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Deficient RPE mitochondrial energetics
leads to subretinal fibrosis in age-related
neovascular macular degeneration
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Subretinal fibrosis permanently impairs the vision of patients with neovascular age-related macular
degeneration. Despite emerging evidence revealing the association between disturbed metabolismin
retinal pigment epithelium (RPE) and subretinal fibrosis, the underlying mechanism remains unclear. In
the present study, single-cell RNA sequencing revealed, prior to subretinal fibrosis, genes in
mitochondrial fatty acid oxidation are downregulated in the RPE lacking very low-density lipoprotein
receptor (VLDLR), especially the rate-limiting enzyme carnitine palmitoyltransferase 1A (CPT1A). We
found that overexpression of CPT1A in the RPE of VidIr’~ mice suppresses epithelial-to-
mesenchymal transition and fibrosis. Mechanistically, TGF (3, induces fibrosis by activating a Warburg-
like effect, i.e. increased glycolysis and decreased mitochondrial respiration through ERK-dependent
CPT1A degradation. Moreover, VLDLR blocks the formation of the TGFf receptor I/ll complex by
interacting with unglycosylated TGFp receptor Il. In conclusion, VLDLR suppresses fibrosis by
attenuating TGFB,-induced metabolic reprogramming, and CPT1A is a potential target for treating

subretinal fibrosis.

Age-related macular degeneration (AMD) is the leading cause of visual
impairment in industrialized countries and profoundly impacts the physical
and mental well-being of the elderly'. Ten to 15% of AMD patients develop
neovascular AMD (nAMD), characterized by choroidal neovascularization
(CNV)’. CNV and its complications, such as hemorrhage and fibrovascular
scarring, cause irreversible blindness and account for more than 90% of visual
symptoms’. Although anti-vascular endothelial growth factor (VEGF) ther-
apy effectively ameliorates pathological angiogenesis in most nAMD patients,
subretinal fibrosis, which is responsible for severe and permanent vision loss,
remains untreatable. Moreover, recent studies have reported an association
between anti-VEGF therapy and the increased risk of subretinal fibrosis™.
Thus, it is urgent to advance our knowledge regarding subretinal fibrosis and
its pathogenic mechanisms to develop alternative therapeutic options.
Dysfunction and degeneration of retinal pigment epithelial (RPE) cells
are recognized as the core pathogenesis of AMD’. Among different types of
CNV, those that damage the RPE layer are most likely to cause subretinal
fibrosis’. In healthy conditions, a single RPE cell interacts with 20-30 pho-
toreceptor cells and is responsible for phagocytosis of the photoreceptor

outer segments, visual cycle, and nourishment of fragile neurons in the outer
retina’. InnAMD, CNV penetrates the RPE monolayer, and exudation from
leaky vessels generates an inflammatory environment in the subretinal
region. This environment elicits an epithelial-mesenchymal transition
(EMT) in disturbed RPE cells, leading to the loss of epithelial markers and
gain of mesenchymal features, such as the production of extracellular matrix
(ECM) and migration®. A recent study revealed that a-smooth muscle actin
(a-SMA)-positive RPE cells are present in fibrous membranes associated
with CNV in nAMD patients’. Moreover, healthy RPE cells have an enri-
ched mitochondrial population and predominantly rely on mitochondrial
metabolism ((-oxidation, oxidative phosphorylation, and TCA cycle) to
produce adenosine triphosphate (ATP)". In primary RPE cells from AMD
patients, mitochondrial function is suppressed, and glycolysis is used as the
primary energy source, which is a paradigm known as the Warburg effect'’.
However, the association between the metabolic reprogramming in RPE
cells and subretinal fibrogenesis in AMD remains uncertain.

Very low-density lipoprotein receptor (VLDLR) was originally
recognized as a member of the lipoprotein receptor family that mediates
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Fig. 1 | Characterization of subretinal neovascu- A B
larization and fibrosis in Vidlr~'"~ mice. A 3D | Whole mount Inset D (photoreceptor layer) ‘ H&E staining ‘

reconstruction of representative confocal images of
isolectin-stained neovascularization of 1-month-old
VIdlr~~ and WT mice (Deep: deep retinal vascular
layer). The scale bars in whole mount, inset, and 3D
were 1000, 200, 10 um, respectively. B Hematoxylin
and eosin staining on the retinal sections of Vidlr~'~
and WT mice. The white arrow indicates a CNV
lesion. Scale bar: 50 pm. C Representative immu-
nostaining of a-SMA and fibronectin in an ocular
cryosection of 3-month-old WT and VIdlr mice.
The nuclei were counterstained with DAPI. Scale
bar: 50 um. Quantification of a-SMA-positive areas
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lipid uptake and metabolism in extra-hepatic tissues'’. A genetic linkage
study showed that VLDLR gene variants are associated with the risk of
AMD". VIdlr"~ mice manifest multiple nAMD-like phenotypes, including
spontaneous subretinal NV, vascular leakage, inflammation, and pro-
gressive decline of electroretinography (ERG) responses'™". In addition,
Vldlr '~ mice have been established as a mouse model of subretinal fibrosis
and nAMD pathologies''"°. Interestingly, RPE cells display regional het-
erogeneity based on their proximity to CNV lesions and non-CNV lesion
areas. To better understand the underlying molecular mechanisms behind
this cellular heterogeneity, single-cell RNA sequencing (scRNA-seq) was
performed to compare the transcriptomic profiles of RPE cells from age-
matched wildtype (WT) and VIdlr~ mice. Genes identified in this scRNA-
seq dataset were validated using functional assays. The adeno-associated
virus-mediated intervention was performed to explore the underlying
mechanism of subretinal fibrosis in VIdl~ mice. Collectively, the findings
of this study identify a novel and pathogenic mechanism for the develop-
ment of subretinal fibrosis in a nAMD model.

Results

Characterization of subretinal neovascularization and fibrosis in
Vidir’'~ mice

Two separate vascular networks support the nutrition and oxygenation of
the neural retina. The inner retina is supported by retinal vasculature,
whereas the outer retina is supported by choroidal vessels'”. In VIdlr'~ mice,

we found that retinal neovascularization penetrated the normally avascular
photoreceptor layer and intact RPE layer, connecting the retinal and
choroidal vascular networks and causing RPE detachment and melanocyte
migration towards the photoreceptor layer (Fig. 1A, B, and Supplementary
Fig. 1B). Knockout of VLDLR was confirmed by Western blotting and
immunostaining (Fig. 1F and Supplementary Fig. 1A). Newly formed
pathological vessels are leaky, and which triggers fibrosis in the eye'®. Fundus
fluorescein angiography (FFA), revealed an increase of fluorescein leakage
in 1-month-old Vidlr”~ mice compared to the age-matched WT mice
(Supplementary Fig. 1C), and optical coherence tomography (OCT)
detected multiple neovascular lesions with increased reflectivity in the
subretinal region of VIdlr”~ mice (Supplementary Fig. 1D). Immunos-
taining showed that fibrosis markers, including a-SMA (Fig. 1C, D),
fibronectin (Fig. 1C, E), vimentin (Supplementary Fig. 1E, F), and collagen I
(Supplementary Fig. 1E, G), were markedly increased at the CNV lesions
and surrounding pigmented tissues of 3-month-old VIdlr~ mice. These
changes indicate that disturbed RPE cells substantially contribute to fibrosis
in CNV regions. In agreement with these data, Western blot analysis showed
a robust increase of fibrosis markers, including a-SMA, connective tissue
growth factor (CTGF), and fibronectin (Fig. 1F-I), in the eyecups of 3-
month-old Vidlr”'~ mice compared to age-matched WT mice. Taken
together, these results suggest that Vidlr '~ mice serve as a good model for
studying subretinal fibrosis, and RPE cells are major contributors to fibro-
genesis in the eye.
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Fig. 2 | Cell clusters of scRNA-seq analysis from RPE-choroid tissues of Vidir '~
and WT mice. A A UMAP plot showing 14 different cell types identified in RPE-
choroid tissues. EC, Endothelial cell; NK, natural killer cell; PC pericyte, MC mel-
anocyte, RBC red blood cell, RPE retinal pigmented epithelium. B A UMAP plot

showing the sample sources of WT and VIdlr~'~ mice at the age of 1 month and
2 months. C Percentage of different cell types between genotypes. D Violin plots
showing the gene expression of known cell markers across different cell types.

scRNA-seq profile of RPE-choroid tissues from VidIr’~ mice
Single-cell transcriptomic analysis was performed on RPE-choroid tissues of
WT and VIdlr~ mice at the ages of 1 and 2 months. Using a Seurat R
package, a total of 7943 cells passed quality control and were grouped into 27
clusters, which were annotated into 14 different cell types (Fig. 2A). The
differentially expressed genes in each cluster were listed in Supplementary
Table 1. Among them, 4236 cells (53.3%) and 3,707 cells (46.7%) originated
from WT and VIdlr~ RPE-choroid tissues, respectively. The distribution of
each cluster in the WT and VIdlr™'~ groups was depicted in Fig. 2B, and the
percentage of each cell type between genotypes was shown in Fig. 2C. The
gene expression of known cell markers in eyecups was shown in violin plots
in Fig. 2D and UMAP plots in Supplementary Fig. 2.

Mitochondria-related metabolism is downregulated in RPE cells
of VidiIr'~ mice

A total of 196 transcripts was significantly downregulated in the Vidlr'~
RPE compared to WT RPE, which were used for Gene Ontology (GO)
analysis. Among the most affected biological processes were aerobic
respiration (GO:0009060, 17 counts; p.adjust=1.60 x 107", cellular

respiration (GO:0045333, 18 counts, p.adjust =5.18 x 107", energy deri-
vation by oxidation of organic compounds (GO:0015980, 20 counts,
p.adjust="7.17 x 10™""), aerobic electron transport chain (GO:0019646, 10
counts, p.adjust=1.93 x 10~°), generation of precursor metabolites and
energy (GO:0006091, 21 counts; p.adjust=1.93 x 107%), oxidative phos-
phorylation (GO:0006119, 13 counts, p.adjust = 3.38 x 10~°), mitochondrial
ATP synthesis coupled electron transport (GO:0042775, 10 counts,
p.adjust=1.18 x 107®), and ATP synthesis coupled electron transport
(GO:0042773, 10 counts, p.adjust = 1.38 x 10~*) (Fig. 3A and supplemen-
tary Table 2). GO analysis was supported by the Gene Set Enrichment
Analysis (GSEA), in which genes involved in oxidative phosphorylation
(normalized enrichment score, NES = —1.72, p.adjust=0.0028), mito-
chondrial ATP synthesis coupled electron transport (NES=—1.69,
p-adjust=0.0062), and fatty acid P-oxidation (NES=—147, p.adjust =
0.041) featured as prominent downregulated biological pathways in
Vidlr~ RPE compared to WT RPE (Fig. 3B).

We then focused on individual genes that were downregulated in
Vidlr~ RPE which would be predicted to influence metabolic processes
(Fig. 3C, D). These included known regulators of fatty acid p-oxidation
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Fig. 3 | Transcriptional profiling of RPE cells from VIdlr”~ and WT mice.

A Dotplot of top 8 downregulated biological processes in Vidlr'~ RPE com-
pared to WT RPE. Gene ontology (GO) enrichment analysis was performed
based on 196 differentially expressed genes. The size of the dot indicates the
number of downregulated genes. The color of the dot indicates statistical sig-
nificance. B Prominently changed metabolic pathways were identified by Gene

Set Enrichment Analysis (GSEA). NES: normalized enrichment score. C A

heatmap of mitochondrial metabolism-related downregulated genes in Vidlr~/~

RPE compared to WT RPE. D Violin plots of mitochondrial metabolism-

related genes downregulated in VIdlr’~ RPE compared to WT RPE. * Adjusted

P Value < 0.05, ** Adjusted P Value <0.01, *** Adjusted P Value < 0.001.
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(Acaala, Acaa2, Acadm, Acadvl, Ecil, Hadha, Hadhb), citric acid cycle
function (Dlat, Idh3a, Sucla2), and electron transport chain activity (Aldoa,
Atp5b, Atp5k, Cox5a, Cycl, Cycs, Dnajcl5, Ide, Mt3, Ndufa7, Ndufbl1,
Ndufb9, Ndufv2, Sdhaf4, Sdhd, Uqcrl1, Uqcrc2). Taken together, these
results suggest that mitochondria-related metabolism is downregulated in
Vidlr’~ RPE.

Mitochondrial metabolism is functionally deficient in VidIr—'-
RPE cells

To verify that the observed downregulation of genes related to mitochon-
drial metabolism leads to a functional deficiency, a mitochondrial stress test
was performed to measure oxygen consumption rate (OCR) in primary RPE
cells. VIdlr~~ RPE cells had significantly lower basal OCR, maximal OCR,
and spare capacity compared to WT RPE cells (Fig. 4A, B). Similarly, in a
fatty acid p-oxidation (FAO) assay using a Seahorse analyzer, primary
Vidlr'~ RPE cells demonstrated significantly lower basal OCR and maximal
OCR relative to WT RPE cells (Fig. 4C, D), suggesting that RPE cells without
VLDLR had less capacity for fatty acid utilization as an energy source.

To understand the fibrotic phenotype in Vidlr~ retinas better, we
focused on TGFp, which is a master regulator of fibrosis'™® that is overactivated
in VIdlr™~ retinas'®. First, we examined the effect of TGFp on mitochondrial
metabolism in primary RPE cells. TGF{, treatment decreased maximal OCR
and spare respiratory capacity compared to vehicle control in human RPE cells
(Fig. 4E-H). TGFp, also suppressed FAO (basal OCR, maximal OCR, and
spare capacity) in human RPE cells (Fig. 4I-L). Our previous work has
demonstrated that VLDLR suppresses a synergistic effect of TGFp and
canonical Wnt signaling during fibrogenesis”’. We now report that over-
expression of VLDLR suppressed TGFp,-induced OCR downregulation
(Fig. 4E-L). Moreover, overexpression of VLDLR suppressed TGFp,-induced
profibrotic marker expression in human RPE cells, including a-SMA, CTGF,
and fibronectin (Fig. 4M, N). Therefore, we found that the anti-fibrotic effect
of VLDLR was associated with its impact on metabolic reprogramming.

A recent study showed that TGFf may induce a Warburg-like effect to
boost fibrosis in renal cells”. We therefore explored whether this also
occurred in RPE cells. Indeed, we found that TGFp, induced ATP pro-
duction from glycolysis and suppressed ATP production from mitochon-
drial metabolism (Supplementary Fig. 3). To determine if such a transition
to glycolysis leads to fibrogenesis, we examined whether an inhibitor of
glycolysis, 2-deoxyglucose (2-DG), affected TGFp-induced fibrosis. 2-DG
inhibited TGFf,-induced expression of a-SMA, CTGF, and fibronectin in
human RPE cells (Fig. 40, P), indicating that VLDLR suppressed TGFp-
induced fibrosis through blocking the TGFf-mediated downregulation of
oxidative phosphorylation and upregulation of glycolysis.

Carnitine palmitoyltransferase 1A (CPT1A) is downregulated in
Vidir'- mice and nAMD patients

Among the metabolic genes significantly downregulated in VIdlr "~ RPE, we
identified downregulation of CPT1A from our scRNA-seq dataset, an
enzyme that catalyzes a critical rate-limiting step during B-oxidation
(Fig. 5A). CPT1A is located on the outer mitochondrial membrane and
converts fatty acyl-CoA and carnitine into fatty acylcarnitine, a key step in
the transport of fatty acids into the mitochondrial matrix™. A recent study
suggests that CPT1A plays an anti-fibrotic role in kidney fibrosis”’. Cptla
downregulation was confirmed by traditional qPCR using mRNA isolated
from primary VIdlr”~ and WT RPE (Fig. 5B). Furthermore, protein levels of
CPT1A were significantly decreased in the RPE from VIdlr’~ mice com-
pared to the RPE from WT mice (Fig. 5C, D).

Based on the importance of CPT1A in fatty acid oxidation and the
downregulation of CPT1A in VIdlr '~ RPE, we decided to pursue the role
of CPT1A in subretinal fibrosis and mitochondrial function. Impor-
tantly, we also found a significant downregulation of VLDLR and
CPT1A, and upregulation of a-SMA in human retinal sections from
nAMD patients compared to age-matched non-AMD controls, parti-
cularly in the RPE layer (Fig. 5E-H). Donor demographics were tabu-
lated in Fig. 5F. Furthermore, we observed an association between the

downregulation of CPT1A and the upregulation of fibrosis markers in
the RPE of nAMD patients (Fig. 5H).

Overexpression of CPT1A suppresses subretinal fibrosis

We then measured the effect of CPT1A overexpression on metabolism and
fibrosis in human primary RPE cells. Overexpression of CPT1A using an
adenovirus expression system attenuated the TGFf,-induced down-
regulation of maximal OCR and spare capacity in the FAO assay
(Fig. 6A-D). Overexpression of CPT1A similarly suppressed the TGFp,-
induced upregulation of glycolysis and glycolytic capacity (Fig. 6E-H).
Furthermore, overexpression of CPTIA significantly reduced TGEFf,-
induced upregulation of a-SMA, CTGF, and fibronectin protein expression
in human RPE cells (Fig. 61, J), indicating that overexpression of CPT1A
attenuates TGFp-induced metabolic reprogramming, leading to the pro-
tective effects against TGFp-induced EMT and fibrosis in RPE cells.

Next, we investigated the effect of CPT 1A overexpression on fibrosis in
Vidlr "~ mice. AAV containing BestI promoter-driven human CPTIA
overexpression (AAV-Best]-CPTIA) was used to target the RPE layer
specifically. Subretinal injection of AAV-Bestl-CPTIA was performed in
Vidlr”~ mice at the age of P14, and retinal function and fibrosis were
measured at the age of 2 months. CPT1A overexpression by subretinal
injection of AAV-BestI-CPT1A was validated using both immunostaining
and Western blot analysis and comparison with contralateral eyes injected
with AAV-EGFP (control) (Fig. 6K, L). Compared to controls, CPT1A
overexpression led to decreased fibrotic areas of collagen I, a-SMA, and
CTGF in eyecup flatmounts (Fig. 6K, Supplementary Fig. 4A, B). Moreover,
as shown by Western blot, CPT1A overexpression led to a decrease of a-
SMA, CTGF, and fibronectin (Fig. 6L and Supplementary Fig. 4C). Finally,
eyes with CPT1A overexpression showed significantly higher ERG response
compared to control eyes in VIdlr”~ mice, including scotopic a wave,
scoptoic b wave, and photopic b wave (Supplementary Fig. 4D-H). Taken
together, these results suggest that overexpression of CPT1A suppresses
subretinal fibrosis and prevents retinal functional decline in VIdlr~ mice.

TGFpB downregulates CPT1A and promotes fibrosis in an ERK-
dependent manner

We next investigated how TGF( regulated CPT1A expression. TGF,
treatment induced a time-dependent downregulation of CPT1A in primary
human RPE cells (Fig. 7A, B). Downregulation of CPT1A preceded the
upregulation of fibrosis markers, further suggesting its causal effect on
fibrosis (Fig. 7A, B). Recent studies have shown that MAPK/ERK is required
for TGFf-mediated biological processes, including metabolic reprogram-
ming, EMT, and fibrosis". We therefore evaluated the effect of ERK in
TGFp-mediated CPT1A downregulation. Knockdown (KD) of ERK1/2 by
siRNA attenuated TGFp,-induced downregulation of CPT1A and upre-
gulation of fibrosis markers (CTGF and fibronectin) (Fig. 7C, D). These
results suggest that TGF( regulates CPT1A and fibrosis in an ERK-
dependent manner. Finally, CHX protein degradation assay showed that
TGEFp, promoted CPT1A degradation, which blocked by MG132, sug-
gesting that TGFP, induces CPT1A downregulation by promoting its
proteasome-mediated degradation (Fig. 7E-G).

The anti-fibrotic effect of CPT1A depends on its lipid-transport
function
Etomoxir (Eto) suppresses the CPT1A-mediated formation of fatty acyl-
carnitine and blocks the entrance of fatty acid into the mitochondrial
matrix”’. We applied Eto to test if the anti-fibrotic effect of CPT1A was
dependent on its lipid-transport role. Eto had a mild effect on the upre-
gulation of CPT1A, which might be the compensatory effect (Supple-
mentary Fig. 5A, B). Then, we found that Eto blocked the CPTIA
overexpression-mediated anti-fibrotic effect (Supplementary Fig. 5C-E),
suggesting that the anti-fibrotic effect of CPT1A is dependent on its lipid-
transport function.

In addition, the knockdown of CPTIA had no significant effect on
fibrosis markers in the absence of TGFp,. However, knockdown of CPT1A
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suppressed fibrosis marker expression in the presence of TGFf,, suggesting
that CPT1A-mediated mitochondrial metabolism is an important energy
source for physiological homeostasis (Supplementary Fig. 5F-I). Although
the Warburg-like effect triggers profibrotic change, mitochondrial energetic
pathways supports fibrogenesis by producing ATP and TCA
intermediates™.

VLDLR confers an anti-fibrotic effect through interaction with
TGFB receptor Il

A previous study showed that TGFp receptor 11 is upregulated in VIdlr '~
mice, contributing to the overactivated TGFp signaling and subsequent
fibrosis in the subretinal region'’. We therefore investigated if VLDLR
confers an anti-TGFp signaling effect at the receptor level using vectors
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Fig. 4 | Functions of mitochondrial metabolism in RPE of VIdlr "~ mice and in
fibrotic stress. A Mitochondrial stress test in primary RPE cells from WT and
Vidlr "~ mice. B Basal oxygen consumption rate (OCR), maximal OCR, and spare
capacity were compared between genotypes (1 =8). C Fatty acid (FA) oxidation
(FAO) was measured in primary RPE cells from WT and Vidlr”~ mice. Palmitate
(170 uM) was used as the only energy substrate for oxidative phosphorylation.

D Basal OCR, maximal OCR, and spare capacity were compared between groups
(n=8). Metabolism of human primary RPE cells treated with AdVLDLR and
TGFp,. Human primary RPE cells were infected with AAVLDLR or AdRFP as
control (MOI = 50) for 24 h. Then, cells were treated with 5 ng/ml TGFp, or vehicle
(VEH) for 24 h. Cells were then used for seahorse assays (E-L) or Western blot
analysis (M-P). E Mitochondrial stress test in human primary RPE cells treated with

indicated conditions. During the test, RPE cells were incubated in a basic Seahorse
XF DMEM medium supplemented with 1 mM pyruvate, 2 mM glutamine, and

10 mM glucose. Basal OCR (F), maximal OCR (G), and spare capacity (H) were
compared between groups (1 =6-12). I FA oxidation was measured in human
primary RPE cells treated with indicated conditions. Basal OCR (J), maximal OCR
(K), and spare capacity (L) were compared between groups (1 = 6-8).

M Representative Western blots of fibrosis markers in human primary RPE cells
treated with indicated conditions. N Levels of a-SMA, CTGF, and fibronectin in (M)
were quantified (n = 3). O Representative Western blots of human RPE cells treated
with TGFf, with or without 2 g/L 2-deoxyl-D-glucose (2-DG, the derivative of
glucose). P Levels of a-SMA, CTGF, and fibronectin in (O) were quantified (n = 3).
Data are presented as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 5 | Downregulation of CPT1A is correlated A
with fibrosis in VIdlr '~ mice and nAMD patients.
A Violin plot of Cptla in RPE clusters from WT and
VIdlr"~ mice measured by scRNA-seq analysis. The
Y-axis indicates the normalized counts of Cptla
transcript. *** Adjusted P Value < 0.001. B mRNA
levels of Cptla in WT RPE and VIdlr '~ RPE mea-
sured by qPCR (n = 6). C Representative Western
blotting of CPT1A in RPE isolated from 2-month-
old WT and VIdlr~'~ mice. D Quantification of
protein levels of CPT1A in (C) (n=6).
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E Representative immunostaining of VLDLR,
CPT1A, and a-SMA in the subretinal areas of
nAMD patients and controls. F Human AMD
donors demographics. The age, sex, disease stage,
CPT1A intensity, and a-SMA intensity of nAMD
patients and non-AMD controls. G Quantification
of VLDLR, CPT1A, and a-SMA in the RPE layer of
AMD patients and controls in (E) (n =5 for non-
AMD controls, n =5 for nAMD patients). VLDLR
and CPT1A intensities were significantly lower in
AMD patients compared to control (both P < 0.05),
while a-SMA was significantly higher (P <0.01).

H The correlation between levels of CPT1A and a-
SMA in the subretinal areas of nAMD patients and F
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controls (n =5 for non-AMD controls, n =5 for S
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overexpressing Myc-tagged VLDLR, Flag-tagged TGFp receptor II, and
His-tagged TGFP receptor I. PNPLA2/ATGL was used as a non-binding
negative control. Immunoprecipitation of Myc-tagged VLDLR coprecipi-
tated the Flag-tagged TGFp receptor II (Fig. 8A). Similarly, Myc-tagged
VLDLR was coprecipitated by an anti-Flag pull down of TGFp receptor II
(Fig. 8B), suggesting that VLDLR is physically associated with TGFp
receptors. More interestingly, we found that VLDLR is exclusively bound

with unglycosylated TGF- receptor II. Unglycosylated TGF-p receptor IT is
more likely to recruit and form the heterotetramer with TGF-p receptor I,
contributing to downstream activation of TGFp signaling™. This result
indicates that VLDLR is a highly efficient and selective anti-fibrotic element.

Our previous work demonstrated that VLDLR confers an anti-
canonical Wnt signaling effect via binding with the Wnt co-receptor LRP6™.
LRP6 was shown to interact with TGF receptors™. In addition, synergy was
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Fig. 6 | Overexpression of CPT1A ameliorates mitochondrial dysfunction and
fibrosis in human RPE cells. A-J Human primary RPE cells were used for mito-
chondrial metabolism and fibrosis analysis. Cells were transduced with AACPT1A or
AdREFP as control (MOI = 50) for 24 h. Then, cells were treated with 5 ng/ml TGEf,
or vehicle (VEH) for 24 h and were used for Seahorse assay (A-H) or Western blot
analysis (I, J). A FAO was measured in human primary RPE cells treated with
indicated conditions. Basal OCR (B), maximal OCR (C), and spare capacity (D) were
compared between groups (n = 5-7). E Glycolysis stress test was measured in human
primary RPE cells treated with indicated conditions. Glycolysis (F), glycolytic
capacity (G), and glycolytic reserve (H) were compared between groups (n = 5-14).
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I Representative western blots of fibrosis markers in human primary RPE cells
treated with indicated conditions. J Levels a-SMA, CTGF, and fibronectin in (I) were
quantified (n = 3). Data are presented as mean + SD. *P < 0.05, ¥**P < 0.01,

#4%P <0.001. K, L Human CPT1A was overexpressed in VIdlr~~ mice to investigate
the anti-fibrotic effect of CPT1A. One microliter of 2 x 10”* gene copy (GC)/ml of
AAV-Best1-CPTIA was subretinally injected into VIdlr™~ pups at the age of P14.
The contralateral eye was injected with AAV-GFP at the same titer. K: Repre-
sentative immunostaining of CPT1A (green) and collagen I (red) in the flatmounted
eyecup at 6 weeks post injection. Scale bar: 100 um. L Representative western blot
analysis of CPT1A, a-SMA, CTGF, and fibronectin.
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Fig. 7 | TGFp signaling regulates CPT1A in an ERK-dependent manner.

A Representative images of western blot analyses in human primary RPE cells
treated with 5 ng/ml TGFp, for the indicated duration. B Levels of CPT1A, a-SMA,
CTGF, and fibronectin in (A) were quantified (n = 3). One-way ANOVA analysis
was used to compare each time point with the control (0 h). C Representative
Western blots of human primary RPE cells treated with siRNA for ERK1 and ERK2
(ERK1/2), or scrambled siRNA as control for 48 h, followed by 5 ng/ml TGFp, for
24 h. D Levels of ERK1/2, CPT1A, fibronectin, and CTGF in (C) were quantified
(n =3). One-way ANOVA analysis was used to compare each group to third group

VEH TGFB, VEH TGFB,

with TGFf, and scramble siRNA. Symbol # indicates statistical significance between
the first group and the third group. Symbol ® indicates statistical significance between
the fourth group and the third group. E Representative Western blots of human
primary RPE cells treated with 50 pg/ml cycloheximide (CHX, protein synthesis
inhibitor) or 5 uM MG132 (proteinase inhibitor) without or with 5 ng/ml TGFp, for
indicated durations. F, G Levels of CPT1A in (E) were quantified (n = 3). Data are
presented as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, *P < 0.05, "P < 0.01,
#P<0.001, *P < 0.05, *P < 0.01, **P < 0.001.

demonstrated between Wnt and TGFf signaling in promoting fibrosis".
Since we found that VLDLR suppressed TGFp,-induced phosphorylation of
Smad2/3 (P-Smad2/3) independent of Wnt coreceptors (Supplementary
Fig. 6B-E), we decided to determine if VLDLR interacts with TGFp
receptors via Wnt coreceptors. We performed head-to-head comparison of
binding between VLDLR and TGF receptor in WT ARPE-19 cells, LRP5
KO ARPE-19 cells, and LRP6 KO ARPE-19 cells. ARPE-19 cells with LRP5
KO or LRP6 KO were generated using CRISPR/Cas9 techniques and vali-
dated (Supplementary Fig. 6A)"**". We found that when Myc-tag was pulled
down, TGEP receptor II was coprecipitated regardless of the presence of
LRP5 or LRP6 (Fig. 8C), suggesting that VLDLR interacts with the TGFf
receptor independently of Wnt coreceptors.

TGEFp ligands are known to promote the heterotetramer formation of
TGFp receptors”, which was confirmed in human RPE cells. In the presence

of TGFp,, the pulldown of Flag-tag led to higher co-immunoprecipitation of
TGEFp receptor I (Fig. 8D). Overexpression of VLDLR suppressed TGF(,-
induced heterotetramerization of TGFp receptor I and II (Fig. 8D). These
results suggest that VLDLR suppresses TGFp signaling by blocking the
heterotetramer formation of TGFp receptors.

The anti-fibrotic effect of VLDLR is independent of its well-known
function in lipid uptake

Last, we studied the effect of the soluble ectodomain of VLDLR (sVLDLR)
on TGFP-mediated metabolic reprogramming and fibrogenesis. We
found that overexpression of sVLDLR (without the VLDLR transmem-
brane domain) suppressed TGF,-mediated upregulation of glycolysis
(glycolysis ECAR, glycolytic capacity, and glycolytic reserve) (Supple-
mentary Fig. 7A-D). In addition, overexpression of sVLDLR suppressed
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Fig. 8 | VLDLR blocks the formation of the heterotetramers of TGFp receptors by
interacting with unglycosylated TGFp receptor II, which is independent of Wnt
coreceptors. Human primary RPE cells (A, B, D), WT ARPE-19 cells, and ARPE-19
cells with LRP5 KO or LRP6 KO (C) were used for co-immunoprecipitation (co-IP).
Cells were transfected with plasmids to overexpress indicated proteins for 48 h, and
then cells were harvested with co-IP buffer for pulldown and Western blot analysis.
A Interaction between VLDLR and TGEFp receptor II (TGFBRII) by Myc-tag pull-

down. Membrane protein PNPLA2 was used as the negative control. G: glycosylated

TGFPRII, U: unglycosylated TGFPRIIL B Interaction between VLDLR and TGF(
receptor II (TGFBRII) by Flag-tag pulldown. Membrane protein PNPLA2 was used
as the negative control. G: glycosylated TGFBRII, U: unglycosylated TGFRIL
CInteraction between VLDLR and TGFp receptor II (TGFBRII) tested in WT, LRP5,
or LRP6 KO cells. G: glycosylated TGFpRII, U: unglycosylated TGERIIL, the arrow
indicates the VLDLR band. D VLDLR effect on the interaction between TGFPRI and
TGFPRIL. Forty-eight hours after transfection, cells were treated with 5 ng/ml TGEf,
or vehicle for 15 min and used for co-immunoprecipitation.

TGEFp,-mediated upregulation of fibrosis markers (a-SMA, CTGF, and
fibronectin) (Supplementary Fig. 7E, F). These results suggest that
VLDLR plays an anti-fibrotic effect that is independent of its lipid-uptake
function.

Discussion

In this study, scRNA-seq was used to identify cellular and molecular reg-
ulators of subretinal fibrosis. By analyzing the transcriptomic profiles of RPE
cells, we found that RPE cells in a murine nAMD model displayed
mesenchymal phenotypes with upregulated fibrogenic pathways and
downregulated pathways related to mitochondrial metabolism, especially
lipid metabolism (Supplementary Fig. 8). TGFp, the master fibrogenic
factor, promoted fibrosis in RPE cells through metabolic reprogramming
from mitochondria oxidation to glycolysis as the primary energy source.
Mechanistically, we found that TGFp, induced metabolic reprogramming
via the regulation of CPT1A4, the key enzyme facilitating the transport of
fatty acid into the mitochondrial matrix. The downregulation of CPT1A was
found to associate with fibrosis in human nAMD patients as well as the

nAMD animal model. The deficiency of CPT1A promoted fibrosis, while
overexpression of CPT1A rescued the subretinal fibrosis both in vivo and
in vitro. Furthermore, we found that TGFf, mediated CPT1A down-
regulation in an ERK-dependent manner. Collectively, these findings sug-
gest that CPT1A downregulation in AMD plays an important role in
metabolic reprogramming in the RPE, leading to fibrosis.

Although anti-VEGF therapy is highly effective in inhibiting patho-
logical angiogenesis, subretinal fibrosis is untreatable. Fibrosis is com-
monly regarded as a wound-healing process that fails to terminate and
resolve. TGFp is the key profibrotic mediator while it is also a multi-
functional cytokine with other functions such as neurotrophic effects™*.
Therefore, identifying the signaling events that precede fibrosis may reveal
novel therapeutic targets. In VIdlr™~ mice, subretinal neovascularization
initiates from P12, and subretinal fibrosis presents from P60'°. Vidlyr™~
RPE cells gained mesenchymal phenotypes with the induction of multiple
signaling pathways, including Wnt and TGFp signaling, ECM organiza-
tion, and collagen-activated signaling, suggesting EMT. Meanwhile, the
major downregulated signaling pathways identified in Vidlr~ RPE cells
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were related to mitochondrial metabolism, including fatty acid p-oxida-
tion, the TCA cycle, and oxidative phosphorylation. These results suggest
that the metabolic reprogramming is associated with EMT and later
fibrogenesis.

The RPE predominantly relies on mitochondria to generate ATP to
meet energy demands'’. Unlike other tissues, the fatty acid B-oxidation
process is highly utilized since RPE cells have plenty of fatty acid supply from
the daily phagocytosis of photoreceptor outer segments'. A recent study
identified metabolic coupling between RPE and photoreceptors’. Since
glucose from the choroid passes through the RPE layer to reach photo-
receptors, photoreceptors then utilize the glucose for glycolysis to perform
light-sensing functions and maintain photoreceptor homeostasis. Lactate, a
metabolic byproduct of glycolysis, is then shipped back to the RPE for
energy production via oxidative phosphorylation. Moreover, lactate can also
suppress glycolysis in RPE cells. AMD disturbed this metabolic ecosystem
between RPE cells and the retina by shifting RPE cells from utilizing
mitochondrial metabolism to glycolysis”. However, the underlying
mechanism that triggers this metabolic shift remains unclear.

In the present study, we provide evidence that TGFp is one of the major
players initiating metabolic reprogramming in RPE cells towards glycolysis.
The results of our scCRNA-seq analyses led us to discover the role of CPT1A
in TGFp,-induced metabolic reprogramming and subsequent fibrogenesis.
The mRNA level of Cptla was downregulated in RPE clusters in Vidlr "~
mice compared to that in WT controls (Fig. 5), and RPE of patients with
nAMD showed substantially lower CPT1A protein levels compared to non-
AMD controls (Fig. 5). Moreover, this downregulation of CPT1A expres-
sion was associated with abnormal increases of fibrosis marker in ocular
sections from AMD donors (Fig. 5). Overexpression of CPT1A in RPE cells
attenuated fibrosis in subretinal regions of VIdlr~'~ mice (Fig. 6). Deficient
lipid metabolism can boost pathological angiogenesis in endothelial cells in
the eyes™. Therefore, RPE-specific overexpression of CPT1A via AAV may
have a long-term anti-fibrotic effect while avoiding the potentiation of
angiogenesis in the eyes. In addition, recent studies have reported that
MAPK/ERK signaling is essential for metabolic reprogramming in tumor
cells’. In agreement with this, we found that disruption of MAPK/ERK
signaling attenuated TGFp-induced CPT1A downregulation and sup-
pressed TGFp-mediated fibrosis. These results suggest that TGFp-mediated
CPT1A downregulation is dependent on the ERK pathway.

VLDLR is a lipid receptor and mediates lipid uptake™. It has been
shown that VIdlr KO results in FAO decline in photoreceptors and, con-
sequently, retinal degeneration due to energetic crisis”. However, the Vidir
KO-induced decline of mitochondria oxidation is unlikely due to decreased
lipid uptake to the RPE, since RPE has a sufficient supply of fatty acid from
the phagocytosis of the photoreceptor outer segment. In support of this
notion is our observation that sVLDLR, the soluble extracellular domain of
VLDLR without the transmembrane and intracellular domains, can rescue
the metabolic disturbance (Supplementary Fig. 7), i.e, switching from
mitochondrial oxidation to glycolysis in the RPE of VIdl~ mice or in
primary RPE cells stimulated by TGFp.

Mechanistically, we found that VLDLR physically interacted with
unglycosylated TGFp receptor II, suppressing the formation of hetero-
tetramer of TGFp receptor I and II. This effect is independent of the Wnt
coreceptors, LRP5 and LRP6. Upon the activation of TGF signaling, TGF(
binds with TGFp receptor II, which then recruits and phosphorylates TGF(
receptor [, leading to the activation of downstream profibrotic signaling”’. A
recent study demonstrated that glycosylation of the TGFp receptors is a
crucial regulation of TGFp signaling™. Unglycosylated TGF receptor II is
more likely to form the heterotetramers with TGFP receptor I, activating
TGFp signaling”. Previously, we demonstrated that VLDLR physically
interacts with Wnt co-receptor LRP6*". LRP6 was shown to promote TGFf
signaling by binding and stabilizing the TGF receptors™. Thus, we tested if
VLDLR interacts with the TGFp receptors through LRP6 in the present
study. By ablating LRP5 or LRP6 in RPE cells, we found that interaction
between VLDLR and TGFp receptors still occurred, suggesting the inter-
action of VLDLR with TGFp receptors is independent of the Wnt co-

receptor LRP5 or LRP6. Moreover, we confirmed that overexpression of
SVLDLR further suppressed TGFf-induced p-Smad2/3 in either LRP5 or
LRP6 KO cells, indicating that VLDLR plays an anti-TGFp signaling role
that is independent of Wnt coreceptors. In the end, we also demonstrated
that VLDLR blocked TGFp ligand-induced formation of the TGF{ receptor
heterotetramer.

Future studies are warranted to explore RPE cell heterogeneity and its
potential role in fibrosis. Spatiotemporal studies could be informative if
these activated RPE cells are in the proximity of CNV lesions and how they
interact with surrounding immune cells and endothelial cells. Further
mechanical studies are needed to understand how the initial down-
regulation of FAO and electron transport chain pathways contributes to
fibrosis in AMD. It may be explained by profibrotic factor-induced meta-
bolic reprogramming from oxidative phosphorylation towards the glyco-
lysis pathway. First, shifting towards the glycolysis in fibrosis could provide
rapid ATP generation to promote EMT and ECM production®***, Gly-
colysis is approximately 100 times faster than oxidative phosphorylation in
ATP production™. Second, recent studies reported that the glycolytic by-
products serine and glycine are essential substrates for collagen synthesis™.
Third, it is possible that glycolytic by-products may stabilize the phos-
phorylation of profibrotic Smad family members, such as Smad2/3. Future
studies on glycolytic by-products in fibrosis may provide more insights. Last,
this work demonstrated that VLDLR blocks TGF signaling at the TGFp
receptor level, and VLDLR restores TGFp-induced dysfunction of mito-
chondrial lipid transport (CPT1A route). Recent studies showed the
molecular mechanism through other routes that TGFp signaling may
suppress the TCA cycle metabolism through the reduction of the tran-
scription factor PGC-1a’. TGFp may downregulate OCR through the
induction of mitochondrial fission”. Future studies are needed to investigate
if VLDLR restores TGFB-induced metabolic dysfunction through routes
other than CPT1A.

In conclusion, we constructed the transcriptome landscape of RPE cells
in the nAMD model and acquired key information regarding the association
between dysregulated metabolic profiles and fibrogenesis in RPE cells. We
found that CPT1A served as a key regulator of metabolic reprogramming
and consequent RPE cell EMT in the nAMD. Moreover, TGFp mediated
CPT1A downregulation in an ERK-dependent manner. Our study identi-
fied a potential therapeutic target for subretinal fibrosis and may contribute
to preventing or slowing down vision loss in millions of patients
with nAMD.

Methods

Animals

Vidlr~ mice and WT mice on the C57BL/6] background were obtained
from Jackson Laboratory (Bar Harbor, ME). Mice were housed in a specific
pathogen-free (SPF) environment at 25 °C under a 12/12 h light/dark cycle
in the animal facility of the University of Oklahoma Health Sciences Center
(OUHSC) and Wake Forest University School of Medicine (WFUSM).
Mice were cared for in compliance with the guidelines of the Association for
Research in Vision and Ophthalmology (ARVO) Statement for the Use of
Animals in Ophthalmic and Visual Research, and all studies were conducted
following the protocol approved by the Institutional Animal Care and Use
Committees (IACUC) at OUHSC and WFUSM.

Subretinal injection

Subretinal injections were performed in P14 mice according to a previously
published protocol with minor modifications®. Briefly, following pupil
dilation with tropicamide ophthalmic solution, USP1% (Bausch Health, NJ
USA), mice were anesthetized with 100 mg/kg ketamine hydrochloride and
10 mg/kg xylazine. Eyes were kept moist throughout the procedure by the
application of lubricant eyedrops. A sclerotomy was performed at 1 mm
posterior to the limbus with a 25 G sterilized needle. Using a Nanofil syringe,
a 33 G blunt needle was introduced through the opening at a 60° angle to
avoid touching the lens. Once at the retina, gentle pressure was applied to the
needle to penetrate the retina and access the subretinal space. Controlled
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delivery of 1l of AAV-CPT1A (2.0 x 10" genome copies (GC)/ml) or
control AAV-GFP was administered at 200 nl/s into the subretinal space
using the commercially available UMP3 UltraMicroPump system Nanofil
RPE-Kit (WPI, Sarasota, FL, USA). Post injection, mice were allowed to
recover on a heating pad while erythromycin ophthalmic ointment 0.5%
(Bausch Health, NJ, USA) was applied gently to the corneas to protect them
from infection. In the same mouse, the contralateral eye was injected with
control AAV. In addition, age-matched mice without injections were used
as sham controls.

Adenovirus, adeno-associated virus, and plasmids

Adenovirus type 5 overexpressing human CPT1A (AdCPT1A) was pur-
chased from SignaGen Laboratories (Rockville, MD). AAVLDLR (full-
length) was prepared by the Gene Vector Core at the Baylor College of
Medicine®”. AdsVLDLR (soluble ectodomain of VLDLR) and AdRFP were
generated in-house. Adeno-associated virus type 2 (AAV2) overexpressing
bestrophinl (BEST1) promoter-driven human CPT1A was generated
through a contract service with VectorBuilder (Chicago, IL). As a negative
control, AAV2-GFP was purchased from VectorBuilder.

The vector pCMV6 expressing human VLDLR with a Myc tag at the
C-terminus was purchased from OriGene Technologies (Rockville, MD).
PRKS5 vector for human TGFp receptor II with a Flag tag at the C-terminus
was a gift from Rik Derynck (#31719, Addgene, Watertown, MA) and
pCMV5 vector for human TGE receptor I with a HIS tag at the C-terminus
was a gift from Joan Massague (#19161, Addgene). The expression vector for
PNPLA2 was generated in-house™.

Cell culture

Primary human RPE cells were purchased from Lonza (Basel, Switzerland)
and cultured in DMEM containing 2% fetal bovine serum (FBS), 5 ng/ml
hFGF, N1 supplement (1X), and 1% penicillin/streptomycin, as described"’.
ARPE-19, a cell line derived from human RPE cells, was purchased from
ATCC (Manassas, VA, USA) and cultured in DMEM/F12 medium con-
taining 10% FBS and 1% Penicillin/Streptomycin. ARPE-19 cell lines with
LRP5 KO or with LRP6 KO were generated using CRISPR/Cas9
technology'*°. Primary cultures of mouse RPE cells were established as
previously described'>****. Briefly, the eyeballs were enucleated from 4- to 6-
week-old mice. Connective tissues were carefully removed from the eyeballs
in a sterile environment, and RPE-choroid-sclera complexes (eyecups) were
gently dissected from the eyeballs. The eyecups were incubated with HBSS
buffer containing 0.25% trypsin at 37 °C for 30 min. The RPE sheets were
then gently peeled from the eyecups, and the RPE cell suspension was
neutralized by culture media containing 10% FBS. Primary mouse RPE cells
were cultured in MEM a supplemented with 10% FBS, N1 supplement (1x),
MEM non-essential amino acid (1x), 2 mM L-glutamine, and 1% penicillin/
streptomycin. All cells were routinely cultured in a humidified atmosphere
containing 5% CO, at 37 °C.

For the adenovirus transduction, RPE cells were infected with ade-
novirus at a multiplicity of infection (MOI) of 50 for 48 h. For siRNA-
mediated knockdown, siRNA SMARTpools for human ERK1/2, CPTIA,
and scramble control were purchased from Dharmacon (Lafayette, CO).
SiRNA target sequences were listed in Supplementary Table 3. Lipofecta-
mine 2000 (Invitrogen, Carlsbad, CA) was used to transfect siRNAs (50 nM)
or plasmids into cells according to the manufacturer’s instructions.

Single-cell preparation and sequencing

RPE-choroid tissues were harvested from WT and VIdl¥~ mice at the ages
of 1 month and 2 months. The isolation of viable single cells from RPE-
choroid tissue was performed according to a published protocol**. Briefly,
the eyeballs were enucleated and kept in pre-chilled PBS. Extraocular
muscles were cleaned from the eyeballs, and a circumferential incision
around the limbus was performed to remove the anterior segments. The
neural retina was then gently separated from the RPE. RPE-choroid tissues
were gently scraped from the sclera and sequentially digested with col-
lagenase A (6.25 mg/ml) and Dispase II (6.25 mg/ml) at 37 °C for 15 min

and then with Trypsin (0.25%) at 37 °C for 5 min. After neutralization in a
buffer containing 10% FBS, the tissue suspension was filtered through a 40-
pm strainer to generate a single cell suspension. Dead Cell Removal Kit
(Miltenyi Biotec, San Jose, CA) was used to eliminate dead cells. A low-speed
(200 g, 10 min) and large-volume (40 ml in 50 ml tube) wash was performed
to remove the cellular debris. Finally, the dissociated RPE/choroid cells with
viability higher than 90%, as measured by a trypan blue assay, were used for
cDNA library construction.

Cell suspensions in PBS containing 0.5% BSA with a density of
approximate 200 cells/ul were used on the 10x Genomics Chromium
platform to generate barcoded single-cell gel bead-in-emulsion (GEMs),
targeting ~ 5000 cells per library. Barcoded libraries were sequenced on an
Nlumina HiSeq4000 (Illumina, USA) at Wake Forest University Cancer
Genomics Shared Resource (CGSR).

Single-cell analysis

Raw sequencing data were generated in .fastq files and converted to a single-
cell expression matrix in the Cell Ranger pipeline (version 3.0, 10x Geno-
mics, USA). Data analysis and visualization were performed using the Seurat
package (version 4.0; https://satijalab.org/seurat/indexhtml) in R studio
(version 4.2.1; https://cran.r-project.org/bin/windows/base/)*. Cells with
detected genes between 100 and 10,000 and with less than 25% mito-
chondrial genes were kept. Genes that were expressed by more than 3 cells
were kept. After the filter step, 7943 cells (WT: 4236 cells and VIdlr~: 3707
cells) were used for downstream analysis. To eliminate batch variability,
“FindIntegrationAnchors” function was used to integrate 4 datasets from
WT and VIdlr’~ mice at ages of 1 month and 2 months.

Unsupervised clustering analysis was conducted using the Seurat R
package®. After normalizing data using the “LogNormalize” method,
principal component analysis (PCA) was performed to reduce dimen-
sionality with the top 30 principal component (PC) calculated. Based on p
values from “JackStrawPlot”, FindClusters function with a resolution of 1.0
was used to identify 27 different clusters. Clusters were virtualized in Uni-
form Manifold Approximation and Projection (UMAP). Differentially
expressed genes among clusters were listed using “FindAllMarkers” func-
tion and matched with known cell markers*. Markers across all clusters
were shown in stacked violin plots and UMAP plots.

Gene Ontology (GO) enrichment analysis and Gene Set Enrichment
Analysis (GSEA) were performed using the ClusterProfiler package (version
4.0)". Significantly up- and downregulated genes of VIdlr '~ mice compared
to WT mice were used for analyses. Biological pathways with the largest
changes were virtualized using the dotplot function of ggplot2 package.
Differential gene expression between clusters from different genotypes was
analyzed using the “Findmarker” function in the Seurat package. The fold
change of gene expression and adjusted p values were calculated with a
Bonferroni correction.

Seahorse assay

Primary mouse RPE cells were cultured in the media mentioned above until
confluence. Before treatment, cells were starved in culture media containing
0.1% FBS for 3 h. Mitochondrial function was evaluated according to the
oxygen consumption rate (OCR) using a Seahorse XF Cell Mito Stress Test
kit in a Seahorse XFe96 Flux Analyzer (Agilent, Santa Clara, CA). The
compounds oligomycin (1 uM), carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP, 2 uM), and a mixture of rotenone and antimycin
A (RAA, 1 uM) were serially injected to measure basal OCR, ATP genera-
tion, maximal OCR, and spare capacity. For the glycolysis stress test,
extracellular acidification rate (ECAR) was measured with the sequential
injection of glucose (10 mM), oligomycin (1 uM), and 2-deoxyglucose
(50 mM) using a Seahorse XF Glycolysis Stress Test Kit. For the ATP-rate
assay, OCR and ECAR were measured with the sequential injection of
oligomycin (1 uM) and RAA (1 uM). For the fatty acid oxidation (FAO)
assay, RPE cells were starved in DMEM containing 0.5 mM glucose, 1 mM
GlutaMAX, 0.5 mM carnitine, and 1% FBS for 6 h. Forty-five minutes prior
to the test, RPE cells were cultured in FAO assay media. Just prior to starting
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the assay, palmitate-BSA or BSA was added. FAO was measured with the
sequential injection of oligomycin (1 uM), FCCP (2 uM), and RAA (1 puM).

Western blot analysis
Western blot analysis was performed as described previously*'. Cells were
lysed in a cell lysis buffer (50 mM Tris-HCI, pH 6.8, containing 10% gly-
cerol, 2% SDS, and 1% proteinase inhibitor cocktail). The cell lysates were
shaken at 4°C for 1h and centrifugated at 10,000 x g for 10 min. The
supernatants were collected for sample preparation. Equal amounts of total
cellular proteins (25 pg) were resolved on SDS-PAGE gels and transferred
onto nitrocellulose membranes. Membranes were blocked with 10% nonfat
milk in Tris-buffered saline with 0.1% Tween-20 (TBST) for 2 h. Mem-
branes were incubated in primary antibodies at 4 °C overnight and sec-
ondary antibodies for 2 h. All antibodies were diluted in TBST containing
5% bovine serum albumin (BSA). 3-Actin was used as a loading control.
Co-immunoprecipitation  (co-IP) assays were performed as
described ™. Briefly, cells were lysed in 150 mM NaCl containing 0.5% NP40
and 1% Triton X-100 (pH 7.5) at 4 °C for 1 h. After centrifugation, the cell
supernatant was mixed with anti-c-Myc agarose (#A7470, Sigma, Saint
Louis, MO) or anti-Flag M2 affinity gel (#A2220, Sigma). The supernatant
and agarose were rotated at 4 °C overnight. After washing by TBST buffer,
the samples were loaded for Western blot analysis. Details of primary and
secondary antibodies used in this study are shown in Supplementary
Table 4.

Immunostaining

Eye sections. Human donor eyes were dissected and preserved in
Davidson’s fixation solution within 12 h postmortem, followed by par-
affin embedding and sectioning (Minnesota Lions Gift of Sight Eyebank,
St Paul, MN). Mouse eye paraffin sections were made in-house. Immu-
nohistofluorescence was performed as described™. Briefly, sections were
deparaffinized and hydrated with xylene, graded ethanol, and distilled
water. Antigen retrieval was performed in a steam bath with Tris-EDTA
buffer (10 mM Tris base, ] mM EDTA solution, pH 9.0). Slides were
blocked in 5% BSA in PBS containing 0.5% Triton X-100 (PBST) for 2 h.
Sections were incubated with primary antibodies for 24 h on a rocking
platform at 4 °C. Then, the sections were washed and incubated with
secondary antibodies and DAPI for 2 h. The sections were mounted with
VECTASHIELD Vibrance antifade mounting medium (Vector Labor-
atoris, Inc. Burlingame, CA USA). Slides were imaged under an Olympus
FV1200 spectral laser scanning confocal microscope (Center Valley, PA).
The intensity of immunostaining in retinal sections was quantified using
a color histogram in Image J software®.

Eyecup flatmounts
Following euthanization, mouse eyes were enucleated and collected. The
eyes were fixed in 4% PFA in PBS for 30 min. The anterior segment, lens,
and retina were removed. The remaining eyecup was flattened by applying
four complete radial cuts toward the eyecup center. The eyecup was rinsed
in PBS and blocked in 5% BSA in PBST for 2 h. The eyecup flat mount was
incubated with primary antibodies at 4 °C overnight. Then, the eyecup was
washed and incubated with florescent labeled secondary antibodies for 2 h.
The eyecup was mounted on a glass slide with the RPE layer face up using
the antifade mounting medium (Vector Laboratoris, Inc. Burlingame, CA).
Retinal flatmounts were imaged with a Cytation 1 imaging reader
(Agilent BioTek, Santa Clara, CA). Details of primary and secondary anti-
bodies used in this study are shown in Supplementary Table 4.

Statistics and reproductivity

At least six mice per group were used for the animal experiments. At least
three replicates were performed separately for cell culture experiments. All
values were presented as mean * standard deviation (SD). Statistical ana-
lyses were performed using GraphPad Prism version 10.1.0 (San Diego, CA)

with a two-tailed Student’s t-test to compare two groups or a one-way
ANOVA followed by the Student-Newman-Keuls test when more than two
groups were compared. A p value of < 0.05 was considered statistically
significant.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Data are available in the main article, figures, tables, supplementary mate-
rials and in supplementary Excel files. All uncropped and unedited images of
Western blotting were included in the supplementary information (Sup-
plementary Fig. 9). Values for all data points in graphs are reported in the
separate Excel file named “Supplementary Data 1”. The scRNA-seq datasets
used in this study have been deposited into the Gene expression Omnibus
(GEO) database (accession number GSE221952). All codes for scRNA-seq
analysis are available from the corresponding authors upon reasonable
request.
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