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Abstract

The accumulation of lipids within drusen, the epidemiologic link of a high fat diet, and the
identification of polymorphisms in genes involved in lipid metabolism that are associated with
disease risk, have prompted interest in the role of lipid abnormalities in AMD. Despite intensive
investigation, our understanding of how lipid abnormalities contribute to AMD development
remains unclear. Lipid metabolism is tightly regulated, and its dysregulation can trigger excess
lipid accumulation within the RPE and Bruch’s membrane. The high oxidative stress environment
of the macula can promote lipid oxidation, impairing their original function as well as producing
oxidation-specific epitopes (OSE), which unless neutralized, can induce unwanted inflammation
that additionally contributes to AMD progression. Considering the multiple layers of lipid
metabolism and inflammation, and the ability to simultaneously target multiple pathways,
microRNA (miRNAs) have emerged as important regulators of many age-related diseases
including atherosclerosis and Alzheimer’s disease. These diseases have similar etiologic
characteristics such as lipid-rich deposits, oxidative stress, and inflammation with AMD, which
suggests that miRNAs might influence lipid metabolism in AMD. In this review, we discuss the
contribution of lipids to AMD pathobiology and introduce how miRNAs might affect lipid
metabolism during lesion development. Establishing how miRNASs contribute to lipid
accumulation in AMD will help to define the role of lipids in AMD, and open new treatment
avenues for this enigmatic disease.
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Introduction

Age-related Macular Degeneration (AMD) is the leading cause of blindness among the
elderly in western societies (Resnikoff et al., 2004). Patients with early and intermediate
non-neovascular or dry AMD with 20/20 visual acuity can have reduced light sensitivity or
contrast sensitivity as their primary visual complaint while in advanced disease, visual acuity
loss is the main complaint (Chen et al., 1992; Eisner et al., 1992; Midena et al., 1997;
Owsley et al., 2016). For dry AMD, antioxidant micronutrients can slow the progression to
advanced disease in patients with intermediate disease (Age-Related Eye Disease Study 2
Research, 2013; Age-Related Eye Disease Study Research, 2001). However, no treatment
for any stage of dry AMD can restore vision in large part, because its pathophysiologic
mechanisms remain unclear, which prevents the development of therapy that targets critical
pathways at the appropriate disease stage (Xu et al., 2018). Epidemiologically, a high fat diet
is an established risk factor for developing AMD (Clemons et al., 2005; Heiba et al., 1994;
Vingerling et al., 1995). A number of genetic variants that have function related to lipid
biology are associated with risk for advanced AMD (Edwards et al., 2005; Fritsche et al.,
2016; Grassmann et al., 2017; Hageman et al., 2005; Haines et al., 2005; Klein et al., 2005).
Lipid-rich deposits and their oxidation products including lipoproteins within drusen, have
been identified in AMD tissue, and preclinical studies have shown that lipid dysregulation
can contribute to AMD lesion development in animal models that simulate phenotypic
features of AMD (Crabb et al., 2002; Dithmar et al., 2000; Fujihara et al., 2009; Malek et al.,
2005; Spaide et al., 1999; Toomey et al., 2015). Interestingly, some of these lipid related
pathologic characteristics are shared with other age-related diseases such as atherosclerosis
(AS) and Alzheimer’s disease (AD) (Xu et al., 2018).

Recent studies indicate that epigenetic mechanisms, such as microRNA (miRNA) regulation
of gene expression, are relevant to AMD pathobiology (Berber et al., 2017). miRNASs are
single-stranded non-coding RNAs (sncRNA) of 18-24 nucleotides that play a pivotal role in
regulating target gene expression (Hutvagner and Zamore, 2002). Recently, Pogue and
Lukiw identified 7 miRNAs that are found with increased abundance in both Alzheimer’s
Disease brains and AMD maculas (Pogue and Lukiw, 2018). These miRNAs can potentially
downregulate 9460 target mMRNAS, or about 3.5% of the genome, that are involved in
oxidative stress and inflammation. Importantly, four of these miRNAs, including miR-27a,
miR-34a, miR-146a and miR-155, play a role in lipid metabolism in Alzheimer’s Disease
and atherosclerosis. These works highlight the potentially powerful and comprehensive
impact that selected miRNAs can have on disease progression. Recent studies have reported
miRNAs in multiple samples of AMD patients and in animal models of AMD, suggesting a
role for miRNAs in AMD pathobiology (Askou et al., 2018; Ertekin et al., 2014; Grassmann
etal., 2014; Menard et al., 2016; Ren et al., 2017; Szemraj et al., 2015). However, how
miRNAs may play a role in lipid regulation and inflammation in the eye, especially in the
RPE, and whether they are involved in AMD pathaobiology, is largely unknown. In this
review, we will discuss the potential contribution of oxidized lipids and inflammation to
AMD pathology and summarize the miRNAs that are known to regulate lipid metabolism in
other disease models that could contribute to AMD progression.
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2. Lipid Accumulation in AMD

Drusen, or focal accumulations of heterogeneous material including lipids, lipoproteins, and
oxidized lipids within Bruch’s membrane (BrM), are a hallmark AMD lesion. The
accumulation of these lipids are considered one important, early event in AMD pathobiology
(Curcio et al., 2001; Curcio et al., 2005a). In addition, a number of genetic variants in genes
regulating lipid metabolism and the transfer of lipids among lipoproteins are associated with
risk for advanced AMD (Edwards et al., 2005; Fritsche et al., 2016; Grassmann et al., 2017;
Hageman et al., 2005; Haines et al., 2005; Klein et al., 2005). These include variations in
hepatic lipase (LIPC), lipoprotein lipase (LPL), cholesterol ester transferase (CETP), ABC
binding cassettes A1 (ABCAL) and apolipoprotein E (APOE) (Chen et al., 2010; Conley et
al., 2005; Neale et al., 2010), suggesting that dysregulated lipid metabolism may influence
the course of AMD pathobiology.

Lipid metabolism is governed by apolipoproteins (apo), which are structural proteins that are
integral to the metabolism of triglycerides (TG) and cholesterol (Schaefer et al., 1978).
Systemic lipoproteins, which are classified into 5 different types by density, transport
exogenous (dietary) and endogenous (de novo) lipids between tissues (Miller, 1979). Unlike
those present in the systemic circulation, Bruch’s membrane lipoproteins (BrM-LP)
represent a distinct class of lipoproteins that contain apo B100, E and Al and are similar in
size to very low density lipoproteins (VLDL), but are rich in esterified cholesterol like low
density lipoproteins (LDLs) (Li et al., 2006; Wang et al., 2010). Retinal pigment epithelial
(RPE) cells express components that are necessary for lipoprotein ingestion, cholesterol
synthesis, lipoprotein synthesis, and secretion, as well as reverse cholesterol transport (RCT)
(Curcio et al., 2011; Li et al., 2006; Li et al., 2005; Malek et al., 2003; Mullins et al., 2000;
Tserentsoodol et al., 2006; Zheng et al., 2012). In addition, the RPE produces the receptors
for low density lipoproteins, such as LDL-R, and high density lipoproteins (HDL), including
scavenger receptor Bl, SR-BI and SR-BII, which are localized on the basolateral side
(Duncan et al., 2009; Tserentsoodol et al., 2006), enabling lipoprotein uptake. Thus, the RPE
appears to be centrally involved in lipid metabolism within the ocular system.

The ambiguous association of serum cholesterol with AMD (Curcio et al., 2011) has led to
the theory that an ocular production of lipoproteins is the main source of lipoproteins found
in drusen (Dashti et al., 2006). While it is possible that BrM-LP are modified plasma
lipoproteins, much evidence indicates that lipoproteins are secreted by the RPE in part, as a
response to lipid overload (Curcio et al., 2011; Li et al., 2006; Li et al., 2005; Malek et al.,
2003; Mullins et al., 2000; Tserentsoodol et al., 2006; Wu et al., 2010). The phagocytosis
and degradation of photoreceptor outer segments (POS) are a major lipid source that the
RPE processes (Ershov and Bazan, 2000). The ingestion of systemically delivered
lipoproteins can add to the RPE’s lipid burden, particularly in individuals who consume a
high fat diet. As with cardiac myocytes, the RPE can eliminate lipids by secreting apoB100
containing lipoproteins to avoid lipo-apoptosis (Fujihara et al., 2014; Nielsen et al., 2002;
Nielsen et al., 1998; Yokoyama et al., 2004). Thus, BrM-LPs appear to be secreted from the
RPE for transit through Bruch’s membrane to the choroid for elimination (Pikuleva and
Curcio, 2014).
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The RPE also has an active reverse cholesterol transport system. Excess cholesterol is
removed by HDLs after they are loaded with cellular cholesterol by ABC transporters,
ultimately returning excess cholesterol to the liver. Ishida et al. demonstrated that HDLSs,
lipid free apoA-I, and apoA-1 containing vesicles, stimulate efflux of radiolabeled lipids of
POS origin from the basal surface of RPE cells (Ishida et al., 2006). Recent work by Biswas
et al. showed that the mitochondrial cholesterol trafficking protein, translocator protein
(TSPOQ), is highly expressed by human and mouse RPE cells and significantly increases
cholesterol efflux from RPE cells to ApoE, ApoAl and HDLs (Biswas et al., 2017). With
aging, the RPE has decreased TSPO expression and impaired cholesterol efflux, which could
increase the burden of eliminating lipids by the BrM-LPs that are secreted by the RPE.

Subretinal drusenoid deposits (SDD), or reticular pseudodrusen, are associated with AMD
progression. Like drusen, SDD contain a mixture of cholesterol and apoE (Ebrahimi et al.,
2013; Oak et al., 2014; Rudolf et al., 2008; Sarks et al., 2011). This composition suggests
that reverse cholesterol transport is important at the apical RPE for transporting cholesterol
from the RPE to photoreceptors. SDDs also contain inflammatory proteins including the
complement C5b-9 regulator CD59 that is secreted by the RPE, as well as complement
factor H (CFH) and vitronectin (Ebrahimi et al., 2013; Oak et al., 2014; Rudolf et al., 2008).
These findings suggest that inflammation, including complement activation, contributes to
SDD formation. With SDD accumulation in the subretinal space, the normal transport of
nutrients including oxygen from the choriocapillaris to photoreceptors is compromised,
potentially contributing to outer retinal atrophy.

Interestingly, SDD accumulation is localized to the rod-rich perifoveal macula while drusen
are located in the cone-rich fovea (Curcio et al., 2013). Pikuleva and Curcio proposed a two
lesion, two compartment model based on the differential cholesterol content between rod
and cone outer segments to explain the distribution of drusen and SDD, respectively
(Pikuleva and Curcio, 2014). In the cone-rich fovea where drusen develop, the RPE
processes cholesterol derived from cholesterol-rich cone OS that have been phagocytosed,
the delivery of lipoproteins from the plasma, and endogenously synthesized cholesterol. The
excess cholesterol in the RPE is secreted in VLDL-like lipoproteins basolaterally into
Bruch’s membrane where drusen form. On the other hand, rod outer segments have a
decreasing cholesterol gradient such that distal outer segments are cholesterol poor relative
to cones. Since HDLs cycle cholesterol between the RPE and photoreceptors, it has been
proposed that HDLs accumulate the released cholesterol by rod outer segments in the
subretinal space due to impaired lipid transport by dysfunctional RPE.

3. Effects of lipid oxidation on AMD Pathobiology

The accumulation of lipoproteins in Bruch’s membrane is not sufficient for drusen
formation. Our lab showed that genetically modified mice predominantly producing
apoB100 instead of apoB48 in mice to simulate humans, accumulate apoB100 lipoproteins
in Bruch’s membrane by 2 months, but with aging, do not develop basal deposits or drusen
(Fujihara et al., 2014). The accumulation of inflammatory debris within drusen indicates that
inflammation is an additional requirement for drusen formation. The well-studied “response-
to-retention” hypothesis of atherosclerosis suggests that following their retention in the inner
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arterial wall, lipoproteins become oxidized to activate innate immunity including
complement, which unleashes pro-inflammatory events that contribute to atherosclerotic
lesion formation (Tabas et al., 2007). Thus, oxidized lipids are a primary choice as one
trigger for AMD pathobiology due to the high oxidative stress environment of the macula,
the reduced antioxidant capability of the RPE with aging, and their ability to induce a pro-
inflammatory response (Handa et al., 2017).

With aging, Bruch’s membrane undergoes structural changes that can impair the transit of
lipoproteins. For example, our lab found that advanced glycation end product (AGE)
formation in Bruch’s membrane induces the expression of lipoprotein lipase, which by a
non-enzymatic process, retains lipoproteins in Bruch’s membrane (Cano et al., 2011).
Indeed, BrM-LPs first accumulate as linear tracks in the inner collagenous layer adjacent to
the elastic layer, and then toward the RPE, eventually coalescing to form a lipid wall, which
contributes to drusen formation (Curcio et al., 2001; Curcio et al., 2005b). The macula is a
high oxidative stress microenvironment due to the high blood flow needed to meet the high
metabolism of vision, the generation of reactive oxygen species (ROS) from the daily
phagocytosis of photoreceptor outer segments, photo-oxidative stress from sunlight
exposure, and for those who choose to smoke, the additional ingestion of chemical oxidants
(Ham et al., 1978; Rangasamy et al., 2004; Smith and Hansch, 2000; Winkler et al., 1999).
Thus, lipoproteins retained within Bruch’s membrane are susceptible to oxidation that can
initiate a cascade of pro-inflammatory events with similarity to atherosclerosis (Handa,
2007; Handa et al., 1999; Hewitt et al., 1989; Kliffen et al., 1996; Lakkaraju et al., 2007;
Newsome et al., 1987; Tabas, 1999; Zarbin, 2004). Furthermore, Thompson et al. showed
that small, hollow hydroxyapatite (HAP) spherules with cholesterol-containing cores are
present in sub-RPE deposits, provide a scaffold on which proteins, including CFH,
vitronectin, and amyloid beta (Ap), adhere and accumulate (Thompson et al., 2015). Pilgrim
et al. confirmed the production of HAP and recapitulated sub-RPE deposit formation in
primary porcine and human RPE cell cultures (Pilgrim et al., 2017) to further suggest that
sub-RPE deposit formation is initiated, and regulated by the RPE.

Many forms of oxidized lipids have been detected in AMD including carboxyethylpyrrole,
oxidized phospholipids, 4-hydroxynonenal, malondialdehyde, isolevuglandins, and 7-
ketocholesterol (Charvet et al., 2013; Crahb et al., 2002; Moreira et al., 2009; Shen et al.,
2007; Spaide et al., 1999; Suzuki et al., 2007; Weismann et al., 2011). The oxidized lipids or
lipoproteins can directly impair cellular function. Due to their high reactivity, the
degradation products of oxidized lipids can modify self-molecules and thereby generate
structural neo-epitopes that are recognized by immune system receptors (Palinski et al.,
1989; Palinski et al., 1990). These neo-epitopes have been termed “oxidation-specific
epitopes” (OSEs), and represent a common set of epitopes present on various oxidatively
modified proteins and lipids (Palinski et al., 1994). OSEs serve as markers of oxidatively
modified endogenous structures, and allow the immune system through pattern recognition
receptors to mediate their clearance in order to maintain homeostasis (Chou et al., 2008).
However, either an increase in OSE generation or impaired innate immune neutralization can
result in the accumulation of OSEs, which can trigger a pro-inflammatory immune response
that includes complement activation, pro-inflammatory cytokine expression, and
macrophage/microglia recruitment which if severe enough, can induce tissue dysfunction
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such as RPE degeneration during AMD development. The possible lipid-related pathogenic
mechanisms in AMD are summarized in Figure 1.

4. miRNA Biogenesis and a Possible Role in AMD

miRNAs have been investigated for their role in eye development and retina/RPE cell
function (Sundermeier and Palczewski, 2016), or as biomarkers and therapeutic targets for
AMD (Askou et al., 2018; Ertekin et al., 2014; Grassmann et al., 2014; Menard et al., 2016;
Ren et al., 2017; Szemraj et al., 2015). miRNAs are evolutionarily conserved, small (~22
nucleotides), single-stranded non-coding RNAs that were originally discovered in C. elegans
in 1984 as genes responsible for defects in neurological development (Ambros and Horvitz,
1984; Ferguson et al., 1987). Almost a decade later, miRNAs are now known to play an
important role in regulating gene expression by blocking mRNA translation and promoting
mMRNA degradation. miRNAs are transcribed by RNA polymerase Il into a precursor form
called primary-miRNA (Pri-miRNA), which is bound by DiGeorge Syndrome Critical
Region 8 (DGCR8) and DROSHA. After DROSHA cleaves the pri-miRNA into pre-
miRNAs, pre-miRNAs are exported to the cytoplasm where they are cleaved into mature
miRs by DICER. After being incorporated into the RNA-induced silencing complex (RISC)
and binding to the 3’ untranslated region of the target mMRNA, the mature miRNA interacts
with its target mMRNA to ultimately fine-tune protein synthesis, and regulate normal tissue
development and homeostasis (Lee et al., 1993; Wightman et al., 1993). Given that an
miRNA can bind to multiple target 3’UTRs and multiple miRNAs can target the same gene,
it is estimated that more than 60% of protein-coding genes are directly regulated by miRNAs
(Friedman et al., 2009). Abnormal expression or activity of miRNAs by i) changes in
miRNA biogenesis machinery, ii) up/down regulation of miRNA expression either by
transcriptional or epigenetic modification, or iii) mutations in either an miRNA or the target
gene, could cause an imbalance in cellular homeostasis that leads to disease.

For example, the maturation of specific miRNAs is necessary for proper lipid metabolism in
the liver (de novo) and intestine (dietary). Deletion of DICER in the liver reduces liver-
specific miR-122, miR-148a, miR-192 and miR-194, resulting in the accumulation of lipid
droplets that contain cholesterol esters, triglycerides, free cholesterol, and free fatty acids
(Sekine et al., 2009). The lipid droplet accumulation is due in part, to impaired lipoprotein
packaging and secretion from reduced miR-122 and miR-148a. Using mice with an
inducible deletion of DICER in the liver, Sahasrabuddhe et al. found that miRNAs including
miR-124, are decreased, and that the majority of the upregulated proteins involved in lipid
metabolism are known PPARa targets and involved in peroxisomal p-oxidation of fatty
acids (Sahasrabuddhe et al., 2014). Huang et al. found that systemic reduction of DICER in
adult mice have reduced levels of miR-215, miR-192, and miR-194 with a marked decrease
in microsomal triglyceride transfer protein (MTP), long-chain fatty acyl-CoA ligase 5, fatty
acid finding protein, and very-long-chain fatty acyl-CoA dehydrogenase, among others that
coincided with Oil Red O stained lipid accumulations in the small intestines (Huang et al.,
2012).

Sundermeier et al. highlight how miRNA biogenesis can influence lipid metabolism in the
RPE (Sundermeier et al., 2017). Conditional knock out of DGCRS, a cofactor for the
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miRNA-processing nuclease DROSHA, caused the accumulation of phagosomes and lipid
droplets in the RPE, coinciding with shortened photoreceptor outer segments. These lipid
accumulations in the RPE are similar to those seen in the liver or intestines of DICER
deletion mice. These data suggest that DGCRS8 deficiency in the RPE causes either a defect
in digesting phagocytosed material or lipid metabolism. Sundermeier et al. also showed that
both miRNA-processing enzymes DGCR8 and DICER are essential for RPE function and
survival (Sundermeier et al., 2017). In RPE-specific conditional knockout mice, either
DGCRS8 or DICERL1 inactivation, which disrupts two independent steps of miRNA
biogenesis, led to strikingly similar defects in RPE survival and function. The deletion of
DGCRS8 in RPE cells dramatically reduced RPE cell-enriched miRNAs including miR-204
and miR-211. These two miRNAs play a crucial role in the differentiation and function not
only of the RPE, but also of the retina, lens, and ciliary body (Adijanto et al., 2012; Conte et
al., 2010). These results suggest that the loss of certain mature miRNAs may impair lipid
metabolism, contributing to RPE cell death, subsequent loss of visual function, and thus,
play a role in AMD pathobiology. However, the role of the miRNA biogenesis machinery is
incomplete because Kaneko et al. demonstrated that a decrease in DICER1 induced the
accumulation of toxic alu RNAs, which activated the NLRP3 inflammasome to induce RPE
cell death and geographic atrophy, a mechanism that was independent of impaired miRNA
maturation (Kaneko et al., 2011).

5. Overview of miRNAs in Lipid Metabolism

miRNAs regulate all phases of lipoprotein metabolism (Elmen et al., 2008; Esau et al., 2006;
Marquart et al., 2010; Rayner et al., 2010). miRNAs repress the expression of genes
involved in lipoprotein packaging (ApoB) and secretion (MTP), uptake (LDLR and SR-B1),
and cholesterol efflux (ABCAL), and can influence hyperlipidemia and the development of
atherosclerosis, as reviewed in (Aryal et al., 2017; Feinberg and Moore, 2016; Zhou et al.,
2016). miRNAs also influence lipid metabolism in Alzheimer’s disease, as reviewed in
(Goedeke et al., 2014; Yoon et al., 2016). In Alzheimer’s disease, miRNAs regulate
cholesterol efflux (ABCAL) and ApoE lipidation that are involved in Ap accumulation.
Given that lipid abnormalities are also implicated in AMD pathobiology, miRNAs that
regulate lipid metabolism could play an important role in AMD. The possible lipid-
regulating miRNAs in AMD are summarized in Figure 2.

5.1 miRNAs Involved in Cholesterol and TG synthesis

The sterol regulatory element-binding proteins (SREBPS) are central transcription factors
that target genes involved in cellular cholesterol synthesis, efflux, uptake and fatty acid
oxidation (Magana and Osborne, 1996; Shimomura et al., 1997a; Shimomura et al., 1997b;
Tontonoz et al., 1993). The SREBPs work in concert with multiple miRNAs. For example,
miR-33a and miR-33b (miR-33a/b), by their location within the introns of the SREBF2 and
SREBF1 genes, respectively, are co-transcribed with their host genes. While the SREBPs
promote lipid synthesis and uptake, miR-33a and miR-33b help prevent the loss of cellular
lipids by targeting genes involved in cholesterol trafficking and efflux, such as Niemann
Pick C (NPC1), ATP-Binding Casette A1 (ABCA1), and ATP-Binding Casette G1
(ABCGL1), and fatty acid p-oxidation, including carnitine palmitoyltransferase 1A (CPT1A),
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carnitine O-octanoyltransferase (CROT), and hydroxyacyl-CoA dehydrogenase/3-ketoacy-
CoA thiolase/enoyl-CoA hydratase B subunit (HADHB) (Davalos et al., 2011; Gerin et al.,
2010; Marquart et al., 2010; Najafi-Shoushtari et al., 2010; Rayner et al., 2010). Recently,
miR-185 was shown to regulate cholesterol homeostasis in coordination with genes encoded
by the SREBPs. In particular, miR-185 is transcriptionally activated by SREBP1c and
negatively regulates SREBP2 expression, thereby inhibiting de novo cholesterol biosynthesis
and LDL uptake (Yang et al., 2014). In addition to miR-33 and miR-185, the locus
comprising miR-96, miR-182, and miR-183 (miR-96/182/183) act in a feedback loop to
regulate cholesterol metabolism (Goedeke et al., 2015).

Vickers et al. also identified miR-27b and miR-223 as key post-transcriptional regulatory
hubs that control cholesterol and lipoprotein metabolism gene networks (Vickers et al.,
2014; Vickers et al., 2013). Using an unbiased /n silico target site search, miR-27b was
predicted to target 151 lipid metabolism genes. Indeed, microarray/real-time gPCR based
gene expression in human hepatocytes confirmed robust miR-27b-mediated regulation of
lipid metabolism genes including peroxisome proliferator-activated receptor gamma
(PPARG), Angiopoietin-like 3 (ANGPTL3), N-deacetylase/N-sulfotransferase 1 (NDST1),
and glycerol-3-phosphate acyltransferase 1, mitochondrial (GPAM). ANGPTL3 is expressed
by the liver and secreted into the circulation (Clark et al., 2003), and suppresses the activity
of lipoprotein lipase (Shimizugawa et al., 2002) and endothelial lipase (Shimamura et al.,
2007), which regulate TG and HDL-cholesterol, respectively. GPAM catalyzes the first
committed step in de novo TG synthesis and is implicated in regulating cholesterol synthesis
(Gonzalez-Baro et al., 2007). miR-27a/b can also regulate macrophage cholesterol
homeostasis by targeting cholesterol esterification such as acetyl-CoA acetyltransferase 1,
and efflux, including ABCA1(Zhang et al., 2014), and is upregulated in the liver of high-fat/
high-cholesterol fed APOE deficient mice, inducing severe hypercholesterolemia and
advanced atherosclerosis (Vickers et al., 2013). In addition to regulating HDL cholesterol
uptake by directly repressing the HDL receptor SR-BI, miR-223 inhibits cholesterol
biosynthesis by repressing HMG-CoA synthase 1 and methylsterol monooxygenase
1(Vickers et al., 2014). Collectively, these studies elucidate the importance of these miRNAs
in regulating the circuitry of cholesterol metabolism, particularly with SREBPs-mediated
transcriptional regulation.

miR-27b and miR-223 are elevated in the plasma of patients with AMD relative to control
patients (Ertekin et al., 2014). Furthermore, miR-223 is increased in the RPE/choroid of
mice that develop RPE degeneration after intravitreal injection of AB1_49 (Huang et al.,
2017; Yoshida et al., 2005). These studies suggest that miR-27b and miR-223 influence
cholesterol and TG synthesis in the RPE.

5.2 miRNAs Regulate Lipoprotein Packaging and Secretion.

The liver is centrally involved in both the production and clearance of lipoproteins. Not
surprisingly, many hepatic-enriched miRNAs have been found to regulate lipoprotein
metabolism (Feinberg and Moore, 2016). For example, miR-30c, miR-34a, and miR-122
modulate hepatic production of apoB-containing lipoproteins (Zhou et al., 2016). miR-30c,
an evolutionarily conserved miRNA, regulates the assembly and secretion of apoB100-
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containing lipoproteins by modulating MTP activity, which regulates apoB100 lipidation
(Soh et al., 2013). Overexpression of miR-30c in mice potently reduced hepatic MTP
expression and activity, plasma cholesterol levels, and the production of triglyceride-rich
VLDL when compared to controls. Hepatic overexpression of miR-30c also reduced de novo
fatty acid synthesis by targeting lysophosphatidylglycerol acyltransferase 1. In APOE
knockout mice, hepatic overexpression of miR-30c mitigated hyperlipidemia and
atherosclerosis while maintaining liver health without inducing steatosis, unlike
conventional pharmacological MTP inhibitors. These studies demonstrate that miR-30c
safely reduces hepatic lipoprotein production and lipid synthesis to lower plasma lipids. As
the RPE produces both MTP and ApoB, miR-30c is an attractive target for reducing
lipoprotein production and their release into BrM to retard or halt lipid wall formation.

Mice made obese after being given a high-fat diet have a 10-fold increase in miR-34a over
controls (Xu et al., 2015). Xu et al. also showed that miR-34a inhibits VLDL production by
targeting transcription factor HNF4a to regulate apoB and MTP expression. In fact,
miR-34a and its target HNF4a also have an inverse relationship in non-alcoholic fatty liver
disease (Choi et al., 2013; Xu et al., 2015). Increased hepatic expression of miR-34a
attenuated atherosclerotic lesion size by >50% in apoE or LDLR deficient mice by reducing
VLDL secretion to lower plasma VLDL and LDL cholesterol. However, the retention of
lipids by impaired VLDL secretion caused liver steatosis. In contrast, miR-34a deficient
mice have increased plasma TG and cholesterol, and decreased hepatic TGs. These data
demonstrate that miR-34a regulates lipid metabolism by controlling hepatic lipoprotein
synthesis and secretion. miR-34a can also inhibit a number of cholesterol biogenesis genes
including sterol regulatory element-binding protein 1c, acetyl-CoA carboxylase 1 and 2, and
HMG-CoA reductase. These results suggest that the miR-34a-HNFa pathway is activated
under metabolic stress and regulates lipoprotein metabolism.

Importantly, miR-34a is significantly upregulated in both the whole retina and the macular
region of AMD patients compared to controls (Bhattacharjee et al., 2016). Furthermore,
miR-34a is expressed by ARPE19 cells (Hou et al., 2013) and miR-34a is significantly
increased with aging in the RPE and retina of mice (Smit-McBride et al., 2014). Given its
regulatory role in lipoprotein metabolism, it is possible that miR-34a overexpression in the
RPE limits apoB100 lipoprotein secretion, resulting in lipid accumulation in the RPE, which
as in liver, could induce cellular dysfunction or lipo-apoptosis. Further elucidation of the
effects of miR-34a on RPE lipid metabolism will enable us to understand its role when the
RPE is under high lipid metabolic stress, and determine the extent that it is a treatment
target.

Unlike miR30c and miR-34a, miR-122 deficiency reduces hepatic MTP expression, VLDL
production, and plasma lipids, an effect that is ameliorated by overexpressing MTP in the
liver (Tsai et al., 2012). How miR-122 regulates MTP expression is unknown as MTP is not
a predicted target (Xu et al., 2015). Since inhibiting miR-122 is expected to upregulate its
direct targets, the decreased gene expression raises the possibility that miR-122 targets a
transcriptional inhibitor. In fact, treatment with an antisense oligonucleotide against
miR-122 decreased the expression of many key genes that regulate lipid metabolism.
miR-122 inhibition in normal mice reduced plasma cholesterol, increased hepatic fatty-acid
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oxidation, and decreased hepatic fatty-acid and cholesterol synthesis (Esau et al., 2006).
Similar effects were shown in non-human primates treated with LNA-mediated miR-122
silencing (EImen et al., 2008). These results identified miR-122 as a crucial regulator of
cholesterol and fatty acid synthesis, and thus, lipoprotein homeostasis.

Recent studies have found that miR-122 plays a role in retinal development in dogs (Genini
et al., 2014) and is detected in the aqueous humor of human patients, which raises the
possibility that this miRNA regulates lipid metabolism genes in the eye (Drewry et al.,
2018). Importantly, the miR-122 gene variant rs41292412: C>T (Chr18:56118358) in the
stem loop regions of pre-miR-122 is associated with AMD risk with reduced expression of
the mature miR-122 when tested /in vitro (Ghanbari et al., 2017). These data suggest that
decreased miR-122 by its genetic variant, reduces MTP expression during AMD. Further
clarification of the miR-122 pathway that mediates MTP expression as well as its impact on
RPE cell lipid metabolism is warranted.

5.3 miRNAs are Involved in Lipoprotein Uptake

miRNAs target the LDL receptor (LDLR) to regulate plasma LDL levels by promoting the
clearance of circulating LDLs. Two GWAS studies have identified polymorphisms in
miR-148a with atherosclerosis risk, and further investigation found that miR-148a is a
negative regulator of LDLR since inhibiting miR-148a increased LDL cholesterol by
inducing hepatic LDLR expression in mice (Goedeke et al., 2015; Wagschal et al., 2015).
Both studies showed that inhibiting miR-148a increased hepatic LDLR expression and
decreased plasma LDL cholesterol. In addition, polymorphisms in the miR-148a promoter
are associated with altered LDL cholesterol in people, further suggesting its role in
dyslipidemia (Wagschal et al., 2015). Wagschal et al. also identified miR-128-1, miR-130b,
and miR-301b that were predicted to target LDLR. Introduction of these miRNAs as well as
miR-148a precursor oligonucleotides into human hepatoma cells decreased LDLR. In high
fat diet fed C57BL/6J and ApoE KO mice, overexpression and antisense targeting of
miR-128-1 or miR-148a altered hepatic LDLR and ABCAL expression, respectively, and
modulated circulating lipoprotein-cholesterol and TG. miR-148a-3p is increased in the
vitreous and subretinal fluid of eyes with rhegmatogenous retinal detachment where free
floating RPE cells are present (Takayama et al., 2016; Tsunekawa et al., 2017). As in the
liver, it is therefore possible that miR-148a could play a role LDL uptake in the RPE.

Macrophages have an important role in LDL and oxLDL uptake, a critical early step in foam
cell formation during atherogenesis, a process that is regulated by miRNAs. For example,
miR-27a/b can regulate macrophage lipoprotein uptake by targeting LDLR and CD36 gene
expression (Zhang et al., 2014). Likewise, miR-125a and miR-146a decrease lipid uptake in
oxLDL-stimulated macrophages (Chen et al., 2009; Yang et al., 2011). miR-155 also
appears to regulate lipoprotein uptake by macrophages since it is increased in the plasma and
macrophages of ApoE KO mice, and is induced in macrophages by oxLDL. Importantly,
inhibiting miR-155 by systemically delivered antagomiR-155 decreased lipid-loading in
macrophages and reduced atherosclerosis plaques in ApoE deficient mice (Tian et al., 2014).

Of the above miRNAs that can regulate lipoprotein uptake, miR-27a, miR-146a and
miR-155 are upregulated in both Alzheimer’s Disease brains and importantly, in AMD
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retinas (Pogue and Lukiw, 2018). Among them, miR-146a and miR-155 are also of
particular interest because they can downregulate the expression of complement factor H
(CFH), and both have been found to be increased in the plasma, vitreous, and retina of AMD
patients (Lukiw et al., 2012). In addition, SanGiovanni et al. identified polymorphisms in the
3’UTR of CFH, which could interfere with the miR-146a/miR-155 binding site that is
associated with AMD (SanGiovanni et al., 2017). These data suggest that the individual
miRNA profile and its target gene polymorphism can interfere with miRNA-mRNA binding.
Aside from its regulatory role in the alternative complement pathway, the ability of CFH to
block the uptake of malondialdehyde-modified proteins and minimize inflammation raises
the possibility that miRNAs modulating CFH could play an important role in regulating
oxidized lipid uptake in the RPE or macrophages in AMD (Weismann et al., 2011).
Interestingly, the 402H CFH variant, which is associated with increased AMD risk, has a
reduced ability to bind malondialdehyde, suggesting that malondialdehyde induced
inflammation is an alternative mechanism to impaired complement regulation during AMD
lesion development. Thus, careful investigation is needed to fully attribute a phenotype to a
specific mMiRNA.

5.4 Reverse Cholesterol Transport

Multiple miRNAs can regulate reverse cholesterol transport. miR-128 and miR-148a directly
reduce the expression of ABCA1, which promotes cellular cholesterol efflux to APOA1
during HDL biogenesis in order to remove excess cholesterol from hepatocytes,
macrophages, and RPE cells (Feinberg and Moore, 2016; Goedeke et al., 2015). Likewise,
miR-223 indirectly promotes ABCA1 expression by regulating SP3 to enhance cellular
cholesterol efflux (Vickers et al., 2014). In atherosclerosis, many miRNAs have been
identified that promote foam cell formation by reducing ABCAL1 to inhibit macrophage
cholesterol efflux, including miR-26, miR-33, miR-106, miR-128-1, miR-130b, miR-144,
miR-148a, miR-301b, miR-302a, and miR-758 (de Aguiar Vallim et al., 2013; Feinberg and
Moore, 2016; Marquart et al., 2010). This high degree of miRNA targeting of ABCA1
points toward a need for careful fine-tuning of macrophage cholesterol efflux to maintain
cholesterol homeostasis. Interestingly, miR-33, by targeting ABCAL, inhibits apoE
lipidation to reduce cholesterol efflux and induces AR in the brain, which suggests that this
miRNA is involved in Alzheimer’s disease progression (Kim et al., 2015). Their role in the
RPE or ocular macrophages is unknown.

5.5 miRNAs Regulate HDL Uptake

Circulating HDL cholesterol is regulated by hepatic clearance via the scavenger receptor
SR-BI, which is targeted by miR-96, miR-125a, miR-185, miR-223, and miR-455-5p (Hu et
al., 2012; Wang et al., 2013). In addition, HDLs can carry miRNAs such as miR-92a,
miR-126, and miR-223, which can be internalized by macrophages and endothelial cells
through SR-B1 to repress their target gene expression (Feinberg and Moore, 2016). Genetic
ablation of miR-223, which is also known to control monocyte differentiation through NF-
xB signaling, can increase HDL cholesterol, and total hepatic and plasma cholesterol in
mice (Johnnidis et al., 2008; Li et al., 2010). Importantly, miR-223 is upregulated in the
RPE/choroid after intravitreal injection of AB1_49, Which induces RPE degeneration (Huang
etal., 2017; Yoshida et al., 2005). In this model, it is possible that miR-223 impaired HDL
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uptake into the RPE. The dual role on both cholesterol uptake and monocyte differentiation
raises the intriguing possibility of its involvement in AMD pathobiology.

6. Conclusions

Excess lipid accumulation within the RPE can trigger either the reverse cholesterol efflux
pathway or the secretion of apoB containing lipoproteins that can eventually form the “lipid
wall” in Bruch’s membrane. With aging related changes to Bruch’s membrane, chronic
oxidative stress can oxidize these lipid accumulations, inducing inflammation, which
cumulatively, can have a pivotal impact on AMD pathobiology. Given the evidence for
lipoprotein accumulation in Bruch’s membrane, their oxidation, and subsequent
inflammation during drusenogenesis, investigations that attempt to lower lipoprotein uptake
into the RPE or macrophages, regulate lipoprotein secretion from these cells, reduce their
retention in Bruch’s membrane, and/or reduce their oxidation may yield effective treatment
for AMD. miRNAs have a significant role in mediating lipid metabolism in atherosclerosis
and to some extent, Alzheimer’s Disease. Gaining an understanding of the tissue specific
lipid metabolism miRNA profile in the eye, and how these miRNAs control/impact lipid
biogenesis pathways in the RPE will deepen our understanding of how lipid metabolism
contributes to AMD pathobiology. Furthermore, circulating miRNAs that are carried by
nanosized exosomes or microvesicles in the blood or vitreous have been identified in age-
related diseases, and can potentially be valuable diagnostic or prognostic biomarkers for
age-related diseases including AMD (Grassmann et al., 2014).

To date, pharmacologic intervention of these pathways, which have enjoyed success by
reducing cardiovascular disease by 20-40%, such as reducing lipoproteins with the HMG-
CoA reductase inhibitor Statins, or anti-sense to apoB (Mipomersen), which was approved
by the FDA in 2013 for use in patients with familial hypercholesterolemia (Thomas et al.,
2013; Thomas and Ginsberg, 2010). A clinical trial targeting lipid metabolism has not been
conducted for AMD. One exception is the pilot study by Vavvas et al. Over a 12 month
period, high-dose atorvastatin resulted in regression of drusen deposits in 10 of 23 patients
(Vavvas et al., 2016). Given the potential to correct lipid metabolism abnormalities, future
studies should consider testing high dose statins and these other targets as treatment for
AMD. Lipid metabolism and inflammation are complex interweaving and interactive
networks. By simultaneously targeting multiple pathways, miRNAs offer a unique treatment
advantage to comprehensively control dysregulated pathways such as the complexity of lipid
metabolism. However, a full understanding of how lipids contribute to AMD pathobiology,
both in terms of the magnitude and timing of their contribution, and how miRNAs influence
lipid metabolism during the development of AMD would likely enable the identification of
novel miRNAs or miRNA inhibitors that might someday restore lipid metabolic homeostasis
in the macula.

The RPE in the cholesterol rich cone (blue) dominated fovea on the right is synthesizing
cholesterol and fatty acids and packaging them into apoB lipoproteins for secretion into
Bruch’s membrane for release into the choriocapillaris. Once in Bruch’s membrane, the
lipids and lipoproteins bind to hydroxyapatite (HAP), and become oxidized, which induces
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inflammation and drusen formation. The miRNAs that can regulate these lipid pathways are
listed. miRNAs that are expressed by RPE cells or related to AMD, are in bold.
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Highlights
Lipids accumulate in the macula in AMD
Oxidative stress oxidizes lipids
Oxidized lipids can damage tissue and induce innate immunity
MicroRNAs are important regulators of lipid metabolism

This review discusses how microRNAs might regulate lipid metabolism in
AMD
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Lipid-related pathogenic mechanisms in AMD. Lipids accumulate in the sub-RPE and sub-
retinal space. Various oxidative sources including aging, cigarette smoking, cellular
metabolism, and sunlight cause the oxidation of lipid molecules, which induces
inflammation in part, through complement and inflammasome activation, and cytokine
production in the RPE and/or microglia/macrophages. In addition, a high fat diet and the
phagocytosis of photoreceptor outer segments (POS) by the RPE are major sources of lipid
accumulation. Monocytes/macrophages/microglia are recruited and further differentiated by
various cytokines, to induce inflammation and modify lipid transport metabolism. These
processes worsen lipid oxidation and promote the accumulation of inflammatory molecules
during drusenogenesis. The combination of direct injury from oxidized lipids and
dysregulated, chronic inflammation can contribute to RPE degeneration that can mediate to
photoreceptor death (outer retinal atrophy) resulting vision loss and AMD.
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Figure 2.

Scheme of lipid metabolism and miRNAs with the potential to regulate lipid pathways
within the RPE during AMD progression. The RPE cell in the cholesterol poor rod (green)
dominated perifoveal macula on the left is ingesting systemically delivered lipoproteins via
receptors like LDLR and SR-BI for LDL and HDL uptake, or oxidized LDLs through CD36
on its basolateral side. In addition, the apical RPE is removing cholesterol for photoreceptors
by reverse cholesterol transport. The miRNAs that can regulate these processes are listed.
Dysregulation of this process can result in subretinal drusenoid deposit (SDD) formation.
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