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ABSTRACT
Mutations in the retina-specific isoform of the gene encoding retinitis pigmentosa GTPase regulator 
(RPGRorf15) cause X-linked retinitis pigmentosa, a severe and early onset inherited retinal degeneration. 
The underlying pathogenic mechanisms and variability in disease severity remain to be fully elucidated. 
The present study examines structural features of the ORF15 exonic region to provide new insights into 
the disease pathogenesis. Using canine and human RNA samples, we identified several novel RPGR 
ORF15-like linear RNA transcripts containing cryptic introns (exitrons) within the annotated exon ORF15. 
Furthermore, using outward-facing primers designed inside exitrons in the ORF15 exonic region, we 
found many of previously unidentified circular RNAs (circRNAs) that formed via back fusion of linear 
parts of the RPGRorf15 pre-mRNAs. These circRNAs (resistant to RNAse R treatment) were found in all 
studied cells and tissues. Notably, some circRNAs were present in cytoplasmic and polysomal RNA 
fractions. Although certain RPGR circRNAs may be cell type specific, we found some of the same 
circRNAs expressed in different cell types, suggesting similarities in their biogenesis and functions. 
Sequence analysis of RPGR circRNAs revealed several remarkable features, including identification of N6- 
methyladenosine (m6A) consensus sequence motifs and high prevalence of predictive microRNA bind
ing sites pointing to the functional roles of these circRNAs. Our findings also illustrate the presence of 
non-canonical RPGR circRNA biogenesis pathways independent of the known back splicing mechanism. 
The obtained data on novel RPGR circRNAs further underline structural complexity of the RPGR ORF15 
region and provide a potential molecular basis for the disease phenotypic heterogeneity.
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Introduction

Retinitis pigmentosa (RP) is a heterogeneous group of inherited 
retinal degenerative diseases leading to vision loss [1] where 
X-linked RP (XLRP) comprises one of the most severe forms of 
the disease and accounts for 10% to 20% of all RP cases [2]. Of six 
disease loci mapped on the X-chromosome (https://sph.uth.edu/ 
retnet/disease.htm) approximately 75% of XLRP cases map to the 
RP3 locus [3], that encodes the disease causative Retinitis pigmen
tosa GTPase regulator (RPGR) gene [4–7]. To date, more than 300 
different RPGR sequence variants have been identified in patients 
with XLRP 5−7 (summarized in RetNet:https://sph.uth.edu/ 
RetNet/). The majority of cases are associated with rod-cone 
dystrophy, the prevalent form of RP. Less commonly, X-linked 
cone-rod dystrophy, cone dystrophy and macular degeneration 
are caused by RPGR gene mutations [8–10]. Although at present 
there is no cure for RPGR-associated retinal disease, recent 
advances in RPGR research have led to the development of poten
tial therapies, including the adeno-associated viral (AAV)- 
mediated RPGR gene replacement (https://clinicaltrials.gov/: 
NCT03316560, NCT03252847), following proof-of-concept stu
dies in animal models of X-linked RP [11,12].

RPGR has a complex expression pattern and produces multi
ple splicing variants that widely expressed. There are two major 
isoforms of RPGR (RPGRex1−19 and RPGRorf15) found to be 

expressed in the retina [4,13,14]. The RPGRex1−19 is encoded 
by exons 1 through 19 and expressed in ciliated cells throughout 
the body. However, to date, this transcriptional variant has not 
been firmly associated with any disease, although its expression 
levels are critical for development and maintenance of cilia 
length [15,16]. The RPGRorf15 is unique to vertebrates [17]. It’s 
encoded by RPGR exons 1 through 14 and terminates with 
a large alternative exon ORF15 derived from the extension of 
exon 15 into intron 15 [5]. Interestingly, alternative splicing 
events (ASEs) were reported within the ORF15 region [18,19]. 
The RPGRorf15 is expressed in PR sensory cilia and basal bodies 
[20] and is shown to play a critical role in retinal function and 
viability, as multiple disease-causing mutations have been iden
tified in RPGRorf15 in humans, dogs, and mice [5,21–23]. Of 
those, up to 60% occur in the RPGR ORF15 exon, containing 
a highly repetitive purine-rich internal region that encodes Glu- 
Gly-rich acidic domain. The repetitive nature of exon ORF15 
poses challenges for molecular and clinical studies. RNA- 
sequencing generally fails to obtain sufficient coverage in this 
region [24]. Besides, cloning of the RPGRorf15 cDNA is proble
matic due to the instability of the ORF15 sequence, providing 
a basis for the use of codon-optimized constructs [25].

Extensive variability in disease phenotype is observed 
between patients with different ORF15 mutations, and even 
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between patients in families with the same mutation [26,27]. 
The molecular basis of such clinical heterogeneity in XLRP is 
poorly understood. It might be partially due to RPGRorf15 

allelic heterogeneity or be influenced by the action of modifier 
genes. In support of the latter, our recent study in canine 
model of RPGRorf15-XLRP has identified several candidate 
genetic modifiers within the genomic region on CFA31 that 
could be implicated in modifying disease severity [28]. In the 
context of the exon ORF15 allelic heterogeneity, researches 
have been puzzled for years by how a fairly similar set of 
ORF15 mutations can result in distinct disease phenotypes. 
Among other factors, alternative splicing events might con
tribute to this effect [29,30]. Interestingly, repeat-rich 
sequences and non-canonical splice sites within coding 
exons have been shown to favour biogenesis of circular 
RNAs (circRNAs) [31,32], a distinct class of endogenous 
regulatory RNAs. CircRNAs are covalently closed RNA mole
cules formed by back splicing or back fusion of linear RNAs 
[32,33]. There is gradual recognition that many mammalian 
genes are able to produce circRNAs [34]. Increasing evidence 
suggests that circRNAs play important roles in many cellular 
processes, including protein translation control, gene regula
tion via competing with linear splicing and sponging 
microRNAs (miRNAs) [33–36].

Here, we aimed to examine the presence of RPGR 
circRNAs that originate from the genomic region correspond
ing to exon ORF15. Our study revealed previously unknown 
features of RPGR, including the identification of a substantial 
number of circRNAs. The RPGR circRNAs were identified in 
all studied cells and tissues and were present in total RNA 
pool as well as in cytoplasmic and polysomal RNA fractions. 
Furthermore, we used bioinformatic tools for sequence ana
lysis to examine functional features of RPGR circRNAs. Our 
data underline the complexity of the ORF15 region and pro
vide potential molecular basis for phenotypic heterogeneity in 
RPGR ORF15-linked disease.

Results

RPGRorf15 and RPGR ORF15-like transcripts in canine and 
human cells

In canine retina RPGRorf15 protein is predominately located in the 
connecting cilium of photoreceptors (Fig. 1A) similar to mouse 
and human orthologous proteins [12,20,37]. Given the lack of 
knowledge on whether canine RPGRorf15 pre-mRNA produces 
linear ORF15-like transcripts, we analysed cDNA from canine 
retinal samples by RT-PCR. In normal retina we identified 3 
novel RPGR ORF15-like transcripts (5.4 kb (#1), 4.7 kb (#2) and 
2.6 kb (#3)) (Fig. 1B, top left panel; Fig. 2A). Annotation of these 
transcripts showed that portions of the ORF14/ORF15 sequence 
were removed in a variable manner through utilization of non- 
canonical (atypical) splice sites. Also, retinal ORF15-like tran
scripts #1-3 have identical open reading frame (ORF) despite 
differences in the structure of 3ʹUTR and are predicted to encode 
the same protein with an estimated molecular weight 50 kDa.

The presence of RPGR ORF15-like transcripts in retinal cDNAs 
interferes with acquiring of RPGRorf15 transcript in RT-PCR, 
where RPGR ORF15-like transcripts (with lesser repetitive 

sequence) are preferably accumulated in the reaction. Here, canine 
RPGRorf15 transcript was obtained as two overlapped RT-PCR 
products (encompassing exons 1–13/14 and exons 13/14- 
ORF15) (Fig. 1B, top left panel). Similar to mouse orthologous 
Rpgrorf15 transcript [5,18], intron 14 is not spliced out from canine 
RPGRorf15, forming a terminal exon composed of the exon ORF14 
(exon 14 and intron 14) and the ORF15 exon. Previously reported 
by our group partial sequences of canine RPGR (AF385629 and 
AF148800) support current transcript assembly (Fig. 2A, top). 
Western blot analysis with anti-RPGR N-terminal antibody 
detected three major bands (estimated as 135 kDa, 88 kDa and 
50 kDa) in normal canine retinas (Fig. 1C, left panel). Of these 3 
bands, we anticipate the top band (135 kDa) to be specific for 
RPGRorf15 protein as it splits in two bands with close molecular 
weights (135 kDa/110 kDa) in carrier females with X-linked pro
gressive retinal atrophy 1 (xlpra1, caused by 5-bp deletion in exon 
ORF15 producing a premature stop resulting in a C-terminal 
truncation of 230 residues [22]) (Fig. 1C). Also, the lowest mole
cular weight band (50 kDa (Fig. 1C)) matches the molecular 
weight of the predicted protein encoded by RPGR transcripts 
#1-3 (schematically shown on Fig. 2A).

We next examined the presence of RPGR ORF15-like tran
scripts in cultured canine primary skin fibroblasts (FBs) iso
lated from both a wild type dog and a dog affected by xlpra2 
mutation (a 2-bp deletion in exon ORF15 that induces 
a frameshift with inclusion of 34 basic amino acids and 
truncation of the terminal 161 residues [22]). We identified 
two RPGR ORF15-like transcripts (4.3 kb (#5) and 2.6 kb 
(#6)) in polysome-bound mRNA fraction isolated from FBs 
(Fig. 1B, bottom panel). As clearly seen on Fig. 2A the struc
ture of these two fibroblast-expressing transcripts is similar to 
those found in the retina. Although different in 3ʹUTR, these 
two fibroblast-expressing transcripts have the same ORF as 
retinal transcripts #1-3 and predict to encode the same pro
tein. In line with this proposition, Western blot analysis 
identified approximately 50 kDa band in FBs (Fig. 1C, right 
panel). RPGRorf15 transcript was not detected in canine pri
mary FBs. In support, Western blot in these primary cells did 
not detect a band with a molecular weight corresponding to 
RPGRorf15 protein (Fig. 1C, right panel).

We further analysed cDNA samples from human retina and 
human cell lines ARPE19 and Y79 for the presence of RPGRorf15 

and RPGR ORF15-like transcripts. Briefly, in human retina we 
identified RPGRorf15 transcript (3.5 kb) and two novel RPGR 
ORF15-like transcripts (2.6 kb (#7) and 2.1 kb (#8)) (Fig. 1B 
right panel, Fig. 2B). Another two novel RPGR ORF15-like 
transcripts (2 kb (#9) and 1.6 kb (#10) were found in polysome- 
bound mRNA fraction isolated from ARPE19 and Y79 cells 
(Fig. 1B bottom panel, Fig. 2B). However, RPGRorf15 transcript 
was not spotted in these human cell lines.

In conclusion, our study data support the retina-specific 
transcription and processing of the RPGRorf15 transcript. We 
also showed that RPGR genomic locus encodes various alterna
tively spliced RPGR ORF15-like transcripts in a range of cell 
types. Notably, alternatively spliced introns in RPGR ORF15-like 
transcripts are present within the region annotated as ‘RPGRorf15 

terminal exon’. We next sought to determine whether such 
internal introns (exitrons) escape degradation and become pre
cursors of circRNAs.
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Figure 1. RPGR gene and protein expression in canine and human cells. Representative confocal imaging of paraformaldehyde (PFA) fixed (A1-A3) and unfixed (A4- 
A6) normal canine retinas immunostained with anti-RPGR (green) and ciliary marker polyglutamylation modification GT335 (red) antibodies. We found that PFA 
fixation of the retinal tissue interferes with RPGR labelling of photoreceptors (the signal was obtained only from few retinal OCT sections); therefore, the results were 
confirmed in unfixed OCT retinal sections. In photoreceptor cells, connecting cilia and to a certain extent the downstream area towards the inner segment display 
strong RPGR labelling in both PFA fixed and unfixed retinal sections. Note: ONL = outer nuclear layer; IS = inner segment of photoreceptors. A1 and A4 show the 
merged image for the three channels, including DAPI nuclear stain on the left of each set, separated by dashed line. A2, A3, A5 and A6 images are presented as an 
individual colour to better illustrate a particular feature. Scale bar = 10 µm. (B) RT-PCR expression analysis of RPGRorf15 and RPGR ORF15-like transcripts in canine (top 
left) and human (top right) retinas. (bottom) RPGR ORF15-like transcript were also identified in polysome-bound mRNA fraction isolated from human cell lines (ARPE19 
and Y79) and cultured canine primary skin fibroblasts (FBs) isolated from both xlpra2 mutant and normal dogs (bottom left, lane 2 and 3, respectively). Note: The 
irrelevant lanes were spliced out from the 12-wells agarose gel (indicated by dashed lines). (C) Western blot analysis of RPGR protein in canine retinas and primary 
skin fibroblasts.
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Numerous circRNAs are hosted by RPGR exon ORF15 region

Here, we tested the hypothesis that the repetitive region of the 
RPGRorf15 terminal exon (that has a high rate of ASEs) is prone 
to form circRNAs. Towards this end, we performed RT-PCR in 
cDNA transcribed from total RNA samples isolated from canine 
(retina, brain and FBs) and human (retina, ARPE19 and Y79) 

cells using outward-facing primers designed inside identified 
exitrons in ORF14/ORF15 (dog) and ORF15 (human) exonic 
regions (as shown on Fig. 3A and 3E, respectively). We obtained 
a subset of RT-PCR products where 3’- and 5’-part of linear 
RPGRorf15 (derived from forward and reverse primers, respec
tively) were joined accurately, supporting back fusion events for 

Figure 2. Structural organization of RPGRorf15 and RPGR ORF15-like transcripts. Exon structure of the RPGRorf15 and alternative transcripts in (A) canine and (B) human 
cells. Note: Exons are numerated, and predicted stop-codon is indicated by asterisk. TSS = transcription start site. GenBank Accession Numbers for the sequences are 
listed in Supplementary Table S1.
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the formation of these products. Subsequently, the circularity of 
these candidate circRNAs was confirmed as described below.

It has become common to validate bona fide circRNAs by 
confirming that they are resistant to degradation by the 3’-5’ 

exoribonuclease Ribonuclease R (RNase R) [38]. However, 
although RNase R efficiently degrades linear RNAs, some 
linear transcripts were shown to be resistant to RNase 
R [39]. Therefore, using canine RNA samples we first tested 

Figure 3. Identification of RPGR circRNAs in canine and human cells. For circRNA detection outward-facing primers were designed inside identified exitrons in canine 
ORF14/ORF15 (A) and human ORF15 (E) exonic regions. Reaction conditions for RNAse R treatment were optimized using canine retinal RNA samples and reactions 
were carried at 37°C (2.5 hours) and 45°C (2 hours) (B). The optimized conditions for RNase R treatment (45°C, 2 hours) were also applied to human RNA samples (F). 
Representative RT-PCR images of circRNA products obtained in RNase R-treated canine (C) and human (G) RNA samples. Note: The irrelevant lanes were spliced out 
from the 12-wells agarose gel (indicated by dashed lines). The location of identified back fusion points (in linear format) is schematically shown for canine (D) and 
human (H) sequences.
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whether linear RPGR transcript can be efficiently degraded by 
RNase R. Surprisingly, RPGR failed to be fully digested at 
standard enzymatic conditions at 37°C (Fig. 3B). 
Replacement of K+ with Li+ in the RNase R reaction buffer 
that was previously reported to be helpful for digestion of 
highly structured RNA [39], was not effective (data not 
shown). We overcame this challenge by increasing the reac
tion temperature to 45°C (Fig. 3B). Using such optimized 
conditions for RNase R treatment we similarly treated canine 
(retina, brain and FBs) and human (retina, ARPE19 and Y79) 
RNA samples to enrich circular RPGR (circRPGR) RNAs 
(exemplified on Fig. 3C and 3G). Further RT-PCR and 
sequencing of PCR products obtained from RNase R-treated 
samples identified 20 canine and 16 human circRPGR 
sequences derived from the RPGRorf15 terminal exon region 
(see Table 1, Fig. 3D, 3H, Figs. 4 –5 and Supplementary Fig. 
S1). For simplicity, we mapped the identified back fusion 
points (BFPs) in circRPGRs relatively to RPGRorf15 reference 
coding sequence (canine OP555994 and human 
NM_001034853, respectively). Briefly, 7 circRPGR products 
(3 canine and 4 human) were detected in the cytoplasm of the 
cultured cells and 8 circRPGR RNAs (7 canine and one 
human) were present in polysome fraction. Remaining 

sequences were obtained from cDNA transcribed from 
total RNA.

We next organized circRPGR sequences in four groups (I– 
IV) based on their distinct structural features. Two canine 
circRPGRs (cfa-circRPGR-11 and cfa-circRPGR-12) identified 
in cytoplasmic fraction of canine FBs, were assigned to group 
I ‘multi-exonic’ (Fig. 4A). CircRPGR products derived solely 
from the region corresponding to the RPGRorf15 terminal exon 
were assigned to group II (‘sub-exonic’, n = 28) (exemplified 
on Fig. 4B and 5A). Notably, 3 members of group II (cfa- 
circRPGR-01, cfa-circRPGR-10 and cfa-circRPGR-19) were 
found in more than one cell type (see Table 1), which suggests 
their potential functionality as well as similarities to the pre- 
mRNA processing. Next, 3 circRPGR products (cfa-circRPGR 
-03, cfa-circRPGR-15 and hsa-circRPGR-03) that were struc
turally similar to group II circRPGRs but also contained 
partial intronic upstream sequence (exemplified on Fig. 5B) 
were added to group III (exonic-intronic). Lastly, 3 circRPGR 
products (cfa-circRPGR-17, hsa-circRPGR-10 and hsa- 
circRPGR-15) were assigned to group III ‘shuffled sequence’. 
These circular transcripts are non-linear chimeric molecule 
that are topologically inconsistent with the reference sequence 
(as reported in some other circRNAs [40]). Potentially these 

Table 1. Annotation of circRPGR products.

motifs adjacent to the BFP **

study ID gr.
BFP 3’_5’ 

(cDNA pos.) * D-N SHSs cells/tissue (***)

cfa-circRPGR-01 II c.2586_c.1973 ag/ca - retina (p), FBs (t), brain (t)
cfa-circRPGR-02 II c.2615_c.1992 - gaggcaaagtga/gagacaaagtga retina (t), retina (p)
cfa-circRPGR-03 III c.2669_int13.2024 gg/tc - retina (t)
cfa-circRPGR-04 II c.2667_c.1992 ag/ac - retina (t)
cfa-circRPGR-05 II c.2577_c.1966 ag/ga - retina (t)
cfa-circRPGR-06 II c.3772_c.2528 ag/ac - retina (t)
cfa-circRPGR-07 II c.3744_c.2767 - gaaggagagga/gaaggagagga retina (t)
cfa-circRPGR-08 II c.2740_c.1902 tc/ag - retina (p)
cfa-circRPGR-09 II c.2713_c.1991 gg/ga retina (p)
cfa-circRPGR-10 II c.2791_c.2066 - gatga/gatga retina (t, p), FBs (t)
cfa-circRPGR-11 I c.2682_c.1445 - aagggagagaaa/aagggaaagaaa FBs (c)
cfa-circRPGR-12 I c.3472_c.1960 ag/ct - FBs (c)
cfa-circRPGR-13 II c.2749._c.1904 aa/gc - FBs (c)
cfa-circRPGR-14 II c.3686_c.1659 gg/ga - FBs (t)
cfa-circRPGR-15 III c.3445_int13.1689 ag/aa - FBs (t)
cfa-circRPGR-16 II c.2794_c.2003 - gagaa/gagaa FBs (t)
cfa-circRPGR-17 IV c.2475_c.1977 - gcctgcagg/gtctgcagg FBs (t)
cfa-circRPGR-18 II c.2661_c.1969 - gaaatgg/gaaatgg FBs (p)
cfa-circRPGR-19 II c.2760_c.1911 ga/tc - retina (p), FBs (p)
cfa-circRPGR-20 II c.2734_c.1904 - aggcca/aggcca brain (t)
hsa-circRPGR-01 II c.3054_c.1992 aa/ag - ARPE19 (t)
hsa-circRPGR-02 II c.3178_c.1778 - gagaagagga/gagcagagga ARPE19 (c)
hsa-circRPGR-03 III c.3316_int14.586 aaagt/aaagt ARPE19 (c)
hsa-circRPGR-04 II c.3164_c.2004 aa/ct - Y79 (t, p)
hsa-circRPGR-05 II c.2489_c.2068 - aggag/aggag Y79 (t)
hsa-circRPGR-06 II c.3163_c.1826 aa/at - Y79 (t)
hsa-circRPGR-07 II c.3092_c.1860 ga/gg - Y79 (t)
hsa-circRPGR-08 II c.3078_c.1814 ag/ag - Y79 (t)
hsa-circRPGR-09 II c.3018_c.1853 - gaggaagaa/gaggaagaa Y79 (t)
hsa-circRPGR-10 IV c.2385_c.1933 ag/gg - Y79 (c)
hsa-circRPGR-11 II c.3236_c.1777 ag/gc - Y79 (c)
hsa-circRPGR-12 II c.2990_c.2217 - agaagaag/agaagaag retina (t)
hsa-circRPGR-13 II c.3143_c.2196 aggag/aggag retina (t)
hsa-circRPGR-14 II c.3021_c.2136 agaagg/aaaagg retina (t)
hsa-circRPGR-15 IV c.2320_c.1816 aa/gt - retina (t)
hsa-circRPGR-16 II c.3183_c.1768 gaggagga/gagaagga retina (t)

Note: * Unless intronic, BFPs (composed from 3’ and 5’ fusion nucleotides) are mapped relatively to RPGRorf15 reference cDNA sequence (OP555994 (dog) and 
NM_001034853 (human), respectively). ** Dinucleotides (D-N) and short homologous sequences (SHSs) are shown relatively to their position on cDNA (3ʹ/5ʹ). 
Back fusion nucleotides in dinucleotide flanking motifs and candidate back fusion nucleotides within SHS flanks are marked in bold. Mismatched nucleotides 
within the SHSs are shown in italics. *** cDNA source: (t) total RNA, (p) – polysome fraction and (c) cytoplasm. 
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circular transcripts are excised from a chimeric RPGR tran
script formed by non-canonical splicing events (such as trans- 
splicing) between two linear RPGR transcripts (schematically 
shown on Fig. 4C and Fig. 5C).

Detailed sequence analysis of circRPGRs revealed the com
plexity of alternative splicing events in this RPGR region. We 
identified short homologous sequences (SHSs) adjacent to the 
5’-end and 3’-end BFP (relatively to parental linear RNA 

Figure 4. Structural features canine RPGR circRNAs. (A) group I (Multi-exonic) is represented by two fibroblast-expressed circRNAs that have alternatively spliced 
sequences. (B) the structure of the group II (Sub-exonic) representatives, cfa-cirRPGR-01 and cfa-cirRPGR-06. (C) the structure of the group IV (Shuffled sequence) 
representative cfa-cirRPGR-17 and suggested steps in its biogenesis, including (step 1) formation of a chimeric transcript formed by two different linear RPGR 
transcripts (colour-coded) and (step 2) back fusion events. Note: For simplicity the structure of circRPGR products is shown in linear format.
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sequence) in approximately half of circRPGRs (40% canine 
and 50% human) sequences (Table 1). SHS pairs were repre
sented by identical direct repeats (11 of 16 total cases) or 
nearly identical direct repeats (with a single mismatch in 3’- 
end SHS (5 of 16 total cases)) of lengths between 5- to 12-nt. 
Further examination of nearly identical SHS pairs showed that 

mature cirRPGR sequences contain the SHS sequence without 
the mismatch. Previous studies showed that SHS pairs can 
contribute to production of natural chimeric transcripts 
through template switching in RNA processing [41,42] as 
well as may assist the biogenesis of interior circRNAs [32]. 
The potential SHS-based model for circRPGR biogenesis is 

Figure 5. Structural features human RPGR circRNAs. (A) group II (Sub-exonic) is represented by the structure of 3 circRNAs found in human cultured cells. (B) group III 
(Exonic-intronic) representative hsa-cirRPGR-03. (C) the structure of the group IV (Shuffled sequence) circRNA hsa-cirRPGR-10 and hsa-cirRPGR-15 as well as suggested 
steps in their biogenesis, including (step 1) formation of a chimeric transcript formed by two different linear RPGR transcripts (colour-coded) and (step 2) back fusion 
events.
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shown in Supplementary Fig. S2 using hsa-circRPGR-09 and 
cfa-circRPGR-02 sequences as an example. Interestingly, 
group II member cfa-circRPGR-02 is a representative of so- 
called ‘intron circles’, that contain the entire intron sequence. 
To our knowledge, only few intron circles in other genes have 
been reported to date [43,44]. Here, the sequence analysis 
revealed that cfa-circRPGR-02 contains the entire exitron 
excised from one of newly identified canine RPGR ORF15 
transcripts (MK453375).

The remaining circRPGRs which lack SHSs at proximity to 
BFP, appear to contain diverse dinucleotide motifs adjacent to 
the BFP (Table 1), suggesting an alternative mechanism (so 
far unidentified) in biogenesis of such circRPGRs. Although 
AG motif adjacent to the 3’ back fusion nucleotide was the 
most representative (found in 10 of 20 total sequences), other 
motifs varied significantly. Thus, our data point to the pre
sence of two different non-canonical pathways in circRPGR 
biogenesis (SHS-based and SHS-independent routes), 
although the precise mechanisms have yet to be defined.

Impact of natural sequence variants on biogenesis of 
circRPGRs

Sequence variants in splice sites and/or in proximal cis- 
regulatory sequences that occur naturally or due to mutagen
esis approach can result in splicing alteration in linear and 
circular transcripts [41,45–47]. Taking these data into con
sideration we sought genetic variants within ORF15 exonic 
region that may impact biogenesis of circRPGRs. Although we 
didn’t perform mutagenesis experiments, we used sequence 
analysis to evaluate the likelihood of BFPs disruption. Briefly, 
we found that the BFP (c.3472_c.1960) in cfa-circRPGR-12 
(expressed in normal canine primary fibroblasts) can be influ
enced by the xlpra2 mutation (c.3472_3473del) (Fig. 4A). To 
examine this possibility, we carried out RT-PCR in cDNA 
from xlpra2 mutant canine fibroblasts using RT-PCR primers 
designed in a proximity to the BFP of interest. We did not 
obtain PCR product containing this BFP likely due to the lack 
of the expression of this circRNA. We also identified sequence 
variant rs2067186077 (c.2320 G > A) in the hsa-circRPGR-15 
BFP (c.2320_c.1816) (Fig. 5C). It cannot be excluded that this 
is a cryptic BFP that was formed due to the presence of 
rs2067186077 in this position. We further explored whether 
any reported sequence variants in human ORF15 region are 
positionally overlapped with circRPGR BFPs. For this, we 
queried the dbSNP and the LOVD database and found that 
identified BFPs can be potentially influenced by natural 
sequence variants including deleterious mutations (see 
Supplementary Table S2 for details). These data suggest that 
certain sequence changes within exon ORF15 might lead to 
the defects in circRPGRs biogenesis.

Circular RPGR products possibly affecting cellular 
pathways

The presence of circRPGR products in the cytoplasm and 
polysomes suggests their functional significance. Here, using 
a bioinformatic approach we examined the potential for 
circRPGRs translation and their ability to target miRNAs.

It was previously shown that some circRNAs can be trans
lated into proteins in a cap-independent and internal ribo
some entry site (IRES)- or N6-methyladenosine (m6A)- 
dependent manner [35,48]. According to a recent study, 
m6A, the most abundant base modification of RNA, pro
motes efficient initiation of protein translation from 
circRNAs [35]. Sequence analysis of 7 canine circRPGR pro
ducts and one human circRPGR detected in polysome frac
tion showed the presence of m6A consensus motifs 
(‘RRm6ACH’, R = G or A; H = A, C or U [35]) in 5’ 
proximity to the AUG codons. Specifically, 7 canine poly
some-bound circRPGR RNAs (cfa-circRPGR-01, cfa- 
circRPGR-02, cfa-circRPGR-08, cfa-circRPGR-09, cfa- 
circRPGR-10, cfa-circRPGR-18 and cfa-circRPGR-19) are 
formed within ORF14/ORF15 exonic region corresponding 
c.1902-c.2793 of the reference sequence (OP555994). This 
region contains 5 AUG codons in positions c.1969 (p. 
Met657), c.2023 (p.Met675), c.2302 (p.Met768), c.2350 (p. 
Met784) and c.2662 (p.Met888). m6A consensus motifs 
were identified in positions c.1934–1938, c.2009–2014, 
c.2277–2281, c.2329–2333 and c.2643–2647. The sequence 
of human polysome-bound circRPGR RNA hsa-circRPGR 
-02 is derived from ORF15 exonc region corresponding 
c.2004-c.3164 (NM_001034853), containing two AUG 
codons in positions c.2057 (p.Met686) and c.2179 (p. 
Met727). Similar to dog, m6A consensus motifs in human 
sequence were found upstream to methionine positions in 
c.2037-c.2041 and c.2169–2173, respectively. Predicted canine 
and human circRPGR ORFs appear to be in frame with the 
reference proteins but differ in their C-terminal part (sche
matic representation of these ORFs shown on Fig. 6). Briefly, 
we found that 5 out of a total of 8 circRPGRs (cfa-circRPGR 
-02, cfa-circRPGR-09, cfa-circRPGR-10, cfa-circRPGR-18 
and hsa-circRPGR-04) has a potential to be translated by 
a rolling circle amplification mechanism [49], initiated from 
either methionine. In the remaining 3 circRPGR products 
(cfa-circRPGR-01, cfa-circRPGR-08 and cfa-circRPGR-19) 
circular junctions create frameshifting until it reaches a stop 
codon present in the new frame.

It is known that a subset of naturally expressed circRNAs can 
bind to miRNAs to suppress their function, acting as competitive 
endogenous RNAs [50]. In fact, the ability to functionally seques
ter endogenous miRNAs is the most commonly reported function 
of circRNAs. Here, we sought to examine whether the cytoplasmic 
circRPGR products have a potential to target miRNAs. Each of 
circRPGR transcripts contains a significant portion of RPGRorf15 

terminal exon. By querying the miRDB database for miRNA 
target prediction we found that the sequence within canine and 
human RPGRorf15 terminal exon contains multiple potential 
miRNAs binding sites. Top results with the highest target score 
are shown in Supplementary Tables S3 and S4. Briefly, 92 binding 
sites for 10 miRNAs were identified in canine ORF14/ORF15 
region. As the human genome is better annotated comparatively 
to that of the dog, we retrieved 636 binding sites for 35 miRNAs in 
human RPGR ORF15 sequence. None of these miRNAs binding 
sites has much significant complementarity beyond the seed 
region, indicating that these miRNAs may bind but likely cannot 
slice circRPGRs. Hence, these circular transcripts might function 
as efficient miRNA sponges.
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Overall, annotation of canine and human circRPGR 
sequences assigned putative functions to a subset of RPGR 
circular products, demonstrating the capacity of RPGR ORF15 
genomic region to produce different gene products that may 
serve multiple tasks.

LncRNA ROBO2-AS as a candidate modulator of RPGRorf15 

pre-mRNA processing

Alternative splicing of RPGRorf15 pre-mRNA produce linear 
RPGRorf15 and RPGR ORF15-like transcripts as well as 
circRPGRs suggesting that the pre-mRNA processing is 

Figure 6. Predicted ORF structures in canine and human RPGR circRNA sequences. Sequence analysis of 7 canine and one human circRNAs identified in polysome- 
bound mRNA fractions indicated potential ORF (schematically shown) within the sequences. Note: rcORF = rolling cycle ORF. Where applicable, predicted stop-codon 
is marked by bulb.
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under tight regulation. Unlike RPGR ORF15-like and 
circRPGR transcripts that were present in all cell types tested, 
expression of RPGRorf15 is limited to the retina, likely being 
photoreceptors specific. On the basis of these observations, we 
speculate that certain retinal non-coding RNAs may be 
involved in splicing control of RPGRorf15 terminal exon per
haps by forming RNA-RNA duplexes. Such RNA-RNA 
duplexes between sense and antisense transcripts known to 
modulate binding of splicing regulatory proteins as most of 
them bind to single-stranded RNA [51]. To further test this 
possibility, we examined the presence of natural RNA-RNA 
duplex between RPGRorf15 and lncRNA ROBO2-AS in canine 
retina. This lncRNA was identified in our previous screen as 
a candidate genetic modifier for RPGR retinal degeneration in 
canine model of RPGRorf15-XLRP [28]. ROBO2-AS transcrip
tional variants contain exons that lack homology to its natural 
cis target ROBO2 mRNA [28]. We assumed that ROBO2-AS 
may also act as trans-antisense RNA and be involved in 
transcriptional and/or translational control of other genes.

Computational modelling with the IntaRNA software, 
which considers both Watson-Crick (G-C, A-U) and wobble 
(G-U) base pairing, predicted interaction sites in both RNA 
sequences. Specifically, a significant part of the ROBO2-AS 
exon 3 (pos. 602–843 in MK450419) is predicted to have 

multiple overlapping interaction sites in canine exon ORF15 
region (c.2389-c.3950) with the minimal energy of RNA-RNA 
interaction (Emin) varied between −56.8 kcal/mol to 
−72.8 kcal/mol (Fig. 7A). No RNA-RNA interactions were 
predicted between ROBO2-AS (exon 3) and RPGR exons 1– 
14 (Emin didn’t exceed −20.4 kcal/mol), pointing to the like
lihood that the RPGR exon ORF15 could be a selective trans- 
antisense target for ROBO2-AS. Interestingly, the ROBO2-AS 
exon 3 contains the sequence variant that showed strong 
association with milder disease phenotype [28]. Also, 
although expression of the ROBO2-AS exon 3 was detected 
in canine retinal tissue, it was not found in primary fibroblasts 
as is the case with RPGRorf15.

Trans-antisense RNAs generally display more limited com
plementarity to their target mRNA that do cis-antisense RNAs 
[52]. Consistent with this, predicted ORF15/ROBO2-AS RNA- 
RNA duplexes contain non-contiguous segments that would 
complicate the performance of a ribonuclease protection 
assay. Therefore, we leveraged a biotin-streptavidin affinity 
purification method to examine this interaction. Briefly, 
a set of short 5’-biotin-labelled oligonucleotides (15–17 nt) 
targeting RPGR mRNA (exons 3, 7 and 12) were used to 
isolate RPGR bound to streptavidin magnetic beads in total 
RNA samples extracted from normal and xlpra1 mutant dog 
retinas (24 wks and 16 wks old, respectively). Subsequent RT- 

Figure 7. RPGRorf15 mRNA/ROBO2-AS (exon 3) interaction abundance. (A (dog) and C (human)). The plot (in a heatmap style) visualizes the minimal energy (kcal/mol) 
of any RNA-RNA interaction that can be formed between these two RNAs. (B) RT-PCR results in canine cDNA (generated from RPGR RNA bound to magnetic beads 
(MBs)) show the presence of both, wild type (left) or xlpra1-affected RPGR (middle) [partial sequences of exons 4–6 (lane 1) and 3’ part of the exon ORF15 (lane 2)] 
and ROBO2-AS (lane 3, partial sequences of exons 2–3). (right) RT-PCR results from the negative control experiment where non-specific binding of RNA to MB was 
tested by same RT-PCR analysis using cDNA generated from RNA attached to MB without 5’-biotin-labelled oligonucleotides. Note: The irrelevant lanes were spliced 
out from the 12-wells agarose gel (indicated by dashed lines).
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PCR in selected regions of RPGRorf15 and ROBO2-AS revealed 
that lncRNA ROBO2-AS was pulled down in complex with 
both wild type and mutant RPGR mRNAs (Fig. 7B), confirm
ing their targeted interaction.

We previously reported the structure of mouse orthologous 
ROBO2-AS transcript [28]. Here we identified two novel 
transcriptional variants of human ROBO2-AS lncRNA that 
displayed structural and sequence homology to both, canine 
ROBO2-AS and mouse Robo2-AS, and formed a sense- 
antisense overlap with human ROBO2. Both human ROBO- 
AS variants (v. 1 and v. 2) are expressed in the retina 
(Supplementary Fig. 3A). Comparatively to v. 1, ROBO2-AS 
v. 2 contains additional exon (exon 3, 164 nt) that has high 
antisense homology (>90%) to human RPGR exon ORF15 
(the sequence of exon 3 is shown on Supplementary 
Fig. 3B). The expression of the ROBO2-AS exon 3 was not 
detected in ARPE19 or Y79 cells. Computational modelling 
with the IntaRNA software predicted multiple overlapping 
interaction sites between ROBO-AS exon 3 (pos. 450–613 in 
OP555997) and human ORF15 region (c.1930-c.3250) with 
the Emin varied between −55.9 kcal/mol to −120.8 kcal/mol 
(Fig. 7C). No RNA-RNA interactions were predicted between 
ROBO2-AS exon 3 and RPGR exons 1–14 (Emin is below 
−24.6 kcal/mol), similar to canine RPGRorf15/ROBO2-AS 
pair. Unfortunately, the amount of human retinal RNA was 
not sufficient for RNA-RNA duplex analysis.

Overall, the enrichment of the potential RNA-RNA inter
actions between lncRNA ROBO2-AS and RPGR exon ORF15 
region (in both, canine and human gene pairs), and the 
presence of the RPGR/ROBO2-AS RNA/RNA duplex in 
canine retina suggest the involvement of lncRNA ROBO2-AS 
in regulation of RPGR pre-mRNA processing.

Discussion

To date we still know little about the cellular dysfunction 
underlying the RPGRorf15-dependent XLRP disease. Although 
it can be a result of disrupted RPGRorf15 protein interaction 
network due to the presence of RPGR mutations [26,53–55], 
we cannot exclude an impact of impaired regulation of 
RPGRorf15 pre-mRNA processing on disease phenotype. This 
study has provided a deeper insight into non-canonical spli
cing events in the RPGRorf15 pre-mRNA in canine and human 
cells. More specifically, our results address the production of 
novel linear RPGR ORF15-like transcripts and circular RPGR 
RNAs.

In addition to the retinal RPGRorf15 transcript where 
introns are spliced out through recognition of conserved 
canonical splice signals (GU, AG) at the 5′ and 3′ ends of 
the exons, we report several novel ORFs produced from the 
RPGRorf15 pre-mRNA through alternative splicing reactions 
occurring mostly within ORF14/ORF15 (dog) and ORF15 
(human) exonic regions. In these RPGR ORF15-like tran
scripts portions of the terminal exon sequence were removed 
through utilization of non-canonical splice sites. Although we 
found high frequencies of atypical 5’ splice site variants, these 
excised sequences are likely U2-type introns (that are sub
strates for the major spliceosome) as other RPGR introns. 
Splice sites are relatively weakly conserved in U2-type introns, 

resulting to more flexible splice site choices in alternative 
splicing processes [56,57].

Contrary to the conclusions of Hong et al. [18] regarding 
the existence of innumerable RPGR ORF15-like variants, we 
found a limited number of full-length ORFs corresponding to 
RPGR ORF15-like transcripts. We deliberately avoided the use 
of RT-PCR primers designed closely to the RPGRorf15 terminal 
exon to examine splicing heterogeneity within this region (as 
done in Hong et al., 2002 study [18]), assuming that some of 
RPGR ORF15-like transcripts might be temporal and be 
degraded in the nucleus. Although we obtained lesser number 
of the transcriptional variants our results do not disprove the 
reported exceptional heterogeneity in RPGR transcripts pro
cessing [18]. The presence of RPGR ORF15-like transcripts in 
the polysome fraction of cultured cells suggests their function
ality, as polysomal mRNAs are usually assumed to be actively 
translated.

Here we found that cis-splicing events in RPGR ORF15 
region are accompanied by production of the circRNAs with 
partially overlapped sequences (in text: circRPGRs). We con
sider the identified circRPGR sequences to be genuine based 
on the following reasons: (i) use of a heat-stable reverse 
transcriptase enzyme with increased thermal stability in the 
RT reaction (at 55°C, when RT artefacts are usually not 
detected [58]; (ii) RNaseR treatment; and (iii) the presence 
of several same circRPGRs in more than one cell type (see 
Table 1). Therefore, it appears reasonable to conclude that 
circRPGR transcripts are generated in vivo.

The majority of the circRNAs reported to date are 
generated by back splicing, wherein the 3′ terminus of 
an exon is ligated to the 5′ terminus of the same or an 
upstream exon from a single pre-mRNA [33,34,50]. Unlike 
these ‘canonical’ circRNAs derived from an exonic back 
splicing, ‘non-canonical’ circRNAs (lariat-derived intronic 
circRNAs, sub-exonic circRNAs, intron circles, etc.) can 
be produced by non-canonical back fusion events (cur
rently poor defined), for example, through a failure of 
intron lariat debranching or intramolecular slippage 
events that require SHSs at the back fusion points for 
RNA circularization [32,44,59–61]. Sequence analysis of 
circRPGRs products revealed that none of the identified 
circRPGRs is a ‘canonical’ circRNA. Though the exact 
mechanism underlying the biogenesis of circRPGRs 
remains unresolved, some of the identified circRPGRs 
may originate from lariat RNAs excised from the region 
corresponding to the RPGRorf15 terminal exon. In support 
of this hypothesis, we were able to detect a subset of 
circRPGRs within the identified exitrons using outward- 
facing primers (see Fig. 3). Notably, results from our 
sequence analysis suggest the presence of two different 
pathways underlying circRPGR biogenesis. Approximately 
half of circRPGRs have a pair of dinucleotide sequence 
motifs (different from canonical splice sites) next to their 
5ʹ- and 3ʹ-end BFPs. And the other half of circRPGRs 
contain SHSs adjacent to their BFPs. One may speculate 
that the presence of two non-canonical pathways (SHS- 
based and SHS-independent) in circRPGR biogenesis is 
unusual, however, similar findings were reported in other 
circRNAs [32]. Moreover, according to previous studies in 
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eukaryotes, a considerable amount of chimeric linear 
RNAs have SHSs at the junction sites of the source 
sequences while other carry dinucleotides at their junc
tions [41,62,63], suggesting that these processes are prob
ably widespread. Together with canonical cis-splicing and 
back splicing such non-canonical mechanisms contribute 
to the complexity of the transcriptome.

The presence of circRPGRs in the cytoplasm and polyso
mal fraction support their functional roles in cellular pro
cesses. To explore this possibility, we used a bioinformatic 
approach to demonstrate their potential functionality. Several 
m6A consensus motifs were identified in sequences of 
circRPGRs associated with polysomes. The presence of m6A 
is reported to promote initiation of protein translation from 
circRNAs [35,48]. However, whether circRPGRs are trans
lated in vivo into protein-like products acting as potential 
protein decoys to influence cellular functions, still needs to 
be determined. m6A-driven translation of circRNAs is shown 
to require activity initiation factor eIF4G2 and m6A reader 
YTHDF3, and it is enhanced by methyltransferase METTL3/ 
14 [64]. Interestingly, it is also upregulated under stress con
ditions (such as heat shock) [64]. On the other hand, m6A- 
containing circRNAs can be subject to endoribonucleolytic 
cleavage via YTHDF2 (m6A reader protein), HRSP12 (adap
tor protein), and RNase P/MRP (endoribonucleases) [65]. 
These evidences indicate that functionality of circRNAs is 
under tight regulation and may depend on the physiological 
state of cells.

In addition, sequence analysis of the RPGRorf15 revealed 
a considerable number of miR-binding sites in the region 
corresponding RPGRorf15 terminal exon. The enrichment of 
miR-binding sites specifically in the ORF14/ORF15 (dog) and 
ORF15 (human) suggest that certain circRPGRs generated 
from this region may act as circular miR-sponges. Similarly, 
such functional role of circRPGRs requires experimental vali
dation and will be addressed in follow-up studies. Further 
speculating on this matter, some additional roles for 
circRPGRs beyond those mentioned above, may be envi
sioned. One of several possibilities is an involvement of 
circRPGRs in the regulation of RPGRorf15 pre-mRNA proces
sing by competing with the linear transcript for the recogni
tion of specific splicing protein complexes.

The next challenge is to better understand the regulation of 
the RPGRorf15 pre-mRNA that, in fact, is fairly unexplored. To 
date, there are no publications that document direct interac
tions between the RPGRorf15 terminal exon region and trans- 
acting splicing factors, including RNA-binding proteins and/ 
or non-coding regulatory RNAs. Of those, natural antisense 
transcripts (NATs) are of particular interest. Among other 
potential mechanisms of action endogenous NATs can be 
effectively involved in splicing repression through the forma
tion of RNA–RNA hybrids with target pre-mRNAs, acting in 
cis or in trans [66]. In this study we found that in the canine 
retinal lncRNA ROBO2-AS acts in trans to form lncRNA/ 
mRNA duplexes with RPGR, suggesting that duplex formation 
could modulate the RPGRorf15 pre-mRNA processing. Further 
validation of these speculations will require genetic studies, 
including gene knockdown in appropriate settings.

Identifying the spectrum of novel ORF15-like transcripts 
(linear and circular) as well as a candidate modulator of the 
RPGRorf15 pre-mRNA splicing (lncRNA ROBO2-AS) is of 
considerable clinical interest given that patients with muta
tions in the RPGR exon ORF15 display broad phenotypic 
variability in disease severity and progression [26,27]. 
Although challenges are still in place in terms of sequencing 
difficulties of the ORF15 region, without knowledge about the 
diversity of ORF15-derived non-canonical splicing products 
with novel molecular functions, it is difficult to elucidate 
molecular mechanisms of pathogenic ORF15 mutations. 
Mutations in the RPGR exon ORF15 could not only endow 
RPGRorf15 protein with cell-damaging properties but also 
compromise the ability of circular RPGR products originated 
from the ORF15 genomic locus to perform their functional 
roles that could itself be a contributing factor into the 
RPGRorf15-XLRP disease pathogenesis.

It’s worth mentioning that since the time when RPGRorf15 

variant was first reported [5], the expression the RPGRorf15 

transcript is validated using qRT-PCR primers designed 
within lesser repetitive part of the exon ORF15 (for example, 
within 250 nt derived from the extension of exon 15 into 
intron 15 [16]). However, this ORF15 area is often present 
in linear RPGR ORF15-like transcripts and circRPGRs that are 
widely expressed. Existence of complex non-canonical events 
in ORF15 region needs to be taken into consideration to avoid 
misinterpretation of the experimental data.

Overall, the observations from this study demonstrate 
complex structural organization of the ORF15 region that 
multitasks in the biogenesis of multiple transcripts including 
RPGRorf15 as well as other linear and circular ORF15-like 
transcripts, highlighting the effective mechanisms cells 
employ for maximizing their genomes. Our findings provide 
a basis for future mechanistic studies that will inform the 
molecular events responsible for RPGRorf15 pre-mRNA regu
lation and provide new insights into potential strategies to 
slow down the disease progression in patients with RPGRorf15- 
dependent retinal degeneration.

Materials and methods

Ethics statement

The research was conducted in full compliance 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 Institutional Animal Care and 
Use Committee (IACUC).

Study samples

The study used archival fresh frozen retinal samples (16– 
24 weeks old) from normal dogs and xlpra1&2 carriers mostly 
remaining from the previously published studies [67–69]. 
Normal canine brain tissue (1.2 years old) was collected and 
stored at −80°C. Fresh retinal tissue from phenotypically 
normal dog (6 months old) from the study supported by the 
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NIH grant P40-OD-010939-36 (Vite PI) was kindly provided 
by Dr. Charles Vite (University of Pennsylvania). Canine 
primary skin fibroblasts were isolated from skin punch biopsy 
(3 mm) from normal and xlpra2 mutation affected dogs and 
cultured as described below. OCT embedded normal canine 
retinal sections used for immunohistochemistry were samples 
from current previous lab projects. Retinal RNA was isolated 
from the human eye (67 years old, male) acquired from the 
Rochester Eye & Tissue Bank (Rochester, NY, USA) and the 
archival human retinal RNA sample left from previous pro
jects was used in this study. Human cell lines Y79 and 
ARPE19 were obtained from the American Type Culture 
Collection (ATCC, Manassas, VA, USA) and were cultured 
in recommended growth conditions. The aliquots from Y79 
and ARPE19 cells were a kind gift of Drs. Raghavi Sudharsan 
and Karina Guziewicz, respectively, both scientists are mem
bers of our lab group and had purchased the cells directly 
from ATCC.

Isolation and culture of canine primary skin fibroblasts

Fibroblasts were obtained by digesting the skin punch biopsy 
samples in dispase and collagenase IV (both from STEMCELL 
Technologies Inc., Cambridge, MA, USA) enzymes mixture 
(2.5 hours at 37°C) and undigested tissues were filtered 
through a 100 μm cell strainer. The cell suspensions were 
diluted in DMEM/F12 medium (ATCC) and centrifuged at 
300 g for 8 min. Collected cells were grown in DMEM/F12 
medium supplemented with 10% foetal bovine serum (FBS) 
(Sigma-Aldrich, Saint-Louis, MO, USA), penicillin/streptomy
cin and amphotericin B (Sigma-Aldrich) at 37°C in 
a humidified 5% CO2 incubator.

Subcellular fractionation, RNA extraction and cDNA 
synthesis

Cytoplasmic fractions (from canine primary skin fibroblasts, 
Y79 and ARPE19 cells) were isolated using a PARIS kit 
(Thermo Fisher Scientific, Waltham, MA, USA). Polysomal 
fractions (from the collected fresh retina (6 months old), 
canine primary skin fibroblasts, Y79 and ARPE19 cells) were 
obtained according to previously published protocol [70] 
using 1 M sucrose cushion. Polysomes were pelleted by cen
trifugation in a TLA100.3 rotor at 50,000 rpm, 4°C for 
4 hours. RNA from cells or subcellular fractions (cytoplasm, 
polysomes) was isolated using a modified TRIzol and single 
chloroform extraction protocol as previously described [71]. 
First strand cDNA was synthesized using the Maxima 
H Minus cDNA Synthesis Kit (Thermo Fisher Scientific) 
following the manufacturer’s recommendations. Reverse tran
scription (RT) was performed at 55°C.

RNase R treatment

2 μg total RNA was incubated at 37°C (1–2.5 hours) or 45°C 
(2 hours) in 20 μl reactions that contained 2 μl 10× RNase 
R Buffer (0.2 M Tris–HCl (pH 8.0), 1 mM MgCl2 and 1 M 
KCl or LiCl), 10 U RiboLock RNase Inhibitor (Thermo 
Fisher Scientific) and 2 U RNase R (Lucigen, Middleton, 

WI, USA). Reactions were purified with RNA Clean & 
Concentrator-5 (Zymo Research, Irvine, CA, USA) according 
to the manufacturer’s instructions and the RNA was eluted in 
15 μl nuclease-free water. Note: The increased temperature 
(45°C) was recommended by the technical support team 
(Lucigen).

Reverse transcription Polymerase Chain Reaction 
(RT-PCR)

RT-PCR was performed using GoTaq® Long PCR Master Mix 
(Promega, Madison, WI, USA) using cDNA generated from 
25–50 ng of RNA and a primer concentration of 0.8 μM. 
Corresponding primers sequences are listed in 
Supplementary Table S5. Betaine solution (Sigma-Aldrich) 
was added to all reaction to final concentration 1.5 M. PCR 
thermal cycler conditions were: (1) denaturation 30 sec at 
95°C, annealing 40 sec at 64°C and elongation 1 min or 
5 min at 68°C (for ROBO2-AS and RPGR RT-PCR products, 
respectively) and (2) denaturation 30 sec at 95°C, annealing 
45 sec at 60°C and elongation 1 min at 68°C (for circular 
RNAs). PCR steps were repeated 37–39 times following by 
agarose gel purification and direct sequencing of PCR pro
ducts. Note: For Sanger sequencing of long-range PCR pro
ducts a set of internal primers was used for directed 
sequencing of entire PCR products. PCR based cloning was 
generally avoided and only used twice to clarify partially noisy 
sequencing reactions.

Western blot analysis

Western blots were carried out as previously described [67] 
using N-terminal anti-RPGR antibodies, (Abclonal, Woburn, 
MA, USA) at 1:500 ratio. Protein concentrations were deter
mined by BCA Protein Assay (Thermo Fisher Scientific), and 
equal micrograms of protein analysed. Quantification of pro
teins on western blot was performed using Image Studio 
Software provided by LI-COR. Western blot was done in 
total retinal protein extracts in normal (16 weeks old) and 
xlpra1 carrier (20 weeks) retinas.

Fluorescent immunohistochemistry (IHC)

The procedure was carried out as previously described [72]. 
Briefly, 10 μm retinal cryosections from PFA fixed and 20 μm 
retinal cryosections from unfixed tissues were washed and 
treated with primary antibodies (anti-RPGR (Abclonal) at 
1:200 ratio and anti-polyglutamylation modification GT335 
(Adipogen Life Sciences, Inc., San Diego, CA, USA) at 
1:1000 ratio) in PBS solution, 3% normal horse serum, 1% 
BSA and 0.3% Triton X-100 overnight followed by incubation 
with appropriate fluorescent secondary antibodies (Alexa 
Fluor Dyes, 1:200; Molecular Probes, Eugene, OR, USA). 
Confocal images were captured with TCS-SP5 confocal micro
scope system (Leica Microsystems, Buffalo Grove, IL, USA) 
under identical conditions and imported into ImageJ software 
[73]. Confocal images are shown as a z-stack of 11 z-steps or 
as a single z-step each of 0.21 µm. Maximum projection of all 
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images was equally adjusted for contrast and brightness with 
ImageJ software.

RNA pull-down assay using magnetic beads

200 μg of streptavidin magnetic beads S1421 (New England 
Biolabs, Ipswich, MA, USA) were resuspended 100 μl of Wash/ 
Binding Buffer 1 (WBB1) [0.5 M NaCl, 20 mM Tris-HCl (pH 7.5), 
1 mM EDTA]. 5’ biotinylated canine RPGR-specific oligonucleo
tides (listed in Supplementary Table S5) were dissolved in 25 μl of 
WBB1 to final concentration 30 μM (each), added to magnetic 
beads and incubated at room temperature for 5 min with occa
sional agitation. Beads were washed twice by adding 100 μl of 
WBB1 and finally dissolved in WBB2 [150 mM NaCl, 20 mM 
Tris-HCl (pH 7.5), 1 mM EDTA, 1 mM DTT and RNase inhibitor 
(New England Biolabs)]. 6 μg of total RNA (isolated from 
24 weeks old normal canine retina) was added to the beads and 
incubated at room temperature 3 min. The beads/oligonucleo
tides/RNA complex was washed in WBB2 for 10 min with occa
sional agitation by hand, following additional six washes, 5 min 
each. After applying magnet and removal of supernatant, beads 
were re-suspended in 25 μl of water. The suspension of beads with 
RNA hybridized was used in full in subsequent RT reaction 
followed by 34 cycles of RT-PCR.

Databases and sequence analysis tools

Leiden Open Variation Database (LOVD) [https://databases. 
lovd.nl/shared/genes/RPGR] and National Library of Medicine 
dbSNP [https://www.ncbi.nlm.nih.gov/snp/] were used to 
obtained sequence variants in human RPGR. miRDB online 
software [74] was used for miRNA targets prediction [http:// 
mirdb.org/custom.html]. The IntaRNA web-based software [75] 
was used for the prediction of RNA-RNA interactions [http:// 
rna.informatik.uni-freiburg.de/IntaRNA/Input.jsp]. DNASTAR 
Lasergene package (v. 13), the UCSC Genome Browser [76] 
[https://genome.ucsc.edu/] and the UniProt [77] [uniprot.org/] 
were used for detailed sequence analysis and alignments.
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