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ARTICLE INFO ABSTRACT

Keywords:
Retinal pigment epithelium

Retinal pigment epithelium (RPE) dysfunction and atrophy occur in dry age-related macular degeneration
t (AMD), often leading to photoreceptor degeneration and vision loss. Accumulated oxidative stress during aging
Aging contributes to RPE dysfunction and degeneration. Here we show that the nuclear receptor REV-ERBq, a redox
Age-related macular degeneration is A . . .

REV-ERBa sensitive transcription factor, protects RPE from age-related degeneration and oxidative stress-induced damage.
Oxidative damage Genetic deficiency of REV-ERBu leads to accumulated oxidative stress, dysfunction and degeneration of RPE, and
NRF2 AMD:-like ocular pathologies in aging mice. Loss of REV-ERBx exacerbates chemical-induced RPE damage, and
pharmacological activation of REV-ERBa protects RPE from oxidative damage both in vivo and in vitro. REV-ERBa
directly regulates transcription of nuclear factor erythroid 2-related factor 2 (NRF2) and its downstream anti-
oxidant enzymes superoxide dismutase 1 (SOD1) and catalase to counter oxidative damage. Moreover, aged mice
with RPE specific knockout of REV-ERBa also exhibit accumulated oxidative stress and fundus and RPE pa-
thologies. Together, our results suggest that REV-ERBa is a novel intrinsic protector of the RPE against age-
dependent oxidative stress and a new molecular target for developing potential therapies to treat age-related

retinal degeneration.

1. Introduction

Age-related macular degeneration (AMD) is a major cause of irre-
versible blindness in the elderly impacting over 2 million seniors in the
US alone, and the number is expected to increase worldwide with the
aging population [1-3]. Advanced AMD includes the neovascular form
(wet) and the more common dry form, with latter accounting for about
90% cases of AMD. Dry AMD onset is characterized by dysfunctional
retinal pigment epithelium (RPE) cells and focal deposition of
lipid-enriched drusen (hallmark of AMD) between the RPE layer and
Bruch’s membrane [1,2]. The RPE, a thin layer of epithelial cells behind
the retina, functions mainly to renew photoreceptor outer segments via
phagocytosis and to recycle visual pigments, thereby providing trophic
support for photoreceptors. Dysfunction of the RPE can lead to
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accumulated cell debris and metabolic waste, resulting in a thickened
Bruch’s membrane, formation of drusen and subretinal drusenoid de-
posits (pseudo-drusen) [1,2,4-6]. Photoreceptor degeneration thereby
occurs, thus leading to visual impairment [7]. Although RPE cells
diminish in number even with normal aging, these cells degenerate more
rapidly in advanced dry AMD (known as geographic atrophy). Currently
there is no treatment to stop or slow RPE degeneration in AMD.
Discovering new therapies to preserve RPE health is critical for AMD
prevention and treatment.

AMD has both environmental and genetic risk factors [8], including
smoking, and genetic variations in antioxidant enzymes in a small
cohort [9], both of which are linked with increased oxidative stress.
Oxidative stress plays a substantive role in AMD development due to
high oxygen consumption, photo-oxidation, and lipid radicals, all of
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which contribute to high levels of oxidative stress surrounding the retina
[10,11]. The oxidative homeostasis in the retina and RPE is normally
maintained by the presence of efficient antioxidants and repair systems,
with nuclear factor erythroid 2-related factor 2 (NRF2) as a master
transcriptional regulator of endogenous antioxidant and phase II
detoxification enzymes [12,13]. Upon activation, NRF2 induces the
production of antioxidant enzymes such as catalase and superoxide
dismutase (SOD), as well as phase II detoxification enzymes such as
glutathione s-transferases [14]. NRF2 was established as an essential
cytoprotective signaling system in RPE aging and AMD in both clinical
and experimental studies. In clinical AMD specimens, NRF2 was
decreased in dysmorphic RPE cells overlaying drusen [15]. C57BL/6J
mice exposed to cigarette smoke over time have marked RPE degener-
ation with impaired NRF2 signaling [15,16]. In addition, NRF2 deficient
mice develop age-related retinal pathology [17]. The potential of pro-
moting antioxidant defense in AMD management is further supported by
findings from AREDS/AREDS2 (Age-Related Eye Disease Studies),
which showed the protective effects of antioxidant vitamins in slowing
AMD progression [18].

Nuclear receptors have been increasingly recognized as novel regu-
lators of retinal and RPE health, and can be targeted for their therapeutic
potential [19,20]. A nuclear receptor atlas identified that the orphan
nuclear receptor REV-ERBua is expressed in high levels in freshly isolated
human RPE cells [21]. REV-ERBa, a reduction/oxidation (redox)-sen-
sitive transcription factor, is highly expressed in the liver, adipose tissue,
skeletal muscle, and brain, where it is transcribed and translated in a
circadian manner and regulates many biological processes including
circadian rhythm, lipid and glucose metabolism, macrophage inflam-
matory response, mitochondrial biosynthesis and autoimmune function
[22-34]. The transcriptional regulatory function of REV-ERBu is acti-
vated upon binding with its ligand heme [35]. REV-ERBa can form a
potent transcriptional repressor complex with corepressor proteins,
typically the nuclear receptor co-repressor-1 (NCoR1) and the histone
deacetylase 3 (HDAC3) [35,36]; together the complex can bind to spe-
cific ROR response elements (RORE/RevRE) in the regulatory regions of
target genes to repress their transcription [23,27,37], such as brain and
muscle ARNT-like 1 (BMAL1) [23] and circadian locomotor output cy-
cles protein kaput (CLOCK) [38]. Besides, a dual role of REV-ERBa as a
transcriptional activator has also been reported for some of its target
genes [31], including genes involved in retinal development [26,39].
However, the potential role of REV-ERBa« in the eye and particularly RPE
health and disease remains understudied.

In this study we investigated the role of REV-ERBu in RPE function
and health in two models of aging-induced degeneration and chemical-
induced oxidative damage. Here we provide evidence that REV-ERBu is
an endogenous protector of RPE health during aging, and that it aug-
ments antioxidant defense in the RPE through transcriptional regulation
of NRF2 and its target enzymes. Our data demonstrate that genetic
deficiency of REV-ERBa in mice causes fundus lesions and RPE
dysfunction and atrophy during aging, associated with increased
oxidative stress in the eye. Genetic loss of REV-ERBa exacerbates
oxidative stress-induced RPE damage and pharmacological activation of
REV-ERBa protects the RPE in an acute model of chemical-induced
oxidative damage. REV-ERBa directly activates NRF2 transcription
and upregulates the expression of its downstream antioxidant enzymes,
to promote RPE self-defense. Our work builds on the discovery of REV-
ERBa as a key factor regulating RPE function and survival and suggests
that modulation of REV-ERBa may serve as a novel therapeutic method
to promote RPE health and survival in AMD.

2. Results
2.1. REV-ERBa is localized in the RPE and retinas in mice

We first sought to determine the expression profile of REV-ERBa in
the RPE of mouse eyes during aging. Immunohistochemical staining of
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wild-type (WT) mouse eyes showed that REV-ERBa co-localized with
DAPI in RPE nuclei (Fig. 1A), expected as a nuclear receptor. Moreover,
REV-ERBa protein levels in RPE decline with age, with approximately
25% of decline at 7-8 months old, and around 35% of decline by 10-11
months old, compared with 2-3 months old, indicating that gradual loss
of REV-ERBa may potentially be involved in RPE aging (Fig. 1B and C).
Localization of REV-ERBa is also found in retinal neurons including
photoreceptors, inner nuclear layer and ganglion cell layer with
immunohistochemistry (Fig. S1A).

2.2. REV-ERBa deficiency leads to sub-retinal lipid-enriched deposits

To investigate the function of REV-ERBu in the eye, we first per-
formed ocular funduscopic examination of age-matched Rev-erbat/*
and Rev-erba™’~ mice at 3, 6, and 12 months old. Fundus imaging from
Rev-erba™/~ mice revealed abnormal bilateral whitish-yellow-colored
sub-retinal lesions, starting with sporadic lesions at 3 months old
(Fig. 1D). Prevalence of these lesions increased substantially with age in
Rev-erba™/~ mice: at 6 months old the number of lesions were about 4-
fold higher compared with age-matched Rev-erba’/* mice and at 12
months old the lesion numbers in Rev-erba™’~ mice was 3-fold higher
than age-matched Rev-erba™ " mice (Fig. 1E). Fundus imaging also ex-
hibits lesions with autofluorescence (AF) (Fig. S1B). Moreover, accu-
mulation of oil red O-positive lipid-enriched sub-retinal deposits were
observed in the Rev-erba™/~ eyes starting at 5 months old, and became
more frequent at 12 months old. Lipid-enriched deposits of a signifi-
cantly large size were occasionally detected in 12-month-old Rev-erba ™/
~ eyes (Fig. 1F), reflecting potential disrupted spent outer segment
recycle and phagocytosis by RPE.

2.3. Loss of REV-ERBa results in RPE degeneration in mice

To examine the integrity of the Rev-erba/~ RPE, immunohisto-
chemical staining of p-catenin and DAPI was performed on RPE/choroid
flat mounts. Rev-erba/~ RPEs showed patchy areas of atrophy with
partial or complete disruption of cellular adherent junctions (stained
with p-catenin, green) and substantial nuclear fragmentation (stained in
DAPI, blue) at 12 months old, whereas age-matched Rev-erba™/* RPEs
were normal with intact nuclei (Fig. 2A). Interestingly, when the RPE/
choroid flat mounts of 12-month-old WT and Rev-erba/~ mice were
stained with the tight junction marker ZO-1, there was no obvious loss of
RPE tight junctions in REV-ERBa-deficient mice; however, these Rev-
erba~/~ mice exhibited a significantly greater number of abnormal RPE
cells with shrunken (<200 pmz) or enlarged (>500 pmz) cell size, and
fewer RPE cells within normal size range (200-500 pmz) (Fig. S2). Both
increased RPE nuclear fragmentation and abnormal and increased cell
size in Rev-erba ™/~ mice are suggestive of accelerated RPE aging [40]. At
16 months old, Rev-erba™/~ eyes showed areas of prominent RPE
disorganization with very non-uniform morphology in shape and
pigmentation, with disrupted RPE in toluidine blue staining of epoxy
semi-thin sections (Fig. 2B). Similarly discontinued RPE was observed in
12- and 18-month-old Rev-erba /™ eye sections with H&E staining
(Fig. S3).

To further investigate if Rev-erba™/~ mice develop drusen-like de-
posits in the sub-retinal area, we conducted immunohistochemical
staining using two drusen component markers: vitronectin, an extra-
cellular matrix protein [41], and C3, a complement system component
[5]. In Rev-erba™’/~ mice, both vitronectin and C3 antibodies demon-
strated significantly increased staining intensity in the sub-RPE areas
around Bruch’s membrane (BrM) (Fig. 2C), and drusen-like structure
were observed (Fig. 2C). Protein levels of C3 were enriched in
Rev-erba™’~ RPEs compared with Rev-erba*/* RPEs as detected with
Western blotting (Fig. 2D). Frequency analysis of age-related RPE pa-
thologies was performed in Rev-erba™’* and Rev-erba™/~ eyes (Fig. S3)
and is summarized in Table 1, showing higher number of Rev-erba™/~
eyes with RPE hypopigmentation and hyperpigmentation, as well as
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Fig. 1. REV-ERBu declines in aging RPE and sub-
retinal deposits increase in Rev-erba™’~ mice. (A)
Immunostaining of cross-sections from Wild-type
(WT) mice shows REV-ERBa antibody staining (red)
in RPE nuclei, co-localized with nucleus marker DAPI
(blue). Scale bar: 10 pm. (B-C) Western blot (B) and
quantification (C) of REV-ERBa protein levels in the
T RPE isolated from 2-3, 4-5, 7-8 and 10-11 months
old WT mice. Protein size: REV-ERBa (67 kDa),
B-Actin (42 kDa). n = 3 mice/group. Quantification
statistics was performed with nonparametric Kruskal-
Wallis test. (D) Rev-erba ™/~ retinas show an
increasing number of whitish abnormal deposits
(yellow arrowheads) in fundus imaging with aging at
3, 6, and 12 months old (n = 10-12 eyes from 5 to 6
mice/group, mixed genders). (E) Quantification of
the total lesion numbers in fundus images of Rev-
erba™"and Rev-erba™’~ mice during aging (n =
10-12 eyes/group). (F) Rev-erba™/~ retinas show oil
red O-positive staining (red) as lipid marker in the
sub-retinal deposits (red), which are counter-stained
with hematoxylin in 5-month-old eyes; in 12-month-
old eyes sub-retinal deposits are stained with oil red
O only. Scale bar: 20 pm. Error bars indicate SD. *: P
< 0.05; ****: P < 0.0001. (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)
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The development of sub-retinal deposits in Rev-erba™’~ eyes was
further confirmed in electron microscopy (EM) analysis of 6-month-old
mice. Quantification of the overall thickness of BrM indicated signifi-
cantly thickened BrM (~2 fold) in Rev-erba™/~ eyes at 6 months old
compared with Rev-erba™ " eyes (Fig. 2E). This quantification excludes
extensively thickened outer collagenous layers (OCL) within BrM
observed in certain sub-RPE areas of Rev-erba™/~ eyes. Furthermore, at
18 months old, significant focal RPE degeneration was observed in Rev-
erba’~ eyes with RPE vacuolization and loss and disorganization of
nearby photoreceptor outer segments (Fig. 2F), whereas age-matched
Rev-erbat/* mice had normal RPE and intact photoreceptor outer seg-
ments. These data suggest that loss of REV-ERBa accelerates RPE aging
and results in early RPE atrophy and abnormal sub-retinal deposits in
mice.

12 mo

2.4. Genetic deficiency of REV-ERBa decreases RPE phagocytic activity

RPE cells function primarily to remove distal photoreceptor outer
segments (POS) tips by receptor-mediated phagocytosis, a process that
peaks in the morning (1-2 h after the onset of light) [42]. RPE isolated
from AMD vs. normal donors have significantly reduced RPE phagocy-
tosis activity, which normally declines with age only moderately [43].
To investigate if REV-ERBa deficiency impacts RPE phagocytosis func-
tion, RPE phagocytic activity was analyzed in situ in 6-month-old
Rev-erba*/* and Rev-erba™/~ mice. Uptake of cone outer segments was
measured by staining of rhodamine labeled peanut agglutinin (PNA)
[44] in phalloidin-delineated RPE flat mounts, and was dramatically
decreased by ~3 fold in the Rev-erba ™/~ mice in vivo (Fig. 3A and B),
suggesting severely impaired RPE phagocytosis in Rev-erba ™~ eyes.

To corroborate the in vivo findings, primary RPE cells were isolated
from 2-month-old Rev-erba™* and Rev-erba™/~ mice and cultured to
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Fig. 2. RPE degeneration in Rev-erba’~ eyes. (A)
Isolated RPE/choroid complex flat mounts from 12-
month-old Rev-erba™ ™ and Rev-erba™/~ mice stained
with p-catenin (green) and DAPI (blue). White arrows
indicate areas with junctional disruption and nuclear
fragmentation. Scale bar: 50 pm. (B) Toluidine blue
staining of epoxy semi-thin sections of Rev-erba™’/*
and Rev-erba~/~ eyes from 16-month-old mice. Scale
bar: 20 pm. (C) Increased sub-RPE deposition of
vitronectin and C3 in Rev-erba™~ vs. Rev-erba™™
eyes at 16 months old. Drusen-like deposit (high-
lighted by black dash line) are shown in Rev-erba™/~
but not Rev-erba™ " eyes at 12 months old. Scale bar:
10 pm. (D) Western blot and quantification show
higher C3 (« chain) protein levels in Rev-erba™’~ RPE
in 12-month-old mice compared with age-matched
Rev-erba™™ mice. Protein size: C3 a chain (115
kDa). n = 3 mice/group. (E) Electron microscopy
(EM) imaging of 6-month-old Rev-erba™’~ mice show
outer collagenous (OCL) deposits (indicated by yel-
low arrowhead) in Bruch’s membrane (BrM) and
increased BrM thickness compared with WT as
quantified. Scale bar: 1 pm. (F) EM images from 18-
month-old Rev-erba’~ eyes show focal loss of
photoreceptor outer segments (upper panel, scale bar,
10 pm), vacuolization in the RPE (bottom left panel,
marked by asterisks, scale bar, 1 pm), and disorga-
nized outer segment disc membranous material sur-
rounded by the microvilli of the RPE (bottom right
panel scale bar, 2 ym), compared with age-matched
WT eyes (left panel, scale bar: 10 pm). Error bars
indicate SD. *: P < 0.05, ****: P < 0.0001. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

Table 1
Summary of histological analysis of RPE degeneration in Rev-erba*’* and Rev-erba™’~ mice (incidences/eyes examined).
Rev-erba™ " eyes RPE pathology
Age (month) Number of eyes Hyperpigmentation Hypopigmentation Drusen-like deposit
5-6 5 0/5 0/5 0/5
12-13 8 1/8 0/8 0/8
17-18 8 3/8 2/8 0/8
Rev-erba™/~ eyes RPE pathology
Age (month) Number of eyes Hyperpigmentation Hypopigmentation Drusen-like deposit
5-6 10 3/10 2/10 0/10
12-13 17 16/17 8/17 2/17
17-18 9 9/9 9/9 1/9

assess their phagocytic function of ingesting porcine POS. Primary Rev-
RPE cells consistently demonstrated ~70% fewer ingested
fluorescent-tagged POS compared to primary Rev-erbat/* cells (Fig. 3C
and D). RPE phagocytic processes comprise three distinct phases:
recognition and binding, internalization, and digestion, each of which is

erba™/~

distinctly regulated [45]. The reduced number of POS in RPE cells
suggests either dampened internalization or more rapid digestion of POS
in the cells. Next, we fed the cultured mouse primary RPE cells micro-
spheres, which can be engulfed by the cells but cannot be digested in
lysosomes, to delineate the endocytosis process [46]. Rev-erba™’~ RPE
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A ) B Fig. 3. REV-ERBa deficiency decreases RPE
Mouse RPE/Choroid flatmounts phagocytic activity. (A) RPE/choroid flat mounts
Rev-erba™”* Rev-erba™ RPE phagocytosis in vivo from 6-month-old Rev-erba™ ™" and Rev-erba™/~ mice
: were stained with peanut agglutinin (magenta),
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cells showed significantly fewer ingested microspheres than the
Rev-erba™ " cells, which indicates dampened target recognition and
engulfment in Rev-erba ™/~ RPE cells. We also tested the phagocytic ac-
tivity in another in vitro model, a human RPE cell line ARPE-19, with or
without shRev-erba expression which led to successful Rev-erba knock-
down (Figs. S4A and B). Consistent with the findings from primary
mouse RPE cells, ARPE-19 cells with Rev-erba knockdown exhibited
significantly reduced fluorescence intensity upon being fed the
fluorescence-labeled microspheres (Figs. S4B and C). In addition,
expression of phagocytic engulfment genes (Cd36 and MerTK) was
decreased in Rev-erba/~ RPE compared with Rev-erbat/* RPE
(Fig. S4D). Altogether, these results suggest that REV-ERBa deficiency
significantly dampens phagocytic activity in RPE cells, which may un-
derlie the formation of subretinal deposits and other aging-induced
ocular pathologies in Rev-erba™/~ eyes.

2.5. Rev-erba™’~ eyes have increased levels of oxidative stress during
aging

Accumulation of oxidative damage in RPE and photoreceptors has
been associated with onset of dry AMD [10]. Previous studies found that
REV-ERBu stabilization protects against oxidative stress damage in the
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lung [47,48] and the liver [49]. To investigate the RPE accumulation of
reactive oxygen species (ROS) during aging, general ROS production
was measured using 2’,7’-dichlorodihydrofluorescein diacetate
(DCFDA), a fluorescent marker indicative of hydroxyl, peroxyl and other
ROS activity inside the cells, in isolated RPE at 3, 6, and 12 months old.
Rev-erba~/~ RPEs showed significantly elevated ROS production at both
6 and 12 months old (Fig. 4A). Next, an oxidative stress biomarker
8-hydroxy-2-deoxyguanosine (8-OHdG), indicative of nuclear oxidative
DNA damage, was evaluated in Rev-erba™/* and Rev-erba ™/~ retina
sections. Consistent with the H2DCF-DA results (Fig. 4A), Rev-erba/~
RPE demonstrated much stronger 8-OHdG staining in the nucleus
(colocalized with DAPI) than Rev-erba™”" RPE at 12 months old, indi-
cating significantly higher nuclear oxidative DNA damage (Fig. 4B).
These results suggest that REV-ERBa deficiency leads to increased
oxidative stress in aging mouse RPE.

2.6. Rev-erba /™ eyes are more sensitive to oxidative stress-induced RPE
and retinal damage

To evaluate whether REV-ERBa deficiency affects RPE health under
oxidative stress, an acute model of sodium iodate (NalO3)-induced RPE
and photoreceptor damage was used in mice. Intravenous injection of
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Fig. 4. Rev-erba™’~ eyes are more sensitive to
chemical-induced oxidative stress injury. (A)
Reactive oxygen species (ROS) production was
assessed in 3-, 6-, and 12-month-old Rev-erba*/* and
Rev-erba™’~ RPE cells by using a quantitative cellular
ROS assay kit measuring 2’,7’ —dichlorofluorescin
diacetate (DCFDA), a fluorogenic dye indicative of
hydroxyl, peroxyl and other ROS activity inside the
cells. (B) Representative images of immunostaining of
8-hydroxy-2’ -deoxyguanosine (8-OHdG) in 6- and
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mouse sensitivity to RPE damage). (D) Quantification
of RPE atrophy (loss of pigment) in fundus images at
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group. (E) RPE/choroid flat mounts from Rev-erbat/*
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erba™ ™ and Rev-erba™'~ eye cross-sections (periph-
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— images/genotype. (H) Primary RPE cells isolated from
8-week-old Rev-erba/~ mice showed decreased cell

Rev-erba’

1dd ¥1 cOIeN

I
g ﬁ - ] viability after paraquat (PQ, 0.5 mM, 4 h)-induced
S PRI g oxidative damage compared to Rev-erba’’" RPE cells.
g ’gz" G : n = 6/group. (I) Oxygen consumption rate (OCR) of
2 ‘i’ Rev-erba™’" and Rev-erba™/~ primary RPE cells were
+/+  -/- +/+ /- analyzed after PQ treatment (0.5 mM, 2 h) using
H ) Seahorse XFe96 extracellular flux analyzer. Rev-
REEicell viability I 160 Oligo FCCP . RAA erba”’~ RPE cells showed significantly decreased
1.2 —_— 140 : @ Rev-erba**RPE maximal respiratory capacity under oxidative stress
ey R
—_— sk = ; compared with Rev-erba™* RPE cells. *: P < 0.05; **:
104 Z 120 4 Rev-erba” RPE . i
o ) P <0.01; : P <0.001; : P < 0.0001. Error bars
< 0.8 — % 1004 indicate SD. (For interpretation of the references to
% 0.6 s é 80 color in this figure legend, the reader is referred to the
2 £ 60 Web version of this article.)
0.4 g
E = 40
&) 0.2 g 20
0.0 © : . ,
Rev-erba** RPE Rev-erba’” RPE 0 20 40 60
PQ - + - + Time (minutes)

NalOs in mice results in primarily RPE death followed by secondary
death of the overlying photoreceptors, similar to what is observed in
advanced atrophic AMD [50]. Here NalO3 was administered to 8-week--
old Rev-erba™* and Rev-erba™/~ mice intravenously and the develop-
ment of RPE and retinal lesions was assessed through fundus and OCT
imaging at 3, 7 and 14 days post-injection (Figs. 4C and S5). Signifi-
cantly worse RPE and retinal damage was observed in Rev-erba /"~ eyes,
with ~5-fold greater lesion area than Rev-erba™* eyes, starting from 3
days after NalO3 administration, and persisting through day 14
(Fig. 4D). Worsened RPE integrity was further confirmed in NalOs-in-
jected Rev-erba™’~ versus Rev-erba’/* eyes with immunostaining of
B-catenin in the RPE/choroid flat mounts and H&E staining of cross
sections (Fig. 4E). In addition, there was substantially greater RPE cell

death (~50% of increase) in Rev-erba~’~ than Rev-erba™’* eyes in cross

sections measured with terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining indicative of both apoptotic and
necrotic cells (Fig. 4F and G). These observations suggest that loss of
REV-ERBu leads to increased susceptibility of oxidative stress-induced
RPE and retinal damage in mice.

Next, the effects of REV-ERBa on RPE oxidative stress was assessed in
primary mouse RPE cells in vitro. Primary Rev-erba /~ RPE cells have
significantly lower cell viability compared to Rev-erba™™ cells, after
treatment with paraquat (PQ), a pesticide capable of inducing oxidative
stress and subsequent cell death [51] (Fig. 4H). Moreover, oxygen
consumption rate in PQ-treated Rev-erba~”~ RPE cells showed decreased
maximal respiration capacity compared with Rev-erba™ ™ RPE measured
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by Seahorse cell metabolic analysis, without significant change in basal
respiration, indicating impaired RPE mitochondrial function upon
REV-ERBa deficiency (Fig. 4I). Together, these results show that
REV-ERBa-deficient RPE cells are more vulnerable to oxidative stress
damage both in vivo and in vitro.

2.7. REV-ERBa agonist protects RPE from chemical-induced oxidative
damage

Since REV-ERBa regulates oxidative stress production in RPE and
REV-ERBa deficiency exacerbates RPE oxidative damage, we next
assessed if activation of REV-ERBa may protect RPE from oxidative
damage. The physiological ligand for the orphan receptor REV-ERBa
was first identified as heme in 2007 [35]. Besides heme, REV-ERBa can
also be activated by novel synthetic agonists, e.g., SR9009 and SR9011,
both in vitro and in vivo [29,34], which are dual REV-ERBo/p} agonists.
To activate REV-ERBa in the RPE, SR9009 (100 mg/kg, i.p., b.i.d) was
administered to 8-week-old C57BL/6J mice starting from 2 days prior to
NalOs injection (40 mg/kg body weight), until 7 days post-NalO3 in-
jection. Activation of REV-ERBa in RPE by SR9009 treatment was
confirmed by suppression of known REV-ERBa target genes including
Bmall and Clock (as common readout of REV-ERBa activation) in iso-
lated RPE samples (Fig. S6B), even though NalO3 treatment may induce
partial downregulation of mRNA expression of Nr1d1(REV-ERBa) in WT
mice (Fig. S6A). Fundus imaging from SR9009-treated group showed
remarkably smaller lesion areas (~40% of reduction) compared with
vehicle control group at 7 days post-NalOs injection (Fig. 5A). The
SR9009-treated group also exhibited ~50% of reduction in RPE cell
death compared with the control group in eye cross-sections stained
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with TUNEL apoptotic staining (Fig. 5B). These data suggest that acti-
vation of REV-ERBa protects RPE against NalOs-induced oxidative
damage in mice.

We next sought to determine if REV-ERBa activation directly pro-
motes RPE cell health and survival in vitro. Primary RPE cells isolated
from C57BL/6J mice were treated with paraquat (PQ) (0.5 mM, 4 h) to
induce oxidative stress, followed by either SR9009 or vehicle treatment
for 24 h. SR9009-treated RPE cells demonstrated increased oxygen
consumption rate in both basal and maximal respiration, indicating that
SR9009 may help restore RPE mitochondrial function and cellular
health after oxidative damage (Fig. 5C). Additionally, REV-ERBa ago-
nists SR9009 and SR9011 both promoted ARPE-19 cell viability after PQ
treatment (Fig. S7A), suggesting their potent cytoprotective effects in
vitro. In addition, ARPE-19 cells treated with SR9009 exhibited visibly
improved mitochondrial morphology (by mitoTracker staining) after
PQ-induced oxidative damage (Fig. S7B), and both SR9009 and SR9011
enhanced ARPE-19 cell phagocytic activity (Fig. S7C), indicating that
the REV-ERBa activation improves RPE mitochondrial function and
phagocytosis in vitro. Together, these data suggest that the activation of
REV-ERBa markedly protects RPE from oxidative stress-induced cell
death, mitochondrial damage and cellular malfunction.

As previous literature has shown that SR9009 is a dual agonist of
both REV-ERBa and REV-ERBp [34], we further examined the specificity
of SR9009 on REV-ERBa in mouse RPE. First, nRNA levels of both Nr1d1
(REV-ERBa) and Nr1d2 (REV-ERBp) were assayed from WT mouse RPE.
We found Nr1d1 expression is ~5 fold higher than Nr1d2 in mouse RPE
cells (Fig. S8A). Second, MTT assay showed that the REV-ERB agonist
SR9009 only preserved viability of Rev-erba™* primary RPE cells after
PQ treatment, yet failed to protect Rev-erba /~ primary RPE cells from

Fig. 5. REV-ERBo agonist protects against chem-
ical (NaIOj)-induced RPE damage. (A) Represen-
tative fundus images of vehicle and SR9009 (100 mg/
kg body weight)-treated WT mice at 7 days post-
NalOj injection (40 mg/kg body weight, a medium
dose to evaluate drug protection against RPE dam-
age), with quantification of lesion area per fundus
image for each group. Sample size: NalOs injection, n
= 5 mice/group; fundus quantification, n = 10 im-
ages (eyes)/group. (B) TUNEL staining (green) and
quantification of TUNEL positive RPE cells (arrows)
in the cross-sections (peripheral regions) of vehicle-
and SR9009-treated retinas at 7 days post-NalOj3 in-
jection. Blue: DAPI staining. Scale bar: 10 pm. n = 15
images/group. (C) WT primary RPE cells were first
challenged by PQ (0.5 mM, 4 h), followed by vehicle
or SR9009 (1 pm, 24 h) treatment. Oxygen con-
sumption rate (OCR) was then analyzed using Sea-
horse XFe96 extracellular flux analyzer. SR9009-
treated RPE cells showed significantly improved
basal and maximal respiratory capacity under oxida-
tive stress compared to vehicle-treated cells. *: P <

Vehicle SR9009
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oxidative damage (Fig. S8B). Third, we performed NalOs3 treatment (40
mg/kg) in 6 months old Rev-erba’~ mice injected with either vehicle or
SR9009 (100 mg/kg b.i.d.). We found that SR9009 also failed to show
protective function and reduce lesion area 7 days after NalO3 treatment
in Rev-erba™/~ eyes (Fig. S8C). These findings suggest that the RPE
protective effects of SR9009 depends on the presence of REV-ERBu in
mouse RPE cells, establishing the specificity of SR9009 on REV-ERBa in
RPE protection and eliminating potential off-target effects through
REV-ERBp.

2.8. REV-ERBa regulates NRF2 transcription and its downstream target
antioxidant genes in RPE

As a transcriptional regulator, REV-ERBa plays an integral role in
regulating the expression of target genes involved in circadian rhythm,
lipid biogenesis, and mitochondrial biogenesis [25,28,37]. Our findings
so far suggest that REV-ERBa regulates RPE oxidation status. Healthy
RPE maintains cellular redox homeostasis through an endogenous
antioxidant defense system to counter oxidative stress and cellular
damage, with NRF2 (encoded by Nfe2l2) as a key cytoprotective factor.
Elimination of ROS in RPE is carried out primarily by a NRF2-dependent
antioxidant self-defense mechanism, including SOD (superoxide dis-
mutase), catalase, and peroxidase, in addition to free radical scavengers
[52]. In order to examine if REV-ERBa transcriptionally regulates RPE
antioxidant self-defense system, mRNA expression of several
anti-oxidative enzymes (Sodl, Sod2, and catalase) and their master
regulator NRF2 (Nfe2l2) were assessed, all of which are downregulated
in Rev-erba ™/~ RPE (Fig. 6A), in addition to downregulation of Gpx1/4
(glutathione peroxidase 1 and 4) and Homx2 (heme oxygenase 2)
(Fig. S9A), indicating potential positive regulation of these genes by
REV-ERBa. Protein levels of nuclear NRF2 (110 kDa, with ubiquitina-
tion), SOD1 and catalase were consistently lower in Rev-erba ™/~ RPE
compared to those of Rev-erbat/* (Fig. 6B).

As a transcription factor, NRF2 is a key upstream regulator of anti-
oxidative enzymes including SOD1, SOD2 and catalase [13]. NRF2
deficiency has been highly correlated with age-related retinal degener-
ation and RPE damage in mice [17]. We thus investigated if REV-ERBa
activates NRF2 (Nfe2l2) and thereby regulates its downstream target
genes including Sod1/2, Cat (catalase), Gpx1/4, and Hmox2. Protein
levels of NRF2, SOD1, SOD2 and catalase were measured in RPE isolated
from SR9009-treated mice in the NalO3 damage model. Notably,
SR9009 administration significantly increased the protein levels of
NRF2, SOD1 and catalase in RPE in vivo (Fig. 6C). In ARPE-19 cells, both
SR9009 and SR9011 substantially increased the mRNA expression of
NFE2L2, SOD1/2, CAT, and other NRF2 target genes under oxidative
stress in a dose responsive manner (Fig. S9B&C). Induction of NRF2 and
SOD1 protein levels by REV-ERBa agonists was also confirmed by
Western blotting (Fig. S9D). These results suggest that REV-ERBa in-
duces NRF2 (Nfe2l2), SOD1 (Sod1) and catalase (Cat) expression in RPE
cells in vivo and in vitro at both mRNA and protein levels.

To explore whether REV-ERBa may activate these antioxidant en-
zymes through NRF2, we performed a chromatin immunoprecipitation
(ChIP) assay with REV-ERBa antibody followed by qPCR in ARPE-19
cells to determine if REV-ERBa directly binds to the regulatory region of
NRF2 (NFE2L2). REV-ERBu usually binds to the regulatory DNA regions
of its target genes through a conserved RORE/RevRE motif with a
consensus core sequence of AGGTCA [53-55]. Sequence analysis iden-
tified three RORE motifs from 2,000 bps upstream of the NFE2L2 tran-
scription start site (TSS) (—2000) to 500 bps in its 5'-untranslated region
(UTR) (+500) (Fig. 6D). Three pairs of primers were designed to flank
each RORE/RevRE motif. The strongest enrichment was found in
RORE/RevRE #1 site (+295 ~ 4302 bps of NFE2L2 gene) in DNA
fragments precipitated by REV-ERBa monoclonal antibody, at a level
comparable with known REV-ERBa target gene BMALI as a positive
control (Fig. 6E). Enrichment of RORE/RevRE #1 binding site was
further enhanced by treatment with REV-ERBu agonist SR9009 (vs.
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control), and abolished in cells treated with shRNA targeting REV-ERB«x
(vs. control shRNA) (Fig. 6E).

REV-ERBu is a known transcriptional repressor [55,56], but in some
cases has also been reported as a activator [31,54]. The direct tran-
scription repressor role of REV-ERBa has been extensively studied in
various organs, particularly for circadian regulatory genes [23], yet for
other genes, especially metabolic genes, it has been suggested that in-
direct transcriptional regulation by REV-ERBa is also likely and through
other transcription mediators [31,57]. Two transcriptional
co-regulatory proteins, HDAC3 and NCOR1, are co-factors of REV-ERBa
that can be recruited by REV-ERBa onto the RORE/RevRE binding sites
[58]. However, a recent ChIP-Seq assay has shown that a large portion of
REV-ERBa binding sites does not overlap with either HDAC3 or NCOR1
in the genome [59], indicating that REV-ERBa may interact distinctly
with DNA fragments in a HDAC3/NCOR1-independent manner. We
therefore conducted a ChIP assay to immunoprecipitate HDAC3 and
NCOR1, and probe for NRF2 RORE/RevRE #1 site. Our ChIP assay did
not identify an interaction of either HDAC3 or NCOR1 with NRF2
RORE/RevRE #1 (Fig. 6F), although both HDAC3 and NCOR1 interact
with RORE/RevRE motif in BMALI DNA sequence as expected (Fig. 6F).
These results suggest that REV-ERBa binds a single RORE/RevRE frag-
ment located at the 5-UTR of NFE2L2 gene, and that this monomeric
binding is independent from the HDAC3/NCOR1 interaction, potentially
similar to what was reported for REV-ERBa regulation of metabolic
genes or reflecting that more than one closely located RORE/ReVRE sites
are required for cofactor recruitment and binding [30,59].

We next conducted luciferase reporter assays to determine if the
interaction between REV-ERBa and the NFE2L2 RORE/RevRE #1
binding site contributes to NFE2L2 transcription. The native NFE2L2
5-UTR from +164 to +466, which includes the RORE/RevRE #1
element; and a fragment of —898~-716 of NFE2L2 promoter, which
included the RORE/RevRE #3 element (as a negative control), were
cloned into a pGL3 vector, then expressed in ARPE-19 cells. ARPE-19
cells expressing NFE2L2 RORE/RevRE #1 site showed substantially
higher (~5-fold) luciferase activity, indicative of NFE2L2 promoter
activity, compared with blank vector control and #3 site. Moreover, we
further treated the ARPE-19 cells with either the REV-ERBa agonist
SR9009, or p3Flag-REV-ERBa plasmid overexpressing REV-ERBa, with
confirmed overexpression of Flag-tagged REV-ERBa (Fig. 6G). Both
treatments further enhanced luciferase reading of NFE2L2 promoter
activity by over 3-fold in the NFE2L2 RORE/RevRE #1 site-expressing
cells in comparison to the vehicle control treatment, but not in blank
vector control and RORE/RevRE #3 site-expressing cells (Fig. 6H).
Together, these findings suggest that REV-ERBa induces the transcrip-
tion of NRF2 (NFE2L2) and thereby increases expression of its down-
stream target genes such as SOD1 and catalase to counter oxidative
damage in RPE.

2.9. RPE specific knockout of REV-ERBa in mice results in fundus and
RPE pathologies similar to Rev-erba™’/~ mice

To investigate if REV-ERBa deficiency in RPE cells alone is sufficient
to cause age-related oxidative damage in mouse eyes and to delineate
any potential influence of systemic factors, mice with RPE specific
knockout of REV-ERBa were generated by crossing Rev-erba flox mice
(Rev-erbaﬂ/ ﬂ) with mice expressing Cre recombinase under the control of
the human bestrophin 1 promoter (BESTI-cre), which is primarily RPE
specific [60]. Knockout efficiency of REV-ERBa was confirmed at both
mRNA and protein levels with up to 80% of knockdown in BESTI1-cre:
Rev-erbd RPE (Fig. 7A, B, and H). Immunostaining of REV-ERBa also
demonstrated absence of REV-ERBa in BESTI-cre: Rev-erba’f RPE flat
mounts (Fig. 7C), and the specificity of REV-ERBa knockdown in RPE
cells but not other retinal cell types in the eye cross sections (Fig. 7D).
Fundus imaging of BEST1-cre: Rev-erbo/” mice showed a significantly
greater number of whitish yellow lesions at both 6 and 9 months old,
compared to both Rev-erba™f and BESTI-cre control mice (Fig. 7E and
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Fig. 6. REV-ERBa regulates NRF2(Nfe2l2) transcription and the expression of its downstream target antioxidant genes in RPE cells. (A) mRNA expression of
NRF2 (Nfe2l2) and its downstream target antioxidant genes (Sod1, Sod2, Cat) in the RPEs of 12-month-old Rev-erba*’" and Rev-erba~/~ mice. Real-time q-PCR results
were normalized to 18S and then normalized again to the expression levels in Rev-erba™”* RPE cells. n = 6/group. (B) Western blot and quantification of NRF2, SOD1,
SOD2, and catalase protein levels in 12-month-old Rev-erbat’" and Rev-erba~/~ RPEs, with a confirmation of REV-ERBa knockout. Protein sizes: nuclear NRF2 (110
kDa), SOD1 (20 kDa), SOD2 (20 kDa), catalase (60 kDa). n = 3 eyes/group. (C) Protein levels of NRF2, SOD1, SOD2 and catalase were assayed and quantified in the
primary RPE cells from vehicle- and SR9009-treated mice after NalO3 injection by Western blotting. n = 3 eyes/group. (D) A schematic diagram shows RORE/RevRE
elements across the human NFE2L2 (NRF2) upstream regulatory region. The thick truncated lines mark the regions covered by 3 primer sets of interest (NFE2L2 #1 +
259~+354, NFE2L2 #2 -607~-508, NFE2L2 #3 —924~-814). TSS: Transcription start site. (E) Chromatin-immunoprecipitation (ChIP) assays for binding of REV-
ERBa with the regulatory region upstream of the NFE2L2 gene. The ChIP assay was conducted to analyze the local enrichment of REV-ERBa-associated ROREs across
the upstream regulatory region and part of 5'UTR of the NFE2L2 gene in ARPE19 cells under four conditions: vehicle vs. SR9009 treatment and shControl vs. shREV-
ERBa. In addition to probing for NFE2L2 #1, NFE2L2 #2, NFE2L2 #3, a pair of primers covering the RORE of the BMALI promoter was probed as a positive control.
The relative fold enrichment was quantified by normalization to input, and then normalized against the levels in normal rabbit IgG pulled down groups. n = 6/group.
(F) ChIP assay was conducted to analyze the local enrichment of DNA fragments containing the NFE2L2 #1 region in ARPE-19 cells with REV-ERBa, HDAC3 and
NCOR1 antibodies pull down. The relative fold enrichment was quantified by normalization to input, and then against the levels in IgG group. n = 6/group. (G)
Western Blot analysis of ARPE-19 cells transfected with either vehicle or p3Flag-REV-ERBa confirmed over-expression of flag-tagged REV-ERBa (Flag-REV-ERB«),
with slightly higher MW than native REV-ERBa. (H) Luciferase assay was conducted in ARPE19 cells transfected with pGL3 (empty vector), pGL3-NFE2L2 #1
(+164~+466), and pGL3-NFE2L2 #3 (—898~-716) with vehicle vs. p3Flag-REV-ERBa, or vehicle VS. SR9009. Relative luminescence units (RLU) were quantified
after normalizing to Renilla luciferase. n.s.: not significant, *: P < 0.05, **: P < 0.01, ***: P < 0.001 : P < 0.0001. Error bars indicate SD.
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Fig. 7. RPE-specific knockout of REV-ERBa in
mice shows similar ocular pathologies as Rev-
erba~/~ mice. (A-B) Protein levels of REV-ERBa and
NRF2 were assayed (A) and quantified (B) in Rev-
erba’”. ﬂ, BEST1-Cre, and BEST1-cre: Rev-erba™ RPEs
by Western blotting. The BEST1-cre: Rev-erba™ RPE
showed ~75% efficiency of REV-ERBa knockout at
protein levels, and NRF2 protein levels were down-
regulated by ~40% in BEST1-cre: Rev-erbo/?! RPE. n
3-4 mice/group. (C-D) Immunohistochemistry
confirmed absence of REV-ERBa (magenta) in RPE/
choroid flat mounts (C) counterstained with p-catenin
(green) and DAPI (blue) and cross-sections (D) in 3-
month-old BESTI-cre: Rev-erba™? vs. Rev-erba™
mice. Scale bars, C: 20 pm; D: 20 pm. (E) Rev—erbaﬂ/ﬂ,
BEST1-Cre, and BESTI-cre: Rev-erba™ mice were
examined by fundus imaging at 3, 6, and 9 months
old. BESTI-cre: Rev-erba/”? retinas showed whitish
lesions starting from 6 months old. (F) Quantification
of lesion numbers in fundus images of Rev-erba/”,
. BESTI-Cre, and BESTI1-cre: Rev-erba™ eyes shows
> significant difference in lesion count in BESTI-cre:
/ Rev-erba™” eyes vs. both BEST1-Cre, and Rev-erba™
control groups. n = 10-16 eyes/group, mixed gen-
ders. (G) Immunohistochemistry of p-catenin (green)
and DAPI (blue) in BESTI-cre: Rev-erbo/ RPE/
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F), although BEST1-cre mice also exhibited modest numbers of lesions at
6 and 9 months old due to reported adverse effects of the Cre recom-
binase presence in RPE cells [61]. In addition, compared with BEST1-cre
control mice, BEST1-cre:Rev-erba? mice displayed much more patchy
and distorted RPE cells in RPE/choroid flat mounts by immunostaining
of B-Catenin and DAPI (Fig. 7G), and more discontinuous RPE in eye
cross-sections (Fig. 7J), indicating more severe RPE degeneration.
Together these findings suggest that RPE specific knockout of REV-ERBa
leads to fundus lesions and RPE degeneration similar to what is observed
in Rev-erba™/~ mice, demonstrating an RPE cell-autonomous role of
REV-ERBu in regulating RPE function and health.

Next, we examined if RPE-specific knockout of REV-ERBa
also transcriptionally regulates NRF2 (Nfe2l2) and its downstream
antioxidant genes, similar to the findings in REV-ERBa systemic
knockout mice (Fig. 6). Protein levels of NRF2 were substantially

10

9-month

=
6-month choroid flat mounts showed more severe patchy,

distorted RPE cells than BESTI-cre mice. Scale bar,
10 pm. (H) mRNA expression of Nr1d1 (REV-ERBa),
Clock (positive control), Nfe2l2 (NRF2), Sodl, Sod2
and catalase was examined in the RPE of 6-month-old
Rev-erbd™? and BESTI-cre: Rev-erbd” mice. qPCR
results were normalized to 18S and then normalized
again to the expression levels in Rev-erbo™” RPE cells.
n = 6/group. (I) Representative images of immuno-
staining of 8-OHAG in 6-month-old BESTI-cre and
BESTI-cre:Rev-erba’? retinas. Scale bar, 10 pm. (J)
Representative images of H&E staining showed dis-
continued RPE layer in 9-month-old BESTI-cre: Rev-
erba™f vs. BEST1-cre eye cross-sections. Scale bar, 10
pm **: P < 0.01, ***: P < 0.001****: P < 0.0001.
Error bars indicate SD. (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)
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decreased in BEST1-cre:Rev-erba® RPE by ~40% vs. both flox and cre
controls: Rev-erbo™f and BESTI-cre RPE by Western blotting (Fig. 7A
and B). In addition, RPE expression of Nfe2l2, Sodl, Sod2 and Cat was
examined in Rev-erba’”/ ﬁ, and BESTI-cre:Rev-erba RPE at 6 months old
(using known REV-ERBa target gene Clock as a positive control). Similar
to REV-ERBa systemic knockout mice, BESTI-cre: Rev-erbad™?! RPE
showed substantially decreased mRNA levels of Nfe2l2, Sodl and Cat
compared to Rev-erba® RPE (Fig. 7H). To examine if REV-ERBa defi-
ciency specifically in RPE alters RPE cell oxidative status, 8-OHdG
staining was performed. BESTI-cre: Rev-erbadf mice with REV-ERBa
knockout in RPE cells had strong positive staining of 8-OhDG at 6
months old (Fig. 7I), compared with absence of 8-OHdG staining in
BEST1-cre mice, even though BESTI-cre mice exhibited modest fundus
lesions and RPE damage (Fig. 7F and G). Together, these findings sug-
gest that the RPE-specific knockout of REV-ERBa sufficiently reduces
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NRF2 (Nfe2l2) transcription within RPE and may thus lead to weakened
antioxidant self-defense and increased oxidative stress, thereby damage
in RPE cells.

3. Discussion

Our results reveal a novel role of REV-ERBu in protecting RPE health
and function from oxidative damage and aging. We found that: 1) ge-
netic deficiency of REV-ERBa leads to RPE degeneration and atrophy in
mice, with sub-retinal accumulation of extracellular proteins and lipids;
2) loss of REV-ERBa impairs RPE phagocytic function in mice; 3) REV-
ERBa deficiency exacerbates oxidative damage (NalOs3)-induced RPE
and retinal toxicity in vivo; 4) pharmacological activation of REV-ERBa
protects against chemically induced RPE oxidative damage in vivo and in
vitro; 5) REV-ERBa transcriptionally activates the expression of NRF2, a
cytoprotective transcription factor, and its downstream antioxidant
enzymatic genes; 6) RPE-specific deletion of REV-ERBx reproduces
similar RPE and fundus pathologies as seen in systemic knockout mice.
These data demonstrate that REV-ERBa is a critical intrinsic redox-
sensitive protector of RPE function and health and acts by enhancing
the intracellular antioxidant defense system. Activating REV-ERBa may
serve as a new way to counter RPE oxidative damage and preserve the
RPE in age-related retinal degeneration (Fig. S10).

Prior studies found that REV-ERBa regulates transcriptional net-
works critical for photoreceptor development and function [26]. Spe-
cifically, it functions as a transcription activator in rod photoreceptors in
conjunction with its cofactor NR2E3, a photoreceptor-specific nuclear
receptor [39]. Knockdown of REV-ERBa in mouse eyes results in
pan-retinal spotting and reduced response to light in scotopic (dark-a-
dapted) and photopic (light-adapted) experiments [26]. However, no
gross morphological abnormality was reported in H&E or immunohis-
tochemical stained sections of REV-ERBa-knockdown retinas at young
age [26]. This suggest that either partial knockdown was not sufficient
to cause detectable retinal pathologies at this age or that any potential
knockdown induced RPE damage in the sub-retinal region may not be
noticed or detected. Our data here showed that REV-ERBa expression
declined with age in RPE cells, which indicated a potential protective
role of REV-ERBu in RPE cells. Consequently, we observed pan-retinal
fundus lesions in aging mice with both systemic and RPE-specific
knockout of REV-ERBa, and the number of lesions increases with age.
Moreover, other AMD-like lesions, including sub-retinal drusenoid-like
deposits, RPE degeneration and thickened Bruch’s membrane were also
found in REV-ERBa deficient eyes, suggesting that the potential utility of
Rev-erba™/~ mice as a new animal model to investigate AMD patho-
genesis involving RPE atrophy. Retinal thickness remained comparable
between Rev-erba™t and Rev-erba™"~ eyes at 11 months old (Fig. S11),
indicating lack of primary retinal degeneration. In addition, both in vivo
and in vitro findings showed dampened RPE phagocytosis in the absence
of REV-ERBa, although whether potential changes in apical microvilli in
RPE may contribute to impaired phagocytosis is not yet clear. These
results together suggest that loss of REV-ERBa negatively impacts RPE
health and accelerates RPE aging in mouse eyes.

REV-ERBa is a well-studied regulator of circadian rhythm [23,62],
lipid and glucose metabolism [27,63], and adipogenesis [64] in organs
such as liver, brain, lung, and muscle. Several studies also suggested that
REV-ERBa plays a role in the oxidative stress response. For example,
mRNA expression of REV-ERBa was increased in neonatal (but not
adult) mouse lungs exposed to short-term hyperoxia [47], suggesting
that REV-ERBa expression may respond to acute oxidative stress in the
lung. Another study showed that mRNA levels of REV-ERBu in lung were
significantly decreased after an 18-day exposure to cigarette smoke in
adult mice [65], indicating a diminished expression of REV-ERBa and
thus potentially dampened protection by REV-ERBa under chronic
oxidative stress. Moreover, neonatal mouse lung fibroblasts transfected
with stabilized REV-ERBa showed upregulated mRNA levels of antiox-
idant genes including Foxo 1, Sod2, Cat and Hmox1 under normal
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conditions, and reduced cell death upon administration of high dose
H,0, treatment [48]. Here we provided evidence that protein levels of
REV-ERBa decline with age and are downregulated upon
chemical-induced oxidative damage in adult mice. Furthermore, loss of
REV-ERBa significantly reduces the RPE expression of antioxidant genes
such as Nfe2l2 (NRF2), Sodl and Catalase in mice, and results in
remarkably increased vulnerability of the RPE under chemical-induced
oxidative damage and during aging. These data indicate that
REV-ERBa may function to sense redox homeostasis accumulated
oxidative stress in aged RPE, and protect RPE cells against oxidative
damage primarily through the transcriptional activation of antioxidant
genes. REV-ERBa deficiency or decreased expression during aging may
thus lead to weakened antioxidant defense in RPE cells.

Generation of ROS and oxidative damage has long been considered
harmful for RPE functions and health in AMD pathogenesis. For
instance, oxidative stress inhibits phagocytic function of RPE cells
through the downregulation of phagocytosis-related gene expression
[66]. Advanced oxidative damage can also promote RPE senescence
[67] and necrotic RPE death [68]. Genetically engineered mouse models
lacking antioxidant genes have been shown to mimic pathological
manifestations in human AMD patients, and are thus often used as dis-
ease models. In particular, Nrf2~/~ mice developed elements of
AMD-like pathologies including drusen-like and RPE abnormalities
during aging [17]. Similarly, Sod1~/~ mice exhibit drusen-like deposits,
RPE dysfunction and atrophy, as well as choroidal neovascularization
and progressive retinal degeneration [69]. Mice with RPE-specific
knockout of the Sod2 gene also have alterations in RPE morphology
and function [70]. In this study, we found that the protective role of
REV-ERBua in RPE is mediated primarily through promoting antioxidant
response via its transcriptional regulation of Nfe2l2 gene. We demon-
strate that REV-ERBu transcriptionally activates Nfe2l2 in RPE cells and
thereby promotes the production of antioxidant enzymes downstream of
NRF2, including SOD1 and catalase. Loss of REV-ERBa results in
increased ROS accumulation and oxidative damage to the RPE cells in
aged mice, which induces RPE pathology including RPE dysfunction in
phagocytosis, changes in RPE morphology, as well as RPE atrophy.
Elevated oxidative stress in Rev-erba ™/~ RPE is likely due to
down-regulation of NRF2, SOD1 and catalase. In the NalOs-induced RPE
damage model, REV-ERBa deficiency leads to increased sensitivity to
NalO3 damage and elevated RPE death due to oxidative injury. Phar-
macological activation of REV-ERBa significantly raised the expression
of NRF2, SOD1 and catalase in RPE, and slowed down the progression of
NalOs-induced RPE damage in WT mice, demonstrating the therapeutic
potential of REV-ERBu activation.

REV-ERBa was first described as a transcription activator in vitro
[54]. Yet later work found that REV-ERBa markedly repressed the basal
activity of a variety of promoters thus inhibited the expression of its
target genes, including circadian rhythm-related factors BMALI [23]
and CLOCK [38], and metabolism-related genes phosphoenolpyruvate
carboxykinase (PCK) [71] and glucose-6-phosphatase (G6P) [72]. This is
primarily explained by the fact that the structure of REV-ERBa lacks the
carboxy-terminal AF2 region, and hence it cannot bind co-activators
[55]. However, a few other studies have reported that REV-ERBua also
induces gene expression, such as C/EBP Homologous Protein (CHOP) in
the liver [31], and several phototransduction genes in rod photorecep-
tors [39], similar to our findings of NRF2 induction. Notably, ChIP-seq
assays conducted in mouse brain, liver and epididymal adipose tissue
showed that REV-ERBa also regulates gene expression through mecha-
nisms independent of direct DNA binding [73]. In our study, we found
that REV-ERBa works as a transcriptional activator of NFE2L2 and in-
duces NFE2L2 5’UTR regulatory activity in a luciferase reporter assay.
Moreover, REV-ERBa associates with the NFE2L2 5’UTR regulatory re-
gion, without its typical co-factor NCOR1 or co-regulator HDAC3. Our
findings are consistent with prior ChIP-seq data from mouse liver [74],
where three putative REV-ERBa binding sites were identified in regu-
latory regions of Nfe2l2. Together these data suggest that REV-ERBa
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activates the mRNA expression of NFE2L2 in RPE cells, and that this
activation may or may not act through direct DNA binding.

REV-ERBu is universally expressed throughout many cell types in the
body with low tissue specificity. To pinpoint the cell specific role of REV-
ERBa in RPE, we used the RPE-specific deletion of REV-ERBa to rule out
systemic and paracrine effects of REV-ERBa knockout in mice. Although
the RPE-specific Cre recombinase protein (BEST1-cre) presents incom-
plete recombination efficiency and moderate cytotoxicity in RPE cell
[61], we observed significantly elevated oxidative damage and impaired
RPE integrity in the eyes with RPE-specific knockout of REV-ERBa. In
addition, oxidation-induced DNA damage was only observed in RPEs
expressing both BESTI-cre and Rev-erba flox/flox, but not in RPEs
expressing only BEST1-cre. This confirms that it is the loss of REV-ERBaq,
instead of Cre recombinase expression, that results in oxidative damage
in the RPE. Importantly, both mRNA and protein levels of NRF2 were
downregulated in mouse RPEs with RPE-specific REV-ERBa deletion,
which is consistent with what we found in systemic REV-ERBa knockout
mice. Altogether, our data suggest that REV-ERBa deficiency in the RPE
is sufficient to dampen NRF2 signaling, thereby promoting ROS accu-
mulation and oxidative damage, and negatively impacting overall RPE
health and aging.

Although our study provides new insights on a previously undis-
covered role of REV-ERBa in the oxidative stress response in the eye,
there are some limitations that still need further investigation. First,
further examinations are needed to dissect the detailed molecular
mechanisms underlying transcriptional interaction of REV-ERBa with
NFE2L2 DNA to results in its transcriptional activation. REV-ERBa may
repress another intermediate transcriptional repressor, for example
NFIL3/E4BP4, which is a REV-ERBu target gene [24], or other unknown
repressors, to result in transactivation of NRF2 by REV-ERBa. Alterna-
tively, negative DNA response elements were suggested to mediate
negative transcriptional regulation by glucocorticoid receptor [75],
similar negative elements may exist for REV-ERBa as well to lead to
transcriptional activation by a known repressor. Second, NRF2 activity
is highly regulated by the KEAP1-NRF2 pathway, which controls the
activation and degradation of NRF2 protein [14]. Whether REV-ERBa
interacts with the KEAP1 regulation of NRF2 pathway is still unknown
and deserves further studies. Moreover, beyond regulation of oxidative
stress and antioxidant response, REV-ERBu is involved in many other
processes including lipid metabolism and circadian control, dysregula-
tion of these processes may also impact RPE health and AMD, that will
await further investigation. Potential compensatory cellular and mo-
lecular responses may also occur in the absence of REV-ERBa, that will
need to be taken into account in our interpretation of the results.
Particularly, specificity of SR ligands on REV-ERB has been controversial
regarding its potential REV-ERB-independent off target effects [76], yet
our data showed SR9009 lost its protective effects on REV-ERBa defi-
cient mice and RPE cells, strongly suggesting that its protection of RPE is
REV-ERBa dependent.

In conclusion, our findings uncover a novel transcriptional control
mechanism mediated by REV-ERBa that links the RPE redox environ-
ment with age-related RPE dysfunction and degeneration. Loss of REV-
ERBu accelerates RPE aging and leads to AMD-like ocular pathologies in
mice. Activation of REV-ERBa may counter oxidative damage in RPE via
enhancing NRF2-dependent antioxidant defense system. Together this
work not only identified the Rev-erba™/~ mice as a novel animal model
for studying AMD, but also established REV-ERBx as a new potential
druggable target for developing future therapeutics in order to preserve
RPE health in dry AMD.

4. Materials and methods
4.1. Study design

All animal experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) at Boston Children’s Hospital and
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followed the guidelines within the Association for Research in Vision
and Ophthalmology (ARVO) Statement for the Use of Animals in
Ophthalmic and Vision Research. The role of REV-ERBa in maintaining
RPE health was evaluated in two genetically engineered mouse strains: a
systemic knockout of REV-ERBu (Rev-erba/ ") strain and an RPE specific
knockout of REV-ERBa (BEST1 -cre:Rev-erbaﬂ/ﬁ) strain. Both strains are
of C57BL/6J background and confirmed absence of Crb1 (rd8) mutation
by PCR to rule out potential confounding effects by rd8 [77]. Generation
of Rev-erba# mice (provided by Dr. Laura Solt at the Scripps Research
Institute) are described in detail in supplemental methods (Fig. S12).
Two experimental models of RPE analysis were used: an RPE aging
model and a chemical (NalO3)-induced RPE and retinal toxicity model.
Fundus imaging and Optical Coherence Tomography (OCT) were used to
monitor retinal morphology changes in live mice and in vivo images were
taken from central retinas. RPE integrity and functions were examined
with immunohistochemical staining in RPE/choroid/sclera flat mounts,
and in eye cross-sections, as well as with electron microscopy. Histo-
logical images were random sampling of the whole retinas, except for
when stated otherwise specifically. Histological changes and expression
of biomarkers were assessed in sub-retinal regions of the eyes with both
light and electron microscope imaging. Moreover, effects of activating
REV-ERBa with small molecular agonists on protecting against sub-
retinal damages were assessed in the chemical (NalO3)-induced toxicity
model in vivo. Primary mouse RPE cells were isolated from both
Rev-erbat/* and Rev-erba™/~ mice, and in vitro assays (phagocytosis,
oxygen consumption, and cell viability) were performed in these cells to
evaluate RPE health and functions. Transcriptional regulation of
anti-oxidative enzyme system by REV-ERBa were evaluated in primary
mouse RPE cells and ARPE-19 human RPE cell line with real-time qPCR,
Western blot, ChIP and dual-luciferase reporter assay.

Detailed methods and materials are available in Supplemental
Materials.

4.2. Statistics

All data were analyzed using GraphPad Prism version 8.0 (GraphPad
Software, San Diego, CA). Sample sizes (n) for animals and/or eyes, and
number of biological replicates for experiments are indicated directly in
the figures or in the corresponding figure legends. Values shown in the
graphs are presented as means + SD of at least three independent ex-
periments. Statistical differences between groups were analyzed using
one-way analysis of variance (ANOVA) statistical tests, or two-way
ANOVA, with appropriate post-hoc tests, or two-tailed unpaired t tests
with unequal variance, unless stated otherwise in legends; P value <
0.05 was considered statistically significant.
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