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SUMMARY

The main challenge in dissecting the cells and pathways involved in the pathogenesis of age-related macular
degeneration (AMD) is the highly heterogeneous and dynamic nature of the retinal microenvironment. This
study aimed to describe the comprehensive landscape of the dry AMD (dAMD) model and identify the key
cell cluster contributing to dAMD. We identified a subset of Miiller cells that express high levels of Sox2,
which play crucial roles in homeostasis and neuroprotection in both mouse models of AMD and patients
with dAMD. Additionally, the number of Sox2™ Miiller cells decreased significantly during the progression
of AMD, indicating these cells were damaged and underwent cell death. Interestingly, ferroptosis and
apoptosis were identified as contributors to the damage of Sox2* Miiller cells. Our findings are potentially
valuable not only for advancing the current understanding of dAMD progression but also for the development

of treatment strategies through the protection of Miiller cells.

INTRODUCTION

Dry age-related macular degeneration (AMD) is one of the
ophthalmic diseases that give rise to blindness among people
aged over 55-years-old worldwide.'> The pathogenesis of
AMD is complex and involves numerous factors, including
chronic inflammation, lipid deposition, and oxidative stress.® In
addition, due to the heterogeneity of retinal microenvironments,
which contain various cell types and cell-cell communications,
the mechanism of dysfunction and injury during the progression
of AMD has not been fully understood.”

Recent advances in single-cell RNA sequencing (scRNA-
seq) technology enable high-resolution and in-depth analysis
of the transcriptome in samples with significant heterogeneity.
Utilizing scRNA-seq technology, previous studies have
emphasized the importance of retinal pigment epithelium
(RPE) cells in AMD pathogenesis.*”” However, to our knowl-
edge, there are limited studies on the heterogeneity of Mller
glia. Mdller glia are the only cell type that spans all retinal
layers and has contact with almost every cell type in the
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retina.® As Miuiller cells are crucial to the retina, any distur-
bance to the retinal environment can influence their proper
function, which in turn affects the entire retina.®° It has
been found that Miller cells participate in the progression of
some eye disorders, such as glaucoma, diabetic retinopathy,
and proliferative vitreoretinopathy,’®'® and those studies
focused on the pro-inflammatory function of Miuller glia in
the retina. In the limited literature on AMD, Mdller glia with
low mitochondrial DNA expression shows proangiogenic func-
tion in the early AMD retina.’® Additionally, Miiller glia with
Gfap expression may play a role in cellular recovery in a
fundus camera-delivered light-induced retinal degeneration
model.’ Nonetheless, the precise role of Miiller glia in the
progression of AMD remains unclear.

In this study, we constructed a comprehensive cell atlas of
the retina using a sodium iodate (NalOz, Sl)-induced dry AMD
(dAMD) model through scRNA-seq technology.’® '8 Interest-
ingly, in addition to the RPE cell, Miller glia was one of the
cell types with the highest AMD signature score among the
retinal microenvironment.’ Importantly, SRY-Box Transcription
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Factor 2 (Sox2)* Muiller cells (Miiller subset 2) with potential
protective function were identified. However, this subpopula-
tion of Muller cells significantly decreased in the dAMD model.
Furthermore, ferroptosis and apoptosis were found to play a
key role in the cell death of the protective Muller subset. Our
results suggest that Muller glia are closely related to AMD
and the Sox2* Mililler subcluster plays a potential protective
role in the retinal microenvironment. Its deficiency is relevant
to the risk of AMD.

RESULTS

ScRNA-seq atlas of the retina in a NalOz-induced AMD
model

To investigate the cellular diversity in the retina microenviron-
ment and find the crucial cell type related to AMD, a NalOs-
induced mouse model, a well-known drug-induced model of
geographic atrophy (advanced dAMD),'®'"2%21 was estab-
lished (Figure S1), and single-cell transcriptome analysis was
performed®® (Figure 1A). After performing quality control of
scRNA-seq data, 20,725 qualified cells were obtained. We uti-
lized the canonical markers and revealed 12 distinct clusters
from the mouse retina, including RPE, rod cells, cone cells,
cone bipolar cells (CBCs), rod bipolar cells (RBCs), amacrine/
horizontal cells (AC/HCs), Schwann/retinal ganglion cells (SC/
RGCs), pericytes, fibroblasts, endothelial cells, Miller glia, and
immune cells®>°(Figures 1B-1D). The expression levels of five
marker genes of these cell clusters are shown in Figure 1E.
Among them, there was a dramatic decrease in the number of
RPE cells, while the number of immune cells showed a significant
increase in the NalOz-induced group. Endothelial cells and peri-
cytes were the two subpopulations that appeared to decrease.
Compared to the negative control (NC) group, AC/HC, CBC,
RBC, and rod cells had a slight change in proportion in the
NalOs-treated mice (Figure 1D). Collectively, we constructed
an integrative single-cell transcriptional atlas of the NalOj-
induced model and established a cellular profile for further un-
derstanding the dynamic retinal microenvironment during retina
degeneration.

Cell-type-specific expression of genes associated with
AMD in Miiller glial cells

A previous genome-wide association study (GWAS) identified
important risk loci associated with AMD in human.*° To inves-
tigate which subset of cells is the most associated with the
initiation or progression of AMD, we defined an AMD risk
score based on these loci and analyzed the gene expression
pattern in each cell cluster (Figure 2A). Thirty-one genes re-
mained after the removal of wet AMD risk loci.*®*' We then
scored all cell clusters for their expression of gene signatures
representing AMD risk and found that Muller glia was the cell
type with the highest score, in terms of both median score
(Figure 2B) and the average score (Figure 2C). Among these
genes, Apolipoprotein E (Apoe) and Transient Receptor Po-
tential Cation Channel Subfamily M Member 3 (Trom3) were
primarily enriched in Mdller glia (Figure 2D). Taken together,
these results imply a significant relationship between Muller
cells and AMD.
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The number of Miiller glia with a potential protective
effect decreased dramatically in the NalOs-induced
AMD model

To further assess the important role of Miiller glia in dAMD, 930
Mdiller glia were categorized into six cell subpopulations through
cluster analysis (Figures 3A-3C; Table S1). To characterize each
Mdiller cell subpopulation, we performed Gene Ontology (GO)
analysis using upregulated differentially expressed genes
(DEGs) (Table S2). Since Mdiller glia is a source of neuroprotec-
tive factors to promote neuronal survival from oxidative stress
by providing antioxidants,*? we noticed that genes upregulated
in Mller 2 (Figure 3D) cluster were mainly enriched in five impor-
tant pathways associated with neuroprotection and homeosta-
sis, including regulation of synapse structure or activity, synapse
organization, glial cell differentiation, regulation of neurogenesis,
and gliogenesis (Figures 3D-3I; Table S3), indicating that Mdller
2 is the most important protector for retina in the dAMD model.
To further analyze the properties of Miiller 2, functional analysis
was performed using gene signatures related to Milller glia.**~>°
We discovered that the Muller cluster 2 displays the highest
score in several fundamental signal pathways related to ne-
uroprotection and homeostasis, including neurotransmitter
recycling, water homeostasis, and neuroprotective factors
(Figures 4A-4C; Figure S2). Interestingly, Mdiller 2 also displayed
the highest stemness score (Figure 4D), suggesting that they
might be in a “stem-like” state and able to differentiate into
new neurons. Indeed, Miiller 2 expressed high levels of Sox2,
which is associated with stem cell stemness.*®*® The high-
expression feature genes of those functions are shown in
Figures 4E-4l.

The trajectories of Miller glia were constructed in a pseudo-
time manner (Figure S3). State 1 comprised Mdller 1 and Mdiller
5, state 3 mainly consisted of Miiller 2 and Miller 3, and state 2
primarily comprised rest cells (Figure S3A). From node 1, two
branches were formed. The differential expression analysis and
GO analysis were executed for each branch (Figure S3B). GO
analysis of state 3 enriched in gliogenesis and glial cell differen-
tiation, supporting that Miiller 2 had critical functions in neuro-
protection and retina homeostasis.

We next asked whether Mdiller cluster 2 is present in the retina
of patients with dAMD. scRNA-seq data from AMD patients were
collected and analyzed (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE203499, only patients with dAMD and
control samples were collected). Muller cluster was separated
from the retinal cells, and eight subtypes were identified
(Figures S4A and S4B). Indeed, using signature score analysis,
we found that a subset of Miller cells in humans, hMuller cluster
4, exhibits a high gene signature score defined by the expression
of marker genes of Miiller 2 (Figures S4C and S4D). Importantly,
the number of these cells was also decreased in dJAMD patients
compared to healthy individuals (Figure S4B), consistent with
data from NalOz-induced models. The genes associated with
the retinal protection functions of Muiller cluster 2 were validated
in human Mdller clusters (Figure S4E).

Briefly, we constructed an integrative transcriptional atlas of
Mdiller glia in the dAMD model, describing the genetic changes
in Muller glia clusters during dAMD. More importantly, we iden-
tified a significant cluster of Mdller glia, Mdller 2, which
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Figure 1. A total of 12 cell types were identified in NalOs-induced AMD model

(A) The workflow of this study.

(B) The 12 major cell populations were identified in mice.

(C) The UMAP (Uniform Manifold Approximation and Projection) distribution of canonical markers for each cell cluster.
(D) Relative changes in cell ratios among different clusters between the NC and Sl (NalO3) groups.

(E) The average expression level of the top marker genes across 12 clusters.

See also Figure S1.

decreased in both the AMD model and the AMD patient and
might play a critical neuroprotective role during AMD
progression.

Ferroptosis and apoptosis contribute to cell damage of
neuroprotective Miiller cell

Given that neuroprotective Muller 2 cells decrease in number
during dAMD, we asked which type of cell death was associated

with the reduction of Miller 2 cells (Figures 3B and S4B).
Through literature and database mining, we collected eight
gene sets of pathways associated with cell death and scored
Muiller cells by their gene expressions. The scores of four cell
death-related programs in Miuller 2 (including disulfidptosis,
autophagy, ferroptosis, and apoptosis) were significantly higher
in the NalO3 group than in the control group (Figure 5A). GO anal-
ysis with upregulated DEGs in NalOs-treated Miiller 2 indicated

iScience 28, 112464, May 16, 2025 3



¢? CelPress iScience
OPEN ACCESS
A Over 30,000 genes B
Filtered according to 0.75 *kk
AMD risk variants o
Q
from GWAS 8 050
n
31 mouse genes @ )
matched to AMD % 0.25
risk variants
S J
= 0.00
<
|
Mapped to scRNA-seq -0.25
= ] data
NI R ICIRCIRS ‘\\'z} 4@’
B é&&bqp, L @S L S 4@0 @ S
t S O > O OES o\' QQJ
- ?‘6\&/ Q) @ g 00 e
RO P E<
C D
et I . .
Cfh
c Col8g;' H ul
one il
i c2
Vegfa
Cones - Tnfrsf10b
Tgfbr1
Htra1
Rods . Rad5ég
Apoe il w fmacine]
Immune I B score<o T’S’J”/gg HIIJ]‘ =8gggsblpolar
- 0 S(’;i,’,?,gg u Fndothelial
Amacrine/ score> mmune
: Spef2 Ml
Horizontal | ﬁg;‘g? E Eeuﬂgte
odas
Schwann/ Pilra Rods bipolar
rec K e
mize
Endothelial . Jpm3 Wl
Rorb |
. Arhgap21
Pericyte - Acad10
vin [ Hm
Tnlglegngz
U ploc
Maller - Conz |
-0.1 0.0 0.1 Expression
AMD genes [ .

average score

Figure 2. Miiller glia are closely related to AMD

-2 -1 0 1 2

(A) The diagram illustrates the strategy for screening AMD risk genes according to specific risk loci of AMD.
(B) The violin plot shows the score of AMD-associated genes in ten retinal cell clusters. The box represents median value.

(C) The boxplot shows the differences in AMD risk scores across various cell
(D) The heatmap illustrates the expression levels of 31 AMD-related genes.
*p < 0.05, *p < 0.01, **p < 0.001, ****p < 0.0001, Wilcoxon test.

that this group of Miller cells was related to ferroptosis, iron up-
take and transport, and apoptosis (Figures 5B and S5). To further
our study, gene set enrichment analysis (GSEA) was performed,
and the results showed that ferroptosis and apoptosis were acti-
vated in the Muller 2 in the NalO3 group (Figure 5C). Importantly,
a similar result was observed in hMuller cluster 4 in the patient
with dAMD (Figure 5D).

4 iScience 28, 112464, May 16, 2025

types.

Since we are the first to find ferroptosis occurring in Muller cells,
to confirm our data, we examined the expression of the critical
gene of ferroptosis in Miller 2 by the expression levels of genes
(Figures 5E and 5F) and immunofluorescence staining
(Figures 5G and 5H). Kelch-like ECH-associated protein 1
(Keap1) is a driver of ferroptosis and regulates ferroptosis in a
SLC7A11/GPX4-independent manner in cancer cells.** Keap1
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was only specifically expressed in Mller 2 in the NalO3-treated
group (Figure 5F). Immunofluorescence results showed that (1)
Muller 2 (co-stained with GS and Sox2) was significantly reduced
in the dAMD model and (2) ferroptotic Mller 2 (co-stained with
GS, Sox2, and Keap1) was markedly increased in the dAMD
model (Figures 5G and 5H). Taken together, our results suggested
that ferroptosis and apoptosis contributed to the decrease of
Mdiller cells featured with neuroprotection potential in dAMD.

DISCUSSION

In the present study, we revealed the importance of Mdiller glia in
the risk of AMD with NalOs-induced mouse model, which is
consistent with previous findings regarding Mdiller glia in human
AMD.®" Six subsets of Miiller cells were identified. Among
them, Miller 2 has a unique gene signature associated with neu-
roprotective factors, stemness, and neurotransmitter recycling,
all of which are essential for retinal metabolism and visual func-
tion. Our results suggest that Mdller 2 is a potential protector
for retinal homeostasis during dAMD development. Furthermore,
ferroptosis and apoptosis are the main factors contributing to the
reduction of these important Miiller cells. Our study also implies
that, in addition to apoptosis, ferroptosis may occur in cells other
than RPE in the retinal microenvironment during the progression
of AMD, particularly in cells with neuroprotective functions.
Mdiller cells play important functional and regulatory roles in
retinal structure, metabolism, and homeostasis.® Miiller glia is
the cell type that reacts first when the retina is injured.’® Thus,
the dysfunction of Miiller cells is associated with many retinal
diseases, including AMD, macular telangiectasia, and diabetic
retinopathy.'®*"**? A prior study based on the Eye Genotype
Expression database found that a series of genes associated
with AMD severity are strongly positively correlated with the pro-
portions of Milller glia.*® In the present study, we found Miiller
cells showed the highest AMD risk score among retinal cells
(RPE cells not included). This result further strengthens the
importance of Miller glia in AMD. According to previous
research, Mdller glia can be activated to produce antioxidants
and neurotrophic factors that protect retinal function from further
damage.®® Here, our data showed that Miiller cells are highly
heterogeneous and that only a portion of them may have proper-
ties associated with neuroprotection in the dAMD model.
Indeed, some reports show that Miller glia may impair the ability
of neurotransmitter removal and dysregulate the ion and water
homeostasis in response to pathological conditions, suggesting
a detrimental role for Miiller glia.>***“*> In addition, Miiller cells
can form glial scars, causing central nervous system failure to
regenerate.®* However, in this study, we found that the Miller
2 subset is a crucial retinal protector that is featured with poten-

iScience

tial retinal homeostasis and neuroprotection. Indeed, Miiller 2
highly expressed Kcnj10 and other important components in
the neurotransmitter recycle pathway (Figure 4E). Na*/K* and
Ca®* dysregulation have been reported in the pathogenesis of
neuronal degenerative diseases.“® Miiller cells can restore phys-
iological pH and ion concentrations by expressing potassium ion
channels, Kir4.1, which is encoded by the KCNJ70 gene, on the
plasma membrane. These channels facilitate the movement of
K* ions from areas of high K* concentration to regions with low
or stable K* concentrations.”’ Interestingly, Miiller 2 cells ex-
press a multitude of stem cell factors, including Sox2, Sox9,
and Nfib, which play important roles in stem cell development
and differentiation (Figure 4H). These observations implied that
(1) Mdiller 2 are the main cells that facilitate the formation of
new neurons and maintain the viability of photoreceptors and
neurons and (2) Miller 2 cells might be in a “stem-like” state,
which has the potential to differentiate into new neurons to
rebuild the retina and restore vision.*®“° Therefore, the enhance-
ment and transplantation of this class of cells may represent a
novel strategy for the treatment of AMD.

Apoptosis is a classic cell death pathway found in Miiller glia in
diabetic retinopathy®%°" and in models of blue light exposure.®?
However, limited studies have reported the observation of
apoptosis in Miiller during AMD progression. Our study showed
that apoptosis contributed to the damage of Miiller cells in both
the dAMD model and the patient with AMD. Previous research
has focused on the damage of RPE and photoreceptors in
AMD,**°* and our study highlights the important role of cell
death in Mdiller glia, which is featured with potential neuroprotec-
tive function in AMD pathogenesis.

Ferroptosis is a newly discovered programmed cell death
characterized by lipid peroxidation and iron accumulation.®” Fer-
roptosis has been identified in retinal ischemia/reperfusion injury
and glaucoma.’®*’ Ferroptosis is the major feature of AMD, with
retinal iron accumulation and lipid peroxidation.®®°° Moreover,
the relationship between RPE and ferroptosis has been re-
ported.'>%9-5% By using GSEA, Metascape, and immunofluores-
cence, ferroptosis is identified and validated in the Muller 2 sub-
population, suggesting that ferroptosis might occur in various
cells in the retinal microenvironment during AMD progression.
Inhibition of ferroptosis has a protective effect on various types
of retinal cells and represents a promising strategy for AMD
treatment.

Conclusions

In summary, our study constructed the comprehensive cell land-
scape, especially the Miiller glia atlas, in the NalOz-induced
mouse AMD model. We identified a distinct subpopulation of
Miller cells (Sox2* Miuiller cells) providing neuroprotection

Figure 3. A distinct subset of Miiller glia was identified

(A) The t-SNE (t-distributed Stochastic Neighbor Embedding) distribution of six Mdiller cell clusters resulted from cluster analysis.

(B) Relative changes in cell ratios in different clusters between NC and S| (NalO3) groups of Mdiller cells.

(C) The dot plot shows the mean expression of the preferentially expressed genes in six clusters in Mdller cells.

(D) GO enrichment analysis of AMD-upregulated DEGs in six Miller glia clusters of the AMD model.

(E-1) The heatmap plots show the expression of genes in six Miller glia clusters, which are from regulation of synapse structure or activity (E), synapse orga-
nization (F), glial cell differentiation (G), regulation of neurogenesis (H), and gliogenesis (l).

See also Figure S3.
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Figure 4. Miller 2 cells are featured with retinal homeostasis and neuroprotection
(A-D) The left violin plot shows that Mdller 2 has a higher score in neurotransmitter recycling (A), maintaining water homeostasis (B), excreting neuroprotective
factors (C), and stemness (D) than other Miiller glia clusters. The boxes show the median (center line) and the quartile range (25%-75%), and the whiskers extend
from the quartile to the minimum and maximum values. The t-SNE distribution of four gene signature scores on the right corresponds to the violin plot, and the
cluster circled by the dashed line is Mlller cluster 2. The statistic result was calculated by Muller cluster 2 and other Mdiller glia clusters in pairs, and the minimal
statistical significance was labeled above the violin plot.
(E-H) The violin plot of high-expression genes in four gene signatures among six Mller glia clusters; genes are colored according to their logarithmic trans-

formation of average expression.

*p < 0.05, *p < 0.01,"*p < 0.001, ***p < 0.0001, Wilcoxon test. See also Figures S2 and S3.

}_

w0l 18]
w 19]110]
Proxi i l

& {O ©
Ptn \\0\\ \\ \\ \0
Avilal S
IogZ(aveExp+1) 1
SRR
S A A A v 23219181716151.3121.11
AP RINR®

86 87873626 54484527

iScience 28, 112464, May 16, 2025 7



¢? CellPress

OPEN ACCESS

A

0.12

0.04

Apopt05|s Ferropt05|s Autophagy Disulfidptosis
| 0.25+ 0.124 |
. l ‘ e ‘ ¢ 0.2 o ‘
| | | |
| |
| | | |
oV | |
|
| l l |
o L 754 L7 -,
Inflammatory Cuproptosis Necroptotic Pyroptosis
response NS NS NS
| 021 0.2 0.10 }
| |
| | | |
B . l l
. | |
| | | |
s -...‘ 3 W, f-;.

[l Miller2 NC [ Miuller 2 NalOs

min [ Wl max

C D
) Dry AMD model o
I 8
a %]
£ 04 =
2 £
5 ., g
c [ _Apoptosis NES=2.350 i
e PEOA04 10+ o
g 0.0 Ferrod)tosm NES=1.842 %
c =4
3 &
& “\ k | | |
JON 1 1 N O o
2 g
k7] ! k73
] 0 o]
3 g
X X
c -2 c
& 500 1000 1500 2000 ©
Rank in Ordered Dataset
E F
4 3
N ~
%) | I N
S A T T
é&\e ®®\0 §§® @}_&\e’ é&\e: @’&\0
G
Control NalOs

GS Sox2 Keap1 DAPI

8

iScience 28, 112464, May 16, 2025

iScience

Regulation of
neuron death

Ferroptosis

Response to
metal ions
Oxidative stress
onse

Iron uptake

and transport
Positive regulation
of cell death

Cell redox
homeostasis

Apoptosis
Cellular response

to superoxide

Reactive oxygen
species metabolic
process

-Log,,P

AMD patients
0.6
r
0.4 | |
02}/ Apoplosis  NES=2.016
-P'=0.003
0.0 ‘ Ferrogtosis NES=1.721
H ‘ P =0.012 ‘ ‘
2
1
0
-1
200 400
Rank in Ordered Dataset
N & O > b o
< < < R\ < N BENC
N N N N N N —
@\5 @\5 @\5 @\s @\s @\5 HNalO.
H
o_ 259
E .
g4 3
b é 15+
33
8 é 10+
g o
Q
S o
T
€
=1
58
% % 104 -o-
é b=l
88 o
52
9 -
o 0

(legend on next page)



iScience

potential in our model and the human AMD patient. Importantly,
a reduction in the number of this subpopulation may be associ-
ated with AMD development. Furthermore, ferroptosis and
apoptosis are important causes for the reduction of this cell pop-
ulation. Our study highlights the importance of Milller cells in the
progression of AMD. Further research into the mechanism of
Mdiller cell death, such as ferroptosis, will provide a solid founda-
tion for a potential strategy to treat dAMD.

Limitations of the study

There were several limitations in this study. The present result is
based on a NalO3-induced AMD model. The reliability of our re-
sults would be increased by using additional models. Thus, we
will confirm the data using genetically modified mouse models
such as Cryba1""BEST1-cre, CCL2™/~, or CCR2™~ in future
studies.®>®* Second, as we have found a similar subpopulation
of Muiller 2 cells using scRNA-seq data from the AMD patient,
it would be more convincing to validate our conclusions in hu-
man samples. Third, the Seurat algorithm has been reported to
tend to overestimate the number of cell types, especially when
the number of cells is large in each cell type.®® Although the total
number of Muller cells is relatively small, it is possible that the
number of Miuller cell subpopulations is overestimated in our
research. Given the heterogeneity of Miiller cells, in addition to
exploring the protective Miiller cell subpopulation, investigating
other subsets can also help to improve our understanding of
the role of Mdller cells in the development of AMD, as well as
identifying more potential targets for the treatment of AMD.
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Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o Establishment of the NalOz-induced AMD mouse model
o METHOD DETAILS
o Preparation of a single-cell suspension of mouse retinas and cho-
roids
o ScRNA-seq data alignment, processing, and sample aggregation
o Dimensionality reduction and clustering analysis
o Reclustering of Mdller glia
o Differential expression analysis
o Bioinformatics analysis of human AMD ScRNA data
o Gene functional annotation
o Cell-type-specific enrichment of genes associated with AMD
o Pseudotime analysis
o Scoring of biological processes and gene signatures

Figure 5. Ferroptosis and apoptosis are potential mechanisms that can lead to damage in Milller 2 cells

(A) The violin plots show the apoptosis score, ferroptosis score, autophagy score, disulfidptosis score, inflammatory score, cuproptosis score, necroptotic score,
and pyroptosis score in Miller2 between NC (blue) and Sl (NalOg, red) groups, and the lines in the boxplot represent the median values of each cluster. The t-SNEs
show the distribution and the expression of score related to eight pathways, and the dots colored with gray are non-Muller2 cells. *p < 0.05, **p < 0.01,
***p < 0.001, ***p < 0.0001, Wilcoxon test.

(B) GO and pathway enrichment analysis of the upregulated DEGs in Mdiller2 cells in the NalO3 group. p value was derived by a hypergeometric test.

(C) The GSEA analysis shows ferroptosis (orange) and apoptosis (blue) were enriched in Muller2 cells in the NalOs-treated group.

(D) The GSEA analysis shows ferroptosis (orange) and apoptosis (blue) were enriched in the AMD group of human Midiller 4 cluster.

(E) The violin plot of markers in Muller 2 cells.

(F) The violin plot of markers in Miiller 2 cells from the Sl (NalO3) group. The square colored blue indicates NC group, and the square colored red indicates S|
(NalOg) group.

(G) Immunofluorescence labeling for glutamine synthetase (GS, green), Sox2 (purple), Keap1 (red), and DAP1 nuclear staining (blue) in the mice retinas. The four
graphs on the left represent the control group, while the four graphs on the right represent the NalO3 group. The graph in the white rectangle is the merge of GS
staining, Sox2 staining, and Keap1 staining. Scale bars, 20 pm. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform
layer; ONL, outer nuclear layer.

(H) The quantification of GS* Sox2* cells (upper panel) and GS* Sox2* Keap1* cells (lower panel) was performed by counting the number of co-stained cells per
square 100 um in 10 fields of the sections from three mice in each group (at least 5 sections coming from 2 to 3 different animals). Error bars represented SD (p
values reflected comparison to the control samples). ****p < 0.001, t test. See also Figures S4 and S5.
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Other
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Establishment of the NalO;-induced AMD mouse model
As an in vitro model of age-related macular degeneration, the NalOz-induced mouse model was established. 6-week-old C57BL/6J
male mice were purchased from the Gempharmatech Co., LTD. Then the optimal dose (50 mg/kg) of NalO3 solution was injected into
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the abdominal cavity of those mice. The control group was injected with the same amount of saline. Two weeks after the NalOz was
treated, the electrical activity of their retina in response to a light stimulus was recorded by electroretinogram (ERG), and hematoxylin-
eosin (HE) staining was observed to ensure that NalOz-induced AMD mouse models were successfully established. All procedures
were approved by the Jinan University Institutional Animal Care and Use Committee.

METHOD DETAILS

Preparation of a single-cell suspension of mouse retinas and choroids

Two weeks after NalO3 induced, the mice were used to perform scRNA-seq. Three mice were included in each of the NalO3-induced
model and the NC groups. Due to differences in cell dissociation procedures of retinal and choroidal cells, the retina and choroid
tissues of each group were collected and isolated separately. The retina (or choroid) tissues from three mice in the same group
were combined and subjected to scRNA sequencing. Combining samples can help reduce technical variability between individual
mouse samples, leading to more consistent data from a technical perspective. In addition, since cells from the retina and choroid are
very fragile, especially in the NalOs-treated mice, combining tissues is a solution that preserves a sufficient number of cells for
sequencing. Cell dissociation procedures were as previously reported.”” The cell suspension was collected to check the viability
by fluorescence-based cell viability assay and flow cytometry with a dye exclusion method. Only cells with viability over 80%
were used for scRNA sequencing.

ScRNA-seq data alignment, processing, and sample aggregation

Gel Bead and Multiplex Kit, Chip Kit (10x Genomics), and Chromium Single Cell 3’ Library (10x Genomics, Genomics chromium plat-
form lllumina NovaSeq 6000) were used to convert the harvested single-cell suspensions into barcoded scRNA-seq libraries. Single-
cell RNA libraries were made up of the Chromium Single Cell 3’ v3.1 Reagent Kit (120237; 10x Genomics) according to the manu-
facturer’s instructions, and FastQC software was used for quality control of raw data. All sequenced data were preliminarily
processed by CellRanger software (version 4.0.0) and generated three types of files: barcodes.tsv.gz, matrix.mtx.gz, and featur-
ess.tsv.gz. These files were read by the “Read10x” function of the Seurat R package (version 4.3.0.1). Subsequent processes,
including data filtration, data normalization, dimensionality reduction, cell clustering, and differential gene expression analysis,
were also dependent on Seurat. The original number of cells in NC (retina), NC (choroid), NalOj (retina), and NalO3 (choroid) are
5958, 6474, 6064, and 4583, respectively. Cells with less than 200 genes detected and a mitochondrial gene ratio of more than
20% were excluded.”””® A total of 20,725 cells of retinas and choroids (NC, 11,155 cells; NalOs, 9,570 cells) were analyzed after
quality control.

Dimensionality reduction and clustering analysis

The function “ScaleData” was used to scale and center the counts. Then, the “NormalizeData” function was used to log-normalize
the counts of each cell (1+counts per 10,000). Dimensionality reduction was achieved by the “RunPCA” function. Cells were visu-
alized through two algorithms: UMAP and t-SNE. They were executed by the “RunUMAP” and “RunTSNE” functions of Seurat
(version 4.3.0.1). The “FindNeighbors” and “FindClusters” functions were utilized to identify significant clusters at an appropriate
resolution. The clusters that had cell numbers less than 50 were removed. The function “FindAllMarkers” was utilized to identify
marker genes of significant clusters. The marker genes were selected according to the avg_log2FC (>0.25) and p_val_adj (<0.05).

Reclustering of Miiller glia

To identify subtypes or cells in different states within Mller glia, we extract the counts of the Mdller glia cluster to reclustering. Then
the “SCTransform” function was used to regularize negative binomial regression to normalize UMI count data, and the subsequent
processes were performed as we did on the whole dataset.

Differential expression analysis
Differential expression analysis was performed by the Wilcoxon rank-sum test, which wrapped in the “FindMarkers” function to iden-
tify DEGs between NalO3 groups and NC groups of all clusters (p_val_adj <0.05 and |avg_log2FC| > 0.25) with default parameters.®'*

Bioinformatics analysis of human AMD ScRNA data

The scRNA-seq data of a 91-year-old dAMD patient and four controls were downloaded from GEO (GSM6173966, GSM6173968,
GSM6173982, GSM6173984, GSM6173986, GSM6173988, GSM6173992, GSM6173994, GSM6173974, and GSM6173976), and
the data from macula retina and peripheral retina were used analysis together. The clinical information of those samples could be
obtained from the URL (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM6173976). The quality control of data is based
on the parameters — “nFeature_RNA >100 & nFeature_RNA <5000, per.mt < 15 & nCount_RNA <15000”. The other procedures in
bioinformatic analysis were the same as the process in the mouse model.
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Gene functional annotation

GO and GSEA enrichment analysis were performed by using the “enrichGO” and “gseKEGG” functions of clusterProfiler R package
(version 4.8.3), respectively. Metascape (www.metascape.org) was used to conduct GO and pathway analysis with the input of
up-regulated DEGs.”" The results were visualized by the ggplot2 R package (version 3.4.2) and the enrichplot R package
(version 1.20.3).

Cell-type-specific enrichment of genes associated with AMD

The AMD-associated genes were a gene set that surrounding the 34 AMD locus regions obtained from the GWAS.*° The genes were
transformed from the “hsapiens” version into the “musculus” version by the “human2mouse”function of the homologene R package
(version 1.4.68.19.3.27), and 31 mouse genes matched to AMD were obtained. Then, we calculated the cell type-specific enrichment
of each AMD-associated gene as previously described.

Pseudotime analysis

Pseudotime analysis was performed with Monocle package (version 2.28.0).”* The DEGs were selected to define the process, and
functions “reduceDimension” and “orderCells” were used to construct the trajectory. Then, the “BEAM” function was used to detect
the DEGs along the pseudotime.

Scoring of biological processes and gene signatures

Individual cells were scored by gene signatures representing certain biological functions, which were executed using the “AddMo-
duleScore” function of the Seurat R package (version 4.3.0.1). To explore the function of the Mller glia sub-population, full gene lists
with biological functional signatures were obtained from the GO database, Kyoto Encyclopedia of Genes and Genomes (KEGG) data-
base, and classical literature.>*~>>"® To explore the potential death model of cells, more complete gene sets were constructed. Fer-
roptosis gene signature included the genes in the Ferrdb database (http://www.zhounan.org/ferrdb/current/), GO database, and
KEGG database.”” For apoptosis gene signature, genes in Deathbase (http://deathbase.org/), GO database, and KEGG database
were used. The role of genes in ferroptosis and apoptosis gene signatures was determined by retrieving literature.””~"® The score
of human Miller glia with feature genes of Miiller cluster 2 is the same as the steps above.

Immunofluorescence staining

For multiplex immunostaining, the Tyramide Signal Amplification system was employed. After blocking endogenous peroxidase in
tissue sections with 3% H,O, for 10 min at room temperature. Tissue sections were blocked with 5% BSA in PBS. Primary antibody
Glutamine synthetase (GS) (diluted at 1:100, Abclonal, Cat. No. A5437) was incubated on the sections for overnight at 4°C. The
sections were then stained with Alexa FluorTM 488-labeled tyramide (Thermo Fisher Scientific, Cat. No. B40953) and treated with
HRP-linked secondary antibody (Abcam, cat. no. ab7090). To release the antibodies, the sections were treated with Antibody eluent
(Absin, Cat.No abs994) to remove the antibodies. Following a PBS rinse, the sections were incubated with the primary antibody SOX2
(diluted at 1:100, Cell Signaling Technology, Cat. No. 3579), the secondary antibody, and then treated with HRP-linked Alexa FluorTM
555-labeled tyramide (Thermo Fisher Scientific, Cat. No. B40955). Following the second heating and washing cycle as mentioned
above, the sections were incubated with primary antibody (KEAP1, diluted at 1:100, Abclonal, Cat. No. A25951), HRP-linked second-
ary antibody, Alexa FluorTM 647-labeled tyramide (Thermo Fisher Scientific, Cat. No. B40958), and DAPI counterstained.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis
Wilcoxon test was used to perform statistical analysis in the bioinformatics part. Data were analyzed statistically using a two-tailed

Student’s t test for two group comparisons. To assess significance, a value of p < 0.05 was considered statistically significant
(*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001). The sample sizes and p-values are indicated in the figure legends.
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