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Purposk. To define remodeling of photoreceptor synaptic terminals and second-order reti-
nal neurons in canine X-linked progressive retinal atrophy 1 caused by a five-nucleotide
deletion in the RPGR exon ORF15.

MerHops. Retinas of normal and mutant dogs were used for gene expression, Western
blot, and immunohistochemistry. Cell-specific markers were used to examine disease-
dependent retinal remodeling.

Resurrs. In mutant retinas, a number of rod axon terminals retract into the outer nuclear
layer. This neuritic atrophy preceded significant loss of rods and was evident early in
disease. Rod bipolar and horizontal cell processes were found to extend into the outer
nuclear layer, where they seemed to form contacts with the spherules of rod photorecep-
tors. No ectopic rewiring was observed. Because cytoskeletal reorganization was previ-
ously shown to underlie photoreceptor axon retraction, we examined normal and mutant
retinas for expression of axon guidance receptors ROBO1 and ROBO2, which are known
to regulate actin cytoskeleton dynamics. We found that the overall expression of both
ROBO1 and ROBOZ2 is retained at the same level in premature and fully developed normal
retinas. However, analysis of predisease and early disease retinas identified markedly
decreased levels of ROBO1 in rod spherules compared with controls. In contrast, no
differences in ROBO1 signals were noted in cone pedicles in normal and mutant retinas,
where ROBO1 levels remained similarly low.

Concrusions. Depletion of ROBO1 in rod synaptic terminals correlates with the remodel-
ing of axonal and dendritic processes in the outer retina of dogs with X-linked progressive
retinal atrophy 1 and may play a role in the retraction of rod axons.

Keywords: X-linked retinitis pigmentosa (XLRP), retinal remodeling, retinal degeneration,
axon guidance receptors

is a heterogeneous group of inherited retinal degen-
RP erative diseases leading to photoreceptor (PR) cell
death and vision loss.! Rod-cone dystrophy, the prevalent
form of RP, is characterized by primary dysfunction and
loss of rod PRs and associated with cones death at later
stages as well as abnormalities in the adjacent RPE. Loss of
PRs further triggers functional changes in second-order reti-
nal neurons (bipolar and horizontal cells [HCs]) and third-
order retinal neurons (amacrine and retinal ganglion cells),
resulting in regressive remodeling of the inner retina.?~*
Within RP groups, X-linked RP comprises some of the
most severe forms of the disease, and account for 10%
to 20% of all RP cases.’> Of six disease loci mapped on
the X-chromosome (https://sph.uth.edu/retnet/disease.htm)
approximately 75% of X-linked RP cases map to the RP3
locus®7 that contains the disease causative RP GTPase regu-
lator (RPGR) gene.?°
The mechanism underlying RPGR-dependent X-linked RP
pathogenesis remains poorly understood. There are two
major isoforms of RPGR (RPGR!"! and RPGRf'®) that
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are expressed in the retina.”'© RPGR*™ is predominantly
expressed in PR sensory cilia and basal bodies'! and plays
a critical role in retinal function and viability, as multi-
ple disease-causing mutations have been mapped to this
isoform in humans, dogs, and mice.®'%1? To date, the X-
linked progressive retinal atrophy (XLPRA) dog is the only
known naturally occurring large animal model of RPGR*7/">-
XLPR.}

Two disease-causing mutations in exon ORF15 have
been identified in canine RPGR.'> One mutation is a five-
nucleotide deletion (del1028-1032) that produces a prema-
ture stop codon that results in a C-terminal truncation of 230
residues and is causal for XLPRA1. The second mutation is
a 2-bp deletion (del1084-1085) that induces a frameshift,
resulting in an inclusion of 34 basic amino acids and trunca-
tion of the terminal 161 residues, and is causal for XLPRA2.
XLPRA1-affected dogs have normal PR morphogenesis, after
which progressive rod—cone degeneration develops in the
peripheral retina, gradually advancing toward the optic
disc.' The phenotype associated with XLPRA2 is very severe
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and manifests during early retinal development.’> Together,
these canine models have been proven useful in exploring
pathogenic mechanisms of XLPR and testing clinical thera-
peutic strategies.'~1°

Retinal remodeling in XLPRA1 has not been thoroughly
characterized to date, as has been the case for XLPRA2
and some other retinal diseases in dogs. In this study, we
examined remodeling of PR synaptic terminals and second-
order retinal neurons in XLPRA1 retinas. Disruption of
these synaptic contacts contributes to impairment of visual
circuits, and is the underlying basis of disease-associated
neuronal remodeling, including rod neurite sprouting!”-*
and retraction of the axon terminals of rod PRs,>21"%4 as well
as the aberrant outgrowth of rod bipolar cell (RBC) dendrites
and HC processes into the outer nuclear layer (ONL).>2?

A limited number of molecular players modulating rod
PR axonal retraction have been identified. Prior studies
showed that activation of the Ras homolog family member
A (RHOA, a member of the RHO family of small GTPases)
and downstream RHO kinase activity contributes to retrac-
tion of the axon terminals of rod PRs.?!'> However, the
upstream molecular events responsible for triggering RHOA
activity remain uncertain. During the development of the
nervous system, a number of axon guidance cues and recep-
tors guide axon movement by regulating the activity of RHO
GTPases. The consequent activation of RHO kinases impacts
actin cytoskeleton dynamics.>>~?® Binding of Roundabout
receptors (ROBO) to their cognate SLIT ligands play a crit-
ical role in axon guidance. Because ROBO can inactivate
RHO GTPases, including RHOA,?°-2® we hypothesized that
the SLIT/ROBO pathway may promote synaptic and axonal
stability in rod PRs.

Such hypothesis can be well-supported by expression of
axon guidance receptors ROBO in rod axons and synaptic
terminals, but the presence of ROBO proteins in mammalian
PRs is hitherto undescribed. Whereas SLIT/ROBO path-
way is best known for mediating axon repulsion in
the developing nervous system, including central nervous
system/retina,*®?*? the input of SLIT/ROBO pathway
into control of neural circuits in fully developed adult
mammalian retina has yet to be examined. Besides, very
little is known about expression patterns of ROBO in adult
retina.3*-3* Because ROBO1 and ROBO2 had not been
annotated in the dog genome, we carried out a detailed
characterization of the ROBO1/ROBO2 genes and corre-
sponding proteins in adult dog retina. Furthermore, using
confocal microscopy we evaluated the possible involve-
ment of ROBO signaling in the disease-associated altered
lamination patterns of rod PR, RBC, and HC neurites.
Our data support the functional significance of axon guid-
ance receptors ROBO1 and ROBO2 in the retina, with
ROBOL1 acting as an important determinant of the XLPRA1
phenotype.

METHODS
Ethics Statement

The research was conducted in full compliance and in
accordance with the Association for Research in Vision and
Ophthalmology (ARVO) Resolution on the Use of Animals
in Ophthalmic and Vision Research. All the studies have
been approved by the University of Pennsylvania Institu-
tional Animal Care and Use Committee.
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Tissue Samples

The study used archival canine retinal samples from normal
and XLPRA1 dogs (listed in Supplementary Table S1) that
were primarily gathered for previously published stud-
ies.!’~1 Other archival tissues, collected and stored at the
Retinal Disease Studies facility included frozen blood, retina,
testis, brain, kidney, spleen, and liver, and they were used for
DNA/RNA extraction. The sectioned mouse retina (1 month
old) was a kind gift from Dr Helen Léger (School of Veteri-
nary Medicine, University of Pennsylvania). The human
retina (79 years old) was processed in Dr Joshua Dunaief’s
laboratory (School of Medicine, University of Pennsylvania)
and was collected adhering to the principles of the Declara-
tion of Helsinki. OCT-embedded retinas from rat (1.5 months
old) and normal nonhuman primate (4.9 years old) used
for immunohistochemistry, were archival samples left from
previous laboratory projects.

DNA/RNA Extraction, cDNA Synthesis, and
5’-RACE

Genomic DNA was isolated from blood using the QIAamp
DNA kit (Qiagen, Hilden, Germany) following the manufac-
turer’s directions. Total RNA was isolated from canine tissues
using a modified TRIzol and single chloroform extraction
protocol as previously described. First strand cDNA for real-
time PCR was synthesized using the High Capacity RNA-to-
cDNA kit (Applied BioSystems, Foster City, CA) following the
manufacturer’s recommendations. First strand cDNA for full
length transcripts analysis was gained using ThermoScript
RT-PCR System (Life Technologies, Carlsbad, CA). Using the
gene-specific primers listed in Supplementary Table S2, 5'-
RACE was performed with the RNA-ligase-mediated RACE
system (Thermo Fisher Scientific, Rockford, IL), according
to the manufacturer’s recommendations and.

Amplification of Long PCR Fragments

Long-range PCR was performed using GoTaq Long PCR
Master Mix (Promega, Madison, WI). Corresponding primers
sequences are listed in Supplementary Table S2. All
novel transcript data generated in this study have been
deposited to the National Center for Biotechnology Informa-
tion/GenBank database and accession numbers are listed in
Supplementary Table S2.

Relative Quantification (ddCt) Assay

Gene expression of ROBO1 and ROBO2 was determined
by quantitative RT-PCR in age-matched 3-, 5-, 7-, and 16-
week-old normal and 16-week-old XLPRAl-affected reti-
nas. Each group analyzed included three animals. Real-time
PCR was performed in a total volume of 25 pL in 96-well
microwell plates on the Applied Biosystems 7500 Real-Time
PCR System. All PCRs were performed in triplicate using
cDNA generated from 20 ng DNAase-treated RNA. The SYBR
green platform was used for gene expression analysis using
a primer concentration of 0.2 pM. The TATA-box binding
protein (TBP) gene expression level was used to normalize
the cDNA templates using previously described primers.'®
Other primers used are listed in Supplementary Table S2.
Amplification data were analyzed with the 7500 Software
version 2.0.1 (Applied Biosystems). The unpaired /-test was
used for statistical analysis. Genes with a P value of less
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Ficure 1. Sprouting of RBC in XLPRA1. Representative confocal imaging of canine normal (A-A’") and XLPRA-affected retinas (B-B’’ and
C-C"") immunostained with ON RBC marker PKCa (green), ON cone/rod BC marker Gg, (red) and PR terminal marker PSD95 (silver). In
normal retina (A-A"") both PR synapses and dendritic fibers of ON BCs are restricted to the OPL. In XLPRA1 retinas (4 years old, B-B"
and 37 weeks, C-C") retraction of PR terminals (white and yellow arrows) often take place occupying ONL with bipolar cell dendritic
processes (red and orange arrows) extending into the ONL. PSD95 labeling shows spherules with partially retracted axons (B, white arrow)
as well as fully retracted axon-less PR (C, yellow arrow). The presence of solely yellow (green and red co-labeling) fibers demonstrates that
only dendrites of RBC (PKCat/Goo+, red arrow), and not cone bipolar cells (PKCa~/Goe T, cyan arrowhbead) sprout and appose to both
partially retracted and axon-less terminals. INL, inner nuclear layer. For each figure, part of the image is presented as an individual color
layer separated by solid line to better illustrate a particular feature. A, B, and C show the merged image for the three channels, including
DAPI on the left of each set, separated by dashed line. The images A and C were taken in the midperipheral area of the retina, whereas B
was taken in central area. Scale bar = 20 pm.

than 0.05 and fold changes of more than +2 were consid- Fluorescent Immunohistochemistry

ered differentially expressed. . . . 18
The procedure was carried out as previously described.

Briefly, 10-um retinal cryosections were washed and treated

with primary antibodies in PBS solution, 3% normal horse
Absolute Quantification of Gene Expression serum, 1% BSA, and 0.3% Triton X-100 overnight followed
by incubation with appropriate fluorescent secondary anti-
bodies (Alexa Fluor Dyes, 1:200; Molecular Probes, Eugene,
OR). Primary antibodies information is provided in Supple-
mentary Table S3 and Supplementary Fig. S1. Labeling
was examined by epifluorescence microscopy with a Zeiss
Axioplan microscope (Carl Zeiss Meditech, Oberkochen,
Germany). Images were digitally captured (Spot 4.0 camera;
Diagnostic Instruments, Inc., Sterling Heights, MI) under
identical conditions and imported into Image] software
(National Institutes of Health).>¥ Confocal images were
captured with TCS-SP5 confocal microscope system (Leica

The SYBR green platform was used to determine specific
transcript levels in retinal samples using a primer concen-
tration of 0.15 pM. Primer sequences are listed in Supple-
mentary Table S2. Specific RT-PCR product was used for
construction of an absolute standard curve for individual
amplicons representing the characterized sequence. Dilu-
tion series of these RT-PCR products ranging from 10° to
107 molecules were used to construct standard curves. The
number of copies of a template was calculated as described
elsewhere.?®> The reaction data were analyzed using the 7500
Software version 2.0.1 (Applied Biosystems).
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Ficure 2. Synaptic ribbon in retracted axon appose sprouting RBC. Representative confocal imaging of canine normal (A-A"") and XLPRA-
affected retinas (B-B'’ and C-C"") immunolabeled with ON RBC marker PKCa (green), retinal ribbon marker CtBP2 (red) and PR terminal
marker PSD95 (silver). In normal retina (A-A""), ribbons labeled by CtBP2 staining indicates the location of synaptic contact in PR synaptic
terminals couple with PSD95 labeling (A", insert). In disease (B-B’* and C-C"") PSD95 delineates nonretracted (orange arrow) and retracted
terminals (partially [white arrow), fully [yellow arrow)). In fully retracted axons, an apparent higher density of PSD95 coincides with the
presence of CtBP2" ribbon, suggesting a polarity of molecular signals that pinpoint the position of the synaptic structure in the absence of
an axon (green asterisk). Ribbon-containing synaptic terminals, including retracted ones, are invaginated by PKCa™ RBP dendrites. Insert
represents a magnified section of the main image and is shown at the corner of each panel. For each figure, a color layer of part of the
image (separated by a dasbed line) is omitted to better illustrate a particular feature. Cone pedicles are indicated by magenta arrows. A, B

and C show the merged image for all channels. Scale bar = 20 um.

Microsystems, Buffalo Grove, IL) under identical conditions
and imported into Image] software. Confocal images are
shown as a z-stack of 11 z-steps or as a single z-step
each of 0.21 pym. Maximum projection of all images were
equally adjusted for contrast and brightness with ImageJ
software. Although the entire retinal expanse was exam-
ined in the immunolabeled sections, the images used in the
illustrations were taken in midperipheral area of the retina
(approximately 6000 pm central to the ora serrata [default]
unless a different area is specified in the legend to the
Figure).

Western Blot Analysis

Western blots were carried out as previously described!®
using primary antibodies listed in Supplementary Table S3.
Protein concentrations were determined by BCA Protein
Assay (Thermo Fisher Scientific), and equal micrograms

of protein analyzed. Normalization to ACTB and analy-
ses were performed using Image Studio Software provided
by LI-COR BioSciences (Lincoln, NE). Quantification of
proteins on western blot was carried out with Li-COR
Odyssey software. Western blotting was done in total reti-
nal protein extracts in 16-weeks-old normal and XLPRA1
retinas.

Sequence Analysis Tools

Protein-conserved domains were characterized using the
National Center for Biotechnology Information software
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi?’PAGE=
Proteins). Signal peptide and nuclear localization signal
(NLS) were predicted with Phobius (http://phobius.sbc.su.
se/) and cNLS Mapper (http://nls-mapper.iab.keio.ac.jp/cg),
respectively.
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RESULTS

Synaptic Communication Between Rod PRs and
Second-Order Neurons in XLPRA1

We first examined the structural changes associated with
both the PR synaptic terminals and the processes by which
second-order retinal neurons (bipolar and HCs) might evoke
dendritic sprouting into the ONL owing to altered synap-
tic connection. For this purpose, different cellular mark-
ers were used to label populations of bipolar, horizontal,
and PR cells in the normal and mutant retinas. All ON
bipolar cells (RBCs and cone bipolar cells) were stained
with antiguanine nucleotide-binding protein G(o) subunit
alpha (Gow), ON-RBCs were labeled with anti-PKCe, HCs
were labeled with anti-Parvalbumin (PARV) and PR termi-
nals were labeled with an antibody directed against postsy-
naptic density protein 95 (PSD95), which labels both cone
pedicles and rod spherules® and C-terminal-binding protein
2 (CtBP2/RIBEYE; a component of PR ribbons3%).

Representative images of retinal sections from a 4-year-
old normal dog and 37 weeks and 4-year-old XLPRAI1-
affected dogs labeled with PKC«, Goa, and PSD95 antibod-
ies show that, in normal adult retina, bipolar cell dendrites
and labeled presynaptic sites were confined to the outer
plexiform layer (OPL) (Fig. 1A). In the mutant retinas, a
number of rod PR synapses retract into the ONL accompa-
nied by the aberrant outgrowth of RBCs dendrites into the
ONL (Figs. 1B-C). Furthermore, the sprouted RBC dendrites
invaginated into the retracted presynaptic sites, suggesting
the potential presence of functional synapses. This possibil-
ity was further supported by triple immunolabeling where
the tips of RBCs stained with PKC« antibodies are seen in
direct apposition to the presynaptic CtBP2 and PSD95 label-
ing in both normal and XLPRAlretinas (Fig. 2).

Likewise, processes of HCs labeled with anti-PARV, can
be seen to extend well into the ONL in XLPRA1 retinas,
coming into contact with retracted rod terminals (Fig. 3).
Moreover, when the presynaptic marker PSD95 was used
in combination with the postsynaptic markers PKCo and
PARYV, the labeled presynaptic sites were in close proxim-
ity to sprouted dendritic processes of both, RBCs and HCs
(Figs. 3B-D), further supporting the potential for functional
synaptic connectivity.

As seen in Figures 1-3, there is a heterogeneous
population of retracted rod spherules, including spherules
connected to their soma by an axon, albeit truncated in
length, and axonless synaptic structures connected to their
soma directly (represented schematically in Supplementary
Fig. S2). Notably, all retracted rod spherules were found to
be closely juxtaposed with sprouted dendritic processes of
RBCs and HCs. No sprouted dendritic processes of either
RBCs or HCs were encountered without connection to the
presynaptic sites.

Together these results reveal synaptic remodeling in the
outer retina of mutant dogs, including rod PR axon retraction
as well as disrupted stratification of RBC and HC neurites.
Cone PR and CRB remain seemingly unaffected, because
no retracted cone pedicles or sprouted cone bipolar cell
dendrites were found in the mutant retinas. Also, our results
show that the extent of retinal remodeling observed in
XLPRA1 retinas is not strictly age dependent, but rather
depends on the severity of retinal cell dysfunction, in agree-
ment with previous studies where we reported a signifi-
cant variation in the time of onset and the rate of XLPRA1
progression, 418

IOVS | March 2020 | Vol.61 | No.3 | Article 11 | 5

PKCa PARV PSD95 DAPI

Normal 4y

H481 37w

Ficure 3. Retracted axon terminals are invaginated by both RBC
and HC. (A-C) Representative confocal imaging of normal canine
(A-A""") and XLPRA-affected retinas (B-B’"’ and C-C'"") immunola-
beled with ON RBC marker PKCa (green), HC marker PARV (red),
and PR terminal marker PSD95 (silver). Nonretracted and retracted
(partially [C, white arrow] as well as fully [B-C, yellow arrow))
rod PR terminals, delineated by PSD95 labeling, are invaginated
by both RBP and HC sprouting processes. PSD95" spherules with-
out invagination by either type of second order neuron processes
were not found. For each figure part of the image (separated by a
solid line) is presented by combination or an individual color layer
to better illustrate a particular feature. The merged image for all
channels is on the left of each set (separated by a dashed line).
Scale bar = 20 um.
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Ficure 4. Expression profiling of canine ROBO1 and ROBO2. (A) Western blot analysis of ROBO1 and ROBO 2 proteins in normal and
XLPRAL1 retinas, 16 weeks old. (B) Expression analysis of the ROBO1 and ROBO2 (v.1 and v.2) full-length ORF in different tissues from

normal adult dogs.

TaBLE. Relative and Absolute Quantification of ROBO Transcripts in Normal Canine Retina of Different Ages
Transcript 3 Weeks* 5 Weeks 7 Weeks 16 Weeks
Relative expression
ROBOZ2 v.1 1 NS NS NS
ROBO2 v.2 1 NS NS NS
ROBO1 1 NS NS NS
Absolute expression (copy number £ SD)
ROBO2 v.1 15,711 + 752 5313 + 341 9767 + 745 9817 + 302
ROBO2 v.2 15,713 &+ 381 5443 + 361 7323 £ 755 11,252 £ 877
ROBO1 4379 + 299 1718 + 52 2703 + 123 2676 + 130
Absolute expression (approximate ratio between transcripts)
ROBOZ2 v.1 1 1 1
ROBO2 v.2 1 1 1 1
ROBO1 0.3 0.3 0.3 0.3

NS, not statistically significant differences.
*Three weeks is the reference time point.

Structural and Expression Analysis of the Axon
Guidance Receptors ROBO1 and ROBO2

To assess a possible association between an impairment in
the ROBO pathway and the synaptic remodeling of rod PRs
observed in XLPRA1 retinas, we first examined gene and
protein expression of axon guidance receptors ROBO1 and
ROBO2, previously uncharacterized in the dog.

The preliminary exon-intron organization of ROBO1 and
ROBO2 transcripts in canine retina was assembled through
alignment of orthologous (human, mice, and bovine) ROBO1
and ROBO2 mRNA sequences with the canine genomic
sequence and was subsequently validated with RT-PCR.
We used 5RACE was used to analyze the 5’ parts of the
sequences. Canine ROBO1 and ROBO2 genes are located on
CFA31 in a tail-to-tail orientation. ROBO1 encompasses 31
exons (30 coding exons) and has an open reading frame
of 4953 nucleotides long that encodes a predicted protein
product of 1651 amino acids. Two transcriptional variants of
ROBO2 (v.1 and v.2) driven by alternative promoters sepa-
rated by 0.67 Mb were also identified in canine retina. Both
isoforms were composed of 27 coding exons differing only
in their first coding exon. ROBOZ2 v.1 open reading frame
is 4146 nucleotides long and encodes a predicted protein
of 1382 amino acids, whereas the ROBO2 v.2 open read-

ing frame is 4215 nucleotides long and encodes a protein
of 1405 amino acids. Protein-conserved domains and other
canine ROBO1 and ROBO2 protein features are defined in
Supplementary Table S4. Western blot analysis in normal and
XLPRA1 retinas showed the presence of an approximately
200-kDa protein band and an approximately 170/175-kDa
doublet band recognized by ROBO1 and ROBO2 antibod-
ies, respectively (Fig. 4A). We found no decrease in ROBO1
protein level in predisease 16-weeks-old XLPRA1 retinas;
older samples were not available for Western blot analysis.

We next characterized the tissue specificity and expres-
sion levels of ROBO1 and ROBO2 transcripts (Fig. 4B). The
length of the transcript in retina was considered the refer-
ence sequence and any other sized PCR products, likely
representing alternative splice variants, were disregarded
for the purposes of this study. Based on the length esti-
mation and specificity of PCR primers, we found expres-
sion of ROBO1 in brain and liver, in addition to retina. The
band corresponding to ROBO2 v.1 was detected in testis,
brain, and spleen, whereas ROBO2 v.2 was retina specific.
To explore how gene expression of ROBO1, ROBOZ2 v.1, and
ROBO2 v.2 changes with retinal development, we examined
transcript levels in normal retinas of different ages (prema-
ture: 3, 5, and 7 weeks; and fully developed: 16 weeks)
(Table).
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Ficure 5. Expression pattern of ROBOs in normal canine retinas. Immunolabeling of ROBO1 (red), ROBO2 (red), PSD95 (green), CtBP2
(silver), PARV (green), PKCa (green), and cone PR marker hCAR (green) in fully developed normal canine retina (4 years old). (A, B) DIC
images for retinal sections on A’ and B’. (A’) Robust ROBO1 immunolabeling is evident in PR inner segment (green asterisk) and OPL (cyan
asterisk). (B') Epifluorescence imaging of ROBO2 staining is prominent in amacrine cell bodies (B’, green arrow), displaced amacrine cells
(B', cyan arrow) and ganglion cell bodies (B, magenta arrow). Autofluorescence of blood vessels (yellow arrowhbead) and erythrocytes
(yellow arrow) is noticeable. (C-F"") Confocal imaging shows prominent ROBO1 labeling in rod PR terminals as outlined by PSD95 (C-
C', orange arrow) and CtBP2 (E-E", orange arrow; F-F", cyan dashed outline). Cone pedicles display negligible labeling of ROBO1 (E,
magenta arrow; F, yellow dashed outline). In addition, ROBO1 labeling shows expression in HC as demarcated by PVALB (D-D’, white
arrow). Where appropriate, a color layer in part of the image (separated by a solid line) is omitted to better illustrate a particular feature.
Confocal images (C-F”) are a single z-step image of 0.21 pm. Scale bar = 20 pm.

Results showed stable expression levels of the ROBO function. Furthermore, we examined protein expression
transcripts in dog retina throughout retinal development, patterns of ROBO1 and ROBO2 in normal adult retinas.
suggesting an important role for these genes in retinal Robust ROBO1 expression is seen in PR inner segment
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and OPL (Fig. 5A"). Immunolabeling with ROBO2 antibod-
ies showed detectable expression of this protein in the
inner nuclear layer and ganglion cell layer (Fig. 5B"), where
ROBO?2 displays immunoreactivity to cells labeled with the
amacrine cell marker paired box 6 (PAX6)?” and the ganglion
cell marker POU class 4 homeobox 1 (POU4F1/BRN3A)3®
(Supplementary Fig. S3). These data indicate specificity in
the expression pattern of ROBO1 versus ROBO2 in adult
dog retina with prominent expression of ROBO1 at the
site where PR cells form synapses with HCs and bipolar
cells.

To detail this finding, we performed immunohistochem-
istry for ROBO1 and presynaptic or postsynaptic retinal
markers. Briefly, strong ROBO1 immunolabeling in normal
retina was detected in PR terminals defined by PSD95
(Fig. 5C) and CtBP2 (Figs. 5E-F) staining. Interestingly,
confocal imaging showed especially strong ROBO1 label-
ing in rod spherules (Figs. 5C-F), contrasting with low
ROBOL1 signal in cone pedicles (Fig. 5F). ROBO1 expres-
sion in OPL postsynaptic sites was examined using PARV
and PKCo antibodies. In normal retina, ROBO1 labeling
is present in PARV' (horizontal) cells (Fig. 5D), albeit in
lesser amounts than in rod synaptic terminals. We found
no evidence of ROBO1 expression in PKCa" dendrites
(Fig. SE).

We next sought to determine whether ROBO1 levels in
rod terminals varied between normal retinas. Toward this
end, we performed triple staining for ROBO1, CtBP2, and
PKCuo (Supplementary Fig. S4). Despite insignificant vari-
ation of ROBO1 levels between samples, we found that
ROBO1 labeling was well-preserved in rod spherules in all
normal retinas examined. Most significantly, no abnormal
neuronal remodeling in outer retina was noted.

Finally, to confirm that expression of ROBO1 protein
in retinal OPL is conserved between species we examined
the expression of orthologous ROBO1 in human, nonhu-
man primate, mouse and rat retinas (Supplementary Fig. S5).
Similar to dog, ROBO1 labeling was found in the OPL of all
species studied, where the protein was present in PR termi-
nals defined by CtBP2 staining.

ROBO1 Expression in Presynaptic Sites is
Decreased in XLPRA1 Retinas

We previously showed that the entire retina in XLPRA1 is
affected by the disease process, but is least severe near the
optic nerve and progresses in severity centripetally from
the periphery.!* We took advantage of the spatial pattern
of PR degeneration present in mutant retinas, to compare
the expression level of ROBO1 in presynaptic sites in the
midperipheral area of the retina (more affected by disease)
and more central (less severe, closer to the optic nerve).
Double immunolabeling with ROBO1 and PSD95 antibodies
in representative 23-week-old (predisease) and 37-weeks-
old (early disease) retinas shows that ROBO1 levels in
rod spherules is markedly decrease in the midperipheral
region compared with the control retinas (Fig. 6). Notably,
a number of rod PRs with retracted axon terminals were
found in the midperipheral area in 37-weeks-old XLPRA1
retinas, but not in 23-weeks-old XLPRA1 retina (Figs. 6C, E,
G). In contrast, the vast majority of all labeled presynap-
tic sites were confined to the OPL in the area closer to the
optic nerve in mutant retinas examined, although ROBO1
labeling was equally low to the matched midperipheral area
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(Figs. 6D, F, H). The results suggest that a decrease in ROBO1
levels in rod spherules precedes rod axon retraction, point-
ing to a link between reduction of ROBO1 in rod synaptic
terminals and subsequent axon retraction.

DISCUSSION

Retinal remodeling, such as PR axon retraction and/or
sprouting of neuronal processes is a well-documented
process in human patients with RP as well as in animal
models of RP>*17:2° Such remodeling events are not unique
for RP, because they have also been reported in other
genetic® and environmental diseases such as AMD?? and the
aging retina,” as well as retinal detachment.?!"*> However,
there is a considerable heterogeneity in the progression of
neuronal morphologic changes and network rewiring in reti-
nal dystrophies, owing to the diverse molecular pathways
underlying the retinal cell dysfunction. In this study, we
examined the disease-associated remodeling of axonal and
dendritic processes in the outer retina of affected dogs carry-
ing the XLPRA1 mutation in the RPGR gene. Results from
this study provide new information on the XLPRA1 disease-
associated changes in synaptic connectivity between rod PRs
and their target cells, RBCs and HCs.

Late-onset XLPRA1 is a progressive rod—cone retinal
degeneration.'%17.18:40 Notably, opsin mislocalization and
rod neurite sprouting were detected in XLPRA1 before any
discernible PR degeneration.!” Moreover, initiation of the
immune response in XLPRA1 was observed as early as 16
weeks, long before the time when the earliest structural
changes and PR degeneration become apparent.!®!° ERG
studies revealed no detectable abnormalities in the rod-
and cone-mediated responses in XLPRA1 dogs younger than
6 months of age,'* pointing toward neuronal plasticity and
possible repairing of visual circuits in the early stages of
disease.

Examination of neuronal remodeling events in the outer
retina of XLPRA1l-affected dogs of different age showed
numerous retractions of the axon terminals of rod PRs into
the ONL. These axonal changes, driven by unknown molec-
ular cues, precede significant loss of rod PRs and are accom-
panied by sprouting of RBC dendrites and HC processes
into the ONL. What accounts for the differences in connec-
tivity between retracted presynaptic and sprouted postsy-
naptic sites in early disease retinas versus advanced disease
retinas remains to be identified. In retinas with advanced
disease where there is a prominent loss of PRs, the synap-
tic remodeling in the outer retina can be explained, at
least partially, by a break of synaptic contacts owing to
neuronal death followed by rewiring of synaptic connec-
tions between rod PRs and their target cells. In contrast,
the observed pattern of remodeling in early disease XLPRA1
retinas supports a dynamic, synchronous movement of both
the presynaptic and postsynaptic sites to maintain the synap-
tic connection between rod PRs and their targets. To estab-
lish this point definitively, however, will require additional
studies.

The actin cytoskeleton has been proposed to regulate PR
axon retraction, although relatively little is known about the
underlying mechanism. Prior studies showed that activation
of RHOA GTPase, a key regulator of the cytoskeleton, and its
downstream signaling effectors mediate rod axonal retrac-
tion after retinal detachment and injury.?’'>> We hypothe-
sized that disease-associated perturbations in axon guid-
ance signaling pathways, known to regulate the activity of
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Ficure 6. Expression pattern of ROBO1 in XLPRA1 retinas. Confocal imaging of ROBO1 (red), PSD95 (green), cone PR marker hCAR (cyan)
immunolabeling in normal (A-B), predisease (C-D) and early disease (E-H) retinas at midperipheral (approximately 6000 pm from the ora
serrata) (A, C, E, G) and central (approximately 10,000 pm from the ora serrata) (B, D, F, H) areas. In normal retina (A-B""), ROBO1 strongly
labels rod spherules (cyan outline) and has negligible labeling in cone pedicles (yellow outline). Compared with normal retinas, ROBO1
labeling in XLPRA1-affected retinas is reduced within PR terminals delineated by PSD95 (C-H). Notably, ROBO1 reduction is prominent
in rod spherules (PSD95"/hCAR™, C-H"’, orange and yellow arrows) in both the midperipheral and central areas in all XLPRA1-affected
samples. ROBOL1 levels in cone pedicles (PSD95"/hCARY, A-H"', magenta arrows) remain seemingly unaffected. In early disease samples,
rod axon terminal retraction (PSD957/hCAR™) is detected in the midperipheral area (E, G, yellow arrows) but considerably less in the central
area (H, yellow arrow). In contrast, the predisease sample does not show axon terminal retraction in either the midperipheral (C, orange
arrow) or central areas (D, orange arrow). In both areas examined, ROBO1 labeling in PSD951/hCAR™T cones is unaffected and pedicles
remain confined to the OPL (A-H", magenta arrow). For each figure part of the image (separated by a solid or dashed line) is presented by
omitting a color layer to better illustrate a particular feature. Scale bar = 20 pm.
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RHO GTPases, underlie or contribute to rod axon retrac-
tion and degeneration. Two evolutionary conserved axon
guidance receptors ROBO1 and ROBO2 that mediate repul-
sion in response to binding of SLIT ligands during neuronal
development®-?72841 were tested in this study for possible
association between their expression pattern and synaptic
remodeling in XLPRA1.

In developing neural tissue, SLIT/ROBO signaling was
shown to recruit cytoplasmic kinases and regulatory
molecules associated with actin polymerization and micro-
tubule cytoskeleton reorganization,?’-?%42 including the
Abelson tyrosine kinase, the enabled protein, and GAPs
(S1it-ROBO GTPase-activating protein 1 and RHO GTPase
activating protein 39) that inactivate RHO GTPases (RHOA,
CDC42), thus modulating cytoskeletal dynamics. Follow-
ing nervous system development, expression patterns of
many axon guidance molecules are decreased, whereas
others retain their expression levels and are present in adult
neural tissues.”> Because various mature neurons continue
to express receptors for guidance cues, it has been spec-
ulated that axon guidance signaling pathways play a role
in synaptic stabilization and limitation of neuronal plasticity
in adulthood.®® Expression of ROBO receptors was previ-
ously reported in the adult brain, spinal cord, and periph-
eral nervous system, %> but the presence of ROBO proteins
is not limited to neuronal cells. In non-neural tissues,
SLIT/ROBO signaling has been linked to roles in angiogen-
esis, cancer progression, cell migration, and survival among,
other processes.?’-28:30,46-49 Notably, being expressed in reti-
nal endothelium, ROBO1 and ROBO?2 activities promote the
migration of endothelial cells and contribute to retinal angio-
genesis in health and disease. >

In this study, we determined the complete structure and
tissue specific expression patterns of one ROBO1 and two
ROBO2 transcripts that were previously uncharacterized in
the dog. Notably, expression of ROBO1 and ROBO2 v.1
was found in both retina and brain, whereas expression
of ROBOZ2 v.2 was limited to the retina. This observation
not only supports the importance of the ROBO genes in
neuronal function, but is also consistent with the possibility
that ROBO genes are critical for maintaining retinal home-
ostasis as they exhibit coordinated expression and have a
stable ratio between transcripts beginning early in retinal
development.

We found that, in fully developed normal retinas, ROBO1
protein is expressed in the inner segment of PRs, and in the
OPL, where it is predominantly expressed in rod spherules
and to a lesser extent in HC soma/processes. The presence of
ROBOL1 in rod spherules led us to hypothesize that ROBO1
signaling may be required for presynaptic activity of rod PRs.
Moreover, ROBO1 immunolabeling in the inner segment of
PRs can reflect both the membrane-localized form and the
internalized form of ROBO1 because SLIT-dependent endo-
cytic trafficking of the ROBO1 was shown to be necessary
for its signaling output.’®>>! Although it remains to be deter-
mined how guidance cues affect the function of PRs, some
additional roles for the SLIT/ROBO1 pathway beyond medi-
ating axon responses may be envisioned. One possibility
is an involvement of this pathway in regulation of aerobic
glycolysis in postmitotic PRs, similarly to reported contribu-
tion of SLIT/ROBO1 pathway to the Warburg effect in cancer
cells.>?:53

Furthermore, ROBO2 was found in PAX6™ and POU4F1"
retinal neurons, supporting a role for this receptor in
amacrine and ganglion cell activities. Notably, these cells
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show immunostaining for ROBO2 in both the cell periph-
ery and in the nucleus where ROBO2 displays overlap with
neural transcription factors PAX6 and POU4F1 expression
patterns (Supplementary Fig. S3). Interestingly, bioinformat-
ics analysis of ROBO2 sequence identified a classical nuclear
localization signal at the C-terminus of the protein (Supple-
mentary Table S4), suggesting a possible role of ROBO2 as
a regulator of gene expression. If so, this will be in support
of the previously proposed hypothesis that signaling from
the nucleus may be a common output of axon guidance
receptors.’* Although the presence of ROBO proteins in the
nucleus have been previously reported,*®->> here we present
the first observation of nuclear localization of ROBO2 in a
subset of retinal neurons.

Next, ROBO1 was selected as a candidate protein to study
disease-associated remodeling of PR because it is present
in PR synaptic terminals. Analysis of predisease and early
disease XLPRA1 retinas identified markedly decreased level
of ROBOL1 in rod spherules, but no significant changes
in ROBOL1 levels were noted in cone pedicles and post-
synaptic sites. The maintenance of ROBO1 expression in
cone pedicles may account for their lack of retraction in
this disease. Interestingly, the decrease in ROBO1 levels
occurred in XLPRA1 dogs as early as at 23 to 37 weeks
when affected retinas are relatively normal morphologically.
One cannot exclude the possibility that a critical decrease of
ROBOL1 levels in rod terminals may trigger actin cytoskele-
ton rearrangement followed by retraction of rod axon termi-
nals into their cell bodies. These results warrant further
investigation.

An important question that remains is what may induce
the drop of ROBOL1 levels in rod synaptic terminals early
in the disease. A defect in intracellular transport and/or
processing in ROBO1 levels that might result in mistarget-
ing of the protein in XLPRA1 is a viable hypothesis. Indeed,
aberrant protein trafficking is a common feature in retinal
degenerative diseases, and for instance the mislocalization
of opsin(s) in human and animal models of retinal degener-
ation have been frequently reported.'?17-2° Similar to several
other RPGR disease models,'?>° opsin mislocalization was
detected in XLPRA1 prior to any discernible PR degener-
ation, although the underlying mechanism(s) is not fully
understood.

In conclusion, this study reports remodeling defects
in the outer retina of XLPRA1l dogs, including rod PR
axon retraction and disrupted stratification of RBC and
HC neurites. Moreover, gene and protein expression data
suggest a range of functions for the axon guidance recep-
tors ROBO1 and ROBO?2 in the retina. Finally, a correlation
between reduction of ROBO1 in rod synaptic terminals and
subsequent axon retraction appears to be an important early
feature of the disease.
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