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Analysis of ABCA4 in over 1000 Stargardt disease probands identifies novel 
pathogenic deep intronic variants and reveals enriched Irish variant.
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Pathogenic variants in ABCA4 are pathognomonic of Stargardt disease
(STGD1), a recessively inherited macular dystrophy. Given the large size of
ABCA4, traditional sequencing methods were limited to detection of exonic
variants only. Unresolved genetic diagnoses became a major obstacle,
highlighting the necessity of a method that sequences the entire 128 kb gene in
a cost and time-effective manner.

The enrichment of c.4539+2028C>T in Ireland facilitated variant
categorisation through phenotypic comparison of the individuals who
harbour it with each other and other individuals with ABCA4 variants of
known severity. This will aid in clinician and patient understanding of disease
progression and management.

This study serves as a model for other inherited diseases caused by variants
in one or a few genes where smMIPs-based sequencing to identify non-
coding variants may be of significant value. As splice modulating therapies
move towards and through clinical trial, a genetic diagnosis becomes
particularly relevant for splice-altering variants.
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Fig. 1 | Schematic representation of ABCA4 smMIPs-based sequencing, variant discovery
and variant pathogenicity prediction. * = deep intronic variant
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Fig. 2 | Schematic representation of in vitro functional analysis of putative splice variants using a
midigene splice assay. E = exon. WT= wild-type, PE=pseudoexon.

Results

Fig. 3 | Methods employed to detect ABCA4
c.4539+2028C>T in recruited Irish STGD1 cohort to date.
1A: Target capture sequencing of ABCA4 covers known
pathogenic regions only. 1B: smMIPs based sequencing
of the entire ABCA4 gene covers introns and exons as
well as 40 kb of flanking sequence. 1C: Whole genome
sequencing covers all variation in the genome. 2: Sanger
sequencing was utilised for variant confirmation and to
sequence 13 family members. 3: Cascade analysis was
performed to determine variant phasing.

Fig. 5 | Diagnostic rate for 162 Irish smMIPs cases sequenced to date, followed by a breakdown
of the types of variants identified. Two pathogenic variants were detected in 97/162 Irish STGD1
cases. 22/97 cases carried intronic variants, 12 of which harboured a deep intronic variant.
Among these, 7 carried c.4539+2028C>T, which results in a retina-specific pseudoexon inclusion2

indicating enrichment and prompting additional analysis of the Irish STGD1 cohort recruited to
date to determine the frequency of this variant. (N)CSS = (non)canonical splice site.

Fig. 6 | Distribution of ABCA4 c.4539+2028C>T cases worldwide from publications and the
Target 5000 (Irish national registry for inherited retinal disease patients) database1,3-6. The
lightest shade of green represents countries where the region harbouring the variant has been
sequenced, but no cases were identified. 1 case was detected in Canada, 3 cases were detected
in German cohorts, 11 in cohorts in the United States and 25 cases in Ireland including two
homozygous individuals. Data has not been published for countries shaded in grey.

Fig. 7 | Fundus autofluroescence
(FAF) (A&B) and optical
coherance tomography (C) of an
individual who harbours ABCA4
c.4539+2028T>C homozygously.
Two homozygotes were found as
part of this study and are thought
to be the only two homozygous
cases identified globally. Yellow
flecks are present centrally. There
is also a beaten-bronze
appearance and peripapillary
sparing. Of note is a distinctive
black FAF pattern. Phenotypic
comparison of individuals who
carry this variant with those who
carry variants of known severity
will aid in clinician and patient
understanding of disease
progression and management.
R=right eye, L=left eye.
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The sequence of the entire ABCA4 gene and 40 kb of flanking sequence was
ascertained from 1054 probands using single-molecule molecular inversion
probe (smMIP) based sequencing (Fig. 1)1. Variants potentially resulting in
splice defects were examined using in vitro assays (Fig. 2). In addition to 36
Irish probands sequenced as part of the original 1054 cases, A further 126 Irish
probands were smMIP-sequenced. 7 cases of ABCA4 c.4539+2028C>T were
detected, prompting additional analyses of the entire Irish STGD1 cohort
recruited to date to detect this pathogenic deep intronic variant (Fig 3).

Fig. 4 | Distribution of different types
of alleles and deep-intronic variants
identified in ABCA4 a: Categorisation
of variants/alleles in bi/monoallelic
cases found in this sequencing study
of >1000 STGD1 probands. b: Deep
intronic variants identified in this
study. 13 novel deep intronic variants
are highlighted in red. 117 incidences
of causal deep intronic variants were
identified in total1.
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