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Abstract

Background: Deletion—insertion (delins) variants in the retina-specific ATP-binding
cassette transporter gene, subfamily A, member 4 (ABCA4) accounts for <1% in
Stargardt disease. The consequences of these delins variants on splicing cannot be
predicted with certainty without supporting in vitro data.

Methods: Candidate ABCA4 variants were revealed by genetic and segregation anal-
ysis of a family with pseudodominant Stargardt disease using a commercial panel
and Sanger sequencing. RNA extracted from patient-derived fibroblasts was ana-
lyzed by RT-PCR to evaluate splicing behavior of the ABCA4 variants.

Results: Affected members carrying the novel ¢.6031_6044delinsAGTATTTAAC
CAATATTT variant in exon 44 presented with contrasting phenotypes; from early-
onset cone-rod dystrophy to late-onset macular dystrophy. This variant resulted in
a 56-nucleotide deletion in the mutant allele by activation of a cryptic splice ac-

ceptor site which disrupts the reading frame and results in a premature termination
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1 | INTRODUCTION

Stargardt disease (STGD1, OMIM: 248200) is the most com-
mon form of inherited retinal disease characterized by pro-
gressive central and predominantly cone-mediated vision
impairment. Mutations in ABCA4 (MIM: 601691), encoding
the adenosine triphosphate (ATP) binding cassette, subfamily
A, member 4, cause a wide spectrum of retinal phenotypes
that range in severity from early-onset cone-rod dystrophy to
late-onset macular dystrophy (Allikmets et al., 1997; Cremers
et al., 1998; Maugeri et al., 2000), depending on the combined
function of the ABCA4 protein translated from the two patho-
genic alleles. The ABCA4 protein is a retinoid flippase that
actively transports all-trans-retinaldehyde and its Schiff base
adduct N-retinyl-phosphatidylethanolamine back from the Iu-
minal (topographically equivalent to the extracellular) to the
cytosolic (intracellular) leaflet of the outer segment disc mem-
branes for reduction into all-frans-retinol by the various retinol
dehydrogenases (Quazi, Lenevich, & Molday, 2012). A defect
in the ABCAA4 flippase leads to the formation of N-retinylidene-
N-retinyl-phosphatidyl-ethanolamine (A2PE) in the lumen of
the disc that is then accumulated in the retinal pigment epi-
thelium (RPE) as it phagocytoses these bisretinoid-laden outer
segments. Inside the RPE phagolysosome, A2PE is hydrolyzed
to form the lipofuscin-like A2E that forms the basis of the “dark
choroid” clinical sign. In addition, there are foci of photorecep-
tor cell degeneration resulting in the formation of subretinal aut-
ofluorescent, bisretinoid-rich flecks. Finally, cytotoxicity from
these metabolites leads to confluent regions of RPE loss with
secondary retinal and choriocapillaris atrophy (Braun et al.,
2013; Fishman et al., 1999; Paavo, Lee, Allikmets, Tsang, &
Sparrow, 2019; Stargardt, 1909).

The development of next-generation sequencing (NGS) has
led to substantial progress in the discovery of the enormous
number of disease-causing ABCA4 variants. Sequencing of
the entire open reading frame and adjacent intronic sequences
of ABCA4 in patients with STGD1 identifies biallelic variants
in up to 60%—70%, one variant in 15%-25%, and no variants
in 10%-15% of the clinically diagnosed cases (Zernant et al.,

codon (p.Ile2003LeufsTer41). If translated, the crucial functional domains near the
C-terminus would be truncated from the ABCA4 protein.

Conclusion: This work demonstrates the intrafamilial phenotypic variability in a
pseudodominant Stargardt disease pedigree and the use of patient-derived fibroblasts
to evaluate the effect of a novel ABCA4 delins variant on splicing to complement in

silico pathogenicity assessment.

ATP-binding cassette subfamily A member 4 (ABCA4), genotype-phenotype correlations,
pseudodominant inheritance, splicing defect, variant pathogenicity

2011, 2017). More recently, deep intronic variants are gain-
ing recognition as potentially pathogenic changes through the
creation or activation of a cryptic splice site leading to pseu-
do-exon inclusion (Braun et al., 2013; Zaneveld et al., 2015;
Zernant et al., 2014). Despite the availability of prediction pro-
grams and published data from mini-gene assays, the precise
mechanism that mediates how these variants lead to impaired
flippase function remains uncertain. To further complicate mat-
ters, there is a high frequency of carriers of pathogenic ABCA4
alleles in the general population (1.6%~10%; Huckfeldt, East,
Stone, & Sohn, 2016; Jaakson et al., 2003; Yatsenko, Shroyer,
Lewis, & Lupski, 2001; Zernant et al., 2011) resulting in the
not infrequent observation of pseudodominant inheritance pat-
tern in families with STGD1 (Huckfeldt et al., 2016; Lee et al.,
2016; Yatsenko et al., 2001). Among the known variant types,
the top three are missense variants (66%), splice site substi-
tutions (15%) and small deletions with 20 bp or less (13%).
Deletion-insertion (delins) variants are relatively rare in ABCA4
accounting for <1% of cases (data from Human Gene Mutation
Database, HGMD). Currently, there is only limited information
available regarding the molecular mechanism and clinical man-
ifestation of delins variants due to their rarity.

Here we report a novel delins variant of ABCA4 discov-
ered in a pseudodominant STGD1 family with extreme intra-
familial phenotypic variability. In addition to bioinformatics
and in silico prediction of the variant, we also analyze ABCA4
transcript from patient-derived fibroblasts and found that this
novel delins results in an alternatively spliced ABCA4 tran-
script by activation of a cryptic splice acceptor site.

2 | MATERIALS AND METHODS
2.1 | Editorial policies and ethical
considerations

The study adhered to the tenets of the Declaration of Helsinki
and ethics approval was obtained from the Human Ethics Office
of Research Enterprise, The University of Western Australia



HUANG ET AL.

(RA/4/1/8932 and RA/4/1/7916) and the Human Research
Ethics Committee, Sir Charles Gairdner Hospital (2001-053),
Perth, Western Australia, Australia. Written informed consent
was obtained from all participants. The use of human cells for
this research was approved by the Murdoch University Human
Research Ethics Committee, approved number 2017_101.

2.2 | Clinical assessment and
tissue biobanking

Clinical history and full ophthalmic examination, including
best-corrected visual acuity (VA) using the Early Treatment
of Diabetic Retinopathy Study (ETDRS) letter chart and di-
lated fundus examination were undertaken for all available
family members. Members of this family with STGD1 were
monitored using a standardized imaging protocol. Multimodal
retinal imaging included (a) ultra-wide field color fundus
photography, green-light autofluorescence (AF) imaging
(P200Tx and California, Optos plc), (b) 30° and 55° scan-
ning laser ophthalmoscopy, including near-infrared reflec-
tance (NIR), blue-light and near-infrared AF, and (c) spectral
domain optical coherence tomography (SD-OCT, Spectralis
OCT2 and Spectralis HRA2, Heidelberg Engineering).
The Macular Integrity Assessment (MAIA, CenterVue)
was used to evaluate macular function. Electrophysiology
(electro-oculography, full-field electroretinography [ERG]
and pattern ERG; LKC UTAS E-3000, Maddison, USA/
RETIport 3.2, Roland Consult) was performed according
to the International Society for Clinical Electrophysiology
of Vision (ISCEV) standards (Bach et al., 2013; Constable
et al., 2017; McCulloch et al., 2015). Clinical results for the
right eye were reported given that the two eyes were generally
symmetrical. Interpretation of the full-field ERG was based
on age-matched controls (n = 49 in LKC/34 in RETIport).
All family members were invited to provide peripheral
blood or saliva samples for genetic analysis. DNA was ex-
tracted from peripheral blood or saliva samples, collected and
stored as detailed previously (De Roach et al., 2013). Control
dermal fibroblasts were cultured from skin biopsies taken
from individuals with no ocular history aged 63 (HC#1) and
28 (HC#2). Skin biopsies from family members were ob-
tained for dermal fibroblast culture and transcript analysis.
A 3-mm punch biopsy of the dermis in the dorsal skin of
the upper arm was performed after local anesthetic infiltra-
tion with 1% lignocaine. Biopsies were then seeded into a
six-well plate with Dulbecco's-Modified Eagle Medium,
DMEM (Cat. No. 11995115, Thermo Fisher Scientific) sup-
plemented with 10% sterile fetal bovine serum, FBS (Cat.
No. SFBS-AU, Bovogen Biologicals) and 1% antibiotic-anti-
mycotic (Cat. No. 15240062, Thermo Fisher Scientific). The
cell culture media was changed 2-3 times every week. After
3-5 weeks of culture, the fibroblasts isolated from biopsies
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were collected and transferred into a T75 flask for larger
scale expansion. Aliquots of approximately 1 million cells,
with cell culture media supplemented with 10% Dimethyl
sulfoxide (Cat. No. D2650, Sigma-Aldrich), were stored in
liquid nitrogen until use.

2.3 | Genetic and pathogenicity analyses
Genomic DNA was analyzed in three siblings by targeted
NGS, using one of two versions of the Stargardt/Macular
dystrophy panel (2014 version; 5 genes or 2019 version; 14
genes) or the retinal dystrophy (RD) NGS SmartPanel (ver-
sion 11; 280 genes; Chiang et al., 2015) targeting all exons
and flanking intronic regions of known retinal dystrophy
genes, together with known ABCA4 deep-intronic variants.
Candidate variants were confirmed by Sanger sequencing.
Sequencing was performed by Casey Eye Institute Molecular
Diagnostics Laboratory or Molecular Vision Laboratory.
Sequences were aligned to the ABCA4 reference sequence
NG_009073.1 (NM_000350.2/3), with nucleotide 1 corre-
sponding to the A of the start codon ATG, and described in
accordance with Human Genome Variation Society recom-
mendations version 15.11 (den Dunnen, 2016). The phase
of the variants was examined in the father and the siblings.
Variant pathogenicity was assessed as previously described
(Thompson et al., 2017) and interpreted according to the
American College of Medical Genetics and Genomics/
Association for Molecular Pathology (ACMG/AMP) joint
guidelines (Richards et al., 2015).

The predicted effect on splicing was sought using
the five algorithms (SpliceSiteFinder-like, MaxEntScan,
NNSPLICE, GeneSplicer, and ESEfinder) provided by the
Interactive Biosoftware Alamut® software (Cartegni, Wang,
Zhu, Zhang, & Krainer, 2003; Pertea, Lin, & Salzberg, 2001;
Reese, Eeckman, Kulp, & Haussler, 1997; Yeo & Burge, 2004;
Zhang, 1998; Alamut Visual 2.11.0 software package, http://
www.interactive-biosoftware.com/alamut-visual/). Mutation
Taster (Schwarz, Cooper, Schuelke, & Seelow, 2014; http://
www.mutationtaster.org/) was used to re-assess the splicing
defect caused by the delins variant. Protein structure was pre-
dicted using I-TASSER tools (Zhang, 2008; https://zhanglab.
ccmb.med.umich.edu/I-TASSER/, an online server updated
on 2019/06/13) and the figure of the predicted protein struc-
ture was processed using PyMOL software (DeLano, 2002;
PyMOL 2.3.0, http://pymol.org).

2.4 | RNA isolation and ABCA4
transcript analyses

Patient-derived fibroblasts were resurrected and cultured
in DMEM (Cat. No. 11995065, Thermo Fisher Scientific)
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supplemented with 10% FBS (Cat. No. WS-FBS-AU-015,
Fisher Biotec, SERANA) and 1x GlutaMax (Cat. No.
35050061 Thermo Fisher Scientific). Total RNA was iso-
lated from fibroblasts obtained from STGD]1 patients and
healthy controls using MagMAX™-96 Total RNA Isolation
kit (Cat. No. AM1830, Thermo Fisher Scientific), follow-
ing the manufacturer's protocol. RNA was quantified by
ND-1000 Spectrophotometer (Thermo Fisher Scientific) and
stored at —20°C until use.

RT-PCR was performed using 50 ng of total RNA, 8 uM of
each primer pair (Table S1), and one-step SuperScript III one
step RT-PCR kit with reverse transcriptase and Platinum Tag
DNA polymerase (Cat. No. 12574026, Invitrogen, Thermo
Fisher Scientific) according to the manufacturer's instruc-
tions. RT-PCR conditions for ABCA4 transcripts from exons
41 to 46 included 55°C for 30 min and 94°C for 2 min (cDNA
synthesis), followed by 33 cycles of 30 s at 94°C (denatur-
ation), 1 min at 64°C (annealing), and 2 min at 68°C (exten-
sion). The annealing temperatures for ABCA4 amplification
from exons 30 to 33 and exon 38 to 43 were at 65°C and
62°C, respectively, and PCRs were performed for 32 and 35
cycles, respectively. The integrin alpha 4 (ITGA4) transcript
product was used as a loading control. The RT-PCR condi-
tions for ITGA4 transcripts amplification were the same as
above, except the annealing temperature was 55°C and PCR
was performed for 25 cycles. A quantity of 4 ul of the ABCA4
and ITGA4 RT-PCR reactions was resolved on a 2% (weight/
volume) agarose gel. Images were captured using the Fusion
FX gel documentation system (Vilber Lourmat). Image pro-
cessing was performed for the entire image. The identities
of PCR products were confirmed by bandstab purification
(Wilton, Lim, Dye, & Laing, 1997) and Sanger sequencing
(Australian Genome Research Facility). For semi-quantita-
tive estimation of aberrantly spliced products, the band in-
tensities were determined using Image J (NIH) software. The
percentage of aberrantly spliced and full-length products of
the patients relative to total transcripts of healthy controls
were calculated according to (aberrantly spliced/total tran-
scripts) and (full-length/total transcripts).

3 | RESULTS
3.1 | Clinical presentation and phenotype of
the proband and his parents

The proband (II:4, Figure 1) presented at the age of 50 with
central visual impairment in the right eye due to a subfoveal
vitelliform lesion associated with pattern macular dystrophy.
His presenting VA was 20/20 in both eyes. By the age of 53,
VA in the right eye declined to 20/40 but the left eye remained
at 20/20. Multiple linear and branching hyperautofluorescent
subretinal deposits and extrafoveal RPE atrophy were present

in both eyes (Figure 2, right eye shown). Fluorescein angi-
ography showed a butterfly pattern of masking by the lin-
ear yellow deposits, window defects from RPE atrophy and
a lack of the “dark choroid” sign. Microperimetry demon-
strated overall reduced retinal sensitivity and dense scotoma
in the region of RPE atrophy (Figure S1). Electrophysiology
(ISCEV 2016) showed normal Arden ratio, dark- and light-
adapted full-field ERG responses, albeit at the lower limits of
normal range (Figure S2). Pattern ERG and dark adaptometry
were normal. Over a 3-year follow-up period, his VA in the
right eye improved to 20/30 as the subfoveal deposit was re-
absorbed and replaced by a small patch of juxtafoveal RPE
atrophy.

The proband's mother (I:2) presented to our practice for a
second opinion at the age of 68 with a 2-year history of cen-
tral visual loss in both eyes due to pattern macular dystrophy.
At the first visit, her VA was 20/30 and 20/60 in right and left
eyes, respectively. She also had bilateral fishtail-like flecks
in the macular region resembling the proband's phenotype
and her fluorescein angiography also showed a lack of the
“dark choroid” sign (Figure S3). Electrophysiology (ISCEV
2001) showed normal Arden ratios and both dark- and light-
adapted full-field ERG responses were within normal lim-
its (Figure S2). Pattern ERG was also within normal limits
and the Farnsworth 100 Hue test was normal. The proband's
mother (I:2) passed away at the age of 73. The proband's
asymptomatic father (I:1) had a history of bilateral cataract
surgery and VA was 20/20 at the age of 85. Macula and optic
nerves were normal on clinical examination and OCT and
widefield fundus AF imaging were unremarkable at presen-
tation and 4 years later at age 89 (Figure 2, right eye shown).
MAIA Microperimetry at the age of 89 demonstrated mac-
ular retinal thresholds within the normal range (Figure S4).

3.2 | Clinical presentation and
phenotype of the proband's three siblings

The proband has two older brothers (II:1 and II:3) with
early-onset STGD1, while his sister (II:2) is asymptomatic
(Figure 1).

The first and the oldest affected brother (II:1) presented
to our practice at age 17 with a history of progressive vision
loss from age 7 and was diagnosed with “functional visual
loss” at age 10. His acuity at age 17 was 20/120 in both eyes
with diffuse fine pigmentation in the macula surrounded by
fine yellow flecks. Electrophysiology (pre-ISCEV standard
era) at age 17 showed normal light-adapted ERG responses
and a reduced Arden ratio of 1.3 (Figure S5). By the age of
20, his VA had declined to 20/200 in both eyes. From the
age of 46, his VA was 20/600 in both eyes and remained
unchanged at age 60. OCT showed significant outer retinal
atrophy with large areas of RPE loss in the posterior pole
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Pedigree showing members of a family affected by Stargardt disease (STGD1) with pseudodominant inheritance. II:4 was the

proband with late-onset (50 years old), pattern-like macular dystrophy that was phenotypically distinct from II:1, who presented with early-onset

(8 years old) cone-rod dystrophy. The other brother (II:3) of the proband presented symptoms at the age of 15 and had impaired best-corrected

visual acuity in both eyes at age 6. The proband's mother (I:2) has an almost identical phenotype to the proband. His father (I:1) and sister (II:2) are

both asymptomatic with no retinal lesion despite carrying two pathogenic alleles, V1 and V2; and V2 and an unidentified variant, respectively

sparing the peripapillary region (Figure 2). Heterogeneous
AF signal outside the macular atrophy extended anterior
to the equator (Figure 2). Follow-up electrophysiology
(ISCEV 2016) at the age of 57 showed profoundly re-
duced dark- and light-adapted full-field and pattern ERG
responses (Figure S2).

The second affected brother (II:3) presented at the age of
15 to the same practice, with a history of strabismus opera-
tions at age 3 and 7 years and poor vision despite spectacle
correction from the age of 6. His presenting VA was 20/60
and 20/120 in right and left eyes respectively with no ob-
vious fundal lesions. Electrophysiology (pre-ISCEV era)
also showed a reduced Arden ratio of 1.5 and full-field ERG
was not performed. Fluorescein angiography showed a cen-
tral region of stippled hyperfluorescence with no peripheral
lesions. The presence of dark choroid was not specifically
mentioned. By age 18, his VA had declined to 20/200 in both
eyes. At age 46, his VA declined to 20/600 in both eyes due
to extensive retinal atrophy. By the age of 58, his VA reduced
to finger counting only in both eyes.

The proband's unaffected sister (II:2) was examined at the
age of 56 with no visual symptoms. Her VA was 20/20 in both
eyes and there was no fundal lesion. Both OCT and widefield
Optos AF were within normal limits at presentation and at
follow-up 4 years later (Figure 2). MAIA Microperimetry at
the age of 60 demonstrated macular retinal thresholds within
the normal range (Figure S4).

3.3 | Genetic diagnoses

Three of the four potential candidate ABCA4 variants
were detected independently in three separate NGS panels
(c.4539+2028C>T/p.?,  ¢.6031_6044delinsAGTATTTAA
CCAATATTT/p.(I1e2003Leufs Ter41l) [deletion of 14 nu-
cleotides and insertion of 18 nucleotides, a net gain of 4 nu-
cleotides] and c¢.5603A>T/p.(Asn1868Ile)), and shown by
Sanger sequencing to segregate with disease in this pedigree.
One of these panels, used for the asymptomatic II:2, revealed
four variants with high allele frequencies: c.[4774-17_4774-
16delGT] (maternal ™) and ¢.[1356+10dupG, 4203C>A and
5603A>T)] (paternal(P)) and thus was not informative for the
unidentified maternal pathogenic variant that contributes to
the pattern macular dystrophy.

The  parental genotypes were identified as
¢.[4539+2028C>T/p.2];[5603A>T/p.(Asn186811e)] "
and c¢.[6031_6044delins18/p.(Ile2003LeufsTer41)]; [un-
identified|™. 1:1 and II:3 are compound heterozygous
for ¢.453942028C>T"/p.? and c.6031_6044delins18™/p.
(I1e2003LeufsTer41), and II:4 is compound heterozygous
for c.5603A>TP/p.(Asn1868116) and c¢.6031_6044delins-
18/p.(11e2003 LeufsTer41). The unaffected sibling I1:2 is
compound heterozygous for c.5603A>TP/p.(Asn186811e)
and an unidentified maternal pathogenic variant (Figure 1).
Pathogenicity assessment of the respective variants indi-
cated they may be pathogenic (Table S1). On this basis, these
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FIGURE 2 Fundus color photographs, fundus autofluorescence, and optical coherence tomography (OCT) scans of the right eyes of the
family members including the father (I:1, a—c), the oldest brother (II:1, d—f), the sister (I1I:2, g—i), the other brother (II:3, j—1) and the proband (II:4,
m-o). II:1 and II:3 had extensive atrophy in the macular region with loss of central autofluorescence and outer nuclear layers. 11:4 had fish tail

fleck-like lesions in the foveal and parafoveal regions which corresponded to focal subretinal deposits. Scale bars = um as shown in OCT scans
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FIGURE 3

In silico prediction of the splicing effect caused by ¢.6031_

6044delins1 8M/p.(IleZOO3LeufsTer4 1) mutation. Schematic

representation of partial exon 43, complete exon 44 and partial exon 45 of ABCA4 transcript, identifying the location of ¢.603 1_6044delins18™. The

black lines show normal splicing from the canonical splice sites and the red dash lines show the aberrant splicing caused by ¢.6031_6044delins18™.

The predicted value of the splice acceptor sites (small green rectangles) increased in the mutant sequence compared to the reference sequence. The

cryptic splice acceptor site created by ¢.603 1_6044delins18M is indicated by

the red asterisk. The effect of the variant on exonic splicing enhancer

(ESE) including eliminating, weakening and creating a new ESE is predicted using Alamut visual (http://www.interactive-biosoftware.com/alamu

t-visual/)

variants were considered the most likely candidates for dis-
ease in these cases.

3.4 | Insilico prediction of aberrant splicing
in the three candidate ABCA4 variants

According to the predictions provided by Alamut® soft-
ware, a cryptic splice acceptor site at ABCA4 ¢.6058 (exon
44) that includes the canonical “AG” splice acceptor site
sequence is strongly activated by the c¢.6031_6044delins
18M/p.(1162003LeufsTer4l) variant (Figure 3). Further in
silico predictions showed that the ¢.6031_6044delins18™/p.

(I1e2003LeufsTer41) variant creates a new SRp40 motif,
while weakening an exonic splicing enhancer SC35 and elim-
inating the SRp55 motif. ABCA4 mutant transcripts utilizing
the activated splice acceptor site have a reading frameshift
that results in a premature termination codon in exon 45
(p-I1e2003LeufsTer41) which, according to Mutation Taster
(Table S2), predicted NMD of the mutant mRNA.

In silico analysis of the ¢.453942028C>T/p.? and
¢.5603A>T/p.(Asn1868lle) variants on the ABCA4 tran-
script splicing was also performed and predicted that the
¢.453942028C>T"/p.? creates new SC35 and SRp40 splice
motifs, while no significant alterations in splicing is pre-
dicted due to the c.5603A>TP/p.(Asn1868116) variant (data
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FIGURE 4 Identification of aberrantly spliced transcripts caused by the ABCA4 ¢.6031_6044delins18™/p.(1le2003LeufsTer41) mutant

allele. (a) RT-PCR analysis showing the ABCA4 mRNA isoforms encompassing ABCA4 exons 41-46 in fibroblasts derived from two patients
heterozygous for the ¢.603 1_6044delins18™ allele (I1:4, the proband; and II:1) and from two healthy control lines (HC#1 and HC#2). Aberrantly
spliced products with partial deletion of exon 44 were detected in both II:4 and II:1-derived fibroblasts. ITGA4 was used as a positive RT-PCR
internal control. —ve: RT-PCR negative control. (b) Stacking bar graph depicts the percentage of the normal and the aberrant splice isoforms

relative to healthy controls on the gel shown in part A. An average value of three independent experiments are shown. Error bars indicate standard

deviation. (c) Chromatogram of Sanger sequencing confirmed the 56-nucleotide deletion in the mutant allele caused by ¢.603 1_6044delins18M. HC,

healthy controls; /ITGA4, integrin alpha 4; A, deletion

not shown). This variant has been previously regarded as hy-
pomorphic due to its mild effect and high allele frequency in
the normal population (Runhart et al., 2018; Zernant et al.,
2017).

3.5 | ABCA4 transcript analysis in patient
fibroblasts

The in silico prediction of aberrant splicing was further eval-
uated by examining splicing defects of ABCA4 transcripts in
patient fibroblast strains generated from the proband II:4 (c.
[5063A>T"];[6031_6044delins18™/p.(11e2003LeufsTer41)])
and his oldest brother II:1 (c.[4539 + 2028C>T"/
p.21:[6031_6044delins18 M/p.(11e2003LeufsTer41)]). Semi-
quantitative RT-PCR amplification of ABCA4 transcripts
from fibroblasts derived from these two patients and the two
controls showed a consistent full-length product of 627 bp,
corresponding to the correctly spliced products encompassing

exon 41 to exon 46. The level of the full-length transcripts of
the two patients was reduced compared to healthy controls.
An additional smaller amplicon, accounting for approxi-
mately 30% of the total ABCA4 transcript was observed in
both II:1 and II:4 derived fibroblasts but not in the control
lines (Figure 4). Sanger sequencing showed that the smaller
amplicon resulted from a deletion of 56 nucleotides in exon
44 of the mutant allele, confirming their origin from the com-
mon ¢.6031_6044delins1 SM/p.(IleZOO3LeufsTer41 ) allele
carried by II: 1 and II:4 (Figure 4c).

To investigate the effects of the different paternal al-
leles (ABCA4 c.4539+2028C>TP/p.? and c.5603A > TP/p.
(Asn1868Ile)) carried by II:1 and 11:4 on ABCA4 pre-mRNA
splicing, we amplified the ABCA4 transcript from exons 30 to
33 and exons 38 to 43, respectively. Only full-length products
of 346 bp (amplified from exons 30 to 33) or 544 bp (am-
plified from exons 38 to 43) were observed in both patient
fibroblasts and healthy controls (data not shown). Validation
of the amplicons by Sanger sequencing showed that both the
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FIGURE 5 Protein modeling, topologic organization and sequence alignments of wild-type and mutant protein on the assumption that
transcripts from the ¢.603 1_6044delins18M/p.(lleZOO3LeufsTer41) escape nonsense-mediated decay (NMD). (a) An overview of the nucleotide-
binding domain 2 (NBD2) of the ABCA4 protein based on homology modeling using the known crystal structure of Thermotoga maritima (protein
data bank ID:1VPL, identity: 31.2%) obtained from I-TASSER server. NBD2 of wild-type (left) and unaffected region in mutant (right) are colored
cyan. The PTC caused by the ¢.6031_6044delins18™ is indicated in red. The sequences before the PTC (fluorescent green), containing alpha-helix
and beta-strands, are different from the wild-type due to the frameshift. The sequences after the PTC (gray) are eliminated in the mutant protein.
The translucent shadow provided as a background to the sequence indicates spatial structure changes in mutant protein (multi-color) compared

to wild-type (cyan). The figure was prepared using Pymol software. (b) Protein sequence alignment displays the amino acids in the latter part

of the ABCA4 protein. Normal sequences of ABCA4 are shown in black, amino acid changes are colored red. Termination is indicated with an
asterisk and short horizontal lines represent untranslated amino acids. (c¢) Topological model of the wild-type human ABCA4 protein, modified
from (Molday, Zhong, & Quazi, 2009). The termination codon is indicated by the red cross and the “VFVNFA” motif located near the C-terminus
of the ABCA4 protein is highlighted in blue. ADP, adenosine diphosphate; ATP, adenosine triphosphate; ECD, extracytoplasmic domain; NBD,
nucleotide-binding domain; NMD, nonsense-mediated decay; Pi, inorganic phosphate; PTC, premature termination codon; ROS, rod outer segment;
S-S, disulfide bond; TMD, transmembrane domain

346 bp and 544 bp amplicons were canonically spliced prod-
ucts, indicating that no alternative splice sites were activated
by ¢.4539+2028C>T"/p.? or ¢.5603A>T"/p.(Asn1868lIle),
in contrast to that predicted in silico.

model of the nucleotide-binding domain 2 (NBD2) con-
structed by I-TASSER tools showed that the premature ter-
mination codon leads to total loss of 231 amino acid residues,
including the latter portion of the NBD2 (Figure 5).

3.6 | Predicted protein alterations duetothe 4 | DISCUSSION
ABCA4 c.6031_6044delinslSM/p.(Ile2003Leufs
Ter41) variant We described a unique pseudodominant STGDI1 pedigree
with extremes of retinal phenotypes, from severe cone-rod
dystrophy to late-onset macular dystrophy across two gen-

erations. Genetic diagnosis revealed a novel heterozygous

The delins will result in a frameshift in the mature mRNA
such that 89 bases from exon 44 and 34 bases from exon

45 will be mistranslated until a UGA termination codon is
encountered. The additional 40 amino acids and the loss of
those encoded by the downstream 6 exons would seriously
compromise protein function. A superimposed homology

ABCA4 c.6031_6044delinslSM/p.(IleZOO3LeufsTer41) vari-
ant. We showed that the novel variant results in the dele-
tion of 56 nucleotides in the mutant allele in a proportion of
ABCA4 transcripts from patient-derived fibroblasts.
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The STGD1 phenotype is a continuum that lies between
early-onset cone-rod dystrophy and late-onset macular dys-
trophy. Early-onset STGD1 is typically characterized by early
foveal impairment within the first decade and the rapid loss
of central visual function during the second decade of life.
This severe subtype often presents with the absence of ob-
vious fundal abnormalities or only subtle flecks in the early
stages (Lambertus et al., 2015). In our study, the early and
rapid progressive vision loss, the severe outer retinal atro-
phy associated with large areas of RPE loss in the posterior
pole and the generalized light- and dark-adapted retinal dys-
function on ERG in the two older brothers (II:1 & II:3) are
consistent with the early-onset cone-rod dystrophy pheno-
type. This childhood-onset retinal dystrophy converges to a
single clinical and functional endpoint characterized by pro-
found chorioretinal atrophy and severe central and peripheral
vision loss (Lambertus et al., 2015). In contrast, late-onset
STGDI1, with better presenting VA owing to foveal sparing
and a slower progression of vision loss, is increasingly recog-
nized as the mild end of the spectrum of ABCA4-associated
retinopathy (Westeneng-van Haaften et al., 2012). The pro-
band (II:4) and his mother (I:2) had a relatively preserved
VA, isolated macular dysfunction (normal full-field ERG),
larger vitelliform-like lesions with relatively slow rate of
progression, exhibiting features that are consistent with the
phenotype of late-onset STGD1 reported previously (Tanna,
Strauss, Fujinami, & Michaelides, 2017; Westeneng-van
Haaften et al., 2012). Interestingly, the father of the proband
carrying biallelic pathogenic and hypomorphic variants had
no retinal dystrophy phenotype based on multimodal imaging
even at the age of 89 (see below for further discussion).

4.1 | Contrasting phenotypes due to
different paternal alleles

There is increasing evidence that the age of onset of STGD1
correlates to the severity of the underlying ABCA4 variants,
with the early-onset phenotype being associated with more
deleterious variants on both alleles compared to the late-on-
set “foveal-sparing” STGD1 (Lambertus et al., 2015; Tanna
et al., 2017; Westeneng-van Haaften et al., 2012; Yatsenko
et al., 2001). In this study, the STGD1 family exhibited ex-
treme intrafamilial phenotypic variability. In view of the
3 brothers carrying a common c.6031_6044delins18™/p.
(Ile2003LeufsTer41), it can be hypothesized that the pheno-
typic variability between II:1/II:3 and II:4 is primarily due
to the differences between the ¢.4539+2028C>T'/p.? and
¢.5603A>T"/p.(Asn1868lle) variants.

We reviewed all published literature on STGD1 individ-
uals carrying either ¢.4539+2028C>T"/p.? or ¢.5603A>T-
1)/p.(Asn1868He) as the second ABCA4 allelic variant. The
c.4539+2028C>TP/p.?, located in intron 30, was initially

reported in a cohort by Braun and colleagues (Braun et al.,
2013) and thus far has been identified in 13 case individu-
als (Braun et al., 2013; Lee et al., 2016; Schulz et al., 2017,
Zernant et al., 2014). According to predictive programs, it
has no effect on splicing based on predicted changes to
cryptic splice sites (rather than exonic splicing enhancer;
Zernant et al., 2014). In our experiment, we did not detect
any additional splicing products in patient-derived fibro-
blasts using primers amplifying ABCA4 from exons 30 to
33. This is consistent with the result from Albert et al., who
demonstrated a lack of aberrant spliced products in fibro-
blasts from individuals harboring ¢.4539+2028C>T (Albert
et al., 2018). However, in patient fibroblast-derived induced
pluripotent stem cells and photoreceptor precursor cells,
¢.4539+2028C>T resulted in a 345-nucleotide pseudo-exon
insertion in a proportion (~12.5%) of the ABCA4 transcripts
that was thought to undergo NMD (Albert et al., 2018). The
disparate results indicate a tissue-specific pattern of ABCA4
splicing and underscore the importance of using retinal tissue
to analyze the effects of ABCA4 variants. The c.56O3A>TP/p.
(Asn1868lle) variant, a frequently occurring ABCA4 variant
(minor allele frequency ~6.6% in the general population)
previously considered benign, is now considered hypomor-
phic and therefore pathogenic under certain circumstances
(Zernant et al., 2017, 2018). It accounts for approximately
80% of late-onset STGD1 cases in a US cohort and results in a
distinct clinical phenotype, including foveal sparing (Zernant
et al., 2017). In this pedigree, II:1 and II:3 manifested earlier
onset and more severe STGD1 phenotypes compared to 11:4,
suggesting that c.4539+2028C>TP/p.? is more deleterious
than ¢.5603A>T"/p.(Asn1868Ile) in lowering levels of the
functional ABCA4 protein function.

4.2 | Variable penetrance of ABCA4
¢.5603A>T/p.(Asn1868Ile) and unidentified
hypomorphic alleles

Interestingly, the non-penetrant father (I:1) and sister (II:2)
are proven, and obligate, carriers of two disease-causing
ABCA4 variants, respectively. The proband's father, carrying
¢.4539+2028C>T"/p.? and ¢.5603A>T /p.(Asn1868lIle), re-
mained unaffected at age 89, similar to the asymptomatic cases
recorded in a previous study that attributed this phenomenon
to the low penetrance (less than 5%) of ABCA4 ¢.5603A>T
when in frans configuration with a severe variant (Runhart
et al., 2018). In the case of the proband's sister (II:2), failure
to detect the other unidentified maternal ABCA4 variant is
not unexpected given the hypermutability of this gene and
the possibility of many other hypomorphic or intronic vari-
ants that are still yet to be described. The absence of retinal
lesions or macular dysfunction at the age of 60 does not rule
out an extremely late-onset STGD1. However, in addition to
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the late onset of disease and the milder phenotype evident in
the proband's mother, this finding is an indication that the
unidentified maternal ABCA4 variant is also mild or hypo-
morphic. Factors other than severity of the variants, such as
environmental exposure, developmental events and underly-
ing modifier genes, may also contribute to this extreme intra-
familial phenotype (Lois, Holder, Fitzke, Plant, & Bird, 1999;
Runhart et al., 2018; Schindler et al., 2010). Pseudodominant
transmission of STGDI1 is not unexpected given the high
carrier rate of pathogenic ABCA4 alleles, which has been
estimated to occur in 1.6% to up to 10% of the population
(Huckfeldt et al., 2016; Jaakson et al., 2003; Yatsenko et al.,
2001; Zernant et al., 2011). The frequency would be even
higher with the contribution of yet-to-be-discovered, noncod-
ing variants. The range of frequencies would seem to be at
odds with the estimated prevalence of STGDI1 of 1 in 10,000
that was attributed to incorrect interpretation of a large num-
ber of more common ABCA4 variants as benign (Huckfeldt
etal., 2016). In contrast, the diversity of phenotype—genotype
correlations in STGD1, including asymptomatic cases due to
combinations of mild ABCA4 variants, may also explain the
discrepancy between cumulative carrier frequency and clini-
cal reporting of ABCA4-related retinal dystrophy.

4.3 | The novel shared maternal deletion-
insertion allele

Bioinformatic  prediction of the novel ABCA4
¢.6031_6044delins1 SM/p.(Ile2OO3LeufsTer4 1) variant, later
confirmed by transcript analysis, showed activation of a
cryptic splice acceptor site that leads to a shift in reading
frame and the introduction of a premature termination codon
(p-I1le2003LeufsTer41) in the NBD2 of the C-terminal half
of the ABCA4 protein. According to our results, the occur-
rence of the premature termination codon in exon 45 would
render these transcripts susceptible to NMD but ultimately
the loss of amino acids within and beyond the NBD2 domain
compromises the functional protein (Figure 5). Since stud-
ies of the tissue-specific pattern of ABCA4 splicing are not
included in this work, further research is needed to show the
predominant consequences of this delins variant in various
tissues, particularly in the retina. Future transcript studies
using an NMD inhibitor may provide a more accurate esti-
mation of the percentage of ABCA4 transcripts that undergo
NMD due to the delins variant in different cells. The trun-
cated protein translated from the shorter transcripts is pro-
duced with the deletion of a significant “VFVNFA” motif,
present in the last 30-35 amino acids of NBD2. This motif
is highly conserved not only among several members of the
ABC transporter superfamily, but also highly conserved in
phylogeny between species (Fitzgerald et al., 2004; Stenirri
et al., 2006). Previous reports showed that alteration of the
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“VFVNFA” motif eliminated the binding of apolipopro-
teinA-I and affected the lipid efflux activity of ABCAI, a
member of the A-subclass of ABC proteins that has the high-
est amino acid homology with ABCA7 (54%) and the retina-
specific ABCA4 (52%), respectively (Kaminski, Piehler,
& Wenzel, 2006). The chimeric transporters generated by
substituting the C-terminus of the ABCAI protein with the
C-terminus of ABCAA4, containing the “VFVNFA” motif,
have been shown to be functional proteins. However, substi-
tution of the C-terminus of ABCA7, lacking the “VFVNFA”
motif, did not produce an active protein (Fitzgerald
et al., 2004). Frameshift mutations, ¢.6184_6187delGTCT
(Wangtiraumnuay, Capasso, Tsukikawa, Levin, & Biswas-
Fiss, 2018), ¢.6707deITCACACAG (Webster et al., 2001),
and c.6710insA (Yatsenko et al., 2001) affecting the motifs
found in the C-terminus of the ABCA4 protein have been
identified as pathogenic in patients affected by STGDI.
These mutations lead to disruptions of the “VFVNFA” motif
and are predicted to compromise ABCA4 protein function.
Additionally, a patient carrying the first reported de novo
44-bp deletion in the ABCA4 gene that causes skipping of
exon 49, coding for the “VFVNFA” motif, has been diag-
nosed with cone-rod dystrophy (Stenirri et al., 2006), which
sheds new insight into the function of the last 30 amino acids
of the ABCA4 protein.

To our knowledge, this is the first report to evaluate
the aberrant splicing consequences of a delins variant of
ABCA4 using STGD1 patient-derived fibroblasts. We have
provided experimental evidence that the c¢.6031_6044de-
lins18M/p.(11e2003LeufsTer4 1) variant must be classified as
a “pathogenic” variant, based on the ACMG/AMP guide-
lines. However, the effect of c¢.603 1_6044delinsl8M/p.
(Ile2003LeufsTer41) on the splicing process cannot be fur-
ther validated, as we have not found any other STGD]1 indi-
viduals carrying this variant so far. Although patient-derived
fibroblasts can be used to evaluate splicing defects of a ret-
ina-specific gene shown by our group and others (Aukrust
et al.,, 2017; Sangermano et al., 2019), evaluation of the
ABCA4 variants in patient-derived retinal cells are likely to be
essential, particularly for ABCA4 variants that alter splicing.

In conclusion, an STGDI family with pseudodomi-
nant transmission and intrafamilial phenotypic variability
was described. Using STGD1 patient-derived fibroblasts,
we revealed that a novel ABCA4 ¢.603 1_6044delins18M/p.
(Ile2003LeufsTer41) variant resulted in a partial deletion of
exon 44 due to activation of a cryptic splice acceptor site,
resulting in a severe, pathogenic ABCA4 variant.
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