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Supplementary Figure 1: Data quality post-processing and pig single-cell atlas  

a-c. tSNE plot visualization of human eye cells coloured by tissues (a) that were dissected 

from the human eye, cell-cycle phases (b) and the number of detected genes (c) counted from 

individual single cells.  

d. Proportion of cell types present in each tissue.  

e. Proportion of cell cycle phases in each cell type.  

f. Bubble plot showing expression of Y chromosome and maternal X chromosome-linked  

genes. Rows contain the donor names, while columns represent genes.  

g. Scatter plot showing normalized expression values of OPN1LW/OPN1MW (x-axis) and  

OPN1SW (y-axis) for all cone cells identified in each donor.  

h. Percentages of cone cells having either S or L/M wavelength cones.  

i. Enriched phenotype ontologies in DEGs of Rod PR or Melanocytes. The phenotype 

ontology was obtained from modPheEA. Fisher's exact tests were applied to obtain a p-value 

for each phenotype based on the null hypothesis. 

j. Information about donors whose eye cells were used for scRNA-seq experiments.  

k. tSNE plot visualization of pig retina, RPE and iris cells. 
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Supplementary Figure 2: Characterization of cell types among retina across 

donor/species  

a. Bubble plot showing expression of canonical markers specific for distinct cell-types in neural  

retinal layers of the eye. The size of each circle is proportional to the percentage of cells 

expressing the gene, and its intensity depicts the average transcript count within expressing 

cells.  

b. Bubble plot showing expression of novel markers specific for distinct cell types in neural  

retinal layers of the eye. The size of each circle is proportional to the percentage of cells 

expressing the gene, and its intensity depicts the average transcript count within expressing 

cells.  

c. Comparison of the expression of cone cell markers between our study and Lukowski et al.  

and Menon et. al.  

d. The patterns of gene expression in human retinal cells projected into cross-species retinal  

cell types.  

e-k. Specificity of Pattern 13 in Amacrine cells, Pattern 24 in Cone cells, Pattern 34 for Cone  

bipolar cells, Pattern 4 for Horizontal cells, Pattern 2 for RGC cells, Pattern 71 for Rod cells, 

and Pattern 6 for Rod bipolar cells across species. 
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Supplementary Figure 3: Diversity of cell types in non-retinal cells of the eye  

a,b,c. tSNE plot visualization of cell types from choroid/sclera layers (a), cornea(b) and  

different regions of iris (c).  

d,e,f. Bubble plot showing expression of canonical and novel markers specific for distinct cell 

types in scleral/choroidal layers (d), the cornea (e) and different regions of the iris (f). The size 

of each circle is proportional to the percentage of cells expressing the gene, and its intensity 

depicts the average transcript count within expressing cells.  

g. RNA velocity in corneal cells showing the process of inflammation and wound healing.  

h. Muller glial cells have higher interaction with other retinal cell types across species. 
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Supplementary Figure 4: Understanding putative stem cells of the eye  

a. RNA velocity analysis shows that putative stem cells, pigmented ciliary body cells and  

COL9A1 high ciliary body cells cluster together. The velocity arrows show putative stem cells 

could be cells of origin for the other two cell types.  

b. Projection of patterns specific to human iris cell types.  

c. Interaction map between several WNTs with different cells of the eye in the pig. The p-value 

for the likelihood of cell-type specificity of a given receptor-ligand complex is calculated based 

on the proportion of the means that are as high as or higher than the actual mean.  

d. Expression of several FGFs with different cells of pig eye.  

e. Co-expression analysis of ROR1, ROR2, and FZD1 based on MAGIC imputation, showing 

these receptors do not express together in a single cell while all of them show co-occupancy 

with FGFR1. 
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Supplementary Figure 5: Creating a disease map across species and viral entry map in  

human eye cell types  

a. Disease map of genes involved in different eye disorders checked across species.  

b. Bubble plot of genes that act as receptors for virus entry into human cells across eye cell 

types. The size of each circle is proportional to the percentage of cells expressing the gene, and 

its intensity depicts the average transcript count within expressing cells.  

c. tSNE plot of genes that act as receptors for SARS-CoV-2 across human eye atlas. 

  





Supplementary Figure 6: Characterization of transcription factor modules of all cell 

types of eye  

a. Schematic describing the method to generate cell type-specific TF module. 

b-e. Bubble plot showing expression of TFs grouped by the identified modules in neuronal/glial 

cells (b), sclera/choroid cells (c), corneal cells (d) and iris cells (e) in the eye. The size of each 

circle is proportional to the percentage of cells expressing the gene, and its intensity depicts the 

average transcript count within expressing cells.  
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Supplementary Figure 7: Understanding role of KLF7 in RGC maturation 

a. RNA FISH of PBX1 and SREBF2 showing the localization in INL layer and GCL layer  

respectively. n=2 technical replicates. Immunostaining of PBX1 and SREBF2 with TUJ1 in 

non-human primate samples. n=2 technical replicates. Scale bar = 20 um. 

b,c. PCA-dimension reduction of expression profiles of 31 genes in M1-M9 modules, showing  

sufficient segregation between different cell types of the retina across species.  

d,e. PCA-dimension reduction of expression profiles of randomly selected 31 TFs as a negative  

control.  

f. Checking conservation of TFs by plotting pairwise correlation across species.  

g. UMAP plot visualization of two replicates for cells obtained from differentiating RGC cells  

transfected with empty vector as control.  

h. UMAP plot visualization of two replicates for cells obtained from differentiating RGC cells  

transfected with shKLF7.  

i. UMAP plot visualization of two conditions for cells obtained from differentiating RGC cells  

in overexpression experiments. 

j,k. Bubble plot of genes used for annotation in KD and OE libraries. The size of each circle is 

proportional to the percentage of cells expressing the gene, and its intensity depicts the average 

transcript count within expressing cells.  

 

  



Supplementary Methods 

 

Pre-processing of single-cell RNA-seq data 

Alignment to the reference genome, quantification and initial quality control (QC) were 

performed using the 10X Genomics’ cellranger’ pipeline (version >2.1.1)1  and the R package 

‘Seurat’ (version >3.0.1)2  (https://github.com/satijalab/seurat). We used ‘cellranger mkfastq’ 

to generate fastq files from raw Illumina BCL files and ‘cellranger count’ to generate read 

count matrices from the fastq files. The reference genome index of hg38 and suscr11 was used 

for humans and pigs respectively, with the parameters’--force-cells=6000’ for donor 75 retina 

and ‘--expect-cells=6000’ for the others. Count data were imported into Seurat objects, and the 

QC was performed to remove outlier cells and genes in five steps. First, cells expressing < 15% 

of mitochondrial genes for all primary tissues datasets and < 10% for OE-EV; <20% for OE-

KLF7; <10% for shEV-I, shEV-II, shKLF7_I, and shKLF7_II for in vitro RGC differentiation 

datasets were retained. Second, cells with the following numbers of detected genes were 

retained: 200-8,000 for human donor 74 retina; >200 for human donor 75 retina; 200-4,000 for 

human donor 76 retina; 200-7,000 for human donor 78 retina; 200-5,500 for human donor 76 

RPE; 200-4,000 for human donor 78 RPE; 200-7500 for human donor 73 iris; 200-7500 for 

human donor 74 iris; 200-5,000 for human donor 75 iris PE; 200-7,500 for human donor 76 

iris PE; 200-4,000 for human donor 75 iris stroma; 200-5,000 for human donor 76 iris stroma; 

200-3,700 for human donor 76 iris muscle; 200-5,000 for human donor 75 sclera; 200-4,500 

for human donor 75 choroid; >200 for human donor 72 cornea; 200-8,500 for human donor 73 

cornea; 200-6,000 for human donor 76 cornea; <2,500 for pig retina; <3,500 for pig RPE; 

<4,000 for pig iris; 500-6,000 for OE-EV; 500-7,500 for OE-KLF7; 500-6,000 for shEV_I, 

shEV_II, shKLF7_I and shKLF7_II for in vitro RGC differentiation. Third, cells with less than 

the following numbers of total UMIs were retained: 40K for human donor 74 retina; 10K for 

human donor 76 retina; 35K for human donor 78 retina; 20K for human donor 76 RPE; 12K 

for human donor 78 RPE; 30K for human donor 73 iris; 50K for human donor 74 iris; 20K for 

human donor 75 iris PE; 30K for human donor 76 iris PE; 14K for human donor 75 iris stroma; 

15K for human donor 76 iris stroma; 12K for human donor 76 iris muscle; 20K for human 

donor 75 sclera; 20K for human donor 75 choroid; 100K for human donor 72 cornea; 60K for 

human donor 73 cornea; 30K for human donor 76 cornea; 5K for pig retina; 10K for pig RPE; 

10K for pig iris; 35K for OE-EV; 50K for OE-KLF7; 50K for shEV_I, shEV_II, shKLF7_I 

and shKLF7_II for in vitro RGC differentiation. Fourth, we identified doublets using by the 

python package ‘Scrublet’3 (https://github.com/AllonKleinLab/scrublet) with the default 

https://github.com/satijalab/seurat
https://github.com/AllonKleinLab/scrublet


parameters and cells with less than following doublet scores were retained: 0.16 for human 

donor 74 retina; 0.20 for human donor 75 retina; 0.20 for human donor 76 retina; 0.20 for 

human donor 78 retina; 0.30 for human donor 76 RPE; 0.40 for human donor 78 RPE; 0.20 for 

human donor 73 iris; 0.20 for human donor 74 iris; 0.20 for human donor 75 iris PE; 0.20 for 

human donor 76 iris PE; 0.20 for human donor 75 iris stroma; 0.20 for human donor 76 iris 

stroma; 0.20 for human donor 76 iris muscle; 0.14 for human donor 75 sclera; 0.19 for human 

donor 75 choroid; 0.20 for human donor 72 cornea; 0.23 for human donor 73 cornea; 0.23 for 

human donor 76 cornea; 0.22 for pig retina and 0.18 for pig iris. Fifth, genes were retained in 

the data if they were expressed in ≥ 3 cells. The Seurat’ NormalizeData’ function was used to 

perform an additional cell-cell normalisation, and the Seurat ‘merge’ function was used to 

combine the multiple libraries for each analysis. For public single-cell RNA-seq datasets, read 

count matrices of one human retina studies4 were similarly generated from the downloaded 

fastq files. Read count matrices of the macaque retina study5  were generated from the 

downloaded bam files with the macFas5 genome’s index prepared using the author’s compiled 

GTF file. Processed read count matrices of the mouse retina study6, zebrafish retina study7 and 

another human retina study8  were downloaded from the Gene Expression Omnibus (GEO). 

The resulting read count matrices were further processed according to each author’s procedures 

with slight modifications. 

 

Dimensionality reduction, clustering and visualisation 

The downstream analyses were also performed mainly by the Seurat. The inherent variation 

caused by mitochondrial gene expression was regressed by the ‘ScaleData’ or ‘SCTransform’ 

function. To identify cell clusters, principle component analysis (PCA) was first performed on 

the list of genes with higher variation than expected (highly variable genes). The highly 

variable genes were identified with the ‘FindVariableFeatures’ function (selection.method = 

"vst") and selected with the following thresholds: >0.01 vst.mean, >1 

vst.variance.standardized. The numbers of significant PCs used in each PCA were determined 

by the Jackstraw method and are as follows: 50 PCs for human mixed eye tissues; 40 PCs for 

human retina; 30 PCs for human iris; 20 PCs for human sclera/choroid; 30 PCs for human 

cornea; 30 PCs for pig mixed eye tissues; 10 PCs for KLF7-KD RGC; 10 PCs for KLF7-OE 

RGC. The Louvain algorithm-based clustering was then performed to generate cell clusters, 

using the ‘FindNeighbors’ and ‘FindClusters’ function with optimised ‘resolution’ values for 

each analysis. Lastly, the clustering results were visualised using t-distributed stochastic 

neighbour embedding (t-SNE) and Uniform Manifold Approximation and Projection (UMAP) 



with optimised ‘n.neighbors’ and ‘spread’ parameters (in the ‘RunUMAP’ function) for each 

analysis. For the analysis of mixed donor datasets, except all primary tissues atlas (Fig 1), the 

batch differences were corrected before clustering using the Seurat ‘IntegrateData’ function 

with the same PC numbers determined by the Jackstraw method. 

 

 

 

Prediction of the cell cycle phase 

The Seurat ‘CellCycleScoring’ function was used to predict the cell cycle phase of individual 

cells. Briefly, S and G2/M scores were first assigned to each cell based on its expression of S 

and G2/M phase markers, previously defined9. The ‘CellCycleScoring’ function then predicts 

the classification of each cell in either G2/M, S or G1 phase. Finally, cells expressing neither 

of the G2/M or S phase markers were classified as being in the G1 phase. 

 

Major cell class annotation 

Major cell classes were manually annotated based on the cluster-specific markers. For the 

identification of cluster biomarkers, we used the Seurat ‘FindAllMarkers’ function (only.pos = 

TRUE, min.pct = 0.25, logfc.threshold = 0.25), which detects differentially expressed genes 

(DEG) for each cluster. Marker genes that were mainly used in our studies are listed in S Table 

1. Note that the tissue name of the potentially contaminated cells was re-labelled as follows: 

‘iris’ to ‘RPE’ for cells expressing RPE65 (normalised count >0.5); ‘RPE’ to ‘retina’ for cells 

with low RPE65 expression (normalised count <0.5) or high RHO expression (normalised 

count >3). The expression profile of the detected DEGs was plotted on the heatmap with the 

‘DoHeatmap’ function. Some expressions were also visualised with the balloon plot (‘DotPlot’ 

function in Seurat) and plotted on the t-SNE/UMAP space (‘FeaturePlot’ function in Seurat). 

Gene set enrichment analysis (GSEA) of the DEGs for each cell type was carried out using 

Metascape10  (http://metascape.org). Phenotype gene ontology (GO) was analysed using 

modPhEA11  (http://evol.nhri.org.tw/phenome2/). Library similarities between human retinal 

single-cell studies were analysed using SingleR12 (https://github.com/dviraran/SingleR). 

 

Preparation of dataset and ortholog table used in cross-species comparison 

Multiple single-cell datasets from human, macaque, mouse, pig and zebrafish were used in 

cross-species comparisons. Around One thousand three hundred human retina cells in the donor 

74 samples, 4,396 macaque periphery retina cells in the M6 sample, 4,835 mouse retina cells 

http://metascape.org/
http://evol.nhri.org.tw/phenome2/
https://github.com/dviraran/SingleR


in the r3 sample, 2,550 pig retina cells, 4,552 zebrafish retina cells in the Adult R5 sample, 

6,355 zebrafish Muller glial cells in the NMDA treatment samples, 51 human RPE cells in the 

donor 74 sample, 617 pig RPE cells, 67 zebrafish RPE cells in the Adult R5 sample, 9,047 

human iris cells from the donor 75/76 and 734 pig iris cells were selected for this analysis. We 

targeted 8,831 common orthologs across five species selected using an Ensembl multiple 

species comparison tool 

(http://www.ensembl.org/biomart/martview/42ddd77f8b0f4aae7d9eefe32cc 4518c/). Each 

species was compared to humans, and a high-quality ortholog genes list was extracted 

(confidence score = 1). For paralogs, genes with the highest expression in ocular cells were 

selected. Each UMI count matrix was normalised using Seurat as described above and used for 

each downstream analysis.  

 

scCoGAPS gene pattern analysis 

To infer cell type-specific gene expression programs in the ocular tissues, ‘scCoGAPS’13 

(version 3.6.0) 

(https://bioconductor.org/packages/release/bioc/vignettes/CoGAPS/inst/doc/CoGAPS.html) 

was used, which allows unsupervised identification of patterns of gene set usage that represent 

common features across cells. Human retinal cells, human iris cells or zebrafish retina cells 

were used as an input dataset that includes only orthologs selected as described above for 

human gene pattern estimation or all expressed genes for zebrafish gene pattern estimation. 

Mitochondrial and ribosomal protein-coding genes were excluded to reduce unexpected gene 

patterns that highlight sample batch effects. The parameters were default single-cell 

parameters, except nPatterns=100, nIterations=500, sparseOptimization = True, seed =830. 

The identified human retina, human iris and zebrafish retina patterns were projected into the 

expression matrix of other species using ‘ProjectR’ (version 1.5.0) to understand each pattern 

conservation. The pattern weights were tested for predictive power for each cell type annotation 

using ProjectR ‘aucMat’ function and visualised with blue-red scale heatmaps.  

 

Cell type-cell type interaction analysis 

To analyse crosstalks among all ocular cell-types in our atlas (related to Fig 3 and 4), 

‘CellPhoneDB’14 (version 2.1.5)  (https://github.com/Teichlab/cellphonedb) was used, which 

includes the information of interactions between ligands and receptors. The following 

parameters were used for analysis ‘cellphonedb method statistical_analysis --threads=20 --

counts-data hgnc_symbol’. To demonstrate an overview of potential cell-cell communications 

https://bioconductor.org/packages/release/bioc/vignettes/CoGAPS/inst/doc/CoGAPS.html


(Fig 3d-f), highly variable interacting pairs (>4.5 coefficient of variation) were first selected 

from the list of interacting pairs which were identified in the down-sampled dataset (200 

cells/cell type) and then visualised with the circos plot using the R package ‘circlize’. The 

interaction modules with <0.05 p-value, <0.05 p-value or <0.05 p-value & >0 mean in the Wnt, 

FGF and MDK signalling, respectively, were visualized with R package ggalluvial. Potential 

cell-cell interacting pairs in other species (macaque, mouse, pig and zebrafish) were similarly 

identified using the human cellphonedb database after converting each gene name into the 

corresponding human ortholog name as described above. Heatmaps were generated using the 

‘cellphonedb plot heatmap_plot’ function. 

 

Stem cell potency analysis 

The R package ‘LandSCENT’15  (https://github.com/ChenWeiyan/LandSCENT) was used to 

estimate the stem cell potency of every single cell in iris tissues. Non-corrected count matrix 

(assay ‘RNA’ in Seurat object) of only cells in donor 75 were selected as input data. The 

computation of SR values (stem cell potencies) was carried out by the ‘CompSRana’ function 

with default parameters and ‘net17Jan16.m’ as a protein-protein interaction database. 

 

Estimating RNA velocity of cells 

The python package ‘velocyto’16   (http://velocyto.org/) was used for RNA-velocity analysis, 

which could estimate the RNA velocities of single cells through quantifying the differences 

between the unspliced and spliced mRNAs. UMAP embeddings produced by Seurat was used 

for the visualisation of RNA velocity. 

 

Disease map generation 

The list of eye disease genes was obtained from the NIH Genetics Home Reference 

(https://ghr.nlm.nih.gov). The list was not revised based on our own observations to ensure an 

unbiased representation. Only genes that are not expressed in our dataset were excluded from 

the disease map. Each disease gene-set score on the single-cell level was computed with Seurat 

‘AddModuleScore’ function and plotted on the tSNE plot. Orthologs of human retinal disease 

genes in macaque, mouse, pig and zebrafish were collected from the Ensembl database as 

described above, and their module scores were analysed similarly. A list of viral receptors (used 

in SFig 5b) was drawn from the published papers17,18.  

 

 

https://github.com/ChenWeiyan/LandSCENT
https://ghr.nlm.nih.gov/


 

Transcription factor module identification 

Transcription factor modules of each cell type in the retina, iris, cornea and choroid/sclera 

tissues were identified based on the profile of gene expressions and the activity of the gene 

regulatory networks (regulons) (SFig 6a). First, missing values in the UMI count matrix were 

imputed by MAGIC19  (https://github.com/KrishnaswamyLab/MAGIC), which denoise high-

dimensional data, restoring the structure of large sparse count matrix of single-cell RNA-seq. 

After the running ‘magic’ function in R package ‘Rmagic’ against all genes with default 

parameters, the imputed count matrix was extracted for downstream analysis. Concurrently, 

regulon activities of each single-cell were computed by SCENIC20  

(https://github.com/aertslab/SCENIC), which reconstructs a single-cell regulatory network 

based on the co-expression patterning between TFs and potential target genes and the 

enrichment of the regulator’s binding motif. SCENIC was carried out with default parameters 

and public cisTarget databases21 (https://resources.aertslab.org/cistarget/). We confirmed the t-

SNE analysis of the regulon activity matrix was consistent with the t-SNE analysis based on 

the UMI count matrix. The binarising process for the estimated regulon activities was omitted 

in this study. After filtering out regulons active in less than 7% of cells in the dataset, the 

regulon activity matrix was extracted for downstream analysis. Second, the pair-wised Pearson 

correlation coefficient among all TFs in each matrix was computed with R package ‘cor’ and 

visualised with ‘corrplot’. TF modules were extracted from these two matrices by hierarchical 

clustering (hclust.method = ‘word.D2’) and finalised after some manual curations. Third, the 

co-expression network of the identified TF modules in the human retina and iris neuronal cells 

was visualised using Cytoscape22  (version 3.7.1) with an edge-weighted spring embedded 

layout. The nodes represent cell types, and edges represent significant co-expressions. 

Each TF module score on the single-cell level was computed with Seurat ‘AddModuleScore’ 

function and plotted on the tSNE plot. GSEA for each TF module was carried out using 

Metascape. In addition to TFs in each TF module, potential target genes of each TF, predicted 

by SCENIC, were included in the gene set. PCA was performed on the list of 31 TFs, which 

are typical among humans, macaque, mouse, pig and zebrafish. As a negative control, PCA 

was also performed on the list of randomly selected 31 TFs in triplicate to confirm the 

reproducibility of the analysis result. 

 

Isolation of cell types from the human eye 

Isolation of Cornea. 

https://github.com/KrishnaswamyLab/MAGIC
https://github.com/aertslab/SCENIC
https://resources.aertslab.org/cistarget/


The anterior segment was separated from the rest of the eye by performing a circumferential 

incision 6mm posterior from the ora serrata. The lens, ciliary body and iris were then removed 

by manual manipulation using forceps. Conjunctiva was carefully dissected off of sclera. 

Cornea cells were isolated from the central part of the cornea leaving approximately 1mm 

distance from the edge of the transparent section of the anterior segment of the eye. This corneal 

tissue was then further cut into 1mm2 pieces and digested with collagenase 1mg/ml. The full-

thickness was used, including corneal epithelium, corneal stroma and corneal endothelium. The 

limbal region was dissected from the remaining tissue after the cornea was removed. The 

limbus sample included the total thickness of 1mm of transparent cornea out of 1mm of opaque 

tissue.  

 

Isolation of Sclera. 

The sclera sample included the entire thickness of greater than 2mm away from the beginning 

of the opaque region of the anterior segment to 6mm of the opaque area.  

 

Isolation of Ciliary body and Iris. 

The ciliary body and iris were pulled away from the cornea/limbus/sclera tissue using #5 

Dumont forceps. The iris was then gently pulled away from the ciliary body.  

These separated tissues of the sclera, ciliary body and iris cells were then further cut into 1mm2 

pieces and digested with collagenase 1mg/ml with 3ug/ml DNAse Solution (STEMCELL 

Technologies) in Earle’s balanced salt solution for 3 hours. Following digestion, tissue pieces 

were triturated for 2 minutes using a 10ml pipette. Finally, the tissue pieces are allowed to 

settle at the bottom of the conical tube, and the supernatant is collected, centrifuged and 

resuspended and frozen using CS2 medium (Cryostore).  

 

Isolation of Retina. 

Taking the posterior segment, the vitreous and retina was encouraged using angled forceps to 

separate from the back of the eyecup to the point where the retina was only still attached to the 

eye at the location of the eye the optic disk. Using micro scissors, the retina was cut from the 

optic disk. The vitreous was then separated from the retina using forceps. The whole retina was 

cut into approximately 1mm2 pieces and digested with hyaluronidase (6mg/ml) in Earle’s 

balanced salt solution for 3 hours. The tissue pieces are allowed to settle at the bottom of the 

conical tube, and the supernatant is collected, centrifuged, resuspended and frozen using CS2 

medium (Cryostore).  



 

Isolation of Retinal pigmented epithelium and choroid. 

The posterior eyecup was placed in a cup with the optic nerve facing down. The eyecup is filled 

with 0.25% trypsin with 3ug/ml DNAse Solution and incubated at 37oC for 50 minutes. RPE 

was then brushed off the Bruch’s Membrane, collected and frozen using CS2 medium. After 

the RPE are removed, choriocapillaris/Bruch’s membrane is cut into 1mm2 pieces of tissue 

and placed into 2% collagenase 1mg/ml with 3ug/ml DNAse Solution. Afterwards, tissue 

pieces are triturated for 2 minutes using a 10ml pipette. The tissue pieces are allowed to settle 

at the bottom of the conical tube, and the supernatant is collected, centrifuged, resuspended, 

and frozen using a CS2 medium (Cryostore). 

 

Isolation of RPE, Iris and Retina from Pig eye.  

Pig eye samples were collected from Agri-Food and Veterinary Authority of Singapore 

approved abattoirs. The conditions of the abattoir was followed according to WHOLE MEAT 

AND FISH ACT enforced by Singapore Food Agency. Pig RPE, Iris and Retina was dissected 

with the same protocol described above for dissection in human eyes. 

 

H9 cell culture and differentiation into retinal ganglion cells 

Human ESCs (H9 [WA09, P35–50], WiCell, Madison, WI, USA) were cultured and 

maintained in MTers1 media (Stemcell Technologies) in Matrigel (Corning life sciences) 

coated plates. The protocol for RGC differentiation was adapted from Lee et al.23. Few changes 

were made to the protocol are described below. Embryoid bodies were made by dissociating 

H9 cells, which were 80 per cent confluent with Accutase (Innovative Cell Technologies) and 

resuspending them with Mtesr1 with 10 uM Y-27632 (Sigma Aldrich) in 96 well ultra-low 

attachment plates (Corning Costar). For differentiation toward RGCs, cells were seeded onto 

Matrigel-coated dishes instead of Poly-D-lysine and laminin-coated plates in the original 

protocol and cultured in N2B27 medium supplemented with 4 μM with N-(N-[3,5-

difluorophenacetyl]-L-alanyl)-S-phenylglycine t-butyl ester (DAPT; Sigma-Aldrich) for ten 

days. 

 

Transient transfection of RGC cells during differentiation 

For transient transfection of RGC cells, shKLF7I and shKLF7II shRNAs were cloned in 

pSUPER puromycin plasmids. One microgram of plasmids was added to 180 ul of OptiMEM 

media (Thermofisher Technologies). It was mixed thoroughly by pipetting and incubated for 5 



minutes at room temperature. 4 ul of Fugene HD (Promega) was added to 1 ug of plasmid and 

mixed and incubated at room temperature for 10 minutes. The mixture was then added to 

differentiating Retinal ganglion cell culture that was four days post addition of DAPT. The 

cells were treated with 0.15 uM of puromycin after 24 hours of treatment. The cells were 

harvested after 48 hours of transfection for single-cell RNAseq analysis. For overexpression 

studies, KLF7 ORF was cloned into pCAG-puro plasmids. The cells were transfected into RGC 

cells before DAPT treatment and allowed to mature into RGC cells for six days and then 

harvested for single-cell RNAseq. The target sequences for shKLF7I is 

GCTAGTTATAGTATATTCCA and shKLF7II is GCCTTGAATTGGAACGCTA. 

 

Immunofluorescence in Non- Human Primate Slides 

Paraffin-embedded slides of non-human primate samples were used for immunofluorescence 

studies. They were deparaffinised by treatment with xylene and ethanol. After repeated 

washing of slides in decreasing ethanol concentration, the slides were subjected to antigen 

retrieval in a citrate buffer at pH 7.0. Next, the slides were blocked using a 1 % BSA PBST 

(PBS buffer +0.1% Triton X) blocking buffer. After that, they were incubated with primary 

antibodies overnight at 4°C. Anti-TUJ1 Ab18207(Abcam), Anti-SREBP2 AV09037(Sigma 

Aldrich), Anti-KLF7 Ab197690(Abcam), and Anti-PBX1 SAB2501446(Sigma Aldrich),  was 

used at dilution of 1:200, 1:100, 1:100, and 1:100 respectively. After repeated washes, and 

slides were incubated with secondary antibody for 30 minutes at room temperature. Slides were 

rewashed in PBST buffer several times. After counterstaining with DAPI, slides were mounted 

with Antifade mounting solution (VectashieldTM) and then the images were taken for imaging 

in Zeiss AxioImager Z1 (EBL) and then processed using ImageJ software (version 1.53c). 

  



Supplementary Table 1: Markers used for annotation of cell types. 
 

CellTypes Markers Reference 

1 Activated T cells CD69  24 

2 Horizontal Cells (HC) ONECUT1 25 

3 Amacrine Cells (AC) TFAP2A  26 

4 Monocytes CD14,CD74 27 

5 Ciliary body cells AQP1 28 

6 Cone photoreceptors (Cone PR) ARR3  29 

7 Rod photoreceptors (Rod PR) RHO 30 

8 TGFBI high Corneal epithelial 

cells  

ANXA1, 

TGFBI 

31  

32 

9 ELF3 High Corneal Epithelial 

cells 

ELF3, 

KRT12 

33 

10 Putative stem cells PAX6, 

MSX1,MSX2 

34 35 

11 COL9A1-high ciliary body cells PAX6, 

CPAMD8, 

COL9A1 

36 

12 Pigmented ciliary body cells. DCT, PAX6, 

MLANA 

37 

13 Melanocyte MLANA 38 

14 Mueller glial cells (MG) CRABP1 39 

15 Ribosomal-genes high iris cells RPL34, 

RPL17 

40 

16 Retinal ganglion cells (RGC) SNCG 41 

17 Retinal Pigmented Epithelium 

cells (RPE) 

RPE65 38 

18 Schwann cells CD9, LGI4 42 43 

19 Smooth Muscle Cells (SMCs) MYH11, 

MYL9 

44 



 

  

20 Fibroblasts (FB) APOD,DCN 45 

21 Bipolar cells (BC) GRM6, PCP2 46 

22 OFF Biopolar cells (OFF BCs) GRIK1 47 

23 Rod Bipolar cells (Rod BP) PRKCA 48 

24 Microglia (MG) APOE, B2M 49 

25 Conjuctival cells KRT4, 

KRT19 

50 

26 MEG3-high fibroblast cells MEG3  

51 

27 WIF1- high fibroblast cells WIF1  

52 

28 CRYAA- high ciliary body cells CRYAA 53 
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