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Abstract: Stargardt disease type 1 (STGD1) is caused by bial-
lelic pathogenic variants in ABCA4. These variants vary in 
their effect on the resulting protein and the disease pheno-
type. Not all variant combinations cause disease, which com-
plicates the determination of the recurrence risk of STGD1. 
Previously, the recurrence risk of STGD1 was estimated by 
analyzing variants in patient data and using their popula-
tion variant frequencies in which white patients are over-
represented. Furthermore, assuming that variant effects 
are independent of genetic ancestry, estimates were made 
for each gnomAD population. In this article, the effects of 
missing heritability, de novo variants, reduced penetrance 
of variants and sex/gender are incorporated and discussed.

Keywords: Recurrence risk; Stargardt disease; ABCA4; gen-
otype-phenotype correlation; personalized genetic coun-
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Introduction
When people are diagnosed with an inherited retinal 
disease, they often wonder what the risk is that their (future) 
children will also develop the disease. Unfortunately, 
for autosomal recessive ABCA4-associated retinopathy  
(ABCA4-AR), the most frequent inherited macular dystro-
phy which includes Stargardt disease type 1 (STGD1), this is 
not very straightforward. For many recessive diseases, the 
recurrence risk is estimated using the population frequency 
of all pathogenic variants in the corresponding gene. This 
helps determine the chance that the other biological parent 
carries a pathogenic variant. For those diseases, all variants 
generally are fully deleterious and have the same effect. For 
ABCA4-AR, this is incorrect because variants occur on a spec-

trum of mild, moderate and severe variants. Many variant 
combinations, like two mild alleles or a mild and a moder-
ate allele, do not cause disease, while the combination of a 
severe variant (often a null variant) and another pathogenic 
variant is expected to cause disease [1]. However, in 2018 it 
was observed that not all mild variants show complete pen-
etrance (CP). Especially c.5603A>T (p.(Asn1868Ile)) is known 
to show penetrance of only ~5 % in the general population 
(N1868I5 %) and ~65 % within families when a parent also has 
ABCA4-AR (N1868I65 %) [2]. This further complicates recur-
rence risk calculations for this disease.

In 2022, we estimated the recurrence risk for ABCA4-AR 
for the first time for (future) parents of which one parent 
has an ABCA4-AR diagnosis and the other parent is unaf-
fected and has an unknown genotype [3]. To do so, we incor-
porated the generally accepted genotype-phenotype model 
[1,4,5] and took into account that the unaffected parent 
might still develop ABCA4-AR later in life when they have 
a mild|severe or moderate|moderate genotype. Depending 
on the genotype of the affected parent, the recurrence risk 
estimates ranged between 0.7 %–3.7 %. This seems to be in 
accordance with a Dutch observational study where 1.3 % 
of families with STGD1 showed pseudo dominant inher-
itance [6]. For our recurrence risk calculations we classified 
variants from biallelic persons (BAP) reported in literature 
up to and including 2020 as mild, moderate, and severe. This 
allowed to estimate the severity of 504 variants for which 
the severity was previously unknown. This may help in 
understanding an individual’s clinical presentation, their 
prognosis, their recurrence risk and possibly their eligibil-
ity for future therapies [7,8]. We then created an allele fre-
quency (AF) dataset based on the gnomAD database and the 
known and estimated genetic ancestries in the BAP dataset 
to calculate the recurrence risk for a population that resem-
bles the BAP dataset. The combined AFs of mildCP variants 
(2.5 %) as well as c.5603A>T (4.9 %) were much higher than 
combined AFs of moderate variants (0.33 %) and the com-
bined AFs of severe variants (0.45 %). Consequently individ-
uals with ABCA4-AR are expected to have a genotype with 
a mild variant approximately four times more often than 
not. In this article we describe multiple previously uncon-
sidered factors that could impact the recurrence risk and 
include these to further improve the recurrence risk esti-
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mates [9]. To illustrate the impact of these factors on the 
resulting estimates, adjustments to the average recurrence 
risk for individuals with a severe and a mild variant based 
on changes in expected AFs (Table S1 can be viewed on  
the website: https://www.gfhev.de/zeitschrift-medizinische-
genetik/themenschwerpunkte-details?thema=Focus%20
on%20Degenerative%20Retinal%20Disorders) are given for  
the by BAP represented population, which was 1.83 %. Three 
significant digits are given in the adjusted risk estimates 
despite a relatively low level of confidence. Final percent-
ages are indicated with two significant digits. The final 
underestimates and overestimates for the BAP popula-
tion as well as for gnomAD populations are in the supple-
mental tables (Tables S1-S8 can be viewed on the website: 
https://www.gfhev.de/zeitschrift-medizinische-genetik/the 
menschwerpunkte-details?thema=Focus%20on%20Degen 
erative%20Retinal%20Disorders).

The effect of missing heritability 
mutations
The previous recurrence risk calculations only took into 
account identified pathogenic ABCA4 variants. With the 
development of improved sequencing techniques that now 
cover the whole ABCA4 gene [10], the number of unidenti-
fied variants is decreasing. Furthermore, in about one third 
of individuals with a clinical diagnosis of Stargardt disease a 
genetic diagnosis could not be made and the cause of disease 
was found in one of 48 other genes [11]. Due to this, the pro-
portion of unidentified pathogenic ABCA4 alleles currently 
is estimated to be ~5 % [6]. These alleles likely include (i) 
structural variants, which are expected to be identified 
with upcoming techniques such as long-read sequencing 
and multiplatform discovery (strategies in which DNA and 
RNA sequencing data are combined) [12,13], (ii) variants in-
fluencing transcription regulation, such as in promotor and 
(unknown) enhancer regions, and (iii) variants that affect 
splicing in a retina specific manner, which may currently 
be missed by splice prediction software [14,15] and may 
be identified through multiplatform discovery as well. In 
gnomAD, 15 structural variants are reported that were not 
taken into account previously. If these variants would be 
assumed to occur equally in different populations, despite 
the fact that most of these were identified in the African/Af-
rican-American population, this would account for almost 
half of the missing heritability. Assuming that these variants 
are all severe and that the remaining missing variants occur 
in ratios of mild, moderate, and severe as estimated previ-
ously, this would increase the average recurrence risk of AB-

CA4-AR for a child of a parent carrying a severe and a mild 
variant from 1.83 % to 2.07 % (Table S1.1 can be viewed on 
the website: https://www.gfhev.de/zeitschrift-medizinische-
genetik/themenschwerpunkte-details?thema=Focus%20on 
%20Degenerative%20Retinal%20Disorders).

The effect of de novo mutations
Another effect that was not taken into consideration previ-
ously, is the occurrence of de novo variants in future gen-
erations. In 2012, a de novo mutation rate of 1.20 × 10-8 per 
nucleotide per generation was reported by Kong et al. [16]. 
If we assume that this rate is applicable to ABCA4, about 
0.008 % of the unaffected parents will pass on a de novo 
mutation in a coding region or at a canonical splice site of 
ABCA4. If all of those variants were pathogenic in a similar 
distribution as estimated for the other variants in ABCA4, 
the original recurrence risk for a parent carrying a severe 
and a mild variant would increase less than 0.01 % (Table 
S1.2 can be viewed on the website: https://www.gfhev.de/
zeitschrift-medizinische-genetik/themenschwerpunkte-
details?thema=Focus%20on%20Degenerative%20Retinal 
%20Disorders). Alternatively, we could estimate the in-
creased recurrence risk based on an observational study 
from Li et al., 2023. This study reports that 3.5 % (with a 
95 % confidence interval (CI) of 0.43 %–12 %) of individuals 
with STGD1 carry de novo mutations and shows ABCA4 to 
be in the top ten of genes with de novo mutations causing 
inherited eye disease [17]. Therefore, 96.5 % (95 % CI of 
88 %–99.57 %) of STGD1 individuals inherited a pathogenic 
variant that is not de novo, which corresponds with the 
patient group that our recurrence risk calculations were 
based on, while the remaining STGD1 individuals develop 
STGD1 due to a de novo variant in ABCA4. Incorporating this 
increases the recurrence risk from 2.07 % to 2.14 % (95 % CI 
of 2.06 %–2.30 %) (Table S1.3 can be viewed on the website: 
https://www.gfhev.de/zeitschrift-medizinische-genetik/
themenschwerpunkte-details?thema=Focus%20on%20
Degenerative%20Retinal%20Disorders). The discrepancy 
between calculations could be in part due to the possibil-
ity that ABCA4 might be more prone to the introduction 
of de novo mutations than average since the introduction 
of mutations in the genome is not equally distributed. The 
gnomAD database shows a slightly higher number of ob-
served versus expected variants in ABCA4 and a small mu-
tation hotspot has been identified covering part of exon 4 
and intron 4 of ABCA4 (GC content: 52 %) [18,19]. Although 
this region only contains seven known (potentially) patho-
genic variants and none of the de novo variants identified 
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by Li et al. were located in this region [17], it might still 
indicate that ABCA4 is in general susceptible to the intro-
duction of mutations. Furthermore, mutation hotspots are 
found to be enriched in gene pathways related to sensory 
perception further indicating that de novo variants may be 
more frequent in ABCA4 than average in the genome [19]. 
In the following adjustments, the former de novo rate based 
on Kong et al., was incorporated. At the final recurrence risk 
estimation at the end of this article, an alternative estimate 
based on the Li et al. de novo rate is described.

The effect of reduced penetrance
Our previous calculations included the estimated reduced 
penetrance of the frequent variant c.5603A>T but did not 
incorporate the reduced penetrance of other mild variants. 
If we were to include the estimated reduced penetrance 
of the variants c.3113C>T, c.4253+43G>A, c.5882G>A and 
c.6089G>A as in Table 1, the adjusted recurrence risk for 
a parent carrying a severe and a mild variant would de-
crease from 2.07 % to 1.76 % (Table S1.4 can be viewed on 
the website: https://www.gfhev.de/zeitschrift-medizinische-
genetik/themenschwerpunkte-details?thema=Focus%20on 
%20Degenerative%20Retinal%20Disorders). Reduced pene-
trance for the variants c.2588G>C and c.5714+5G>A was not 
included in this adjustment considering that c.2588G>C is 
likely not pathogenic and c.5714+5G>A is now expected to 
show full penetrance [20].

Table 1: Estimated penetrance of mild variants according to 
Runhart et al., 2019 and Runhart et al. 2020 [21,22]. The 95 % con-
fidence intervals (CI) are based on the observed number of individuals 
in the Radboudumc for c.4253+43G>A and the LOVD of ABCA4 for the 
other variants as well as the expected number of individuals based on 
the non-Finnish European population in gnomAD as reported in these 
studies were added.

Variant Penetrance 95 % CI

c.3113C>T 17 % [12 %; 22 %]
c.4253+43G>A 39 % [16 %; 62 %]
c.5882G>A 50 % [45 %; 55 %]
c.6089G>A 36 % [24 %; 48 %]

Corrected recurrence risks 
including 95 % confidence intervals
Incorporating the aforementioned corrections into the 
model changes the estimated average recurrence risk for 

people with a severe and a mild ABCA4 variant from the orig-
inally estimated 1.83 % to 1.76 % (Table S1.4 can be viewed on 
the website: https://www.gfhev.de/zeitschrift-medizinische-
genetik/themenschwerpunkte-details?thema=Focus%20
on%20Degenerative%20Retinal%20Disorders). Moreover, 
when we also incorporate the 95 % confidence intervals of 
both the reduced penetrance calculations and the gnomAD 
adjusted AF to the underestimate and the overestimate as 
described in our original calculations, the recurrence risk 
for individuals with a severe and a mild ABCA4 variant is 
estimated to be between 1.5–2.1 % (Table 2; Tables S1.5-S1.6 
can be viewed on the website: https://www.gfhev.de/zeit 
schrift-medizinische-genetik/themenschwerpunkte-details? 
thema=Focus%20on%20Degenerative%20Retinal%20Dis 
orders).

Table 2: Adjusted average recurrence risks per parental genotype 
for the population represented by the BAP dataset. The total and 
severe phenotype recurrence risks are based on the sum of AF of mild, 
moderate, and severe variants. ↓ represents the underestimate including 
the lower bound of 95 % confidence intervals, adjustments, excluding the 
additional Variants of Uncertain Significance (VUS) and Likely Pathogenic 
(LP) variant frequencies. ↑ represents the overestimate including adjust-
ments, the upper bound of 95 % confidence intervals and the additional 
VUS and LP variant frequencies.

Parental  
genotype

Total recurrence  
risk (↓-↑)

Severe phenotype 
recurrence risk (↓-↑)

Severe|Severe 3.0 % (2.5 %–3.5 %) 0.86 % (0.72 %–1.0 %)
Severe|Moderate 1.9 % (1.6 %–2.3 %) 0.70 % (0.60 %–0.80 %)
Moderate|
Moderate

0.86 % (0.72 %–1.0 %) 0.53 % (0.48 %–0.58 %)

Severe|MildCP 1.8 % (1.5 %–2.1 %) 0.43 % (0.36 %–0.51 %)
Severe|N1868I65 % 1.7 % (1.4 %–2.0 %) 0.43 % (0.36 %–0.51 %)
Severe|WT 1.5 % (1.2 %–1.8 %) 0.43 % (0.36 %–0.51 %)
Moderate|WT 0.43 % (0.36 %–0.51 %) 0.27 % (0.24 %–0.29 %)
MildCP|WT 0.27 % (0.24 %–0.29 %) –
N1868I65 %|WT 0.17 % (0.16 %–0.19 %) –
N1868I5 %|WT 0.013 % (0.012 %–0.015 %) –

Recurrence risk in various 
populations
In our previous study, the recurrence risks were also cal-
culated per gnomAD population to estimate the recurrence 
risk per population based on the genetic ancestry of the un-
affected parent. Adding the adjustments and the 95 % con-
fidence intervals for gnomAD AFs to the recurrence risks 
per gnomAD population generally leads to a wider inter-
val between underestimate and overestimate than for the 

https://www.gfhev.de/zeitschrift-medizinische-genetik/themenschwerpunkte-details?thema=Focus%20on%20Degenerative%20Retinal%20Disorders
https://www.gfhev.de/zeitschrift-medizinische-genetik/themenschwerpunkte-details?thema=Focus%20on%20Degenerative%20Retinal%20Disorders
https://www.gfhev.de/zeitschrift-medizinische-genetik/themenschwerpunkte-details?thema=Focus%20on%20Degenerative%20Retinal%20Disorders
https://www.gfhev.de/zeitschrift-medizinische-genetik/themenschwerpunkte-details?thema=Focus%20on%20Degenerative%20Retinal%20Disorders
https://www.gfhev.de/zeitschrift-medizinische-genetik/themenschwerpunkte-details?thema=Focus%20on%20Degenerative%20Retinal%20Disorders
https://www.gfhev.de/zeitschrift-medizinische-genetik/themenschwerpunkte-details?thema=Focus%20on%20Degenerative%20Retinal%20Disorders
https://www.gfhev.de/zeitschrift-medizinische-genetik/themenschwerpunkte-details?thema=Focus%20on%20Degenerative%20Retinal%20Disorders
https://www.gfhev.de/zeitschrift-medizinische-genetik/themenschwerpunkte-details?thema=Focus%20on%20Degenerative%20Retinal%20Disorders
https://www.gfhev.de/zeitschrift-medizinische-genetik/themenschwerpunkte-details?thema=Focus%20on%20Degenerative%20Retinal%20Disorders
https://www.gfhev.de/zeitschrift-medizinische-genetik/themenschwerpunkte-details?thema=Focus%20on%20Degenerative%20Retinal%20Disorders


22   Stéphanie S. Cornelis, Frans P. M. Cremers, Improving personalised genetic counselling retinopathy

population represented by the BAP dataset (Table 3; Tables 
S2-S8 can be viewed on the website: https://www.gfhev.de/
zeitschrift-medizinische-genetik/themenschwerpunkte-de 
tails?thema=Focus%20on%20Degenerative%20Retinal%20
Disorders). Of note, since the BAP dataset mainly included 
individuals who were likely from non-Finnish European 
ancestry and the adjusted gnomAD AFs were based on es-
timated genetic ancestry of affected individuals, it is possi-
ble that frequent variants from populations other than the 
non-Finnish European population have erroneously been 
estimated to be pathogenic, leading to an overestimate. This 
is especially likely in the African/African-American popula-
tion where two variants (c.1927G>A & c.2546T>C) categorised 
as benign/mild have a combined AF of 0.030 and two vari-
ants (c.3076T>C and c.4556C>T) with a combined AF of 0.0013 
were categorised as moderate/severe. Similarly in the Ashke-
nazi Jewish population four variants (c.3758C>T, c.4139C>T, 
c.4594G>A, and c.5056G>A) with several severity categories, 
had a combined AF of 0.019. This leads to a high recurrence 
risk in these populations, which is especially high for off-
spring phenotypes including mild variants. Therefore, it is 
important to investigate if the predicted severity of the most 
frequent variants per severity group per population are 
categorised correctly, since these variants have the highest 
impact on the recurrence risk calculations. Furthermore, 
since most known mild variants were identified in countries 
where people with a non-Finnish European ancestry are 
overrepresented, it will be of interest to investigate if there 
are currently unknown mild variants in all the remaining 
gnomAD populations that might show reduced penetrance, 
such as the aforementioned benign/mild variants in the 
African/African-American population. Conversely, patho-
genic variants that were absent or underrepresented in the 
BAP population and that are frequent in non-white popula-
tions are likely excluded in the estimates and could falsely 
indicate a low recurrence risk in some populations.

Table 3: Adjusted average recurrence risks for parents with a 
severe|mildCP genotype per gnomAD population. ↓ represents the 
underestimate including adjustments and the lower bound of 95 % con-
fidence intervals. ↑ represents the overestimate including adjustments 
and the upper bound of 95 % confidence intervals.

gnomAD 
population

Total recurrence risk 
(↓-↑)

Recurrence risk for 
severe phenotype 
(↓-↑)

African/African- 
American

4.7 % (3.7 %–5.7 %) 0.52 % (0.33 %–0.76 %)

Latino/Admixed 
American

1.6 % (1.2 %–1.7 %) 0.53 % (0.38 %–0.66 %)

Ashkenazi Jewish 2.7 % (2.0 %–3.3 %) 0.39 % (0.26 %–0.52 %)

gnomAD 
population

Total recurrence risk 
(↓-↑)

Recurrence risk for 
severe phenotype 
(↓-↑)

East Asian 1.5 % (1.1 %–1.5 %) 0.34 % (0.19 %–0.46 %)

European 
(Finnish)

1.3 % (0.65 %–2.0 %) 0.15 % (0.10 %–0.19 %)

European 
(non-Finnish)

1.6 % (1.3 %–2.0 %) 0.44 % (0.38 %–0.52 %)

South Asian 1.3 % (1.0 %–1.4 %) 0.28 % (0.19 %–0.37 %)

Sex/gender effect on recurrence 
risk
In 2024, an overrepresentation of women among the group 
of individuals with a mild and a severe variant was iden-
tified with a general ratio of 0.59 women to 0.41 men [20]. 
This means that among individuals with a severe and a mild 
variant, women are 1.44 times more likely to be affected by 
STGD1 than men. It is unknown if this effect is caused by a 
difference in sex, which usually refers to a person’s biologi-
cal characteristics, or a difference in gender, which usually 
refers to a person’s identity and the sociocultural expecta-
tions of behaviour associated with a given sex. Therefore, 
further comments on sex or gender only applies to people 
for which gender correlates with the sex assigned at their 
time of birth and only include male or female. The over-
representation effect of women could be incorporated into 
the recurrence risk for offspring of which the sex is known 
by multiplying the risk of having offspring with a mild and 
a severe variant by 0.59/0.5 for women and by 0.41/0.5 for 
men (sheets 4–6 in all supplemental tables). We expect that 
the recurrence risk for intersex and transgender individu-
als will likely lie between these ranges.

Final recurrence risk estimation
Based on the adjustments described above, including the 
genomic de novo mutation rate [16], the recurrence risk 
likely lies within the range of 1.2 %–2.6 % for individuals in 
a population similar to the population represented by the 
BAP dataset, which from all our calculations best resembles 
populations in North America and Europe. Importantly, 
women are at an increased risk compared to men. Incor-
porating the ABCA4-specific mutation rate from Li et al., 
2023, widens this range to 1.2 %–2.9 %, with an average risk 
of 1.9 %.[17].
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Further limitations
In this article we considered factors that could impact the 
recurrence risk estimates of ABCA4-AR. However, at least 
five more factors could not be incorporated in the adjusted 
model: (i) Due to population stratification variant homozy-
gosity is likely more frequent than assumed based on the 
BAP variant frequencies, considering that in some geo-
graphic regions certain variant frequencies will be higher 
leading to a higher homozygosity occurrence. This could 
have overestimated the number of moderate variants, 
leading to an overestimate of the recurrence risk; (ii) Variant 
frequencies were assumed to be non-complex, apart from a 
few known recurrent complex variants. However, these are 
particularly well known among populations in Europe and 
the USA, meaning that especially for gnomAD populations 
other than the ones with non-Finnish European ancestry, 
the calculations likely overestimate the recurrence risk. Cur-
rently gnomAD has an online tool available to check co-oc-
currence of exonic variants [23]. Checking the co-occurrence 
of frequent variants can further improve the estimates; (iii) 
Reduced penetrance of mild variants in ABCA4-AR has only 
been estimated based on prevalence, while cumulative in-
cidence would likely have been more accurate. This could 
have led to an underestimate of the recurrence risk espe-
cially for individuals with mild variants that are known to 
cause late-onset STGD1; (iv) ABCA4 variant severity likely de-
scribes a spectrum. In the used genotype-phenotype model 
this spectrum has been reduced to the three categories mild, 
moderate and severe. Therefore, known mild variants might 
not all have the exact same effects, impacting the analyses in 
which these were used as one category. Consequently, not all 
variants categorized here as mild, moderate or severe will 
cause ABCA4-AR in the expected combinations of mild|se-
vere and moderate|moderate. In addition, some mild|mod-
erate combinations may cause ABCA4-AR; (v) Finally, in the 
analysis of this article we only included ABCA4 variants that 
were published before 2021. More ABCA4 variants have been 
identified by now and will continue to be identified in the 
future. Incorporating those variants and their updated se-
verity classifications will improve the accuracy of the recur-
rence risk calculations, especially in populations which are 
underrepresented in literature before 2021.

Conclusion
Considering that most of these last assumptions have likely 
led to an overestimation of the recurrence risk in these anal-
yses, it is likely that that the recurrence risk for ABCA4-AR is 

well below 3 % for most individuals. Whether the recurrence 
risk is much higher for individuals of which the unaffected 
parent is of African/African American descent (up to 6.5 % for 
women) should be investigated further to clarify if ABCA4-AR 
is more frequent in individuals of African descent or whether 
the pathogenicity of (some) frequent variants in people of 
African descent have been overestimated. Moreover, we cur-
rently lack understanding of the nature and thus prevalence 
of genetic and/or non-genetic modifiers for ABCA4-AR, which 
could be very different between populations. In conclusion, 
incorporating additional factors that impact the recurrence 
risk of ABCA4-AR has not led to a major change in the es-
timated recurrence risk of the disease. The most important 
next step to improve ABCA4-AR recurrence risk estimates 
is to identify the pathogenicity and severity of individual 
ABCA4 variants and especially in populations and subpopu-
lations that have been underrepresented in literature so far.

Supplemental Material
The average recurrence risk estimates with all adjustments 
are in sheet five of each file. Gender/sex specific risks are 
included in columns H and I of sheets 5, 6 and 7 of each file.

Table S1 Recurrence risk estimates based on the BAP 
population
Table S2 Recurrence risk estimates based on the gnomAD 
African/African American population
Table S3 Recurrence risk estimates based on the gnomAD 
Latino/Admixed American population
Table S4 Recurrence risk estimates based on the gnomAD 
Ashkenazi Jewish population
Table S5 Recurrence risk estimates based on the gnomAD 
East Asian population
Table S6 Recurrence risk estimates based on the gnomAD 
Finnish population
Table S7 Recurrence risk estimates based on the gnomAD 
non-Finnish European population
Table S8 Recurrence risk estimates based on the gnomAD 
South Asian population
The tables S1-S8 can be viewed on the website: https://
www.gfhev.de/zeitschrift-medizinische-genetik/themen 
schwerpunkte-details?thema=Focus%20on%20Degen 
erative%20Retinal%20Disorders

Research funding: This study received funding from Novar-
tis. The funder was not involved in the study design, col-
lection, analysis, interpretation of data, the writing of this 
article or the decision to submit it for publication. This work 

https://www.gfhev.de/zeitschrift-medizinische-genetik/themenschwerpunkte-details?thema=Focus%20on%20Degenerative%20Retinal%20Disorders
https://www.gfhev.de/zeitschrift-medizinische-genetik/themenschwerpunkte-details?thema=Focus%20on%20Degenerative%20Retinal%20Disorders
https://www.gfhev.de/zeitschrift-medizinische-genetik/themenschwerpunkte-details?thema=Focus%20on%20Degenerative%20Retinal%20Disorders
https://www.gfhev.de/zeitschrift-medizinische-genetik/themenschwerpunkte-details?thema=Focus%20on%20Degenerative%20Retinal%20Disorders


24   Stéphanie S. Cornelis, Frans P. M. Cremers, Improving personalised genetic counselling retinopathy

was also supported by the Foundation Fighting Blindness 
USA (grant BR-GE-0120-0775-LUMC), to F. P. M. C.
Author contributions: All authors have accepted respon-
sibility for the entire content of this manuscript and ap-
proved its submission.
Competing interests: Authors state no conflict of interest.
Informed consent: Not applicable.
Ethical approval: Not applicable.

References
[1]	 Maugeri A, van Driel MA, van de Pol DJ, Klevering BJ, van Haren FJ, 

Tijmes N, Bergen AA, Rohrschneider K, Blankenagel A, Pinckers AJ 
(1999) The 2588G→ C mutation in the ABCR gene is a mild frequent 
founder mutation in the Western European population and allows 
the classification of ABCR mutations in patients with Stargardt 
disease. The American Journal of Human Genetics. 64(4):1024–1035.

[2]	 Runhart EH, Sangermano R, Cornelis SS, Verheij JB, Plomp AS, 
Boon CJ, Lugtenberg D, Roosing S, Bax NM, Blokland EA (2018) The 
common ABCA4 variant p.Asn1868Ile shows nonpenetrance and 
variable expression of Stargardt disease when present in trans 
with severe variants. Investigative Ophthalmology & Visual Science. 
59(8):3220–3231.

[3]	 Cornelis SS, Runhart EH, Bauwens M, Corradi Z, De Baere E, Roosing 
S, Haer-Wigman L, Dhaenens C-M, Vulto-van Silfhout AT, Cremers 
FP (2022) Personalized genetic counseling for Stargardt disease: 
Offspring risk estimates based on variant severity. The American 
Journal of Human Genetics. 109(3):498–507.

[4]	 Cremers FP, van de Pol DJ, van Driel M, den Hollander AI, van Haren 
FJ, Knoers NV, Tijmes N, Bergen AA, Rohrschneider K, Blankenagel 
A (1998) Autosomal recessive retinitis pigmentosa and cone-rod 
dystrophy caused by splice site mutations in the Stargardt’s disease 
gene ABCR. Human Molecular Genetics. 7(3):355–362.

[5]	 Lewis RA, Shroyer NF, Singh N, Allikmets R, Hutchinson A, Li Y, 
Lupski JR, Leppert M, Dean M (1999) Genotype/phenotype analysis 
of a photoreceptor-specific ATP-binding cassette transporter gene, 
ABCR, in Stargardt disease. The American Journal of Human Genetics. 
64(2):422–434.

[6]	 Runhart EH, Dhooge P, Meester‐Smoor M, Pas J, Pott JWR, van 
Leeuwen R, Kroes HY, Bergen AA, de Jong‐Hesse Y, Thiadens AA 
(2022) Stargardt disease: monitoring incidence and diagnostic 
trends in the Netherlands using a nationwide disease registry. Acta 
Ophthalmologica. 100(4):395–402.

[7]	 Stemerdink M, García-Bohórquez B, Schellens R, Garcia-Garcia G, 
Van Wijk E, Millan J (2021) Genetics, pathogenesis and therapeutic 
developments for Usher syndrome type 2. Human Genetics.1–22.

[8]	 Mercier B, Verlingue C, Lissens W, Silber S, Novelli G, Bonduelle M, 
Audrezet M, Ferec C (1995) Is congenital bilateral absence of vas 
deferens a primary form of cystic fibrosis? Analyses of the CFTR 
gene in 67 patients. American Journal of Human Genetics. 56(1):272.

[9]	 Cornelis S. Understanding ABCA4 variant effects in Stargardt disease 
for personalised healthcare. Radboud University Nijmegen; 2024. 
https://repository.ubn.ru.nl/handle/2066/303414

[10]	 Khan M, Cornelis SS, Pozo-Valero MD, Whelan L, Runhart EH, Mishra 
K, Bults F, AlSwaiti Y, AlTalbishi A, De Baere E (2020) Resolving the 
dark matter of ABCA4 for 1054 Stargardt disease probands through 

integrated genomics and transcriptomics. Genetics in Medicine. 
22(7):1235–1246.

[11]	 Hitti-Malin RJ, Panneman DM, Corradi Z, Boonen EG, Astuti G, 
Dhaenens C-M, Stöhr H, Weber BH, Sharon D, Banin E (2024) 
Towards Uncovering the Role of Incomplete Penetrance in 
Maculopathies through Sequencing of 105 Disease-Associated 
Genes. Biomolecules. 14(3):367.

[12]	 Ho SS, Urban AE, Mills RE (2020) Structural variation in the 
sequencing era. Nature Reviews Genetics. 21(3):171–189.

[13]	 Logsdon GA, Vollger MR, Eichler EE (2020) Long-read human 
genome sequencing and its applications. Nature Reviews Genetics. 
21(10):597–614.

[14]	 Aísa-Marín I, García-Arroyo R, Mirra S, Marfany G (2021) The alter 
retina: Alternative splicing of retinal genes in health and disease. 
International Journal of Molecular Sciences. 22(4):1855.

[15]	 Yang C, Georgiou M, Atkinson R, Collin J, Al-Aama J, Nagaraja- 
Grellscheid S, Johnson C, Ali R, Armstrong L, Mozaffari-Jovin S 
(2021) Pre-mRNA processing factors and retinitis pigmentosa: RNA 
splicing and beyond. Frontiers in Cell and Developmental Biology. 
9:700276.

[16]	 Kong A, Frigge ML, Masson G, Besenbacher S, Sulem P, Magnusson 
G, Gudjonsson SA, Sigurdsson A, Jonasdottir A, Jonasdottir A (2012) 
Rate of de novo mutations and the importance of father’s age to 
disease risk. Nature. 488(7412):471–475.

[17]	 Li W, He X-D, Yang Z-T, Han D-M, Sun Y, Chen Y-X, Han X-T, Guo 
S-C, Ma Y-T, Jin X (2023) De Novo Mutations Contributes Approx-
imately 7 % of Pathogenicity in Inherited Eye Diseases. Investigative 
Ophthalmology & Visual Science. 64(2):5–5.

[18]	 gnomAD – Genome Aggregation Database – ABCA4. 
Accessed 2023. https://gnomad.broadinstitute.org/gene/
ENSG00000198691?dataset=gnomad_r2_1

[19]	 Long X, Xue H (2021) Genetic-variant hotspots and hotspot clusters 
in the human genome facilitating adaptation while increasing 
instability. Human Genomics. 15(1):1–23.

[20]	 Cornelis SS, IntHout J, Runhart EH, Grunewald O, Lin S, Corradi Z, 
Khan M, Hitti-Malin RJ, Whelan L, Farrar GJ (2024) Representation of 
Women Among Individuals With Mild Variants in ABCA4-Associated 
Retinopathy: A Meta-Analysis. JAMA Ophthalmology. 142(5):463–471.

[21]	 Runhart EH, Khan M, Cornelis SS, Roosing S, Del Pozo-Valero 
M, Lamey TM, Liskova P, Roberts L, Stöhr H, Klaver CC (2020) 
Association of sex with frequent and mild ABCA4 alleles in Stargardt 
disease. JAMA Ophthalmology. 138(10):1035–1042.

[22]	 Runhart EH, Valkenburg D, Cornelis SS, Khan M, Sangermano R, 
Albert S, Bax NM, Astuti GD, Gilissen C, Pott J-WR (2019) Late-onset 
Stargardt disease due to mild, deep-intronic ABCA4 alleles. 
Investigative Ophthalmology & Visual Science. 60(13):4249–4256.

[23]	 Chen S, Francioli LC, Goodrich JK, Collins RL, Kanai M, Wang Q, 
Alföldi J, Watts NA, Vittal C, Gauthier LD, Poterba T, Wilson MW, 
Tarasova Y, Phu W, Yohannes MT, Koenig Z, Farjoun Y, Banks E, 
Donnelly S, Gabriel S, Gupta N, Ferriera S, Tolonen C, Novod S, 
Bergelson L, Roazen D, Ruano-Rubio V, Covarrubias M, Llanwarne C, 
Petrillo N, Wade G, Jeandet T, Munshi R, Tibbetts K, Consortium gP, 
O’Donnell-Luria A, Solomonson M, Seed C, Martin AR, Talkowski ME, 
Rehm HL, Daly MJ, Tiao G, Neale BM, MacArthur DG, Karczewski KJ 
(2022) A genome-wide mutational constraint map quantified from 
variation in 76 156 human genomes. bioRxiv.2022.03.20.485034. 
doi:10.1101/2022.03.20.485034

Supplemental Material: This article contains supplementary material 
(https://doi.org/10.1515/medgen-2024-2065).

https://orcid.org/0000-0002-4954-5592
https://repository.ubn.ru.nl/handle/2066/303414
https://repository.ubn.ru.nl/handle/2066/303414
mailto:Frans.Cremers@radboudumc.nl
https://doi.org/10.1515/medgen-2024-2065


Stéphanie S. Cornelis, Frans P. M. Cremers, Improving personalised genetic counselling retinopathy   25

Stéphanie S. Cornelis, PhD
Department of Human Genetics
Radboud University Medical Center
Geert Grooteplein Zuid 10
6525 GA Nijmegen, The Netherlands
e-mail: Stephanie.Cornelis@radboudumc.nl

Frans P. M. Cremers, PhD
Department of Human Genetics
Radboud University Medical Center
Geert Grooteplein Zuid 10
6525 GA Nijmegen, The Netherlands
e-mail: Frans.Cremers@radboudumc.nl

mailto:Stephanie.cornelis@radboudumc.nl
mailto:Frans.Cremers@radboudumc.nl

	_GoBack
	_Hlk179980872
	_Hlk179973181
	_Hlk179981004



