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X-linked retinitis pigmentosa (XLRP) is genetically heterogeneous with two causative genes identified, RPGR
and RP2. We previously mapped a locus for a severe form of XLRP, RP23, to a 10.71 Mb interval on Xp22.31-
22.13 containing 62 genes. Candidate gene screening failed to identify a causative mutation, so we adopted
targeted genomic next-generation sequencing of the disease interval to determine the molecular cause of
RP23. No coding variants or variants within or near splice sites were identified. In contrast, a variant deep
within intron 9 of OFD1 increased the splice site prediction score 4 bp upstream of the variant. Mutations
in OFD1 cause the syndromic ciliopathies orofaciodigital syndrome-1, which is male lethal, Simpson–
Golabi–Behmel syndrome type 2 and Joubert syndrome. We tested the effect of the IVS91706A>G variant
on OFD1 splicing in vivo. In RP23 patient-derived RNA, we detected an OFD1 transcript with the insertion
of a cryptic exon spliced between exons 9 and 10 causing a frameshift, p.N313fs.X330. Correctly spliced
OFD1 was also detected in patient-derived RNA, although at reduced levels (39%), hence the mutation is
not male lethal. Our data suggest that photoreceptors are uniquely susceptible to reduced expression of
OFD1 and that an alternative disease mechanism can cause XLRP. This disease mechanism of reduced ex-
pression for a syndromic ciliopathy gene causing isolated retinal degeneration is reminiscent of CEP290 in-
tronic mutations that cause Leber congenital amaurosis, and we speculate that reduced dosage of correctly
spliced ciliopathy genes may be a common disease mechanism in retinal degenerations.

INTRODUCTION

Retinitis pigmentosa (RP; OMIM 268000) describes a clinical-
ly and genetically heterogeneous group of progressive retinal
degenerations. X-linked forms of RP (XLRP) are particularly
severe, typically manifesting as night blindness within the first
two decades, with progressive visual-field loss causing blind-
ness by the third or fourth decade in affected males (1).

XLRP is genetically heterogeneous with two causative ubiqui-
tously expressed genes identified, RPGR (retinitis pigmentosa
GTPase regulator) (RP3; OMIM 312610) and RP2 (retinitis
pigmentosa 2) (OMIM 312600) (2,3). RPGR mutations are a
major cause of XLRP, but also account for a significant pro-
portion of retinal degeneration in affected males with no
family history (4). The majority of RPGR mutations occur in
an alternatively transcribed 3′ terminal exon, ORF15 (5).
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Interestingly, RPGR mutations can also cause X-linked cone–
rod dystrophy (CORDX1; OMIM 304020), atrophic macular
degeneration (OMIM 300834) or a syndromic form of RP
associated with extra-ocular phenotypes, including hearing
loss and chronic respiratory infections (OMIM 300455) (6–
9). Mutations in the RP2 gene account for �10–15% of
XLRP and are associated with early onset of macular
atrophy (3,10–12). Further genetic heterogeneity for XLRP
has been described and loci identified on Xp22 (RP23,
OMIM 300424), Xq26-27 (RP24, OMIM 300155) and Xq28
(RP34, OMIM 300605) (13–15). Here we report identification
of the underlying molecular cause of RP23 in the index family
that defined this locus (13).

RESULTS

Genomic next-generation sequencing of the RP23 interval

Next-generation exome sequencing has proved very successful
in the identification of disease genes; however, we reasoned
that the RP23 mutation may lie outside of annotated exons,
or in an as-yet un-annotated gene. This was because many can-
didate genes in the 10.71 Mb disease interval, which contains
�700 exons in 62 known and predicted genes, were mutation-
negative by direct Sanger sequencing. We therefore adopted a

targeted genomic next-generation sequencing approach for the
entire RP23 disease interval.

Targeted enrichment was performed using a 2.1M Custom
Array (NimbleGen) to capture a total of 19 218 634 bp of
the X-chromosome, including known XLRP genes RPGR
and RP2 excluded by linkage and direct sequence analysis
(13), and the entire RP23 genomic interval from DXS1223
to DXS7161 (10 710 809 bp). Subsequently, we performed
100 bp paired-end sequencing on an Illumina GAII sequencer.
In addition to affected individual V:2 (Fig. 1), two unrelated
control male samples were also captured and sequenced. In
total, 2457 Mb of sequence was generated for the RP23
affected male. Average sequence coverage achieved was 100
reads/bp. Within the RP23 interval, we detected 6827 variants
in the affected male sample compared with the hg19 human
reference sequence. After filtering out known SNPs (dbSNP
and 1000 Genomes), variants shared with the control male
samples and low quality calls, 242 novel variants were identi-
fied (Table 1). Variants were then annotated with respect to
genes and transcripts (including AceView, Genscan, N-Scan
and SGP predicted exons). This analysis identified 123 intra-
genic variants, only one of which was in a coding exon and
was a synonymous change that did not alter splice site predic-
tion. No variants were identified within or near splice donor or
acceptor sites.

Figure 1. RP23 pedigree showing segregation of the OFD1 mutation IVS9+706A.G. Electropherograms of intron 9 OFD1 sequence are shown below indi-
viduals in the pedigree. Position IVS9+706 is highlighted with an asterisk. Affected males (II:1, IV:4 and V:2) carry the mutation A.G. Obligate carriers (III:2
and IV:2) are heterozygous. Individual IV:9 is also a carrier.

Table 1. Summary of novel variants identified in individual V:2 in the RP23 target interval

Total novel variants Intergenic variants Intragenic variants coding Intragenic variants non-coding
Synonymous Non-synonymous Intronic Non-coding exon 5′ UTR 3′ UTR

242 119 1 0 118 1 2 1
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Identification of a potential disease-associated variant

Next, we analysed all novel variants for potential disruption of
splicing, regulatory elements or potential un-annotated exons.
Only four variants were identified in non-coding exons, and in
silico evaluation for disruption or creation of exonic splicing
enhancer sequences and cryptic splice sites (NNSPLICEv0.9)
proved negative. Splice site prediction using NNSPLICE for
the remaining 118 intragenic variants did not reveal an out-
standing variant based on the prediction score alone (i.e.
from low to high prediction or vice versa); however, an in-
crease in splice site prediction score was noted for a variant
within intron 9 of the OFD1 gene. An A-to-G transition at
chr X: 13 768 358 (NCBI build 37.1, hg19) 706 bp within
intron 9 of OFD1 (IVS9+706A.G) altered a donor splice
site prediction 4 bp upstream of the sequence change from
0.95 to 1.00 (Table 2). Similarly, other splice site prediction
programs including SplicePredictor, FSplice, SPLM and Max-
EntScan produced higher splice donor predictions for the
variant allele (Table 2). The IVS9+706A.G variant segre-
gated with disease in the RP23 family (Fig. 1) and was not
detected in 220 control X-chromosomes.

Altered splicing of OFD1

Mutations in OFD1 cause the syndromic ciliopathy orofacio-
digital syndrome-1 (OFD1, OMIM 311200), which is prenatal-
ly lethal in males and characterized by malformations of the
face, oral cavity, digits and polycystic kidneys in females
(16). We reasoned that the unique IVS9+706A.G variant
segregating in the RP23 family may affect splicing of
OFD1, and that this different disease mechanism could
cause XLRP as opposed to a syndromic ciliopathy phenotype.
We tested the effect of the IVS9+706A.G variant on OFD1
splicing in vivo using RP23 patient RNA extracted from blood.
Reverse transcriptase–PCR (RT–PCR) with primers spanning
the intron 9 variant (exon 8 to exon 10) was performed to
amplify the OFD1 transcript in patient and control (male)
RNA samples. RT–PCR of control RNA resulted in a single
product of the expected size (476 bp), and bidirectional
Sanger sequencing confirmed correct splicing of exons 8, 9
and 10 (Fig. 2A and B). In contrast, RT–PCR of RP23 patient-

derived RNA revealed an additional transcript larger than the
expected correctly spliced product (Fig. 2A). This larger tran-
script was expressed at higher levels than the normal tran-
script. Direct sequencing revealed insertion of a 62 bp
cryptic exon (exon X) spliced between exons 9 and 10
(Fig. 2B). RT–PCR using primers designed to amplify the
cryptic exon detected the additional transcript only in RP23
patient-derived RNA (Fig. 2C). Quantification of the relative
expression levels of both OFD1 transcripts in RP23 patient-
derived RNA revealed that �30% of OFD1 transcript was
wild-type (8-9-10), whereas 70% of expressed OFD1 repre-
sented the transcript containing the cryptic exon (8-9-X-10;
n ¼ 5; P , 0.001; Fig. 2D). Further quantification of OFD1
transcript level was performed using real-time PCR, with a
primer spanning the exon 9/exon 10 splice junction, to specif-
ically amplify normally spliced OFD1. RNA levels were nor-
malized to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as an expression control. This confirmed that
,40% of the normally spliced OFD1 transcript was present
in RP23 patient-derived RNA compared with a control male
(39%; n ¼ 6; P ¼ 0.028; Fig. 2E).

The inserted cryptic exon derived from intron 9 causes a
predicted frameshift and truncation of the OFD1 protein
p.N313fs.X330 (Fig. 3A). Interestingly, the mutation
(IVS9+706A.G) results in the usage of upstream splice ac-
ceptor (chr X: 13 768 290–13 768 291) and donor (chr X:
13 768 354–13 768 355) sequences (Fig. 3A). The new ac-
ceptor site has a prediction score (NNSPLICE) of 0.98.
The high prediction scores of the new acceptor and donor
splice sites for exon X (0.98 and 1.00, respectively) correlate
with the observed efficient splicing of the cryptic exon com-
pared with lower levels of normal transcript in patient RNA
(Fig. 2).

DISCUSSION

Our in vivo expression data show that the RP23 mutation is not
male lethal because normal transcript is still produced, al-
though at reduced levels (39% of normal OFD1 transcript
levels), and that this level of transcription is sufficient for
normal OFD1 function in most tissues. The OFD1 gene
escapes X-inactivation, and RP23 female carriers are asymp-
tomatic (3,17). This suggests that the severely truncated
protein product resulting from the insertion of a cryptic exon
(Fig. 3) is not acting as a gain-of-function mutant. We specu-
late that severe early onset RP is caused by reduced levels of
normal OFD1 protein in photoreceptors. In the presence of
reduced levels of normal protein, the severely truncated
mutant protein has no adverse effect; however, without the
ability of the splicing machinery to bypass the cryptic exon
and produce sufficient normal protein, this mutation would
most likely be male lethal.

Our genetic analysis of families with X-linked forms of
retinal degeneration has, to date, not identified additional fam-
ilies mapping to the RP23 locus, and no other RP23 families
are reported in the literature; therefore, we speculate that
XLRP caused by OFD1 mutations will be rare, but probably
not unique to our index family. We screened for the intron 9
OFD1 mutation in a selected panel of 11 unrelated male

Table 2. Splice donor site prediction scores for OFD1 IVS9+706A.G muta-
tion versus wild-type

Allele Wild-type 706A.G

aaggtaaattg aaggtaagttg
NNSPLICE 0.95 1.00
SplicePredictor 0.852 0.992
FSplice 12.96 15.48
SPLM 60 98
MaxEntScan

Maximum entropy model 8.88 11.00
Maximum dependence decomposition model 13.38 15.54
First-order Markov model 7.72 12.19
Weight matrix model 9.25 12.71

Sequence variants are highlighted in bold; potential splice donor sites are
underlined.
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patients with a diagnosis of XLRP, in which we previously
excluded mutations in the RPGR and RP2 genes. The intron
9 variant was not detected, however, indicating it is unlikely
to be a mutation hotspot. Since reduction of OFD1 expression

is the proposed mechanism for isolated retinal degeneration in
RP23, analysing OFD1 transcripts in patient-derived RNA of
suspected cases is potentially the most efficient screening
method (as opposed to genomic sequencing). In two additional

Figure 3. Consequence of RP23 mutation on the OFD1 gene and protein structure. (A) Intron 9-derived cryptic exon X sequence (in capitals) showing new splice
acceptor (chr X: 13 768 290–13 768 291) and donor (chr X: 13 768 354–13 768 355) sites used (lowercase bold) and the IVS9+705A.G RP23 mutation (bold
and underlined). Exon X causes a frameshift and premature stop codon (protein translation shown below DNA sequence). (B) The RP23 cryptic exon X transcript
results in a severely truncated protein product lacking important coiled coil domains. (C) Point mutations identified in the OFD1 gene as a cause of male lethal
OFD1 (arrows and arrowheads), Simpson–Golabi–Behmel syndrome type 2 (SGBS2) and Joubert syndrome (JBTS10). The position of the RP23 mutation in
intron 9 is indicated.

Figure 2. RP23 is caused by a deep intronic OFD1 mutation resulting in the insertion of a cryptic exon. (A) RT–PCR of OFD1 exons 8–10 reveals an additional
aberrant, larger transcript in RP23 patient-derived RNA. (B) Sequence analysis of control and patient transcripts showing that the aberrant larger transcript in
RP23 patient RNA is due to the insertion of a cryptic exon (exon X) between exons 9 and 10. Schematic of normal and aberrant transcripts is shown below the
electropherograms. (C) RT–PCR using specific primers to exon X produces a product in RP23 patient-derived RNA only. (D) Quantification of normal OFD1
transcript and transcript containing cryptic exon X in RP23-derived RNA (n ¼ 5); values are mean + 1 standard error, ∗∗∗P , 0.001. (E) Quantification of the
normal OFD1 8-9-10 transcript in control- and patient-derived RNA by real-time PCR. RNA levels were normalized using GAPDH (n ¼ 6); values are mean +
1 standard deviation, ∗P , 0.05.
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unrelated male patients with early onset retinal degeneration,
we examined the OFD1 transcript directly from patient-
derived RNA and found no difference compared with controls
(data not shown). Although other sequence variants detected
by genomic next-generation sequencing cannot be totally
excluded as contributing to the RP23 phenotype, our patient
data on OFD1 aberrant transcription together with previous
studies describing the functional role of OFD1 in the retina
and other tissues indicate this is the most likely cause.

Mutations in OFD1 lead to a variety of syndromic ciliopa-
thy phenotypes. The majority of mutations identified causing
OFD1 are point mutations; however, genomic deletions of
OFD1 have also been described (16,18–23; Fig. 3C).
Exonic and canonical splice site mutations causing OFD1
are restricted to exons 2 to 17 of the 23 exon OFD1 gene
(24). In one family diagnosed with Simpson–Golabi–
Behmel syndrome type 2 (SGBS2, OMIM 300209), the pedi-
gree consisted of unaffected females and a single surviving
male with developmental delay, macrocephaly and respiratory
ciliary dyskinesia with a frameshift mutation in exon 16 of
OFD1 (25). Interestingly, a recent report described two
exonic frameshift mutations towards the 3′ end of the OFD1
gene in exon 21 as a cause of Joubert syndrome (JBTS10,
OMIM 300804) (26). In a pedigree of eight affected males
with severe intellectual disability, three died of recurrent
infections, and postaxial polydactyly and progressive retinal
degeneration were partially penetrant (three of eight males).
An unrelated patient with a different mutation in exon 21
had severe intellectual disability, postaxial polydactyly and
obesity but no evidence of progressive retinal degeneration
(26). In another JBTS10 family with an in-frame six amino
acid deletion in exon 8, two surviving affected males had rela-
tively well-preserved non-verbal cognitive abilities, polycystic
kidney disease, hydrocephalus and polymicrogyria, with no
evidence of retinal degeneration (27). These studies demon-
strate the phenotypic variability of syndromic ciliopathies
associated with OFD1 mutations.

The precise function of OFD1 has yet to be elucidated;
however, OFD1 localizes at the centrosome and basal body
of cilia, recruits intraflagellar transport protein 88 (IFT88)
to the centrosome and is required for left–right axis specifi-
cation and ciliogenesis (28–34). OFD1 interacts with the
ciliopathy proteins CEP290 (centrosomal protein of
290 kDa), BBS4 (Bardet–Biedl syndrome 4) and
SDCCAG8 (serologically defined colon cancer antigen 8)
at the basal body through its coiled-coil region, as well as
centriolar satellite protein PCM-1 (pericentriolar material 1)
and components of the chromatin remodelling complex
TIP60 (60 kDa Tat-interactive protein) (29,35,36). The
observed progressive retinal degeneration phenotype in
three patients with JBTS10 prompted further investigation
to determine the role of OFD1 in the retina (26). OFD1
was shown to interact with lebercilin, mutations in which
cause Leber congenital amaurosis (LCA5, OMIM 604537).
Truncated OFD1 protein products resulting from the two
mutations identified in exon 21 reduced OFD1 binding to
lebercilin. In the rat retina, both OFD1 and lebercilin loca-
lized to the connecting cilium of photoreceptors (26). The
reduced levels of normal OFD1 in RP23 could result in
reduced functional interaction with retinally enriched

partner proteins, but it remains to be determined why other
tissues are not affected.

OFD1 showed a characteristic pericentriolar localization
concentrated around the basal body in retinal pigment epithe-
lial cells, similar to another ciliopathy protein CEP290, muta-
tions in which cause Joubert syndrome, Meckel syndrome,
Bardet–Biedl syndrome, Senior–Loken syndrome and Leber
congenital amaurosis (JBTS5, OMIM 610188; MKS4,
OMIM 611134; BBS14 OMIM 209900; SLSN6, OMIM
610189; LCA10, OMIM 611755) (26,37–41). Our RP23
OFD1 mutation resembles CEP290 LCA10, where an intronic
CEP290 mutation, which creates a splice site and inserts a
128 bp cryptic exon between exons 26 and 27 of CEP290,
introduces a premature stop codon immediately downstream
of exon 26 (37). The authors show that a small amount of cor-
rectly spliced product remains, which suggests that this is suf-
ficient for normal cerebellar and renal function but not for
correct function of the photoreceptors. Complete loss of func-
tion of both CEP290 alleles leads to syndromic ciliopathies,
whereas patients with LCA10 have a small amount of residual
CEP290 activity (37). Interestingly, a milder form of retinal
degeneration classified as early-onset severe retinal dystrophy
was shown to be caused by a CEP290 nonsense mutation
(p.Arg151X) in exon 7 which resulted in two different forms
of exon skipping (exon 7 or exons 7 and 8) without disrupting
the open reading frame (42). Some residual full-length tran-
script harbouring the mutation was also retained. The
authors speculate that the altered splice products encode a
stable protein with residual function, resulting in a relatively
mild phenotype (42). Taken with our data, we suggest that a
reduced dosage of correctly spliced transcripts may be a
common disease mechanism for isolated retinal degenerations
caused by mutations in ciliopathy genes.

In conclusion, we have identified a deep intronic mutation
in OFD1 as the most likely cause of RP23, which results in
the insertion of a cryptic exon producing an aberrant transcript
and reduced levels of correctly spliced transcript. This is pre-
dicted to result in a severely truncated protein and reduced
levels of normal protein. Importantly, the molecular cause of
RP23 would not have been identified by conventional candi-
date gene screening or by using an exome next-generation se-
quencing strategy. Our data show that a different disease
mechanism for the OFD1 gene leads to a severe form of
retinal degeneration and identifies RP23 as part of the expand-
ing retinal ciliopathy spectrum. Understanding why the retina
may be uniquely susceptible to reduced levels of OFD1,
CEP290 or other ciliopathy proteins will have important impli-
cations for our understanding of photoreceptor and primary
cilia function.

MATERIALS AND METHODS

RP23 family

Peripheral blood samples were taken for DNA or RNA extrac-
tion from individuals in the RP23 family. Informed consent
was obtained from all participating subjects. This study fol-
lowed the tenets of the Declaration of Helsinki and was
approved by the local ethics committee.
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Targeted genomic next-generation sequencing

A Sequence Capture 2.1M Custom Array was designed and
manufactured by Roche NimbleGen in order to enrich five
target regions of interest (chr X: 8 353 912–19 064 721;
37 980 770–38 109 739; 46 569 929–46 638 096; 135 964 421–
144 028 731; 153 000 017–153 246 396; NCBI build 36.1,
hg18). Genomic DNA isolated from affected individual V:2
in the RP23 family and two unrelated control male DNA
samples were independently captured using the custom
array. Subsequently, 100 bp paired-end sequencing was per-
formed on an Illumina Genome Analyzer II system (Source
Bioscience Geneservice). Initial bioinformatics analysis was
performed using CASAVA (Illumina). Advanced bioinformat-
ic analysis was performed using the SAMtools software toolkit
(SNP and DIP detection). SNPs were called with the MAQ
alignment and downstream analysis tools (Source Bioscience
Geneservice). Data were then interrogated as described using
a variety of bioinformatics tools.

PCR and direct sequencing

Primers were designed to amplify and bidirectionally sequence
intron 9 sequence of OFD1 spanning the mutation to test for
segregation in the RP23 family (F: TCTTACCTGGGATTG
ATGGC, R: GCTGAGAAGGAGGGAACAAG). ReddyMix
PCR Master Mix (Abgene, Thermo Scientific) was used for
amplification with 2 pmol of each primer and 150 ng of
DNA, with standard cycling conditions. PCR products were
purified with ExoSAP- IT (USB), according to the manufac-
turer’s protocols. Purified products were bidirectionally
sequenced with ABI BigDye terminator cycle sequencing
chemistry, version 3.1, on a 3730 ABI Analyzer (Applied Bio-
systems) following the manufacturer’s protocols. DNA
sequences were analysed with the Lasergene software
(DNASTAR). To further verify that the mutation was not a
polymorphism, 220 control male DNA samples (ECACC,
Health Protection Agency Culture Collections and in-house
samples) were tested with specific primer pairs, incorporating
the site of mutation (Mut9F: TTGGCAATAATGAAAAGGT
AAA, Mut9R: GTTCATGGGTGGTGAGATCC). All control
chromosomes successfully amplified, but patient samples
failed to amplify.

RNA extraction and RT–PCR

Blood was collected in PAXgene Blood RNA tubes (PreAnaly-
tiX). Total RNA was purified from whole blood, using a
PAXgene Blood RNA Kit, according to the manufacturer’s
instructions (Qiagen). A 1 mg aliquot of RNA was used for
reverse transcription with random hexamers, using a cDNA
synthesis kit (Bioline). RT–PCR with primers spanning the
intron 9 variant (exon 8 to exon 10; F: CCCTCAGCGTA
TCAAGTTCG, R: GCTTTCGGTCATAGGTCTCC) was per-
formed using KAPA HiFi HotStart ReadyMix (Kapa Biosys-
tems) with 0.3 mM of each primer. Similarly, RT–PCR was
performed using primers designed to amplify the cryptic
exon only (F: CAACTCTCTGTCTACCTTACTCTCT, R:
GCTTTCGGTCATAGGTCTCC). For the quantification of
relative amounts of the two transcripts in patient-derived

RNA, RT–PCR reactions were performed in the linear range
and product intensities were measured using ImageJ (n ¼ 5).
Data were analysed using a Wilcoxon signed-rank test.

Real-time PCR

Specific amplification of normally spliced OFD1 transcript
from patient and control male-derived RNA was achieved
with the exon 8 forward primer (above) paired with a
reverse primer spanning the exon 9/exon 10 splice junction
(R: CTGGTTCAATTCAAAAGCTTC), with GAPDH as an
internal reference (F: AGAAGGCTGGGGCTCATTTG, R:
AGGGGCCATCCACAGTCTTC). Primers were used at a
final concentration of 200 nM in a final volume of 20 ml,
using an ABI 7900HT Fast Real-Time PCR system (Applied
Biosystems), following the manufacturer’s protocols. Relative
mRNA expression was determined from the control male
sample, using the relative standard curve method. Data were
analysed using a Wilcoxon signed-rank test (n ¼ 6).

Bioinformatics and URLs

dbSNP, http://www.ncbi.nlm.nih.gov/snp/
1000 Genomes, http://www.1000genomes.org/node/506/
Ensembl Genome Browser, http://www.ensembl.org/index.

html
UCSC Genome Browser, http://genome.ucsc.edu/
Exonic splicing enhancer (ESEfinder), http://rulai.cshl.edu/

tools/ESE/
NNSPLICEv0.9, http://www.fruitfly.org/seq_tools/splice.

html
SplicePredictor, http://deepc2.psi.iastate.edu/cgi-bin/sp.cgi
FSplice, http://linux1.softberry.com/berry.phtml?topic=

fsplice&group=programs&subgroup=gfind
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