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Purrosk. To define genetic variants associated with variable severity of X-linked progres-
sive retinal atrophy 1 (XLPRA1) caused by a five-nucleotide deletion in canine RPGR
exon ORF15.

MerHODS. A genome-wide association study (GWAS) was performed in XLPRA1 pheno-
type informative pedigree. Whole genome sequencing (WGS) was used for mutational
analysis of genes within the candidate genomic region. Retinas of normal and mutant
dogs were used for gene expression, gene structure, and RNA duplex analyses.

Resurts. GWAS followed by haplotype phasing identified an approximately 4.6 Mb candi-
date genomic interval on CFA31 containing seven protein-coding genes expressed in
retina (ROBO1, ROBO2, RBM11, NRIP1, HSPA13, SAMSN1, and USP25). Furthermore, we
identified and characterized two novel IncRNAs, ROBO1-AS and ROBOZ2-AS, that display
overlapping gene organization with axon guidance pathway genes ROBO1 and ROBO2,
respectively, producing sense-antisense gene pairs. Notably, ROBO1-AS and ROBO2-AS
act in cis to form IncRNA/mRNA duplexes with ROBO1 and ROBO2, respectively, suggest-
ing important roles for these IncRNAs in the ROBO regulatory network. A subsequent
WGS identified candidate genes within the genomic region on CFA31 that might be impli-
cated in modifying severity of XLPRA1. This approach led to discovery of genetic vari-
ants in ROBO1, ROBO1-AS, ROBO2-AS, and USP25 that are strongly associated with the
XLPRA1 moderate phenotype.

Concrusions. The study provides new insights into the genetic basis of phenotypic vari-
ation in severity of RPGR®/">-associated retinal degeneration. Our findings suggest an
important role for ROBO pathways in disease progression further expanding on our
previously reported changes of ROBO1 expression in XLPRA1 retinas.

Keywords: X-linked retinal degeneration, genetic variants, genotype-phenotype correla-
tion, animal disease model

etinitis pigmentosa (RP) is a large heterogeneous group-
R ing of inherited retinal degenerative diseases leading to
photoreceptor cell death and blindness.! As a class, X-linked
RP (XLRP) comprise some of the most severe diseases, and
accounts for 10% to 20% of all RP cases.> Although six
disease loci have been mapped on the X-chromosome (RP2,
RP3, RP6, RP23, RP24, and RP34; https://sph.uth.edu/retnet/
disease.htm) approximately 75% of XLRP cases map to the
RP3 locus®# that encodes the disease causative gene retini-
tis pigmentosa GTPase regulator (RPGR).>® RPGR-XLRP
demonstrates considerable allelic heterogeneity, and more
than 350 different RPGR sequence variants have been iden-
tified to date in patients with XLRP (http://rpgr.hgu.mrc.ac.
uk).

The RPGR gene is subject to alternative splicing and
two major isoforms are expressed in the retina.>’-® The
constitutive RPGR isoform is encoded by exons 1 through
19, whereas the RPGR*!> variant is encoded by exons 1
through 14 and terminates with a large alternative purine-
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rich ORF15 exon derived from the extension of exon 15
into intron 15. The RPGR®"> plays a critical role in reti-
nal function and viability, as multiple disease-causing muta-
tions in the ORF15 exon have been identified in humans,
dogs, and mice.®?-1° Furthermore, gene augmentation ther-
apy with RPGR!> preserves photoreceptors function and
prevents their degeneration in animal disease models.!!!?
Extensive phenotypic diversity is observed between
patients with different RPGR mutations, and even between
patients in families with the same mutation.'>'* The molecu-
lar basis of such clinical variability in XLRP is poorly under-
stood. It might be partially due to RPGR allelic heterogene-
ity’® but it can also reflect environmental or genetic back-
ground influences. Genetic variants contributing to back-
ground effects are termed “modifiers,” and these may alter
the penetrance or expressivity of a pathogenic variant.!31>-18
It has been previously shown that the presence of common
variant in RPGR-interacting protein NPHP5 (I393N) is asso-
ciated with more severe disease in patients with XLRP with
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mutations in RPGR exons 1 to 14,'> suggesting that variation
in NPHP5 may serve as modifier for the disease. However,
to date, there were no genetic variant(s) reported to be asso-
ciated with severity of retinal degeneration caused by muta-
tions in the RPGR exon ORF15.

Clinically relevant naturally occurring canine models of
X-linked progressive retinal atrophy (XLPRA) have proven
useful in exploring molecular mechanisms of XLRP and test-
ing therapeutic strategies.'>1°-22 Using the XLPRA1 model
of RPGR*/"> XLRP, the present study seeks to provide new
insights into the genetic basis of phenotypic variation in
disease severity. The disease is caused by a microdele-
tion in RGPR exon ORF15 (del1028-1032) that produces
a premature stop resulting in a C-terminal truncation of
230 residues. The mutant protein has a shortened Glu-Gly-
rich acidic domain and lacks the basic ORF15 C-terminal
domain known to interact with nucleophosmin?® and tubulin
tyrosine ligase like-5.2* Affected dogs have normal photore-
ceptor morphogenesis, after which there is gradual but
progressive degeneration and eventual vision loss.?> The
mutant retinas display mislocalized opsin, upregulation of
pro-inflammatory genes expression early in disease, and
remodeling defects in the outer retina, correlated with deple-
tion of axon guidance receptor ROBO1 in rod synaptic termi-
nals.'9-22

Similar to human patients with RPGR mutations, XLPRA1-
affected dogs display broad phenotypic variability in disease
severity and progression.”> The original research colony
developed to map and characterize the disease was estab-
lished by outcrossing a single XLPRA1 affected male to
unrelated normal females free of known inherited reti-
nal degenerations,”® and subsequently expanded by inter-
crosses/backcrosses to dogs of known genotypes at the
XLPRA1 locus. Because of distinct phenotypic differences
in disease severity”® we hypothesized that the severity
of the photoreceptor degeneration in affected dogs can
be influenced by the action of modifier genes. However,
analysis of 12 gene-candidates encoding RPGR interacting
proteins as well as proteins essential for ciliary traffick-
ing (RPGRIP1, RPGRIP1L, RANBP2, NPM1, PDEGD, NPHPS5,
ABCA4, DFNB31, RABSA, RAB11B, CEP290, and CC2D2A)
resulted in their exclusion as potential genetic disease modi-
fiers.?*%’

To identify genetic variants associated with disease sever-
ity, in this study, we conducted a genome-wide associa-
tion study (GWAS) in the XLPRA1l phenotype informative
pedigree and identified a candidate genomic interval on
CFA31 containing potential genetic modifiers. As a major-
ity of genes within the genomic region on CFA31 had
not yet been annotated in the dog genome, we carried
out a detailed characterization of these genes. A subse-
quent whole genome sequencing and genotype-phenotype
association study demonstrated strong association between
genetic variants in four genes (roundabout guidance recep-
tor 1 [ROBO1], ROBO1 antisense RNA [ROBO1-AS], ROBO2
antisense RNA [ROBO2-AS], and ubiquitin specific peptidase
25 [USP25]) within the candidate genomic interval on CFA31
and disease severity.

MATERIALS AND METHODS
Ethics Statement

The research was conducted in full compliance and strict
accordance with the Association for Research in Vision and
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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 (IACUC).

Pedigree Resources

Details of the origin and composition of the XLPRA1 colony
have been previously published.?>?’ Briefly, the colony was
established by outcrossing a single XLPRA1l-affected male
Siberian husky to unrelated healthy female beagles shown
to be free from inherited retinal degeneration based on test
breeding to known homozygous affected dogs with other
autosomal recessive diseases.?® The carrier progeny were
subsequently mated with mixed breed or other purebred
dogs of varied genetic background to produce informa-
tive hemizygous or homozygous affected males or females,
respectively, and heterozygous females. All dogs were main-
tained under specific and standard conditions where all
animals have the same exposure to cyclic light (12 hours:
12 hours light-dark cycle), receive the same diet, and have
the same medical procedures and vaccinations. A subset of
the colony, consisting of 45 dogs (affected for RPGR muta-
tion [V = 29] and normal [N = 16]), was selected for the
studies (Supplementary Fig. S1). Twenty-four of the total
29 XLPRA1 affected dogs were the same used in prior
analyses of potential candidate disease modifier genes,?*:?”
and were included based on the results of serial clinical
assessment of retinal disease status using indirect ophthal-
moscopy, electroretinography (ERG), and high resolution
optical microscopy of plastic embedded retinal tissues. The
remaining five affected dogs were added to the study based
on the clinical assessment of retinal disease status and ERG.
All colony dogs were maintained under identical condi-
tions, including diet, exposure to cyclic light, and medica-
tions/vaccination, at the Retinal Disease Studies (RDS) facil-
ity, University of Pennsylvania. Morphologic criteria were
used to establish grades of disease severity taking into
account the animal’s age, degree, and extent of disease.?’
Three disease phenotypes were defined: (1) mild = degener-
ation present only in periphery after 1.5 years of age or later,
(2) moderate = peripheral retinal degeneration develops
between 11 and 15 months of age, and (3) severe = photore-
ceptor degeneration stage 2 or more advanced, present both
centrally and peripherally before 11 months of age).?®

Study Samples

The study used archival DNA samples from normal and
XLPRA1 dogs as well as retinal samples mostly remaining
from the previously published studies.?’:?>?7:%8 Sections of
retinal tissues embedded in an epoxy resin were prepared
in our previous study.”> Canine brain tissue was collected
and stored at —80°C. The total RNA from mouse retina (1
month old, C57BL/6 strain) was a kind gift from Dr. Helen
Léger (University of Pennsylvania).

RNA Extraction and cDNA Synthesis

Total RNA was isolated from canine tissues using a modi-
fied 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, USA) following
the manufacturer’s recommendations. First strand cDNA for
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full length transcripts analysis was gained using the Ther-
moScript RT-PCR System (Life Technologies, Carlsbad, CA,
USA).

Genome-wide Association Mapping and
Haplotype Analysis

Genomic DNA from 16 control and 29 XLPRA1 affected cases
(15 dogs with severe, 12 dogs with moderate, and 2 dogs
with mild disease phenotype) was genotyped on the Illu-
mina CanineHD BeadChip (Illumina, San Diego, CA, USA)
that contains 173,662 single nucleotide variants (SNVs). The
data set was filtered for genotyping rates (< 95%), low minor
allele frequencies (< 0.05), and deviation from Hardy Wein-
berg equilibrium (P < 107°). The GenABEL package was
used to carry out the GWAS,” applying a mixed model
approach. The files for the haplotype phasing program
BEAGLE was prepared with PLINK version 1.9.3° Haplo-
types within the highest associated locus were reconstructed
using BEAGLE version 3.0,>! phasing the whole chromo-
some using the default options and 1000 iterations. The
same procedure was used in the second iteration, with the
additional SNVs added using a text editor.

RNA-Seq Analysis

To have a visual reference of retina-expressed genes, we
used the RNA-seq data generated by our group as a part of
the previous study.>* Briefly, the reads were mapped to the
CanFam3.1 canine reference genome assembly using STAR
version 2.7.3 The SAM file obtained was then converted
to BAM and the reads were sorted using Samtools3* The
mapped reads were visualized with Integrated Genome
Viewer (https://software.broadinstitute.org/software/igv/).

Whole Genome Sequencing and Variants
Comparison

Four Illumina TruSeq PCR-free DNA libraries were prepared,
with an insert size of 350 base pairs (bps). The sequenced
dogs selected were two severe cases (H2 and H38), and
two moderate cases (H29 and H59; Supplementary Fig. S1).
After collecting HiSeq2500 paired-end reads (2 x 150 bp),
the fastq files were created using Casava version 1.8. A total
of 854,110,100 150 bp paired-end reads were collected for
the 4 dogs (489,897,687 and 364,212,413 for the moder-
ate and severe cases, respectively). The reads were mapped
to the CanFam3.1 using Burrows-Wheeler Aligner version
0.5.9-r16% using the default settings. The SAM file gener-
ated was converted to BAM, and the reads were sorted using
Samtools.>* The average coverage was 15.12 for the moder-
ate cases and 11.33 for the severe cases.

The GATK version 2.4.9 program® was used for vari-
ant calling within the candidate interval, using the “Haplo-
typeCaller” module. The variant data for each sample were
obtained in variant call format (vcf, version 4.0). Variant
filtration followed the best practice documentation of GATK
version 4. SnpEff software’” and the CanFam3.1 assembly
were used to predict the functional effects of the variants.
Then, each group of dogs (moderate and severe) was filtered
against the other in order to detect variants exclusive for
both moderate cases. Each variant was carefully checked
against the annotation.
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Rapid Amplification of cDNA Ends

The 5'- and 3’-Rapid Amplification of cDNA Ends (RACE)
were performed with the RNA-ligase-mediated RACE (RLM-
RACE) system (Thermo Fisher Scientific, Rockford, IL, USA),
according to the manufacturer’s recommendations and using
gene-specific primers listed in Supplementary Table S1.

Amplification of Long PCR Fragments

Long-range PCR was performed using GoTaq Long PCR
Master Mix (Promega, Madison, WI, USA). Corresponding
primers sequences are listed in Supplementary Table S1.
All novel transcript data generated in this study have been
deposited to the National Center for Biotechnology Informa-
tion (NCBD GenBank database and Accession Numbers are
listed in Supplementary Tables S1 and S2.

Genotyping

Candidate genetic variants were genotyped in XLPRA1 pedi-
gree using direct sequencing of PCR products. Fisher’s exact
test (two-sided) was used for statistical analysis (P < 0.05).
For in silico genotyping, we searched through the .vcf file
containing the SNV called from the whole genome sequenc-
ing (WGS) data of 800 dogs of various breeds part of the
studies carried out by the Dog Biomedical Variant Database
Consortium.*® The SNVs were extracted with a simple bash
script and formatted with a text editor.

Ribonuclease Protection Assay

Total RNA (approximately 5-6 pg) from 16 week old canine
retina was orderly digested with TURBO DNAase (Thermo
Fisher Scientific) for 30 minutes at 16°C and RNase A/T1
Mix (Thermo Fisher Scientific) for 1 hour and 30 minutes
at 16°C to remove all the genomic DNA contamination
and single-strand RNAs. RNA was purified after each step
with the RNA Clean & Concentrator kit. The ¢cDNA from
endogenous double-strand RNAs (dsRNA) was produced
using the ThermoScript RT-PCR System (Life Technologies)
and the mixture of three gene-specific primers. The reac-
tion conditions involved two cycles of heating at 82°C for
1 minute, 65°C for 1 minute, 60°C for 30 seconds, and
57°C for 30 minutes. The double-stranded cDNA was ampli-
fied in 25 ul PCR reaction system. After 35-cycle amplifi-
cation, the products were checked by electrophoresis on
5% polyacrylamide gel (PAAG) with ethidium bromide stain-
ing. Primer sequences are listed in Supplementary Table S1.
Notes: Total RNA used for these experiments, was isolated
from canine retina under mild/nondenaturing conditions to
preserve prospective natural RNA duplexes.

Relative Quantification (ddCt) Assay

Gene expression was determined by quantitative real-time
PCR (qRT-PCR) in 16 week old normal (V.= 3) and XLPRA1-
affected retinas (N = 3-6). Each group analyzed included
at least 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 concen-
tration of 0.2 pM. The TATA-box binding protein (7BP)
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gene expression level was used to normalize the cDNA
templates.?’ Primers used are listed in Supplementary Table
S1. Amplification data were analyzed with the 7500 Software
version 2.0.1 (Applied Biosystems). Unpaired #-test was used
for statistical analysis. Genes with P < 0.05 and fold changes
(FCs) > +/— 2 were considered differentially expressed.

Sequence Analysis Tools

Possible impact of an amino acid substitution on the struc-
ture and function of proteins was evaluated with the
PolyPhen-2 online software (http://genetics.bwh.harvard.
edu/pph2/).

The IntaRNA program® was used for the prediction
of RNA-RNA interactions (http://rna.informatik.uni-freiburg.
de/IntaRNA/Input.jsp).

RESULTS

GWAS Detects a Candidate Genomic Interval on
CFA31

To map genomic loci containing candidate modifiers that
affect distinct XLPRA1 phenotypes (Fig. 1A and Supplemen-
tary Fig. S1), we performed GWAS analysis in the disease
phenotype informative pedigree (Supplementary Fig. S1). A
cohort of 16 controls and 29 XLPRA1 cases was genotyped
on Illumina CanineHD BeadChips. After quality control,
132,218 SNVs remained for association analysis in GenABEL.
The calculated genomic inflation factor (lambda) of 1.38
indicated a degree of stratification, therefore a mixed model
approach was used for the association analysis. As an addi-
tional control, an association study was performed to repli-
cate the mapping of the XLPRA1l disease causative locus
on canine chromosome X.° The 10 most highly associated
SNVs reached a P value of 6.69 x 107® and were located on
CFAX between 31,161,359 (BICF2P479827) and 34,529,510
(BICF2P1287979) bp (Supplementary Fig. S2A, S2B). Consid-
ering that RPGR gene is positioned on CFAX between
33,056,371 and 33,105,037 bp, the XLPRA1 causative locus
was reliably remapped.

Next, we carried out the association analysis, using
15 dogs with severe (group 1, “control”) and 12 dogs with
moderate (group 2, “cases”) disease phenotypes. Although
the remaining dogs were not a part of either group, they
were left in the dataset for calculation of minor allele
frequencies and Hardy-Weinberg equilibrium. As the group
sizes were small and stratified, the GWAS analysis did not
reach significance after Bonferroni correction. Nonetheless,
we identified a single locus on CFA31 with notable trend
toward association with the XLPRA1 phenotype (Supple-
mentary Fig. S2C, S2D). Notably, the peak associated with
the region showed a log (P value) just below the very
strict Bonferroni correction threshold. To define the precise
boundaries of this critical interval, SNV data from CFA31
were phased. The haplotype h1, composed of 320 SNVs
linked to this locus, is positioned on CFA31 between
8,198,289 and 12,813,330 bp (see Fig. 1B and Supplemen-
tary Dataset S1). This haplotype was found in XLPRA1 pedi-
gree in a subset of affected dogs as well as in five clinically
normal breeding dogs that passed it on to their offspring (see
Supplementary Dataset S1). Thereafter, two XLPRA1 pheno-
types (severe and moderate, see Fig. 1A and Supplemen-
tary Fig. S1) were tested for their haplotype association. The
haplotype b1 was present in heterozygous state in 9 of 12
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affected dogs with moderate disease phenotype (P < 0.02,
Fisher’s exact test) but absent in any of the 15 dogs with
severe disease phenotype (see Supplementary Dataset S1).
After this last step, we considered the CFA31 4.6 Mb inter-
val CFA31:31,161,359 to 34,529,510 as a suitable candidate
region for the moderate phenotype.

To examine this genomic interval for retinal genes expres-
sion, we used RNA-seq data from adult normal dog retinas
(GSE97638%%). RNA-seq data were visually inspected using
the Integrative Genomics Viewer (IGV) software. Seven
protein-coding genes (roundabout guidance receptor 1 and
2 [ROBO1 and ROBO2, respectively]l, RNA binding motif
protein 11 [RBM11], nuclear receptor interacting protein 1
[NRIP1], heat shock protein family A member 13 [HSPA13],
SAM domain SH3 domain and nuclear localization signals 1
[SAMSN1], and ubiquitin specific peptidase 25 [USP25]) were
found to be expressed in this approximately 4.6 Mb interval,
with ROBO1 and ROBOZ2 genes occupying approximately
half of the locus (see Fig. 1B).

Characterization of the Genes Within the Genomic
Interval on CFA31

The accurate exon-intron structure of the seven genes within
the CFA31 region is required for the downstream muta-
tional analysis. Of the mapped seven genes within the
genomic region, only two, ROBO1 and ROBO2, were previ-
ously characterized in the normal dog retina.?* Therefore,
we first examined the exon-intron structure of the remain-
ing five transcripts (RBM11, NRIP1, HSPA13, SAMSN1, and
USP25) using IGV software. The structure of the four tran-
scripts (RBM11, HSPA13, SAMSN1, and USP25) was further
confirmed by sequencing of corresponding PCR products
(Supplementary Fig. S2E). As the sequencing of NRIP1 PCR
products presented a major challenge due to high guanine
and cytosine (GC) content, we chose to use its Ensembl tran-
script as a reference sequence for downstream mutational
analysis. Brief characterization of the transcripts within the
genomic interval is given in Supplementary Tables S2 and S3.
Predicted structure for sufficiently long open reading frames
(ORFs) was based on the similarity to the known human and
mouse orthologous sequences.

By comprehensively exploring the gene expression land-
scape in the CFA31 region we also identified two novel IncR-
NAs, ROBO1-AS and ROBO2-AS, that overlapped with canine
ROBO1 and ROBOZ2, respectively, but were transcribed
in the antisense direction. We first discovered ROBOZ2-AS
in the course of experimental verification of the expres-
sion of testis-derived EST CX986571 (CFA31: 9,715,744 to
10,176,010) in normal adult dog retina. Of four CX986571
exons, three were found to be expressed in the retina. RACE
analysis to identify 5’ and 3’ ends of the transcript and
computational evaluation of its coding potential revealed
that it is actually a noncoding natural antisense transcript.
Overall, three alternatively spliced transcriptional variants
of ROBO2-AS (v.1 [composed of 3 exons], v.2 [6 exons], and
v.3 [5 exons], schematically shown on Fig. 2A) were found
in the retina. These variants have a common start in the
second intron of ROBO2 as well as common second and
last exons with 100% antisense homology to the ROBO2 v.2
second exon and the first exon, respectively. Exonic organi-
zation of the ROBO2-AS v.1 was validated by RT-PCR and
expression of this transcript was found in both, the retina
and brain (Fig. 2B). ROBO2-AS v.2 and v.3 have predicted
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Ficure 1. Variability in XLPRA1 disease progression rate and fine-mapping of the critical region on CFA31. (A) Representative
images of normal and XLPRA1 retinas with moderate and severe phenotype. Examination of 1 pm sections from archival tissues embedded
in epoxy resin shows differences in severity of photoreceptor degeneration in mutant retinas from littermates H81 (moderate) and H78
(severe). When compared to normal, disease samples display reduction of ONL thickness of approximately 25% and 50% in H81 (moderate)
and H78 (severe), respectively. IS and OS of remaining photoreceptors are shortened and disorganized as disease progresses. RPE, retinal
pigment epithelium; OS, outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer.
Scale bar is 20 pm. (B) Results of the phasing of CFA31. A 320 SNV markers haplotype b1, spanning a genomic region of approximately
4.6 Mb (bighlighted in green), has been identified in 9 of the 12 cases with a “moderate” phenotype, and in none of the 15 dogs with a “severe”
phenotype. In all nine dogs, the haplotype is heterozygous (marked in red and blue). The critical interval on CFA31 between 8,198,289 and
12,813,330 bp is marked by black arrow beads. Seven retina-expressed genes (ROBO1, ROBO2, RBM11, NRIP1, HSPA13, SAMSN1, and
USP25), along with their positions within the interval are indicated. The blue upward arrows represent the 10 best trait-associated SNVs in
GWAS, where BICF2G630731481 and BICF2P393568 are the markers with the highest association (P values of 7.16e-5). Note: positions are
given according CanFam3.1 dog genome assembly.
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FiGure 2. Structural organization of IncRNA ROBO2-AS and its functional analysis in the retina. (A) Exon structure and alternative

transcripts of the sense-antisense ROBO2 / ROBOZ2-AS gene pair. ROBO2-AS produces three transcripts through alternative splicing (v.1
[exons 1, 2, and 4], v.2 [exons 1 to 3, 3a, 3¢, and 4], and v.3 [exons 1 to 3, 3b, and 4]) (fop). Two transcript variants of ROBO2 (27 coding
exons each) have common 26 exons but differ in their first coding exon (bottom). (B) Expression of IncRNA ROBO2-AS v.1 in normal canine
retina (24 weeks) and brain (1.1 years). Note: In order to present the data in a streamlined way the irrelevant lanes were spliced out from
the 12-wells agarose gel (indicated by dashed lines). (C) Results of the RPA. Upper panel: Presence of IncRNA/mRNA duplex between the
ROBO1-AS/ROBO1 (lane 1 [exons 10 to 11 of ROBO1] and ROBO2-AS/ROBO2 [lanes 2 and 3: exon 2 and exons 1 and 2 of ROBO2 v.2,
respectively) were validated by RT-PCR in cDNA produced from nuclease treated RNA, lanes 4 and 5 show negative controls (genomic and
ssRINA, respectively). Lower panel: Positive control (PC) experiment where the same analysis was repeated in cDNA produced from untreated

RNA.

structure supported by two PCR products with overlap in
the common exon 3. To confirm on a preliminary basis that
sense-antisense organization of ROBO2/ROBO2-AS genes is
conserved between species, we examined the presence of
orthologous Robo2-AS in mouse retina. The identified tran-
script (Supplementary Fig. S2F) displayed structural and
sequencing homology to canine ROBO2-AS v.1 and formed
a sense-antisense overlap with mouse Robo2.

Canine IncRNA ROBO1-AS was identified subsequently
by screening the ROBO1 exons in antisense direction using
5'RACE. Three alternative 3’-ends of ROBO1-AS were identi-
fied by 3'RACE. The assembly of ROBO1-AS transcript vari-
ants v.1,v.2, and v.3 was done through overlap of 5RACE and
3'RACE products. Briefly, all three variants are predicted to
have 100% antisense homology to part of the ROBOI mRNA
where ROBO1-AS v.1, v.2, and v.3 overlap ROBO1 exons 8
to 13, 5 to 13, and 4 to 13, respectively. Brief characteriza-
tion and accession numbers of ROBO1-AS and ROBO2-AS
transcripts are given in Supplementary Tables S2 and S3.

The overlapping organization of ROBO genes to
produce sense-antisense gene pairs, ROBO1/ROBO1-AS and
ROBOZ2/ROBO2-AS suggests that cis-antisense RNAs ROBO1-
AS and ROBOZ2-AS may act as key regulators of ROBO1
and ROBO2 transcriptional or translational output. To exam-
ine the interaction between ROBO1-AS and ROBO1 mRNA,
as well as the interaction between ROBO2-AS and ROBO2
mRNA, we performed a ribonuclease protection assay (RPA)
on total RNA extracted from 16 weeks old normal canine

retina. RPA showed that sense/antisense RNA duplex forma-
tion occurred between the two strands, resulting in protec-
tion (see Fig. 20).

Last, we examined whether the expression profile of
the genes within the CFA31 region is impaired in predis-
ease XLPRA1 retinas. To this end, we evaluated expression
of ROBO1, ROBO2, ROBO2-AS, RBM11, NRIP1, HSPA13,
SAMSN1, and USP25 in 16 weeks old mutant retinas using
real-time PCR. At this time of age, when the retina is struc-
turally normal,?® there were no differences in expression of
these eight genes in disease compared to normal control
(data not shown). Because of the lack of unique exons and
exon-exon junctions distinguishing ROBO1-AS from ROBO1
we could not accurately determine expression levels of
ROBO1-AS.

Mutational Analysis of the Genes in the Genomic
Interval on CFA31

To further assess if sequence variants of ROBO1, ROBO1-AS,
ROBO2, ROBO2-AS, RBM11, NRIP1, HSPA13, SAMSN1, and
USP25 contribute to variation in XLPRA1 phenotype, we
carried out mutational analysis of these genes in XLPRA1
affected dogs. To this end, DNAs from two affected dogs
with a severe phenotype (H2 and H38 <negative for h1>)
and two affected dogs with a moderate phenotype (H29
and H59 <carriers for h1>) were used for the initial
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TasLe 1. Characterization of Allelic Variants in ROBO1/ROBO1-AS, ROBO2-AS, and USP25

Transcript SNV Position Allele 1 Allele 2 AA Change Accession Number? Study ID
ROBO1 CFA31: 8515350 C T A434A 15852373101 rs8523"
CFA31: 8556222 A T P1110P rs850923081 rs8509
ROBO1-AS CFA31: 8515350 G A rs852373101 rs8523P
ROBO2-4S CFA31:10176026 C G $s1350332223581 551350
USP25 CFA31: 12651217 G A R615H rs852430218 158524

Note: SNVs positions are given according CanFam3.1 dog reference genome assembly.
4 Variants accession numbers were obtained from Ensembl genome database [www.ensembl.org/] and European Variation Archive [https:

//www.ebi.ac.uk/eva/] (<rs> and <ss>, respectively).

b 58523 variant belongs to both ROBO1 and ROBO1-AS as they have overlapping gene organization. Relevant GenBank Accession No:
ROBO1 MK450411, ROBO1-AS MK450414, ROBO2-AS MK450418, and USP25 MN989981.

analysis (see Supplementary Fig. S1). Exons of
ROBO1/ROBO1-AS, ROBO2/ROBO2-AS, RBM11, NRIPI,
HSPA13, SAMSN1, and USP25 genes were analyzed by
WGS (see Materials and Methods for details). Given the
large number of sequence variants identified using WGS,
we applied high-stringency filters for narrowing down the
search. Specifically, in search for genetic determinants that
have same distribution as the haplotype b1, variants in
each group of dogs (moderate [H29 and H59] and severe
[H2 and H38]) were filtered against the other in order to
detect variants exclusive for both moderate cases. Next,
we compared and filtered SNVs as well as small indels
called in both groups. The total of 8515 SNVs and small
indels were found in the interval. These variants were
then filtered according to two criteria: (1) filtering out the
variants present in the severe cases, and (2) filtering out the
variant not present in both moderate cases. Of 1752 filtered
variants (listed in Supplementary Dataset S2) exclusive
for both moderate cases, 4 SNVs (shown in Table 1) were
found in exons of ROBO1 (rs8523 and rs8509), ROBO1-AS
(rs8523), ROBO2-AS (ss1350), and USP25 (rs8524) and were
further used in association studies. None of the filtered
variants were found within predicted ORF of the ROBO2,
RBM11, NRIP1, HSPA13, and SAMSN1 genes.

Prevalence of r$s8523, rs8509, ss1350, and rs8524
in Dogs With Moderate Disease Phenotype

Genotype frequencies of the ROBO1 (rs8523 and rs8509),
ROBO1-AS (1s8523), ROBOZ2-AS (ss1350), and USP25
(rs8524) sequence variants were analyzed in the XLPRA1-
affected dogs and evaluated for association with moder-
ate and severe phenotypes (Table 2). All four examined
variants showed strong association with moderate XLPRA1
phenotype (P < 0.02). We found that rs8509, ss1350, and
rs8524 variants fully cosegregate with the haplotype /1 from
the GWAS-identified modifier locus. The rs8523 variant was
present in all 9 rs8509/s51350/rs8524 positive dogs, but also
found in an additional 3 dogs (1 with moderate and 2 with
severe XLPRA1 phenotype) that did not harbor the rs8509,
$s1350, or rs8524 variants.

We further examined whether rs8523, rs8509, ss1350, and
rs8524 are a part of the haplotype »1. To this end, these
four variants were merged with a subset of the SNV dataset
used for GWAS and first round of phasing (CFA31 8,106,389
to 12,877,782). This second dataset was again phased using
the BEAGLE software. Two XLPRA1 phenotypes, severe and
moderate, were tested once more for association with each
haplotype identified. For a second time, we found signif-
icant association (P < 0.02) of the major haplotype with a

TaBLe 2. Distribution of ROBO1/ROBO1-AS (1s8523), ROBO1
(rs8509), ROBO2-AS (ss1350), and USP25 (rs8524) SNVs in XLPRA1
Pedigree

Sample ID rs8523 rs8509 51350 r$8524
Severe
H2 1,1 1,1 1,1 1,1
HG64 1,1 1,1 1,1 1,1
H104 1,2 1,1 1,1 1,1
H105 1,2 1,1 1,1 1,1
H78 1,1 1,1 1,1 1,1
H79 1,1 1,1 1,1 1,1
HS82 1,1 1,1 1,1 1,1
H143 1,1 1,1 1,1 1,1
H35 1,1 1,1 1,1 1,1
H38 1,1 1,1 1,1 1,1
H71 1,1 1,1 1,1 1,1
H72 1,1 1,1 1,1 1,1
H73 1,1 1,1 1,1 1,1
H118 1,1 1,1 1,1 1,1
H497 1,1 1,1 1,1 1,1
Moderate
H29 1,2 1,2 1,2 1,2
H31 1,2 1,2 1,2 1,2
H130 1,2 1,1 1,1 1,1
H131 1,2 1,2 1,2 1,2
HS1 1,2 1,2 1,2 1,2
H208 1,1 1,1 1,1 1,1
H59 1,2 1,2 1,2 1,2
H201 1,2 1,2 1,2 1,2
H202 1,1 1,1 1,1 1,1
H498 1,2 1,2 1,2 1,2
H499 1,2 1,2 1,2 1,2
H500 1,2 1,2 1,2 1,2
Note: 1 = Allele 1 (wild type); 2 = Allele 2 (sequence variation).

moderate XLPRA1 disease phenotype (shown in Supplemen-
tary Dataset S3). The haplotype identified in nine dogs with
moderate disease phenotype matched to the haplotype b1
described above but modified by rs8523, rs8509, ss1350, and
rs8524 variants, hereafter referred to as h1R. Notably, the
b1R haplotype included ROBO1/ROBO1-AS 158523, ROBO1
rs8509, ROBO2-AS ss1350, and USP25 rs8524, supporting a
potential role for these variants in the genetic architecture
of the disease.

Distribution of rs8523, rs8509, ss1350, and
r$8524 Sequencing Variants

We next determined if the ROBO1/ROBO1-AS, ROBO2-AS,
and USP25 sequence variants were subject to positive or
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TasLe 3. Allele and Genotype Frequencies of ROBO1/ROBO1-AS (1s8523), ROBO1 (1s8509), ROBO2-AS (ss1350), and USP25 (rs8524) Variants

in a Heterogenic Dog Population

Genotype, N (Genotype Frequency O/E)

SNV Dogs, N 1,1 1,2 2,2 P Value” Allele 1 Frequency,% Allele 2 Frequency, %
rs8523 799 587 (0.73/0.70) 165 (0.21/0.27) 47 (0.06/0.03) 0.66 83.8 16.2
rs8509 796 581 (0.73/0.70) 163 (0.21/0.27) 52 (0.06/0.03) 0.66 83.2 16.8
ss1350 798 725 (0.91/0.89) 61 (0.08/0.10) 12 (0.01/0.01) 0.88 94.7 53
1s8524 800 724 (0.91/0.89) 66 (0.08/0.10) 10 (0.01/0.01) 0.49 94.6 5.4

Note: “The x? test was used to compare observed (O) and expected (E) genotype frequencies.

negative selection in dog populations. For this, we queried
the Dog Biomedical Variant Database Consortium, which has
WGS data from domesticated dogs worldwide.®® Using in
silico genotyping, we determined that allelic frequency of
rs8523, rs8509, ss1350, and rs8524 in this heterogeneous
dog population (V = 800, 126 breeds) was 16.2%, 16.8%,
5.3%, and 5.4%, respectively, as shown in Table 3. No signifi-
cant differences were found between observed and expected
genotype frequencies, excluding the possibility that rs8523,
rs8509, ss1350, and rs8524 are deleterious alleles.

Both rs8523 and rs8509 are synonymous substitution
in ROBO1 (p. A434A and p. P1110P, respectively) and
whereas rs8524 is the missense change in USP25 (p. R615H)
it is predicted to be benign by the PolyPhen2 software.
The functional significance of rs8523 and ss1350 requires
further clarification as these sequence variants may have an
impact on ROBO1-AS and ROBO2-AS interaction with the
cis-target transcripts (ROBO1 and ROBO2, respectively) as
well as with their potential trans-targets that are yet to be
identified.

Association of ROBO1-A4S rs8523 and ROBO2-AS
51350 With Reduced Immune Response

The intensity of the immune response has been shown to
contribute to neurodegeneration in retinal pathologies.i0-42
As previous studies demonstrated the ability of some IncR-
NAs to modulate the host immune response,~%> we exam-
ined whether ROBO1-AS rs8523 and ROBO2-AS ss1350 may
be associated with variation in immune response in affected
retinas. To this end, we performed a gene expression experi-
ment in pre-disease 16 week old mutant retinas that differ by
rs8523/ss1350 genotype (18523~ /ss1350~/~ [16w-group
1] and rs8523 /" /ss1350~/* [16w-group 2]), using a subset
of the immune response genes previously shown to be
upregulated very early in XLPRA1 disease.?’?! Although at
16 weeks, XLPRA1 retinas are still morphologically normal
and the disease severity phenotype is yet unknown, one
can expect that adaptive changes in the immune response
in this early time point may ameliorate further disease
progression.

We found that although the entire subset of immune
response genes studied (TLR4, P2RX7, IL1B, GEAP, IL4, FGF,
and LIF) was significantly upregulated in both 16w-groups
compared to normal control (P < 0.05), but the increase of
gene expression in the 16w-group 2 (rs8523/ss1350~/") was
of considerably lower magnitude (Table 4). These results
point to a potential value of rs8523 and ss1350 as predic-
tive markers of modulated immune reaction in the retina,
although the precise mechanism underlying such modula-
tion remains to be defined.

TaBLE 4. Comparative Analysis of Gene Expression in Two Study
Groups
Relative Expression vs
Normal Control, Fold Changes
16w-Group 1 16w-Group 2
Gene rs8523 /" /ss1350 /- rs8523 /% /ss1350~/*
TLR4 13.1 7.6
P2RX7 4.1 2.2
IL1B 29.2 14.8
GFAP 9.9 5.3
114 14.2 8.8
FGF 5.3 3.4
LIF 4.5 3.4
Discussion

Identifying the genetic factors that contribute to interindi-
vidual differences in disease is critical for understanding
genotype-phenotype correlations and for developing appro-
priate targeted therapies. In this study, we have examined
genotype—phenotype correlations in a naturally occurring
large animal model of RPGR-XLRP using a GWAS approach
and targeted genetic testing.

The XLPRA1 study pedigree is a small and inbred affected
population. Although these limitations affected the P value
of the signal and the pattern of the QQ-plot (Supplemen-
tary Fig. S2D), a combined approach of GWAS and phasing
allowed us to pinpoint an approximately 4.6 Mb candidate
genomic interval on CFA31 that contained candidate modi-
fier genes of XLPRA1 and to identify a haplotype segre-
gating in a statistically significant manner between severe
and moderate cases. We found that the genomic region
on CFA31 contains seven protein-coding genes (ROBO1,
ROBO2, RBM11, NRIP1, HSPA13, SAMSN1, and USP25) and
most notably, two novel IncRNAs ROBO1-AS and ROBO2-AS
that display overlapping gene organization with axon guid-
ance receptor genes ROBO1 and ROBO2, respectively.

Next, we evaluated sequence variations in the genes
within the CFA31 region and their putative association with
disease phenotype. We found strong association between
the genetic variants in ROBO1/ROBO1-AS (1s8523), ROBO1
(rs8509), ROBO2-AS (ss1350), and USP25 (rs8524) and
moderate disease phenotype both individually and as an
intrinsic part of the reconstructed haplotype h1R. Geno-
type distribution of rs8523, rs8509, ss1350, and rs8524 in
dog population further confirmed our initial hypothesis that
these variants are not rare mutations accumulated in XLPRA1
pedigree due to the breeding process but are relatively
common DNA polymorphisms. However, this fact cannot
disqualify either of these variants to be a potential modifier
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as genetic polymorphisms may exert an impact on disease
phenotype in the presence of disease causal mutation.'

Having identified a list of four genetic variants, we spec-
ulate that not each of these sequence variants might impact
the expressivity of disease phenotypes. ROBO1 synonymous
substitutions (rs8509 and rs8523) may not have an effect on
ROBOL1 protein functions. On the other hand, ss1350 and
rs8523 variants are more complicated to interpret as ss1350
is a part of ROBO2-AS and rs8523 is a part of both ROBO1
and ROBO1-AS transcripts. Both ROBO1-AS and ROBO2-AS
are newly described IncRNAs and their exact role in retinal
function is not established yet.

In this study, we demonstrated ROBO1-AS and ROBO2-AS
act in cis to form IncRNA/mRNA duplexes with ROBO1 and
ROBO2, suggesting a contribution of these natural antisense
transcripts to regulatory complexity of axon guidance ROBO
pathway. Still, the underlying basis for such interactions
remains to be further characterized as duplex RNA between
sense and antisense transcripts may bring about a vari-
ety of outcomes, including changes in mRNA stability and
translation, modulation of mRNA nuclear transport, splic-
ing, and editing.“>*” Taking into consideration the impor-
tant role of ROBO signaling for neuronal cell functions, it is
not surprising that the activity of ROBO receptors is highly
controlled at all possible levels, including gene expression,
splicing, mRNA stability, translation, post-translational modi-
fication, and cell-type specific cleavage.®®> Whereas the
ROBO pathway is best known for mediating axon repul-
sion in the developing nervous system,’®>! results of our
recent study highlight the role of ROBO signaling in adult
mammalian retina.’? We showed that in fully developed
normal canine retinas, ROBO1 protein is predominantly
expressed in photoreceptors and depletion of ROBO1 levels
in rod synaptic terminals strongly correlates with the remod-
eling of axonal and dendritic processes in the outer retina
of XLPRA1 dogs. We have also found prominent expres-
sion of ROBO2 in the subset of amacrine and ganglion
cells, suggesting a range of functions for this receptor in
the retinal neurons.?? One cannot exclude the possibility
that changes in regulation of ROBO levels by natural anti-
sense transcripts may play a role in retinal remodeling asso-
ciated with XLPRA1 progression. This assumption will be
addressed in future studies.

Recent evidence increasingly implicates IncRNAs in the
critical regulation of multiple biological processes through
epigenetic regulation, chromatin remodeling, effects on gene
and protein expression, cellular transport, cell differentia-
tion, organ or tissue development, metabolic processes, and
chromosome dynamics.’?~>* Therefore, one might surmise
that genetic variants or dysregulation of IncRNAs can exert
broad effects on health and/or disease. For instance, our data
point to the potential regulatory effect of ROBO1-AS and/or
ROBO2-AS on variation in immune response in mutant reti-
nas, either directly or indirectly.

Specifically, we identified substantial differences in
expression levels of seven immune response genes in pre-
disease mutant retinas (with unknown yet disease severity
phenotype) that harbor the ROBO1-AS rs8523 and ROBO2-
AS ss1350 variant. It has been shown that some IncRNAs
can modulate immune response through direct regulation of
immune cell differentiation and function.”>~%> On the other
hand, IncRNAs are known to participate in almost every
aspect of visual maintenance and impairment.> In retinal
disorders, neuroinflammation is an adaptive response to
tissue stress, regulated by retina-resident nonimmune and
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immune cells, which are in constant communication with
retinal neurons to sense the release of damage-associated
signals. In pathological conditions, this tight communica-
tion between cells mediate the magnitude of inflammatory
responses in the retina.

How IncRNAs ROBO1-AS and ROBOZ2-AS are being
involved into regulation of physiological and pathological
responses of retinal cells can be critical for understanding
the pathogenesis of RPGR-associated retinal degeneration.
Thus, whereas the relationship between ROBOI1-AS rs8523
and ROBOZ2-AS ss1350 and the resultant XLPRA1 pheno-
type is clearly provocative, further functional studies will be
required to mechanistically determine how these variants
may modulate expressivity of XLPRAI.

Regarding the USP25 missense variant (rs8524) predicted
to be benign, we suggest that it may not lead to a substan-
tial effect on USP25 protein functions. Although USP25 was
shown to be involved in regulation of the immune path-
ways in non-retinal cells,’>>° the role of this protein in
the retina remains poorly understood®” and would require
further examination.

Overall, our results demonstrate a genetic association
of ROBO1/ROBO1-AS rs8523, ROBO1 rs8509, ROBO2-AS
ss1350, and USP25 rs8524 variants with milder disease
phenotype in XLPRA1 dogs. These findings open up new
opportunities to explore whether genetic variants in corre-
sponding human orthologous genes have a prognostic value
in individuals with RPGR-XLRP with a range of disease
severity. In addition, our data suggest a complex connec-
tion between ROBO pathways and the disease progression
and provide a basis for future mechanistic studies that will
inform the molecular events responsible for complex regula-
tion of ROBO1-AS and ROBO2-AS signaling in the retina, and
provide new insights into potential therapeutic strategies for
retinal degeneration.
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