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Phenotypic variations in the retinal pigment epithelial (RPE) layer are often a predecessor
and driver of ocular degenerative diseases, such as age-related macular degeneration
(AMD), the leading cause of vision loss in the elderly. We previously identified the
orphan nuclear receptor-related 1 (NURRI1), from a nuclear receptor atlas of human RPE
cells, as a candidate transcription factor potentially involved in AMD development and
progression. In the present study we characterized the expression of NURRI as a function
of age in RPE cells harvested from human donor eyes and in donor tissue from AMD
patients. Mechanistically, we found an age-dependent shift in NURR1 dimerization from
NURRI-RXRa heterodimers toward NURRI-NURRI1 homodimers in primary human
RPE cells. Additionally, overexpression and activation of NURRI attenuated TNEF-
o—induced epithelial-to-mesenchymal transition (EMT) and migration, and modulated
EMT-associated gene and protein expression in human RPE cells independent of age. In
vivo, oral administration of IP7e, a potent NURRI activator, ameliorated EMT in an
experimental model of wet AMD and improved retinal function in a mouse model that
presents with dry AMD features, impacting AMD phenotype, structure, and function of
RPE cells, inhibiting accumulation of immune cells, and diminishing lipid accumulation.
These results provide insight into the mechanisms of action of NURRI in the aging eye,
and demonstrate that the relative expression levels and activity of NURRI is critical for
both physiological and pathological functions of human RPE cells through RXRa-
dependent regulation, and that targeting NURRI1 may have therapeutic potential for
AMD by modulating EMT, inflammation, and lipid homeostasis.
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Age-related macular degeneration (AMD) is a progressive ocular disorder, which causes
severe vision loss in adults over the age of 60. Its primary pathology is the accumulation of
lipid- and protein-rich deposits, called drusen, between the retinal pigment epithelial
(RPE) cells, nurse cells to the neurosensory retina, and the underlying Bruch’s membrane
(BrM) extracellular matrix (1, 2). Additionally, RPE defects are prevalent in all the clinical
subtypes of AMD, including early and advanced dry and wet AMD, the latter cases of
which are distinguished by the absence or presence of invading blood vessels from the cho-
roid into the subretinal space, respectively (1, 3). Clinically, the late dry form of AMD,
also termed geographic atrophy, is diagnosed in ~80 to 90% of AMD patients. These
patients experience vision loss in the central macula due to RPE cell death, often concomi-
tant with significant loss of the overlying photoreceptors. Given that there are no effective
treatments available for the early and late dry forms of the disease, there is an urgent need
to develop a better understanding of the molecular mechanisms driving the pathogenesis of
AMD, as well as identify potential targets as leads for developing potent therapies.

Several physiological pathways have been proposed to regulate the development and
progression of AMD, including chronic inflammation, angiogenesis, oxidative stress,
and lipid metabolic dysregulation (1). However, the underlying molecular mechanisms
of this disease remain to be elucidated, a necessary goal in order to guide development
of effective therapeutic interventions. We previously established a nuclear receptor
atlas of human RPE cells and highlighted potential nuclear receptors with relevance to
AMD pathogenesis (4). One candidate nuclear receptor identified was the orphan
nuclear receptor-related 1 (NURRI or NR4A2), in part due to its role in regulating a
variety of biological processes—including cellular proliferation, differentiation, apopto-
sis, inflammation, lipid homeostasis, and metabolism (5-7)—pathways also involved in
the AMD disease process. Functionally, NURRI’s transcriptional activity is mediated
through its binding to the NGF1-B response element (8). Additionally, it can form a
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homodimer (NURRI-NURRI) or a heterodimer with its binding
partner the retinoid X receptor (NURRI-RXR), through binding
to the Nur response element (NurRE) and direct repeat 5 (DR5)
binding domains, respectively. Although the natural ligand of
NURRLI has yet to be characterized, several synthetic ligands have
been identified capable of modulating NURRI activity, including
isoxazolo-pyridinone 7e (IP7e) (9), 1,1-bis (3'-indolyl)-1-(p-chlor-
ophenyl) methane (C-DIM12) (10), and amodiaquine (11). To
date, a large body of research has described the role of NURRI in
neurodevelopment and neuroprotection, launching the advance-
ment of NURRI-based therapies for neurodegenerative diseases
(12—-14). However, whether or not NURR1 has a role in retinal
diseases has not yet been considered. Indeed, only the physiologi-
cal role of NURRLI in controlling differentiation and maturation
of amacrine cells during retinal development has been reported on
to date (15, 16). With this in mind, in the present study, we
investigated the hypothesis that NURRI is therapeutic in AMD
development and progression via multiple mechanisms, including
attenuating RPE epithelial-to-mesenchymal transition (EMT),
decreasing inflammation in the ocular posterior pole, and modu-
lating lipid deposition, using in vitro and in vivo approaches.

Results

NURR1 Immunolocalizes to Drusen in Dry AMD Donor Tissue
and Its Expression in RPE Cells Decreases with Age. In human
donor tissue from non-AMD aged donors, NURR1 immuno-
localization was observed within the cone photoreceptors, RPE
cells, and choroidal endothelial cells (Fig. 1 A and B and S/
Appendix, Fig. S1). In cone photoreceptors, NURRI colocal-
ized with red/green-OPSIN (RG-OPSIN) (Fig. 14) and in
RPE cells, NURRI partially colocalized with its heterodimer
binding partner the RXRa (Fig. 1B). NURRI expression was
notably reduced in RPE cells in retinal cross-sections from eatly
dry AMD patients as compared to age-matched non-AMD
donors (SI Appendix, Table S1). No differences in NURRI
expression were evident throughout the choroid and in the cho-
roidal endothelial cells between non-AMD and AMD donors.
Noteworthy, diffuse and punctate NURR1 immunoreactivity
was observed within drusen in AMD donor tissue (Fig. 1 A
and B and S Appendix, Fig. S1).

The most established and agreed upon risk factor for develop-
ing AMD is aging. We examined NURRI mRNA levels in freshly
isolated RPE cells from human donor eyes aged 18 to 94 y and
found NURRI expression decreased with advanced age (Fig. 1C
and S/ Appendix, Table S1). Similarly, Nurrl expression in RPE/
choroid tissue complexes isolated from aged C57BL/6] mouse
eyes was significantly lower compared to young mice (Fig. 1D).
Furthermore, we established primary RPE (hRPE) cell culture
lines from eight human donor eyes (age 15 to 93 y) (SI Appendix,
Table S1). The fidelity of the hRPE cell lines were determined by
examining the expression levels of bestrophin-1 (BEST1) and reti-
noid isomerohydrolase (RPEG5), two RPE-specific markers (57
Appendix, Fig. S1D). The highest expression of NURRI was
observed in RPE cells isolated from a 15-y-old donor (Fig. 1£).
Human RPE cells cultured from donors aged between 43 and 60
y of age exhibited lower NURRI expression levels (Fig. 1), as
compared with cells from donors aged 76, 79, and 93 y, which
demonstrated even lower NURRI expression than the young 15-
y-old donor (Fig. 1E), demonstrating an overall decrease in
NURRI expression in primary RPE cells cultured from donors
over 60 y old (P = 0.028) (Fig. 1 E, Inses). With this in mind,
the hRPE cell lines isolated from the 15-, 43-, 48-, and 60-y-old

donors were designated as “young,” and cell lines from the 76-,
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79-, and 93-y-old donors were designated as “old” for further
mechanistic analyses. Morphologically, nonmature (short culture
period) RPE cells isolated from young donors exhibited hetero-
geneous morphology, while RPE cells isolated from old donors
displayed homogenous spindle shape by light microscopy (Fig. 1
E, Upper). On the other hand, mature, postconfluent (long cul-
ture period) young and old RPE cells both demonstrated the
more typical hexagonal shapes and developed tight junctions as
evidenced by the ZO1 expression pattern (Fig. 1 £ Lower). The
mature RPE cells were used throughout our study. Differential
expression of NURRI in young and old RPE cells was observed
by immunocytochemistry and Western blot analysis, confirming
an age-related decline in NURRI expression (Fig. 1 Fand G).
Finally, treatment of RPE cells with two different potent
NURRLI activating ligands, IP7e and C-DIM12, resulted in an
induction of the NURRI target gene, brain-derived neurotro-
phic factor (BDNF) (17), supporting activation of the receptor
in RPE cells (Fig. 1H).

NURR1-NURR1 Homodimer and NURR1-RXR Heterodimer Acti-
vation Is Age-Dependent. AMD is a complex disease with mul-
tiple risk factors and pathogenic pathways contributing to its
development, including but not limited to oxidative stress, lipid
metabolic dysregulation, and inflammation (18-20), for which
limited in vitro models are available. In order to determine if
the differential expression of NURRI with age is associated
with the susceptibility of RPE cells to AMD-relevant environ-
mental stimuli, mature primary young and old RPE cells were
treated with proinflammatory agents (tumor necrosis factor
[TNF]-a, lipopolysaccharide [LPS], and prostaglandin E2
[PGE2]) or lipids (a-linolenic acid [aLA], docosahexaenoic
acid [DHA], and oxidized low-density lipoprotein [oxLDL])
and the homodimer (NurRE) and heterodimer (DR5) tran-
scriptional activity of NURR1 was determined by luciferase
reporter gene assays (SI Appendix, Figs. S1F and S2A). The
concentration of each of the chemicals used in this study did
not induce cell toxicity as assessed through cell viability assays
(SI Appendix, Fig. S1E). Upon activation, NURR1-NURR1
homodimers on the NurRE site or NURR1-RXR heterodimers
on the DR5 binding element promoted NURRI-mediated
transactivation. PGE2, a stimulant of NURRI expression,
induced a 1.8-fold increase in NurRE activity relative to vehicle
control in young RPE cells, but not in old RPE cells (57
Appendix, Figs. S1F and S2A, Upper). In contrast, DHA
induced NurRE activity only in old RPE cells. Similarly, PGE2
increased DR5 activity in young RPE cells (2.4-fold), but this
induction was negligible in old RPE cells (87 Appendix, Figs.
S1F and S24, Lower). LPS and DHA suppressed DR5 activity
in young cells (0.5- and 0.4-fold, respectively), while ol A
reduced DR5 activity in old cells (0.4-fold). These observations
illustrate differential expression of NURRI influences the
responses of RPE cells to environmental insults through diver-
gent binding complexes. Interestingly, TNF-a inhibited NurRE
activity in both young and old RPE cells (0.4- and 0.5-fold,
respectively) (SI Appendix, Figs. S1Fand S2A, Lower). It is worth
noting that although the activity driven by RXR was greater
than that of NURRI regardless of age, comparisons within
nuclear receptor complexes revealed that the basal activity on the
NURRI binding site was greater in old RPE cells compared to
young while the basal activity on the DR5 binding site in young
RPE cells was markedly greater compared to old RPE cells (4.5-
fold) (SI Appendix, Figs. S1F and S2A, Lower), suggesting an
age-associated shift in dimerization from NURRI-RXR hetero-
dimers toward NURR1-NURRI1 homodimers.
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Fig. 1. NURR1 expression profile in RPE cells
as a function of age and disease. Representa-
tive photomicrographs of retinal layers from
aged non-AMD donors and AMD patients illus-
trates immunolocalization of (A) NURR1 and
RG-OPSIN and (B) NURR1 and RXRea, using
HRP-SG and AP-RED substrates (Left) shown in
gray-blue and red colors, respectively, and
immunofluorescence (Right). NURR1 is present
in cone photoreceptors (white arrowheads),
RPE cells (black arrowheads), and drusen
(arrows). Melanin granules in RPE cells are
brown. NURRT mRNA levels in (C) RPE cells
freshly isolated from human donor eyes, (D)
RPE/Choroid fractions from C57BL6/) mice and
(E) eight hRPE cell lines (passages 4 to 8)
cultured from human donor eyes (aged 15 to
93 y) as determined by gPCR. The expression
of NURR1 was normalized to that of GAPDH
and is represented as a relative ratio to the
value from ARPE-19 cells in C and £, and to
24-mo-old fractions in D. (F) Representative
photomicrographs of hRPE cell morphology of
nonmature RPE cell cultures from 15-y-old
* (young) and 93-y-old (old) donors (Upper) and
localization of NURR1 and ZO1 in mature RPE
cells (Lower). Hoechst staining indicates cell
nuclei. (G) Age-dependent NURR1 expressions
in hRPE cells determined by Western blot anal-
* ysis and represented as a relative ratio to the
old cells. ACTIN served as loading control; + is
the positive control (cell lysate from HEK-293T
cells transfected with human NURR1 expres-
sion vector). (H) Expression of NURRT and its
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To test the hypothesis that the transactivation of NURRI-
RXR heterodimers in RPE cells differs with aging, the presence
of RXRa in NURRI-interacting complexes were examined by
coimmunoprecipitation (co-IP) using nuclear extracts of young
and old RPE cells. RXRa has previously been shown to be
essential for ocular development and RPE maturation (21, 22).
RXRa is also expressed in the inner nuclear layer (INL), photo-
receptors (PR), and RPE cells (87 Appendix, Fig. S3 A and B).
Although no marked difference in RXRa levels in RPE cells
was detected across all ages, RXRa expression was significantly
decreased with increasing age in RPE cells isolated from human
donors aged over 60 y, the group with high risk of developing
AMD (8] Appendix, Fig. S3C). Young RPE cells exhibited a
higher basal level of NURRI in the nucleus as compared to old
RPE cells (S Appendix, Fig. S2B). IP7¢ enhanced NURRI1
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with different lowercase letters are signifi-
cantly different from each other (P < 0.05)
using ANOVA with post hoc Tukey test.

25
IP7e

5 uM

nuclear levels in both young and old RPE cells, while
C-DIM12 slightly induced NURRTI levels in old RPE cells (57
Appendix, Fig. S2B). Marked increases in RXRa expression was
detected in NURR1 pull-downed complexes from young RPE
cells compared to those from old cells (87 Appendix, Fig. S2).
IP7e or C-DIM12 did not induce further changes in cellular
RXRa« levels. These observations reveal that NURRI activation
in young RPE cells favors the formation of NURRI-RXRa het-
erodimers through mechanisms yet unknown.

To further delineate the differential dimerization of NURR1
in RPE cells with age, EMSA was performed using nuclear
extracts from young and old RPE cells treated with or without
IP7e. Two DNA-—protein complexes were detected on the DR5
binding element in both young and old control RPE cells (87
Appendix, Fig. S2C, Lefi), and the binding activity was weaker in
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old control cells as compared to young control cells. The binding
activity on the DR5 binding elements in the bottom complex
were similar in nuclear extracts from young RPE cells treated with
IP7e as compared to controls. Meanwhile, three DNA—protein
complexes were formed on the NurRE binding site with nuclear
extracts from young and old RPE cells (SI Appendix, Fig. S2C,
Right). No visible differences in binding activities of the top and
middle complexes on the NurRE binding site were observed
between young and old control cells. IP7e-treated old cells, how-
ever exhibited a slight increase in the binding activity of the bot-
tom complex on the NurRE binding site compared to young cells.
A control mutant oligonucleotide displayed inhibition of binding
activity.

Characterization of hRPE Cells Overexpressing NURR1. To
determine whether NURRI has a functional role in regulating the
morphological and molecular phenotypes associated with AMD
progression, hRPE cells (young and old) were transiently trans-
fected with either pcDNA3.1-eGFP as mock control (Mock) or
pcDNA3.1-NURR1-eGFP, to overexpress NURRI1 SI Appendix,
Fig. S4). Transfected cells exhibited fluorescence and their eGFP
signals were routinely monitored by fluorescent microscopy (57
Appendix, Fig. S4A). The average transfection efficiency was

B

, _ Ow

~83.5% as measured by flow cytometry (SI Appendix, Fig. S4B).
Mature transfected cells expressed ZO1 and developed tight junc-
tions (Fig. 24 and SI Appendix, Figs. S4B and S5A4). Expression of
NURRI and its target gene BDNF increased following NURRI
overexpression in both young and old mature RPE cells (57
Appendix, Fig. S4 C and D), and overexpression of NURRI was
confirmed by Western blot analysis (Fig. 2B and SI Appendix,
Figs. 4F and S5B). Noteworthy, N-CADHERIN expression was
signiﬁcantly reduced in both young and old RPE cells overexpress-
ing NURR1 as compared to Mock cells (Fig. 2B and S/ Appendix;
Flg S5B). In contrast, E-CADHERIN expressmn was increased
in RPE cells overexpressing NURRI, although it did not reach
significance in young cells (Fig. 2B and SI Appendix, Fig. S5B).
These observations precipitated the hypothesis that modulating
NURRI expression may regulate EMT in RPE cells.
Mechanistically, an age-related difference in heterodimer versus
homodimer transcriptional receptor activity was observed in NURRI
mock versus overexpressing RPE cells. The basal transcriptional activ-
ity of NURRI on NurRE (homodimer) binding site was slightly
greater in old Mock cells than young Mock cells (1.7-fold) as assessed
using a luciferase reporter assay; while NURRI activity on the DR5
(heterodimer) binding element was significantly greater in young

Mock cells as compared to old Mock cells (4.9-fold) (Fig. 20).
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*

Fig. 2. Characterization of hRPE cells overex-
pressing NURR1. hRPE cells (young: 15-y-old
donor; old: 93-y-old donor) were transiently
transfected with either pcDNA3.1 empty vec-
tor (Mock) or pcDNA3.1 overexpressing plas-
mid carrying human NURR1 cDNA followed by
the cDNA encoding eGFP protein (NURR1). (A)
Representative photomicrographs of mature
old cells showing positive eGFP signals in both
Mock and NURR1 cells. Hoechst staining
reflects cell nuclei. ZO1 staining reveals tight
junction formation. (Scale bar, 100 um.) (B)
Overexpression of NURR1 in hRPE cells from
old donors and its impact on the expression
of E-CADHERIN and N-CADHERIN were deter-
mined by Western blot analysis; + is the posi-
tive control (cell lysate from HEK-293T cells
transfected with human NURR1 expression
vector). (C) Mock and NURR1 cells from young
and old donors were transfected with pGL3P-
luciferase plasmids carrying either 3xNurRE or
3xDRS5. Cells were then treated with synthetic
ligands, C-DIM12 (5 pM) or IP7e (5 pM) for
24 h. Transcriptional activities driven by
NURR1-NURR1 homodimer via the 3xNurRE
site or NURR1T-RXR heterodimer via the 3xDR5
site were determined by luciferase reporter
assays and normalized to cells transfected
with a pGL3P empty vector. (D) mRNA levels of
NURR1, MCP-1, IL-8, and IL-18 in Mock and
NURR1 cells treated with C-DIM12 or IP7e
were determined by qPCR and represented as
a relative ratio to control young cells. MCP-1,
monocyte chemoattractant protein 1. Values
represent mean + SEM. *Significantly different
from nontransfected control group using Stu-
dent’s ¢t test, *P < 0.05. Values with different
letters are significantly different from each
other at P < 0.05 using ANOVA with post hoc
Tukey test.
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C-DIM12 or IP7e further enhanced NURRI activity on both
the NurRE and DR5 binding sites in young and old Mock cells
(Fig. 20), with a more pronounced induction of activity seen
following IP7e treatment on the DR5 binding site (6.4- and
6.3-fold in young and old cells, respectively). The transcriptional
activity on the NurRE binding site increased in both young and
old cells overexpressing NURRI as compared to Mock cells
(3.5- and 2.6-fold, respectively) (Fig. 2C). Similar induction in
the transacting activity was observed on the DR5 binding ele-
ment in both young and old NURRI cells (2.2- and 2.8-fold,
respectively); however, the increased activity in old NURRI cells
on the DR5 binding element was unable to reach the levels seen
in young Mock cells. IP7e treatment stimulated an even greater
induction of transacting activity on both binding sites in RPE
cells overexpressing NURRI (Fig. 2C), while C-DIMI12-
enhanced NURRI activity was observed only on the NurRE
binding site in old cells overexpressing NURR1 and on the DR5
binding element in young cells overexpressing NURRI. Interest-
ingly, overexpression and activation of NURRI stimulates
expression of a number of cytokines—including MCP-1, IL-8,
and /L-1f—in primary human RPE cells in an age-dependent
manner (Fig. 2D). Collectively, these results highlight that
NURRI-driven molecular activity in RPE cells varies with age.

>

NURR1 Activation Attenuates TNF-a-Induced EMT in Human
RPE Cells. RPE cells undergoing EMT represent a morphological
change to a more fibroblast-like phenotype, also observed of
AMD (23, 24). To further test the hypothesis that NURRI plays
a role in EMT progression in RPE cells and determine the extent
to which this may be age-dependent, the expression of EMT
markers were measured in mature young and old RPE cells treated
with IP7e. Basal mRNA levels of E-CADHERIN (CDHI),
N-CADHERIN (CDH2), and VIMENTIN (VIM) were greater
in young compared to old cells (Fig. 34). TNF-a treatment mark-
edly down-regulated CDHI expression and up-regulated CDH2
and VIM in young cells (Fig. 3A4). IP7e itself had no significant
impact on the expression of these EMT markers in young cells;
however, pretreatment of IP7e resulted in a reversal of TNEF-
a—induced changes in expression of CDHI, CDH2, and VIM
genes (Fig. 34). Changes in protein levels of CDH1 and CDH2
by TNF-a and IP7e were further confirmed by Western blot anal-
ysis (Fig. 3B and SI Appendix, Fig. S5D). Finally, IP7e pretreat-
ment also reversed the effect of TNF-a on expression of several
other EMT markers, including zinc finger E-box binding homeo-
box 1 (ZEBI), SNAIL, SLUG, collagen type I o 1 (COLIAI) and
Z01 in old RPE cells (Fig. 3C), with similar results observed in
young RPE cells (87 Appendix, Fig. S5F). These data support that
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the inhibitory effect of NURR1 on TNF-o—induced EMT is
independent of age.

Examining the phenotype of mature RPE cells, TNF-a
induced a stretched morphology in both young and old cells,
and these morphological changes were diminished in cells over-
expressing NURR1 and/or pretreated with IP7e (Fig. 3D and
SI Appendix, Figs. S5C and S6A). Furthermore, a wound-
healing assay demonstrated decreased cell migration in young
and old RPE cells overexpressing NURR1 compared to mock
controls in response to TNF-o—induced EMT (Fig. 3F and S/
Appendix, Fig. S5E). Similar results were observed using
C-DIM12 to activate NURRI in young and old RPE cells (57
Appendix, Fig. S6B), as well as four additional hRPE cell lines
treated with IP7e (SI Appendix, Fig. S7).

NURR1 Activation Improves Visual Function and Pathology in
a Mouse Model with AMD Features. A recent study demon-
strated the liver x receptor (LXR) is critical in NURRI-
dependent dopaminergic neuron development (25). Similarly, in
the present study we found knocking-down LXRa in hRPE cells
suppressed NURR1 expression (Fig. 4A4). Previously we demon-
strated that aged Lxo-null (Lxra~'™) mice develop ocular
pathology characteristic of the AMD phenotype (26). Thus,
whether or not NURRI is critical in visual function and may
have an impact on severity of AMD pathology was investigated
in adult Zxra'~ mice therapeutically treated with IP7e via oral
gavage for 14 d. IP7e is brain penetrant and orally bioavailable
(27, 28). Nurrl expression in the RPE/choroid fractions was
markedly lower, not absent, in Lxra”'~ mice as compared to
Lyxra""* mice (Fig. 4B). Mice treated with IP7e exhibited no
changes in body weight over time and the weights of vital organs
at the end of dosing period, as compared to mice treated with
vehicle control, indicated no drug-associated gross adverse effects
(SI Appendix, Table S4). Additionally, no liver damage was
observed in mice exposed to IP7e, as determined by examining
liver morphology, serum alanine aminotransferase (ALT) con-
centrations, histopathological changes in cross-sections stained
with H&E, and lipid deposition in cross-sections stained with
Oil red O (Fig. 4C and SI Appendix, Fig. S8A). IP7e treatment
had no influence on serum cholesterol content (Fig. 4D).
Increased expression of Bdnfand Cdhl, and decreased Shug level
in RPE/choroid fractions from IP7e-treated mice indicated the
activation of NURRI in posterior pole segments of eyes follow-
ing IP7e administration and the reversed EMT-signaling (Fig.
4E). Increased localization of E-CADHERIN was also detected
in multiple regions of retina in IP7e-treated mice as compared to
controls, including the ganglion cell layer, inner plexiform layer
(IPL), outer plexiform layer (OPL), photoreceptor, and RPE
(Fig. 45).

Although optical coherence tomography (OCT) imaging did
not expose gross morphological changes in the posterior pole in
our mouse cohorts, fundus imaging revealed disorganized pig-
mentation in control adult Lxra~'~ mice (SI Appendix, Fig.
S8B). ERG recordings revealed that the average c-wave ampli-
tude slightly declined in control mice at the end of dosing
period, while IP7e treatment significantly enhanced the average
c-wave amplitude by 43% (Fig. 4G), indicating an improve-
ment in the RPE-dependent function. Though no significant
changes were seen in the average a- and b-wave amplitudes of
control mice, pre- and posttreatment in both scotopic and
photopic conditions (Fig. 4 H and 1), a significant improve-
ment in scotopic b-wave, photopic a-wave, and photopic
b-wave amplitudes were observed at higher flash intensites in
the IP7e-treated group (Fig. 4 H and 1). It is noteworthy that
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sex differences in retinal function were observed, with female
control Lxra'~ mice exhibiting significant reductions in their
a- and b-wave amplitudes under both scotopic and photopic
conditions by the end of dosing period, while these changes
were not significant in male control mice (Fig. 4 /~L). Corre-
spondingly, the increases in ERG amplitudes following IP7e
treatment were also more pronounced in female Lxrz '~ mice
(Fig. 4 J~I).

Next, the effect of IP7e treatment on the retinal structure of
Lxra™'™ mice was investigated by evaluating their retinal mor-
phology and histopathological features in plastic sections. Thick
plastic sections stained with Toluidine blue O revealed rela-
tively normal overall structure of posterior segments of eyes
from control and IP7e-treated adult Lx7a '~ mice (Fig. 54 and
SI Appendix, Fig. S8C). No significant changes in the thickness
of the outer nuclear layer (ONL), OPL, INL, or IPL were
observed between control and IP7e groups (S Appendix, Fig.
S8D). Thin plastic sections examined by transmission electron
microscopy (TEM) provided higher-magnification details on
the ultrastructure of the outer retinal region. Adult control-
treated Lxra '~ mice exhibited pathological abnormalities in
the RPE and sub-RPE regions associated with AMD, including
macro- and microvacuolization, basal laminar deposits, dis-
rupted basal infoldings, mitochondrial changes, accumulation
of lipid droplets, thickening of BrM, degenerated cellular
organelle, and disorganized elastin and collagen fibers (Fig. 5
B-D, Table 1, and SI Appendix, Fig. S9), as reported previously
(26). However, mice treated with IP7e showed more homoge-
neous phenotypes in the RPE with less severe pathological
abnormalities (Fig. 5 B-D, Table 1, and S/ Appendix, Fig. S9).
Finally, the distribution of secondary retinal neurons was exam-
ined via immunofluorescence using cell-specific markers for
Miiller cells, horizontal cells, amacrine cells, and astrocytes.
Expression of CALRETININ, GFAP, CRALBP, and PKCu
did not appear to vary greatly in IP7e-treated mice as compared
to controls (87 Appendix, Fig. §10). These observations support
our hypothesis that IP7e treatment may be beneficial in regulat-

ing retinal function and the overall architecture of the posterior
pole in AMD.

NURR1 Activation Modulates Inflammation and Lipid
Homeostasis In Vivo. Immune cell infiltration and impaired lipid
homeostasis in the posterior segment of eyes are hallmarks of
AMD (29). IP7e administration in adult Zxra '~ mice markedly
reduced the number of F4/80" or Ibal™ cells in RPE/choroid flat
mounts and in retinal cross-sections as compared to controls as
assessed by immunofluorescence (Fig. 6 A and B), indicating that
activating NURRI suppresses accumulation of immune cells in
the posterior pole. Importantly, the fluorescent signal reflective of
neutral lipids in the RPE and sub-RPE regions, stained by BOD-
IPY, was diminished in IP7e-treated Lxrz '~ mice as compared
to controls (Fig. 6C). The decline in lipid deposition in the IP7e-
treated cohort was associated with a significant decrease in the
expression of APOE and EOG6 (maker for oxidized phospholipids),
as well as a slight reduction in APOB expression along the length
of BrM (Fig. 6D), illustrating dysregulated lipid metabolism and
accumulation of oxidized phospholipids can be diminished by
NURRI activation.

NURR1 Activation Alters the EMT Molecular Signature In Vivo
in a Second Mouse Model with AMD Features. Loss of RPE dif-
ferentiation has been reported in AMD and includes EMT, likely
contributing to the ability of RPE cells to migrate (30). We dem-
onstrated that IP7e treatment improved E-CADHERIN
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Fig. 4. The effect of NURRT activation on retinal function and pathology in vivo. (A) Knocking-down of LXRa expression in primary cultured RPE cells (young:
15-y-old donor; old: 93-y-old donor) was achieved using siRNA. Expression of LXRa and NURRT were confirmed by qPCR. (B) Nurr1 expression in RPE/Choroid
fractions from Lxra™"* and Lxra~'~ mice (3 and 24 mo old) were determined by gPCR. Adult vehicle control or IP7e (10 mg/kg) was administered twice a day by
oral gavage for 14 d to Lxra~’~ mice (10 to 12 mo old). No significant difference in serum (C) ALT and (D) cholesterol concentration was detected between con-
trol and IP7e groups. (E) Expression of Bdnf, Cdh1, and Slug in RPE/choroid fractions were determined by qPCR. (F) Representative fluorescent photomicro-
graphs demonstrating the immunolocalization patterns of E-CADHERIN and N-CADHERIN as examined by confocal fluorescent microscopy. (Scale bars, 50 pm.)
The average ERG recordings from adult Lxra~/~ mice in response to IP7e treatment are shown as changes in amplitudes of (G) c-wave and a-, b-waves under
(H) scotopic and (/) photopic conditions. ERG recordings also revealed gender differences in (/) c-wave amplitude, (K) scotopic a- and b-wave amplitude, and (L)
photopic a- and b-wave amplitudes following IP7e exposure. Values represent mean + SEM *Significantly different from vehicle control group using Student's t
test, *P < 0.05. Values with different lowercase letters are significantly different from each other at P < 0.05 using ANOVA with post hoc Tukey test.

expression in the Lxra”'™ mice. Changes in the EMT profile of ~ Here we tested the preventive effect of NURRI activation on the
RPE cells has also been reported in a wet AMD mouse model, in EMT molecular signature in RPE cells using the laser-induced
which choroidal neovascularization (CNV) and ultimately fibrosis CNV mouse model. Adult mice (7 to 9 mo old) were divided
are triggered by a laser burn, which breaks through BrM (31). into three groups: vehicle-treated control (no CNV lesions were
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Fig. 5. Effects of IP7e treatment on retinal ultrastructure in vivo. Adult Lxra™

~ mice (10 to 12 mo old) received either vehicle control or IP7e (10 mg/kg)

twice a day by oral gavage for 14 d. (A) Representative photomicrographs of the morphology of posterior pole in plastic sections (1 pm) stained with Tolui-

dine blue O from adult Lxra™~

Lxra~’~

regions with abnormalities in adult control Lxra™'~

mice treated with (n = 4) or without IP7e (n = 3). GL, ganglion cell layer. Alterations in the ultrastructure of the RPE in adult
mice in response to IP7e treatment was examined (B and C) by TEM (magnification, 2,500x and 8,000%, respectively) and (D) enlarged fields of
mice including vacuolization (V), regions with dense mitochondria (arrows), disorganized basal infoldings

(red arrowheads), accumulation of lipid droplets (yellow arrowheads), extended RPE cytoplasm (blue dashed line), continuous basal laminar deposits (yellow
dashed line), thickened and disorganized elastin, and collagen fibers (double asterisks) and scattered aggregates of lipofuscin-like materials or degenerated
debris (asterisks) (magnification, 15,000x, respectively) shown at a magnification of 30,000x.

induced) (Fig. 7 A, Top); vehicle-treated plus CNV (Fig. 7 4,
Middle); and IP7e treated plus CNV (Fig. 7 A, Botrom). Mice
were pretreated with either vehicle or IP7e, and lasered to create
12 to 13 neovascular lesions per eye. In vivo imaging did not
reveal gross differences in the lesions or retinal layers between the
vehicle-treated and IP7e-treated CNV groups. Following laser-
induced CNV, the expression of both epithelial markers (£-
CADHERIN and ZO-1) and mesenchymal markers (SNAIL,
TWIST, a-SMA, and vimentin) increased in the vehicle-treated
group compared to no CNV control (Fig. 7B). Importantly,
CNV-induced expression of these genes was diminished in the
RPE of the [P7e-treated CNV group and their expression levels
were similar to the no CNV control cohort, with the exception
of TWIST and a-SMA levels, which remained unchanged. Addi-
tionally, an increase in fibronectin expression was seen in the
IP7e-treated CNV cohort. These observations lend additional
support to the premise that NURRI activation may rescue the
EMT-associated AMD phenotype.
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Discussion

AMD is a progressive disease in the macula, presenting with com-
plex and heterogencous features, arising due to the interplay of
genetics, environmental factors, and overall age-related health con-
ditions in the human population. The progression of AMD and
efficacy of treating wet AMD vary among affected individuals.
Importantly, there are no treatment options available for the over
85% of AMD patients with the dry clinical subtype. Increasing
evidence is emerging supporting functional participation of
nuclear receptors in modulating ocular diseases through multiple
mechanisms (32, 33). Results from the present study has eluci-
dated pathways, by which NURRI attenuates AMD progression,
including an age-dependent switch in the composition of the tran-
scription complex, and modulation of EMT, inflammation, and
lipid metabolism in RPE cells.

RPE cells are one of the central cell types affected and vul-
nerable in AMD pathogenesis. We report that dry AMD
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Table 1. Incidence of histopathological abnormalities
in posterior segments of adult Lxra™’~ mice treated
with either vehicle control or IP7e

Vehicle IP7e

Histological parameter (n=3) (n=4)
Photoreceptor degeneration 1/3 0/4
Retinal dysplasia 0/3 1/4
RPE degeneration
Macrovacuolization* 3/3 1/4
Microvacuolization® 3/3 3/4
Disorganized pigment pattern 2/3 0/4
Abnormal basal infoldings 3/3 0/4
Lipid droplet accumulation 2/3 0/4
Deposit formation in sub-RPE region 2/3 0/4
Extended RPE cytoplasm 3/3 2/4
Regional thin RPE cells* 2/3 2/4
BrM thickening® 2/3 0/4
Disorganized collagen fibers in BrM 3/3 174

The incidences are represented as the number of mice with the observation over the
total number of mice evaluated.

*Macrovacuoles = diameter larger than 1 pm.

"Microvacuoles = diameter smaller than or equal to 1 um.

*Thickness of RPE less than 10 um was recorded as thin.

SBrM thickness was measured using Image). BrM thickness in vehicle control group
ranged 0.39 to 2.58 ym and IP7e group ranged 0.24 to 1.06 pm.

patients exhibit a significant reduction of NURRI expression
in the RPE cell layer, supporting a possible link between
NURRI1 and AMD progression. The presence of NURRI
immunoreactivity in spheroids within drusen may indicate that
NURRI fragments originate from RPE cells, given a number
of drusen components derive from RPE cells (34-36); however,
it is also plausible that they may come from the circulation and
monocytes (37). In the future it would be important to evaluate
potential correlations between NURRI expression in the RPE
across the different clinical stages of AMD, as well as the circu-
latory profile of NURRI as a function of age and disease.
Aging is central to the development of AMD and is an estab-
lished risk factor for the disease (38). We found NURRI expres-
sion in RPE cells declines with increasing age, consistent with a
previous study demonstrating decreased NURR1 expression in the
aged gerbil hippocampus (39). Functionally, NURRI can form a
homodimer or heterodimer with RXR to recognize the NurRE or
DRS5 binding element, respectively (8). The higher activity on
DRS5 binding elements in young RPE cells is associated with
increased expression of NURRI and the formation of NURRI-
RXRa complexes in young cells as analyzed by co-IP and EMSA.
Whether the switch from favoring the formation of NURRI-
RXRa heterodimers to NURRI-NURR1 homodimers with aging
is the result of a normal aging process, a consequence of the
reduction of RXR expression with advanced age, or an RPE cell-
specific event remains to be determined. As an orphan nuclear
receptor, NURR1-mediated signaling is purported to be ligand-
independent, and activation of RXR by its natural ligand, such as
9-cis-retinoic acid, can induce the transcriptional activity in
NURRI-RXR heterodimers (8, 40, 41). Our data reveal that acti-
vation of NURRI by small molecules, as well as AMD-relevant
stressors—including TNF-a, LPS, PGE2, and ol A—triggers
NURRI-specific responses, notably on DR5 binding sites, dem-
onstrating that the interaction of NURRI-RXRa in human RPE
cells is driven by age. These results, in combination with a recent
study that identified the dynamic ligand binding pocket in
NURRI (42), further elevate the importance of discovering natu-
ral ligands and developing synthetic activators of NURRI for
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potential application in age-related human diseases. Interestingly,
overexpression of NURRI in old RPE cells did not fully restore
the transactivation on the DR5 binding elements to the basal lev-
els detected in young cells, suggesting that ligand binding may be
critical for NURR1-RXR-mediated signaling in RPE cells.

We recently reported that aged mice carrying the null allele
for Lxra develop functional and morphological characteristics
of AMD (26). Given the fact that LXRa is also essential for
NURRI-mediated signaling, we investigated the therapeutic
potential of targeting NURR1 in attenuating AMD progression
using adult Zxra '~ mice as an AMD preclinical mouse model.
We found that the small molecule IP7e activates NURRI in
the posterior segment of Lxra '~ mouse eyes, and significantly
improved retinal function as assessed by ERG recordings, with-
out inducing systemic toxicity. The increase in c-wave ampli-
tudes following IP7e treatment reflects an improvement in RPE
cell function. Evaluation of the posterior pole morphology at
high magnification of IP7e-treated Lxra '~ mice further con-
firmed that NURRI activation has therapeutic effects resolving
some (though not all) of the ultrastructural features in RPE cells
associated with AMD ' pathogenesis. Improved a- and b-waves
under photopic conditions by IP7e demonstrates the functional
impact of NURRI in the neural retina (e.g., photoreceptors,
bipolar cells, and Miiller cells). Finally, we noted sex-based differ-
ences in the ERG amplitudes of Lxra '~ mice. Striking declines
in ERG amplitudes were detected in female control Lxra '~
mice, and IP7e treatment in female mice abolished such reduc-
tion to a greater degree. Therefore, it is plausible that hormone
regulation may play a role in regulating susceptibility to disease
development and potential efficacy of therapeutics in the poste-
rior segment of eyes when LXRa signaling is disrupted.

EMT in RPE cells delineates a phenotypic change in cell shape
in response to cellular damage, ultimately contributing to wound
healing, scar formation, and fibrosis, defining features seen in the
late stages of AMD (23). The early phenotypic characteristics in
EMT include dysregulation or redistribution of junctional pro-
teins, reorganization of the cytoskeleton, and breakdown of polar-
ity complex (43), controlled by a series of molecular regulators,
including CADHERINs, VIMENTIN, TWIST, ZEBI, and the
Zn-finger transcription factors SNAIL1 and SNAIL2 (SLUG).
Previously, it has been reported that increases in NURRI expres-
sion can diminish chemically induced fibrosis (44), a process
where EMT is heavily involved (45, 46). Here we reported the
inhibitory effect of NURRI activation on TNF-o—induced EMT
and migration in RPE cells in vitro, and its association with
changes in expression of several EMT-related genes. The activa-
tion of NURRI by IP7e was sufficient to rescue TNF-o—induced
EMT morphologically and molecularly even in cells expressing
low basal levels of NURRI. Importantly, this is consistent with
our in vivo studies demonstrating that NURRI activation in an
AMD-like mouse model (Zxra '~) alters expression of EMT
markers in RPE/choroid fractions and improves E-CADHERIN
expression in retinal cross-sections. Similarly, IP7e was able to
improve the epithelial phenotype of RPE cells in a second preclin-
ical in vivo study using the laser-induced CNV/fibrosis mouse
model (47, 48). Collectively, these studies support our hypothesis
that modulating NURRI signaling may be a viable approach for
the treatment of AMD by reversing the EMT process. Previous
studies have identified nuclear factor erythroid 2-related factor 2
(NRF2) as a key actor against EMT and in several ocular diseases,
via multiple mechanisms (23, 49). It is noteworthy that NURRI
and NRF2 can cooperatively dampen oxidative stress-induced cel-
lular damage in midbrain dopamine-secreting neurons and macro-

phages (50, 51). Whether NURRI protects against EMT in RPE
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Fig. 6. The effect of NURR1T activation on distribution of inflammatory cells and lipid deposition in vivo. Vehicle control or IP7e (10 mg/kg) was administered
twice a day by oral gavage for 14 d to adult Lxra~'~ mice (10 to 12 mo old). (4) The presence of microglia/macrophages in RPE/choroid flat mounts were
assessed by immunofluorescence using an antibody against F4/80. The area of quantified F4/80* cells are indicated by white dash line. Phalloidin staining
indicates actin filaments. (Scale bars, 100 pm.) (B) Representative photomicrographs show the localization of F4/80* (green arrowheads) or Iba1* cells (red
arrowheads) in retinal cross-sections (10 pm) examined by immunofluorescence. IP7e treatment reduced the number of F4/80" and Iba1™* cells in the retinal
region, but not in choroid. (Scale bars, 25 pm.) (C) Representative photomicrographs of neutral lipid distribution in retinal cross-sections assessed by BODIPY
staining. (Scale bars, 50 um, Left and 25 um, Right.) (D) Representative photomicrographs of APOE, APOB, and EO6 immunolocalization in retinal cross-
sections. The fluorescent intensity was measured along BrM as an arbitrary unit (AU). Hoechst staining reflects the cell nuclei. (Scale bars, 25 pm.) Values
represent mean + SEM. *Significantly different from control group using Student's t test, *P < 0.05.

cells by direct influence on transcriptional regulation of EMT ~ NURRI modulates EMT may be cell-specific and the molecular
markers or indirectly by promoting NRF2 remains to be clarified. = mechanism underlying NURRI1-suppressed EMT requires further
However, NURRI has been shown to be both pro-oncogenic or examination in greater detail.

antioncogenic by modulating migration and EMT in various can- Chronic inflammation and accumulation of immune cells during
cer models (52-54), highlighting that the degree to which the aging process are major contributors to AMD development (55,
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Fig. 7. Effect of NURR1 activation on EMT markers in the laser CNV mouse
model. Adult C57BL6/) mice were pretreated with vehicle or NURR1 activator
(IP7e) via oral gavage. Twelve to 13 thermal burns were created in the back
of the eye. The no-CNV control group received vehicle by oral gavage but no
laser burns. In vivo ocular evaluation of mouse eyes was conducted prior to
killing. Representative images are shown. (A) Fundus (Left), OCT (Center), and
fluorescein angiography (Right) images of the posterior eye in the Control
(no laser, Top), CNV lesions in the vehicle-treated (Middle) and IP7e-treated
(Bottom) groups are shown. Vascular leakage (dotted line circles) from the
CNV lesions were visible by fluorescein angiography. (B) gPCR analysis of
EMT markers epithelial markers: Cdh1 (E-cad), Tjp? (ZO-1), Snail, Twist; mes-
enchymal markers: Cdh2 (N-cadherin), Acta2 (a-smooth muscle actin), Vim,
Fn1. Gene expression was normalized to that of GAPDH and is represented
as a relative ratio. Values represent mean + SEM (n = 3). *Significantly differ-
ent from the control group. *P < 0.05; **P < 0.01; ns, not significant.

56), and the impact of prolonged inflammation and oxidative stress
on RPE degeneration has been intensively studied (57). Under nor-
mal physiological conditions, RPE cells release both immunosup-
pressive and inflammatory cytokines, and tightly regulate the
inflammatory responses to protect against immune-mediated
injury. NURRI activation is neuroprotective and has well-known
antinflammatory effects in dopaminergic neurons, microglia, and
astrocytes (11, 58, 59). Unexpectedly, we found overexpression
and activation of NURRI selectively stimulates expression of a
number of cytokines—including MCP-1, IL-8, and IL-If—in
human RPE cells in an age-dependent manner. These cytokines
were selected given NURRT’s role in regulating inflammation
and as several of them are known NURRTI target genes (60, 61).
Though often considered proinflammatory, the nature of the
cytokines we investigated are very much cell- and tissue-specific,
known to target a variety of cells including endothelial cells,

PNAS 2022 Vol. 119 No.28 2202256119

epithelial cells, macrophages, monocytes, mast cells, and neutro-
phils, among others. Importantly, they exert context-dependent
effects on neuronal development, migration, plasticity, and sur-
vival (61-63). As a consequence, they have been shown to play a
role in both resolution and persistence of inflammation, and
have both anti- and proinflammatory properties (61-63). One
may further postulate that the acute induction of proinflamma-
tory cytokines may be necessary in order to stimulate an immune
response and maintain retinal homeostasis in aged tissue (64).
Alternatively, transient transfection of RPE cells may be unable
to represent the dynamic interaction in the transcription com-
plex on the chromatin, possibly leading to a different expression
pattern. Case in point: a recent study found that lipofectamine-
mediated transfection may trigger differential immune responses
in macrophages (65). Additionally, interleukin (IL)-8 has been
shown to be downstream of NURRI in multiple models (60,
66, 67), and its expression correlates with TNF-a—dependent
NF-kB signaling (60, 68). The NURRI activator IP7e also sup-
presses NF-kB signaling in vivo (28). Thus, the participation
of NURRLI in controlling pro- and antiinflammation is likely
complicated, dependent upon the microenvironment and the
physiological and pathological conditions. Finally, our findings
illustrating marked inhibition of recruitment of immune cells to
the retina of Lxra "~ mice following NURR1 activation in vivo
on first pass may appear contradictory to the in vitro data dem-
onstrating elevated MCP-1 levels upon NURRI activation.
However, this difference may be due to the fact that single cultured
cells (e.g., RPE) versus the complex in vivo state (e.g., mouse poste-
tor pole) are being investigated. Additionally, the MCP-1 signaling
pathway has been reported to have pleiotrophic effects functioning
beyond chemotaxis, potentially even regulating autophagy (69). Addi-
tonal studies will be needed to determine the extent to which
NURR!’s regulatory effect on inflammation is driven through
MCP-1 and other inflammatory regulators.

The accumulation of lipids and lipid carriers, in and extra-
cellular to RPE cells suggests the involvement of lipid meta-
bolic dysregulation in AMD progression (70-72). More
specifically, genetic studies have consistently identified “risk
genes” important in lipid and cholesterol homeostasis associ-
ated with AMD, including apolipoprotein E (APOE) (73,
74). We observed that NURRI activation diminishes the
accumulation of neutral lipids and oxidized phospholipids,
and APOE expression in RPE cells of adult Zxra™'~ mice. It
should be noted that in a previously reported microarray anal-
ysis, APOE was identified as a NURRI target gene in human
neuroblastomas (61), suggesting NURRI1-dependent regula-
tion of APOE expression may differ between cancer and
noncancer cells. Interestingly, another NURRI activator,
amodiaquine, can suppress fat mass and serum triglyceride
levels, and prevent high-fat diet-induced liver steatosis (27),
highlighting the need to determine the effect of different acti-
vating ligands. Furthermore, overexpression of NURRI in
macrophages has been shown to reduce oxLDL uptake and
inflammation, and further attenuates atherosclerosis (75).
Likely the role of NURRTI in lipid metabolism remains to be
fully determined in cells with high metabolic capacity, such as
hepatocytes, macrophages, and RPE cells.

In conclusion, results from the present study demonstrate
that NURRI may have a protective role in ocular diseases, in
which the RPE is compromised, in part, by modulating EMT,
inflammation, and lipid metabolism. Furthermore, the contri-
bution of RXRa to NURRI activity differs in aging and AMD,
revealing a potential novel mechanism for the NURR1 signal-
ing pathway in RPE cells.
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Materials and Methods

study Approval. All animal experiments were approved by the Duke University
Institutional Animal Care and Use Committees. The use of human donor eyes in
the present study was approved by the Duke University Institutional Review
Board with an exemption.

Detailed methodology are provided in SI Appendix, Supplementary Materials
and Methods.

Data Availability. All study data are included in the main text and/or
SI Appendix.
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