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Purpose. To clinically characterize and genetically analyze
members of six families who reside in the same village and
manifest a rare form of retinal degeneration.

MEeTHODS. Ophthalmic evaluation included a full clinical exam-
ination, perimetry, color vision testing, and electroretinogra-
phy. Genomic DNA was screened for ABCA4 mutations with
the use of microarray analysis and direct sequencing. RNA
analysis was performed with RT-PCR and sequencing.

ResuLts. The authors recruited 15 patients with a unique retinal
disease who are members of six highly consanguineous Arab-
Muslim families from a single village. During early stages of
disease, funduscopic and angiographic findings as well as ret-
inal function resemble those of Stargardt disease. However,
later in life, severe, widespread cone-rod degeneration ensues.
Marked progressive involvement of the retinal periphery dis-
tinguishes this phenotype from classic Stargardt disease. Ge-
netic analysis of ABCA4 revealed two novel deletions,
p.Cys1150del and c.4254-15del23. One patient, who was a
compound heterozygote, manifested typical Stargardt disease.
The remaining 14 patients were homozygote for the c.4254-
15del23 intronic deletion and had the progressive form of
disease. We identified an identical ABCA4 haplotype in all
alleles carrying this mutation, indicating a founder mutation.
Detailed RT-PCR analysis in normal retina and lymphoblastoid
cells revealed expression of the full-length ABCA4 transcript
and three novel transcripts produced by alternative splicing.
The full-length ABCA4 transcript, however, could not be de-
tected in lymphoblastoid cells of affected homozygote patients.

Concrusions. These results expand the genotype-phenotype
correlation of ABCA4, showing that homozygosity for the
novel c¢.4254-15del23 splicing mutation is associated with a
severe progressive form of disease. (Invest Ophthalmol Vis Sci.
2007;48:4308 - 4314) DOI:10.1167/iovs.07-0244
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he ABCA4 (ABCR) gene encodes a retina-specific ATP-

binding cassette (ABC) transport protein located at the rim
of photoreceptor outer segment discs. The ABCA4 protein
belongs to the ABC transporters protein family and is involved
in retinoid (V-retinylidene-phosphatidylethanolamine) trans-
port across the disc membrane.'?

Mutations in ABCA4 cause a variety of retinal diseases.>”
ABCA4 is the only gene known to cause autosomal recessive
(AR) Stargardt disease (detection rate, 58%—78%).6*7 Patients
with Stargardt disease experience central visual loss in the first
two decades of life, often with an initially normal fundus
appearance. Later on, Stargardt disease is associated with mac-
ular atrophy and yellowish deep retinal flecks, while peripheral
vision is largely preserved. Three different subtypes of Star-
gardt disease have been described based on electroretinal find-
ings,®° with group 3 the most severe phenotype in which
peripheral retinal involvement occurs in addition to maculopa-
thy. ABCA4 mutations were also found in a few patients with
AR retinitis pigmentosa, a progressive retinal degeneration that
initially affects the rod photoreceptors but that ultimately also
leads to gradual loss of cones. Mutations in ABCA4 have also
been identified in 30% to 50% of patients with AR cone-rod
degeneration (CRD),>'° in which cones are initially affected
and rod degeneration ensues. The involvement of ABCA4 in
age-related macular degeneration is still controversial, but ac-
cumulating data point to involvement in a small percentage of
cases."!

We describe here a detailed clinical and genetic analysis of
patients from six families residing in the same village who
manifest a unique retinal degeneration caused by novel ABCA4
mutations. In addition, we describe the existence of novel
ABCA4 transcripts, produced by alternative splicing, in the
normal retina.

5

PATIENTS AND METHODS

Patients

This study, which involved human patients, conformed to the tenets of
the Declaration of Helsinki and was approved by the institutional
review board. Informed consent was obtained from the subjects after
explanation of the nature and possible consequences of the study.
DNA was purified from blood samples using the salting-out tech-
nique.'?

Clinical Evaluation

Full ophthalmologic examination, including assessment of visual acuity
(VA), ocular motility, pupillary reaction, biomicroscopic slit-lamp, and
dilated fundus examination, was performed in all patients. Subse-
quently, kinetic perimetry (Goldman visual fields, targets V. and IIL,.),
color vision testings, full-field electroretinography (ERG), and elec-
trooculography (EOG) were performed.'® Fullfield ERGs were re-
corded using corneal electrodes and a computerized system (UTAS
3000; LKC, Gaithersburg, MD). In the dark-adapted state, a rod re-
sponse to a dim blue flash and a mixed cone-rod response to a white
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flash were acquired. Cone responses to 30-Hz flashes of white light
were acquired under a background light of 21 cd/m? All ERG re-
sponses were filtered at 0.3 to 500 Hz, and signal averaging was used.
EOG was performed according to the International Society for Clinical
Electrophysiology of Vision (ISCEV) standard using bilateral skin elec-
trodes on both canthi, and the Arden ratio (light peak to dark trough)
was derived.'*

ABCA4 Haplotype Analysis

DNA amplification was performed by 35 cycles consisting of denatur-
ation at 94°C, annealing at 54°C, and extension at 72°C for 30 seconds
each. In addition, an initial denaturation and final extension steps of 5
minutes each were performed. Haplotype analysis included four mic-
rosatellite markers (D1S435, D1S188, D1S2719, D1S497) flanking
ABCA4 and two single nucleotide polymorphisms (SNPs; rs472908 and
rs560426 with 5 U NEB enzyme 7sp5091 at 65°C and Hpy188IIl at
37°C, respectively) located within ABCA4. Restriction products were
separated by electrophoresis in 3% agarose gel for 50 minutes.

Mutation Analysis

The single-strand conformation polymorphism and direct sequencing
techniques were used to screen all 50 coding exons of ABCA4 (Refseq
NM_000350.2). Screening for all known ABCA4 sequence changes was
performed at Asper Biotech using the ABCA4 genotyping microarray
(http://www.asperophthalmics.com/ABCRgenetest.htm).®

Reverse Transcription and Nested PCR Analysis

We used a previously described protocol'® to study ABCA4 splicing.
Total RNA was isolated from Epstein-Barr virus-transformed lympho-
blastoid cells (RNeasy; Qiagen, Valencia, CA). RT-PCR was performed
(Reverse-iT; Abgene, Epsom, UK) with random decamers, and cDNA
amplification was performed with primers 737f (5'-aacgtcaacccccga-
cac-3") and 738r (5'-tcctgtecgtcaggtettg-3'). This was followed by a
nested-PCR reaction with primers 351f (5'-ctacctttgtgtttttggetctg-3")
and 257r (5'-actctggcagcatggtgag-3"). PCR products were gel purified
and sequenced. We used the Splice-Site Prediction by Neural Network
(http://www fruitfly.org/seq_tools/splice.html) for prediction of
splice-site sequences.

RESULTS

Description of Pedigrees

Six reportedly unrelated Arab-Muslim families (Fig. 1A) residing
in the same village who share a similar ocular phenotype were
studied. Three of the families (MOL0O006, MOL0033, and
MOL0261) were large and included multiple consanguineous
marriages. The inheritance pattern was interpreted as AR in all
six families, with a pseudodominant inheritance pattern in
MOLO006 because of multiple consanguineous marriages (Fig.
1A).

Clinical Description

The ocular findings in early stages of disease in patients from
the six families resemble those of typical Stargardt, mainly
involving the macula, with a resultant reduction of central
acuity and impaired color vision appearing toward the end of
the first decade of life. Visual acuity (VA) was 6/9 in a 4-year-old
patient and 6/18 in a 7-year-old patient, but after 10 years of age
all patients had VA of 6/30 or worse, as is often the case in
Stargardt disease. However, in all but one patient (MOLO00G
I-2), the disease at later ages progressed to a severe, wide-
spread retinal degeneration, beyond involvement of the mac-
ular region alone.

A representative example of the early stage of disease is
patient MOLO033 1I-4. At 14 years of age, her VA was 6/60, and
yellow flecks and macular atrophy were evident (Fig. 2A).
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Fluorescein angiography showed hyperfluorescence of the
flecks and staining of atrophy in the macular region with a dark
choroid effect in the background (Fig. 2B), characteristic of
Stargardt disease. In older patients, however, large areas of
atrophy and grayish discoloration of the retina were evident,
with pigment migration and large pigment clumps in the pos-
terior pole, midperiphery, and along the vessels (Figs. 2D-F).
These findings suggest widespread retinal degeneration, be-
yond that usually associated with typical Stargardt disease. The
progressive nature of the disease can be appreciated in the
serial images of patient MOL0O006 I1I-7 (Figs. 2G-1). At the age of
8, his VA was 6/30, and macular changes were slight (Fig. 2G).
At the age of 12, his VA dropped to 6/60, and macular changes
were more pronounced yet still compatible with typical Star-
gardt (Fig. 2H). However, at age 18 (VA 6/60), widespread
retinal involvement was evident with atrophy and pigment
clumps (Figs. 2I-L). Interestingly, autofluorescence imaging
showed a relatively preserved parapapillary ring (Fig. 2K), as
previously noted in patients with ABCA4 mutations.'®

Different measures of retinal function showed a similar
pattern of progression over time, with initial macular involve-
ment evolving into widespread retinal degeneration. The full-
field cone-flicker ERG of MOLO00G II-2 (age 20) was delayed
and amplitudes were still within normal limits (Fig. 3A),
whereas the response of the foveal cones was severely reduced
and delayed (Fig. 3B). Visual field testing of patient MOL0033
II-2 (age 20) showed that in addition to the central scotoma
expected in Stargardt disease, there was also some narrowing
of the visual fields (Fig. 3C), suggesting peripheral retinal
involvement. Patient MOLO261 III-1 (Fig. 1A, age 25) is a
representative example of the more advanced stage of disease.
Mixed cone-rod and 30-Hz cone flicker full-field ERG ampli-
tudes were reduced to approximately 50% of low threshold of
normal (Fig. 3D), and cone flicker implicit time was markedly
delayed (Fig. 3D, cone flicker waveforms; Fig. 4, other mea-
sures of retinal function [diamond correlating to age 25]).
Funduscopic findings in this patient (age 29) indeed support
widespread retinal involvement (Fig. 2E).

To better characterize the progress of disease and its asso-
ciation with age, we evaluated retinal function in 14 patients
with the same retinal phenotype and genotype. The data pre-
sented in Figure 4 show a statistically significant decline in
retinal function compared with age in most measures. Cone
flicker amplitudes showed a trend of reduction with age,
which did not attain statistical significance. In addition, in most
patients who could undergo EOG, dysfunction of the retinal
pigment epithelium was evident.

The only exception to this pattern of progression was pa-
tient MOLOO06 I-2. At the age of 40, her fundus findings
remained localized to the macular area, which had a typical
Stargardt-like appearance (Fig. 2C). Fullfield ERG function was
maintained within normal limits, and EOG findings were at the
lower limit of normal (Fig. 4, squares). This exception can be
explained by the molecular genetic findings detailed below.

Haplotype and Mutation Analysis

Given the retinal phenotype described and the inheritance
pattern of the six families, we considered ABCA4 the major
candidate gene causative of the disease. Therefore, we per-
formed haplotype analysis of families MOLO006 and MOL0033
using DNA markers located within and flanking the ABCA4
gene (Fig. 1B). In family MOL0006, two different haplotypes, 1
and 3, cosegregated with the disease under the assumption of
AR inheritance. Patient MOLO00G6 1-2 (diagnosed with typical
Stargardt) carried both haplotypes, and her unaffected husband
carried haplotypes 1 and 2; the latter did not cosegregate with
the disease. All affected children, diagnosed with progressive,
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severe Stargardtlike disease, were homozygote for haplotype
1. In family MOL0033, two haplotypes, 4 and 6, shared an
identical portion within ABCA4 and cosegregated with the
disease. Moreover, haplotype 1, cosegregating in family
MOLO0006, shared the same ABCA4 portion with haplotypes 4
and 6.

Based on these data, we assumed that two different ABCA4
mutations were responsible for the two retinal phenotypes,
one of which is shared by haplotypes 1, 4, and 6. To identify
these mutations, we screened the DNA of two affected patients
for all known ABCA4 sequence variants by using the Asper
biotech ABCA4 mutation detection microarray.® The screen
revealed seven sequence changes (¢.1269C>T [p.His423His],
¢.1356+5delG, ¢.4773+48C>T, ¢.6069C>T [p.lle2023]le],
¢.6249C>T [p.1le2083lle], ¢.6285T>C [p.Asp2095Asp], and
¢c.6764G>T [p.Ser22551le]) that had been previously inter-
preted as nonpathogenic changes. We subsequently performed
mutation screening of the whole ABCA4 open-reading-frame
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and identified two previously reported nonpathogenic changes
(€.6282+7G>A and ¢.302+26A>G) and a novel in-frame de-
letion (¢.3449_3451delGCT [p.Cys1150del]) in exon 23, found
heterozygously in patient MOLO006 1-2 (Fig. 5A). The deleted
amino acid (Cys1150) is highly conserved, resides within a
conserved ABCA4 region (Fig. 5A, bottom), and is located at
the 3’-end of the ABC transporter nucleotide-binding domain.
We could not identify this mutation in 190 chromosomes from
healthy Arab-Muslim control subjects, nor could we find it in
30 unrelated Arab-Muslim patients with Stargardt disease or
CRD. We considered it a pathogenic ABCA4 mutation. We
could not identity a second ABCA4 mutation in our mutation
analysis of the remaining exons, but we were consistently
unable to amplify exon 29 by PCR using the DNA of patients
with a diagnosis of progressive Stargardt-like disease. We per-
formed a long-range PCR reaction and amplified the region
encompassing exon 29. Sequencing analysis of this fragment
revealed an intronic deletion of 23 nucleotides overlapping
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FIGURE 2.

with the forward primer of exon 29. The deletion (c.4254-
15del23 [IVS28-15del23bp]) was located 15 bp upstream of
exon 29 (Fig. 5B), and computer splice-site prediction analysis
revealed a high score (0.83 of 1.00) for the wild-type acceptor
site; the score for the mutant site was much lower (0.44 of
1.00). The mutation was shared by patients from all six families
(Fig. 1) and was absent in 190 Arab-Muslim chromosomes of
control subjects. Analysis of two SNP markers within the
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Funduscopic findings in patients from the six studied families. (A) Fundus photograph and (B) fluorescein angiography of patient
MOLO0033 II-4 at age 14, depicting the early stages of disease. Note the dark choroid effect on angiography. (C) Fundus photograph of patient
MOL0006 I-2 (age 40) with typical Stargardt disease, without peripheral involvement (haziness of photograph caused by cataract). (D-F)
Funduscopic findings in advanced stages of disease. Note widespread, often large pigment clumps. (D) MOL000G 1I-2 at age 20. (E) MOL0261 1II-1
at age 29. (F) MOL0261 V-2 at age 22. (G-L) Funduscopic findings of patient MOLOOOG II-7 at various ages: (G) 8 years; (H) 12 years (I-L) 18 years.
(K) Autofluorescence image; note the relatively preserved parapapillary ring. (E, F, L) Panoret images.

ABCA4 gene revealed a shared haplotype (rs472908-A and
rs560426-G) in all affected patients who were homozygote for
the ¢.4254-15del23 mutation.

Transcript Analysis

Two ABCA4 transcripts have thus far been reported in normal
retinal samples.®> To explore the possibility that the c.4254-
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FIGURE 3. Retinal and macular func-
tion at different stages of disease. (A)
Full-field cone flicker ERG is delayed,
but amplitudes are still within nor-
mal limits in a 20-year-old patient
(MOLO0006 1I-2). (B) In the same pa-
tient, focal foveal cone ERG response
are already severely reduced and de-
layed (range of normal denoted by
gray area). (C) Goldman kinetic pe-
rimetery in another 20-year-old pa-
tient (MOL0033 II-2) reveals narrow-
ing of the visual fields in addition to a
central scotoma, suggesting the be-
ginning of peripheral retinal involve-
ment. (D) In patient MOL0261 1II-1,
at the age of 25 years, full-field cone
flicker ERG responses are markedly
reduced, indicating involvement of
extramacular cones.

a heterozygote individual, and a homozygote patient. Surpris-
ingly, the analysis of ABCA4 exons 27 to 31 in the normal
retina yielded four different transcripts (Table 1; Fig. 5C). The
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FIGURE 5. Novel ABCA4 mutations
and transcripts. (A) Chromatograms
showing the sequence around
p.Cys1150 in patient MOLOO06 I-2,
who is heterozygote for the
p.Cys1150del mutation because of a
deletion of 3 bp (GCT) in exon 23
(upper panel) and a wild-type se-
quence (lower panel). The arrow
points to the deletion site. An align-
ment of this region in orthologous
ABCA4 sequences is presented be-
low the chromatograms. Note that
Cys1150 is conserved in all species.
(B) Chromatograms showing the

1146 1147 1148 1149
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1151 1152
Phe Gly

: EXON27 | Exonso . ABcad-28-29
CTTCCTGGCGCAGGAGTACCCCT

LFLENCFGTGL- Human
LFLENCFGTGL- Macaca fascicularis (monkey)

LF Canis familiaris (dog)
LFLENCFGTGF- Mus musculus (mouse)
LFL Rattus gicus (rat)

intron-exon junction in patient
MOLO0006 112, who is homozygote
for the c.4254-15del23 mutation. The
23 deleted bases are depicted above
the mutant sequence. Intronic se-
quence is presented in lowercase
and exonic sequence in uppercase.
(O) Alternative-spliced transcripts in
ABCA4. The wild-type ABCA4 tran-
script and two novel alternatively
spliced isoforms (ABCA4-28-29 and
ABCA4-29) are depicted.

LFLENCFGTGF- Bos taurus (cow)

normal ABCA4 transcript, including exons 27 through 31
(ABCA4_v1), had the highest expression level. An aberrant
transcript, in which exons 28 and 29 were skipped
(ABCA4_v2) causing a frameshift deletion of 224 nucleotides,
showed a relatively high expression level (75% of the wild-type
expression). Two additional transcripts were in-frame and
were expressed at relatively low levels. Exon 29 was skipped in
ABCA4_v3 (expression level 9%, comparing to the wild-type
transcript), causing a deletion of 99 nucleotides. Exon 29 and
the first 114 nucleotides of exon 30 were skipped in
ABCA4_v4 (15% of the wild-type expression level). A tran-
script similar to that of ABCA4_v4 was the first ABCR tran-
script to be reported.® It contains exon 29 but not the first 114
nucleotides of exon 30.># Although fulllength exons were
included or deleted in transcripts ABCA4_v1 to 3, transcript
ABCA4_v4 contained only part of exon 30. Sequence analysis
of this exon supported previous findings* that identified a
cryptic acceptor splice site located 114 nucleotides within
exon 30 (a predicted splice-site score of 0.91). These tran-
scripts were identified in normal retina and in lymphoblastoid
cells from the healthy control subject and the heterozygote
patient. Detailed RT-PCR analysis of the homozygote patient
revealed only the three alternatively spliced isoforms, whereas
the full-length ABCA4 transcript could not be detected.

TABLE 1. ABCA4 Retinal Transcripts

LFLENCFGTGF- Xenopus tropicalis (frog)
LFLENCFGAGF- Tetracdon nigroviridis (fish)

M“U 1y

exon2i exon2d

: Exon28 | Exon30 _ ABCA4-29
ACACCTTCTTCAGGGAGTACCCCT

DIScUSSION

The present study describes the involvement of two novel
ABCA4 mutations in retinal degenerative disease of differing
severity. The p.Cys1150del mutation results in a deletion of a
highly conserved amino acid located 3’ to the ABC transporter
nucleotide-binding domain. It was found heterozygously in one
patient (MOLO006 1-2) with the diagnosis of Stargardt disease.
The founder mutation, ¢.4254-15del23, causes a splicing defect
resulting in the absence of the wild-type ABCA4 transcript.
This mutation was found homozygously in 14 patients who
manifested progressive Stargardt-like disease and heterozy-
gously in patient MOLO0OG 1-2.

More than 500 ABCA4 mutations have been identified as
causing different retinal diseases, allowing a proposed genotype-
phenotype correlation model.*>'” The simplified model suggests
that patients with two severe mutations have retinitis pigmentosa,
patients with one severe and one moderate mutation have CRD,
patients with one severe and one mild mutation have Stargardt
disease, and patients with only one severe or moderate mutation
are at increased risk for age-related macular degeneration. As
can be expected, actual genotype-phenotype correlations are
more complex, and deviations from this model have been re-
ported.>'”'® Interestingly, as in the homozygote patients de-

Transcript Exons Included Exons Skipped Effect on ORF Relative Expression Level
ABCA4_vl1 wt (27-31) None None 1.00
ABCA4_v2 27,30,31 28,29 —224 bp frameshift 0.75
ABCA4_v3 27,28,30,31 29 —99 bp in-frame 0.09
ABCA4_v4 27,28,30p,31 29,30p —213 bp inframe 0.15
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scribed here, progression from an initially mild, characteristic
phenotype to a severe one, usually CRD, may also occur over
time.'®2°

The major limitation in obtaining an accurate genotype-
phenotype correlation model is the correct interpretation of
the effect of a given mutation on protein structure or function.
This is particularly difficult with potential splicing mutations,
which can lead to mild or severe mutations. Analysis of such
mutations is challenging because of technical difficulties in
amplifying ABCA4 mRNA from readily available tissues, such as
peripheral blood and lymphoblastoid cells.* In only one study
thus far'® has reliable splicing data been obtained through this
system, leading to an unexpected result: a frequent base sub-
stitution (¢.2588G>C) in the first base of exon 17, initially
interpreted as a missense mutation (Gly863Ala), created a splic-
ing defect, resulting in a deletion of one amino acid (Gly863).
This result emphasizes the importance of accurate mRNA anal-
ysis for each suspected splicing mutation before any genotype-
phenotype assumptions can be made. Our nested RT-PCR anal-
ysis of the retina and lymphoblastoid cells revealed an
unexpected result. We found that ABCA4 produced four dif-
ferent transcripts in the normal retina through an alternative-
splicing mechanism. The two most common transcripts are the
wild-type ABCA4 mRNA and a variant (ABCA_v2) in which
exons 28 and 29 are skipped. This deletion causes a frameshift
and is therefore likely to be recognized and degraded by the
nonsense mediated decay (NMD) mechanism.?' The other two
transcripts (v3 and v4) have inframe deletions and are ex-
pressed at very low levels, probably producing low amounts of
nonfunctional ABCA4 proteins. The splicing region of all five
ABCA4 transcripts described thus far (the wild-type transcript,
a splicing variant with part of exon 30 as reported previously,>*
and three additional splice variants reported here) is located
between exons 28 and 30 of the ABCA4 gene. Interestingly,
this region contains a number of cryptic splice sites® and a few
splice-site mutations. The novel splicing mutation we identified
in this study, c.4254-15del23, prevents the production of the
wild-type ABCA4 protein and is likely to be a null mutation.
However, we cannot exclude the possibility that small
amounts of the wild-type protein are still translated in the
retinas of these patients. If such a low level of expression
indeed exists, it may explain the delayed appearance of wide-
spread retinal degeneration in our patients compared with
other patients who manifest early, full-blown CRD or retinitis
pigmentosa because of homozygosity for null ABCA4 muta-
tions.
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