons

reach the circulation via the lymph some of the triglycer-

ides are hydrolyzed by lipoprotein lipase and the

chylomicron remnants are taken up by hepatocytes. In turn,

hepatocytes secrete lipids in VLDL particles that are pro-

cessed in the circulation into LDL, the main lipoprotein

that delivers cholesterol to the peripheral cells. The uptake

of LDL and other ApoE/ApoB containing lipoproteins

occurs through the LDLr and is a classic example of

receptor-mediated endocytosis [8] (Fig. 1). The LDL that

is bound to the cell surface LDLr is endocytosed by

clathrin-coated vesicles and transported to acidic endocytic

compartments, where cholesterol esters are hydrolyzed by

acid lipase [9]. The LDLr dissociates from LDL in the

early endosome (due to the lower pH) and is recycled back

to the plasma membrane by vesicular mechanisms that

depend on small Rab GTPases, such as Rab8 [52] and

Rab11 [53]. The non-recycled contents of the early endo-

some, namely cholesterol, proceed to the late endosome/

lysosome and upon release, are delivered to other mem-

branes, such as the plasma membrane, ER, and

mitochondria. Two proteins, Niemann–Pick disease, type

C1 and C2 (NPC1 and NPC2, respectively), are crucial for

moving cholesterol out of the late endosomal system and

into the cytosol. A deficiency of either protein leads to

Niemann–Pick type C (NPC) disease, which is character-

ized by an accumulation of free cholesterol in late

endocytic organelles [54]. Although the exact roles of these

proteins are not clear, it is predicted that NPC2, a small

soluble protein, accepts cholesterol in the late endosomal

lumen and transports it to membrane-bound NPC1, which

helps transfer cholesterol out of the endosomal system [55].

The LDL-cholesterol can also be transported out of the late

endosomal system by vesicular mechanisms mediated by

Rab7 [56] and Rab9 [57].

Intracellular cholesterol transport

Cholesterol is transported throughout the cell by moving as

part of the membrane in vesicular transport processes or in

a non-vesicular manner [58]. While vesicular transport

plays an important role in some cholesterol transport pro-

cesses, the major mode of intracellular cholesterol transport

is non-vesicular [59]. Because cholesterol is insoluble, non-

vesicular transport is mediated by diffusible carrier pro-

teins, which have hydrophobic cavities to bind and protect

cholesterol from the cytosol. Alternatively, non-vesicular

transport may also involve the diffusion of cholesterol from

one membrane to another [60]. Although the identity of

sterol carriers remains to be determined, several proteins

have been implicated in transporting cholesterol through-

out the cell, including sterol carrier protein 2 (SCP-2),

caveolin, the ORP (oxysterol-binding protein-related pro-

tein) family, and the START [StAR (steroidogenic acute

regulatory protein)-related lipid transport] domain proteins

[61].

SCP-2 is a small, soluble lipid transfer protein that is

capable of transporting sterols and a variety of other lipids

between membranes in vitro [62]. Many studies demonstrate

that SCP-2 can transfer cholesterol between biological

membranes [63], and a number of papers show that cellular

cholesterol distribution and trafficking are altered when

SCP-2 expression is increased or decreased [64]. Several

studies have also shown a role for caveolins, membrane

proteins that associate with cholesterol and spingolipids, in

cholesterol transport [65, 66]. It is thought that caveolins

form a chaperone complex with cholesterol and that these

intracellular lipid particles transport cholesterol throughout

the cell [67, 68]; however, some studies have failed to find
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evidence that this complex delivers newly synthesized cho-

lesterol [69]. The ORP family members were first identified

as cytosolic receptors for 25-hydroxycholesterol [70] and

several members have been shown to mediate cholesterol

trafficking in the late endosomal system, including ORP-9,

ORP4-S, ORP-1L, and ORP5. OSBP, the founding member,

was originally isolated because of its ability to bind oxys-

terols. It has subsequently been found that it also binds

cholesterol [71]. ORP9 binds and transports cholesterol

between membranes and may play a role in cholesterol

transport between the ER and the Golgi [72]. ORP4-S

associates with intermediate filaments and its overexpres-

sion decreases esterification of LDL-derived cholesterol

[71]. Other studies have shown that ORP-1L localizes to late

endosomal surfaces, and enhances LXR reporter activity

when overexpressed [73]. Recently, it was also found that

ORP5 plays a role in the non-vesicular transport of choles-

terol from the late endosome to the ER [74].

Lastly, a large family of proteins containing START

domains has been shown to bind lipids and play an

important role in intracellular trafficking. The START

domain proteins are located in the cytoplasm, bound to

membranes or in the nucleus, and to date, 16 mammalian

START domain proteins have been identified [61, 75].

StAR, the prototypic member of this family, is required for

the transfer of cholesterol from the outer to the inner

mitochondria membrane. Various other START domain

proteins have also been identified in the intracellular

transport of cholesterol, yet their exact roles remain to be

determined [76]. Markedly, the ceramide transfer protein

(CERT), which contains a START domain, plays a key role

in the non-vesicular transport of ceramide from the ER to

the Golgi [77]. Furthermore, MLN64/StarD3 has been

implicated in transferring cholesterol from the endolysos-

omal compartment to the mitochondria, due to its

localization and its topology [78]. Indeed, Charman et al.

Fig. 1 Hepatic cellular cholesterol trafficking and compartmentali-

zation. Mammalian cells synthesize cholesterol from acetyl-coA

through the mevalonate pathway in the endoplasmic reticulum (ER).

The newly synthesized cholesterol can be transported to subcellular

membranes by the biosynthetic secretory pathway via the Golgi or by

non-vesicular pathways with the help of cholesterol transfer proteins,

such as SCP-2, StAR, and caveolae. Excess cholesterol in the ER is

esterified by acetyl-coA cholesterol acetyltransferase (ACAT) to be

stored in lipid droplets. In addition, cells acquire cholesterol from the

circulation in the form of apolipoprotein B-containing lipoproteins,

particularly low-density lipoprotein (LDL). The circulating LDL

particles are internalized through the LDL receptor (LDLr) and are

transported to the early endosomes. The cholesterol is subsequently

transported to the late endosome (LE) and the lysosome (LY) where

cholesterol esters are hydrolyzed by acid lipase (AL). The LDL

receptors are recycled to the plasma membrane. Cholesterol exit from

the late endosome is mediated by Niemann–Pick disease, type C1 and

2 (NPC1 and NPC2) proteins. Other sterol-binding proteins, such as

MLN64 and OSBP-related protein 1 (ORP1), and the Rab GTPases

are also involved in late endosomal trafficking, however, the

mechanism by which these proteins transport cholesterol is not well

characterized. EE early endosome, MVB multivesicular body, CEH
cholesterol ester hydrolase
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[79] recently showed that MLN64 mediates the transport of

cholesterol to the mitochondria independently of NPC1.

Cholesterol efflux

Cholesterol removal is imperative for cholesterol homeo-

stasis and serves to prevent cholesterol over-accumulation

in cells. Because cells cannot degrade cholesterol, excess

cholesterol must be removed and transported to the liver

for reutilization and excretion in a process that is tradi-

tionally referred to as reverse cholesterol transport (RCT)

[80]. HDL serves as the major acceptor for cellular cho-

lesterol released from extrahepatic tissues, and is inversely

correlated with the risk of atherosclerotic cardiovascular

disease [81].

Excess cellular cholesterol is eliminated by diffusion-

mediated or apolipoprotein-mediated mechanisms [82–84].

During passive diffusion, the removal of cholesterol is

mediated by the exchange of cholesterol between the cell

membrane and HDL. Many factors are likely involved in

this process, such as cholesterol compartments in the

plasma membrane and HDL structure. The enzyme leci-

thin-cholesterol acyltransferase (LCAT) has been

suggested to also participate in this process [84]. LCAT is

found on the surface of lipoproteins (namely, HDL) and

converts free cholesterol into cholesterol esters by trans-

ferring fatty acids from phosphatidylcholine (PC) to

unesterified cholesterol [85]. The cholesterol esters are then

sequestered into the core of the lipoprotein and transported

to the liver and steroidogenic tissues where they are

selectively removed by the scavenger receptor class B type

1 (SRB1) [86]. The role of LCAT, however, is still con-

troversial since overexpression of LCAT in mice does not

increase RCT [87] and cholesterol efflux can still occur in

LCAT deficient conditions [88]. A large amount of CEs

that are formed within HDL are also transferred to the

triglyceride rich lipoprotein (TRL) by the cholesteryl ester

transfer protein (CETP). The remnants of this protein are

converted to LDL and removed by the LDL receptor

pathway or directly removed in the liver for excretion into

bile [89]. Two ATP-binding cassette transporters, ATP-

binding cassette, subfamily G, member 5 (ABCG5) and

ATP-binding cassette, subfamily G, member 8 (ABCG8),

are half-transporters that function as heterodimers to

mediate the excretion of cholesterol into bile [90]. Muta-

tions in either gene lead to sitosterolemia, a recessive

disease that is characterized by increased cholesterol

absorption and impaired biliary secretion [91, 92].

Another mechanism for cholesterol removal is mediated

mostly by ApoA-I (the major apoprotein of HDL) and

leads to the assembly of discoidal HDL along with phos-

pholipids and cholesterol [93]. ABCA1 initiates HDL

formation in the liver and is the first step in RCT [94]. This

finding was brought to light when the mutation in Tangier

disease, a condition characterized by low plasma HDL, was

mapped to the Abca1 gene [95]. Several mechanisms have

been proposed to facilitate ABCA1-mediated cholesterol

efflux to lipid-poor ApoA-I. In one mechanism, ApoA-I

forms complexes with phospholipids and cholesterol at the

cell surface, and is subsequently internalized and targeted

to intracellular compartments, while lipidation of ApoA-I

occurs as part of the retroendocytosis pathway [96–98].

Although several studies have suggested an important role

for late endosomes and lysosomes in the ABCA1-mediated

lipid efflux pathway [99, 100], the mechanism by which

this occurs remains unclear. In another mechanism, ApoA-I

forms complexes with phospholipids and cholesterol at the

plasma membrane. This process is also mediated by

ABCA1 and is supported by multiple lines of evidence

[101–103]. Vedhachalam et al. have recently proposed a

scheme in which a small pool of ApoA-I binds to ABCA1,

enhancing net phospholipid translocation and thus, mem-

brane strain [103]. The membrane strain is relieved by the

bending and creation of exovesiculated lipid domains,

which promotes the binding of ApoA-I. In addition to

ApoA-I, this lipid transport pathway has broad specificity

for multiple exchangeable apolipoproteins including

ApoA-II, ApoE, ApoC and ApoA-IV [104]. While ABCA1

is the predominant factor needed for cholesterol efflux to

ApoA-I and the formation of pre-b HDL, other factors,

such as LCAT, and the ABC transporters, ABCG1 and

ATP-binding cassette, subfamily 8, member 4 (ABCG4),

are needed for the maturation of HDL [105]. After pre-b
HDL is formed it must undergo further lipidation. Studies

have shown that ABCA1 and ABCG1 and ABCG1/

ABCG4 heterodimers synergistically mediate cholesterol

efflux to HDL [106, 107], however, the mechanism by

which these transporters promote cholesterol efflux

remains to be determined.

ABCA1 also plays an important role in regulating cho-

lesterol metabolism in the brain. Several studies have

demonstrated that ABCA1 facilitates cholesterol efflux of

central nervous system (CNS) cholesterol to ApoE [108].

Changes in ABCA1 expression also modulate the amount

of Ab peptide, most probably in a cholesterol dependent

manner. ABCA1 deficiency exacerbates amyloidogenesis,

whereas ABCA1 overexpression ameliorates amyloid pla-

que formation [109, 110].

Transcriptional regulation of cholesterol metabolism

Cholesterol homeostasis is regulated in a tightly controlled

manner by a family of membrane-bound transcription

factors called SREBPs. SREBPs are members of the basic
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helix-loop-helix leucine zipper (bHLH-Zip) family and

activate the expression of a variety of genes required for

cholesterol, fatty acid, triglyceride, and phospholipid

uptake and synthesis [10, 111, 112]. In mammals, there are

three SREBP isoforms: SREBP-1a and SREBP-1c, enco-

ded by Srebp-1, and SREBP-2, encoded by Srebp-2 [10,

113]. The SREBP transcription factors differ in their tissue-

specific expression, their target gene selectivity, and the

relative potencies of their trans-activation domains [10,

111, 112]. While SREBP-1a is a potent activator of all

SREBP-responsive genes, SREBP-1c preferentially

enhances the transcription of genes involved in fatty acid

synthesis. Conversely, SREBP-2 activates genes involved

in cholesterol biosynthesis [10, 111, 112].

SREBPs are synthesized as inactive precursors that are

attached to the ER membrane in a hairpin fashion [114,

115]. Following translation, SREBPs bind to the SREBP

cleavage-activating protein (SCAP), a transmembrane

protein that serves as an escort protein and sterol sensor

[116]. In mammals, ER exit is controlled by the regulated

binding of SCAP to the insulin-induced gene, INSIG [117,

118]. This ER anchor protein binds to the sterol-sensing

domain of SCAP and prevents the SCAP/SREBP complex

from entering the COPII-dependent ER-Golgi trafficking

pathway [118]. Similar to SREBP-1a and -1c, SREBP-2 is

controlled in a highly regulated negative feedback mech-

anism by downstream products of the cholesterol

biosynthetic pathway [10, 119]. When intracellular cho-

lesterol levels are low, the SCAP–INSIG interaction is

disrupted, allowing SCAP to interact with the COPII traf-

ficking complex and deliver SREBP to the Golgi where it is

cleaved by two membrane-bound proteases, site-1 protease

(S1P) and site-2 protease (S2P) [120]. These sequential

cleavages release the active, N-terminal fragment from the

membrane so that it can translocate to the nucleus and

activate the expression of cholesterol related genes, such as

HMGCR and the LDLr [121]. During sterol-rich condi-

tions, SREBP is retained in the ER by the SCAP/INSIG

complex and can no longer be processed by the proteases in

the Golgi. Because of this, the active SREBPs cannot enter

the nucleus and cholesterol uptake and synthesis decline

[122, 123].

Aside from being regulated at the processing level,

SREBPs are also regulated transcriptionally and post-

transcriptionally in an isoform specific manner. SREBP-2

and SREBP-1c are subject to distinct forms of transcrip-

tional regulation, while SREBP-1a is constitutively

expressed at low levels in the liver and most mammalian

tissues [124]. Both SREBP-2 and SREBP-1c are regulated

in a feed-forward manner by the sterol response elements

(SRE) in their promoter regions. In the presence of sterols,

these nSREBPs activate the expression of their own genes.

Contrastingly, there is evidence that the SREBP-1c

promoter (which activates fatty acid synthesis) is regulated

by several other factors, including insulin and oxysterols

[125, 126]. Additionally, studies have shown that post-

transcriptional modifications also affect the activity of

SREBPs. Nuclear SREBPs are modified by ubiquitination

and are subject to degradation by the 26 S proteasome

[127]. SREBP-1 and SREBP-2 can also be modified by

SUMO-1, which has been reported to repress transcrip-

tional activity [128]. Alternatively, the acetylation of

SREBP-1a and SREBP-1c at lysine residues by the tran-

scriptional activator, p300, can increase the stability of

these transcription factors [124]. More recently, it has been

shown that sirtuin 1 (SIRT1), a NAD?-dependent deace-

tylase, plays a critical role in controlling SREBP activity.

SIRT1 down regulates SREBP during fasting by deacety-

lating SREBP, resulting in ubiquitination and protein

instability, and therefore decreases in target gene expres-

sion [129]. Furthermore, SRT2183, a chemical activator of

SIRT, inhibits SREBP-dependent gene expression in vitro

and in vivo, decreasing hepatic lipid and cholesterol levels

and reducing liver steatosis in obese mice [129].

In addition to SREBPs, the LXRs also contribute to cho-

lesterol homeostasis. The LXRs, LXRa and LXRb, are

nuclear receptors that form heterodimers with retinoid X

receptors (RXRs) and are activated by a variety of sterol

metabolites [130]. Whereas LXRb is expressed ubiqui-

tously, LXRa is primarily expressed in the liver, adipose

tissue, and macrophages and thus plays an important role in

lipid metabolism [131]. LXRs activate the transcription of

genes involved in cholesterol efflux, including ABCA1,

ABCG1, and ABCG5/8. When cholesterol levels surpass the

biosynthetic rate, a feed-forward pathway is initiated that

leads to the clearance of cholesterol. The binding of oxys-

terols to LXRs triggers a conformational change in the

receptor that enhances interaction with co-activator proteins,

thereby facilitating transcription of the aforementioned tar-

get genes and RCT [15]. Specifically, ABCA1 and ABCG1

promote cellular cholesterol efflux to HDL and ApoA-I

[132], while ABCG5/8 promote cholesterol excretion into

bile [133]. ABCA1 also plays a crucial role in HDL forma-

tion, and thus atherosclerosis susceptibility. In vivo studies

show that LXR-deficient mice accumulate sterols in their

tissues and develop accelerated atherosclerosis [134],

whereas synthetic LXR agonists stimulate ABCA1 expres-

sion and reverse cholesterol transport [135, 136].

Post-transcriptional regulation of cholesterol

metabolism

Cholesterol metabolism is also regulated at the post-tran-

scriptional level by various mechanisms including the

degradation and phosphorylation of HMGCR, the
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proprotein convertase subtilisin/kexin type 9 (PCSK9)-

dependent degradation of the LDLr, the IDOL-dependent

ubiquitination of the LDL receptor and the ABCA1,

ABCG1 and NPC1 post-transcriptional repression by the

miR-33.

HMGCR degradation/phosphorylation and squalene

monooxygenase degradation

The HMGCR protein, a rate-limiting enzyme in cholesterol

biosynthesis, displays a long half-life, thereby maximizing

mevalonate production for sterol and isoprenoid synthesis

[11]. Products from both pathways (sterols and isopre-

noids) feed back to control HMGCR activity including the

degradation of the enzyme [120, 137]. Although it has been

known for some time that products of the MVA-pathway

control the stability of HMGCR activity, DeBose-Boyd

et al. have recently uncovered the molecular details behind

this post-transcriptional regulation [120, 137–139]. A key

discovery was the finding that the sterol intermediates,

lanosterol and 24,25-dihydrolanosterol, rather than the end

product cholesterol, stimulate HMGCR degradation [137].

Lanosterol is the first sterol synthesized from mevalonate

flux into the sterol pathway [31]. Accumulation of lanos-

terol stimulates binding of the HMGCR to INSIG, resulting

in the ubiquitination of HMGCR on two cytosolic lysine

residues and subsequent degradation by the 26S protea-

some [137]. In addition to lanosterol, oxysterols promote

the ubiquitination and degradation of the HMGCR [138].

Although it remains to be determined, oxysterols are pre-

sumably acting through their ability to bind INSIG and to

stimulate INGIG binding to HMGCR [138].

High concentrations of mevalonate are required for the

rapid degradation of HMGCR. In addition to lanosterol, the

complete and rapid degradation of HMGCR requires

additional non-sterol isoprenoid signaling [140]. The

requirement for this signal can be filled by addition of

geranylgeraniol, a 20-carbon isoprenyl alcohol, but not the

15-carbon alcohol farnesol [140]. It is not known, however,

which geranylgeraniol-derived metabolite is acting to

control the HMGCR degradation.

In addition to the degradation of HMGCR, it has

recently been shown that cholesterol accelerates the pro-

teosomal degradation of squalene monooxygenase (SM),

the enzyme that catalyzes the first oxygenation step in

cholesterol synthesis [141]. Unlike HMGCR, SM degra-

dation is not mediated by INSIG, 24,25-didydrolanosterol,

or side-chain oxysterols, but rather by cholesterol itself

[141]. This finding suggests an additional control point in

cholesterol metabolism beyond HMGCR.

In 1973, David Gibson’s group reported that a soluble

fraction from rat liver caused a time-dependent inactivation

of microsomal HMGCR activity in the presence of ATP

[142]. Years later AMPK was characterized and identified

as a kinase that was able to phosphorylate the HMGR at

Ser871 and inhibit its activity [143, 144]. Elegant confir-

mation that AMPK had a role in regulation of HMGCR in

intact cells was obtained by the Brown and Goldstein

laboratory [145]. They expressed recombinant Chinese

hamster HMGCR by stable transfection of UT-2 cells, a

mutant of CHO cells that lacks endogenous reductase. In

cells expressing the wild type enzyme, activation of AMPK

resulted in total cessation of sterol synthesis, whereas this

effect was completely abolished in cells expressing a

Ser871-Ala mutant. Rodwell’s group confirmed Ser871 as

the site of phosphorylation and inactivation of HMGCR by

AMPK [146].

PCSK9

PCSK9 enhances the degradation of the LDL receptor

[147, 148]. Recent advances have revealed a large number

of genetic variants of PCSK9 that may modulate plasma

cholesterol levels either positively or negatively, therefore

influencing the risk of atherosclerosis. The PCSK9 gene is

25-kb long and comprises 12 exons and 11 introns. It

encodes a 692-amino acid serine protease formerly called

neural apoptosis regulated convertase-1 (NARC1), which

is a member of the proprotein convertase family of

enzymes [147, 148]. These convertases act as molecular

scissors for tissue-specific processing of multiple precursor

proteins. The catalytic domain of PCSK9 contains the main

binding structure of PCSK9 to the epidermal growth factor-

like repeat domain (EGF-A) of the LDLr [149]. The major

function of the heterodimeric pro-segment PCSK9 is to

degrade the LDLr intracellularly and extracellularly,

thereby acting as a chaperone that binds to the LDLr to

promote its lysosomal degradation. Mice lacking PCSK9

have LDL levels more than 50% lower than wild-type mice

[149]. The deletion of PCSK9 protein results in an increase

in LDL receptors and a significant lowering of LDL cho-

lesterol in mice. Notably, recent studies have reported that

PCSK9 inhibition using antibodies reduces LDL choles-

terol over 60% [150].

The E3 ubiquitin ligase IDOL

While investigating the mechanism by which LXR regu-

lates LDLr activity, Tontonoz et al. discovered myosin

regulatory light chain interacting protein (MYLIP), later

renamed IDOL (for Inducible Degrader of the LDL

receptor) to reflect its biological function [151]. IDOL is an

E3 ubiquitin ligase (transcriptionally activated by LXR

agonists) that triggers ubiquitination of the LDLr on its

cytoplasmatic domain, thereby targeting it for degradation.
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Unlike the LDLr and Pcsk9 genes, Idol is not regulated by

SREBPs. IDOL knockdown in hepatocytes increases LDLr

protein levels and promotes LDL uptake [151]. Conversely,

adenovirus-mediated expression of IDOL in mouse liver

promotes LDLr degradation and elevates plasma LDL

levels. Interestingly, IDOL targets two closely related

LDLr family members, VLDLr and ApoE receptor 2

(ApoER2), two proteins implicated in both neuronal

development and lipid metabolism [152]. IDOL triggers

ubiquitination of the VLDLr and ApoER2 on their cyto-

plasmic tails, leading to their degradation [152].

MicroRNAs and cholesterol metabolism

MiRNA biogenesis

In addition to classic regulatory mechanisms, miRNAs

have also been shown to regulate the expression of key

genes in cholesterol metabolism. miRNAs are small (*22

nt), single-stranded, non-coding RNAs that regulate gene

expression post-transcriptionally [153–156]. This novel

class of RNAs was first discovered in the nematode Cae-

norhabditis elegans, and since then has been identified in

the genomes of most plants, animals, and viruses [153–

156]. In animals, miRNAs control the expression of their

target genes by primarily acting as sequence specific

inhibitors of messenger RNA (mRNA). miRNAs are tran-

scribed in the nucleus by RNA polymerase II from

individual miRNA genes, introns of protein coding genes,

or from polycistronic transcripts that often encode multiple

related miRNAs [153–156]. The primary transcripts (pri-

miRNA) are usually thousands of nucleotides long and

contain local hairpin structures. Following transcription,

they are processed sequentially in the nucleus and cyto-

plasm by a complex of RNase-III endonucleases, Drosha

and Dicer. Specifically, Drosha processes the pri-miRNA

transcript to a 70–100 nucleotide stem-loop precursor (pre-

miRNA), which is then delivered to the cytoplasm by

Exportin 5, where it is subsequently cleaved by Dicer to

produce a *22 nt miRNA:miRNA* duplex [154–156].

Once in the cytoplasm, one of the duplex strands is pref-

erentially incorporated into the RNA-induced silencing

complex (RISC) in association with an Ago family member

[154–156]. Within the RISC, the miRNA guides the

complex to its RNA target, thereby mediating its repres-

sion. In animals, miRNAs control gene expression by

binding to the 30UTRs of their targets through Watson–

Crick base pairing between the target and the 50-end of the

miRNAs, the ‘seed’ sequence (nt 2–8) [154–156]. This

interaction typically leads to the translational repression of

target mRNAs by either transcript destabilization, transla-

tional inhibition, or both [154–156].

MiRNAs and cholesterol

Several microRNAs have been described to regulate lipid

metabolism, including miR-122, miR-370, miR-378/378*,

miR-143, miR-27, miR-335, and miR-33 [25–27, 29, 157–

159]. miR-122 was initially identified as the most highly

expressed miRNA in the liver and since, has been associ-

ated with the regulation of liver metabolism, as well as

hepatitis C infection [158]. Silencing of miR-122 down-

regulates genes implicated in cholesterol biosynthesis and

triglyceride metabolism leading to the reduction of total

cholesterol levels and making miR-122 a viable candidate

for therapeutic inhibitors to lower cholesterol in humans.

miR-122 targets genes involved in the regulation of glu-

cose metabolism such us aldolase A (ALDO A) and

pyruvate kinase (PKM2). In addition, several genes

involved in fatty acid synthesis and oxidation, including

fatty acid synthase (FAS), acetyl-coA carboxylase 1

(ACC1), and acetyl-coA carboxylase 2 (ACC2), were

altered in mice treated with anti-miR-122. Similarly to

miR-122, miR-370 has been recently shown to control fatty

acid metabolism by regulating miR-122 expression levels

and direct targeting of CPT1a, a mitochondrial enzyme that

promotes fatty acid oxidation [27]. miR-378/378*, an

intronic miRNA located within the peroxisome prolifera-

tor-activated receptor gamma coactivator 1 alpha (PGC1a)

genomic sequence, also plays important roles in regulating

lipid metabolism. Overexpression of miR-378/378* during

adipogenesis increases triacylglycerol accumulation, and

an increase in fatty acid metabolism genes, including fatty

acid binding protein 4 (FABP4), FAS, and stearoyl-CoA

desaturase 1 (SCD1), was observed in ST2 cells that

overexpressed miR-378/378* [26]. More recently, miR-

143, miR-27 and miR-335 have also emerged as regulators

of lipid metabolism and adipocyte differentiation [28, 29,

160]. While miR-143 was shown to play a role in adipocyte

differentiation by targeting extracellular signal-related

kinase 5 (ERK5), miR-27 was shown to inhibit the

expression of peroxisome proliferator-activated receptor

gamma (PPARc) and CCAAT/enhancer binding protein

(C/EBP), alpha. miR-335, a miRNA that is highly

expressed in the liver and adipose tissue of obese mice, is

up-regulated in response to lipid loading, while miR-335’s

role in the regulation of lipid metabolism and adipogenesis

remains to be discovered [28, 29, 160].

MiR-33 is a key regulator of cholesterol metabolism

Most recently, several independent groups have identified

miR-33a and miR-33b, intronic miRNAs located within the

Srebp-2 and Srebp-1 genes, respectively [18–20]. Meta-

bolic stimuli that activate the expression of Srebp-2 and

Srebp-1 lead to an increased expression of miR-33a and
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miR-33b, respectively, suggesting that both host genes and

miRNAs are co-regulated. Moreover, Horie et al. recently

cloned fragments of the mouse Srebp-2 gene that included

exon 16 through exon 17, including miR-33a, and showed

that miR-33 is coordinately expressed when Srebp-2 is

activated [17].

miR-33a targets genes involved in cholesterol traffick-

ing, including ABCA1, ABCG1, and NPC1 [16, 18–20].

Interestingly, ABCA1, a transporter responsible for the

movement of cholesterol out of the cell, was among the top

predicted target genes for miR-33a. miR-33a overexpres-

sion strongly represses ABCA1 expression and decreases

cellular cholesterol efflux to ApoA-I. Conversely, antago-

nism of endogenous miR-33 up-regulates ABCA1

expression in vitro and in vivo, and promotes cholesterol

efflux to ApoA-I, further confirming the physiological

effects of miR-33 [16, 18–20]. Similar results were

observed in mouse peritoneal macrophages isolated from

miR-33 null mice [17]. miR-33 also targets ABCG1, but

only in rodents. Accordingly, miR-33 repressed cholesterol

efflux to mature HDL in mouse cells but not in human

cells. Together, these findings establish a reciprocal path-

way in which, during sterol-poor conditions, miR-33a is

coincidentally generated with SREBP-2 and works to

increase cellular cholesterol levels by down-regulating

ABCA1 and ABCG1 and thus, limit cholesterol efflux

(Fig. 2).

As mentioned above, ABCA1 plays a key role in reg-

ulating HDL biogenesis in vivo. Remarkably, antagonists

of miR-33 in vivo using LNA-modified oligonucleotides,

lentivirus, and adenovirus increase significantly the

expression of ABCA1 in the liver and plasma HDL levels.

Similar results were observed in the miR-33 knockout mice

[17]. Because low levels of HDL correlate with increased

Fig. 2 Maintenance of intracellular lipid levels by sterol regulatory

element binding proteins (SREBPs) and miR-33a and -b in hepato-

cytes. When intracellular cholesterol levels are low, SREBP-2 is

delivered to the Golgi where it is sequentially cleaved by two

membrane-bound proteases, site-1 protease (S1P) and site-2 protease

(S2P). The N-terminal fragment is released and translocates to the

nucleus, where it acts as a transcription factor to regulate genes

containing a sterol response element (SRE), including Srebp-2.
Conversely, the Srebp-1c promoter contains a liver X receptor (LXR)

binding site that activates SREBP-1c transcription in the presence of

LXR agonists or insulin. Activation of SREBP-2 or SREBP-1 results

in the co-transcription of miR-33a and miR-33b, respectively. These

miRNAs simultaneously inhibit the expression of genes involved in

cholesterol transport (ABCA1, ABCG1, and NPC1) and fatty acid

oxidation (CROT, CPT1a, HADHB, and AMPK), thereby decreasing

reverse cholesterol transport and reducing fatty acid b-oxidation.

miR-33a and -b also contribute to the regulation of glucose

metabolism, by targeting IRS2 and SIRT6. HDL high-density

lipoprotein, ABCA1 ATP-binding cassette transporter A1, ABCG1
ATP-binding cassette transporter G1, NPC1 Niemann–Pick disease,

type C1, LE late endosome, ER endoplasmic reticulum, SCAP SREBP

cleavage activating protein, INSIG insulin induced gene, RXR retinoid

X receptor, LXRE liver X receptor element, CPT1a carnitine

palmitoyltransferase 1A, CROT carnitine O-octanoyltransferase,

HADHB hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/

enoyl-CoA hydratase (trifunctional protein), beta subunit, IRS2
insulin receptor substrate 2, SIRT6 sirtuin 6, PM plasma membrane
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cardiovascular disease risk, there is an increasing interest in

studying the regulation, mechanism of action, and suit-

ability of ABCA1 as a target to increase HDL levels for the

treatment and prevention of atherosclerosis. To assess

whether or not anti-miR-33 therapy increases reverse

cholesterol transport and promotes regression of athero-

sclerosis, Rayner and colleagues treated Ldlr-/- mice with

established plaques with anti-miR-33 oligonucleotides.

Interestingly, mice treated with anti-miR-33 oligonucleo-

tides presented smaller plaques with increased fibrous caps

and reduced necrotic cores, phenotypic characteristics of

stable plaques [161].

MiR-33 coordinates genes regulating fatty acid

and glucose metabolism

In addition to the cholesterol transport genes, ABCA1,

ABCG1 and NPC1, two independent studies have recently

shown that miR-33a and -b binding sites are highly con-

served in the 30UTR of genes involved in fatty acid

oxidation including, Cpt1a, Crot, Hadhb, and Ampk [16].

We and Gerin et al. have shown that miR-33 decreases the

expression of CPT1a, CROT, and HADHB at the mRNA

and protein level. Furthermore, overexpression of miR-33a

and miR-33b reduces fatty acid oxidation and leads to the

accumulation of triglycerides in human hepatic cells and in

the fat body of miR-33 transgenic flies [21]. Another

interesting finding is that miR-33 inhibits the expression of

AMPK, a cellular energy sensor that coordinates hepatic

lipid metabolism at the transcriptional and post-transcrip-

tional level. In the liver, activation of AMPK promotes

fatty acid oxidation, while inhibiting cholesterol and tri-

glyceride synthesis [144]. Taken together, miR-33a and -b

appear to be fundamental modulators of lipid metabolism

by limiting cellular cholesterol efflux and fatty acid deg-

radation upon SREBP induction (Fig. 2).

Our previous work also reveals an interesting role for

miR-33 in glucose metabolism, as miR-33 overexpression

inhibits the insulin receptor substrate 2 (IRS2), an essential

docking molecule that mediates the effects of insulin.

Consistent with these findings, miR-33 overexpression

reduces insulin-induced 2-deoxyglucose (2-DOG) uptake

in hepatic cells [21]. In addition, miR-33 inhibits sirtuin 6

(SIRT6), which has been involved in regulating fatty acid

and glucose homeostasis. Indeed, hepatic-specific disrup-

tion of SIRT6 in mice results in fatty liver formation

because of enhanced glucolysis and triglyceride synthesis

[21].

MiRNAs and cardiovascular diseases

MiRNA expression of different cell types involved in the

vascular system has already been widely studied. miR-126,

an intronic miRNA located in the epidermal growth factor-

like domain 7 (Egfl7), regulates vascular integrity and

angiogenesis ([162, 163] and Fish). Interestingly, miR-126

targets VCAM-1, suggesting a role for this miRNA in

regulating vascular inflammation and atherosclerosis [164].

miR-126 also may inhibit atherosclerosis by promoting

endothelial precursor cell (EPC) recruitment for replace-

ment of damaged endothelium [165]. miR-145 and miR-

143 have recently been shown to regulate smooth muscle

cell proliferation and migration, thereby contributing to

vascular remodeling and preventing restenosis [166–169].

In addition, many other miRNAs has been characterized in

human atherosclerotic plaques including miR-21, miR-210,

miR-34a and miR-146, however, their role in the pro-

gression atherosclerosis remains unknown [170].

Recently, the presence of miRNAs in the plasma has

been highlighted [171]. The plasma miRNAs are not cell

associated, but packaged in microvesicles that protect them

from endogenous RNase activity [172]. Several circulating

miRNAs are significantly reduced in patients with coronary

artery disease (CAD) including miR-126, miR-17, miR-

92a, and miR-155 [173]. In contrast, the cardiac muscle-

enriched miRNAs (miR-208a and miR-133a) tend to be

higher in patients with CAD [173]. Mayr et al. have also

identified plasma miRNAs differentially expressed in

patients with diabetes mellitus (DM) [174]. miR-20b, miR-

21, miR-24, miR-15a, miR-126, miR-191, miR-197, miR-

223, miR-320, and miR-486 expression were reduced in

patients with DM. Most differences in miRNA levels were

replicated in plasma obtained from hyperglycemic Lepob

mice [174].

MiRNAs are transported by plasma lipoproteins

In a series of beautiful experiments, Vickers et al. have

demonstrated that HDL transports endogenous miRNAs

and delivers them to the recipient cells with functional

targeting capabilities [175]. This remarkable finding sug-

gests that some of the biological effects of HDL could be

mediated by the miRNAs transported by these lipoproteins.

The exact process of how HDL is loaded with miRNAs and

what proteins, if any, facilitate this association remains

unknown. Interestingly, the miRNAs transferred from HDL

to human hepatocytes appears to be SR-BI dependent

[175].

miR-223, one of the most abundant miRNAs found in

human and mouse HDL, was increased in atherosclerosis

mouse models and patients with familial hypercholester-

olemia [175]. The role of miR-223 in multiple

physiological processes has been extensively investigated

[176–178]. Of note, miR-223 has been involved in regu-

lating cell cycle, glucose homeostasis, granulopoiesis and

osteoclast differentiation [176–178].
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Conclusions

Our understanding of cholesterol homeostasis has

advanced significantly over the past years. Much insight

has been gained into the transport pathways that regulate

sterol trafficking and distribution within cells and advances

have been made in understanding the regulatory mecha-

nisms that control cholesterol uptake and efflux.

Furthermore, recent studies indicate that miRNAs (partic-

ularly miR-33a and -b) play a significant role in regulating

cholesterol and fatty acid metabolism.

miRNAs represent an elegant layer above transcriptional

control for both fine-tuning and dramatically altering activity

and output of cell signaling. In addition, miRNAs may serve

as points of crosstalk between signaling pathways by inte-

grating transcriptional inputs or by their functional

regulatory output on different gene networks. The dysregu-

lation of many short interfering RNAs (siRNAs) and

miRNAs has been linked to the development and progression

of disease and consequently, these non-coding RNAs have

gained considerable attention as therapeutic targets. The

aforementioned results highlight the use of anti-miR-33

therapies in the treatment of a number of metabolic disorders.

Inhibition of miRNA expression can be achieved using anti-

sense oligonucleotides, termed ‘antagomirs,’ or their

chemically modified versions, 20-O-methyl (20-OMe)-oli-

gonucleotides and locked nucleic acids (LNA), termed ‘anti-

miRs.’ Additionally, the production of the mature forms can

also be disrupted at the processing level [24, 25, 157, 179].

Using anti-miR-33 treatment to elevate ABCA1 levels and

increase HDL levels would hold tremendous potential for the

treatment and/or prevention of coronary artery disease

(CAD), in which an underlying risk factor is low levels of

HDL. Moreover, inhibition of miR-33 would result in

increased fatty acid oxidation and reduced accumulation of

fat stores in the liver, suggesting that antagonism of endog-

enous miR-33 may also be used to treat metabolic syndrome

and non-alcoholic fatty liver disease (NAFLD). While there

are still unanswered questions surrounding miRNA thera-

peutics, the promise demonstrated by the use of anti-miRs in

preclinical studies raise the possibility that miR-33 may

become a viable therapeutic target in the future.
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