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Abnormal cholesterol/lipid homeostasis is linked to neurode-
generative conditions such as age-relatedmacular degeneration
(AMD), which is a leading cause of blindness in the elderly. The
most prevalent form, termed “dry” AMD, is characterized by
pathological cholesterol accumulation beneath the retinal
pigment epithelial (RPE) cell layer and inflammation-linked
degeneration in the retina. We show here that the choles-
terol-regulating microRNA miR-33 was elevated in the RPE
of aging mice. Expression of the miR-33 target ATP-binding
cassette transporter (ABCA1), a cholesterol efflux pump genet-
ically linked to AMD, declined reciprocally in the RPE with age.
In accord, miR-33 modulated ABCA1 expression and choles-
terol efflux in human RPE cells. Subcutaneous delivery of
miR-33 antisense oligonucleotides (ASO) to aging mice and
non-human primates fed a Western-type high fat/cholesterol
diet resulted in increased ABCA1 expression, decreased choles-
terol accumulation, and reduced immune cell infiltration in the
RPE cell layer, accompanied by decreased pathological changes
to RPEmorphology. These findings suggest that miR-33 target-
ing may decrease cholesterol deposition and ameliorate AMD
initiation and progression.

INTRODUCTION
Defective cholesterol/lipid homeostasis is linked to neurodegenerative
conditions, including age-related macular degeneration (AMD).1 In
particular, deposition of cholesterol and cholesterol-containing dru-
sen in the retinal pigment epithelial (RPE) and sub-RPE layers is
strongly associated with the development of AMD.2–4 Moreover,
genome-wide association studies (GWAS) of genetic risk factors
linked to AMD have identified single-nucleotide polymorphisms
near genes involved in cholesterol and lipid regulation, such as
ABCA1, APOE, CETP, and LIPC.5–8 A recent report indicated that a
Western-type dietary pattern in humans also increases the risk of
developing late-stage AMD by three-fold.9 Even though normal
mice do not develop signature human AMD pathology, studies with
high-fat/cholesterol-enriched diet-fed aging C57BL/6J or ApoE4
knock-in mice and ApoB100/Ldlr�/� mice also demonstrate that
cholesterol accumulation induces RPE atrophy and basal laminar
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deposit formation,10–15 providing further support for the hypothesis
that abnormal cholesterol accumulation in the retina represents a
prominent pathological feature.

The pathological progression of early-stage AMD can lead to
advanced-stage wet AMD or dry AMD (also known as geographic at-
rophy).16 At present, some therapeutic options are available for the
less-frequent wet AMD.17 While there is currently no treatment for
geographic atrophy (which accounts for 85%–90% of all AMD cases),
targeting mechanisms linked to cholesterol accumulation may be a
viable therapeutic strategy in dry AMD.18

RPE cells are key regulators of cholesterol homeostasis in the retina,19

and ATP-binding cassette transporter (ABCA1) expressed by RPE
cells facilitates the efflux of cholesterol.20,21 Mice that lack Abca1
along with Abcg1 in the RPE layer develop AMD-like pathology
that includes cholesterol accumulation, RPE and photoreceptor
degeneration, and inflammation.20 Additionally, a previous study re-
vealed that expression of Abca1 is downregulated during aging in
macrophages and linked the corresponding decreased cholesterol
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efflux capacity in aging macrophages to elevated retinal inflammation
in a laser-induced model for choroidal neovascularization (CNV).22

MicroRNAs (miRNAs) are short (�18–24 nucleotides) regulatory
non-coding RNAs with diverse functions in development, meta-
bolism, and disease.23 Aberrant expression or function of miRNAs
has been linked to a number of diseases, and inhibition of several
disease-associated miRNAs with anti-miR antisense oligonucleo-
tides (ASOs) has recently been explored as a therapeutic
intervention.24,25

We have for a number of years investigated conserved mechanisms
by which the sterol regulatory element-binding protein (SREBP)
family of transcription factors governs cholesterol/lipid and
metabolic homeostasis.26–30 We and others discovered that the
human SREBP genes surprisingly harbor intronic miRNAs, miR-
33a/b.31–38 Intriguingly, our studies and those of others have
revealed that miR-33a/b act to modulate several interconnected
metabolic circuits, while also cooperating with the SREBP transcrip-
tion factors to promote elevated intracellular cholesterol/fatty acids
and other lipids. Importantly, injection of ASOs directed against
miR-33 results in significantly increased hepatic and macrophage
ABCA1 expression and elevated circulating high-density-lipopro-
tein-cholesterol (HDL-C) in mice and non-human primates
(NHPs) fed a Western-type diet (WTD) and decrease atheroscle-
rosis in Ldlr�/� and Apoe�/� mice.31–34,38–40

We have also carried out a systematic analysis of GWAS involving
>188,000 individuals, associating common SNPs with abnormal
plasma lipids, resulting in the identification of 69 miRNAs. Two miR-
NAs, miR-128-1 and miR-148a, emerged from these analyses as the
top microRNAs with predicted and verified targets involved in
cholesterol/lipid and metabolic homeostasis, including ABCA1.41

As with miR-33, we found that these miRNAs are also critical regula-
tors of ABCA1-dependent cholesterol efflux from macrophages.41

Moreover, we recently showed that miR-128-1 is more broadly regu-
lating lipid and metabolic circuits, linked to human positive selec-
tion.42 These studies together provide evidence that miRNAs may
serve as key regulators of cholesterol/lipid homeostasis, with impor-
tant implications for cholesterol/lipid disorders.

Interestingly, a previous study found that miR-33a expression is
elevated in aging mouse macrophages and linked this to increased
inflammation and CNV in the mouse eye, hallmarks of the wet
form of AMD.22 However, the potential roles of cholesterol/lipid-
regulating miRNAs in animal models recapitulating aspects of the
predominant dry form of AMD have not been explored. Taken
together with the apparent cholesterol accumulation in AMD and
strong genetic connections with cholesterol regulators, this then pro-
vided the impetus to explore more deeply the potential broader func-
tional association of miRNAs with dry AMD. Here, we describe our
evaluation of miRNA regulation of ABCA1 and high-fat/cholesterol
diet-induced cholesterol accumulation and AMD-like pathologies
in the eye of clinically relevant NHPs and in mice.
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RESULTS
miR-33a/b regulates RPE ABCA1 expression and cholesterol

efflux

As human SREBP genes harbor intronic miR-33a/b,31,38 we first
investigated the expression of miR-33a/b in primary human RPE cells
and then further characterized the role of miR-33a/b in RPE choles-
terol efflux using the human RPE-derived cell line ARPE-19. Analysis
of primary human RPE cells show that they express miR-33a and
miR-33b isoforms (Figure 1A). Furthermore, introduction of miR-
33a and/or miR-33b precursors resulted in decreased ABCA1 levels
in primary human RPE (Figure 1B), whereas inhibition of endoge-
nous miR-33a or miR-33b using anti-miR ASOs in primary human
RPE increased ABCA1 levels (Figure 1C).

We then determined if the elevated expression of miR-33a and
miR-33b would have a functional effect on cholesterol handling
by the RPE. Transfection of miR-33a or miR-33b precursors
significantly reduced cholesterol efflux to carrier ApoA1 lipopro-
tein as compared with scrambled precursor miR control (Fig-
ure 1E). The inhibition of endogenous miR-33a and miR-33b
with anti-miR-33a/b ASOs produced an additive positive effect
on ABCA1 expression (Figure 1D) and significantly improved
cholesterol efflux (p = 0.001) in ARPE-19 cells as compared to
anti-miR-33a (p = 0.04) or anti-miR-33b (p = 0.02) alone, or con-
trol ASO (Figure 1F).

In addition to ABCA1, miR-33 has been shown to target the lipid
regulator SIRT6 in human cells.43 Transfection of ARPE-19 cells
with miR-33a or miR-33b precursors significantly reduced SIRT6
levels compared to scrambled miR transfected cells (Figure S1A).
Conversely, transfection of anti-miR-33a, anti-miR-33b, or anti-
miR-33a/b ASOs significantly increased SIRT6 levels, compared to
control ASO-transfected ARPE-19 cells (Figure S1B).

miR-33 inhibition suppresses cholesterol accumulation and

inflammation in the RPE layer of retina in mice fed a WTD

In contrast with rodents, primates carry a high-visual-acuity macu-
lar region,44 suggesting that NHPs represent an appropriate model
for the development of therapies for AMD.44,45 Moreover, while hu-
mans and NHPs have both miR-33a and miR-33b isoforms, mice
only harbor miR-33a,31,38 further limiting translational relevance
of mouse models. Nevertheless, before studies in an NHP AMD
model with anti-miR-33 treatment, we wished to gain proof-of-
concept data employing a previously reported dry AMD model
with WTD-fed aging mice to investigate the effect of miR-33a inhi-
bition on RPE phenotypes in vivo.12,13,46 We first determined the
expression of Abca1 and miRNAs targeting Abca1 in freshly iso-
lated murine RPE cells from C57BL/6J mice at different ages. Quan-
titative real-time PCR analysis revealed that the level of Abca1
mRNA was markedly decreased in RPE cells as mice age (Fig-
ure S1C). Intriguingly, of the Abca1-targeting miRNAs evaluated
(miR-33a, miR-128-1, miR-148a, miR-130b, and miR-301b), only
miR-33a expression was increased in RPE cells from aging mice
(Figures S1D–S1G).



Figure 1. miR-33 modulated ABCA1 expression and cholesterol efflux in RPE cells

(A) The expression of miR-33a and miR-33b was analyzed by quantitative RT-PCR in primary human RPE cells (n = 3). (B) Western blot showing the expression of ABCA1 in

primary human RPE cells 72 h after transfection with precursor miR control, miR-33a, or miR-33b (n = 3). (C) Western blotting demonstrating ABCA1 in primary human RPE

cells 72 h post-transfection with control, anti-miR-33a, or anti-miR-33b (n = 3). (D) Western blotting demonstrating ABCA1 in ARPE-19 cells 72 h post-transfection with

control, anti-miR-33a, anti-miR-33b, or anti-miR33a/b (n = 3). (E) TopFluor cholesterol efflux was measured in ARPE-19 cells transfected with precursor control miR, miR-

33a, or miR-33b. (F) TopFluor cholesterol efflux was assessed in ARPE-19 cells �60 h after transfection with scrambled control, anti-miR-33a, anti-miR-33b, or-miR-33a/b

ASO. pC, precursor scrambled control miR; aC, anti-miR control. All error bars represent ±SEM. (B–D) Expression levels were normalized to a-tubulin loading control, and

statistical significance between groups was calculated by unpaired t test. (E and F) Each experiment was performed in quadruplicate and repeatedR3 times, and statistical

significance between groups was calculated by unpaired t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Wethen tested if feeding 12-month-oldC57BL/6Jmalemice a high-fat/
cholesterol WTD for 8 weeks would result in cholesterol accumulation
in the RPE layer and whether inhibition of miR-33a by subcutaneous
delivery of an anti-miR-33a locked nucleic acid (LNA) ASO31,34 for
4 weeks (while on the WTD) would reduce cholesterol deposition.
Consistent with previous reports,31,34 anti-miR-33a LNA ASO treat-
ment significantly increased total serum cholesterol (predominantly
HDL-C) levels as compared to mice that received scrambled control
LNAASO (Figure S2A), without significantly affecting circulating liver
enzymes alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST),43 and with very moderate effects on bilirubin and creati-
nine (Figure S2B), suggesting the LNA ASO treatment was well
tolerated, as previously observed.31,34We collected RNA fromRPE cells
obtained from the dissected retinas of animals that were treated with
scrambled control or anti-miR-33a LNA ASO to examine the effect
on miR-33 target gene expression levels, Abca1 protein localization,
and cholesterol deposition in the RPE cell layer. In agreement with
on-target effects of anti-miR-33a, expression of several miR-33 target
Molecular Therapy Vol. 29 No 7 July 2021 2283
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genes (e.g., Cpt1a, Abca1, Prkaa1, Sirt6, and Sik134,43) were modestly
increased in the RPE of anti-miR-33a LNA ASO-treated mice as
compared to scrambled control LNA ASO treatment (Figure S3A).

We next analyzed Abca1 expression in cryosections of eyecups by
immunofluorescence, and, consistent with the effects on Abca1
mRNA levels, we found that there was stronger Abca1 staining in
the RPE cell layer, as well as in choroid blood vessels, of eyecups
from animals treated with anti-miR-33 LNA ASO as compared to
control LNA ASO treatment (Figure S3B).

To study the effect of LNAASO treatment on cholesterol deposition in
the RPE layer, retinal sections were stained with the cholesterol-tro-
phic dye filipin III. Analysis of the eyecups from animals treated
with scrambled control LNA ASO showed strong filipin III staining
in the RPE layer closer to the optic nerve head (ONH), center, and
periphery (Figure S3C), whereas eyecups from animals treated with
anti-miR-33a LNA ASO exhibited significant reduction of filipin III
staining in the RPE layer closer to the optic nerve head region and
the central region, but not in the periphery (Figure S3C).We speculate
that the lesser effect of the LNAASO treatment on cholesterol accumu-
lation in the retina periphery might be due to the LNA ASO not effec-
tively reaching the peripheral RPE layer as compared to the RPE cell
layer closer to the optic nerve head region and the central region.

Cholesterol accumulation causes structural changes in RPE and in-
duces sub-RPE deposit formation.12,13 Electron microscopic imaging
revealed that the integrity of the RPE basal structure is severely
affected and the presence of large vacuole-like structures are observed
in control LNA ASO-treated mice (Figure S3D) in comparison to
mice that received anti-miR-33a LNA ASO (Figure S3D). As AMD
is associated with immune cell infiltration in the retina,47,48 we then
examined whether cholesterol accumulation in the RPE layer is linked
to inflammatory cell recruitment, as judged by staining with an anti-
body directed against Iba1 (macrophage/microglia cell marker). The
results show that the average number of Iba1-positive cells in the RPE
cell layer of anti-miR-33a LNA ASO-treated mice was markedly and
significantly lower (8 ± 3 cells/retinal section) as compared with
scrambled control LNA ASO-treated mice (22 ± 2 cells/retinal sec-
tion) (Figure S4C). In addition, marked infiltration of Iba1-positive
cells into the photoreceptor nuclear layer was observed in the control
LNA ASO-treated mice (Figure S4A), but not in anti-miR-33a LNA
ASO-treated mice (Figure S4A), consistent with a potent anti-inflam-
matory effect of anti-miR-33a LNAASO treatment in the eye of aging
WTD-fed mice. These results led us to further investigate the thera-
peutic value of simultaneous ASO targeting of miR-33a and miR-
33b in reducing cholesterol accumulation and inflammation in
WTD-fed male NHPs (cynomolgus monkeys).

miR-33a/b inhibition ameliorates WTD-induced AMD-like

phenotypes in NHPs

NHPs were fed a WTD for 20 months and then switched to a regular
chow diet (to mimic dietary intervention in humans with cardiome-
tabolic diseases) and concomitantly treated with anti-miR-33a/b
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ASO or vehicle control for 6 weeks. Plasma lipid profiling showed
that total cholesterol and HDL-C levels were significantly increased
in anti-miR-33a/b ASO-injected NHPs as compared to vehicle-
treated NHPs (Figure 2A), as expected.32,34 There was no significant
difference between treatment groups in plasma levels of triglycerides,
low-density lipoprotein cholesterol (LDL-C), or very-low-density
lipoprotein cholesterol (VLDL-C), nor in levels of liver enzymes
ALT/AST and kidney damage markers creatinine and blood urea ni-
trogen (BUN), indicating that the anti-miR-33a/b ASO treatment
exhibited specific effects and was well tolerated (Figure 2B; Fig-
ure S5). The eyes collected from NHPs treated with anti-miR-33a/
b ASO or vehicle were then evaluated. In RPE cells of NHPs treated
with anti-miR-33a/b ASO, the expression levels of miR-33a/b target
genes (ABCA1, PRKAA1, CPT1A, CROT, SIRT6, and SIK1) were
increased as compared to vehicle-injected NHPs (Figure 3A). As
miR-33a and miR-33b suppress ABCA1 protein translation by
targeting ABCA1 mRNA, examination of RPE-choroid lysates ex-
tracted from anti-miR-33a/b ASO-injected NHPs showed that the
inhibition of miR-33a and miR-33b resulted in significant (more
than two-fold) increase in ABCA1 level in comparison to vehicle-in-
jected samples (Figure 3B). Complementing the western blot data,
analysis of retinal cryosections demonstrated that ABCA1 protein
was markedly increased in the RPE cell layer of anti-miR-33a/b
ASO-treated NHPs as compared to the vehicle-treated NHPs (Fig-
ure 3C; Figure S9), further supporting a direct effect of the anti-
miR-33a/b ASO in the RPE layers of NHPs.

Since unesterified and esterified cholesterol accumulation in the RPE
and sub-RPE layers has been postulated to contribute to AMD patho-
genesis,49 we evaluated whether miR-33a/b inhibition reduced choles-
terol levels in the RPE-choroid of NHPs. Total lipids were extracted
from the RPE-choroid of vehicle- and anti-miR-33a/b-treated NHPs,
followed by measurement of free and esterified cholesterol levels. Re-
sults showed that free cholesterol levels in the RPE-choroid of anti-
miR-33a/b-treated NHPs were significantly reduced (p < 0.03) as
compared with vehicle-treated NHPs (Figure 3D). Similarly, choles-
terol ester levels were also reduced in the RPE-choroid of anti-
miR33a/b-injected NHPs as compared to vehicle controls (Figure 3D).

To further evaluate the effect of cholesterol accumulation in the RPE
and sub-RPE layers, we systematically examined the cholesterol depo-
sition from the fovea up to the peripheral retina of NHPs treated with
vehicle or anti-miR-33a/b ASO (Figure 3E). NHP retinal sections of
vehicle- or anti-miR-33 ASO-injected groups were prepared with
and without cholesterol esterase treatment followed by filipin III
staining to visualize esterified and unesterified cholesterol, respec-
tively. The data revealed that anti-miR-33a/b ASO-treated NHPs ex-
hibited significantly reduced unesterified cholesterol in the fovea (p =
0.01), parafovea (p = 0.01), perifovea (p = 0.003), and periphery (p =
0.001), as compared with vehicle-treated NHPs (Figure 3F; Fig-
ure S7A). With respect to esterified cholesterol, the filipin III staining
of esterified cholesterol was mostly detected in the sub-RPE layer
from fovea to the central retina (R1–R3) of vehicle- or anti-miR-
33a/b ASO-treated NHPs (Figure S8), while the staining of esterified



Figure 2. Anti-miR-33a/b ASO treatment improves plasma HDL-C and total cholesterol in NHPs

(A) Plasma HDL-C and total cholesterol were measured in NHPs fed a high-fat/cholesterol diet for 20 months and then switched to a regular chow diet and injected with anti-

miR-33 ASO or vehicle for 6 weeks (n = 12/group). (B) Serum AST, ALT, bilirubin, and uric acid levels weremeasured tomonitor liver and kidney functions inmice that were fed

a high-fat/cholesterol diet and injected with scrambled control or anti-miR-33 LNA ASO (n = 12/group). All error bars represent ±SEM. Statistical differences between vehicle

control and anti-miR-33a/b ASO-injected mice were calculated by unpaired t test. *p < 0.05 and **p < 0.01.
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cholesterol was very weak in the periphery (Figure S8). In the fovea to
the central retinal RPE layer, unesterified cholesterol staining was
moderately decreased in the anti-miR-33a/b ASO-treated NHPs
compared to the vehicle-treated group (Figure 3G; Figure S8). Taken
together, these results show that retinal cholesterol levels and key
cholesterol trafficking proteins are beneficially impacted upon thera-
peutic targeting of miR-33a/b in WTD-fed NHPs, in agreement with
a pathological role for miR-33a/b in contributing to cholesterol-
related AMD-like phenotypes in mammals.

In AMD, RPE cells have been shown to enlarge and undergomorpho-
logical changes preceding cell death and geographic atrophy.50 To
assess whether miR-33a/b might contribute to high-fat/cholesterol-
diet-induced RPE morphological changes, RPE flatmounts were
prepared from vehicle- or anti-miR-33a/b ASO-treated NHPs and
stained for phalloidin to visualize the actin cytoskeleton and quantify
the area of each RPE cell in the regions closer to the optic nerve head,
center, and periphery in the retina. In the eyes of vehicle-treated
NHPs, a number of RPE cells displayed enlarged morphology, and
the normal hexagonal RPE shape was severely altered (Figure 4).
Quantitative analysis of cell size revealed that the number of enlarged
RPE cells was significantly increased in the RPE in vehicle-treated
NHPs, as compared to RPE of anti-miR-33a/b ASO-treated NHPs
(Figure 4). Furthermore, RPE cells in the anti-miR-33a/b ASO-
treated NHPs showed well-preserved hexagonal morphology in
comparison to vehicle controls (Figure 4). These results suggest
that miR-33a/b contribute to WTD-induced AMD-like RPE abnor-
malities in NHPs.
Molecular Therapy Vol. 29 No 7 July 2021 2285
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Figure 3. Anti-miR-33a/b ASO treatment increased miR-33 target gene expression levels and ABCA1 protein localization in NHP RPE cell layer

(A) Expression levels of ABCA1, PRKAA1,CPT1A,CROT, SIRT6, and SIK1were measured by quantitative RT-PCR in RPE cells isolated fromNHPs injected with anti-miR-33

ASO or vehicle for 6 weeks (n% 4). mRNA expression levels were normalized to PPIH orHPRT1. (B) Protein blot showing the ABCA1 protein expression in RPE/choroid lysate

extracted from vehicle or anti-miR-33 injected NHP (n = 3) and the bar graph showing the relative fold change. (C) Retinal cryosections prepared from NHPs that were treated

with vehicle or anti-miR-33 ASO by subcutaneous injections were immunostained for ABCA1 and DAPI nuclear stain (n = 3). Scale bar: 10 mm. (D) Free and esterified

cholesterol levels were measured in the lipid extracts from RPE/choroid of NHPs that were injected with anti-miR-33 ASO or vehicle for 6 weeks (n = 3). (E) NHP retinal

sections showing four highlighted regions (R1–4) from the fovea to the periphery were chosen to quantify filipin III staining in the RPE cell layer of vehicle- or anti-miR-33 ASO-

treated NHP retinal sections. Arrow points to fovea; scale bar: 1 mm. (F) Retinal sections of NHPs that were injected with anti-miR-33a/b ASO or vehicle for 6 weeks were

stained with filipin III to label unesterified cholesterol. Four regions (R1–4) from the fovea to the periphery shown in (E) chosen to quantify filipin III staining in the RPE cell layer of

vehicle- or anti-miR-33 ASO-treated NHP retinal sections (n = 9). Scale bar: 50 mm. (G) Retinal sections of NHPs that were injected with anti-miR-33 ASO or vehicle for

6 weeks were pretreated with cholesterol esterase and then stainedwith filipin III to label esterified cholesterol. Four regions (R1–4) from the fovea to the periphery shown in (E)

chosen to quantify filipin III staining in the RPE cell layer of vehicle- or anti-miR-33 ASO-treated NHP retinal sections (n = 4). Scale bar: 50 mm. All error bars represent ± SEM.

Statistical differences between vehicle- and anti-miR-33 ASO-injected NHPs were calculated by unpaired t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. Anti-miR-33a/b ASO treatment reduced abnormal RPE cytoskeletal organization in the RPE cell layer of NHPs fed a high-fat/cholesterol diet

RPE flatmounts prepared from NHPs that received subcutaneous injections of vehicle or anti-miR-33 ASO for 6 weeks were stained with phalloidin and examined for RPE

cytoskeletal organization, and then RPE cell size was quantified and segmented in the area closer to the optic nerve head (ONH), center, and periphery. Arrows in the top

panel indicate enlarged RPE cells (n % 7). Scale bar: 100 mm. RPE cell size was quantified in field of view (FOV) and represented in the bar graphs. All error bars

represent ±SEM. Statistical differences between vehicle- and anti-miR-33 ASO-injected NHPs were calculated by unpaired t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Finally, we assessed retinal inflammation by IBA1 staining (macro-
phage/microglia marker). Similar to our observations inWTD-fed ag-
ing mice, immune cell infiltration into the RPE-photoreceptor layer
and sub-RPE layer was markedly elevated in vehicle-treated NHP
retinal sections in the mid and peripheral regions (Figures 5A and
5B), as compared to anti-miR-33a/b ASO-treated NHP retinal sec-
tions. This is consistent with a potent pro-inflammatory effect of
miR-33a/b in the retina, in the context of WTD feeding of NHPs,
akin to what is observed in human AMD.48,51–53

DISCUSSION
In addition to genetic susceptibility, normal aging and cholesterol
deposition with age are postulated to predispose patients to develop
AMD.54,55 Our studies demonstrate that feeding aging mice and
NHPs a high-fat/cholesterol WTD led to cholesterol deposition in
the RPE layer, induced RPE morphological and cytoskeletal changes,
and elicited inflammatory cell recruitment, which are the key clinical
features of dry AMD.48,50,56,57 Subcutaneous delivery of anti-miR-33
ASOs reduced cholesterol deposition in the RPE layer, decreased RPE
phenotypic changes, and suppressed WTD-induced retinal inflam-
mation in aging mice and NHPs. Macrophages are also thought to
be involved in the development and progression of AMD,57 and an
experimental murine CNV model suggested a possible role for
miR-33a in aging macrophages in wet AMD.22 Although we cannot
definitively conclude whether RPE cells and/or macrophages were
the direct targets of anti-miR-33 ASO treatment, we did find that
Molecular Therapy Vol. 29 No 7 July 2021 2287
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Figure 5. Anti-miR-33a/b ASO treatment reduced immune cell infiltration in

RPE-photoreceptor and RPE layers

(A) IBA1 staining (magenta) and superimposed brightfield (BF) revealing IBA1 pos-

itive cells in the sub-RPE layers in vehicle-treated NHP retinal sections, while low

IBA1-positive staining is seen in the sub-RPE-choroid layer of anti-miR-33 ASO-

injected NHP retinal sections. Scale bar: 20 mm. POS, photoreceptor outer

segment. (B) Representative IBA1 (magenta) and superimposed DAPI (blue) staining

revealing IBA1-positive cell in the RPE-photoreceptor layer in vehicle-treated NHP

retinal sections (white arrow), while no IBA1-positive staining is seen in the RPE-

photoreceptor layer of anti-miR-33 ASO-injected NHP retinal sections. Scale bar:

20 mm. ONL, outer nuclear layer of photoreceptor cells.
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miR-33 canonical targets (e.g., ABCA1) were de-repressed and
cholesterol accumulation and inflammation were significantly
reduced in the RPE cell layer in response to anti-miR-33 ASO treat-
ment, supporting a role for miR-33 action in the RPE in contributing
to the dry AMD-like phenotypes in WTD-fed aging mice and NHPs.

Even though genetic variants in or near lipid genes and cholesterol/
lipid accumulation in the RPE layer are associated with AMD patho-
genesis,5,8,54 the role for plasma-derived cholesterol/lipids in AMD
remains controversial.6,58,59 However, accumulating evidence indi-
cates that locally RPE-derived cholesterol and lipoproteins might
contribute to cholesterol-rich drusen formation.60–62 Moreover, in-
flammatory cues elicited by the RPE could promote immune cell infil-
tration.63,64 Our results together suggest that miR-33 acts locally in
the retina to suppress beneficial RPE cholesterol clearance and stim-
ulate RPE-mediated immune response. The miR-33-dependent
cholesterol accumulation and inflammation in the RPE cell layer
2288 Molecular Therapy Vol. 29 No 7 July 2021
may thus play a key role in the development of dry AMD-like pathol-
ogy, and therapeutic targeting of miR-33a/b could facilitate the clear-
ance of cholesterol in the RPE cell layer, decrease inflammation, and
attenuate pathologic changes leading to geographic atrophy, a
hallmark of dry AMD.

MATERIALS AND METHODS
Reagents

Precursor miRNAs, including miR-33a, miR-33b, miR-128-1, and
miR-148a, and anti-miRNAs, including miR-33a, anti-miR-33b,
anti-miR-128, and anti-miR-148a, were purchased from Ambion/
Thermo Fisher Scientific. Antibodies included: ABCA1 (ab18180,
Abcam), SIRT6 (D8D12), GAPDH (2118), vinculin (4650) (Cell
Signaling), alpha-tubulin (Calbiochem/EMD Millipore), APOE
(NB110-60531), ABCA1 (NB400-105), and Iba1 (NB100-1028)
(Novus Biologicals). Other reagents used were: filipin III (Cayman
Chemicals), cholesterol esterase (Sigma-Aldrich), phalloidin-670
(Cytoskeleton), cell lysis reagent (Cell Signaling), protein blot block-
ing buffer (Li-COR Biosciences), TopFluor cholesterol (Avanti Polar
Lipids), APOA1 (Alfa Aesar), and lipoprotein-deficient serum (EMD
Millipore). LNA anti-miR and scrambled control oligonucleotides for
in vitro and mouse studies were purchased from Exiqon (Vedbaek,
Denmark; now QIAGEN).

Cell culture and transfection

Primary human RPE cells and human RPE cell line (ARPE-19 cells,
ATCC) were cultured as described previously.63 Cells were trans-
fected with precursor miRNA (33 nM final concentration), anti-
miR (33 nM final concentration), or LNA antisense oligonucleotides
(50 nM final concentration) using Lipofectamine RNAiMAX reagent
(Life Technologies/Thermo Fisher Scientific). Cell lysates were
collected 72 h post-transfection, and 25–30 mg of protein was loaded
and separated on SDS-PAGE gel. Transferred protein blots were
blocked, incubated with indicated primary and secondary antibodies,
and examined by Odyssey Imaging System (LiCOR Biosciences).
Alpha tubulin or vinculin was used as a loading control for
normalization.

Cholesterol efflux assay

ARPE-19 cells were plated at a density of 5� 105 per well in a 24-well
plate. After attaching for 24 h, cells were transfected with precursor
miRNA or LNA anti-miR, then washed with serum-free DMEM/F-
12 (Gibco/Thermo Fisher Scientific) media and incubated with 10
or 25 mM TopFluor cholesterol for 24 h. Cells were washed in
serum-free media and then incubated with phenol-red free DMEM/
F-12 containing 5% lipoprotein deficient serum and 10 mM APOA1
lipoprotein. Supernatant and cell lysates were collected 4 h post treat-
ment, and fluorescence levels were measured using microplate reader
(BioTek Instruments) to calculate the percentage of efflux.

Study of miRNA and gene expression in aging mice

C57BL/6J mice were purchased from Jackson Laboratory (Bar Har-
bor, ME, USA) and maintained at Schepens Eye Research Institute
(SERI). Eyes were enucleated at 6, 12, 15, and 18 months. Retinas
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were dissected out to separate RPE cells, as described previously.65

RPE cells were isolated from six to eight mice per age group. RNA
from the RPE pellet was extracted using RNA-Bee (AMS Biotech-
nology), according to the manufacturer’s protocol. Total RNA was
then reverse transcribed using iScript cDNA synthesis kit (Bio-Rad
Laboratories). RT reactions were performed using SYBR Green
(Roche) and quantified by real-time PCR (Lightcycler, Roche).

Mouse LNA ASO treatment studies

Twelve-month-old C57BL/6J mice were purchased from Jackson
Laboratory and fed aWTD supplemented with 40% kcal frommilkfat
(Research Diets, D12079B) for 4 weeks prior to and during treatment.
Mice were treated weekly during the 4 weeks with 10 mg/kg 16-mer
LNA anti-miR-33a (50-ATGCAACTACAATGCA-30) or scrambled
control LNA. LNA ASOs were dissolved in PBS (total volume of
200 mL) then administered subcutaneously. Mice were sacrificed
72 h after the last injection. Upon sacrifice, �1 mL of blood was ob-
tained from mice by right ventricular puncture. Blood was centri-
fuged at 8,000 rpm for 5 min to obtain serum, which was frozen at
�80�C. Eyes were enucleated for RNA extraction from RPE cells,
cryosectioning, and electron microscopy.

Blood lipid profile and blood chemistry in mice

Total serum cholesterol, triglycerides, AST,43 ALT, bilirubin, and uric
acid levels were determined with a Heska Dri-Chem 4000 Chemistry
Analyzer (Heska, Loveland, CO, USA) at the MGH Center for
Comparative Medicine.

NHP study

Young adult male cynomolgus monkeys (Macaca fascicularis) origi-
nated from Mauritius and were an average of 5.0 years of age (range,
4.2–6.7 years) at the onset of the study. The NHPs were housed in an
American Association for Accreditation of Laboratory Animal Care
(AAALAC)-accredited facility under the direct care of the University
of Kentucky Division of Laboratory Animal Resources. Monkeys were
housed in climate-controlled conditions with a 12-h light and dark
cycle. The NHPs were initially ad libitum fed a standard NHP diet
(Teklad 2050). For the study, the NHPs were singly housed from
�08:00–15:00 each day and in the morning and afternoon received
weighed portions of a semi-synthetic atherogenic diet (see composi-
tion in Table S1), which provided on average 74 kcal/kg body
weight/day. After 20 months on the atherogenic diet, the monkeys
were switched back to standard chow diet andwere treated for 6 weeks
with either vehicle or miR-33a/b antagonist RG428651, a 20-fluoro/
methoxyethyl-modified, phosphorothioate (PS)-backbone-modified,
antisense oligonucleotide (50-TGCAATGCAACTACAATGCAC-
30).32 Monkeys were injected subcutaneously with vehicle (United
States Pharmacopeia [USP] grade saline) or 5 mg ASO/kg body
weight twice weekly during the first 2 weeks and then once weekly
during the remainder of the study. During the treatment period, an-
imals were singly housed from �08:00–15:00 each day and received
12 biscuits of standard diet, which provided on average 64 kcal/kg
body weight/day. At the end of the treatment period, the monkeys
were fasted overnight and sedated with ketamine (25 mg/kg, intra-
muscularly [i.m.]) and isoflurane (3%–5% induction, 1%–2%mainte-
nance). After an adequate depth of anesthesia was established by lack
of physical response, the inferior vena cava was exposed and cut for
exsanguination. A 16-gauge needle was inserted into the left ventricle
of the heart, and saline was perfused to flush the body of blood. The
euthanasia method was deemed acceptable by the American
Veterinary Medical Association. After euthanasia, eyes were enucle-
ated for RNA extraction from the RPE cell layer and for fixation in
10% formalin for cryosectioning and RPE flatmount preparations.
The handling of the NHP eyes was performed at SERI.

Lipid and lipoprotein cholesterol analysis andbloodchemistry of

NHPs

After an overnight fast, monkeys were sedated with ketamine (10 mg/
kg, i.m.), body weights were recorded, and blood was collected from
the femoral vein into EDTA-containing or serum separation vacu-
tainers. Plasma and serum were isolated by centrifugation at
1,500� g for 30 min at 4�C. For determination of circulating concen-
trations of ALT, AST, creatinine, and BUN, serum was analyzed using
the Superchem blood test (ANTECH Diagnostics). Enzymatic assays
were used to measure plasma total cholesterol (C7510, Pointe Scien-
tific) and triglycerides (T2449 and F6428, Sigma). The plasma choles-
terol distribution among lipoprotein classes was determined after
separation by gel filtration chromatography based upon the method
described previously.32 An aliquot of plasma was diluted to 0.5 mg to-
tal cholesterol/mL in 0.9% NaCl, 0.05% EDTA/NaN3 and centrifuged
at 2,000 � g for 10 min to remove any particulate debris. The super-
natant was transferred to a glass insert contained in a gas chromatog-
raphy vial, loaded into an autosampler at 4�C (Agilent Technologies,
G1329A), and 40 mL of sample was injected onto a Superose 6 10/300
or Superose 6 Increase 10/300 (GE Healthcare Life Sciences) chroma-
tography column. Under the control of an isocratic pump (Agilent
Technologies, G1310A/B), the sample was separated at a flow rate
of 0.4 mL/min with eluent containing 0.9% NaCl, 0.05% EDTA/
NaN3. The column effluent was mixed with total cholesterol enzy-
matic reagent (C7510, Pointe Scientific), running at a flow rate of
0.125 mL/min, and the mixture was passed through a knitted reaction
coil (Aura Industries, EPOCOD) in a 37�C H2O jacket. The absor-
bance of the reaction mixture was read at 500 nm using a variable
wavelength detector (Agilent Technologies, G1314F). The signal
was subsequently integrated using Agilent OpenLAB Software Suite
(Agilent Technologies). VLDL-C, LDL-C, and HDL-C concentra-
tions were determined by multiplying the total plasma cholesterol
(TPC) concentration by the cholesterol percentage within the elution
region for each lipoprotein class.

Quantitative RT-PCR

Total RNA and miRNA were extracted from RPE cells using TriZOL
(Life Technologies/Invitrogen) and the mirVana miRNA Isolation
Kit (Life Technologies/Invitrogen), respectively, according to the
manufacturer’s instructions. Following extraction, total RNA and
miRNA were reverse transcribed using the High-Capacity cDNA
Reverse Transcription Kit and the TaqMan MicroRNA Reverse
Transcription Kit (Life Technologies/Invitrogen), respectively. RT
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products were quantified by quantitative real-time PCR (Lightcycler,
Roche) using the TaqMan Universal PCRMaster Mix. The amount of
the indicated mRNA or miRNA was normalized to the amount of
B2M mRNA and U6 RNA or snoRNA234 (for mice) or RNU48 (for
NHPs), respectively.
NHP RPE-choroid western blot

Assessment of ABCA1 protein expression by western blot was carried
out as per manufacturer’s guidelines (Minute Protein Extraction Kit
for Fixed and Embedded Tissues, Invent Biotechnologies). After ex-
tracting the protein lysates from thin preparations of formalin-fixed
RPE-choroid, 30 mg of protein was loaded and separated on SDS-
PAGE gel. Transferred protein blots were blocked, incubated with
indicated primary and secondary antibodies, and examined by Odys-
sey Imaging System (LiCOR Biosciences). GAPDH was used as a
loading control for normalization.
Cryosectioning

Following dissection of the anterior chamber from NHP eyes, the
eyecup was dissected into four quadrants and the quadrant contain-
ing the fovea was cryopreserved by serial treatment with 10%, 20%,
and 30% sucrose solution. Similarly, the anterior chamber was
dissected from the mouse eyes that were fixed overnight in 4% para-
formaldehyde, and the posterior eyecup was cryopreserved by serial
sucrose solution treatment. The cryopreserved eyecups were
embedded in Tissue-Tek O.C.T compound (Sakura Finetek), frozen,
and stored at �80�C. Thick retinal frozen sections (12 mm) were cut
using a Leica CM3050 S cryostat. For proper comparison and consis-
tency, retinal sections containing the fovea in all the NHPs were used
for staining. In mice, retinal sections from the optic nerve head re-
gions of all the treatment groups were used for staining.
Total cholesterol measurement in retina and RPE-choroid

Lipids were extracted from NHP retinas and RPE-choroid, and total
cholesterol was quantified as directed by the manufacturer (Total
Cholesterol Assay Kit, Cell Biolabs). Briefly, to 10 mg of tissue,
100 mL of lipid extraction buffer (chloroform:isopropanol:NP-40
[7:11:0.1]) was added and homogenized. Samples were spun at
15,000 � g for 10 min, and the organic phase was collected in a
tube, air-dried at 50�C, and then maintained under vacuum for
30 min to remove traces of organic solvents. The dried lipids were dis-
solved in 30 mL of assay diluent provided by the kit, and 10 mL of the
sample was mixed with the reaction buffer to quantify the total
cholesterol level.
Filipin III staining of unesterified and esterified cholesterol

Retinal sections were washed in PBS and incubated with filipin III as
recommended by the manufacturer for 2 h at room temperature to
stain unesterified cholesterol. After washing, slides were mounted
with ProLong Gold antifade media (Invitrogen/Thermo Fisher Scien-
tific) and imaged using a fluorescence microscope (Nikon). To stain
the esterified cholesterol, retinal sections were incubated in
70% ethanol followed by incubation with cholesterol esterase
2290 Molecular Therapy Vol. 29 No 7 July 2021
(1.65 U/mL) for 2 h at 37�C. After the enzyme treatment, retinal sec-
tions were stained with filipin III and imaged as described above.

Immunofluorescence staining

Retinal cryosections were washed in 1� PBS, blocked in PBS contain-
ing 10% goat or donkey serum and 0.05% Triton X-100 for 1 h at
room temperature. After blocking, sections were incubated with indi-
cated primary and secondary antibodies prepared in PBS containing
2% goat or donkey serum and 0.01% Triton X-100. After washing, the
samples were treated with TrueBlack (Biotium, autofluorescence
quencher) as suggested by the manufacturer, and then the sections
were mounted with ProLong Gold antifade media with DAPI (Invi-
trogen/Thermo Fisher Scientific) and imaged using a fluorescencemi-
croscope (Axioscope, Carl Zeiss or Leica SP8 confocal microscope).

Electron microscopy

Eyes were enucleated and the posterior eyecup was fixed with half-
strength Karnovsky’s fixative (2% formaldehyde + 2.5% glutaralde-
hyde, in 0.1 M sodium cacodylate buffer [pH 7.4]; Electron
Microscopy Sciences, Hatfield, PA, USA) overnight at 4�C. After fix-
ation, mouse eye samples were rinsed with 0.1 M sodium cacodylate
buffer, post-fixed with 2% osmium tetroxide in 0.1 M sodium caco-
dylate buffer for 1.5 h, en bloc stained with 2% gadolinium (III) ac-
etate hydrate in 0.05 M sodium maleate buffer, then dehydrated with
graded ethyl alcohol solutions, transitioned with propylene oxide
and resin infiltrated in tEPON-812 epoxy resin (Tousimis, Rockville,
MD, USA), utilizing an automated EMS Lynx 2 EM tissue processor
(Electron Microscopy Sciences, Hatfield, PA, USA). The processed
samples were oriented into tEPON-812 epoxy resin inside flat molds
and polymerized in a 60�C oven. Semi-thin sections were cut at 1 mm
thickness, then stained with 1% toluidine blue in 1% sodium tetrabo-
rate aqueous solution for assessment by light microscopy. Ultrathin
sections (80 nm) were cut from each sample block using a Leica EM
UC7 ultramicrotome (Leica Microsystems, Buffalo Grove, IL, USA)
and a diamond knife, then collected using a loop tool onto either 2�
1 mm, single-slot formvar-carbon coated or 200 mesh uncoated cop-
per grids and air dried. The thin sections on grids were stained with
aqueous 2.5% aqueous gadolinium (III) acetate hydrate and Sato’s
lead citrate stains using a modified Hiraoka grid staining system.
Grids were imaged using a FEI Tecnai G2 Spirit transmission elec-
tron microscope (FEI, Hillsboro, OR, USA) at 80 kV interfaced
with an AMT XR41 digital CCD camera (Advanced Microscopy
Techniques, Woburn, MA, USA) for digital TIFF file image acquisi-
tion. Transmission electron microscopy (TEM) imaging of retina
samples was assessed and digital images captured at 2,000 � 2,000
pixel, 16-bit resolution.

NHP flatmount preparation and analysis

For consistency, the retina was gently detached from the quadrant
opposite to the fovea, and the RPE-choroid layer was carefully sepa-
rated from the sclera. The RPE-choroid layer was incubated with
phalloidin-670 overnight at 4�C, as recommended by the manufac-
turer. The samples were then washed with PBS and mounted with
ProLong Gold antifade media (Invitrogen/Thermo Fisher Scientific).
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The areas closer to the optic nerve head, center, and periphery were
imaged (five images per region) using a fluorescence microscope
(Axioscope, Carl Zeiss). The area of each RPE cells was quantified
using MATLAB as described below, and the cells were segregated
based on size.

MATLAB image quantification methodology

The phalloidin stained RPE cell size wasmeasured using theMATLAB
module developed by The Nikon Imaging Center, Harvard Medical
School. In brief, the images were annotated using the ImageAnnota-
tionBot module (https://www.mathworks.com/matlabcentral/fileexc
hange/64719-imageannotationbot). After annotation, the following
parameters were set to measure the area of each cell per image: (1)
BoundariesThreshold, to obtain binary images; (2)MinAreaBoundar-
yComps, to eliminate small components from thresholded images; (3)
DistTransfThreshold, to select markers from distance transform im-
ages; (4) RemoveBoundaryCells, to remove cells in the boundary;
(5) SolidityRange, to select nearly convex cells; and (6) ExtentRange,
to create area of shape. The MATLAB machine learning module
used for cell size quantification will be available at https://hms-idac.
github.io/MatBots/.

Statistics

All in vitro experiments were repeated at least three times. A majority
of the in vivo data analyses were conducted in a masked manner
(except Iba1 staining in NHPs). Based on a preliminary study, we
used 10 mice for the LNA ASO study per treatment condition.
Four mice from each treatment group were used for histology, and
the remaining six were used for gene expression studies. None of
the mice were excluded from the analysis. All NHP samples received
were analyzed. There were 12 vehicle controls and 12 anti-miR-33a/b
ASO samples for histological studies and nine vehicle controls and six
anti-miR-33a/b ASO samples for gene-expression-related studies. All
statistical analyses were conducted using GraphPad Prism software,
and the error bars on the histogram represent ±SEM. Statistical differ-
ences for age-related gene or miRNA expression studies in mice were
analyzed by one-way analysis of variance followed by a post Dunnett’s
multiple comparisons. Statistical differences for all the other studies
were measured using unpaired two-sided Student’s t test. p %0.05
was considered as statistically significant.

Study approval

All the procedures were approved by the Massachusetts General Hos-
pital (MGH), SERI of Mass Eye and Ear, and University of Kentucky
Institutional Animal Care and Use Committees.
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Supplemental information can be found online at https://doi.org/10.
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