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Abstract

Background This study investigates the clinical manifestations of inherited retinal diseases (IRD) associated with
dual-gene variant constellations involving biallelic ABCA4 variants.

Methods We assess four cases for their unique phenotypic outcomes due to biallelic ABCA4 variants and additional
genotypes in CACNATF, IMPG1, HK1 and MYO7A, respectively.

Results This study investigates the phenotypic impact of dual-gene variants, including biallelic ABCA4 variants and
additional retinal gene variants in CACNATF, IMPG1, HKT and MYO7A. In MST465-I1:1, the ABCA4-CACNATF constellation
led to progressive macular atrophy and night blindness, with nystagmus linked to CACNATF. In MST448-11:1, ABCA4
variants primarily contributed to a macular dystrophy, while the IMPGT variant had no obvious impact, suggesting

it may be a benign polymorphism. In SRP1400-I1:1, a de novo HKT variant caused retinitis pigmentosa (RP)-like retinal
degeneration and intellectual disability and in USHIT05-1I:1, MYO7A variants primarily resulted in an Usher syndrome

1 phenotype. In both latter cases, ABCA4 variants play a more subtle role. These findings illustrate the importance

of critical phenotype and genotype assessment and how complex interactions between ABCA4 and other genetic
variants can configure the phenotype, making it challenging to distinguish the contributions of each gene.

Conclusions This study underscores the importance of advanced diagnostic tools and careful genotype evaluation
to accurately identify and understand potential complex genetic interactions in IRDs. The observed phenotypes
enhance our understanding of how these genes contribute to human retinal function and dysfunction. Furthermore,
these insights can impact clinical decision-making, as patients with dual-gene variant constellations might experience
questionable benefit from potential future gene therapies. Thus, careful patient selection and complete genotype and
phenotype assessment before treatment is essential to manage potential risks and costs effectively.
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Background

Inherited retinal diseases (IRDs) encompass a diverse
group of genetic conditions that impair retinal structure
and function, leading to vision loss and often resulting in
profound visual impairment or blindness. IRDs exhibit
considerable clinical and genetic heterogeneity with more
than 250 associated genes identified to date [1, 2]. Many
of these conditions are generalized retinal disorders and
can be classified into rod-cone-, cone-(rod-) and macular
dystrophies based on the type of photoreceptor affected
and the location within the retina.

Entities discussed in this manuscript include ABCA4-
associated IRDs, such as cone-rod dystrophy (CORD3),
Stargardt disease type 1 (STGD1) and retinitis pigmen-
tosa (RP; RP19), as well as CACNA 1F-associated incom-
plete congenital stationary night blindness (iCSNB;
CSNB2A), IMPGI-associated vitelliform macular dystro-
phy (VMD4) and RP (RP91), HKI-associated RP (RP79)
and MYO7A-associated Usher syndrome (USHI1B).
Despite advances in understanding the genetic basis of
IRDs, many challenges remain in elucidating their com-
plex pathophysiology, developing effective treatments
and providing personalized management strategies.
Genotype-phenotype correlation often is not straightfor-
ward and, in many cases, not well understood, as exoge-
neous and further modifying genetic factors may play an
important role in the phenotype expression. The intricate
interplay of genotypic and phenotypic variation pres-
ents challenges in both diagnosis and comprehension.
This complexity underscores the importance of detailed
genetic and phenotypic profiling to ensure accurate diag-
nosis and effective management of IRDs [3].

Recent progress in sequencing technologies enables
the screening of the entire exome or even genome, which
contributes to a higher rate of conclusive results for
patients with IRDs [4, 5]. These possibilities to analyze all
known IRD-associated genes, including non-syndromic
and syndromic, in a simultaneous workup, however, can
reveal the presence of pathogenic variants in two or more
distinct genes associated with IRDs, which would not
necessarily be found in single gene sequencing or limited
panel testing. These multigene compound genotypes can
lead to an altered and potentially more severe phenotype
when compared to individuals carrying variants in only a
single gene [6].

ABCA4 is one of the most frequently mutated genes
associated with IRDs [7] and STGD1 is the most common
inherited macular degeneration in working-aged individ-
uals. While a global prevalence of 1 in 10,000 is widely
cited in the literature, more recent studies suggest a
lower prevalence of approximately 1 in 20,000 [8, 9]. The
ABCA4 gene encodes an ATP-binding cassette (ABC)
superfamily transmembrane protein crucial for the
transport of retinoids in photoreceptor cells. Pathogenic
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variants in ABCA4 potentially disrupt this process, lead-
ing to the accumulation of toxic compounds in the retinal
pigment epithelium, which subsequently causes photore-
ceptor degeneration [10]. ABCA4 variants were initially
associated with STGD1, a common inherited macular
dystrophy, but can also cause other IRD forms, such as
cone-(rod) dystrophy (CORD3) and RP (RP19) [8, 11].
ABCA4-related disorders follow an autosomal recessive
inheritance pattern, requiring mutations on both alleles
for the disease to manifest. ABCA4 variants are highly
prevalent in the general population, with carriers of het-
erozygous mutations found in approximately 2—-5% of the
individuals [12]. This high carrier frequency contributes
to the relatively common occurrence of ABCA4-related
disorders when compared with other IRDs. Recent stud-
ies have identified over 2,000 variants in the ABCA4
gene, including missense, nonsense, frameshift, splic-
ing and structural variants [13]. Yet it is long known
that severity of ABCA4-related disease depends on the
genotype and efforts have been undertaken to categorize
ABCA4 variants in benign, hypomorphic, moderate/mild
and severe [7, 14]. The complexity of this gene and the
variability in clinical presentation make interpretation of
results from genetic testing and accurate diagnosis and
prognosis sometimes challenging, yet essential, especially
as targeted therapies are being developed [15].

So far, only few cases with pathogenic variants in two
genes involving ABCA4 have been previously docu-
mented. Huynh and co-workers (2014) reported a case
of a female patient with STGD1 and complete congenital
stationary night blindness (CSNB1B), carrying biallelic
ABCA4 variants (p.(Leul201Arg) and p.(Arg2077Gly))
along with biallelic GRM6 gene variants (c.50_64del
and c¢.1835_1837del) [16]. Similarly, Lee and colleagues
(2016) described two female patients with STGD1 who
were also carriers of ocular albinism [17]. These patients
exhibited ABCA4-associated changes such as bull’s eye
maculopathy and retinal mosaic patterns characteris-
tic of Nettleship-Falls type ocular albinism (OA1). They
carried biallelic ABCA4 variants (p.(Leu541Pro) and
p-(Gly1961Glu)) and a heterozygous GPR143 gene variant
(p.(Tyr257Cys)). Hayashi and co-workers (2020) reported
two additional cases of patients with overlapping phe-
notypes of cone-rod dystrophy (CORD3) and Nougaret-
type congenital stationary night blindness (CSNBAD3),
carrying biallelic ABCA4 variants (p.(GIn185Ter) and
c.1760+2T>@G) alongside a heterozygous dominant
GNAT]1 variant (p.(Gly38Asp)) [18]. Stevanovic and col-
leagues (2023) presented a case with a family history of
PRPH?2-associated pattern dystrophy (MDPT1) but more
extensive retinal disruption and functional impairment
compared to their asymptomatic parent with only lim-
ited macular abnormalities. Genetic testing revealed the
familial pathogenic PRPH2 variant and two pathogenic
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biallelic ABCA4 variants [19]. These reports highlight
the complexity and variability in phenotypic expression
among individuals with overall rare dual-gene variant
constellations.

In this study, we explored genotype-phenotype cor-
relations in four individuals from four families with
ABCA4-related dual-gene variant constellations as well
as additional family members with related genotypes.
This work analyzes the potential impact of individual
genetic variants and for at least two cases their complex
contribution on disease manifestation and progression.
The subsequent discussion on implications of dual-gene
variant constellations in the context of genetic counseling
and potential future therapeutic interventions for IRDs
highlights the importance of comprehensive molecu-
lar genetic testing including detailed family segregation
analysis in the process of defining accurate clinical and
genetic diagnosis.

Methods

Patient selection

This retrospective study analyzed genetic and clinical
data from four IRD patients with an ABCA4-related dual-
gene variant constellation as well as two affected siblings
(MST465-11:2, MST465-11:3) and one unaffected mother
(USHI105-1:2), each carrying only one of the identified
genotypes. All seven individuals presented at the Univer-
sity Eye Hospital in Tiibingen (Germany).

Ophthalmological examination

Clinical examination included best-corrected visual acu-
ity (BCVA), slit-lamp biomicroscopy and dilated fundos-
copy, pseudocolor fundus photography (PCFP; California
P200DTx, Optos, Dunfermline, UK), fundus autofluores-
cence imaging (FAF; California P200DTx, Optos, Dun-
fermline, UK), optical coherence tomography (OCT;
Spectralis, Heidelberg Engineering, Heidelberg, Ger-
many), 90° semi-automated kinetic perimetry (Goldmann
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visual field, GVF; Octopus 900, Haag-Streit Diagnos-
tics, Koniz, Switzerland), full-field electroretinography
(ffERG) measuring dark-adapted (DA) and light-adapted
(LA) responses following the International Society for
Clinical Electrophysiology of Vision (ISCEV) standard
and full-field stimulus threshold testing (FST with 0 dB
set to 0.01 cd.s/m% Espion 2 and Espion 3, Diagnosys,
Lowell, MA, USA) measuring dark adapted thresholds
using blue and red lights.

Genetic testing

Initial diagnostic genetic workup of the index patients
included virtual non-syndromic and syndromic IRD
gene panel testing based on whole genome sequenc-
ing at the Institute of Medical Genetics and Applied
Genomics, University of Tiibingen, Tiibingen, Germany
[5], conducted either on the patient alone or as part of
a trio sequencing approach. Trio sequencing refers to
the genetic analysis of an affected individual along with
both biological parents. This approach helps determine
the inheritance pattern, identify de novo variants and
improve variant interpretation by distinguishing between
inherited and spontaneous mutations [20]. Segregation
analysis was done either in a diagnostic or research set-
ting by polymerase chain reaction (PCR) amplification
of the variant-carrying exons and subsequent Sanger
sequencing. Variant assessment followed the American
College of Medical Genetics and Genomics (ACMG)
guidelines for pathogenicity classification. In addition,
the findings of Cornelis et al., 2023 for severity evaluation
of ABCA4 variants were considered for their contribu-
tion to the phenotype (Table 1) [7, 21].

Results

Family MST465: ABCA4 & CACNATF

The male patient MST465-11:1 was clinically diagnosed
with cone-rod dystrophy. His genetic testing revealed a
dual-gene variant constellation with three heterozygous

Table 1 Patients’genotypes, ACMG variant classification of all variants and ABCA4 variant severity category according to Cornelis et al.

2023 [7]
Patient / ABCA4 genotype ACMG ABCA4 severity Other IRD-related genotype ACMG clas-
Family classification category* sification
MST465 c.1622T>C;p.Leu541Pro [22] p Severe CACNATF

3113 C>T,p.Ala1038Val [22] p Severe c3166dup; p.Leu1056ProfsTer11 [23] P

c5313-2 A>G;p.? [5] LP n.a.
MST448 c.181 A>G;p.Met61Val [5] LP na. IMPG1

€3703 A>G;p.Asn1235Asp [24] LP Mild/Moderate c.151dup; p.Met51AsnfsTer29 [5] p
SRP1400 €.2588G > C;p.Gly863Ala [25] LP Mild HK1

€.5642 C>T;p.Ala1881Val [26] VUS/LP n.a. €.1334 C>Tp.Ser445Leu [27] LP
USHI105 €4539+859 C>Tp.? [14] VUS Benign MYO7A

€5461-10T>C;p.? [28] P Severe €.1555-8 C>G;p.? [30] P

5603 A>T;p.Asn1868lle [29] VUS Mild €3503G>A;p.Arg1168GIn [31] p

Footnote: *ABCA4 severity with respect to phenotypic contribution according to Cornelis et al. 2023 [7]. n.a., not available - variant has not been assessed in Cornelis
etal. 2023 [7]. B, benign; VUS, variant of uncertain significance; LP, likely pathogenic; P, pathogenic
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variants in ABCA4 and one hemizygous variant in CAC-
NAIF. Subsequent segregation analysis confirmed bial-
lelic status for the ABCA4 variants: On the maternal allele
the patient inherited the well-known complex allele con-
sisting of the pathogenic missense variants ¢.1622T >C,
p-(Leu541Pro) (severe) and ¢.3113 C>T, p.(Alal038Val)
(mild) in cis and on the paternal allele the likely patho-
genic splice acceptor site variant ¢.5313-2 A>G, p.(?).
The latter is a novel variant and unique to this family
affecting the canonical acceptor site AG dinucleotide and
we consider this as a severe variant like other canonical
splice site variants in ABCA4. Additionally, the patient
MST465-11:1 had a hemizygous pathogenic frameshift
variant ¢.3166dup, p.(Leul056ProfsTer11) in the CAC-
NAIF gene for which his mother was shown to be a
carrier.

MST465-11:1 initially presented to our clinic at the age
of 10, reporting night blindness, photophobia and reduc-
tion in visual acuity since the age of 2 years. At the time
of consultation, his BCVA was reduced to 20/250 in the
right eye (-1.00 DS / -1.00 DC x 180°) and 20/400 in the
left eye (0.00 DS / -1.50 DC x 160°). The anterior seg-
ment was unremarkable. Retinal examination and imag-
ing revealed central atrophy of the outer retinal layers,
along with flavimaculatus flecks typical for the ABCA4
phenotype. FAF showed central hypoautofluorescence,
accompanied by diffuse hyperautofluorescence and small,
patchy hypo-autofluorescent spots in the mid-periphery.
Perimetry demonstrated physiological outer borders with
target I114e. At a follow-up visit at the age of 11 years, his
BCVA had slightly declined to 20/320 in the right eye
and remained stable at 20/400 in the left eye. Progression
of atrophy and photoreceptor clumping in the central
macula was observed, though GVF showed no changes.
Electrophysiologic examination with ffERG revealed
markedly reduced responses under DA but especially LA
conditions. Despite the strongly reduced responses, the
negative configuration of the mixed scotopic responses,
typical for CACNAIF phenotypes, was present with the
b-wave not exceeding the baseline. At the age of 13 years,
MST465-11:1 reported further visual deterioration and
occasional nystagmus. His BCVA had further decreased
to 20/667 in both eyes. Retinal examination revealed con-
tinued progression of central outer retinal atrophy and
increased peripheral retinal involvement, consistent with
cone-rod dystrophy. ffERG revealed still severely reduced
responses and FST indicated a rod-mediated, slightly
elevated dark adaptation threshold for blue (-46.98 dB)
and red (-23.05 dB) light. Outer borders of the visual field
were still nearly normal. A summary of genetic and clini-
cal findings is provided in Fig. 1, MST465-11:1.

His two years younger brother, MST465-II:2, car-
ried the same biallelic ABCA4 genotype as observed in
MST465-11:1: ¢.[1622T >C;3113 C>T]; [5313-2 A>G],
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p-[(Leu541Pro); (Ala1038Val)]; [(?)], but not the CAC-
NAIF variant. He presented to our clinic at the age of 11
years, reporting reading difficulties and photophobia. At
the time of consultation, his BCVA was severely reduced
to 20/200 in both eyes (OD: -0.25 DS / -1.75 DC x 20°%
0S: -0.50 DS / -0.75 DC x 160°). The anterior segment
examination was unremarkable. Retinal examination
and imaging revealed atrophy of the outer retinal layers
in the central macula with corresponding hypoautofluo-
rescence and the presence of flavimaculatus flecks associ-
ated with diffuse hypo- and hyperautofluorescence at the
posterior pole. GVF demonstrated physiological outer
borders. ffERG showed borderline physiologic responses
under DA conditions with a slightly smaller a-wave in the
10 DA ERG, but markedly reduced responses under LA
conditions. All in all, MST465-11:2 presents as a case of
STGD1, exhibiting relatively severe visual impairment
already at a young age. A summary of genetic and clinical
findings is provided in Fig. 1, MST465-11:2.

MST465-11:1's  four  years younger  brother,
MST465-11:3, was hemizygous for the c.3166dup,
p.(Leul056ProfsTer11) variant in the CACNAIF gene,
but did not inherit any of the ABCA4 variants segregat-
ing in his family. He first presented to our clinic at the
age of 6 years. At the time of consultation, his BCVA was
reduced to 20/32 in both eyes (OD: +1.75 DS / -0.75 DC
x 20% OS: +1.25 DS / -0.50 DC x 15°) with unremarkable
morphological findings from anterior and posterior seg-
ment examinations, including OCT diagnostics. Dur-
ing a follow-up visit at the age of 9 years, MST465-11:3
reported reading difficulties, although he managed well
when seated in the front row at school. Furthermore, he
experienced photophobia. At this consultation, his BCVA
was stable and morphological findings, including OCT
and FAF, remained unremarkable. GVF revealed near-to-
normal visual field borders, likely affected by the patient’s
young age and limited cooperation during the consulta-
tion. ffERG demonstrated reduced DA responses with a
negative ERG pattern in both the DA 3 ERG and the DA
10 ERG, as well as markedly reduced responses under LA
conditions. Overall, MST465-11:3 presents as a case of
iCSNB, marked by pronounced photophobia that exceeds
the degree of night blindness. He showed a comparatively
mild and stable functional impairment and no patho-
logical findings on morphological examination. A sum-
mary of genetic and clinical findings is provided in Fig. 1,
MST465-11:3.

The youngest sibling, an 8 years younger sister, pre-
sented to our clinic at the age of 5 years asymptomati-
cally. Given no abnormalities in thorough morphological
and functional examinations and the absence of any clini-
cal indications of IRD at the time of consultation, predic-
tive genetic testing was not conducted. The parents did
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Fig. 1 Pedigree analysis and summary of morphological and functional findings. The left panel shows MST465-1I:1 at the age of 13 years, the central
panel displays MST465-11:2 at the age of 11 years and the right panel presents MST465-11:3 at the age of 9 years. The identified mutations are repre-
sented as follows: m1: ABCA4 c.1622T > C, p.(Leu541Pro); m2: ABCA4 c.3113 C>T, p.(Ala1038Val); m3: ABCA4 ¢.5313-2 A>G, p.(?); m4: CACNATF c.3166dup,
p.(Leu1056ProfsTer11). The ffERG traces are presented with a grey background to indicate DA conditions and a white background to indicate LA conditions

not exhibit any ophthalmological abnormalities and were
carriers of the ABCA4 and CACNAFI variants.

Family MST448: ABCA4 & IMPG1

MST448-11:1, a male patient, was clinically diagnosed
with STGD1. Genetic analysis showed that he carried
two heterozygous likely pathogenic missense variants
in the ABCA4 gene, c.181 A>G, p.(Met61Val), which
is novel and unique to this patient (not mentioned in
Cornelis et al.,, 2023 [7]) and the variant ¢.3703 A>GQG,
p-(Asn1235Asp) (mild to moderate), along with a hetero-
zygous frameshift variant in the IMPG1 gene (c.151dup,
p-(Met51AsnfsTer29)) that was classified as pathogenic.
Variants in IMPG1 have been associated with autosomal
recessive and autosomal dominant vitelliform macular

dystrophy (VMD4) as well as autosomal dominant RP
(RP91). As segregation analysis was not possible in his
family, the trans configuration of the ABCA4 variants
could formally not be proven and it remains elusive
whether this IMPGI variant is de novo or inherited from
one of his parents.

He presented to our clinic at the age of 25 years, report-
ing progressive reduction in visual acuity since the age of
17 years and night blindness. At the time of consultation,
his BCVA was reduced to 20/400 in both eyes (OD: -4.25
DS / -1.25 DC x 2% OS: -3.50 DS / -1.00 DC x 4°). The
anterior segment examination was unremarkable. Retinal
examination and imaging revealed atrophy of the outer
retinal layers and pigment epithelial changes in the cen-
tral macula with corresponding hypoautofluorescence
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and the presence of flavimaculatus flecks at the poste-
rior pole, characteristic features of STGD1. GVF demon-
strated physiological outer boundaries with Goldmann
size I114e and I4e stimuli, along with a central scotoma.
ffERG showed reduced LA but well-preserved a-waves
in DA responses with slightly reduced b-waves. A sum-
mary of genetic and clinical findings in MST448-1I:1 is
provided in Fig. 2.

Family SRP1400: ABCA4 & HK1

The female patient SRP1400-1I:1 was diagnosed with RP
along with intellectual disability, associated with a de
novo heterozygous likely pathogenic missense variant in
the HK1 gene (c.1334 C>T, p.(Ser445Leu)). Addition-
ally, she carried the heterozygous pathogenic missense
variant ¢.2588G >C, p.(Gly863Ala) (mild) in the ACBA4
gene, which she inherited paternally and the heterozy-
gous missense variant c.5642 C>T, p.(Alal881Val) in
the ABCA4 gene which has non-uniform classification of
likely pathogenic and variant of uncertain significance in
ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), which
she inherited from her mother.

At the initial consultation at 37 years of age, she
reported a gradual decline in visual acuity over the pre-
ceding 3—4 years. At that time, her BCVA was slightly
reduced to 20/25 in the right eye (-1.00 DS) and 20/30
in the left eye (-1.00 DS / -1.00 DC x 95°). Examination
of the anterior segment revealed incipient posterior sub-
capsular cataracts in both eyes. Retinal examination and
imaging showed a waxy appearance of the optic disc and
narrowed retinal vessels. Bone spicules and diffuse atro-
phies were observed predominantly in the mid-periph-
ery, with a perifoveal hyperautofluorescent ring visible
in both eyes in FAF. At a follow-up visit at age 41, her
BCVA had further declined to 20/32 in the right eye and
20/40 in the left eye. GVF revealed concentric constric-
tion of the visual field to approximately 3°. Fundoscopy
showed multiple pigmentary changes extending to the
center, consistent with a complete clinical picture of RP.
Frequent follow-up visits in subsequent years revealed a
progression of subcapsular and nuclear cataracts, along
with a further reduction in visual acuity and visual field
restriction. By the age of 52, her BCVA had decreased to
20/50 in the right eye and counting fingers (CF) in the
left eye. OCT revealed diffuse outer retinal degeneration,
with a small area of foveal sparing and mild perifoveal
macular edema, typical for RP. Cataract surgery was indi-
cated and performed, resulting in a post-operative BCVA
of 20/50. A summary of genetic and clinical findings in
SRP1400-II:1 is provided in Fig. 3.

Family USHI105: ABCA4 & MYO7A
The male patient USHI105-1I:1 was clinically diagnosed
with RP associated with Usher syndrome type I. Genetic
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testing revealed a heterozygous pathogenic splicing vari-
ant (c.1555-8 C> @G, p.(?)) and a heterozygous pathogenic
missense variant (c.3503G>A, p.(Argl168Gln)) in the
MYOZ7A gene. Furthermore, he presented with three vari-
ants in ABCA4: the heterozygous deep intronic variant of
uncertain significance ¢.4539+859 C>T, p.(?) (benign),
the heterozygous common pathogenic splicing variant
¢.5461-10T > C, p.(?) (severe) as well as the homozygous
missense variant ¢.5603 A>T, p.(Asnl868lle) (mild)
that is classified as variant of uncertain significance, but
is frequently associated with ABCA4-related IRD and
considered a hypomorphic ABCA4 allele. Segregation
analysis in both parents confirmed the MYO7A variants
to be biallelic and therefore causative for the Usher syn-
drome phenotype. Yet the genetic workup of the ABCA4
variants was more complex. The father was shown to
be a heterozygous carrier of the deep intronic variant
¢.4539 + 859 C>T and of the hypomorphic missense vari-
ant ¢.5603 A>T, p.(Asn1868lle). The mother is heterozy-
gous for the pathogenic splicing variant ¢.5461-10T > C,
p.(?) and is also homozygous for the hypomorphic mis-
sense variant ¢.5603 A>T, p.(Asn1868lle), thereby pre-
senting with the very same ABCA4 genotype as her son.
This very genotype has been observed recurrently in
patients with late onset STGD1 [32, 33].

At the initial consultation at 10 years of age, USHI105-
II:1 presented to our clinic with complaints of congenital
deafness as well as a progressively narrowing visual field,
night blindness and increased photophobia which had
been worsening in the years leading up to the visit. BCVA
testing revealed well-preserved visual acuity of 20/20 in
both eyes (OD: -4.75 DS / -1.25 DC x 10°; OS: -5.25 DS
/ -0.75 DC x 180°). The anterior segment was unremark-
able. Retinal examination and imaging showed attenu-
ated vessels and diffuse atrophy outside the arcades with
no bone spicules, while the macular region remained
intact. FAF revealed a hyperautofluorescent ring along
the arcades and a globally reduced autofluorescence
pattern with hypoautofluorescent lesions outside the
arcades. OCT showed atrophy of the outer retinal layers
with extensive foveal sparing. GVF revealed concentric
constriction to approximately 15-20° with temporal infe-
rior islands using the Goldmann IIl4e stimulus. ffERG
showed no measurable responses under both DA und LA
conditions and FST indicated a rod-mediated, moder-
ately elevated dark adaptation threshold for blue (-38.10
dB) and red (-17.83 dB) light. Overall, congenital deaf-
ness combined with the clinical presentation of RP sug-
gested a suspected diagnosis of Usher syndrome type
I-associated RP. A summary of genetic and clinical find-
ings is provided in Fig. 4, USHI105-1I:1.

As mentioned earlier, his mother, USHI105-1:2, is
also homozygous for the ABCA4 variant ¢.5603 A>T;
p-(Asn1868lle) and heterozygous for the ABCA4 variant
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Fig. 2 Pedigree analysis and summary of morphological and functional findings in MST448-11:1 at the age of 25 years. The identified mutations are rep-
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Fig. 4 Pedigree analysis and summary of morphological and functional findings. The left panel shows USHI105-1I:1 at the age of 10 years and the right
panel presents USHI105-1:2 at the age of 43 years. The identified mutations are represented as follows: m1: MYO7A c.1555-8 C>G, p.(?); m2: MYO7A
€3503G > A, p.(Arg1168GIn); m3: ABCA4 4539+ 859 C>T, p.(?); m4: ABCA4 c.5461-10T > C, p.(?); m5: ABCA4 .5603 A>T, p.(Asn1868lle)

c.5461-10T >C, p.(?) and a heterozygous carrier of the
MYO7A variant ¢.1555-8 C>@G, p.(?). She presented
to our clinic at the age of 43 years with no visual symp-
toms. At the time of consultation, her BCVA was fully
preserved in both eyes (OD: -3.00 DS / -0.25 DC x 155°%
0S: -2.75 DS / -1.50 DC x 15°). Both morphological and
functional diagnostic assessments were unremarkable.
Overall, USHI105-1:2 remains clinically asymptomatic,
despite carrying the pathogenic heterozygous c.5461-
10T>C, p.(?) variant and the hypomorphic homozy-
gous ¢.5603 A>T, p.(Asn1868Ile) variant in ABCA4. A

summary of genetic and clinical findings is provided in
Fig. 4, USHI105-1:2.

Discussion

We present four cases carrying a dual-gene variant con-
stellation including biallelic pathogenic variants in the
ABCA4 gene. Additional variants in other retinal genes
were assessed for their contribution to the different phe-
notypes. It is very difficult to define the impact of two
potentially contributing genotypes, due to the complex
interplay on the disease manifestation and progression.
Additionally, it is well known that for ABCA4-associated
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IRDs the particular variants influence the severity of the
retinal phenotype [34]. Hypomorphic alleles typically
manifest in a milder disease, later onset or are even non-
penetrant, whereas loss-of-function variants are more
often associated with severe retinal dysfunction and
degeneration.

In MST465-11:1, the presence of a dual-gene vari-
ant constellation with variants in both the ABCA4 and
CACNAIF genes creates a complex clinical picture with
features clearly attributable to both gene-associated
pathologies. The clinical presentation of MST465-1I:1
exhibits hallmark features typical of ABCA4-associated
retinal dystrophies, such as progressive atrophy of the
outer retinal layers primarily affecting the central macula
and flavimaculatus flecks. This aligns with a diagnosis of
ABCA4-IRD, with early onset and a possible later pro-
gression into a cone-rod dystrophy, similar to the findings
in his brother MST465-11:2 with a sole ABCA4 genotype.
Over a three-year follow-up period, MST465-11:1 experi-
enced a severe reduction in visual acuity, highlighting the
disease’s progressive nature. Beyond the ABCA4-related
features, the variant in the CACNAIF gene introduces
further clinical manifestations. Notably, MST465-1I:1
exhibits nystagmus, a common feature in CACNAIF-
associated disease. The presence of night blindness, typi-
cally unusual in young children with ABCA4-IRD, can
also be attributed to the CACNA IF variant. This variant
is known to cause iCSNB, a condition characterized by
impaired night vision from birth and cone involvement
[35, 36]. Electrophysiological findings further support the
impact of the CACNAIF variant with markedly reduced
responses not only under LA but also under DA condi-
tions, which can also be seen in his brother MST465-
II:3, carrying solely the pathogenic CACNAIF variant. In
contrast, MST465-11:2, only carrying the disease-causing
ABCA4 genotype, shows reduced responses almost only
under LA conditions in flERG. All in all, MST465-1I:1
presents a complex case of IRD, with clinical features
attributable to variants in both the ABCA4 and CAC-
NAIF genes, with the single typical disease expressions
manifesting in both his brothers, carrying the disease-
causing genotype in either one of the genes. iCSNB is a
stationary disorder, so any observed disease progres-
sion is unlikely due to the CACNAIF variant. While this
variant influences the phenotype, the progressive nature
of disease in MST465-11:1 remains primarily related to
the ABCA4-associated pathology. Mechanistically, the
ABCA4 variants likely disrupt the clearance of toxic reti-
noid compounds and lead to their accumulation in pho-
toreceptor cells [15], while the CACNA IF variant impairs
synaptic transmission at the photoreceptor-bipolar cell
junction due to calcium channel dysfunction [37]. Given
the distinct subcellular localizations of these proteins,
this mixed phenotype may rather arise from independent
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dysfunctions of ABCA4 and CACNAIF, rather than from
a direct mechanistic interplay between the two malfunc-
tioning proteins and is truly attributable to the dual-gene
constellation.

In MST448-11:1, variants in both the ABCA4 and
IMPGI genes were considered potential contributors to
the observed macular dystrophy. MST448-1I:1 displays
a phenotype consistent with STGD1, including fundus
flavimaculatus, which is likely primarily related to the
ABCA4 variants. IMPGI plays a key role in maintain-
ing the structural integrity and function of the inter-
photoreceptor matrix, which supports photoreceptor
cells. However, MST448-1I:1 does not exhibit the char-
acteristic features of vitelliform macular dystrophy or RP
typically associated with JMPGI variants [38], the latter
supported by electrophysiological testing showing no
rod involvement. In addition, evidence for the pathoge-
nicity of the variant is ambiguous. The 1 bp duplication
results in early frameshift and likely represents a null
allele. It is also likely too common in the general popu-
lation to represent a dominant acting variant (27 het-
erozygous entries, minor allele frequency 0.001675% in
gnomAD v4.1.0 [39]). Variants in the IJMPGI gene have
been described related to both autosomal dominant and
autosomal recessive inheritance [40, 41], but no clear
disease mechanism and genotype-phenotype correlation
has been achieved to date. It is plausible to assume that
loss-of-function variants — as observed in our patient —
are more likely to be recessive, while missense and small
in-frame deletion or insertion variants may act dominant
(negative). Therefore, while we cannot definitively con-
firm or exclude IMPGI’s contribution to the disease, the
IMPGI variant does not seem to contribute to the phe-
notype in this patient, but rather should be considered
a heterozygous carrier status. This shows that it is clini-
cally challenging to differentiate between and assess the
potential impact of such dual-gene variants on the IRD
phenotype in any given patient and that retrospective
critical re-evaluation of the phenotype depending on the
identified genotype is essential.

In contrast to the first two cases, SRP1400-1I:1 and
USHI105-1I:1 exhibit a phenotype more consistent with
RP.

In SRP1400-1I:1, the RP-like retinal degeneration and
neurodevelopmental disorder appears to be primarily
related to the presence of a de novo HK1 variant, which is
associated with autosomal dominant syndromal RP [42].
The HKI gene is involved in glycolysis and its disruption
may lead to energy deficits in the highly metabolically
active photoreceptors, particularly rods [42]. Pedigree
and segregation analyses confirmed the HKI variant
as de novo (Fig. 3). Clinically, SRP1400-II:1 exhibits a
relatively typical RP phenotype, with progressive retinal
degeneration noted during follow-up visits along with
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intellectual disability. While ABCA4 variants have also
been associated with RP (RP19), its primary disease spec-
trum includes cone-rod dystrophy, with RP-like features
appearing in advanced cases [8]. They may contribute
to the RP phenotype or have a subtle effect, potentially
acting as modifiers rather than primary pathogenic driv-
ers. ABCA4 and HKI1 operate in distinct cellular path-
ways, ABCA4 in the visual cycle and HK1 in glucose
metabolism. Due to the significant clinical variability of
HK1I-associated IRDs, which can manifest as RP, macular
dystrophy or cone-rod dystrophy, even among individu-
als carrying the same variant [43], the precise contribu-
tion of ABCA4 variants remains plausible but challenging
to delineate with certainty.

In USHI105-1L:1, the pathogenic biallelic MYO7A vari-
ants are the primary cause of the Usher-associated RP
phenotype. MYO7A is crucial for retinal function, par-
ticularly within the retinal pigment epithelium, where it
regulates melanosome distribution, phagosome transport
and RPE65 translocation, essential for the visual cycle and
photoreceptor maintenance [44]. Similar to SRP1400-
II:1, the contribution of the described ABCA4 variants is,
however, not entirely clear. The patient is heterozygous
for the ¢.5461-10T > C, p.(?) variant, which is pathogenic,
and homozygous for the hypomorphic ¢.5603 A >T;p.
(Asn1868Ile) variant. The latter is known for incom-
plete penetrance and only manifests a retinal phenotype
when paired with a severe mutation on the counter-
allele [32, 33, 45], and the ¢.5461-10T >C, p.(?) variant
has been categorized as severe [7, 34]. Consequently,
a contribution to the development of the IRD would
be plausible as this very genotype has been reported to
result in age-related macular degeneration (AMD)-like
macular dystrophy and late onset STGD1 [32, 33]. It
remains uncertain whether the irregular hyperautofluo-
rescent ring around the macular region is an expression
of an early stage of RP or the contribution of the ABCA4
genotype to this less RP-typical formation of the hyper-
fluorescent ring. Although both MYO7A and ABCA4 are
critical for retinal health, their roles in the eye involve
distinct cellular processes. Given that Usher syndrome
type 1 typically presents with early-onset, progressive
RP [46], it is possible that ABCA4-related changes are
masked or have not yet manifested. Segregation analysis
shows that the mother, USHI105-1:2, is also homozygous
for the ¢.5603 A > T; p.(Asn1868lle) variant and heterozy-
gous for the ¢.5461-10T > C, p.(?) variant in ABCA4, yet
remains asymptomatic, consistent with the incomplete
penetrance of the ¢.5603 A>T; p.(Asn1868Ile) variant
and the late onset, probably characteristic for this very
genotype [32, 33, 45].

In summary, MST465-11:1 exhibits a mixed phenotype
clearly related to the combined pathophysiological effects
of ABCA4 and CACNAIF variants, while MST448-1I:1
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presents a typical case of STGD1, caused by the ABCA4
genotype, while the contribution of the IMPG1 variant
is less likely. Conversely, SRP1400-11:1 and USHI105-1I:1
display predominantly RP-like phenotypes, where the
ABCA4 genotype seem to play a more subtle role com-
pared to the HK1 or MYOZ7A variants, possibly func-
tioning as modifiers rather than primary drivers of the
disease at least at this time point. It is also possible that
the phenotype exhibiting greater severity or more rapid
onset tends to be more pronounced and conceal the phe-
notypic impact of the minor severe genotype.

This work highlights the importance of assessing the
potential combined effects of multiple genetic variants
and genotypes in patients with complex phenotypes,
including extensive family segregation analysis, as these
interactions can lead to overlapping or atypical clinical
presentations. The intricate interplay between variants
may produce features that are not easily attributed to a
single genetic cause, as exemplified by the mixed pheno-
type observed in MST465-11:1, involving pathogenic vari-
ants in both the ABCA4 and CACNAIF genes. Advanced
diagnostic tools, such as multimodal clinical testing and
exome or genome sequencing based “all IRD genes” panel
testing, have been crucial in unraveling these genetic con-
stellations. These methods not only identified the genetic
factors contributing to the patients’ symptoms but also
enhanced the overall diagnostic accuracy. Traditional
panel analyses limited to a certain diagnostic entity (e.g.
macular dystrophy only or RP only) might have missed
pathogenic variants that do not align primarily with the
expected phenotype. In particular, for MST465-11:1, this
could have resulted in the CACNAIF variant being over-
looked, as well as the detection of the mild iCSNB case in
his younger brother MST465-11:3.

In the context of therapeutic approaches, it is necessary
to mention that patients with dual-gene variant constel-
lations might benefit less, or not at all, from potential
future genetic therapies. In such cases, the potential ther-
apeutic gain could be minimal, and the additional risks
posed by the therapy, as well as the high costs involved,
may not be justified. This highlights the importance of
careful patient selection and complete genotype evalua-
tion before initiating treatment.

Our study is not without limitations. Firstly, the sample
size is small, primarily due to the rarity of dual-gene variant
constellations. Within our large cohort recently published
[5], we identified 12 such cases out of which these ABCA4-
related cases were selected. Overlapping phenotypes like
these observed in MST465-1I:1 complicate the identifica-
tion of the primary drivers of symptoms and the underly-
ing morphological and functional abnormalities. From an
investigational perspective, the differing genetical and clini-
cal involvement among members MST465-11:1, MST465-
II:2 and MST465-11:3 of the same family presents a unique



Wolfram et al. BMC Ophthalmology (2025) 25:239

opportunity to explore and dissect the individual contri-
butions of dual-gene variants. However, it is important to
acknowledge that such cases will likely remain rare and
only described in small reports or individual cases. Longi-
tudinal observations would further enrich our understand-
ing of the molecular mechanisms, progression patterns and
potential therapeutic strategies for these complex cases.

Conclusions

In conclusion, this study highlights the complexity of
IRDs associated with dual-gene variant constellations.
The findings emphasize the necessity for advanced diag-
nostic techniques and thorough genotype evaluation to
accurately unravel the contributions of multiple genetic
factors. This approach is crucial for optimizing clinical
decision-making and therapeutic strategies, ensuring
that the benefits of potential future gene therapies out-
weigh their risks and costs.
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ffERG  Full-field electroretinography
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