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Purpose: To characterize the phenotype observed in a case series with macular disease and determine the
cause.

Design: Multicenter case series.
Participants: Six families (7 patients) with sporadic or multiplex macular disease with onset at 20 to 78 years,

and 1 patient with age-related macular degeneration.
Methods: Patients underwent ophthalmic examination; exome, genome, or targeted sequencing; and/or

polymerase chain reaction (PCR) amplification of the breakpoint, followed by cloning and Sanger sequencing or
direct Sanger sequencing.

Main Outcome Measures: Clinical phenotypes, genomic findings, and a hypothesis explaining the mech-
anism underlying disease in these patients.

Results: All 8 cases carried the same deletion encompassing the genes TPRX1, CRX, and SULT2A1, which
was absent from 382 control individuals screened by breakpoint PCR and 13 096 Clinical Genetics patients with a
range of other inherited conditions screened by array comparative genomic hybridization. Microsatellite geno-
types showed that these 7 families are not closely related, but genotypes immediately adjacent to the deletion
breakpoints suggest they may share a distant common ancestor.

Conclusions: Previous studies had found that carriers for a single defective CRX allele that was predicted to
produce no functional CRX protein had a normal ocular phenotype. Here, we show that CRX whole-gene deletion
in fact does cause a dominant late-onset macular disease. Ophthalmology 2022;-:1e9 ª 2022 by the American
Academy of Ophthalmology. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
Supplemental material available at www.aaojournal.org.
Introduction

Cone-rod homeobox (CRX; OMIM*602225) is a tran-
scription factor highly expressed in rod and cone photore-
ceptors, which is essential for their development and
survival.1,2 Mutations in the CRX gene were first implicated
in dominant cone-rod dystrophy (CRD) in a single, large
family.3 Subsequently, pathogenic CRX mutations were
identified as the cause of dominant CRD,1,4 dominant
retinitis pigmentosa,5 and both dominant and recessive
forms of Leber congenital amaurosis (LCA).5 More
recently, CRX variants have been shown to cause
dominant adult-onset macular disease (MD) said to simu-
late benign concentric annular MD, with a bull’s-eye mac-
ular lesion and relatively well-preserved visual acuity.6e10
ª 2022 by the American Academy of Ophthalmology
This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/). Published by Elsevier Inc.
In total, >100 disease-causing CRX variants have been re-
ported (www.lovd.nl/CRX), including missense, stop
codon, and frameshift changes and multiple exon deletions,
most of which cause dominant disease.11

Hull et al6 reviewed 41 heterozygous and 2 homozygous
pathogenic variants and noted that all but 2 consisted of
either missense mutations in exon 3, which primarily
encodes the homeodomain, or frameshift and stop
mutations in the large terminal exon 4. Normally, stop
codon or frameshift variants in other genes are expected to
lead to nonsense mediated decay (NMD), making them
effectively null alleles that produce no protein.12 However,
in CRX, almost all pathogenic frameshift and stop variants
occur in the last exon, meaning that they are likely to
escape NMD13 so that a truncated protein would be
1https://doi.org/10.1016/j.ophtha.2022.07.023
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produced. It is therefore not clear whether any of the known
disease-causing CRX variants are truly null or what
phenotype would be caused by a heterozygous CRX null
mutation.

One previous report noted homozygosity for a putative
null variant, c.25insG (p.Pro9fs9*), causing LCA in a
family.14 The authors noted that heterozygous carriers were
unaffected, suggesting that carriers with a mutation causing
loss of function of 1 copy of CRX are asymptomatic. Two
more recent reports also described putative null variants
that seem to be tolerated. The first described a family with
dominant CRD carrying a heterozygous deletion of CRX
exons 3 and 4, predicted to lead to NMD.15 The second
reported a consanguineous family in which a homozygous
56 kb deletion of CRX and 2 flanking genes caused
LCA.16 The heterozygous carrier parents were examined,
and 2 of the 4 were found to have subclinical macular
abnormalities but not clinical disease.

We identified 7 individuals (6 families) with late-onset
MD and 1 with age-related macular degeneration (AMD),
all apparently unrelated, and showed that they carry a het-
erozygous w126 kb deletion encompassing CRX and
neighboring genes TPRX1 and SULT2A1. Here, we char-
acterize the deletion and the phenotypes in those carrying it
and carry out genetic analyses, the results of which suggest
these families share a common ancestral founder.

Methods

Patients

Eight affected individuals from 7 unrelated families were recruited,
and written informed consent was obtained from all patients.
Research was conducted in accordance with the principles of the
Declaration of Helsinki. Patients were of White British or White
US origin. Ethical approval was obtained from the Leeds East
Research Ethics Committee (REC reference 17/YH/0032) or the
North West Regional Ethics Committee (REC reference 15/YH/
0365). The 100,000 Genomes Project is covered by REC reference
approval 14/EE/1112.

Clinical Assessment and DNA Sampling

Medical history was obtained, and family members underwent
ophthalmic assessment, including fundus examination, OCT, visual
acuity,Goldmann visualfield testing, and electroretinographic testing.
Genomic DNA was extracted from blood by standard protocols.

Genome and Exome Sequencing

Genome and exome sequencing were carried out as described
previously.17 All genomic coordinates given refer to the GRCh37/
hg19 human genome assembly. Genome sequencing was
performed by Edinburgh Genomics, United Kingdom. Exome
sequencing was performed by the University of Leeds’ in-house
Sequencing Facility. Fastq files were processed using the
Maximal Exact Match option of the Burrows-Wheeler Aligner
(BWA-MEM) to align sequences to the human reference genome.
Genome Analysis Toolkit18 was used for indel realignment and
base recalibration. Haplotype caller was used to create a genomic
Variant Call File (gVCF). Variants were annotated using
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Ensembl’s Variant Effect Predictor19 and filtered based on
frequency in publicly available databases using vcfhacks perl
scripts written by Dr David Parry (https://github.com/david-a-
parry/vcfhacks). ExomeDepth was used for copy number variant
detection according to the developer’s guidelines.20

Microsatellite Genotyping

Microsatellite markers were polymerase chain reaction (PCR)
amplified with HotShot Diamond PCR Mastermix (Clent Life
Science), and 1 ml of product was mixed with 0.5 ml ROX-500 size
standard (Applied Biosystems) and 8.5 ml Hi-Di formamide
(Applied Biosystems). PCR fragments were size fractionated on an
ABI3130XL capillary sequencer, and data were analyzed using
Gene Mapper, version 4, software (Applied Biosystems).

Gel Extraction and TA Cloning

Polymerase chain reaction was performed using a HotShot Dia-
mond Mastermix, and products were excised from gels and purified
using a MinElute gel extraction kit (Qiagen). The TOPO TA
cloning kit for subcloning (ThermoFisher) was used to clone the
purified products into pCR2.1-TOPO vector using the manufac-
turer’s instructions. Plasmid DNA was extracted using the QIAprep
Spin Miniprep kit (Qiagen) and sequenced.

Sanger Sequencing

Polymerase chain reaction products were treated with ExoSAP-IT
(ThermoFisher); then plasmids and PCR products were sequenced
using the primers detailed in Table S1 (available at
www.aaojournal.org), or with M13 Forward (-20) or M13
Reverse, using the BigDye Terminator, version 3.1, kit
(ThermoFisher). Products were run on an ABI3130xI sequencer
(ThermoFisher). Sequences were analyzed on SeqScape, version
2.5 (ThermoFisher), and assembled using DNA baser software
(Heracle BioSoft SRL).

Results

Variant Identification

In a female patient who received a diagnosis of CRD with central
macular atrophy in her 50s (patient 4776, Table 1, Fig 1), exome
sequencing and variant filtering identified no candidate causative
variants. However, read depth analysis identified a minimum
heterozygous deletion of chr19:48,305,033-48,389,514 (Fig 2A),
which included the entire coding regions of TRPX1, CRX, and
SULT2A1. In a second female patient who received a diagnosis
of bull’s-eye maculopathy at age 78 (patient 3888, Table 1, Fig
1), read depth analysis in data generated by sequencing 108
inherited retinal diseaseeassociated genes21 identified a
heterozygous deletion minimally spanning chr19:48,337,702-
48,343,224 (Fig 2B), which covered all CRX exons. No
significant second CRX variant was identified in either case. A
third individual, a male patient given a diagnosis of late-onset
MD at age 20 (patient GC16591, Table 1, Fig 1), was found to
have a heterozygous deletion of the TRPX1, CRX, and SULT2A1
genes in genome sequence generated by the UK 100 000
Genomes Project (Fig 2C). The centromeric breakpoint was
located at approximately chr19:48,296,800. The telomeric
breakpoint was difficult to place accurately owing to the
presence of a block of 10 tandem w5.3 kb repeats containing
small NF-90 associated RNAs, spanning approximately
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Table 1. Demographics, Phenotype, Screening Method Used to Detect the Deletion, and Method of Confirmation of Breakpoint for Each Patient

Lab ID/Sex Age at Onset Diagnosis Clinical Notes Deletion Detected by Breakpoint Confirmed in

4776/F 50s Bull’s-eye maculopathy Nyctalopia second decade, reduced central visual acuity (6/60 OD, 6/24
OS) sixth decade. Posterior pole staphyloma. Sister affected, same
diagnosis.

Exome sequencing Sequenced PCR product

3888/F 78 Bull’s-eye maculopathy MIPs screening Cloned amplimer
GC16591/M 20 Bull’s-eye maculopathy Mild photoaversion, normal peripheral fields, no family history.

Acuities 6/60 bilaterally, symmetrical area of degeneration at
posterior pole. Electrophysiology has shown minimal progression in
10 years, generalized retinal dysfunction affecting rods and cones.

Genome sequencing Sequenced PCR product

5587/F 36 Macular dystrophy Photophobic, poor accommodation, normal color vision. MfERG -
poor central responses. pERG extinguished R/L. Snellen visual acuity
6/12 OD, 6/18 OS.

Targeted sequencing ND

5588/F 50 Macular dystrophy Vision never good, sat at front of class at school. Noticed distortion at
50. Pendular nystagmus, not photophobic, no nyctalopia. LogMAR
visual acuity 0.46 R, 0.64 L. Vitreomacular traction on OCT.
MfERG - low amplitude bilaterally, pERG nonrecordable. Mother
of 5587.

Targeted sequencing Sequenced PCR product

5581/F Late 40s Macular dystrophy Father developed rapidly progressive macular degeneration at 52, died
at 73 severely sight-impaired. No other family members symptomatic.

Targeted sequencing PCR

5598/M 53 Cone-rod dystrophy Visual acuity 20/300 both eyes, vision loss began at 53 yrs. AF with few
hyperfluorescent lesions (not pisciform). Low photopic flicker on
FFERG, MfERG with low foveal waveforms. OCT with foveal
atrophy.

Exome sequencing Sequenced PCR product

3258/M Late 60s Wet AMD Presented with poor vision, scar in left eye. Asymptomatic in right eye
despite early wet AMD. No previous visual problems. Visual acuity 6/
18 OD, 3/60 OS.

PCR Cloned amplimer

AF ¼ autofluorescence imaging; AMD ¼ age-related macular degeneration; FFERG ¼ full-field electroretinography; LogMAR ¼ logarithm of the minimum angle of resolution; MfERG ¼ multifocal
electroretinography; MIP ¼ molecular inversion probe; ND ¼ not done; PCR ¼ polymerase chain reaction; pERG ¼ pattern electroretinography.
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Figure 1. Clinical and family information in individuals with CRX deletion. A, Family tree, fundus autofluorescence image, and OCT for individual 4776.
Fundus shows a central area of reduced autofluorescence with a surrounding ring of increased autofluorescence, consistent with the bull’s-eye maculopathy
seen on clinical examination. On the OCT image, there is central loss of the outer retinal layers with choroidal hypertransmission. B, Family tree, pseudo-
color fundus photographs, and autofluorescence images and OCT for individual 3888. There is reduced fundus autofluorescence centrally in both eyes, with a
surrounding ring of increased autofluorescence, consistent with a diagnosis of bull’s-eye maculopathy. The structural OCT image shows loss of outer retinal
lamination centrally. C, Family tree and pseudo-color and autofluorescence fundus images for individuals 5588 (mother, left images) and 5587 (daughter,
right images). A ring of increased autofluorescence is visible in the mother, whereas in the daughter patches of increased autofluorescence are also visible in
the macular region. D, Pseudo-color fundus, OCT, and autofluorescence images and family tree for individual GC16591. Bull’s-eye maculopathy is evident,
but there are also changes nasal to the optic disc and a ring of increased autofluorescence around the central retina and posterior pole. E, Structural OCT
images and family tree for individual 3258. Subretinal hyperreflective material and intraretinal cysts are evident on the OCT image, indicating a diagnosis of
wet age-related macular disease.
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chr19:48,407,000-48,465,000. Functional Analysis Through Hid-
den Markov Models (version 2.3)22 was used to predict the
consequences of all variants in the region chr19:47,010,944-
49,499,828, but again no significant second CRX variant was
identified.

Polymerase Chain Reaction Assay

Given the repetitive nature of the sequence adjacent to the deleted
region, the common ethnic origin of the subjects, and the fact that
panel and exome sequencing do not define breakpoints, we hy-
pothesized that the deletion might be the same or similar in all 3
cases. Multiple primers were designed using whole-genome
sequencing data. It was impossible to design unique PCR
primers owing to the repetitive nature of the region. However,
primers CCTCCCATCTCAGCCTCCTA and CAAGGAG-
GAATGTGCAGTGG amplify a unique product of approximately
1150 bp only when the deletion is present (Fig S1, available at
www.aaojournal.org). In each of the above cases, these primers
amplified the same-sized band, implying the deletion breakpoints
4

were similar in each case. Figure 3 shows a graphic representation
of the genomic locus and deletion.

Additional Screening

We used these primers to screen suspected CRX deletion cases
identified in other cohorts for deletions with the same or similar
breakpoints. Patients 5588 and 5587 are a mother and daughter
who received an MD diagnosis aged 50 and 36, respectively. Pa-
tient 5581 is a female who received an MD diagnosis in her 40s,
whose father developed rapidly progressive MD at 52. These 3
were identified through screening for mutations in 180 inherited
retinal diseaseeassociated genes.23 Read depth analysis identified a
heterozygous deletion of chr19:48337702-48389514 encompass-
ing all CRX exons in each of these cases. Patient 5598, a man in the
United States who received a diagnosis of CRD at age 53, was
identified as having a deletion covering the CRX gene in a whole-
exome sequencingebased panel assay for patients with inherited
eye diseases.24 These 4 individuals were tested by PCR
amplification with the above primers, and in each case, a band of

http://www.aaojournal.org


Figure 2. Sequence analysis in individuals with CRX deletion. A, ExomeDepth plot of whole-exome sequencing data across the deleted region in individual
4776, showing the drop in read depth over TPRX1, CRX, and SULT2A. B, ExomeDepth plot of molecular inversion probesegenerated sequence data from
individual 3888, showing a drop in read depth for all exons of the CRX gene. C, Integrative Genomics Viewer image of genomic sequence at each end of the
deletion in individual GC16591. The left-hand image shows a clear drop in read depth across the deleted region at the centromeric end of the deletion.
However, the 5.3 kb tandem repeat cluster at the telomeric end means sequences align multiple times, giving the false impression of a sudden increase in read
depth at the point where these repeats start, masking the precise end point of the deletion in the genomic sequence. An increase in read depth at this point is
also visible in normal genomic sequence (not shown).

Yahya et al � Deletion of CRX Causes Dominant Late-Onset MD
approximately 1150 bp was amplified, confirming the presence of a
deletion with similar breakpoints to those described above. Clinical
results and screening data for these patients are detailed in Figure 1
and Table 1.

To test the hypothesis that the late-onset macular condition in
these patients could overlap with AMD, we used primers
CCTCCCATCTCAGCCTCCTA and CAAGGAGGAATGTG-
CAGTGG to test for the presence of the same deletion in a cohort
of 405 White British patients with exudative (wet) AMD. Ampli-
fication in 1 of these, patient 3258, who was diagnosed with wet
AMD in his late 60s, yielded a band of approximately 1150 bp,
confirming the presence of a deletion with similar breakpoints. The
remaining cases did not amplify any product with these primers.

Breakpoint Characterization

To determine the precise breakpoints in each case, the breakpoint
PCR product was cloned and Sanger sequenced for patients 3888
and 3258 and directly Sanger sequenced in 4 other deletion car-
riers (Table 1). Breakpoint locations were determined using the
BLAT function of the University of California Santa Cruz
(UCSC) Genome Browser. The deletion was identical in each
case, but the exact site of the breakpoint is ambiguous owing to
local sequence homology. It was therefore assigned as the most
30 base, according to Human Genome Variation Society
guidelines. The centromeric breakpoint was assigned as
chr19:48,296,898. The telomeric breakpoint gave 100%
alignment within the fourth 5.3 kb small NF-90 associated
RNAecontaining repeat, giving a location of chr19:48,422,892,
making this a deletion of 125 995 bp
(g.48,296,898_48,422,892del). However, owing to the presence
of the 5.3 kb repeats, the telomeric sequence also aligned at 10
other sites between chr19:48,406,792 and chr19:48,460,162, with
between 99.5% and 96.5% sequence identity.

Analysis of the sequence adjacent to the breakpoint using
Emboss Matcher (EMBL-EBI) revealed 294 bp of sequences with
78% homology immediately adjacent to the deletion breakpoints at
each end. The repeat masker function of the UCSC Genome
Browser revealed that these are AluSx1 sequences (Fig 3).

To determine whether this deletion is common in the normal
population, we tested primers CCTCCCATCTCAGCCTCCTA and
CAAGGAGGAATGTGCAGTGG in 382 White British control
DNA samples, all of which were negative. We also used these
primers to confirm this deletion is not the same as that reported by
Ibrahim et al16 (data not shown), which deleted these same 3 genes
and was reported as causing subclinical foveal abnormalities in 2 of
the 4 carriers examined. The heterozygous deletion carriers described
by Ibrahim et al were younger than the patients described here (Rob
5



Figure 3. Graphical representation of the CRX deletion. 19q13.33 genomic region spanning TPRX1, CRX, SULT2A1, and adjacent genes, with cut-away
showing the deleted region and below that a sequence trace of the breakpoint. Red arrows indicate the AluSx1 short, interspersed repeats within which the
breakpoints occur, and the black arrows at the distal end of the locus denote small NF-90 associated RNAecontaining tandem 5.3 kb repeats.
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Koenekoop, personal communication, June 29, 2018) and may
therefore be at risk of developing MD in later life.

Haplotype Analysis

Genotyping was carried out with microsatellite markers spanning
the w3 Mb (chr19:47,010,944-49,858,428) or 6.5 cM25 of
chromosome 19 containing TPRX1, CRX, and SULT2A1.
Marker D19S606 genotypes show the deletion segregating on
at least 2 different haplotype backgrounds, whereas marker
D19S879 genotypes imply segregation with at least 3 different
haplotype backgrounds (Table S2, available at
www.aaojournal.org). In contrast, comparison of the breakpoint
PCR product sequences to the hg19 reference genome
identified 2 nonereference variants relatively rare in European
populations (Fig S1). The presence of these variants, with allele
frequencies of 17.4% and 2.5%, within the 500 bp immediately
adjacent to the breakpoint in all deletion carriers tested,
suggests this deletion has arisen only once, with these alleles
representing a founder haplotype.
Discussion

Here, we show that a deletion encompassing the TPRX1,
CRX, and SULT2A1 genes causes late-onset dominant MD
in 6 apparently unrelated families. It seems highly unlikely
that loss of SULT2A1 or TPRX1 contributes to the pheno-
type. TPRX1 (MIM*61166) is a homeodomain protein like
CRX, but variants in it are not associated with any condition
or trait in any species; it shows little sequence conservation
(https://genome.ucsc.edu) and is expressed at very low
levels in all tissues except testis (Protein Atlas, version 19.3,
https://www.proteinatlas.org/ENSG00000178928-TPRX1/
tissue). SULT2A1 (MIM*125263) is an enzyme that cata-
lyzes the sulfonation of hydroxysteroids, xenobiotics, and
bile acids; it is highly expressed in the liver, and variants in
it contribute to prostate cancer risk.26 In contrast, MD has
6

been well documented in patients with variants throughout
the CRX gene.6e10

However, many CRX variants may not be true null alleles
because premature stop and frameshift variants in or near
the large fourth exon will escape NMD, so a truncated
protein may be produced. Previous reports suggested that
carriers of true heterozygous CRX null alleles were unaf-
fected, implying that loss of function of 1 copy of CRX is
tolerated.14e16 The variant we report deletes CRX and is an
unambiguous CRX null allele that will almost certainly
result in insufficient CRX protein. Our findings therefore
prove that lack of CRX protein owing to complete loss of
function of 1 allele of the gene, or haploinsufficiency, is not
asymptomatic but rather causes a late-onset macular
phenotype, with variation in age at onset (20e78 years) and
fundus appearance. Cases 4776 (Fig 1A) and 3888 (Fig 1B)
have a classic bull’s-eye maculopathy with an incomplete
ring of central macular atrophy. Cases 5588 and 5587
(Fig 1C) have a much larger ring of atrophy located closer
to the temporal arcades. Case GC16591, like 4476 and
3888, has a bull’s-eye maculopathy, but there are also
changes nasal to the optic disc and a ring of increased
autofluorescence around the posterior pole. For cases 5581
and 5598, no clinical images were available, but diagnoses
of CRD and MD and information available from notes are
consistent with the range of phenotypes described above.

We found the same deletion in case 3258, with wet
AMD, which could imply progression to or increased sus-
ceptibility to AMD in carriers of this deletion. However, this
patient may have other AMD susceptibility alleles. A study
applying whole-exome sequencing to a cohort of AMD
patients found Mendelian retinal disease mimicking AMD
due to a PRPH2 gene variant, as well as enrichment of
heterozygous ABCA4 variants in AMD,27 so the finding of
apparently Mendelian alleles in AMD patients is not
unprecedented.

http://www.aaojournal.org
https://genome.ucsc.edu
https://www.proteinatlas.org/ENSG00000178928-TPRX1/tissue
https://www.proteinatlas.org/ENSG00000178928-TPRX1/tissue


Yahya et al � Deletion of CRX Causes Dominant Late-Onset MD
Mechanisms giving rise to chromosomal rearrangements
such as the one described here include recombination-based
processes such as nonallelic homologous recombination28

and replication-based processes such as microhomology-
mediated break-induced replication or fork stalling and
template switching.29,30 The finding of Alu sequences at each
breakpoint suggests these sequences have driven nonallelic
homologous recombination to create this deletion.
Microsatellite genotyping showed that the deletion was
segregating on multiple haplotype backgrounds, but
analysis of single-nucleotide polymorphisms immediately
adjacent to the breakpoint suggests it has arisen only once on
a single founder allele. The contrast between the single
haplotype detected by single-nucleotide polymorphisms
within 500 bp of the breakpoints and the multiple haplotypes
detected by markers 300 kb proximal (D19S606) and 1 Mb
distal (D19S879) suggests that the deletion arose only once
but has existed in the population for many generations. This
is plausible because this adult-onset condition would not be
subject to significant negative selection. The late age at onset
may also explain the apparent lack of a family history in most
of these individuals because in most cases parents were
deceased.

Early next-generation sequencing screens did not check
for deletions, and more recent screens may miss heterozy-
gous deletions when coverage is low. The finding of this
variant in 7 apparently unrelated families with inherited
retinal disease, the suggestion that it may have arisen many
generations previously, and the existence of reports sug-
gesting such an allele might be asymptomatic together imply
that this could prove to be a relatively common cause of MD
that has been overlooked in existing screening. The PCR test
described here will facilitate quick, easy, and inexpensive
screening of large patient cohorts and may lead to the
identification of further cases.

Screening population controls did not reveal any further
deletion carriers. In 13 096 Clinical Genetics patients with
various inherited nonretinal conditions screened by array
CGH (Leeds Teaching Hospitals, Leeds, UK), only 1 case
was identified with a deletion encompassing CRX. This
deletion spanned 3.4 Mb, but the individual also carried an
inversion of chromosome 19 and was noted at birth to have
exomphalos, urogenital sinus, congenital heart defect,
annular pancreas, ductal aneurysm, and bowel atresia. The
UCSC Genome Browser seems to show 14 copy number
variants deleting the CRX gene. Of these, 2 encompassing a
similar region, nsv1066782 and nssv3573812, were identi-
fied in a study of 29 084 patients with developmental dis-
orders,31 but precise breakpoints are unclear. The remaining
12 were identified by array Comparative Genomic
Hybridisation (CGH) in a comparative screen of 30
normal humans and 30 chimpanzees,32 but the same study
notes that copy number variant boundaries are likely to be
overestimated with the platform used, and these findings
remain unverified.

In conclusion, we have identified a heterozygous deletion
of CRX as the cause of retinal disease in 6 apparently unre-
lated families with MD and an individual with wet AMD,
confirming that complete loss of function in 1 copy of the
CRX gene is pathogenic. The deletion seems to be a relatively
old founder mutation caused by Alu sequences at each
breakpoint. This mutation may have been overlooked in
previous screens and may therefore be a relatively common
cause of late-onset retinal disease. We describe a PCR assay
that will facilitate the rapid screening of large patient cohorts.
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