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PURPOSE. We applied a recently reported next-generation sequencing (NGS) strategy for
screening the ABCA4 gene in a British cohort with ABCA4-associated disease and report novel
mutations.

METHODS. We identified 79 patients with a clinical diagnosis of ABCA4-associated disease who
had a single variant identified by the ABCA4 microarray. Comprehensive phenotypic data
were obtained, and the NGS strategy was applied to identify the second allele by means of
sequencing the entire coding region and adjacent intronic sequences of the ABCA4 gene.
Identified variants were confirmed by Sanger sequencing and assessed for pathogenicity by in
silico analysis.

RESULTS. Of the 42 variants detected by prescreening with the microarray, in silico analysis
suggested that 34, found in 66 subjects, were disease-causing and 8, found in 13 subjects,
were benign variants. We detected 42 variants by NGS, of which 39 were classified as disease-
causing. Of these 39 variants, 31 were novel, including 16 missense, 7 splice-site–altering, 4
nonsense, 1 in-frame deletion, and 3 frameshift variants. Two or more disease-causing variants
were confirmed in 37 (47%) of 79 patients, one disease-causing variant in 36 (46%) subjects,
and no disease-causing variant in 6 (7%) individuals.

CONCLUSIONS. Application of the NGS platform for ABCA4 screening enabled detection of the
second disease-associated allele in approximately half of the patients in a British cohort where
one mutation had been detected with the arrayed primer extension (APEX) array. The time-
and cost-efficient NGS strategy is useful in screening large cohorts, which will be increasingly
valuable with the advent of ABCA4-directed therapies.
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Stargardt disease is the most common form of inherited
macular dystrophy and is caused by recessive mutations in

the ABCA4 gene.1,2 Stargardt disease typically presents with
central macular atrophy and yellow-white flecks at the
posterior pole, primarily at the level of the RPE.2,3 A highly
variable phenotype and progression of Stargardt disease have
been documented, and mutations in ABCA4 also have been
implicated in cone dystrophy, cone-rod dystrophy, and ‘‘retinitis
pigmentosa.’’4–12 In this report, we will use the term ‘‘ABCA4-
associated retinal disease’’ to refer to the broad range and
variability of clinical manifestations of retinopathy due to
ABCA4 variants.

The carrier frequency of likely pathogenic ABCA4 alleles has
been reported to be as high as 1:2013,14 and more than 700
ABCA4 variants have been identified so far.1,2,5–29 The high
allelic heterogeneity makes molecular genetic analyses of
ABCA4-associated retinal disease very challenging. It has been
reported that direct Sanger sequencing of the entire ABCA4

coding region (50 exons) detects between 66% and 80% of

disease-causing alleles13,21; however, this approach has signif-
icant limitations in large patient cohorts due to the prohibitive
time and cost implications.3,5

Since the development of the ABCA4 genotyping micro-
array, using arrayed primer extension (APEX) technology,14

systematic screening of all known previously reported ABCA4

variants has been available26,30; APEX detects approximately
65% to 75% of all disease-associated alleles. However, by
definition, novel variants are not detected by APEX technology,
necessitating the use of other methodologies for high-through-
put systematic screening of the entire coding region, especially
in cases where one or both disease-causing alleles have failed to
be identified by the array.

Zernant et al. recently reported the capability of a next-
generation sequencing (NGS) strategy to detect new ABCA4

variants that were not included on the APEX array; all 50 ABCA4

exons of 168 patients were amplified in parallel using an
amplicon tagging PCR protocol and NGS was applied to the
resulting amplicons.5 The purpose of this study was to apply this
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novel NGS strategy for ABCA4 screening in a large, well-
characterized British cohort of patients with likely ABCA4-
associated phenotypes and report novel disease-causing vari-
ants.

MATERIALS AND METHODS

Patients

Prescreening with APEX technology was performed in a
cohort of 232 patients seen at Moorfields Eye Hospital with
a clinical diagnosis of retinopathy compatible with ABCA4-
associated retinal disease. Two or more variants were
identified in 103 patients, one variant in 79 subjects, and
no variants in 50 individuals. The 79 patients with only one
ABCA4 allele were recruited for this study. After informed
consent was obtained, blood samples were taken from all
individuals for NGS of ABCA4. The protocol of the study
adhered to the provisions of the Declaration of Helsinki and
was approved by the Ethics Committee of Moorfields Eye
Hospital. The age at onset was defined as the age at which
visual loss was first noted by the patient. The duration of

TABLE 1. Summary of Clinical Features of 79 Patients With ABCA4-
Related Retinal Disease

Median age of onset, y (range) 22.0 (5–71)

Median age at examination, y (range) 40.0 (15–79)

Median duration of disease, y (range) 10.0 (0–54)

LogMAR visual acuity (range) R 1.00 (�0.08–1.78)

L 1.00 (�0.08–4.00)

AF subtype, n ¼ 71 1 n ¼ 21

2 n ¼ 34

3 n ¼ 16

ERG group, n ¼ 70 1 n ¼ 34

2 n ¼ 7

3 n ¼ 29

AF, autofluorescence; ERG, electroretinography; R, right eye; L, left
eye.

FIGURE 1. Color fundus photographs, autofluorescence images, and optical coherence tomography of three representative cases harboring two or
more ABCA4 variants with ‘‘typical’’ ABCA4-associated retinal disease (patients 19, 36, and 17). Color fundus photograph of patient 19 shows
macular atrophy (A) and AF imaging demonstrates a localized low AF signal at the fovea, with a high signal edge surrounded by a homogeneous
background (B). SD-OCT demonstrates marked outer retinal loss at the central macula (C). Patient 36 has macular atrophy surrounded by numerous
yellow-white flecks (D) and a localized low AF signal at the macula surrounded by a heterogeneous background, with peripapillary sparing (E).
Generalized loss of outer retinal architecture is seen on SD-OCT. Patient 17 has widespread multiple areas of atrophy with patchy pigmentation (G)
and multiple areas of low AF signal at the posterior pole with a heterogeneous background (H).
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disease was calculated as the difference between age at
onset and age at the latest examination.

Clinical Assessment

A full medical history was obtained and a comprehensive
ophthalmologic examination was performed for all patients.
Clinical assessment included best-corrected Snellen visual
acuity (converted to equivalent logMAR visual acuity), fundus
photography, autofluorescence (AF) imaging, spectral domain
optical coherence tomography (SD-OCT), and electrophysio-
logic assessment.

Color fundus photography was performed with the TRC-
50IA Retinal Fundus Camera (Topcon, Tokyo, Japan) and AF
images were obtained using either an HRA 2 (excitation
wavelength, 488 nm; barrier filter, 500 nm; field of view, 30 3

308; Heidelberg Engineering, Heidelberg, Germany)31 or
Spectralis with viewing module version 5.1.2.0 (excitation
wavelength, 488 nm; barrier filter, 500 nm; fields of view, 30 3

308 and 55 3 558; Heidelberg Engineering) after pupillary

dilation.32 Patients were classified into one of three AF
subtypes based on a recent report in ABCA4-associated retinal
disease31: type 1—localized low AF signal at the fovea
surrounded by a homogeneous background, type 2—localized
low AF signal at the macula surrounded by a heterogeneous
background, and type 3—multiple areas of low AF signal at the
posterior pole with a heterogeneous background. SD-OCT
imaging was obtained with the Spectralis with viewing module
version 5.1.2.0.32

Electrophysiologic assessment included full-field electroret-
inography (ffERG) and pattern electroretinography (PERG)
incorporating the standards of the International Society for
Clinical Electrophysiology of Vision (ISCEV).33,34 All compo-
nents of the ffERG and PERG were taken into account when
classifying patients into one of the three electrophysiologic
groups:4,35 group 1—patients with PERG P50 abnormality with
normal ERGs, group 2—subjects with PERG P50 abnormality
and additional generalized cone ERG abnormality (assessed
with light adapted 30 Hz ERG and light adapted 3.0 ERG), and
group 3—individuals with PERG P50 abnormality, and addi-

FIGURE 2. Color fundus photographs and autofluorescence images of six cases harboring a single, likely benign, missense variant with ‘‘atypical’’
clinical features for ABCA4-associated retinal disease (patients 74, 75, 76, 77, 78, and 79). Color photograph of patient 74 shows a geographic
atrophy-like appearance (A), which on AF imaging is surrounded by foci of high and low AF signal (B). Patient 75 has evidence of generalized retinal
atrophy in addition to marked macular atrophy, with dense pigmentation at the level of the RPE, and bone spicule formation, marked vessel
attenuation, and optic disc pallor (C). Patient 76 has extensive macular atrophy extending beyond the arcades, with dense pigmentation at the level
of the RPE and slight bone spicule pigmentation in the periphery (D). AF imaging demonstrates a heterogeneous background, but no peripapillary
sparing (E). Patient 77 has a large area of macular atrophy extending to the optic disc (F), which on AF imaging is surrounded by an irregular low AF
signal with foci of high and low signal, with no peripapillary sparing (G). Patient 78 has multiple widespread areas of atrophy with dense
pigmentation at the level of RPE and bone spicule pigmentation in the periphery (H). AF imaging identifies multiple low signal areas with a
heterogeneous background and no peripapillary sparing (I). Patient 79 has subtle atrophy confined to the fovea (J). AF imaging demonstrates a
localized low AF signal at the fovea surrounded by a homogeneous background (K).
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tional generalized cone and rod ERG abnormality (assessed
using dark adapted 0.01 dim flash ERG and dark adapted 11.0
bright flash ERG).

Genetic Screening

Blood samples were collected in EDTA tubes and DNA was
extracted with a Nucleon Genomic DNA extraction kit
(BACC2; Tepnel Life Sciences, Manchester, UK). Mutation
prescreening of ABCA4 was performed with the APEX micro-
array (ABCR400 chip or ABCR600 chip; Asper Ophthalmics,
Tartu, Estonia; available in the public domain at http://www.
asperbio.com/genetic-tests/panel-of-genetic-tests/stargardt-
disease-cone-rod-dystrophy-abca4) in all probands.14 We
screened 17 patients with ABCR400 (432 mutations on the
chip) in 2005, 32 with updated ABCR400 (456 mutations) in
2006, 3 with further updated ABCR400 (480 mutations) in
2007, and 27 with ABCR500 (552 mutations) in 2011.

All 50 ABCA4 exons and exon-intron boundaries were
amplified with tagged PCR primers using an amplicon
tagging protocol (Access Array; Fluidigm, South San Francis-
co, CA; available in the public domain at http://www.
fluidigm.com/products/access-array.html) and NGS on the
Roche 454 platform (Roche Applied Science, Penzberg,
Upper Bavaria, Germany) was performed as reported
previously.5 Sequences of the barcoded samples were
analyzed with the NextGENE software for next generation
sequence analysis (SoftGenetics, State College, PA), which
mapped reads to the reference genome (HG19) and
identified all the differences compared to the reference
sequence. All the identified variants were confirmed by
Sanger sequencing. Segregation analysis was not performed
in this study.

In Silico Molecular Genetic Analysis

All the missense variants identified were analyzed using two
software prediction programs: Sorting Intolerant From
Tolerant (SIFT; available in the public domain at http://sift.
jcvi.org),36 and PolyPhen2 (available in the public domain at
http://genetics.bwh.harvard.edu/pph/index.html).37 Predict-
ed effects on splicing of all the missense and intronic
variants were assessed with the Human Splicing Finder
(HSF) program version 2.4.1 (available in the public domain
at http://www.umd.be/HSF). The allele frequency of all the
variants was estimated by reference to the Exome Variant
Server (EVS; NHLBI Exome Sequencing Project, Seattle, WA;
available in the public domain at http://snp.gs.washington.
edu/EVS).

All the variants identified were classified into one of three
categories based on the bioinformatics prediction protocol
described in a previous report,5 namely disease-causing,
possibly disease-causing, and benign. For the purpose of
analysis in this study, variants predicted to be possibly

disease-causing were included in the total number of variants
described as disease-causing variants. The nomenclature of the
variants was in the main in keeping with the internationally
established guidelines (available in the public domain at http://
www.hgvs.org/mutnomen).38

RESULTS

Clinical Findings

The clinical findings of the cohort are summarized in Table
1. The study included 40 male (51%) and 39 female (49%)
unrelated probands. The median age at onset was 22.0 years,
with a median duration of disease of 10.0 years. The median
age at the latest examination was 40.0 years, with the
median logMAR visual acuities being 1.00. Color fundus
photographs were obtained in 75 patients and AF imaging
was undertaken in 71 subjects. There were 21 patients
(30%) with a type 1 AF pattern, 34 (48%) with type 2, and
16 (22%) with type 3. Of the 70 patients with available
electrophysiologic data, 34 subjects (49%) were in ERG
group 1 (isolated macular dysfunction), 7 (10%) in ERG
group 2 (macular and generalized cone dysfunction), and 29
(41%) in ERG group 3 (macular and generalized cone and
rod dysfunction).

Color fundus photographs, AF images, and SD-OCT of three
representative cases of ‘‘typical’’ ABCA4-associated retinal
disease are shown in Figure 1 (patients 19, 36, and 17), all
harboring two disease-causing variants. Six cases with an
‘‘atypical’’ phenotype for ABCA4-associated retinal disease are
shown in Figure 2 (patients 74–79), all of them carried only
one, likely benign, ABCA4 variant (Table 2).

Prescreening With APEX Technology

The results of prescreening of ABCA4 in our cohort of 79
patients are summarized in Table 2. We detected 42 variants at
the APEX prescreening stage. In silico analysis of these 42
variants suggested that 34 were disease-causing and 8 were
considered benign. Therefore, these analyses confirmed at least
one disease-causing variant in 66/79 patients, while 13/79
subjects had no disease-causing variants (Tables 2, 3).

Identification of New Variants by NGS

The results of NGS screening in our cohort of 79 patients are
summarized in Table 2. We identified 82 variants by NGS in
total; 53 missense, 13 splice-site alterations, 10 nonsense, four
frameshifts, one in-frame deletion, and one intronic variant of
unknown effect (Tables 2, 4). Of a total of 84 different variants
identified in this study by APEX and NGS, there were two ‘‘NGS
false-negative’’ variants (p.R1129H and p.Q1513fs), which
were detected on APEX array, but were not detected by NGS
(Table 2, patients 25 and 38).

TABLE 4. Numbers and Types of Variants Detected by APEX Technology and NGS

Total

Null Non-Null

Benign

Missense

Splice-Site

Altering Nonsense Frameshift Unknown

In-Frame

Deletion

Disease-Causing

Missense

Variants detected by prescreening with APEX 42 4 4 2 1 0 23 8

New variants detected by NGS alone 42 (33) 9 (7) 6 (4) 3 (3) 0 (0) 1 (1) 20 (16) 3 (2)

Gross total 84 (33) 13 (7) 10 (4) 5 (3) 1 (0) 1 (1) 43 (16) 11 (2)

Numbers in parentheses indicate the numbers of novel variants that have never been reported. Two variants were detected only on APEX array,
but not identified by NGS; one frameshift variant (p.Q1513fs) and one disease-causing missense variant (p.R1129H).
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A total of 42 additional variants, which were not detected
by APEX, were identified in 45 (57%) patients screened by NGS
(Tables 2, 4). Three variants (p.R219*, p.R1108C, and
p.S1071fs) found by NGS, were not identified by APEX at the
prescreening stage despite being represented on the array
(‘‘APEX false-negative’’; Table 2, patients 11, 16, 25, and 61).
Three (3/45) subjects had two new variants and 42 (42/45)
individuals had one new variant (Table 2). Of the 42 new
variants detected by NGS, there were 23 missense, 9 splice-site
alterations, 6 nonsense, 3 frameshifts, and 1 in-frame deletion
(Table 4).

Of the 42 new variants identified by NGS, 33 (79%) were
novel, including 18 missense, 7 splice-site alterations, 4
nonsense, 3 frameshifts, and 1 in-frame deletion (Tables 2, 4,
5). Seven variants identified only by NGS already were known,
but not yet added to the ABCA4 array by the time of the
prescreening of those samples.

In Silico Molecular Genetic Analysis for New
Variants Identified by NGS

In silico analysis of the 42 variants identified by NGS, including
the 9 previously reported variants and the 33 novel variants,
are shown in Tables 3 and 5, respectively.

Of the 9 previously reported variants that were detected by
NGS, there were 4 null variants (2 nonsense and 2 splice-site
alterations); 4 disease-causing missense variants, with delete-
rious or damaged protein function predicted by SIFT and
Polyphen2; and one benign missense variant (p.D2177N, Table
3).

Deleterious or damaged protein function was predicted by
SIFT and Polyphen2 in 16 of 18 novel missense variants (Table
5). Two variants (p.I478T and p.K896E) were predicted to be
tolerated and benign. The predicted effects on splicing of these
16 missense variants, one variant resulting in a nucleotide
substitution at the end of exon 33 (c.4773G>C), and five
intronic variants, were assessed using the HSF program.
Altered splicing was suggested for 7 of the missense variants,
the (c.4773G>C) variant, and all 5 intronic variants (Table 5).
The allele frequencies for the 33 novel variants were, at most, 1
in 13006, suggesting that these are all very rare. Overall, 31 of
the 33 novel variants were considered disease-causing, except
for only the two missense variants, p.I478T and p.K896E (Table
5).

Disease-Causing Variants

A total of 73 (31 novel and 42 previously identified) disease-
causing variants was identified in this cohort of 79 patients
(Table 4). The distribution of the number of alleles in the
cohort is summarized in Table 6. One patient (1%) harbored
three disease-causing variants, 36 (46%) had two disease-
causing variants, 36 (46%) had one disease-causing variant, and
six patients (7%) remained with no disease-causing variant
identified (Table 6).

DISCUSSION

Our study reports the molecular genetic findings using a PCR-
enrichment–based NGS strategy in a large well-characterized
British cohort with a clinical diagnosis of ABCA4-associated
retinal disease. The NGS revealed two or more disease-causing
variants in 37 (47%) of 79 patients, in whom only one variant
was detected in prescreening with APEX array technology.

Of the 66 subjects with one disease-causing allele identified
previously by APEX, the second disease-causing allele was
identified in 37 individuals (56%). In keeping with our findings,
Zernant et al. reported that the same NGS strategy identified
the second disease-causing allele in 48% of their cohort who
also only had one allele found previously with APEX.5 These
findings suggest that many disease-associated mutations in the
ABCA4 gene are very rare and yet unknown, supporting the
validity of the PCR-enrichment–based NGS method either as
the screening method of choice, or as an additional screening
method for patients in whom APEX does not reveal two
variants. Of note, the NGS method is cost- and time-efficient at
this time only for large (at least 96 samples) cohorts.

Of the 13 patients with initially no disease-causing variant
found by APEX, one disease-causing ABCA4 allele was
identified in seven subjects (54%) by NGS, with six remaining
with no likely disease-causing allele (46%). Further screening
with NGS, including screening all intronic regions, and
upstream and downstream control regions of the ABCA4 gene,
as well as other candidate genes, in larger well-characterized
cohorts will be needed to identify fully all pathogenic alleles in
these patients. It recently has been proposed that intronic and
synonymous variants may account for a significant proportion
of the remaining disease-causing variants not identified with
exomic NGS.5,39

There were two ‘‘NGS false negative’’ variants (p.R1129H
and p.Q1513fs) and three ‘‘APEX false negative’’ variants
(p.R219*, p.R1108C, and p.S1071fs) in our cohort. The
missense variant p.R1129H was not detected by NGS, most
likely due to allele-specific amplification. The frameshift variant
c.4537_4538insC, p.Q1513fs, is located in a homopolymer of
seven C-nucleotides, where an insertion of another C
nucleotide presents a challenge to identify by the Roche 454
sequencing platform. The ‘‘APEX false negative’’ variants were
caused by technical issues with the specific array, ABCR400
(432 mutations on the chip) in 2005. Two of those variants,
p.R1108C, and p.S1071fs, were detected by APEX in other
patients (Table 2). Nevertheless, these findings suggest that
combined APEX/NGS analysis may be worthy of consideration
for comprehensive mutation detection.

In silico molecular genetic analysis was performed for all 84
variants identified in our cohort, with 73 of these determined
to be likely disease-causing. Review of the clinical findings of
the six patients harboring only one, likely benign, missense
variant, revealed that they had a less typical (‘‘atypical’’)
phenotype for ABCA4-associated retinal disease, including an
absence of flecks in all patients, significant peripheral retinal
bone spicule pigmentation in three subjects, geographic-like
atrophy in one individual, a subtle atrophic change confined to

TABLE 6. Distribution of 79 Patients With ABCA4-Related Retinal Disease Based on Number of Identified Disease-Causing Variants

Comprehensive Screening With APEX and NGS

No Disease-Causing

Variant

1 Disease-Causing

Variant

2 Disease-Causing

Variants

3 Disease-Causing

Variants

Prescreening

with APEX

1 disease causing-variant, n ¼ 66 29 36 1

No disease-causing variants, n ¼ 13 6 7

Total, n ¼ 79 6 36 36 1
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the fovea in one patient, and a lack of peripapillary sparing on
AF imaging in three subjects. In this study, patients with
bilateral macular atrophy, with or without surrounding flecks,
potentially were included as having Stargardt disease, with
other less typical (‘‘atypical’’) findings also having been
reported in ABCA4-associated retinal disease.18,40,41 However,
other genes associated with autosomal recessive macular
dystrophy, autosomal recessive cone-rod dystrophy, and
autosomal recessive retinitis pigmentosa also should be
considered for these patients with no identified likely
disease-causing ABCA4 alleles, in addition to the possibility of
missed ABCA4 alleles due to the inherent limitations of the
molecular testing approach.

In our cohort, in keeping with previous reports, there was
one well-known intronic variant (c.5461-10T>C) of equivocal
pathogenicity following detailed in silico analysis,4,5,16; high-
lighting the need for an effective assay to determine
functionally the effects of ABCA4 variants, or alternatively to
consider investigating mRNA expression. The allele, c.5461-
10T>C, was the most common in our cohort, with 8/79
patients (10%) harboring this variant. Interestingly, the second
allele was not identified in six of these patients. However, co-
segregation of c.5461-10T>C with the disease has been
documented in several studies, thereby strongly suggesting
its disease-causation.4

In summary, we have demonstrated the validity and utility
of ABCA4 mutation screening with an NGS-based protocol in a
large British cohort, with successful identification of the new
disease-causing alleles in approximately half of the cases
harboring one allele detected by prescreening with APEX
technology. The identification of both disease-causing alleles
will improve the accuracy of diagnosis and the counselling of
patients, and also will assist in more effective patient selection
of genetically confirmed participants for current and future
clinical trials for ABCA4-associated retinal disease.
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