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Summary
The ABCA4 gene is the most frequently mutated Mendelian retinopathy-associated gene. Biallelic variants lead to a variety of pheno-

types, however, for thousands of cases the underlying variants remain unknown. Here, we aim to shed further light on the missing her-

itability of ABCA4-associated retinopathy by analyzing a large cohort of macular dystrophy probands. A total of 858 probands were

collected from 26 centers, of whom 722 carried no or one pathogenic ABCA4 variant, while 136 cases carried two ABCA4 alleles, one

of which was a frequent mild variant, suggesting that deep-intronic variants (DIVs) or other cis-modifiers might have been missed. After

single molecule molecular inversion probes (smMIPs)-based sequencing of the complete 128-kb ABCA4 locus, the effect of putative

splice variants was assessed in vitro by midigene splice assays in HEK293T cells. The breakpoints of copy number variants (CNVs)

were determined by junction PCR and Sanger sequencing. ABCA4 sequence analysis solved 207 of 520 (39.8%) naive or unsolved cases

and 70 of 202 (34.7%) monoallelic cases, while additional causal variants were identified in 54 of 136 (39.7%) probands carrying two

variants. Seven novel DIVs and six novel non-canonical splice site variants were detected in a total of 35 alleles and characterized,

including the c.6283-321C>G variant leading to a complex splicing defect. Additionally, four novel CNVs were identified and charac-

terized in five alleles. These results confirm that smMIPs-based sequencing of the complete ABCA4 gene provides a cost-effective method

to genetically solve retinopathy cases and that several rare structural and splice altering defects remain undiscovered in Stargardt disease

cases.
Introduction

ABCA4 is the most frequently mutated Mendelian retinop-

athy-associated gene.1 Biallelic variants in the gene lead to

a variety of phenotypes, including autosomal recessive

Stargardt disease (STGD1)2 and cone-rod dystrophy.3 The

ABCA4 gene encodes the transmembrane ATP-binding

cassette transporter type A4 (ABCA4), which is located in

the rims of photoreceptor outer segment discs4 and func-

tions as a retinoid transporter facilitating the clearance of

potentially toxic derivates of the visual cycle.5 ABCA4

dysfunction leads to the formation and accumulation of

cytotoxic bisretinoid compounds (collectively called lipo-

fuscin) leading to retinal pigment epithelium damage
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and photoreceptor cell death, ultimately causing progres-

sive loss of vision.6,7

Clinical manifestation of the disease is characterized

by a large phenotypic heterogeneity and variable age

of onset.8,9 In classic STGD1, loss of central vision

starts around the second decade of life, but both

early- and late-onset subtypes have been extensively

described.10,11,12,13,14 Disease variability depends on

the specific combination of alleles found in each pa-

tient, where variants can be classified in different

severity categories from mild to deleterious.9,15 The

identification of two pathogenic alleles segregating

with the disease is essential to provide an accurate clin-

ical prognosis and determine the eligibility of patients
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for future gene- or mutation-specific therapies or

trials.8,16

To date, more than 2,400 unique ABCA4 variants have

been published (LOVD: http://www.lovd.nl/ABCA4, ac-

cessed on 26.06.2023).15 In particular, a high incidence

of causative non-canonical splice site (NCSS) variants

and deep-intronic variants (DIVs) has been observed in

ABCA4.8,15–21 Nevertheless, in many patients with pheno-

types consistent with ABCA4-associated disease the under-

lying genetic causes are still unknown. In addition to

frequent phenocopies, this missing heritability can be

partially explained by the presence of splice altering or

structural variants (SVs) that elude identification during

diagnostic screening. Next to gene-panel sequencing,

whole exome sequencing (WES) is preferred in a diagnostic

setting because it entails lower sequencing and storage

costs compared with whole genome sequencing. In

contrast, most WES approaches lack the ability to identify

DIVs and cannot define the boundaries of large SVs, when

these are located in intronic regions of the gene. Moreover,

ABCA4-associated retinopathies are characterized by a

triad of clinical features (i.e., macular atrophy, lipofuscin

deposits, and peripapillary sparing) that facilitate clinical

identification, rendering ABCA4 a suitable target for locus

sequence analysis. Initially, the entire ABCA4 locus was

sequenced using RainDance microdroplet-PCR target

enrichment,21 while more recently single molecule molec-

ular inversion probes (smMIPs)-based sequencing enabled

the analysis of 1,054 STGD probands.19

In this study, we aim to shed further light on the missing

heritability of macular dystrophy and report the results of

smMIPs-based sequencing in 722 unsolved macular dys-

trophy cases as well as additional findings in 136 probands

in whom two variants were already identified. Subsequent

in silico assessment of potential splice altering variants led

to the identification of 13 novel splice-altering variants,

including seven causal DIVs and six causal NCSS variants

that were characterized by in vitro splice assays. These re-

sults highlight the effectiveness of whole locus sequencing

to genetically solve macular dystrophy cases and the

importance of efficiently identifying and characterizing

splice altering variants to shed further light on the missing

heritability of macular dystrophy.
Materials and methods

Cohort composition
The study cohort consisted of 858 probands with phenotypes

consistent with ABCA4-associated retinopathy (Table S1), which

were collected in 26 international centers (Table S2). All samples

were derived from probands for which STGD was part of the

differential diagnosis. Among the 858 probands, no previous

sequencing analysis had been performed in 355 cases, while 503

cases were previously screened using different methods

(Table S2). Based on the status before smMIPs sequencing, two

distinct patient groups could be determined. The first group

comprised 722 unsolved probands who carried one (n ¼ 202) or
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no (n ¼ 520) ABCA4 pathogenic alleles. The second patient group

consisted of 136 cases with at least two variants in which one of

the two identified alleles was a frequent, mild allele such as

(p.(Asn1868Ile) and p.(Gly1961Glu)), or a benign allele such as

p.[Gly863Ala,Gly863del]. The latter variant was considered a

pathogenic allele in its own right until 2017 when Zernant

et al.14 showed that p.[Gly863Ala,Gly863del] was completely

penetrant and pathogenic only when found in cis with

p.(Asn1868Ile). These biallelic probands were included, since it

is possible that an unidentified modifier or DIV is present in cis

with these variants. Samples were collected according to the tenets

of the Declaration of Helsinki and written informed consent was

obtained for all patients participating in the study. DNA samples

were quantified, diluted to 15 ng/mL and DNA integrity assessed

using agarose gel electrophoresis.
smMIPs-based ABCA4 sequence analysis and data

processing
Sequencing of the samples was performed using an in-house

smMIPs probe pool, as described previously.19 Briefly, 3,866

smMIPs were designed to capture and sequence the entire

ABCA4 gene, in addition to 23.9 kb upstream and 14.9 kb down-

stream regions. Each probe has a capture region of 110 nt and

the overall smMIPs pool was designed to cover every nucleotide

position in ABCA4 with two different smMIPs, thereby increasing

sensitivity and minimizing dropout because of variants in the

smMIPs arms. For SNPs known to be in the sequence of the anneal-

ing arms, different smMIPs were designed to avoid allelic dropout.

To sequence the 858 cases, five sequencing runs (runs 1–5)

of �215 samples each, including 6 control samples, were per-

formed on an Illumina NextSeq 500 platform using high-output

kits (�400 million reads). Run 3 was performed twice because of

the low coverage obtained in the first sequencing run. A threshold

of >100,000,000 reads per run and >1503 average smMIPs

coveragewas applied for all runs. Variantmapping and annotation

were performed using an in-house bioinformatics pipeline, as pre-

viously described,22 on raw sequencing data files (FASTQ).

Sequencing reads were aligned to the reference genome using

the human genome build GRCh37/hg19. Variant annotation

included gene component information and the predicted effect

of the variants, as well as frequency information derived from

several population databases.
Data analysis and variant selection
Data analysis was performed in two steps. Firstly, all known

ABCA4 variants were identified, i.e., variants that were previously

reported in literature and splice-affecting variants that had been

tested using in vitro splice assays or patient-derived photoreceptor

progenitor cells.16,17,19,23–29 During this step data in the ABCA4

Leiden Open Variation Database (LOVD: www.lovd.nl/

ABCA4)15,18 was used for the identification of variants known in

literature.

Novel causative variants were selected by applying filters on the

annotated data. Variants were filtered based on their position (e.g.,

exon, canonical splice site sequences, NCSS). Variants were

considered to be NCSS variants when found in nucleotide posi-

tions�14 to�3 upstream of exons,þ3 toþ6 nucleotides positions

downstream of exons, or positioned within the first and last two

nucleotides of an exon. Allele frequency (AF) of <0.005 filtering

was performed both on the internal sequencing run frequency

and population databases, such as the Genome Aggregation
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Database (gnomAD v2.1.1; http://gnomad.broadinstitute.org/,

average AF) and Genome of the Netherlands (GoNL; https://

www.nlgenome.nl/). Variant effect was assessed using in silico

pathogenicity tools, such as Sorting Intolerant From Tolerant

(SIFT; https://sift.bii.a-star.edu.sg),30 Polymorphism Phenotyping

v2 (PolyPhen-2; http://genetics.bwh.harvard.edu/pph2/),31 and

Mutation Taster (https://www.mutationtaster.org/).32 Addition-

ally, variants were checked through the Franklin Genoox platform

(https://franklin.genoox.com/: Accessed July 2022) for suggested

American College of Medical Genetics and Genomics and the As-

sociation for Molecular Pathology (ACMG-AMP) classification.

The second phase of analysis focused on identifying novel puta-

tive splice altering variants. In addition to the filter on AF

(<0.005), the effect of these variants on splicing was assessed

considering SpliceAI predictions.33 SpliceAI was set to return the

highest delta score in a window of 5,000 nt upstream and down-

stream of the variant position. Candidate variants were selected

with a delta score R0.03 in either acceptor gain (AG), donor

gain (DG), acceptor loss, or donor loss. To ensure data were of

high quality, the region read coverage and the presence of the

variant were checked in each sample BAM file using Alamut Visual

2.13 software. Additionally, the programs available on Alamut Vi-

sual 2.13 software, that is, SpliceSiteFinder-like,34 MaxEntScan,35

NNSPLICE36 and GeneSplicer37 were used as aid to visualize the

position and predicted effect of the variants.
Midigene-based splice assay
The effects of 18 non-coding variants (12 DIVs and 6 NCSS vari-

ants) on splicing were assessed through in vitro splice assays.

Nine previously describedminigenes andmidigene wild-type con-

structs containing ABCA4 genomic sequences (between 1.25 and

8.5 kb), based on the wild-type clones BA1 through BA28, were

used29 (Figure S1A). Site-directed mutagenesis was performed

to generate a mutant construct of each variant (Table S3B),

followed by Gateway Cloning to obtain expression vectors. Addi-

tionally, two new minigenes, BA37 (hg19: exon 49, g.94,462,

212–94,461,217) and BA38 (hg19: intron 49, g.94,460,003–

94,459,176) were generated by directly inserting amplified patient

genomic DNA in the expression vector pCI-NEO-RHO (Figure S1B

and Table S3A) and subsequently sequenced to exclude the pres-

ence of additional SNPs in the constructs.

Wild-type and mutant constructs were transfected in parallel in

Human Embryonic Kidney T (HEK293T) cells. HEK293T cells were

cultured in DMEM supplemented with 10% fetal bovine serum,

1% penicillin-streptomycin, and 1% sodium pyruvate at 37�C
and 5% CO2. Transfection was performed in duplicate on cells at

70% confluency using 600 ng plasmid and FuGENE HD reagent

(Promega, Madison, WI), as specified in the manufacturer’s

protocol.

After 48 h, RNA was extracted from the cells using the Nucleo-

spin RNA kit (Machery-Nagel, Düren, Germany) and cDNA was

synthesized from 1,000 ng RNA through the iScript cDNA Synthe-

sis kit (Bio-Rad, Hercules, CA). Reverse-transcription (RT)-PCR con-

ditions were 94�C for 2 min, followed by 35 cycles of 30 s at 94�C,
30 s at 58�C and 5min at 72�C, with a final extension step of 2min

at 72�C. For amplification, ABCA4 exonic primers were used

whenever possible. Alternatively, primers for the flanking exon 3

and 5 of Rhodopsin (RHO) present in the midigene system were uti-

lized. Actin beta (ACTB) was selected as housekeeping gene control

and exon 5 of RHO as a transfection control (Table S3C). Electro-

phoresis gel analysis was performed, followed by Sanger
Human
sequencing of the bands excised from gel (Figures S2–S13). Ratios

between different RNA products were quantified by densitometry

analysis using Fiji software after gel electrophoresis,38 in RNA and

protein notations only products that accounted for more than

15% of total product were reported. The cDNA, RNA and protein

notation of all variants were obtained using the MANE transcript

NM_000350.3.

Copy number variant analysis
Detection of copy number variants (CNVs) was performed using

an Excel script developed in-house based on the smMIP read

depth, as previously described.19 Since this method allows for

the identification of large deletions and duplications but not of in-

versions and insertions, the term CNV is used hereafter instead of

SV. CNV analysis was performed independently for each of the

sequencing runs (Tables S4–S8), and CNVs were confirmed by

PCR amplification using AmpliTaq Gold DNA polymerase (Ther-

mofisher Scientific, Waltham, MA) followed by Sanger sequencing

to identify the breakpoints of the rearrangement (Table S3D and

Figure S14). Six samples containing known CNVs were included

in all runs as positive controls.
Results

ABCA4 gene sequencing and variant identification

Sequencing of the complete ABCA4 locus in 858 probands

with phenotypes consistent with ABCA4-associated reti-

nopathy revealed 287 unique (likely) pathogenic SNVs,

23 complex alleles (Tables S9 and S14) and 5 CNVs in

1,000 of 1,716 alleles. The 287 SNVs included 31 (10.8%)

novel variants. Details on the in silico predictions for novel

SNVs are provided in Table S10. Splice-altering variants

represented 24% of all alleles, of which 8.8% were DIVs,

and 15.2% NCSS and CSS variants (Figure 1A).

In the sub-cohort of 722 cases where one or no variant

was known before sequencing, smMIPs analyses solved

277 (38.4%) of these cases (Figure S15A, Tables S11 and

S12); the remaining 445 of 722 (61.6%) cases remained un-

solved. The 277 newly solved cases include 70 formerly

monoallelic patients for whom novel causal variants

were identified. We identified splice altering variants in

41 of 70 (58.6%) of these cases and CNVs in 3 of 70

(4.3%) patients, in the remaining 26 of 70 (37.1%) one

or more coding variants were identified. After sequencing,

180 of 722 (24.9%) cases were considered monoallelic, this

sub-cohort included 119 previously designated monoal-

lelic patients for whom no additional ABCA4 variant was

found and 61 naive or unsolved samples in which only

one causal variant was identified. The remaining 265 of

722 (36.7%) cases consisted of 252 individuals in which

no ABCA4 variant was identified and 13 cases where the

previously reported monoallelic variant was not confirmed

by smMIPs. Samples were considered monoallelic when

one variant categorized as class 3 (variant of uncertain

significance), 4 (likely pathogenic) or 5 (pathogenic)

following ACMG-AMP guidelines was reported,39

including known variants with a high AF in the control

population. Samples (n ¼ 9) were classified as unsolved if
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Figure 1. Distribution of ABCA4 allele types in the sequenced cohort
(A) Distribution of all ABCA4-alleles present in biallelic and monoallelic cases based on the type of allele. Protein truncating variants
refers to nonsense and frameshift variants in coding regions of the gene. In complex alleles only combinations of missense variants
are counted. Complex alleles carrying deep intronic (DI), NCSS, and CSS variants are accounted in the respective categories.
(B) Number of alleles carrying known (in black) or novel (in blue) deep intronic variants. Eighteen unique DI variants were identified in
83 alleles. Except for variant c.859-25A>G, novel DI variants were found in one or two probands only.
two mild variants or one mild and one moderately severe

variant were identified, as these combinations are not ex-

pected to lead to ABCA4-associated retinopathy on their

own. As an exception, four cases carrying c.5882G>A in

homozygosity were considered solved, as similar instances

of patients carrying only this variant had been previously

reported in other studies.40

In the sub-cohort of 136 biallelic cases additional causal

variants were identified in 54 (39.7%), while there were no

additional finding in 77 (56.6%) of cases. In the remaining

five cases (3.7%), one or more of the previously reported

variants were not confirmed. Themost frequent previously

not reported variants were c.5603A>T (n ¼ 16) and c.769-

784C>T (n ¼ 10); the latter was always found in cis with

the c.5882G>A variant, confirming the previously

described complex allele40 (Figure S15B, Tables S11 and

S12). Apart from c.769-784C>T, splice altering variants

were identified in 10 cases, including four samples carrying

the novel NCSS variant c.4667þ5G>T.

The most common pathogenic ABCA4 alleles in the com-

plete cohortwere c.5882G>A(n¼150;15%)andc.5603A>T

(n ¼ 122; 12.2%), followed by the complex alleles

c.[2588G>C;5603A>T] and c.[5461-10T>C;5603A>T] with

n ¼ 37 (3.7%) and n ¼ 31 (3.1%), respectively. Among

non-coding variants, the most frequent were

c.4253þ43G>A (n ¼ 26, 2.6%), the recently identified41

founder mutation c.859-25A>G (n ¼ 17, 1.7%) (Table S9

and Figure 1B) and c.769-784C>T (n ¼ 16, 1.6%), which

was found in cis with c.5882G>A or c.5603A>T.

Novel splice-altering variants

Data analysis based on in silico prediction tools identified

12 putative DIVs and 6 NCSS variants predicted to alter
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splicing (Table 1). All variants were selected based on a

SpliceAI delta score (DS) of R0.03, with predictions

ranging from 0.03 to 0.96 (Table S13). Of the 12 selected

DIVs, 8 showed splicing alterations (Figures 2 and S16).

The most frequent novel variant in the cohort (c.859-

25A>G) was discovered, in parallel with this study, to be

a novel founder branchpoint mutation in the Palestinian

population. As the results concerning this variant have

already been published,41 this will not be discussed in

more detail below. A second branchpoint variant (c.2654-

23A>C) was identified in a single proband. Four variants

(c.859-556A>G, c.2919-177G>T, c.6005þ717G>T,

c.6283-93C>G) did not show any effect (Figure S16). The

highest SpliceAI DS predictions for these variants were

DG ¼ 0.16, AG ¼ 0.03, AG ¼ 0.1, and AG ¼ 0.1, respec-

tively. All six tested NCSS variants, which had DS predic-

tions ranging from 0.24 to 0.76, showed splice altering

effects in vitro (Figure 3).

All tested variants were classified into one of four

severity classes based on the percentage of aberrant

splicing observed: severe (%20% wild-type RNA), moder-

ately severe (>20% and %40% wild-type RNA), mild

(>40% and %80% wild-type RNA), and benign (>80%

wild-type RNA). Three DIVs were classified as moderately

severe, one as mild and two as benign (Table 1). Of the

NCSS variants, three were classified as severe, one as

moderately severe, and two as mild (Table S14).

The moderately severe variant c.4539þ1964G>T is situ-

ated in a hotspot region of intron 30, where four additional

variants have already been reported.16,23,42 All variants re-

ported in this region share the same cryptic splice acceptor

site at position g.94.493.110 (hg19) while the donor site

utilized varies depending on the position of the causative
023



Table 1. Deep intronic (DI) and NCSS variants that were tested in vitro with midigene splice assay

cDNA variant (NM_000350.3) Nr. of alleles Type % WT RNA Severitya RNA variant (NM_000350.3) Protein variant (NM_000350.3)

c.161-395G>A 2 DI 36 moderate r.[161_302del,¼,160_161ins161-
484_161–394]

p.[Cys54Serfs*14,¼,Cys54Cysfs*75]

c.859-556A>G 1 DI 100 benign r. ¼ p. ¼

c.859-25A>Gb 17 DI 0 severe r.[859_1099del,858_859ins859-
685_859,858_859ins859-138 _859]

p.[Phe287Hisfs*7,Phe287Tyrfs*33,Phe287Leufs*3]

c.2654-23A>C 1 DI 6 severe r.2653_2654ins2654-40_2654-1 p.(Gly885Alafs*48)

c.2743G>A 1 NCSS 2 severe r.[2654_ 2743del,2743_2744ins2743þ1_
2743þ152)

p.[Gly885_His914,Asp915Glyfs*35]

c.2919-774A>G 1 DI 33 moderate r.[2918_2919ins2919-957_ 2919–779,¼] p.[Leu973Phefs*3,¼]

c.2919-177G>T 2 DI 100 benign r. ¼ p. ¼

c.3522þ524A>G 1 DI 89 benign r.[¼, 3522_3523ins3522þ369_3522þ519] p.[¼,Glu1174_Gly1175ins*14]

c.4254-5T>A 2 NCSS 2 severe r.[4254_4352del,4254_4539del,4254_4466del] p.[Ser1418_Pro1451delinsArg,Ser1418Argfs*13,
Ser1418_Cys1488del]

c.4539þ1964G>T 1 DI 22 moderate r.[4539_4540ins4539þ1891_4539þ1962,¼] p.[Gln1513_Arg 1514ins(24),¼]

c.4667þ5G>T 4 NCSS 16 severe r.[4635_4667del,¼] p.[Ser1545_Gln1555del,¼]

c.4773G>T 1 NCSS 53 mild r.[¼,4668_ 4773del] p.[¼,Tyr1557Alafs*18]

c.6005þ717G>T 1 DI 100 benign r. ¼ p. ¼

c.6283-321C>G 2 DI 90 benignc r.[¼,6282_6283ins6382þ173_6283–322,
6282_6283ins6382þ1_6283–322]

p.[¼,Leu2094_Asp2095ins*58,Leu2094_Asp2095ins*117]

c.6283-93C>G 1 DI 100 benign r. ¼ p. ¼

c.6387–15_6387-12del 1 NCSS 36 moderate r.[6386_6387ins 6386þ1_6387–1,¼] p.[Ser2129Argfs*30,¼]

c.6816G>A 1 NCSS 67 mild r.[¼,6730_ 6816del] p.[¼,Val2244_Gln2272del]

c.6817-713A>G 1 DI 59 mild r.[¼,6730_6816ins6817-835_6817–714] p.[¼,Gln2272_Asp2273ins*11]

aSeverity was assigned based on wild-type (WT) RNA levels, considering the following intervals: benign (>80% WT RNA), mild (>40%, %80% WT RNA), moderate (>20%, %40% WT RNA), severe (%20% WT RNA).
bCorradi et al.41
cAll mutant products together represent 10% of all RNA products, rendering this, according to our classification, a benign variant. But it is possible that our quantification is not accurate enough or that the aberrant RNAs are
underrepresented in this artificial assay system as the much smaller WT fragment is amplified more effectively.
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Figure 2. In vitro splice assay results of novel causative deep intronic variants
(A–F) In the transcript schematics, exons appear as white rectangles, pseudoexons and intron retentions as gray rectangles. Heteroduplex
bands are tagged by an asterisk. Black arrows are used to signal faint bands for which Sanger sequencing validation was possible. Hor-
izontal dotted lines are used to represent exon skipping.
variant. Variant c.4539þ1964G>T leads to a pseudo-exon

(PE) inclusion of 72 nt, causing an in-frame insertion of

24 amino acids. Interestingly, this was also the shortest

PE inclusion identified in our cohort. Two DIVs

(c.3522þ524A>G and c.6283-321C>G) showed the ex-

pected splice defect, but aberrant transcripts were present

in less than 20% of the cDNA products, leading to the

tentative classification of these variants as benign

(Table S14). Variant c.6283-321C>G showed a complex

splicing defect with two PE inclusions and partial or com-

plete intron inclusion (Figure 2). PE1 (258 nt) was themost

abundant aberrant product, followed by the exon elonga-

tion, complete intron retention and PE2 (113 nt). PE1 cor-

responded with the highest predicted effect by SpliceAI,

while PE2 was predicted as the fourth highest

(Table S13). Several heteroduplex artifacts were observed

after RT-PCR, which made result interpretation chal-

lenging. For this reason, to eliminate potential heterodu-

plex artifacts and improve the clarity of the results, addi-

tional RT-PCR experiments were performed using a lower

number of cycles (33 cycles) (Figure S17). This approach al-

lowed a clearer view of the main effects but also caused the

loss of validated aberrant splicing bands (PE2). Consid-
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ering this, semi-quantification was performed on the stan-

dard assay RT-PCR without considering the bands identi-

fied as heteroduplex, which means that the reported 10%

aberrant splicing is likely to be an under-estimation of

the total effect of the variant. The wild-type fragment

observed for c.6283-321C>G (199 nt) is much smaller

than all aberrant products (between 312 and 951 nt), so

the larger mutant fragments will be vastly under-repre-

sented in this RT-PCR assay. We, therefore, consider that

c.6283-321C>G is a pathogenic variant, but we cannot

assess its severity.

Four of the NCSS variants showed one main aberrant

product. Variants c.4667þ5G>T, c.4773G>T and

c.6816G>A led to single exon skipping, and the four-

nucleotide deletion c.6387–15_6387-12del caused com-

plete intron 45 retention. Conversely, the remaining vari-

ants exhibited more complex splicing defects. Variant

c.2743G>A caused exon 18 skipping in 79% of the product

and a 152-nt elongation in the remaining 19% (Figure 3)

(Table S14). Variant c.4254-5T>A, affecting the splice

acceptor site of exon 29, caused multiple splicing abnor-

malities that accounted for 98% of the total transcript.

The main aberrant products were exon 29 skipping
023
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Figure 3. In vitro splice assay results of novel causative NCSS variants
(A–E) In the transcript schematics, exons appear as white rectangles, partial or complete intron retention as gray rectangles. In exon elon-
gations, vertical dashed lines represent a direct continuation of the sequence from the adjacent exon. Horizontal dotted lines are used to
represent partial exon skipping.
(44% of transcript) and exons 29–30 skipping (25% of the

transcript). Exon 29 skipping was also observed in combi-

nation with partial exon 30 skipping, where either the first

114 nt (19% of transcript) or the last 73 nt (10% of tran-

script) of the exon were absent. Finally, the novel NCSS

variant c.4667þ5G>T was identified in four probands

from Poland and was always inherited as part of a complex

allele, c.[2549A>G;4667þ5G>T;5882G>A], suggesting

that this a founder allele (Table S15).

CNVs

In four probands, novel heterozygous CNVs were identi-

fied, consisting of three deletions and a tandem duplica-
Human
tion (Figure 4 and S14). All three deletions span exonic

regions and encompass 1,38 to 6.99 kb.

c.442þ1194_571-1399del spans exon 5 (sample ID:

DNA11-05475, Table S5), c.2918þ552_3329-601del en-

compasses exons 20 to 22 (sample ID: 071836, Table S5)

and c.4667þ507_4849-94del encompasses exons 33 and

34 (sample ID: 071730, Table S5). In one sample (ID:

073202, Table S8), a large tandem duplication of over 8.5

kb, encompassing exon 7, was identified (c.768þ6839_

858þ66dup). Additionally, the known small deletion

c.699_768þ341del was identified in a patient of Spanish

origin (ID: 072826) (Table S7). This CNV was frequently

found in the Spanish population.19,43 CNV breakpoints
Genetics and Genomics Advances 4, 100237, October 12, 2023 7



Figure 4. Novel CNVs
Novel CNVs consist of three deletions ranging in length from 1.4
kb to 7.0 kb and duplication of �8.6 kb. In light gray are high-
lighted deleted regions, while the duplicated region is depicted
as a bold, white-filled section.
were determined using genomic PCR and Sanger

sequencing (Figure S14). For the duplication, additional

PCR amplifications were performed to determine the

orientation of the duplicated segment, which is head-to-

tail. In all the CNVs, except for deletion c.2918þ552_

3329-601del, microhomology was observed at the break-

points (2 or 3 nt). Consequently, the exact breakpoints

could not be exactly identified and the notations are re-

ported following the 30 rule of HGVS nomenclature

(HGVS: varnomen.hgvs.org).
Discussion

Sequencing of the ABCA4 locus in 858 probands with phe-

notypes consistent with ABCA4-associated retinopathy us-

ing smMIPs lead to the identification of two or more path-

ogenic variants in 38.4% of a genetically unsolved cohort

of 722 probands, which is in line with the solve rates

observed in similar cohorts,19,22 and the identification of

additional findings in 39.7% of pre-screened cases with

two known causative variants. In silico and in vitro analysis

of non-coding sequencing data led to the identification of

six novel NCSS and seven novel DIVs causing splicing de-

fects. In addition, four novel heterozygous CNVs were

identified. Overall, splice altering variants were identified

in 240 alleles (24% of all identified alleles), of which 41

(17% of splice altering alleles) were novel findings in previ-
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ously unsolved monoallelic cases. This highlights the rele-

vance of screening intronic regions to identify causative

variants in ABCA4 both for naive cases and for unsolved

samples which could potentially carry known or novel

splice-altering variants.

The use of SpliceAI as the primary tool for the selection

of putative splice altering variants resulted in only a few

false positives (4/18; 22%), despite the arbitrarily conserva-

tive threshold set for the initial analysis (DS R 0.03). In

previous studies that used alternative in silico methods of

variant assessment (e.g., Alamut prediction tools) the per-

centage of reported false positives was considerably higher

(45/58; 77.6%).19 Moreover the use of SpliceAI as primary

prediction tool allowed the identification of two branch-

point variants (c.859-25A>G and c.2654-23A>C) that

were not flagged by other prediction algorithms. The per-

centage of correctly predicted variants using SpliceAI is

likely to become even higher after re-assessment of the

ideal DS threshold to use for variant selection, as all DIVs

leading to a confirmed effect in this study had a DS R

0.20. Having a reliable cut-off for variant selection is

important to ensure the identification of all causative var-

iants while maintaining a low number of false positives, al-

lowing for cost-effective studies. Nevertheless, careful

consideration needs to be taken in the selection of the

DS cutoff, as more stringent filtering carries the risk of

missing potential variants that lead to milder effects.

Splice-altering variants leading to a low percentage of aber-

rant splicing (<20%) are classified as benign and are not

considered as a causative allele on their own. Nevertheless,

the effect of such variants, of which we identified three

in our cohort (c.2931G>A, c.3522þ524A>G, c.6283-

321C>G), cannot be completely discarded, as they could

contribute to pathogenicity as cis modifiers in complex al-

leles. In this cohort, 21 different complex alleles were iden-

tified in a total of 126 alleles, of which 36 included splice

altering variants, including the novel c.[2549A>G;

4667þ5G>T; 5882G>A] allele (Table S15). Finally, the

deep learning SpliceAI tool was not trained on retinal tis-

sue, suggesting that retina-specific defects might be more

difficult to predict and identify. In contrast, the in vitro

splice assay based on HEK293T cells remains an artificial

system that does not consider the potential role of retina-

specific factors in the in vivo effect of splice-altering vari-

ants. It is thus possible that the effect of benign variants

with low levels of aberrant splicing is currently being

underestimated. Specifically, c.6283-321C>G showed a

complex splicing defect comprising of three separate aber-

rant splicing events. Interpreting the variant effect proved

challenging, both caused by the complexity of the defect

and to the presence of several unclear artifacts in the mid-

igene assay protocol, further compounding the underesti-

mation of the full effect of the variant.

Two additional variants (c.2743G>A and c.4254-5T>A)

showed complex splicing defects, categorized respectively

as null and severe alleles. The c.4254-5T>A variant resulted

in exon 29 skipping as the main effect, but showed an
023
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additional array of combined skipping between exon 29 and

the complete or partial skippingof exon30. Exon and intron

30 of ABCA4 are known hotspots for splicing de-

fects,16,17,21,28 facilitated by the presence of multiple cryptic

splice sites of varying strength found in the exonic and in-

tronic areas. In exon 30, partial skipping is likely influenced

by the sequence AGGT at position c.4465_4468, which,

together with suitable surrounding sequences, can function

as either a cryptic splice acceptor or donor site. In particular,

the acceptor site at position c.4466 has a predicted strength

of 84.5 (SpliceSiteFinder-like, [0–100]) making it stronger

than the canonical splice acceptor site itself (80.0 in

SpliceSiteFinder-like). In contrast, the strength of the cryptic

SDS is lower (67.7 in SpliceSiteFinder-like) than the canoni-

cal splice donor signal (76.5 in SpliceSiteFinder-like). Taken

together, these scores support the result obtained in the

splicing assay, where skipping of the first part of exon 30

was observed as the third most abundant transcript (19%

of total transcript), while skipping of the second part of the

exon only accounted for 10% of the total transcript. As

with the variant c.6283-321C>G, the use of the HEK293T

cells might not be providing the complete picture of the

defect. While it has been demonstrated that this system is

both reliable and cost effective,29 further analysis of complex

variants should be conducted using systems with a more ac-

curate genomic and retinal context, such as patient-derived

photoreceptor precursor cells or retinal organoids, to obtain

a more precise view of the variant effect.

Most identified DIVs lead to a frameshift with the crea-

tion of a premature stop codon and consequently the pro-

duction of a truncated protein, but in two cases predicting

the repercussions of the variants for the ABCA4 protein

was more challenging. The c.4539þ1964G>T variant

caused an in-frame PE insertion between exon 30 and 31.

This could potentially affect protein function as the PE is

located in the region encoding the extracellular domain 2

of ABCA4. Similarly, the effect of variant c.6817-713A>G

is unclear due to its position in intron 49, at only one amino

acid away from the wild-type sequence stop codon. As the

PE itself contains a stop codon after the insertion of 10

amino acids, the overall effect of this PE inclusion is difficult

to assess solely based on the performed splice assay. Further

functional analysis of these two variants would shed light

on the precise mechanism of pathogenicity.

Overall, the number of novel splice-altering variants

identified and confirmed to alter splicing (n ¼ 12) was

lower than in previous studies (n ¼ 22,19) and were mainly

identified in one or two probands, with the striking excep-

tion of the Palestinian founder mutation c.859-25A>G,

which was found in 17 alleles in 10 probands. These results

suggest that, in non-White populations, frequent splice-

altering variants remain to be identified and characterized,

while in populations of predominant European descent,

yet undiscovered DIVs are rare or ultra-rare occurrences.

Sequencing the entire ABCA4 genomic locus in naive or

unsolved samples (no variant identified in pre-screening)

yielded a solve rate of 39.8% (207/520 samples), while in
Human
the subcohort of 202 unsolved monoallelic cases addi-

tional causal variants were identified in 34.7% (70/202)

of samples. Taken together, 38.4% of the unsolved cohort

could be explained by ABCA4 variants after smMIPs

sequencing. The remaining 445 probands remained un-

solved, in 180 cases only one variant and in 265 patients

no causal ABCA4 variants were identified. In 119 of 202

of the monoallelic cases, no additional disease-associated

variants were found after smMIPs sequencing. Considering

the estimated carriership of ABCA4 pathogenic variants in

the general population to be approximately 14%–15%,15 it

is possible that part of the heterozygous variants identified

inmonoallelic cases are chance findings. Overall, it is likely

that part of the missing heritability observed in the cohort

could be explained by variants in other IRD-associated

genes, as both the clinical heterogeneity and the presence

of known phenocopies of STGD renders a correct clinical

diagnosis challenging. Thus, sequencing of other known

macular dystrophy-associated genes is likely to yield a ge-

netic diagnosis for a portion of the samples for which

two ABCA4 variants were not identified in this study.44,45

Additionally, it is possible that, despite the high coverage

of the smMIPs sequencing runs (average nucleotide

coverage 7003), some causal alleles were not identified.

CNV analysis, based on coverage, does not allow the iden-

tification of inversions and insertions. Unsolved probands

might also carry variants affecting regulatory elements pre-

sent both in the open reading frame of the gene or in the

untranslated regions. Furthermore, upstream and down-

stream regions of ABCA4 were not screened for potential

regulatory variants in this study.

The study cohort also included 136 samples in which two

variants had been identified before smMIPs sequencing,

mainly consisting of cases carrying the frequent mild alleles

p.(Asn1868Ile), p.(Gly1961Glu), and the benign variant

p.[Gly863Ala,Gly863del]. As the complete ABCA4 locus

was not covered in pre-screening, these samples were

included to assess the possible presence of DIVs or other

cis-modifiers that were previously missed. After smMIPs-

based sequencing, splice altering variants were identified

in 20 of 136 (14.7%) samples, including three novel variants

(c.303-1G>T, 4667þ5G>T and c.6816G>A). The DI variant

c.769-784C>T was identified in eight samples carrying

c.5882G>A and one sample carrying c.5603A>T, which

are known to form frequent complex alleles with c.769-

784C>T. While segregation analysis was possible only for

the sample carrying c.[769-784C>T;5603A>T] as a complex

allele, c.769-784C>T is well known to act as a cis-modifier of

c.5882G>A.40 Variant c.769-784C>T was also found in a

proband carrying c.1928T>G and c.3874C>T. To our

knowledge, neither variant has been previously reported

to form a complex allele with c.769-784C>T. The most

frequent novel finding was the missense variant

p.(Asn1868Ile) which was present in 24 samples. This can

be explained by the fact that most of these cases had under-

gone pre-screening before the causality of p.(Asn1868Ile) as

an hypomorphic variant was recognized.14,20,46 Notably,
Genetics and Genomics Advances 4, 100237, October 12, 2023 9



p.(Asn1868Ile) was found as part of the complex allele

c.[2588G>C;5603A>T] in 15 of 16 of the cases where previ-

ously only variant p.[Gly863Ala,Gly863del] was reported,

which confirms that the presence of both variants is

required to have a fully penetrant pathogenic allele.14

In conclusion, sequencing of the ABCA4 locus in 858

probands with phenotypes consistent with ABCA4-associ-

ated retinopathy solved 47.1% of cases. The identification

of 12 novel splice-altering variants, three of which cause

complex splicing defects, and four new CNVs, further ex-

pands the list of disease-causing ABCA4 variants.
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