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Abstract

Dysregulation of cholesterol metabolism in the brain has been associated with many 

neurodegenerative disorders such as Alzheimer’s disease, Niemann-Pick type C disease, Smith-

Lemli-Opitz syndrome, Hungtington’s disease and Parkinson’s disease. Specifically, genes 

involved in cholesterol biosynthesis (24-dehydrocholesterol reductase, DHCR24) and cholesterol 

efflux (ATP-binding cassete transporter, ABCA1, and apolipoprotein E, APOE) have been 

associated with developing Alzheimer’s disease. Indeed, APOE was the first gene variation found 

to increase the risk of Alzheimer’s disease and remains the risk gene with the greatest known 

impact. Mutations in another cholesterol biosynthetic gene, 7-dehydrocholesterol reductase 

(DHCR7), cause Smith-Lemli-Opitz syndrome and impairment in cellular cholesterol trafficking 

caused by mutations in the NPC1 protein results in Niemann-Pick type C disease. Taken together, 

these findings provide strong evidence that cholesterol metabolism needs to be controlled at very 

tight levels in the brain. Recent studies have implicated microRNAs (miRNAs) as novel regulators 

of cholesterol metabolism in several tissues. These small non-coding RNAs regulate gene 

expression at the post-transcriptional level by either suppressing translation or inducing mRNA 

degradation. This review article focuses on how cholesterol homeostasis is regulated by miRNAs 

and their potential implication in several neurodegenerative disorders, such as Alzheimer’s 

disease. Finally, we also discuss how antagonizing miRNA expression could be a potential therapy 

for treating cholesterol related diseases.
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INTRODUCTION

In this article, we discuss the importance of cholesterol homeostasis in the central nervous 

system and how alterations in cholesterol metabolism result in major neurodegenerative 

disorders, including Alzheimer’s disease, Niemann-Pick type C disease, Smith-Lemli-Opitz 

syndrome, Hungtington’s disease and Parkinson’s disease. We also review the most recent 

discoveries of miRNAs as novel regulators of cholesterol metabolism, focusing specifically 

on how miRNAs could contribute to the pathogenesis of Alzheimer’s disease. Finally, we 

discuss the potential therapeutic use of antisense oligonucleotides to inhibit miRNAs in 

metabolic diseases and how this technology might be applicable for treating 

neurodegenerative disorders.

CHOLESTEROL METABOLISM AND NEURODEGERATIVE DISORDERS

Cholesterol is an essential constituent of eukaryotic membranes that modulate membrane 

fluidity and permeability (Yeagle, 1991). Cholesterol is also the precursor of all steroid 

hormones and bile acids and plays a key role in membrane trafficking and trans-membrane 

signaling trafficking (Schroeder et al, 1991). Tight regulation of cholesterol metabolism is 

necessary to maintain neurological functions and dysregulation of cholesterol homeostasis in 

the brain has been linked to chronic neurodegenerative disorders, including Alzheimer’s 

disease, Huntington’s disease, Parkinson’s disease, Niemann Pick type C disease and Smith-

Lemli-Opitz syndrome (Karasinska & Hayden, 2011; Liu et al, 2010; Maulik et al, 2013; 

Nowaczyk & Irons, 2012; Vance, 2006; Vance, 2012). In the mature brain, the highest 

cholesterol content is found in myelin. As such, cholesterol depletion leads to synaptic and 

dendritic spine degeneration, failed neurotransmission, and decreased synaptic plasticity 

(Dupree & Pomicter, 2010; Saher & Simons, 2010).

In contrast to the peripheral tissues, most cholesterol in the brain is synthesized in situ 

because the plasma lipoproteins do not cross the intact blood-brain barrier (BBB) (Danik et 

al, 1999; Dietschy & Turley, 2001; Dietschy & Turley, 2004). For this reason, mutations in 

the cholesterol biosynthetic enzymes cause dramatic neurological disorders including 

desmosterolosis and Smith-Lemli-Opitz syndrome. In addition to genes involved in 

cholesterol biosynthesis, mutations in genes associated with intracellular cholesterol 

transport, such as NPC1 and cellular cholesterol uptake and efflux, including apolipoprotein 

E (APOE) and ATP-binding cassette A1 (ABCA1), have been associated with neurological 

disorders. The pool of cholesterol in the brain has a remarkably long half-life (6 months in 

rodents and up to 5 years in humans) (Dietschy & Turley, 2001). In addition to de novo 

cholesterol synthesis, neurological cells can uptake cholesterol from lipoproteins 

synthesized within the brain. In this regard, astrocytes play an important role by generating 

ApoE-lipidated particles, which have a similar size to the circulating high-density 

lipoproteins (HDL). ABCA1, ABCG1 and ABCG4 regulate the lipidation of nascent ApoE 

particles. The uptake of these particles by neurons is mediated by the low-density 

lipoprotein receptor (LDLR), LDL-receptor-related protein (LRP) and APOE receptor 2 

(ApoER2) (Boyles et al, 1989; Herz, 2001). In addition to the uptake of lipoproteins, the 

interaction of these particles with the neuronal lipoprotein receptors is important for 

maintaining neuronal function. Indeed, it has previously been reported that APOE-
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containing lipoproteins stimulate neuronal survival and synaptogenesis, as well enhance 

axonal growth (Hayashi et al, 2004; Hayashi et al, 2007; Mauch et al, 2001). The importance 

of APOE function in the central nervous system was highlighted when linkage studies 

followed by association analysis found the APOE4 allele as a strong genetic risk factor for 

Alzheimer’s disease (Corder et al, 1993; Reiman et al, 1996; Strittmatter et al, 1993). APOE 

is polymorphic with three major isoforms APOE2 (cys112, cys158), APOE3 (cys112, 

arg158) and APOE4 (arg112, arg158). The E4 variant is the largest known risk factor for 

late-onset sporadic Alzheimer disease in a variety of ethnic groups (Corder et al, 1993; 

Reiman et al, 1996; Strittmatter et al, 1993). Caucasian and Japanese carriers of 2 E4 alleles 

have between 10 and 30 times the risk of developing Alzheimer disease by 75 years of age, 

as compared to those not carrying any E4 allele. The current understanding for the role of 

APOE during the progression of Alzheimer’s disease associates this allele with altered β-

amyloid metabolism, synaptic plasticity, neuroinflammation and tau pathology (Brecht et al, 

2004; Huang et al, 2001; Reiman et al, 2004).

Cholesterol biosynthesis is tightly controlled by the expression and proteolytic activation of 

the sterol regulatory element-binding proteins (SREBPs). These transcription factors bind to 

the sterol regulatory element (SRE) located within the promoter regions of the cholesterol 

response genes. In cells with low levels of cholesterol, SREBP is activated and translocates 

to the nucleus where it activates the transcription of genes involved in cholesterol 

biosynthesis, such as HMGCR, and cholesterol uptake, including the LDLR. Interestingly, 

in brain-derived cells isolated from patients with mutations in huntingtin, a protein 

accumulated in patients with Huntington’s disease, the processing and expression of SREBP 

is markedly reduced (Valenza et al, 2005). As expected by the reduced SREBP activation, 

the cholesterol level in the cortex and striatum of a mouse model of Hungtington’s disease is 

significantly lower than in wild-type mice.

miRNAs AND CHOLESTEROL METABOLISM

In addition to the classic regulatory mechanisms that regulate intracellular cholesterol levels 

(i.e. SREBPs), work over the last few years has uncovered a critical role for miRNAs in 

controlling cholesterol homeostasis (Fernandez-Hernando et al, 2013; Fernandez-Hernando 

et al, 2011; Moore et al, 2010). miRNAs are small (~22 nucleotide) single-stranded, non-

coding RNAs that regulate gene expression at the post-transcriptional level (Ambros, 2004; 

Bartel, 2004; Filipowicz et al, 2008). miRNAs are transcribed in the nucleus by RNA 

polymerase II and processed by the endonuclease, DROSHA, in the nucleus (Ambros, 2004; 

Bartel, 2004; Filipowicz et al, 2008). The pre-miRNA is then exported to the cytoplasm and 

processed by DICER. The resulting mature miRNA sequence is incorporated into the RNA 

silencing complex (RISC). Within the RISC, the miRNA guides the complex to its RNA 

target, thereby mediating its repression. The target selectivity is dictated by the miRNA 

“seed” sequence located within nts 2–8 at the 5′-end of the mature miRNA sequence. The 

seed sequence binds through Watson-crick base pairing within the 3′ untranslated region 

(3′UTR) of the target genes, leading to translational repression of the target mRNA by either 

transcript destabilization, translational inhibition or both (Ambros, 2004; Bartel, 2004; 

Filipowicz et al, 2008).
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A number of miRNAs have been shown to regulate cholesterol metabolism including 

miR-122-5p, miR-370-5p, miR-143-3p, miR-27-3p, miR-106b-5p, miR-758-5p, 

miR-144-3p and miR-33-5p (Davalos et al, 2011; de Aguiar Vallim et al, 2013; Elmen et al, 

2008; Esau et al, 2006; Gerin et al, 2010; Goedeke et al, 2013; Horie et al, 2013; Kim et al, 

2012; Najafi-Shoushtari et al, 2010; Ramirez et al, 2011; Ramirez et al, 2013; Rayner et al, 

2010). miR-122-5p is the most abundantly expressed miRNA in the liver and regulates 

plasma lipid levels by controlling the expression of multiple genes involved in cholesterol 

biosynthesis, lipoprotein export and fatty acid oxidation and synthesis (Elmen et al, 2008; 

Esau et al, 2006). Mice lacking miR-122 have a marked reduction in plasma cholesterol 

levels (Castoldi et al, 2011; Hsu et al, 2012). Similar results were obtained in mice and non-

human primates treated with miR-122-5p antisense oligonucleotides. miR-143-3p and 

miR-27-3p regulate adipocyte differentiation by targeting extracellular signal-related kinase 

5 (ERK5) and peroxisome proliferator-activated receptor gamma (PPARγ) and CCAAT/

enhancer binding protein (C/EBP) alpha, respectively (Esau et al, 2004; Lin et al, 2009). 

miR-106b-5p, miR-758-5p, miR-144-3p, miR-145-5p and miR-33-5p have been shown to 

regulate the expression of ABCA1, a cholesterol transporter that plays a key role in HDL 

biogenesis and cholesterol efflux (de Aguiar Vallim et al, 2013; Kang et al, 2013; Kim et al, 

2012; Marquart et al, 2010; Ramirez et al, 2011; Ramirez et al, 2013; Rayner et al, 2010). 

Moreover ABCA1 also controls brain lipid metabolism and the progression of Alzheimer’s 

disease (Koldamova et al, 2005a).

miRNAs AND NEURODEGENERATION

In recent years, several studies have identified numerous miRNAs associated with 

neurodegenerative disorders including Alzheimer’s disease, Huntington’s disease, 

Parkinson’s disease and Amiotrophic Lateral Sclerosis. Intriguingly, most of the genes 

involved in the development of Alzheimer’s disease, including amyloid precursor protein 

(APP), beta-amyloid precursor protein-converting enzyme (BACE1), insulin growth factor 

(IGF1) and TAU are regulated by miRNAs. This intricate network of miRNAs that regulate 

gene expression is particularly complicated for certain genes, such as APP, which appears to 

be regulated by multiple miRNAs (miR-106a-5p, miR-520-5p, miR-20a-5p, miR-106a/b-5p, 

miR-16-5p, miR-101-3p, miR-147-5p and miR-655) (Fan et al, 2010; Kim et al, 2012; Liu et 

al, 2012; Long & Lahiri, 2011; Sodhi & Singh, 2013; Vilardo et al, 2010). Similarly, 

BACE-1, the protease that regulates APP processing is also regulated by many miRNAs, 

including miR-298 and miR-328-3p (Boissonneault et al, 2009). Both miRNAs are 

expressed in neuronal cells and have regulatory effects on BACE-1 protein expression. A 

similar complex scenario is observed in Parkinson’s disease where the expression of 

leucine-rich repeat kinase 2 (LRRK2), a gene associated with an increased risk of 

Parkinson’s disease, is also controlled by several miRNAs, including let-7-5p, miR-205-5p 

and miR-184-3p (Maciotta et al, 2013). More detailed information about miRNAs associated 

with Alzheimer’s disease, as well as other neurological disorders, can be found in some 

excellent recent review articles (Goodall et al, 2013; Maciotta et al, 2013; Schonrock & 

Gotz, 2012). As such, for the remainder of the review, we focus on describing the role of 

miRNAs in controlling cholesterol homeostasis in the brain and the potential implication of 
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these miRNAs in regulating the progression of neurological disorders including Alzheimer’s 

disease.

ROLE OF ABCA1 TRANSPORTER AND miRNAs IN THE PATHOGENESIS 

OF ALZHEIMER’S DISEASE

Alzheimer’s disease is a progressive neurodegenerative disorder and the most common 

cause of dementia in elderly people. A major pathological hallmark of Alzheimer’s disease 

is the accumulation of amyloid beta peptide (Aβ) in senile plaques in the brain of 

Alzheimer’s disease patients (Blass, 2003; Jakob-Roetne & Jacobsen, 2009). While the 

exact mechanism by which Alzheimer’s disease takes place remains unknown, the role of 

ABC transporters in the pathology of Alzheimer’s disease has recently been recognized. In 

particular, many studies have highlighted the critical role of ABCA1 in the development of 

Alzheimer’s disease (Koldamova et al, 2010; Koldamova et al, 2005a).

ABCA1 is a membrane-associated lipid pump that plays a key role in maintaining 

cholesterol homeostasis by removing excess cholesterol from cells (Goedeke & Fernandez-

Hernando, 2012). ABCA1 mediates cholesterol and phospholipid efflux from cells to lipid-

poor apolipoprotein A1 (APOA1) and APOE, enabling the formation of nascent, discoidal 

HDL particles. In the brain, ABCA1 acts to lipidate APOE, which is essential for its 

interaction with Aβ and subsequent clearance (Kim et al, 2007; Koldamova et al, 2010; 

Koldamova & Lefterov, 2007; Koldamova et al, 2005a; Koldamova et al, 2005b). Although 

the molecular mechanisms by which ABCA1 impacts Aβ production and amyloid deposition 

is not fully understood, a growing body of evidence suggests that ABCA1 plays a critical 

role in Aβ metabolism and accumulation (Koldamova et al, 2010; Koldamova et al, 2005a). 

Specifically, several reports have demonstrated that treatment of neuronal and non-neuronal 

cell lines with liver X receptor (LXR) agonists causes an induction of ABCA1 expression 

and subsequent decrease in Aβ production (Koldamova & Lefterov, 2007; Koldamova et al, 

2005b). Furthermore, in vivo studies using genetically modified mouse models of 

Alzheimer’s disease have shown that ABCA1 deficiency significantly reduces levels of 

APOE and increases Aβ and amyloid deposition, while overexpression of ABCA1 

ameliorates Aβ accumulation (Fitz et al, 2012; Wahrle et al, 2005; Wahrle et al, 2008). 

Genetic studies also implicate aberrant cholesterol metabolism and ABCA1 gene expression 

in Alzheimer’s disease pathogenesis, as several single-nucleotide polymorphisms (SNPs) in 

ABCA1 have been proposed to modify the risk of early- and late-onset Alzheimer’s disease 

(Rodriguez-Rodriguez et al, 2007; Sun et al, 2012).

miR-106b regulation of ABCA1 and Aβ metabolism

Given that many lines of evidence implicate ABCA1 in regulating Aβ levels, identification 

of the basic mechanisms that govern neuronal ABCA1 expression represent attractive 

therapies for controlling Alzheimer’s disease. Indeed, Kim et al. hypothesized that miRNAs 

could play a role in regulating ABCA1 expression and Aβ metabolism (Kim et al, 2012). In 

particular, they identified miR-106b-5p as a negative regulator of ABCA1 expression and 

ApoA1-mediated cholesterol efflux in neuronal cells. Importantly, over-expression of 

miR-106b-5p in Neuro2a cells significantly increased Aβ secretion by upregulating Aβ 

Goedeke and Fernández-Hernando Page 5

Neurobiol Dis. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



production and preventing Aβ clearance. This decrease in Aβ clearance was attributed to the 

miR-106b-5p-mediated downregulation of ABCA1 as the reduction of Aβ clearance in cells 

overexpressing miR-106b-5p was rescued by overexpression of an ABCA1 construct that 

lacked the 3′UTR sequence. Interestingly, miR-106b-5p has also been shown to decrease the 

expression of amyloid precursor protein (APP) in neuronal and non-neuronal cells. As both 

APP and ABCA1 have opposing roles for regulating Aβ levels, the function of miR-106b-5p 

in controlling Aβ accumulation needs to be studied in vivo. Nevertheless, these findings 

suggest an important role for miR-106b-5p in regulating Aβ and the pathogenesis of 

Alzheimer’s disease via the post-transcriptional regulation of ABCA1 and APP.

miR-758 regulation of ABCA1 and cellular cholesterol efflux

In addition to miR-106b, studies from our group have shown that miR-758-5p also post-

transcriptionally regulates the expression of ABCA1 (Ramirez et al, 2011). miR-758-5p is 

widely expressed in a variety of tissues and is repressed in cholesterol-loaded macrophages. 

Manipulation of miR-758-5p expression in mouse and human cells was shown to regulate 

ABCA1 expression and cholesterol efflux to ApoA1. Interestingly, miR-758-5p is also 

highly expressed in brain tissue and human neuronal cell lines (Ramirez et al, 2011). 

Overexpression of miR-758-5p in human neuroglioma cells markedly decreased ABCA1 

expression and cellular cholesterol efflux, suggesting that miR-758-5p expression may 

influence neuronal cholesterol homeostasis (Ramirez et al, 2011). Moreover, miR-758-5p 

also negatively regulates the expression of several genes involved in neurological functions, 

such as sodium-coupled neutral amino acid transporter 1 (SLC38A1), neurite outgrowth 

(neurite outgrowth (neurotrimin) (NTM), ephrin type-A recetpor 7 (EPHA7), and myelin 

transcription factor 1-like (MYTL1), suggesting that miR-758-5p plays a key role in 

controlling cholesterol metabolism and may have important implications for the regulation 

of Alzheimer’s disease development (Ramirez et al, 2011).

miR-33 regulation of cholesterol homeostasis

Over the past years, many studies have highlighted the importance of miR-33a/b-5p in 

controlling lipid homeostasis (Gerin et al, 2010; Horie et al, 2013; Marquart et al, 2010; 

Najafi-Shoushtari et al, 2010; Rayner et al, 2010). miR-33a-5p and miR-33b-5p are 

evolutionarily conserved, intronic miRNAs that work together with their host genes, 

SREBP2 and SREBP1, to regulate cholesterol and fatty acid metabolism (Davalos et al, 

2011; Rayner et al, 2010). While miR-33-5p has been shown to directly target many genes 

involved in cholesterol trafficking, fatty acid oxidation, and glucose metabolism, one of the 

best-characterized targets of miR-33 is ABCA1. Manipulation of miR-33-5p levels affects 

ABCA1 expression in macrophages and hepatocytes and result in changes in cellular 

cholesterol efflux to APOA1. Importantly, inhibition of miR-33-5p in vivo promotes 

ABCA1-mediated cholesterol efflux from macrophages and stimulates the production of 

HDL (Gerin et al, 2010; Marquart et al, 2010; Najafi-Shoushtari et al, 2010; Rayner et al, 

2010). Concomitantly, mice lacking miR-33 have increased hepatic and macrophage 

ABCA1 expression and plasma HDL levels, thus highlighting the physiological role of 

miR-33-5p in modulating cholesterol levels (Horie et al, 2013). Consistent with this, two 

separate studies have shown that pharmacological inhibition of miR-33-5p in non-human 
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primates increases hepatic ABCA1 expression and circulating HDL cholesterol (Rayner et 

al, 2011; Rottiers et al, 2013).

Given the crucial role of miR-33-5p in altering processes that contribute to atherosclerosis 

and metabolic syndrome, the aforementioned studies have focused on studying the effects of 

miR-33 manipulation in cell types such as hepatocytes and macrophages. Surprisingly, thus 

far no group has investigated the role of miR-33-5p in controlling cholesterol metabolism in 

the brain, despite evidence that miR-33-5p is highly enriched in this organ. As ABCA1 

plays an important role in regulating Aβ clearance and miR-33-5p strongly represses this 

transporter in various cell types, studying the post-transcriptional regulation of ABCA1 by 

miR-33-5p and its implications for Aβ accumulation in neuronal cells is warranted. 

Investigations analyzing the effect of miR-3-5p3 manipulation in mouse and non-human 

primate models, in terms of a potential treatment for Alzheimer’s disease, promises to be an 

exciting area of research in the future.

miRNAs THAT REGULATE CHOLESTEROL EFFLUX AND UPTAKE 

INDEPENDENTLY OF TARGETING ABCA1

miRNAs that regulate cellular cholesterol efflux

In addition to miRNAs that directly target the ABC transporters, several recent reports have 

uncovered novel miRNAs that regulate cellular cholesterol efflux by targeting the LXR 

transcription factors. In this regard, it has been shown that miR-1, miR-206 and miR-613 

suppress LXR-induced lipogenesis and cholesterol efflux in macrophages and adipocytes 

(Ou et al, 2011; Zhong et al, 2013). Both miRNAs are expressed also in the brain but their 

physiological role in controlling brain cholesterol metabolism remains to be elucidated.

miRNAs that regulate cellular cholesterol uptake in neurons

The uptake of APOE-lipoproteins by neurons is mediated by the low-density lipoprotein 

receptor (LDLR), LDL-receptor-related protein (LRP) and APOE receptor 2 (ApoER2) 

(Boyles et al, 1989; Herz, 2001). To date, only a few miRNAs have been shown to control 

the expression of LRP1 in non-neurological cells. Song and colleagues found that 

miR-205-5p inhibits directly LRP-1 in tumor cell lines, such as U87 and SK-LU-1 (Kajihara 

et al, 2014). Moreover, APOE expression is also regulated at the post-transcriptional level 

by miRNAs. miR-1908-5p, miR-199a-5p and miR-199a-3p inhibit APOE expression 

(Pencheva et al, 2012). Even though these reports strongly suggest that both LRP-1 and 

APOE expression is regulated by miRNAs, it is still unknown whether these miRNAs are 

expressed in the brain and if they are relevant in controlling the expression of both genes in 

the central nervous system (CNS).

CONCLUSIONS

Work over the last decade has identified miRNAs as critical regulators in almost all 

biological processes. Dysregulation of miRNA expression has been associated with many 

human diseases including dyslipidemia, diabetes, cancer and neurological disorders. There is 

a growing interest in developing novel therapies by targeting the expression of miRNAs in 
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vivo. In this regard, several pharmaceutical companies have recently developed pre-clinical 

trials that aim to assess the efficacy of antagonizing specific miRNAs. Some of these 

examples correspond to miR-33-5p for treating atherosclerotic vascular disease and 

metabolic syndrome (Rayner et al, 2011; Rottiers et al, 2013), miR-122-5p for treating HCV 

(Lanford et al, 2010), and miR-21-5p for treating renal and lung fibrosis (Kumarswamy et 

al, 2011). We can also speculate that delivery of anti-miR-33 oligonucleotides might 

increase ABCA1 in the brain, thus ameliorating Alzheimer’s disease. However targeting 

miRNAs in the CNS proves to be more challenging, as it first has to be evaluated whether 

antisense oligonucleotides can pass through the BBB. Another important hurdle is how 

specific and effective these experimental drugs could be in the brain. Further experimental 

work aimed to identify how a single miRNA controls the expression of a network of genes 

involved in a particular process in a specific tissue is therefore critical before this therapy 

can be translated into humans.
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HIGHLIGHTS

1. Dysregulation of cholesterol metabolism in the brain has been associated to 

neurodegenerative disorders

2. ABCA1 expression regulates ApoE lipidation and Aβ clearance in the brain

3. miRNAs regulate gene expression at post-transcriptional level.

4. Therapeutic inhibition of miR-33 increases ABCA1 expression
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Figure 1. Contribution of miRNAs to the regulation of cholesterol uptake and efflux in the CNS
miRNAs that were confirmed to target genes in neuronal cells are shown in bold. Other 

miRNAs listed were confirmed to target genes in non-neuronal cells.
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