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Materials and Methods

Animals. Both male and female Sod1”Park7Prkn” triple KO mice 12-15 mo of age were
included in the experiments for the validation of our screening protocol. In the forward genetics
mutagenesis protocol, the mutagenized GO C57BL/6J males were bred with C57BL/6J females,
and the resulting G1 males were crossed with C57BL/6J females to produce G2 mice. G2 females
were backcrossed with their G1 sires to yield G3 mice, which were screened for phenotypes
(S24). This protocol produces pedigrees carrying an average total of 59 non-synonymous
coding/splicing mutations; note that X chromosome mutations are not screened because they are
not propagated to the G3 generation using this breeding scheme. Wild-type (WT) animals were
screened together with G3 mice (ranging from 4 to 10 mo of age) that were, with respect to each
mutation site, homozygous mutant, heterozygous, or homozygous for the C57BL/6J reference
allele. All mice were bred and kept in a barrier animal facility at UTSW. They had free access to
food and water and were exposed to normal lighting conditions, with 12-h-on/12-h-off cycles.
Anesthesia before procedures was achieved with a ketamine-xylazine cocktail (100mg/kg-
5mg/kg). A mixture (1:1) of tropicamide 1% solution (Alcon Laboratories, Inc. Fort Worth, TX,
USA) and phenylephrine hydrochloride 2.5% solution (Alcon, Inc. Lake Forest, IL, USA) was used
for pupil dilation.

Whole-exome Sequencing and Determination of Candidate Genes. Computation of single
locus linkage was performed for every mutation in each pedigree using recessive, semidominant
(additive), and dominant models of transmission by the program Linkage Analyzer, an R-based

program (https://mutagenetix.utsouthwestern.edu/linkage analysis/linkage analysis.cfm). For

each mutation, the null hypothesis of independence from each measured phenotype was tested.
The output of automated mapping was, for each pedigree, a Manhattan plot of the P value of
genotype-phenotype association calculated using recessive, semidominant, and dominant
models of transmission for every mutation in the pedigree, as well as a scatter plot depicting the
phenotypic performance of mice homozygous for the reference allele (REF), heterozygous for the
mutation (HET), and homozygous for the mutation (VAR) at every one of the mutation sites.
Superpedigree linkage analysis (S24) was performed when multiple alleles of individual genes
were encountered in screening. When this occurred, pedigrees containing mice with identical or
nonidentical allelic mutations were combined and analyzed as a single larger pedigree. This
increases the power to detect causal relationships between mutations and phenotypes. The OCT

parameters were continuous variables and were analyzed using a linear regression model to


https://mutagenetix.utsouthwestern.edu/linkage_analysis/linkage_analysis.cfm

assess linkage to specific mutations. To predict the effect of the mutations, we used two programs:

PolyPhen-2 (S25) and a splice site prediction program (S24).

Generation of Sfxn3 null mice using CRISPR/Cas9 targeting. A genotype-phenotype
association with recessive inheritance was considered validated if the CRISPR generated
knockout allele phenocopied the original ENU-induced mutation. As described previously (S24):
“Female C57BL/6J mice were superovulated by injecting them with 6.5 U of pregnant mare's
serum gonadotropin (PMSG; Millipore, 367222) and then 6.5 U of human chorionic gonadotropin
(hCG; Sigma-Aldrich, C1063) 48 h later. The superovulated females were subsequently mated
with C57BL/6JJcl male mice (The Jackson Laboratory) overnight. The following day, fertilized
eggs were collected from the oviducts of the female mice, and in vitro transcribed Cas9 mRNA
(50 ng/pL) and sgRNA (20-50 ng/uL) [Sfxn3 sgRNA, 50 ng/ul; 5- TGCTGAGTCATACACGTATT
-3")] were injected into the pronucleus or cytoplasm of the fertilized eggs.” A total of 158 injected
embryos were cultured in M16 medium (Sigma-Aldrich) at 37°C in 5% CO,. To generate mutant
mice, 113 two-cell stage embryos were transferred into the ampulla of the oviduct (10—-20 embryos
per oviduct) of pseudo-pregnant Hsd:ICR (CD-1) female mice (Harlan Laboratories). Fifteen pups
were born, and 2 mosaic females were bred further to produce the two knockout lines containing

the mutations shown in Supporting Fig. S3.

Electroretinogram (ERG). A scotopic Ganzfeld ERG system (Phoenix Research Labs,
Pleasanton, CA, USA) was used following protocols outlined by the company as described before
(S26): briefly, “mice were dark-adapted overnight for 16 hours. After anesthesia and pupil dilation,
mice were placed on a platform covered by a homeothermic heating blanket to maintain body
temperature, and preparations were made under a dim red light. GenTeal (Novartis, East
Hanover, NJ, USA) liquid gel was applied to each eye after anesthesia to prevent corneal drying
and to establish contact between the cornea and the electrode (gold-plate objective lens). The
reference and the ground electrodes (platinum needles) were subcutaneously inserted on top of
the head and into the tail, respectively. Scotopic Ganzfeld ERGs were obtained in response to
low (0.1 log cd.s.m?) and high (3.1 log cd.s.m) flash intensities (the inter-stimulus interval was
0.7 sec and 60 sec for low and high flash intensities, respectively; flash duration was 1 msec).
For analysis, the amplitude of the a-wave was measured from baseline to the most negative
trough, whereas that of the b-wave was measured from the trough of the a-wave to the most

positive peak of the retinal response.” Mice were used at 3m and 5m old (n=3-4 per age group).



Histology of Retinal Sections. After enucleation, the right eyes were immediately placed in 2-
ml tubes with holes and frozen in liquid nitrogen-cooled isopentane for 2 minutes (S27). The tubes
were then quickly transferred to liquid nitrogen. After all eyes were collected, the tubes were
transferred to a pre-cooled solution of methanol/acetic acid (97:3; in a -80°C freezer) in 50-ml
tubes for freeze substitution for at least 48 h. The eyes were gradually warmed up to room
temperature (first at -20°C for 24 h, then at 4°C for 4 h, and finally moved to RT). The eyes were
then transferred to 100% ethanol for paraffin embedding using routine methods.

Images of the H&E sections from Sfxn3” and Sfxn3"* control mice were taken at 20x
magnification on either side of the optic nerve head using a Leica DM2000 microscope (Leica
Microsystems, Wetzlar, Germany). The H&E images were then opened in ImageJ and the ONL
thickness was measured (S28) at 100um intervals starting from the optic nerve head (ONH) and
up to a distance of 1000 um on each side. Separately, the number of nuclei in a layer was counted

in the same fashion. Three measurements were averaged at each point for each parameter.

Preparation and staining of RPE and retinal flat mounts. After enucleation, eyes were fixed in
4% PFA and processed as described before (S29). For RPE flat mounts the tissue was stained
with anti ZO-1 primary antibody followed by a secondary antibody attached to Alexa Fluor 488
and imaged using confocal microscopy as detailed before (S35). To prepare retinal whole mounts,
after removing the anterior tissues (cornea, lens and iris), the retina was post-fixed in cold
methanol (-20°C) for 1 hr and incubated with isolectin B4 (IB4) overnight at 4°C following a
previously described protocol (S36). The retinal flat mounts were imaged using a Leica DMI300B

microscope equipped with a Hamamatsu camera as described before (S27).

RNAscope in situ hybridization. After cardiac perfusion with 4% PFA, eyes from 4 m old mice
were collected and post-fixed overnight at 4°C and processed routinely for paraffin embedding.
In situ hybridization (ISH) was performed on paraffin embedded retinal sections using the
RNAscope technigue. To detect Sfxn3 RNA expression in C57BL/6J mouse retinas, an
appropriate RNAscope probe (Mn-Sfxn3-01) was designed with the assistance of Advanced Cell
Diagnostics (Hayward, CA, USA); the sequence is proprietary information of ACD. The probe
consists of 20 oligo pairs. Each oligo has two hybridizing regions of 18-25 bases. The negative
control sections were treated in the same way but were incubated with a bacterial
dihydrodipicolinate reductase mRNA (dapB) probe. Stained sections were imaged on a Leica
DM2000 microscope (Leica Microsysstems, Wetzlar, Germany) using a Jenoptik Gryphax CCD
camera and acquired with Progress software (V.1.1.8.159).



Electron Microscopy (EM). After routine processing of the left eyes for electron microscopy, 70-
nm-thin sections were cut (UTSW Electron Microscopy Core). These sections were stained with
2% aqueous uranyl acetate and lead citrate and imaged with a JEOL 1200EX Il transmission
electron microscope (JEOL USA, Inc., Peabody, MA, USA). ImageJ software
(http://imagej.nih.gov/ii/) was used by a masked investigator for analysis (S29). Three Sfxn3" (n
= 23 EM fields) and four Sfxn3** eyes (n = 34 EM fields) were analyzed. These EM fields were

obtained in a masked and standardized fashion (the whole sample was scanned, and three EM

fields were skipped between each photographed EM field).

Processing of retinal samples into single-cell suspensions. Eyes were collected from 4
C57BL/6J mice (4 mo old) and the retinas were peeled off from the posterior eyecups. A 2 mm
trephine was centered on the optic disc spot and used to carefully and reproducibly isolate the
central retina, which was placed in a solution containing 20 units/ml of activated papain with
0.005% DNase. After incubation for 45 minutes in a 37°C water bath with agitation, the mixture
was triturated 10-20 times and centrifuged at 300 x g for 5 minutes at room temperature. In order
to reduce dissociation-induced acute, endogenous transcriptional alterations (S30), we applied
the general transcription inhibitor, actinomycin D (ActD), (Sigma-Aldrich, Cat# A1410) at three
steps during the dissociation process: to the papain solution at 45 mM, to the papain inhibitor
solution at 45 mM, and during trituration at 3 mM (S31). After centrifugation, the supernatant was
discarded, and the cell pellet was immediately resuspended in diluted DNase/albumin-ovomucoid
inhibitor solution. The cell suspension was centrifuged at 70 x g for 6 minutes at RT. After
centrifugation, the supernatant was completely removed and the cell pellet was resuspended in
100 uL of a dead cell-removal microbead suspension (Miltenyi Biotec, Auburn, CA, USA, No.130-
090-101), which was then passed through the corresponding MS column (Miltenyi Biotec, No.
130-042-201) while applying an OctoMACS Separator containing a permanent magnet (Miltenyi
Biotec, No. 130-042-109). The company-recommended 1x Binding Buffer was used to elute the
live cell fraction. Finally, the live cell suspension was centrifuged down at 70 x g for 6 minutes at
RT and the final pellet was resuspended in DPBS containing 0.4% BSA. Cell viability was

determined using a cellometer (Nexcelom Bioscience LLC, Lawrence, MA, USA).

Analyses of single cell transcriptomes. Cell Ranger 3.0.0 (10X Genomics) was used to
process the raw sequencing data obtained from the 10X Genomics. BCL files were converted to
FASTQ files and aligned to mouse (mm10) reference transcriptome. Transcript counts of each
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cell were quantified using the unique molecular identifier (UMI) and valid cell barcode. The gene
expression matrix from cell ranger was used as input to the Seurat R package (v3.0.0) for
downstream analysis (S32). Cells with less than 200 genes per cell and high mitochondrial gene
content were filtered out. The global-scaling normalization method “LogNormalize” was used for
normalization. A subset of genes exhibiting high variation across the single cells was determined.
The highly variable genes were calculated using the “FindVariableFeatures” module in Seurat.
For the sample, a Shared Nearest Neighbor (SNN) Graph was constructed with the
“FindNeighbors” module in Seurat by determining the k-nearest neighbors of each cell. The
clusters were then identified by optimizing SNN modularity using the “FindClusters” module. This
allowed for a sensitive detection of rare cell types. We obtained 23 clusters with a resolution of
0.5. Clusters were named on the basis of known gene markers specific to various cell types found
in the retina (S33).

Differential expression analysis of each cluster was performed in Seurat. Violin plots were
generated using ggplot2 (v 3.1.0) in R (v3.5.0). Gene set enrichment and pathway analysis were
performed using an R package clusterProfiler (S34);

https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html) and Ingenuity Pathway

Analysis software (IPA) (QIAGEN, Redwood City, www.giagen.com/ingenuity and

https://www.giagenbioinformatics.com/products/ingenuity-pathway-analysis/).

Statistical Analysis. Statistical analysis was done using SigmaPlot 11.0 (Systat Software, Inc.
San Jose, CA, USA) and the data are presented as the mean * standard error of mean (SEM).
When comparing two groups, a two-tailed Student's t-test or the Mann-Whitney U test was
performed. A P value < 0.05 was considered to be statistically significant. For scRNA-seq,
average expression and dispersion per gene is calculated in a Seurat model and features are
divided into bins to get z-scores for dispersion per bin. Data was then scaled, and dimensional
reduction was performed with principle component analysis. The differential expression testing

was performed using Wilcoxon Rank Sum test in Seurat.
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Fig. S1. Consistency and reproducibility of screening tools used in forward genetics study.
\We first tested the usefulness of our OCT measurements (A, B) in distinguishing mice with
retinal anomalies. The images were obtained and analyzed by investigators masked to the
genotype of the mice. (A) The high reproducibility of our assays is demonstrated when
comparing total retinal thickness measurements. Four B6 controls and 4 TKO mice (deficient
in SOD1, DJ-1 and Parkin) numbered randomly (masked) 1-8 on the x-axis were imaged
on three different days (d0, d3, and d6). Three data points are shown for each mouse. The
average CV was 0.42%. (B) At the end of the experiment the data were unmasked and
organized by genotype. Measurements of retinal thickness (BM to ILM) on OCT images from
TKO (n=4) and B6 control (n=4) mice taken at dO, d3, and d6 show consistency between
days, and between eyes for both genotypes. OD, right eye; OS, left eye. Error bars represent
the standard error of the mean for experimental groups. **p< 0.01, Student's t test.
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Fig. S2. Manhattan plots showing P values calculated using a recessive transmission model are shown
for two Sfxn3 mutations we named pew (A, E) and basilica (B, F). The -log10 P values (y axis) are plotted
vs. the chromosomal positions of the mutations (x axis) identified in the G1 founders of each pedigree. The
horizontal red line represents a threshold of P = 0.05 with Bonferroni correction. Quantitative phenolypic
data (continuous variable data) from OCT measurements of ONL (A and B) and total retina (BM_ILM; E
and F) were used for linkage analysis and show highly significant associations between the two Sfxn3
mutations and these OCT parameters. The pedigree where the pew mutation was identified (left side
panels) contained another mutation in linkage disequilibrium with Sfxn3 (TIx1). However, in the second
pedigree (right side panels), the only mutation with a significant association with the OCT parameters was
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the basilica Sfxn3 mutation. Phenotwic data for ONL (C, D) and BM_ILM (G, H) is shown plotted vs.
genotype at the Sfxn3 mutation site for both pew (C, G) and basilica (D, H). Each data point represents
one mouse. Mean (u) and SD (o) are indicated. Abbreviations; ONL - outer nuclear layer thickness.
BM_ILM - Bruch’s membrane to internal limiting membrane thickness.
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A Sfxn3-1i mutation

Transcript (ENSMUST00000062213):

A
exon +54 Y exon +55

exon size: 171 bp

- the resulting transcript has a 1 nucleotide insertion that leads to a stop codon
- this predicts a protein product that is truncated at amino acid 71 (the normal protein is 321 amino acids long)

B sfxn3-4d mutation

Transcript (ENSMUST00000062213):

exon +53 A exon +58

ACGT
“i A ‘11 i) "

exon size: 171 bp

- the resulting transcript has a 4 nucleotide deletion
- this predicts a frame-shifted protein product beginning after amino acid 71 and terminating after the addition
of 16 aberrant amino acids. The normal protein is 321 amino acids in length.

C Native Sfxn3:

Peptide (ENSMUSP00000059419):

0 50 100 150 200 250 300

Figure S3. Mutations in the two CRISPR mouse lines compared to native Sfxn3.
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Sfxn3 +/+

Sfxn3 -/- Sfxn3 -/-

7-11 wk

Sfxn3-1i -/- female

7m

Sfxn3-1i -/- female Sfxn3-4d -/- male

10-12 m

Sfxn3-1i -/- male Sfxn3-4d -/- male

Fig. 84 Fundus images of CRISPR/Cas9-generated Sfxn3-/- mice show qualitatively abnormal vasculature and RPE
mottling. Representative fundus photos of Sfxn3+/+ (A, B,C) and Sfxn3-/- (D-1) mice are depicted for three age groups
(7-11 wks, 7 m and 10-12 m). Compared with Sfxn3+/+ controls, note the vascular attenuation in mice carrying two
different mutations in Sfxn3: Sfxn3-1i -/- are homozygous for a 1bp insertion (D-G), while Sfxn3-4d-/- are homozygous
for a 4 bp deletion (H,1). Compared to control mice, Sfxn3-/- mice also demonstrate RPE mottling that increases with age.
We did not observe any effect of gender on the phenotype.
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Sfxn3 +/+

Sfnx3 -/-

Sfxn3 +/+, #1

STXn3 +l+, #2

Sfxn3.-I-, #1| E Sfxn3 /-, #3

Sfxn3 -, #2 | F Sfxn3 -I-, #4

Fig. §5. ZO-1 staining of RPE flatmounts from two Sfxn3 +/+ (A, B) and four Sfxn3 -/- (C-F) mice. The mice were 10-12
months of age. The images were taken on a confocal microscope and were all obtained at a distance of 1 disc diameter
from the disc. Note that while Sfxn3 +/+ RPE cells maintain a clear regular hexagonal shape, the RPE cells from Sfxn3-/-
have a prominent disruption of this pattern (very irregular shapes), which is characteristic of sick/damaged RPE cells.

Scale bar = 50 microns
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Fig. S6 Examples of scotopic electroretinograms (ERG; flash intensity = 3.1 log cd.s.m2) on Sfxn3 +/+ (A B) and Sfxn3 -/-
(C,D) mice at 3 months of age (A,C) and 5 months of age (B,D). A reduction in ERG amplitude is seen in Sfxn3 -/- by 3 m

that becomes more striking by 5 months of age.
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Nrl

Rho

Arr3

Pdeéh

Lhx1

Prkca

Lrtm1

Grik1

Lhx2

Gad1

Expression

Slc6ad I 2

Sic17a6

Sncyg

Fig. S7. Expression of published cell markers in our cell clusters. There is a very high correlation between published cell
markers and the expected cell types in the clusters identified in our single cell RNA sequencing data. Markers are shown
for rods (R: Nrl and Rho), cones (C: Arr3 and Pde6h), horizontal cells (H: Lhx1), rod bipolar cells (RB: Prkca and Lrtm1),
cone bipolar cells (CB1-5: Lrtm1 for all bipolars and Grik1 for OFF cone bipolars), Muller cells (M1 and M2: Lhx2),
amacrine cells (A1-8: Gad1 for GABAergic and Starburst amacrine cells, and Slc6a9 for Glycinergic amacrine cells),
and retinal ganglion cells (RGC: Slc17a6 and Sncg). Clusters of bipolar cells (including rod bipolars) are included in the
orange square, while clusters of amacrine cells are grouped in the pink square.
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Fig. 88. Analysis of the expression of the different Sfxn homologs in different retinal cell types using single cell RNA
sequencing. Violin plots showing ncrmalized expression values for Sfxn1 (A), Sfxn2 (B), Sfxn3 (C), Sfxn4 (D) and Sfxn5 (E) in
different cell types. Abbreviations: H - horizontal cells, RB — rod bipolar cells, CB — cone bipolar cells, A — amacrine cells, RGC —
retinal ganglion cells, V —vascular cells, PV — perivascular cells.
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Fig. S9. Bubble plot of gene expression in amacrine clusters. Clusters 8,

1 and 3 show strong expression of the GABAergic markers Gad1 and Gad?2.
Meanwhile, clusters 2, 4, 5 and 7 show strong expression of the Glycinergic
marker Slc6a9. Finally, cluster 6 shows an expression pattern classic for
Starburst amacrine cells, with high Chat and Gad1 expression. Of interest,
although several amacrine clusters had some expression of the ribbon
synapse marker Ctbp2, it seemed to be highest in GABAergic amacrine
clusters. Similarly, while multiple clusters had some expression of Sfxn3,
expression seemed hightest in the GABAergic Amacrine 8 cluster.
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Fig. S10: Sfxn3 expression in cone bipolar (CB) cell clusters from Sfxn3+/+
mice. Clusters 1 and 3 show a strong expression of the ON-bipolar marker
Grm6. On the other hand, clusters 2, 4 and 5 have a strong expression of
the OFF-bipolar marker Grik1. Yet, Sfxn3 expression seems to be evenly
distributed among ON and OFF clusters.
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A stxn3ee#1 S3+e#2 Sfxn3 +/+ #3

Fig. S11. Disruption of external limiting membrane (ELM) in Sfxn3 -/- mice. Electron microscopy images showing the
electron dense ELM in three Sfxn3 +/+ controls eyes (A) and three Sfxn3 -/- eyes (B). Two EM fields (one on top of the
other) are shown for each eye. Clear disruption of the Sfxn3 -/- ELM can be seen as disorganization and missing areas of
electron dense adherens junctions.
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Fig. $12. Electron microscopy demonstrates a decrease in the number of vesicles in the outer plexiform layer synaptic
terminals of Sfxn3 -/- (C,D) retinas compared to controls (A,B). This difference is statistically significant (E). Abnormal

synaptic ribbons are also seen in the Sfxn3 -/- eyes. Vesicles were counted in standard subfields (std. sf.) measuring
200 nm x 200 nm in size.
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Table S1. Identified gene-phenotype associations with literature support

% Homozygous Mutation Reference
# Gene Parameter change logio(p value) Affected Type
1 Slc6a6 2 -62 -18 2/2 MS- PrD S1-3
2 Vidir 1,3 -48 -12 4/4 MS- PrD S4-6
3 Tmem135 1,23 -53 -11 3/3 NS- PN S7
4 Impdhl 1,23 -23 -9 3/3 NS- PN S8,9
5 Epb4112 2,3 -36 -9 2/2 CSAS-PN $10,11
6 Arntl 1,23 -11 -7 3/3 MS- PrD $12,13
7 Plxnbl 1 -12 -6 2/2 MS- PD S14
8 Crx 1,23 -100 -5 9/9 NS- PN S15-17
9 Cacna2d4 2,3 -23 -5 3/3 CSDS-PN $18-20
10 Ligl1 1,2,3 -59 -11 1/1 MS-PB S21
11 Cngbl 3 -53 -10 1/1 MS- PrD S22,23

Our protocol identified 11 genes that have been reported to be associated to retinal development
or function. The bottom two are genes that were found based on a single homozygous mouse. The
parameters examined were: 1 = BM to ELM thickness on OCT, 2 = BM to ILM thickness on OCT,
3 = ONL thickness on OCT. We selected the parameter (shown in bold) with the largest “% change”
(% difference in thickness in homozygous mutant mice compared to the aggregate of wild type
(WT) and reference mice). The “% change” for that parameter is shown. Abbreviations: MS -
missense, NS - nonsense, CSDS - critical splice donor site, PB — probably benign, PN — probably

null, PD — possibly damaging, PrD — probably damaging.
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