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E3 ubiquitin ligase Herc3
deficiency leads to accumulation
of subretinal microglia and retinal
neurodegeneration

Yeshumenesh Zegeyel”’, Bogale Aredo'’, SeherYuksel!, Dogan Can Kirman?,
Ashwani Kumar?, Bo Chen'¢, Emily Turpin?, Sangita Shresta?, Yu-Guang Hel,

Laurent Gautron3, Miao Tang*, Xiaohong Li# Sophia M. DiCesare?, John D. Hulleman?,
Chao Xing%5, Sara Ludwig?, Eva MarieY. Moresco*, Bruce A. Beutler* &

Rafael L. Ufret-Vincenty™

Activated microglia have been implicated in the pathogenesis of age-related macular degeneration
(AMD), diabetic retinopathy, and other neurodegenerative and neuroinflammatory disorders,

but our understanding of the mechanisms behind their activation is in infant stages. With the

goal of identifying novel genes associated with microglial activation in the retina, we applied a
semiquantitative fundus spot scoring scale to an unbiased, state-of-the-science mouse forward
genetics pipeline. A mutation in the gene encoding the E3 ubiquitin ligase Herc3 led to prominent
accumulation of fundus spots. CRISPR mutagenesis was used to generate Herc3”" mice, which
developed prominent accumulation of fundus spots and corresponding activated Ibal +/

CD16 + subretinal microglia, retinal thinning on OCT and histology, and functional deficits by
Optomotory and electrophysiology. Bulk RNA sequencing identified activation of inflammatory
pathways and differentially expressed genes involved in the modulation of microglial activation.
Thus, despite the known expression of multiple E3 ubiquitin ligases in the retina, we identified a non-
redundant role for Herc3 in retinal homeostasis. Our findings are significant given that a dysregulated
ubiquitin—proteasome system (UPS) is important in prevalent retinal diseases, in which activated
microglia appear to play a role. This association between Herc3 deficiency, retinal microglial activation
and retinal degeneration merits further study.
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While there is extensive literature documenting the presence of activated microglia in the retina of patients with
age-related macular degeneration (AMD), retinal dystrophies and diabetic retinopathy, our understanding of
their role in these disease processes is still in infant stages'. It is clear that activated retinal microglia can have
both pathogenic effects (e.g. secretion of proinflammatory molecules) and homeostatic effects (e.g. clearance
of debris and dying cells)>"'. However, we still do not understand what controls the balance between these two
potential behaviors. Because of the complexity of this biological system, we chose to exploit the unbiased nature
of a forward genetics approach to search for novel genes modulating retinal immune cell activation. We identi-
fied an E3 ubiquitin ligase as a gene of interest.
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As the name implies, ubiquitin is a protein that is expressed in all eukaryotic cell types and tissues. The
ubiquitin proteasome system (UPS) is a complex degradation system that regulates protein function, localiza-
tion, as well as stability'®. It is one of the major systems in charge of removing damaged proteins and organelles,
including dysfunctional mitochondria'®. The UPS has been shown to be involved in photoreceptor cell survival
and homeostasis?®**, and many prevalent retinal diseases appear to involve the UPS. Deficiencies of several UPS
pathway components have been associated with defects in retinal development or homeostasis leading to forms
of retinitis pigmentosa'®. Moreover, in AMD, a very prevalent blinding retinal degeneration, disrupted lysosomal
clearance and increased accumulation of waste products have been shown to be important pathophysiologic
factors®*-%. Finally, in diabetic retinopathy, hyperglycemia, oxidative stress, hypoxia and inflammation lead to
dysregulation of the UPS in the retina®”. Thus, modulation of specific components of the UPS in different direc-
tions may have therapeutic applications for some of the most common and vision-stealing retinal diseases®.

Three types of enzymes play a role in ubiquitination: ubiquitin activating enzymes (E1s), ubiquitin conjugating
enzymes (E2s), and ubiquitin ligases (E3s)?****. There are two known E1 ligases and about 30-40 E2 ligases'®. In
contrast, there are close to one thousand E3 ubiquitin-ligase enzymes®"*2, which direct the process by targeting
ubiquitin to specific proteins. E3 ubiquitin ligases are categorized into four families: the RING finger, SCF, APC
and HECT (homologous to the E6-AP carboxyl terminus) families®***. Of interest, while defects in E3 ligases
may lead to retinal degeneration via multiple mechanisms, overexpression of E3 ligases may also be of therapeutic
value in some retinal diseases like retinal dystrophies®.

In this work, we used a state-of-the-science forward genetics pipeline in combination with a fundus pho-
tography scoring scale to identify genes modulating the accumulation of yellow fundus spots, which we and
others have shown often correlate with subretinal microglia®***-*. We identified a mutation in Herc3 that led to
a prominent accumulation of yellow fundus spots. The human HERC3 gene codes for a 117-kDa E3 ubiquitin
ligase containing a HECT domain. It is expressed in most cell types and shows particularly high mRNA levels in
the brain*®*!. In mice, Herc3 is also prominently expressed in the brain, but there is no published work showing
HERCS3 activity in the retina. Next, we generated Herc3”" mice using CRISPR-mediated gene editing and cor-
roborated that they developed a prominent accumulation of activated subretinal microglia, retinal degeneration,
and a decrease in retinal function. Finally, retinal transcriptomic analysis revealed activation of immune system-
related pathways in Herc3”" mice. This study is the first one to not only demonstrate that HERC3 is expressed
in the retina, but that despite the presence of many E3 ligases in retinal cells, HERC3 has a non-redundant role
in retinal homeostasis. A better understanding of the role of HERC3 in the retina may be helpful in developing
therapies to address retinal disorders associated with UPS dysfunction/dysregulation. This new model may also
help us further understand the role of subretinal microglia in retinal physiology and disease.

Results

Screening of a forward genetics pipeline using a fundus spot semiquantitative scale identifies
a gene coding for an E3 ubiquitin ligase

Forward genetics approaches have been helpful in identifying genes involved in retinal degeneration*>-*¢. Our
robust and validated forward genetic pipeline (Fig. 1)*"* is based on ENU mutagenesis of C57BL/6 ] mice.
Founder (G0) mice undergo whole exome sequencing, which then allows for genotyping of all third generation
(G3) mice at all mutant loci prior to screening. This is an advantage compared to other forward genetics pro-
tocols and it allows for immediate determination of causative mutations after screening protocols*®. Aiming to
identify novel genes with an impact on retinal immune cell activation, we developed® a semiquantitative fundus
spot scoring scale and applied it to this forward genetics pipeline. So far, we have scored close to 11,800 fundus
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Figure 1. Forward genetics screening identified an allele (aegean) with a novel association to retinal
homeostasis. (a) Random germline mutations were induced in C57BL/6 ] mice using N-ethyl-N-nitrosourea
(ENU). For each G1 founder mice, whole exome sequencing was performed before breeding it to generate G3
mice. The zygosity of each of the known mutations in its pedigree was determined for each of the G3 mice. (b)
All G3 mice within the pedigree were then screened using retinal imaging. (c) In one of the pedigrees studied,
genetic mapping using specialized software (Linkage Analyzer) identified a strong association (p=1.3x107!)
between the aegean allele and fundus spot accumulation. This was the only mutation in this pedigree showing
an association to fundus spots, as shown by the single peak in the Manhattan plot (left panel). All three mice
homozygous for the aegean allele (VAR) in this pedigree showed a marked increase in fundus spots (right
panel). Heterozygous mice (HET) did not show an abnormality. WT, C57BL/6 J; REE, homozygous for the
C57BL/6 ] reference allele. Data are presented as mean+SD (WT, n=11, HET, n=13, REE n=8, VAR, n=3).
Statistical analysis was done using two-tailed ANOVA. The mice were 6-8 months old at the time of screening.
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photographs obtained from 5906 4-6-month old G3 mice carrying heterozygous and homozygous ENU-induced
mutations*”*. This corresponds to a 4.8% saturation of the genome (considering genes with probable null or
damaging mutations, and at least 2 mice in the homozygous state). Automated meiotic mapping* using the Link-
age Analyzer software helped us find links between the phenotype of mice showing fundus spot accumulation
and specific genetic mutations. This was followed by the application of a machine learning algorithm (Candidate
Explorer software) that predicts the likelihood of being able to reproduce the phenotype if the identified gene is
independently targeted*. We identified a nonsense mutation (glutamine 137 to stop) in the Herc3 gene, which
codes for an E3 ubiquitin ligase. This allele, which we named aegean, leads to early termination of the HERC3
protein at amino acid 137 (normally 913 aa), with a predicted null effect. Of note, the mouse Herc3 protein has
95.4% similarity to human HERC3 and is conserved at the site of this mutation. While there were only 3 mice
homozygous for the mutation in the affected pedigree, each of them showed a significant increase in fundus spots,
leading to a very strong association (Fig. 1c, p=1.3x107!). The combination of a single peak in the Manhat-
tan plot (Fig. 1c), plus the fact that all mice homozygous for the aegean allele exhibited the phenotype (Fig. 1c)
provided reassurance that this Herc3 mutation was the only mutation responsible for the observed phenotype.
Mice heterozygous for the mutation did not show increased accumulation of fundus spots (Fig. 1¢), indicating
an autosomal recessive trait.

Herc3” mouse lines develop progressive fundus spot accumulation

To confirm that the observed phenotype was indeed caused by the Herc3 mutation, we used CRISPR/Cas9
mutagenesis to generate two Herc3”" mouse lines with almost identical mutations. Both have a 1 bp insertion at
the same location of exon 14 (either an A or a T) creating a frameshift that is immediately followed by a prema-
ture stop codon (see Methods and Supplementary Fig. S1; the normal length of HERC3 is 913 aa). Moreover,
their transcripts are predicted to be subject to nonsense mediated decay. We confirmed this by showing a strong
decrease in Herc3 transcript in the Herc3”- mice by qPCR (Supplementary Fig. S2a). It was further confirmed in
a bulk RNAseq retinal transcription analysis (Supplementary Fig. S2b). Both Herc3” mouse lines were healthy,
fertile, and displayed no gross abnormalities. We did not find any significant differences in weight between
Herc3”" and Herc3"* mice (Supplementary Fig. S3).

We proceeded to take fundus images of Herc3”" vs. Herc3** mice. Qualitative analysis (Fig. 2a) shows a very
strong pattern of progressive fundus spot accumulation in the Herc3” mice as they age. Of note, no difference
in fundus spot accumulation between the two Herc3”" lines was found (Supplementary Fig. S4a). However, com-
parison of each one of the knockout lines to wild type mice did in fact show a statistically significant increase in
fundus spots. Thus, Herc3”" mice of both knock out lines [Herc3(A) and Herc3(T)] were combined for analyses.

Using the same fundus spot scale that we applied to the forward genetics screen, two investigators masked
to genotype scored the Herc3”" and Herc3** fundus images. Statistically significant differences between Herc3”
and Herc3** mice (Fig. 2b) were observed at 3-6 m of age (p=0.0028), 6-9 m of age (p=0.00049) and 9-14 m
of age (p=2.2x107). Of note, analyzing the data using only the Herc3(T) line (red triangles) led to statistically
significant differences (p <0.01 for all time points). However, we included mice from the Herc3(A) line (blue
triangles) just to show that their phenotype is similar to the Herc3(T) line. The magnitude of the difference
increased as the mice aged (Fig. 2b). A linear regression analysis corroborated this age-dependent increase in
spots in Herc3”" mice (R*=0.59; F=47.4, p=7.3 x 1075; see Supplementary Fig. S4b).

Deficiency of Herc3 leads to accumulation of activated subretinal microglia

Previous studies have linked the clinical appearance of yellow/white fundus spots on retinal photos to the accu-
mulation of sub-retinal Ibal + cells (a pan-marker of microglia/macrophages)****-3*. We performed immuno-
histochemistry of both retinal and RPE-choroid-sclera flat mounts (referred to below as “RPE flat mounts”) and
demonstrated the presence of large numbers of Ibal +/CD16 + cells in the subretinal space of Herc3” but not
Herc3"* mice (Supplementary Fig. S5). In separate eyes we stained for F4/80 (another pan-marker of microglia/
macrophages) and TMEM119 (specific for microglia). We found many F4/80+, TMEM119 + cells in the outer
retina and subretinal space of Herc3”" but not Herc3"* mice. Interestingly, all subretinal cells positive for F4/80
were also positive for TMEM119 (Fig. S5 bottom right panel). These cells were also negative for the infiltrating
macrophage marker CCR2 (Fig. S6).

A one-to-one correlation of white/yellow spots in fundus photos versus Ibal + microglia in flat mounts is
not possible for several reasons, including the fact that a fundus photo is a 2-dimensional representation of a
spherical surface, while the flat mount utilizes radial cuts to flatten the spherical retina in a nonuniform man-
ner. Still, in our mice there seemed to be a general spatial correlation of fundus spots and Ibal + subretinal cells
(Supplementary Fig. S7).

Quantitative analysis of the subretinal microglia was then performed. Ibal + cells were counted at central,
paracentral, midperipheral, and peripheral regions (Fig. 3a). We found a statistically significant increase in the
number of Ibal + cells in Herc3”" mice compared to Herc3** (Fig. 3b) for the central (p=0.0011), paracentral
(p=6.5x107°), mid-peripheral (p=0.0047) and peripheral (p =0.023) regions.

Optical coherence tomography (OCT) and histological analysis demonstrate outer retinal
thinning in Herc3” mice

We had noticed a significant thinning of the ONL (Fig. 4a—c) in the original ENU-generated pedigree contain-
ing the aegean allele. To better evaluate the impact of Herc3 deficiency on the anatomy of the retina, we used a
Phoenix MICRON OCT?2 system, to evaluate our CRISPR-generated Herc3”" and Herc3** mice at various ages
(from 3 to 15 months). An analysis was done to compare the two knock out lines [Herc3(A) and Herc3(T)] and
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Figure 2. Prominent buildup of fundus spots in mice deficient in Herc3. (a) Fundus photographs of Herc3™*
and Herc3” mice were obtained at 4 m, 8 m, and 11 m of age. (b) Semi-quantitative fundus spot grading shows
a statistically significant increase in fundus spots in mutant mice compared to control mice at three different
ages (3-<6 m; 6-<9m; 9-15m; Herc3**,n=8, 16, 10 and Herc3”",n=10, 18, 14 respectively). Data are shown
as Means + SEM. Two-tailed student’s t-test: **p <0.01, ***p <0.001, ***p <0.0001. Colored symbols represent
Herc3”- mice from either the Herc3(T) line (Red colour filled triangle) or the Herc3(A) line (Blue colour filled
triangle).

no OCT differences were seen (Supplementary Fig. S8a,b). Thus, further analyses were done combining mice
of both knock out lines.
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Figure 3. Quantification of subretinal microglia in Herc3”". Eyes were collected for RPE/choroid/sclera flat
mounts (n=5 Herc3"* and 4 Herc3”" eyes) and stained with an anti-Ibal antibody mice. (a) Ibal + cells were
counted at 4 different antero-posterior regions of the flat mounts (labeled as central, paracentral, mid-peripheral
and peripheral regions — diagram generated using BioRender.com). (b) Herc3”~ demonstrated a statistically
significant increase in Ibal* cells in each of the quantified regions. The difference was significant whether two
outliers were included or excluded (the blue oval and asterisks show analysis with exclusion - the interquartile
range technique was used to determine outliers, as described in “Methods”). Data are shown as means = SEM.
Two-tailed student’s ¢ test: *p <0.05, **p <0.01, ***p <0.0001. Scale bar =250 um.

From qualitative analysis of the OCT pictures, we observed both a difference in reflectivity of the outer lay-
ers and an obvious reduction in the outer retinal thickness of the Herc3”" eyes as compared to the Herc3™* (see
Fig. 4e vs 4d). Quantitative analysis was then performed using the following parameters: total retinal thickness
(TRT), outer nuclear layer (ONL), outermost neural retina thickness (ONRT) and ganglion cell complex (GCC).
We found that in the Herc3”- mice all the metrics that included the outer retina, namely the ONL, TRT, and
ONRT, significantly decreased compared to Herc3*/* mice (see Fig. 4f-h). The difference became significant at
3-5m for the ONL and at 6-7 m for the TRT and ONRT. Meanwhile, there was no difference in the inner retina
(GCC) at any age (Fig. 4i). Of note, we initially analyzed the TRT and ONL data using only the Herc3(T) line
and it resulted in statistically significant differences (p <0.01 for all time points). However, in the final analysis we
included mice from the Herc3(A) line (blue symbols) to show that they have a similar phenotype to that of the
Herc3(T) line. The outer retinal thinning in the Herc3” mice progressed with age. A trend analysis of the OCT
images in Herc3”" mice by age confirmed a significant negative trend for both TRT and ONL as these mice aged
(Fig. 4j,k). Histological analysis on H&E-stained retina sections confirmed the thinning of the ONL (Fig. 41-0).
In order to determine if we could find evidence of increased apoptosis in the Herc3”" we performed a TUNEL
assay on retinal sections. We only found a very small number of TUNEL + cells in both Herc3”" and Herc3*/*
mice, with no difference between the groups (Supplementary Fig. S9a). We also looked at the density of cones on
retinal sections using cone arrestin staining (Supplementary Fig. S9b-d) and did not find a difference between
Herc3”" and Herc3*"* mice. Finally, using electron microscopy to evaluate the RPE we could only find minimal
abnormalities of unknown significance (EM, Supplementary Fig. S10).

Potential impact of sex as a biological variable

Re-evaluation of our data suggested a bimodal distribution of fundus spots in the older age group (Fig. 2b) and
that led us to re-analyze our data after segregating mice by sex (Supplementary Fig. S11). Even with the lower
number of mice per group, for most comparisons, a statistically significant increase in fundus spots was seen in
Herc3” compared to Herc3*"* mice independent of sex (Supplementary Fig. S11a). However, despite the fact that
our analysis was post-hoc and our experiments were not powered to look at the effect of sex, we did observe an
increase in fundus spots in female Herc3”" mice compared to male Herc3”" mice (Supplementary Fig. S11b). The
difference was statistically significant in 6-9 m old mice (p =0.03) and showed a strong trend in 9-15 m old mice
(p=0.06). No difference was seen in wild type mice by sex. Given these findings we also decided to analyze the
effect of sex on the ONL thickness data. As we expected, we found that Herc3”" mice had significant thinning of
the ONL compared to Herc3** independent of sex (Supplementary Fig. S11c). However, to our surprise, we also
found thinning of the ONL in female Herc3” mice compared to male Herc3”". The difference was statistically
significant for the 3-6-month-old and for the 9-15-month-old age groups, and there was a trend (p=0.09) in the
6-9-month-old age group (Supplementary Fig. S11d). No sex-related differences were seen in wild type mice.
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Figure 4. Progressive thinning of the outer retina is seen in Herc3 deficient mice. Despite having only 3 mice ~ »
homozygous for the aegean allele in the pedigree, the ENU-mutagenesis screen (a—c) revealed a statistically
significant decrease in ONL (a). A representative OCT image of a 11.5 mo CRISPR-generated Herc3” mouse

(e) shows a thinner outer retina and qualitatively disrupted outer retinal layers compared to control (d). OCT
images were analyzed using four parameters: Total retinal thickness (TRT, blue vertical line), Ganglion cell
complex (GCC, yellow line), Outermost neural retina thickness (ONRT, red line), and outer nuclear layer (ONL,
white line) (d). Quantitative analyses (f-i) show that the thinning of the ONL becomes statistically significant
by 3-5 m of age (g), while that of the TRT and ONRT parameters becomes significant at 6-7 m of age (£h).
Meanwhile, no statistically significant changes are observed for the GCC parameter (i). For Herc3"*,n=7, 14
and 10 mice for the 3- <6 m; 6- <9 m; 9-15 m groups respectively, while for Herc3”,n=10, 14 and 10 mice for
the same age groups. In panels (f-h), colored symbols represent Herc3”- mice from either the Herc3(T) line
(Red colour filled triangle) or the Herc3(A) line (Blue colour filled triangle). Linear regression analysis shows

a statistically significant downward trend in TRT ((j); R?=0.2, F=8.1, p=0.0079) and ONL ((k); R>=0.374,
F=19.2, p=0.00012). Each symbol represents a mouse. ONL thinning was also confirmed on H&E-stained
retina sections (1-0). Representative Sects. (20X magnification) of a 10-m-old control (I) and an age-matched
Herc3”" mouse (m) show thinning of the ONL in the mutant mouse. The thickness of the ONL (n) and the
number of cells (nuclei) in the ONL (o) were measured on H&E sections at 300 um intervals from the Optic
Nerve Head (ONH). Herc3” mice (n=6) had a statistically significant thinner outer nuclear layer, based on
both parameters, compared to control (n=6). Two-tailed student’s t-test: ns not statistically significant, *P <0.05,
P <0.01, **P<0.001, ***P<0.0001, and *P<0.1.

Herc3” mice have decreased visual function as shown on optomotor responses and electro-
physiology testing

To investigate visual function, a masked investigator tested 1-year-old Herc3"* (n=4) and Herc3”" mice (n=>5)
using the OptoMotry system (Cerebral Mechanics, Inc., Lethbridge, AB, Canada). The spatial frequency thresh-
old, a measure of visual behavior, showed a highly significant decrease in Herc3”" mice (Fig. 5a, p =0.002)
compared to Herc3** mice. We then obtained full-field scotopic Ganzfeld ERG in 10-month-old Herc3” and
Herc3"* mice after 12-16 h of dark adaptation. Representative traces from both Herc3”" and control mice after
low (0.1 log cd.s.m?) and moderate (1 log cd.s.m™) flash stimuli are shown (Fig. 5b). Quantification showed
statistically significant reductions in both the a-wave (Fig. 5¢, p=9.0% 107°) and b-wave (Fig. 5d, p=7.4x107)
of Herc3” mice in response to the moderate light intensity stimulus. These differences increased in magnitude
with aging (16-18 m old mice, Fig. 5e and f). Interestingly, minimal to no differences were seen in ¢ wave, oscil-
latory potentials (OP) and photopic a and b waves (Supplementary Fig. S12).

Herc3 is ubiquitously expressed in the retina: single-cell RNA sequencing and RNAscope
Herc3 is part of a family of proteins (Fig. 6a) which include two large members (Hercl and Herc2) and four small
members (Herc3-Herc6)*>*. To determine the expression pattern of Herc3 (and other Herc family members) in
the retina, we performed single cell RNA sequencing in young C57BL/6 ] mice (4 m old). The mean expression
of each Herc family member for each cell type, and the percentage of each cell type expressing them are shown
in Supplementary Table S2. Herc3 was the only Herc molecule significantly expressed in rod photoreceptors
(Fig. 6b-f and Supplementary Table S2). In fact, Herc3 is expressed, at moderate levels, in several retinal cell
types studied including rod photoreceptors, amacrine cells, bipolar cells, horizontal cells and retinal ganglion
cells (Supplementary Table S2 and Fig. S13a-e). Both of the large Herc family members (Hercl and Herc2) are
ubiquitously expressed at levels similar to Herc3. Meanwhile, none of the small Herc family members apart from
Herc3 are significantly expressed. UM AP analysis showing the expression of Herc3 in the 23 clusters we identified
helps visualize the ubiquitous expression of Herc3, with strongest levels in rod photoreceptors, but also several
clusters of bipolar and amacrine cells (Fig. S13f). Interestingly, in situ hybridization using RNAscope in wild
type mice also confirmed the scRNA sequencing data, showing expression of Herc3 in multiple retinal layers
(Fig. S13g). The staining was particularly prevalent and strong in the ONL (photoreceptors), but there was also
significant staining in the INL (where bipolar cells and amacrine cells, among other cell types are found) and even
in the RGC layer (Fig. S13g). A probe for Staphylococcus aureus Cas9 was used as a negative control. (Fig. S13h).

An analysis using the scRNA sequencing data tool from the publicly available NEI database eyelntegra-
tion (https://eyeintegration.nei.nih.gov)>! shows that during development there is some expression of Herc3 in
multiple cell types, but it is highest in rods and cones (Supplementary Fig. S14). In adult mice, the expression
increases in several cell types, including amacrine cells, bipolar cells, retinal ganglion cells, photoreceptors and
RPE. It is highest in rods, cones and rod bipolar cells. Microglia, macrophages, Muller cells, horizontal cells and
astrocytes show lower expression.

Herc3 deficiency leads to activation of inflammatory pathways in the retina: bulk-RNA
sequencing
To better understand the mechanisms behind the anatomic and functional abnormalities caused by the Herc3
deficiency, we performed a bulk RNA sequencing experiment using retina of 7-8 m old Herc3” vs Herc** mice.
A volcano plot (Fig. 7a) revealed 192 genes that were upregulated (p <0.01 and log,FC> 0.58, equivalent to a fold
change of > 1.5), while 65 genes were downregulated (p <0.01 and log,FC <-0.58) in Herc3”" mice.

A heat map was generated after filtering for genes with a p value <0.01 and logCPM > 0, resulting in 266 genes
(Fig. 7b). Our genes of interest are labeled. Pathway analysis was done with IPA using these 266 genes to generate
a list of significantly changed pathways. We chose relevant pathways showing a p value <0.05 and |Z score|>1.3).
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Most of the resulting pathways (Fig. 7¢) involved aspects of inflammation: cytokine pathways (“IL-4 signaling”,
“IL-10 signaling” and “IL-12 signaling”), “Multiple Sclerosis Signaling Pathway”, “Pathogen Induced Cytokine
Storm Signaling Pathway” and “Complement system”. Other pathways were the “GP6 Signaling Pathway” and
the “Wound Healing Signaling Pathway”.

We started the gene-based analysis of our data by looking at the Herc family members and showing that Herc3
was the only differentially expressed family member in Herc3”" mice (Fig. 7d, the size of the circle for Herc3
represents a p value of 1 x 1072 instead of the actual p value of 1 x 10777 due to space considerations). To search
for genes of interest, we analyzed the bulk RNA seq data using two methods. First, we did an unbiased analysis
filtering the results using as criteria an FDR <0.01 and a fold change > 1.5. This resulted in 16 genes of interest
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Figure 5. Optokinetic testing and electroretinography analysis show functional deficit in Herc3”" mice. (a)
Spatial frequency threshold was determined on Herc3”" (n=5) and Herc3*'* (n=4) mice using OptoMotry
system and showed a significant decrease of spatial vision in Herc3”" mice (p=0.002) compared to Herc3"* mice.
(b) Scotopic Ganzfeld ERG a-wave and b-wave were measured in response to low (0.1 log cd.s.m™?) and high (1
log cd.s.m™) flash intensities in 10-month-old mice. Representative ERG traces from Herc3”" and control mice
are shown. Analysis of the ERG data showed a statistically significant reduction in both a-wave (c) and b-wave
(d) signals in response to high flash intensity in Herc3”" (n=12 mice) compared to control mice (n=12 mice).
Analyses were also done on 16-18 month-old mice (Herc3**, n=4 and Herc3”, n=5). Statistically significant
decreases in the scotopic a-wave (e) and b-wave (f) were seen in these aged mice. Two-tailed students ¢ test: ns
no significant difference, *p <0.1, *p <0.05, **p <0.01, ***p <0.001.
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Figure 6. Single-cell RNA-seq data in C57BL/6 ] mice show that Herc3 is the only Herc family member with
significant expression in rod photoreceptors. (a) Diagram of the Herc family proteins. The Herc family of
proteins is grouped by size: large members include Hercl and Herc2, while the phylogenetically distinct small
members include Herc3-Herc6. Herc5 is not expressed in mice. The large Herc family members have a single
HECT domain, more than one RLD domain, and additional units. The small Herc family members contain a
single HECT domain and only one RLD domain. (b-f) Herc3 is the only family member showing significant
expression in rod photoreceptors.

(see top 16 genes in Fig. 7e). Our second analysis used IPA. From the list of molecules within the pathways of
interest generated by IPA we selected genes that in our experiment had shown a differential expression with a p
value <0.05 and a fold change > 1.5. This analysis added the genes C3 and Plp1 to the prior list (between the blue
lines in Fig. 7e). Hercl is included as a negative control.

Interestingly, reviewing our identified differentially expressed genes we again observed strong evidence that
Herc3 deficiency had an impact on inflammatory processes. Out of the top 20 differentially expressed genes in
Herc3”" retinas (organized by p value), 7 have been associated to modulation of inflammation (see Supplementary
Table S3). Several complement components were increased (e.g. Clra, C3 and C4b), suggesting activation of the
complement system. Some examples of differentially expressed genes that may be involved in modulating the
immune system include Neat1 (FC=1.77, p value=1x107%), Meg3 (FC=1.76, p value=6.7 x 107), Edn2 (FC=2.7,

p=9x107), Cyr61 (FC=1.84, p value=1.5x107), and Npy6r (FC=0.42, p=2.7x 10°°).

Discussion

We and others have shown that the accumulation of subretinal microglia can be seen as an accumulation of yellow
fundus spots>**=3?. Thus, we used a semiquantitative fundus spot scale to screen for gene mutations leading to
accumulation of fundus spots. We chose to pursue one of our potential “hits”, Herc3, because it showed a strong

phenotype, it is novel, and it has an interesting E3 ubiquitin ligase function.

Due to the high metabolic activity and oxidative stress level in the retina-RPE, the ubiquitin-proteasome
system (UPS) plays a very important role in maintaining homeostasis. It is essential in regulating the cell cycle,
immune response, endoplasmic reticulum-associated degradation of misfolded or damaged proteins and elimi-
nation of damaged organelles. Multiple studies implicate UPS deficiencies or dysregulation in the pathogenesis
of prevalent retinal diseases, including AMD, retinal dystrophies, and diabetic retinopathy*>?%3*5>%_Due to the
high number of E3 ligases in the retina, one may expect significant redundancy. However, here we show for the
first time that the E3 ligase Herc3 has an essential and irreplaceable role in retinal homeostasis.

Most importantly, analysis of the Herc3” mouse lines yielded evidence of a progressive retinal neurodegenera-
tion affecting mostly the outer retina, as documented by our analyses of several OCT parameters and histology.
Moreover, this led to a statistically significant reduction in visual function as measured by optomotor responses
(spatial single frequency thresholds) and ERG. It is likely that, while the fundus spots helped us identify Herc3
as an essential gene for retinal health, the retinal degeneration may be the most important and perhaps primary
effect of the deficiency of Herc3. While it is possible that Herc3 deficiency could also be directly responsible for
the microglial activation, similar activation of retinal microglia is seen in other models of retinal degeneration.

Herc3” mice do show increased accumulation of subretinal Ibal +/CD16 + cells, evidence that these sub-
retinal cells are activated microglia/macrophages. A separate staining also showed accumulation of F4/80+/
TMEM119 +/CCR2- cells in RPE flat mounts of Herc3” mice, indicative of subretinal microglia. While it seems
that the majority of activated subretinal cells in our model are microglia, it is not possible to completely rule out
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Figure 7. Bulk-RNAseq analysis shows activation of inflammatory pathways and differentially expressed
genes related microglial activation in Herc3”" mice compared to controls. (a) A volcano plot shows Herc3 is
significantly down regulated in Herc3” retina. Other genes were also differentially expressed. (b) Heat map
shows different gene expression profile between Herc3” and Herc3™* retina. (c) Results from the IPA show
that pathways related to inflammation are activated. (d) Herc3"" is the only Herc family gene to be affected in
Herc3”" retina. (e) Several genes related to the modulation of microglia cell activation are upregulated in Herc
I~ retinas compared to Herc3™*. Samples consisted of both retinas of a mouse. Retina transcriptome data was
obtained from 4 Herc3”" samples and 3 Herc3** samples (7-8 month old).

some contribution of infiltrating macrophages. Further studies may be needed to determine whether microglial
activation is contributing to or more likely trying to minimize the changes caused by the retinal degeneration.
Our bulk RNAseq data provides evidence of activation of inflammatory pathways in the retina of Herc3”" mice.
However, it is possible that this is due to a chronic and low-grade reactive parainflammatory response trying
to re-establish homeostasis®, as we did not see any evidence of overt inflammation clinically or histologically.
Pathway analysis did reveal upregulation of IL-12 and IL-4 signaling, and downregulation of IL-10 signaling.
IL-12 and IL-10 are both expressed by activated microglia/macrophages. They are reciprocally controlled and
have opposing pro- and anti-inflammatory roles. Meanwhile, IL-4 is often expressed by neurons in response to
the pro-inflammatory environment induced by IL-12%. Moreover, Herc3” mice demonstrate differential expres-
sion of multiple genes involved in the modulation of microglial activation including Edn2, Neatl, Meg3 and
Npy6r. Edn2 has been reported to be upregulated in injured photoreceptors, and to contribute to the activation of
microglial cells®. Neat1 is a long non-coding RNA that appears to promote the activation of the inflammasome
in macrophages® and to modulate microglial polarization towards the M1 phenotype®®. Meg3 seems to promote
Nlrp3-mediated microglial inflammation by targeting miR-7a-5p*°. Npy6r is a receptor for NPY (neuropeptide
Y), which is known to have immunomodulatory, neuromodulatory and neuroprotective roles in the retina®.
Finally, several complement genes were also upregulated in Herc3” retinas. However, we did not find any severe
dysregulation of inflammatory cytokines, consistent with the lack of overt inflammation in our model.
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Herc3 is primarily located in the cytosol, in vesicle-like structures®' and endosomal/lysosomal
compartments®. It may be involved in vesicular traffic and ubiquitin-dependent processes®*!. Herc3 is part of
a family of Herc proteins that consist of two large (Hercl and Herc2) and four small family members (Herc3-
6)%"%0 There is evidence suggesting that the large and small Herc molecules form two distinct families that are
not derived from a common origin*>*. Interestingly, using single cell RNA sequencing we were able to show that
most retinal cell types express Hercl, Herc2 and Herc3, but very little Herc4 and Herc6 (Herc5 is not expressed
in mice). This means that Herc3 is the only small Herc molecule expressed to a significant extent in the retina,
which may be one of the reasons for the lack of compensatory mechanisms for a Herc3 deficiency. As a side note,
we did not enrich for microglia and cannot comment on their gene expression profile.

So far, no protein interactions have been identified for the RLD domain of Herc3*. Meanwhile, the HECT
domain in Herc3 is functional and able to bind ubiquitin (and undergo ubiquitination)®'. Within the last 2 years,
this HECT domain of Herc3 has also been shown to ubiquitinate RPL23A%, EIF5A2%, and ERK2 and target
them for degradation. Herc3 may also have important biological functions that are independent of the RLD
and HECT domains. Recent studies demonstrate that HERC3 may also be linked to inflammatory pathways by
inducing the degradation of the RelA subunit of NF-«B and thus downregulating NF-«B signaling, independently
of its E3 ligase activity®.

At this point, we can only speculate on the mechanism behind the retinal pathology caused by Herc3 defi-
ciency. Photoreceptors normally have among the highest Herc3 expression levels in the retina, and photoreceptor
cell body loss in the outer nuclear layer and accompanying loss of visual function are among the most promi-
nent findings in Herc3 deficient mice. This suggests that the primary event may be affecting photoreceptors.
One possibility is that ubiquitination of a key protein or set of proteins within photoreceptors (particularly rod
photoreceptors) is specifically and uniquely carried out by Herc3, and thus absence of Herc3 leads to deficits in
photoreceptor catabolic activities and cell loss. More work is needed in the future to further characterize which
specific molecules are normally targeted by Herc3 in the retina. To this end, we plan to first study ERK2, EIF5A2,
RPL23A, Ubiquilin-1/2 and NF-kB.

One limitation of our work was that we did not power our studies to fully establish whether there is an effect
of sex on the retinal findings seen in Herc3 deficient mice. While both male and female Herc3”" mice develop
retinal thinning and accumulation of fundus spots, we do see some evidence of a greater change in both of these
variables in female mice. We plan to do further studies to try to determine if this is a reproducible finding and,
if so, explore the mechanisms behind it. For these studies we will be collaborating with Dr. Katherine Wert, who
is currently doing exciting work looking at the effects of sex on retinal dystrophies. Another limitation is that
after inducing the Herc3 CRISPR mutation and breeding heterozygous mice twice, we proceeded to establish
wild type and KO lines. However, this is unlikely to have had an impact in our findings for several reasons. First,
maintaining a heterozygous x heterozygous breeding protocol is more important when generating new lines by
crossing mutants with different backgrounds. In our case the mutation was induced in B6] mice and the line
was maintained in that background. Second, Herc3 was targeted because in was identified in an unbiased ENU
mutagenesis screen in which whole exome sequencing was done. Herc3 was found to be the only mutation in a
pedigree that appeared to explain fundus spot accumulation and ONL thinning. After targeting Herc3 specifi-
cally using a completely different method (CRISPR) we again corroborated the exact same findings: fundus spot
accumulation and ONL thinning. Thus, it is extremely unlikely that any other mutation is responsible for our
findings. Finally, two separate CRISPR lines deriving from two separate founders had the exact same findings.
Combining all of these pieces of information, we feel confident that the retinal degeneration and fundus spot
accumulation we are observing are indeed secondary to the Herc3 mutation.

The work presented here confirms that using a fundus spot scale as a screening tool in a powerful forward
genetics pipeline can identify important gene-retinal phenotype associations. It also specifically demonstrates
that Herc3 is critical to retinal homeostasis. This is interesting because it shows that despite the large variety of E3
ubiquitin ligases expressed in the retina, they cannot substitute for Herc3 functionally. Further studies are needed
to determine how the microglia are activated and if they have a role in the abnormalities seen. Using our forward
genetics approach we have now identified several genes essential to retinal homeostasis. Based on these findings,
we have so far developed new mouse models of retinal degeneration with different mechanisms of disease and
clinico-pathological characteristics falling in very different parts of the spectra of fundus spot accumulation
and outer retinal thinning (Herc3” described here and Sfxn3” published recently?’). These models provide us
with very interesting tools to explore not only the role of the specific genes in question, but also how microglial
activation is associated with different types of retinal degeneration. To this end, in addition to model-specific
interactome/proteomics experiments, we plan to apply gene expression and microglial depletion experiments
to these mice. Also, applying models of diabetes and retinal injury to Herc3 deficient mice may shine some light
on the potential impact of this specific E3 ubiquitin ligase in retinal diseases in which the ubiquitin proteasome
system is thought to play an important role.

Methods
All methods are reported in accordance with ARRIVE guidelines (https://arriveguidelines.org).

Animals

All animal experiments were reviewed and approved by the UT Southwestern Institutional Animal Care and Use
Committee (IACUC, protocol # 2015-G100937). Animals were handled in accordance with the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research, and all international and NIH guidelines. Mice were
euthanized by overdose of ketamine/xylazine (180 mg/kg, 24 mg/kg, respectively) followed by cervical disloca-
tion. All mice were on the C57BL/6 ] background and were free of the rd8 mutation. N-ethyl-N- nitrosourea
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(ENU) mutagenized mice, CRISPR/Cas9 generated Herc3” mice and Herc3"/* littermates were bred and main-
tained at the UT Southwestern Medical Center animal care facility (ARC) with 12 h light-on and 12 h light-off
cycles. Mice were provided regular chow diet and water ad-libitum. Before all experiments, mice were anesthe-
tized using a ketamine-xylazine cocktail (100 mg/kg-5 mg/kg) one at a time and eyes were dilated with a 1:1
mixture of tropicamide 1% solution and phenylephrine hydrochloride 2.5% solution (Alcon Laboratories, Inc.,
Fort Worth, TX, USA).

ENU (N-ethyl-N- nitrosourea) mutagenesis, whole exome sequencing, and automated mei-
otic mapping

We used a robust and validated forward genetics protocol'”* based on N-ethyl-N-nitrosourea (ENU)-mediated
random mutagenesis (Fig. 1) in C57BL/6 ] male mice, designated GO (generation 0). GO males were bred to
wild-type C57BL/6 ] female mice to produce G1 males, which are the founders of each pedigree. Whole exome
sequencing was used to identify germline mutations in the G1 male founders, which were then bred to generate
G2 and G3 mice (Fig. 1 of Wang et al.*®). Each G3 mouse carries around 60 mutations. The zygosity of each muta-
tion in G2 dams and in all G3 mice of each pedigree is determined before phenotypic screening by sequencing
across pedigree-specific coding/splice site mutations using Ion Torrent AmpliSeq custom primer panels. In this
work, the main phenotypic screen was fundus photography followed by scoring of yellow fundus spots using a
special fundus spot scale (see below).

We then used Linkage Analyzer, an R-based analysis software, to detect statistically significant genotype-phe-
notype associations*®. Linkage Analyzer performs automated computations of the P values for single-locus link-
age for every mutation in the pedigree using recessive, semidominant (additive), and dominant transmission
models. The magnitude of a quantitative or semi-quantitative phenotype is correlated with genotype at each
mutation site for all mice in the pedigree. A Manhattan plot is then used to display the P values of genotype—phe-
notype associations for every mutation in the pedigree. In this plot—log,, P values (y-axis) are plotted vs. the
chromosomal positions of the mutations (x-axis) that had been identified in the G1 founders of each pedigree.
Mutations meeting the following two criteria were considered of interest: (1) their Manhattan plot peak is above
a horizontal line representing a threshold of P=0.05 with Bonferroni correction, and (2) the peak is at least 3
logs higher than the second highest peak in the pedigree. Such mutations were evaluated by a machine learning
algorithm, Candidate Explorer, which predicts the likelihood that a mutation is truly causative of the phenotype
in question®.

Fundus photography and fundus spot grading

Fundus photographs of both eyes of each mouse in a given pedigree were obtained, as described before*, using
a Micron IV retinal imaging microscope (Phoenix Micron, Inc. Bend, OR). To prevent corneal dehydration in
the anesthetized mice, we first applied GenTeal liquid gel (Novartis, East Hanover, NJ, USA) to the ocular surface
after pupil dilation. Following imaging, investigators were masked to the genotypic data of the mice and were
tasked with grading the fundus photos using a modified version of a previously reported fundus spot scale®.
Briefly, scoring was based on the presence of white/yellow fundus spots as follows: 0—no spots present, 1—one
to ten spots present, 2—spots occupy approximately one quadrant of the fundus, 3—spots occupy approximately
two-to-three quadrants of the fundus, 4—spots densely occupy all four quadrants of the fundus. The scores were
then added for both eyes resulting in a range of 0 to 8 for the final score per mouse. These scores were then loaded
into Mutagenetix and analyzed using Linkage Analyzer, which correlated these data with the genetic data and
generated Manhattan plots.

Generation of Herc3” mouse lines

We generated two Herc3 knock out (Herc3”") mouse lines using CRISPR-Cas9 technology as described before?”.
Briefly, super-ovulated female C57BL/6 ] mice were mated overnight with C57BL/6 ] male mice and fertilized
eggs were collected the following day for injection with Herc3 sgRNA and Cas9 mRNA. A total of 109 injected
embryos were cultured in M16 medium (Sigma-Aldrich) at 37 °C in 5% CO,. To generate mutant mice, 86 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). Seventeen pups were born, and 2 homozygous
males were bred to C57BL/6 ] females and further bred to produce two knockout lines containing the mutations
shown in Supplementary Fig. S1. The first line, Herc3(T), had 1 bp insertion (T) in exon 14 of the Herc3 gene that
encoded a frame-shifted protein product beginning after amino acid 563 followed immediately by a premature
stop codon. Similarly, the second line, Herc3(A), had 1 bp insertion (A) at the same location that also encoded a
frame-shifted protein product beginning after amino acid 563 followed immediately by a premature stop codon.
Both mutations are predicted to result in nonsense mediated decay of the transcripts and are considered null
mutations. For the Herc3(A) line, one Herc3”" male was crossed with a B6] female to generate Herc3* mice. For
the Herc3(T) line one Herc3”- female was crossed with a B6] male to generate Herc3* mice. For both lines, we
bred Herc3"" males to Herc3™" females to generate a colony of Herc3"* and Herc3”" mice.

Quantitative RT-PCR

To corroborate that the CRISPR-generated mice underwent nonsense-mediated decay of the Herc3 transcript, we
performed quantitative RT-PCR. Since the Herc3”" mice in this work are global knock out mice, and since Herc3
is highly expressed in both brain and retina, we isolated RNA from the brains of mice used for other experiments
in order to check Herc3 transcript levels. Brain tissue (~ 15 mg, brain cortex) was harvested from Herc3"* (n=3)
and Herc3”" (n=3) mice and flash frozen before mRNA extraction. The day of extraction, tissue was homog-
enized for 2 min on ice in 350 uL RNA extraction buffer (Aurum Total RNA Mini Kit, BioRad, Hercules, CA).
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Samples were then warmed to room temperature and spun (21,000xg) for 5 min, collecting the supernatant.
All other extraction and purification steps were also performed at room temperature. RNA was purified by fol-
lowing the animal tissue protocol provided in the BioRad kit. The final elution volume was reduced to 20 uL to
increase the final RNA concentration. RNA was then normalized to 275 ng and converted to cDNA ina 5 pL
reaction (qScript SuperMix, QuantaBio, Beverly, MA). cDNA was diluted 20-fold to a final volume of 100 uL
with MBG water prior to qPCR analysis. TagMan probes (Life Technologies, Carlsbad, CA) spanning the Herc3
transcript (Mmo07299202_m1, Herc3 exons 3-4; Mm00518565_m1, Herc3 exons 14-15; and Mm07299198_m1,
Herc3 exons 20-21) were used to assess Herc3 expression, using beta-actin (Mm02619580_g1) as a housekeep-
ing gene. gPCR was run on a QuantStudio 6 Real-Time qPCR system (Life Technologies) and analyzed by the
accompanying software.

Preparation of retina- and RPE-choroid-scleral flat mounts (“RPE flat mounts”), immunostain-
ing and counting of subretinal microglia

Mice (4 Herc3” and 4 control) were deeply anesthetized and both eyes were enucleated and fixed in 4% PFA
at room temperature following a previously described protocol®. In brief, enucleated intact eyes were fixed in
4% PFA for 30 min, followed by an additional 30 min after removing the cornea. Then the retina and the RPE-
choroid-sclera were separated and fixed for an additional 1 h. After washing 3 x 5 min in PBS, the RPE and retina
flat mounts were double or triple stained at 4 °C overnight (as detailed below) followed by incubation at RT for
2 h with the appropriate Alexa Fluor conjugated secondary antibodies. For microglia and infiltrating macrophage
discrimination, we used a combination of anti-F4/80, anti-TMEM119, and anti-CCR2 antibodies’. For detection
of microglial activation, we used a combination of anti-Ibal, anti-CD16. (See Supplementary Table S1 listing
antibodies and dilutions).

For microglia counting, the Ibal-stained RPE flat mounts (4 Herc3”" and 5 Herc3** mice) were observed
under fluorescence microscopy at 20X magnification. Ibal + cells were counted in selected fields at four quadrants
(superior, inferior, nasal, and temporal) around the optic nerve head (ONH). Four 20X fields were selected in
each of the central, paracentral, midperiphery, and periphery regions. The Ibal + cell counts from the four fields
from each of the four regions of four flat mounts (see diagram in Fig. 3a) were used for subretinal microglia
analysis and comparison between the two genotypes. For morphological analysis both the RPE and retina flat
mounts (4 Herc3” and 5 Herc3*/* mice) were imaged using a Leica TCS SP8 confocal laser scanning microscope
equipped with a Leica Application Suite X, LAS X, software (Leica Microsystems Inc.). Images were taken either
at low (25X) magnification or at high (63X) magnification using a sequential scanning method.

Measurement of retinal thickness parameters on optical coherence tomography (OCT) images
After anesthesia and pupil dilation were achieved as described above, we obtained OCT images from both eyes
using a Micron IV-OCT?2 instrument (Phoenix-Micron, Inc) by placing a short (half-size) horizontal line scan
two disc diameters superior to the optic disc. We then used Image] to measure the following parameters at the
center of each image plus in two other locations (100 um away from the center on each side): total retinal thick-
ness (TRT), ganglion cell complex (GCC), outermost neural retina thickness (ONRT), and outer nuclear layer
(ONL). Using the Straight-Line tool in Image], TRT was measured from the top of Bruch’s membrane (BM) to
the top of the internal limiting membrane (ILM). GCC was then measured from the bottom of the Inner Nuclear
Layer (INL) to the top of the ILM. ONRT was measured from the top of BM to the top of external limiting
membrane (ELM). We developed this ONRT parameter because we needed a parameter that did not include the
ONL measurement and could help us detect photoreceptor health issues even in the absence of photoreceptor
cell death. We performed an internal quality control test and found that the coefficient of variation (CV) for
both intra-observer comparisons and inter-observer comparisons (1.3% and 1.0%, respectively) was very low
using this ONRT parameter. Finally, we have published our work using this parameter (previously referred to as
“ORT”)*"%. After sharpening the image to get better contrast, we measured the ONL from the top of the ELM
to the bottom of the Outer Plexiform Layer (OPL). Finally, the three measurements for each parameter in an
image were averaged and used for statistical analysis.

Retinal thickness measurements on H&E-stained cross sections

Right eyes from deeply anesthetized Herc3”- and Herc3** mice were collected and processed for histology as
described before®. Hematoxylin and Eosin (H&E) staining of retinal sections were prepared for all samples (n=6
per group). The entire length of H&E retinal sections was imaged at 20 x magnification on both sides of the Optic
Nerve Head (ONH) using a Leica DM2000 Upright Compound microscope (Leica Microsystems, Wetzlar, Ger-
many) equipped with an Optronics Microfire color CCD camera (Optronics, Goleta, CA, USA). The H&E images
were opened in Image] and the ONL thickness was measured at 300 um intervals starting from the ONH on
either side. For each location, we took three measurements within a 20 pm distance from the 300 pm mark and
averaged them. The number of layers of nuclei in the ONL was also counted at the same locations by using the
duplicate tool in Image]. To this end, a rectangle was drawn consistently to one side of the 300 pm mark making
sure to include three columns of cells per duplicate image. The number of cells in each of the three columns of
nuclear layers was averaged at each 300 um location. Thus, for each 300 um location we reported two different
parameters: # of nuclei per column of ONL, and ONL thickness in microns.

Testing of visual function using the optomotor response

Optomotor testing was performed using the OptoMotry system (Cerebral Mechanics, Inc., Lethbridge, AB,
Canada) in order to examine differences in visual threshold in Herc3** (n=4) vs. Herc3”" (n=>5) mice. Visual
stimuli were displayed on four LCD screens placed around a central mouse stand according to the manufacturer’s
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protocol and previous publications””% Each mouse was tested individually while placed without restrain on the
central stand. A visual stimulus consisting of a rotating vertical sine wave grating was presented to the mouse and
the optomotor reflex was then recorded by manual tracking of head movements. To determine spatial frequency
thresholds, an increasing staircase paradigm was utilized with 100% contrast. The highest spatial frequency
(cycles/degree, c/d) generated in each direction was recorded as the single frequency threshold for each eye sepa-
rately and the average of both eyes is reported for each mouse. All recordings were done by a masked investigator.

Visual function analysis using electroretinography (ERG)

Retinal response to light in Herc3” versus Herc3** mice was recorded using a full-field ERG system (Celeris
System, Diagnosys LLC, MA, USA). Procedures were conducted under dim red light. A group of 10-month-old
mice (n =12 per group) and a second group of 16-18-month-old mice (n=4 Herc** and n=>5 Herc3"") were dark
adapted overnight for 12-16 h. Scotopic ERG recording was done on deeply anesthetized mice after pupil dilation.
Each mouse was placed on the ERG console with the full-field stimulators/electrodes touching the eyes. The body
temperature was kept at 37 °C on the console during the ERG procedure. Three standard parameters (a-wave,
b-wave and oscillatory potentials) were recorded using ten sweeps. The ERG analysis of visual response was
obtained in response to low (0.1 log cd.s.m) and moderate (1 log cd.s.m™) flash intensities. The inter-stimulus
interval was 0.7 s and 60 s for low and high flash intensities, respectively. The flash duration was 1 ms. A similar
protocol, using 3 sweeps was used to measure c-waves in 16-18 m old mice (n=12 Herc** and n=12 Herc3™").
After 10 min of light adaptation at a setting of 3 log cd.s.m™%, the photopic ERG measurements were obtained at
3 and 10 log cd.s.m? flash intensities. Ten sweeps were recorded and averaged for each flash intensity. Data were
analyzed using Diagnosys Espion Software (Diagnosys, Inc).

Immunohistochemistry (IHC) of retinal cross sections

Eyes from 11- to 14-month-old Herc3”- and Herc3*/* were prepared as described before’. Briefly, after anesthesia,
right eyes were enucleated and frozen in isopentane that had been chilled by liquid nitrogen, then transferred
to freeze substitution solution and stored at -80 degrees. After 48 h of freeze substitution, eyes were gradually
thawed to room temperature for paraffin embedding®. Hematoxylin and eosin stain was performed to assess the
morphology of the retina. Six-micrometer slices were deparaffinized in xylene, rehydrated in graded ethanol
and stained with anti-Ibal (Wako pure chemical, Cat. # 019-19741). Alexa Fluor-labeled secondary antibody
to Ibal was used to visualize subretinal microglia. DAPI was used for nuclear counterstaining. Immunofluores-
cence was seen and imaged using a Zeiss AxioObserver epifluorescence microscope (Hamamatsu Photonics,
Middlesex, NJ, USA).

Staining and quantitation of apoptotic cells (TUNEL) and cone-photoreceptors in retinal
cross-sections

Retinal cross sections were prepared from freeze-substitution fixated eyes as described above (IHC of retinal cross
sections). Five-micron sagittal oriented sections were sequentially cut by rotary paraffin microtomy according
to established procedures and were used both for Terminal deoxynucleotidyltransferase-mediated UTP End
Labeling (TUNEL, DeadEnd Fluorometric TUNEL System, Promega Cat # G3250) and for cone-photoreceptor
staining. Retinal sections from four eyes from each group were subjected to TUNEL and counterstained with
propidium iodide. These sections were imaged on confocal microscope (Leica DMI 6000 B, Leica Microsystems)
at 25X magnification and the TUNEL positive cells were counted in 10-11 fields per group for quantitative
analysis. To check for cone-photoreceptor loss we stained retinal sections with an antibody against cone arrestin
(cat # AB15282, Millipore, an accepted marker for cone-photoreceptor cells). DAPI was used for nuclear counter
staining. Three fields on either side of the optic disc were imaged (n=4 eyes per group; n=15-16 fields per group)
and used for counting cone-arrestin + cells.

Electron microscopy (EM) imaging and analysis

Left eyes from deeply anesthetized Herc3”- and Herc3*/* mice were collected and processed for electron micros-
copy as previously described”. In brief, eyes were first fixed in 2% PFA and 2% glutaraldehyde in sodium
cacodylate buffer followed by post-fixation in 1% osmium tetroxide. After trimming and dehydration in graded
ethanol, the retina tissue was embedded in epoxy resin. The retina blocks were cut in slices of 70-nm-thickness
and dyed with 2% aqueous uranyl acetate and lead citrate. The sections were then imaged using a JEOL 1200EX
II transmission electron microscope (JEOL USA, Inc., Peabody, MA, USA). To compare the thickness of RPE
layer between Herc3” and Herc3™* mice, three measurements were taken at 200 pm intervals in the center of the
section from BM to the apical end of the RPE. The thickness of basal infoldings was measured in a similar manner
from BM to the tip of infoldings. We then counted the total as well as apical and basal number of mitochondria
per EM field. We also analyzed the EM sections for two additional parameters: the number of melanosomes in
RPE microvilli and the number of RPE phagosomes per EM field. The UTSW Electron Microscopy Core assisted
with sectioning and imaging.

Analyses of single-cell transcriptomes

The retinas from four 4-month-old C57BL/6 ] mice were isolated and combined as we previously described
(IOVS In Print and*). Single-cell suspensions were prepared using the Papain Dissociation System (Worthington
Biochemical; catalog no. LK003150) according to the manufacturer’s instructions with minor modifications*”7>.
Dissociated single retinal cells were processed through the GemCode Single-Cell Platform using the GemCode
Gel Bead, Chip, and Library Kits (10 x Genomics) according to the manufacturer’s protocol and with the help
of the UT Southwestern Next-Generation Sequencing Core Facility. In brief, single cells were sorted into 0.4%
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BSA in Dulbecco’s PBS. Approximately 14,000 single retinal cells were added to a channel. The cells were then
partitioned into Gel Beads in emulsion in the 10 x Genomics Chromium Controller, followed by cell lysis and
barcoded oligo-deoxythymine priming and reverse transcription of polyadenylated RNA. Finally, amplified
cDNAs were sheared for adapter and sample index attachment. Libraries were sequenced on an Illumina NextSeq
500. Cell Ranger 3.0.0 (10X Genomics) was used to process the raw sequencing data. BCL files were converted
to FASTQ files and aligned to mouse (mm10) reference transcriptome. Transcript counts of each cell were
quantified using 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’. Cells with less than 200 genes per cell and high mito-
chondrial 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”. Differential expression analysis of each cluster was performed in Seurat. Violin plots for Herc
gene family were generated using Seurat.

RNAscope in situ hybridization (ISH)

To determine the expression and localization of Herc3 in the retinal tissue we used a custom designed Herc3
Probe (Mm_Herc3 : cat#1300971, ACD Biotechne) for RNAscope ISH (Red chromogenic &amp; fluorescent
kit, Advanced Cell Diagnostics, Hayward, CA USA) as described before (PMID: 32457148). A probe for SaCas9
was used as a negative control (Staphylococcus aureus Cas9, cat#501621, ACD Biotechne). After performing
the RNAScope assay, images were taken on a Zeiss Axio Observer.D1 microscope at 20X magnification using
an Axio Cam ICcl camera (Carl Zeiss Microlmaging GmbH, Gottingen, Germany).

Sample preparation for bulk RNA-seq

Both eyes from deeply anesthetized 8-month-old mice were collected and the neuroretina was isolated. Samples
consisted of the combination of the retinas from both eyes (n=3 Herc3"* and 4 Herc3” samples). The samples
were washed with PBS and kept in 200 ul RNAprotect Tissue Reagent (QIAGEN, #76104) at 4 °C until total RNA
isolation. Neuroretina samples were homogenized using a Bel-Art Micro-Tube Homogenizer (Avantor, VWR,
#76529-604) for 1 min. Homogenized lysate was then centrifuged for 3 min at 14,000 rpm and supernatant was
collected for total RNA isolation using miRNeasy Tissue/Cells Advanced Micro Kit (QIAGEN, # 217684) accord-
ing to the manufacturer’s protocol. On-column DNase digestion was carried out using RNAse-Free DNase Set
(QIAGEN, #79254). Quantity and purity of isolated total RNA samples were determined by NanoDrop™ OneC
Microvolume UV-Vis Spectrophotometer (Thermo Scientific™, #ND-ONEC-W). Sample quality control was
performed by UTSW Medical Center Next Generation Sequencing Core using Agilent 2100 Bioanalyzer System
to ensure RNA Integrity Number (RIN) 2 6.8. For bulk RNA sequencing, 1 pg total RNA/sample was submit-
ted. Samples were sequenced on the Illumina NextSeq 500 with read configuration as 100 bp, single end reads.

Bioinformatics analysis of bulk RNA sequencing data

The Fastq files were subjected to quality check using fastqc (version 0.11.5, http://www.bioinformatics.babra
ham.ac.uk/projects/fastqc) and fastq_screen (version 0.11.4, http://www.bioinformatics.babraham.ac.uk/proje
cts/fastq_screen). FASTQ files were aligned to Mus musculus reference genomes (mm10, UCSC version) using
STAR® (v2.5.3a), a splice-aware aligner for RNA-seq data.

Read counts mapping to genomic feature for each sample was generated using featureCounts’” from the
Rsubread package (v1.4.6). As the samples were sequenced in two different batches, we used ComBat-seq”® to
account for the batch effects. Next, batch adjusted read count matrix was used to run the differential expression
analysis using edgeR”. edgeR uses TMM normalization and estimates the dispersion of the negative binomial
distribution from replicates in each group. Furthermore, edgeR applies the Benjamini-Hochberg method on
the p-values to control for FDR. Statistical cutoffs of p-value <0.01, log,CPM >0 and - 0.58 >log,FC > 0.58 (fold
change > 1.5) were used to identify differentially expressed genes with statistical significance. Pathway analysis
was performed using IPA (https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/).The
dot plots were generated using ggplot2 (https://ggplot2.tidyverse.org/reference/geom_dotplot.html). The heat-
map was generated using complex heatmaps®. The volcano plot was generated using EnhancedVolcano (https://
github.com/kevinblighe/EnhancedVolcano).

Statistical analysis

Results are presented as mean + standard error of mean (SEM) except for data in Fig. 1¢, where standard devia-
tion (SD) was used. Comparisons between two groups were done using two-tailed unpaired Student’s t-test.
Linear regression analysis was done to test trends in changes of fundus spots and OCT parameters with time. A
P-value < 0.05 was considered statistically significant. For the analysis of Ibal + cells in flat mounts we provide
the P-value both including all values (black asterisks) and excluding outliers which were identified in the mid-
peripheral fields (blue asterisks). For this purpose, we used the interquartile range (IQR) to determine outliers,
which were defined as those outside of a range going from Q1-1.5*IQR to Q3+ 1.5*IQR, where Q1 and Q3 are
the first and third quartiles, respectively.
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