
Inherited retinal diseases (IRDs) are classified by the 
European Committee as rare disorders, affecting fewer than 
1 in 2,000 individuals (EUROIRDs). IRDs are many separate 

conditions, which can be distinguished by different ages of 
onset, progression rates, and the primary involvement of 
different photoreceptors: rods or cones.

Previously, there were no comprehensive reports of 
IRDs within the Polish population. The sole incidence of 
retinitis pigmentosa (RP) is said to be approximately 1 in 
4,000 individuals. Thus, the estimated number of patients 
with IRD in Poland with 38 million inhabitants is higher 
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Purpose: Inherited retinal diseases (IRDs), encompassing many clinical entities affecting the retina, are classified as rare 
disorders. Their extreme heterogeneity made molecular screening in the era before next-generation sequencing (NGS) 
expensive and time-consuming. Since then, many NGS studies of IRD molecular background have been conducted in 
Western populations; however, knowledge of the IRD mutational spectrum in Poland is still limited. Until now, there 
has been almost no comprehensive analysis of this particular population regarding the molecular basis and inheritance 
of IRDs. Therefore, the purpose of this study was to gain knowledge about the type and prevalence of causative variants 
in the Polish population.
Methods: We recruited 190 Polish families with non-syndromic IRDs, including Stargardt disease (STGD), retinitis 
pigmentosa (RP), cone- and cone-rod dystrophy (CD/CRD), achromatopsia, and congenital stationary night blindness. 
A pool of molecular inversion probes was used, which targeted 108 genes associated with non-syndromic IRDs known 
in 2013. We applied filtering for known variants occurring with an allele frequency >0.5% in public and in-house data-
bases, with the exception of variants in ABCA4, when the frequency filter was set to 3.0%. Hypomorphic p.(Asn1868Ile) 
was added manually. In the case of novel missense or splicing variants, we used in silico prediction software to assess 
mutation causality.
Results: We detected causative mutations in 115 of the 190 families with non-syndromic IRD (60.2%). Fifty-nine indi-
viduals with STGD, RP, and CD/CRD carried causal variants in ABCA4. Novel single nucleotide variants were found in 
ABCA4, CEP290, EYS, MAK, and CNGA3. The complex allele c.[1622T>C;3113C>T], p.[Leu541Pro;Ala1038Val] was 
found in 33 individuals with ABCA4-associated disorders, which makes it the most prevalent allele in the Polish popula-
tion (17% of all solved cases). Diagnosis was reevaluated in 16 cases.
Conclusions: Previously, there were no comprehensive reports of IRDs in the Polish population. This study is the first 
to indicate that the most common IRDs in Poland are ABCA4-associated diseases, regardless of the phenotype. In Polish 
patients with RP, the second most prevalent causal gene was RHO and the third RPGR, while there were not as many 
mutations in EYS as in Western populations. The number of initial erroneous diagnoses may be the result of limited ac-
cess to diagnostics with advanced tools, such as electroretinography; however, it is necessary to raise awareness among 
Polish ophthalmologists of rare IRDs. Additionally, it must be emphasized that in some cases genetic analysis of the 
patient is necessary to achieve an accurate diagnosis.
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than 10,000 if we account for phenotypes rarer than RP, 
such as Stargardt disease (STGD, 1 in 8,000–10,000), cone 
and cone-rod dystrophy (CD/CRD, 1 in 20,000), and Leber 
congenital amaurosis (LCA, 1 in 50,000) [1]. On both sides of 
this spectrum of rod and cone involvement lie achromatopsia 
(ACHM) and congenital stationary night blindness (CSNB), 
which are rarer and are believed to be non-progressive in 
most cases. According to the Retinal Information Network 
(RetNet), more than 250 genes have been implicated in all 
forms of hereditary retinal disease. Approximately 60% 
of these genes account for non-syndromic IRDs; thus, the 
genetic diagnostic tools are expensive and difficult to use. 
Even today, in the era of next-generation sequencing (NGS), 
as in Poland genetic screening of IRD genes is, for the most 
part, not covered by health insurance, the tests are usually not 
offered by physicians.

There have been many NGS studies of the molecular 
background of these diseases in Western populations. 
However, knowledge of the IRD variant spectrum in Poland 
remains limited. Reports of pathogenic alterations in the 
Polish population in literature are scarce [2-8]. Our aim was 
to gain knowledge about the type and prevalence of caus-
ative variants in the Polish population. This information will 
serve as a basis for devising cost-effective population-specific 
genetic tests.

METHODS

Patient recruitment: This study was approved by the local 
Bioethics Committee and the work has been carried out in 
accordance with the Declaration of Helsinki and ARVO state-
ment on human subjects. Proper written informed consent, as 
well as data processing agreements with a clause for using the 
data in accordance with the General Data Protection Regula-
tion EU Act, was obtained from all the participants.

Given the rarity of the diseases, the material was 
gathered in two groups. A group of 82, mostly pediatric, 
patients was recruited at Children's Memorial Health Insti-
tute (CMHI), where affected individuals from the whole of 
Poland are admitted. The other, adult group was gathered 
by local ophthalmologists in six Polish cities: Wrocław, 
Warsaw, Gdańsk, Kraków, Poznań, and Szczecin. After 
positive identification of a causal or possibly causal altera-
tion, we recruited affected (74) and unaffected (365) family 
members to determine familial cosegregation (Appendix 1). 
Family history was assessed in each case to determine the 
inheritance pattern of IRD. Overall, the cohort consisted of 
69 children (less than 18 years old at recruitment) and 121 
adults.

Ophthalmological analyses: The patients underwent a full 
ophthalmological evaluation, including visual acuity testing, 
color vision testing, autorefractometry, tonometry, perimetry, 
and dilated fundus exam. Color digital photographs were 
taken to document changes in the fundus. Optical coherence 
tomography, fluorescein angiography, and electroretinog-
raphy (ERG) were performed whenever feasible.

Genetic analyses: Four to 10 ml of blood were drawn into 
BD Vacutainer® EDTA tubes (Becton Dickinson, Franklin 
Lakes, NJ) to prevent coagulation. DNA from fresh or frozen 
blood was extracted using an automated method on a MagNA 
Pure 24 System (Roche, Basel, Switzerland) or a QIAsym-
phony robot with QIAsymphony DSP DNA Kits (Qiagen, 
Hilden, Germany). Additionally, for the purpose of segrega-
tion testing, DNA was self-collected with buccal swabs by the 
proband’s family members.

DNA from buccal swabs was isolated with the QIAsym-
phony DNA Investigator Kit (Qiagen). The DNA concentra-
tion was measured with the Quant-iT™ dsDNA Assay Kit, 
broad range, using a NanoDrop 3300 spectrofluorometer 
(ThermoFisher Scientific, Waltham, MA). The samples were 
then normalized to 20 ng/µl, and the targeted next-generation 
sequencing (tNGS) library was prepared using the molecular 
inversion probes (MIPs) technique targeting 108 genes 
involved in the pathogenesis of IRDs, as described else-
where [9]. Paired-end sequencing (2 × 100 bp) with custom 
primers was performed on a HiSeq 1500 system (Illumina, 
San Diego, CA) with the rapid run mode, according to the 
manufacturer’s protocol. FASTQ files were generated with 
bcl2fastq software (Illumina). We then analyzed the FASTQ 
data with the SeqNext module of the SeqPilot software (JSI 
Medical Systems, Ettenheim, Germany). The initial setting of 
the minor allele frequency (MAF) frequency filter in public 
databases was <0.5%, with subsequent manual identifica-
tion of causative variants having higher frequency in global 
populations. We confirmed all causal and probably causal 
mutations, as well as performed familial segregation using 
Sanger sequencing in all amplicons, excluding the most 
common ABCA4 (gene ID: 24; OMIM: 601691) complex 
allele alterations, c.1622T>C, p.(Leu541Pro), and c.3113C>T, 
p.(Ala1038Val), where we applied a restriction fragment 
length polymorphism (enzymes TspRI and BseYI, respec-
tively; New England Biolabs, Ipswich, MA). We inspected 
novel splice variants using four in silico prediction programs 
incorporated into the AlaMut Visual Splicing Effects 
module: SpliceSiteFinder‐like (SSFL), MaxEntScan (MES), 
NNSPLICE, and GeneSplicer (Biosoftware, 2014; Interactive 
Biosoftware, Rouen, France).
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Unsolved patients from whom we could obtain informed 
participation consent for at least their parents underwent 
exome sequencing (ES) according to the protocol described 
by Rydzanicz et al. [10].

RESULTS

Out of 206 recruited families (86 at CMHI and 120 at other 
institutes), all probands and three affected family members 
underwent tNGS. This group was further divided, because 
systemic involvement was later found in ten subjects, three 
individuals were reevaluated to have retinal post-inflam-
matory changes, and two patients were proved to have optic 
nerve atrophy. An additional family withdrew from the study. 
All of these probands were excluded from the non-syndromic 
cohort (Figure 1).

A group of 190 individuals with non-syndromic IRD was 
selected for this study. Within this cohort, the initial clinical 
diagnosis was altered, sometimes with the aid of genetic 
results, in 16 persons. In one case, after genetic screening, 
the diagnosis changed from RP to choroideremia.

Ninety-nine probands were diagnosed with RP, 48 with 
STGD, 16 with CD/CRD, one with bestrophinopathy, one 
with choroideremia, ten with LCA, nine with ACHM, and 
three with CSNB (Appendix 2). In the case of three probands, 
the diagnosis was uncertain as the phenotype was borderline 
(two had STGD or CRD and one CSNB or RP). Age of onset 
presented a wide spectrum from birth to 65 years old (median 
= 8), and the median age at diagnosis was 11 (Appendix 3). At 
the time of recruitment, patients ranged in age from 1 to 71 
years old (median = 27). The median difference between age 
of onset and age at diagnosis was 2 years (mean = 5 years). 
Patients with RP experienced the longest delay in diagnosis; 
in one case as long as 29 years (Figure 2). On average, a 
patient had to wait for a genetic resolution of the disease for 
17.8 years (median = 12.5 years).

Most probands (123, about 65%) were isolated cases; 
however, 32 families had apparent dominant inheritance 
pattern, and 35 were recessive (within this group, X-linked 
recessive inheritance was possible in 14 families). After 
genetic testing, eight of the families with dominant inheri-
tance were found to display a recessive, pseudodominant 
inheritance pattern due to mutations in ABCA4 (results 
published in Tracewska et al. [11]), one in CNGA1 (Gene ID 
1259, OMIM: 123825), and one in EYS (Gene ID 346007, 
OMIM 612424). The X-linked recessive pattern was 
confirmed by finding causal variants in eight families, of 
whom six had variants in RPGR (Gene ID: 6103 OMIM: 

312610), one had a variant in CACNA1F (Gene ID: 778, 
OMIM: 300110), and one had a mutation in CHM (Gene ID: 
1121, OMIM: 300390). One additional isolated male patient 
appeared to have a pseudoheterozygous mutation in RP2 
(Gene ID: 6102, OMIM: 300757), an X-linked gene. This 
change was not present in the mother, and most probably 
represents an early embryonic somatic mutation, present in 
the peripheral blood and the buccal swab-derived DNA of 
the patient. Novel single nucleotide variants were found in 
ABCA4 (c.(2653+1_2654–1)_(*1_?)del, p.(Gly885Valfs*71) 
[12]), MAK (Gene ID: 4117, OMIM: 154235), CNGA3 (Gene 
ID: 1261, OMIM: 600053; c.1379T>C, p.(Leu460Pro), EYS ((c.
(7723+1_7724–1)_(8071+1_8072–1)dup), and CEP290 (Gene 
ID: 80184, OMIM 610142; c.250+2T>C, p.[=,Glu84Glyfs*10
,Ser42Phefs*2]. An additional novel variant in IMPG2 (Gene 
ID: 50939, OMIM: 607056), c.1963del, p.(Met655Trpfs*46), 
was found heterozygously without an allelic counterpart. 
Two probands who were negative in the MIPs study were 
subjected to ES, and mutations were found in insufficiently 
covered regions of C21ORF2 (Gene ID: 755, OMIM: 603191) 
and NR2E3 (Gene ID: 10002, OMIM: 604485).

Within the isolated cases group, 67 (presumably) solved 
cases displayed defects in genes involved in autosomal 
recessive, seven autosomal dominant (two, de novo, three, 
no contact with the father or father deceased, and two 
with incomplete penetrance), and one X-linked recessive 
inheritance pattern (de novo). Dominant de novo mutations 
could not, however, be fully proven as such, as performing 
marker analysis for paternity exclusion was not feasible. In 
two cases homozygous for CNGA3 c.847C>T, p.(Arg283Trp) 
and C21ORF2 c.33_34ins16, p.(Ala12Serfs*60), 242 and 254, 
respectively, the father lacked the variant. Assuming correct 
paternity in the family, it might have been allelic dropout in 
PCR in the father’s DNA sample, which happened in several 
cases and was mostly remedied with the use of different 
primer pairs. Alternatively, a loss of heterozygosity in the 
child could be an explanation. As in the previous case, pater-
nity could not be tested.

In eight (presumably) solved cases, proving variant 
segregation was impossible due to the lack of contact with 
family members, refusal to participate, or loss of contact with 
the proband. Altogether, eight results were deemed inconclu-
sive, some with more convincing pathogenicity clues (Figure 
1). The most common variants, found in 33 individuals, 
were mutations in ABCA4 belonging to a complex allele: 
c.[1622T>C;3113C>T], p.[Leu541Pro;Ala1038Val]. It is by far 
the most prevalent allele in the Polish population, accounting 
for approximately 17% of all solved cases (Figure 3). All vari-
ants are presented in Appendix 4.
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DISCUSSION

The targeted NGS panel allowed us to successfully deter-
mine the cause or probable cause of the disease in 60% 
of the cases. In this cohort consisting of patients of Polish 
origin, we found many novel variants (however, only six 
remain unreported in genomic variant databases at the time 

of this publication). Out of 123 isolated patients, 77 were 
solved, and four presented a variant of unknown significance 
(VUS): IMPDH1 (Gene ID: 3614, OMIM: 146690) c.968A>G, 
p.(Lys323Arg); PRPF8 (Gene ID: 10594, OMIM: 607300) 
c.5792C>T, p.(Thr1931Met; VUS), which might still be 
pathogenic (lack of family members to confirm segregation); 

Figure 1. The initial number of IRD index cases versus final diagnoses and mutated genes. Shown are inheritance patterns and genes with 
pathogenic alterations in the Polish population. The bottom boxes represent actual inheritance in individuals grouped from all types of 
apparent inheritance. *, inconclusive; AR, autosomal recessive; XR, X-linked recessive; AD, autosomal dominant.

http://www.molvis.org/molvis/v27/457
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CEP290 c.223A>G, p.(Lys75Glu), a VUS found with the 
pathogenic c.1984C>T, p.(Gln662*) on the other allele; and 
CACNA1F c.847T>C, p.(Cys283Arg), in which case there 
was no other affected family member to confirm pathoge-
nicity with cosegregation, and therefore, it was classified as 
a VUS). An additional inconclusive result, AIPL1 (Gene ID: 
23746, OMIM: 604392) c.737A>C, p.(Tyr246Ser), was found 
in a dominant family in whom all tested members were 

affected with RP, parents and two children. The presumably 
pathogenic allele came from the father, but functional studies 
would be required to actually determine its impact on the 
protein. Another change in NRL (Gene ID: 4901, OMIM: 
162080), c.242_244del, p.(Gln81del) may be benign, but the 
patient’s daughter (untested) developed local retinal pigment 
clumping, which is consistent with the NRL phenotype and 
its mode of inheritance.

Figure 2. The number of individuals diagnosed with a specific entity and the wait time for the diagnosis. The box plot for each phenotype 
is divided into two differently shaded parts with the median value between them (in years). Each data point represents a patient. ACHM, 
achromatopsia; CD/CRD, cone or cone-rod dystrophy; CSNB, congenital stationary night blindness; Leber congenital amaurosis, RP, 
retinitis pigmentosa; STGD, Stargardt disease.

http://www.molvis.org/molvis/v27/457
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The patient with the variant in RP2 (X-linked), 
c.768+2T>C, p.(?), which was not present in his mother, was 
not hemizygous, but represented a mosaic of normal and 
mutated cells. This was confirmed in epithelial cells from 
a buccal swab and leukocytes from peripheral blood. There-
fore, this alteration represents a de novo change that might 
have appeared in the early stages of the patient’s embryonic 
development.

We identified pathogenic alterations in ABCA4 as the 
primary cause of IRDs in Poland: solved or probably solved 
cases accounted for 31% of the whole group (59/190). Patients 
with STGD had their mutation recognized in 47 out of 50 
cases; in two negative cases, ES was performed, but to no 
avail. There was a visible sex imbalance in the subgroup 
carrying c.5882G>A, p.(Gly1961Glu). The women to men 
ratio was 7:2, a phenomenon we described in a large study 
[12] showing that, especially with ABCA4 hypomorphic 
alleles, STGD1 should probably be considered a multifactorial 
rather than monogenic disorder.

Additional sequencing of the whole ABCA4 gene in 
single-allele cases revealed a missed mutation in exon 46 
in individual 302 (Appendix 3 and Appendix 4), but not in 
individuals 383 and 385, in whom these mutations were most 
probably a chance finding [13]. There is a high probability 
that these probands carry deep intronic mutations or infre-
quent copy number variants (CNVs) in the ABCA4 gene [14]. 
However, this hypothesis could not be tested in our setting.

Some genes commonly mutated in other populations 
were rarely mutated in this cohort. The EYS gene has been 
described multiple times as the leading cause of recessive RP 
in many populations, for example, 12% in France [15], 15.9% 
in Spain [16], and 40% in Japan. In comparison, in Polish 
individuals with recessive and isolated RP this proportion 
was 2/80 (2.5%). We found an additional single variant in 
individual 419 (c.9380_9399del, p.(Thr3127fs*13)), bearing 
two other, most probably non-causative mutations in ABCA4 
(c.5882G>A, p.(Gly1961Glu) and c.1411G>A, p.(Glu471Lys)). 
In this case, the search for a deletion or a duplication in the 
EYS gene, which is prone to large rearrangements, is the best 

Figure 3. Most common mutations (allele count).
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follow-up option. The relatively low depth did not allow us 
to use the internal CNV module of SeqNext in this case. 
However, in two other cases we discovered large rearrange-
ments in EYS (c.(7723+1_7724–1)_(8071+1_8072–1)dup and 
ABCA4 (c.(2653+1_2654–1)_(*1_?)del) [13]; regrettably, the 
actual breakpoints could not be determined. Because Zampa-
glione et al. reported that almost 9% of IRD cases are due to 
CNVs [17], this number (two in 190 individuals) is probably 
highly underestimated. Thus, the next most logical step in 
probands with identified single allele variants in ABCA4, 
CEP290, CNGA3, CNGB3 (Gene ID: 54714), EYS, IMPG2, 
MERTK (Gene ID: 10461), PROM1 (Gene ID: 8842), and 
USH2A (Gene ID: 7399) would be using a technique which 
enables detection of such deletions and duplications, for 
example, microarrays (for larger rearrangements) or multi-
plex ligation-dependent probe amplification (MLPA, a tool 
for detecting deletions or duplications at the exon level), or 
deep targeted resequencing. In many cases, however, even 
with confirmed pathogenicity and matching phenotype, 
single allele variants may be chance findings. Null mutations 
in IRDs were shown to be carried by approximately 20% of 
all individuals examined with ES [18]. Moreover, in a recent 
publication, Hanany et al. estimated the number of pathogenic 
IRD variant carriers to be half of the entire human population 
[19]. Therefore, if no pathogenic variants are identified with 
deep targeted sequencing, the method of choice should be 
whole genome sequencing. This method provides compre-
hensive CNV screening and allows breakpoint sequencing. 
Whole genome sequencing also enables the identification of 
deep intronic variants, which remain elusive with the use of 
other techniques. Ultimately, it may serve to prove that the 
single variant was an incidental finding, and the true cause 
of the disease lies elsewhere.

Previously, there were no comprehensive reports of IRD 
causes within the Polish population. We analyzed 108 genes 
out of approximately 130 genes involved in non-syndromic 
IRDs (there are more than 250 including all IRD forms, and 
the numbers are still growing). However, we did not find 
additional variants in the genes outside the panel using whole 
exome sequencing (WES) in unsolved patients for whom 
we had DNA of family members, except DYNC2H1 (Gene 
ID: 79659), which resulted in publication of a novel non-
syndromic RP gene [20]. Only two additional families were 
solved in this manner, and they carried mutations in genes 
which were present in the panel but insufficiently covered in 
the MIP samples.

We indicated that apart from patients with STGD, patients 
with CD/CRD and RP should undergo the initial ABCA4 test 
in the absence of funding for next-generation sequencing of 

a large gene panel or exome sequencing. Other genes were 
unremarkable: six mutations in RPGR make it the second most 
frequently altered gene in this cohort (Figure 1, Appendix 4). 
The most frequent pathogenic allele was the complex ABCA4 
c.[1622T>C;3113C>T, p.[Leu541Pro;Ala1038Val], present on 
38 alleles (Figure 3). Because the actual inheritance was, in 
many cases, different from the inheritance pattern derived 
from family history, we suggest that the diagnostics should 
not involve dividing affected individuals by inheritance 
patterns and testing only genes within a certain pattern, as 
typically performed currently. A new diagnostic algorithm 
should be implemented, involving initial targeted NGS 
testing for the whole ABCA4 gene. All isolated and familial 
male-only families should then be tested for RPGR, including 
ORF15, which could not be entirely covered in this study.

As one of the post-communist countries in the European 
Union, Poland is still lagging behind the rest of Europe, in 
terms of diagnostics, application of new techniques, and 
developments in some of the medical fields in the country’s 
largely underfunded public healthcare system. The lack of 
specialists able to properly recognize rare eye disorders is 
obvious, with many adult patients describing their “odyssey” 
from doctor’s office to office before they receive a diagnosis. 
This trend was not visible in pediatric patients diagnosed at 
CMHI, because they were examined at the country’s refer-
ence center, where many genetic disorders are diagnosed, and 
there is available equipment for more advanced procedures, 
such as ERG. As IRDs are uncommon, the average ophthal-
mologist can see only a few cases during his or her entire 
career. Therefore, the discrepancy between the age of onset 
and the age at diagnosis may be a result of lack of experience 
with such disorders and limited access to proper diagnostic 
procedures.

The mean difference between the age of onset and the 
age at diagnosis was almost 5 years, and it was largest in the 
CSNB/RP group (Figure 2), which may be partially explained 
by the long follow-up time to monitor disease progression. 
The mean wait time for genetic diagnosis since onset was 
17.8 years, which emphasizes the pressing need for increasing 
availability of genetic tests for IRDs. In some cases, genetic 
diagnosis is helpful in determination of the final diagnosis. 
However, many patients lack the financial means to perform 
genetic tests, as they are not fully reimbursed by insurance, 
especially because these diseases are not lethal, and for most 
forms, there is no available treatment.

The data presented here expose the underestima-
tion of rare disorders, a phenomenon happening in many 
areas of medical care in Poland. It is absolutely necessary 
to raise awareness of rare retinal disorders among Polish 
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ophthalmologists. Additionally, it must be stressed that in 
some cases genetic analysis of the patient is necessary to 
achieve accurate diagnosis.

APPENDIX 1. PEDIGREES OF ALL RECRUITED 
PATIENTS AND FAMILIAL VARIANT 
SEGREGATION DATA.

To access the data, click or select the words “Appendix 1.” 
[added as a PDF file to the submission]

APPENDIX 2. IRD PHENOTYPES OF AFFECTED 
INDIVIDUALS IN THIS STUDY.

To access the data, click or select the words “Appendix 2.”

APPENDIX 3. PHENOTYPE, GENOTYPE AND 
DEMOGRAPHIC DATA OF THE COHORT.

To access the data, click or select the words “Appendix 3.” 
+ - wild type, ACHM - achromatopsia, AD - autosomal domi-
nant, AR - autosomal recessive, BEST - bestrophinopathy, 
CD - cone dystrophy, CHM - choroideremia, CRD - cone-
rod dystrophy, CSNB - congenital stationary night blindness, 
F - female, LCA - Leber congenital amaurosis, M - male, 
RP - retinitis pigmentosa, STGD - Stargardt disease, VUS 
- variant of unknown significance, XR - X-linked recessive. 
1An additional heterozygous mutation in PROM1 - c.1697dup, 
p.(Asn566Lysfs*2), was detected in this patient, which may 
contribute to the phenotype. 2A single heterozygous altera-
tion was detected in this patient, which is most probably a 
chance finding.

APPENDIX 4. INVESTIGATED VARIANTS 
IDENTIFIED IN THE COHORT.

To access the data, click or select the words “Appendix 4.” 
ADA - a splicing prediction score derived from database of 
all potential human SNVs within splicing consensus regions 
and their functional annotations, alt - alteration, CADD - 
Combined Annotation Dependent Depletion, chr - chromo-
some, clinvar - Genomic variation as it relats to human health, 
DANN - deleterious annotation of genetic variants using 
neural networks, DM - disease-causing mutations, DFP - 
disease-associated polymorphism with additional supporting 
functional evidence, HGMD - Human Gene Mutation Data-
base, LASSIE - Linear Allele-Specific Selection InferencE, 
ref - reference, 1Compound heterozygous alterations were 
detected in ABCA4 gene, which is most probably a chance 
finding due to high frequency of the variants.

ACKNOWLEDGMENTS

We would like to express our gratitude to the patients and 
their families for the participation in this study. We thank 
Alexander Hoischen, Christian Gilissen, Maartje van de Vorst 
and Arjen Henkes for the initial MIP design and analysis 
pipeline. This research was funded by the National Science 
Center (Poland), grant number UMO-2015/19/D/NZ2/03193. 
The authors declare no conflict of interest. The funders had 
no role in the design of the study; in the collection, analyses, 
or interpretation of data; in the writing of the manuscript, or 
in the decision to publish the results.

REFERENCES
1. Blacharski P. Retinal dystrophies and degenerations. Newsome 

DA, editor. New York: Raven Press; 1988; 135-159.

2. Brzezianska E, Zdzieszynska M, Gos R, Lewinski A. Genetic 
analysis of rhodopsin and peripherin genes in patients with 
autosomal dominant retinitis pigmentosa (adRP) in Polish 
families.  Klin Oczna  2004; 106:743-8. [PMID: 15787173].

3. Wawrocka A, Kohl S, Baumann B, Walczak-Sztulpa J, Wicher 
K, Skorczyk-Werner A, Krawczynski MR. Five novel CNGB3 
gene mutations in Polish patients with achromatopsia.  Mol 
Vis  2014; 20:1732-9. [PMID: 25558176].

4. Sciezynska A, Ozieblo D, Ambroziak AM, Korwin M, Szul-
borski K, Krawczynski M, Stawinski P, Szaflik J, Szaflik JP, 
Ploski R, Oldak M. Next-generation sequencing of ABCA4: 
High frequency of complex alleles and novel mutations in 
patients with retinal dystrophies from Central Europe.  Exp 
Eye Res  2016; 145:93-9. [PMID: 26593885].

5. Skorczyk-Werner A, Kociecki J, Wawrocka A, Wicher K, 
Krawczyniski MR. The first case of Oguchi disease, type 
2 in a Polish patient with confirmed GRK1 gene mutation.  
Klin Oczna  2015; 117:27-30. [PMID: 26349155].

6. Oldak M, Ruszkowska E, Siwiec S, Pollak A, Stawinski P, 
Szulborski K, Szaflik JP. ORF15 exon of the RPGR gene 
in retinitis pigmentosa - technically difficult, diagnostically 
important.  Klin Oczna  2016; 118:139-43. [PMID: 29912501].

7. Skorczyk-Werner A, Chiang WC, Wawrocka A, Wicher K, 
Jarmuz-Szymczak M, Kostrzewska-Poczekaj M, Jamsheer 
A, Ploski R, Rydzanicz M, Pojda-Wilczek D, Weisschuh N, 
Wissinger B, Kohl S, Lin JH, Krawczynski MR. Autosomal 
recessive cone-rod dystrophy can be caused by mutations in 
the ATF6 gene. European journal of human genetics  Eur J 
Hum Genet  2017; 25:1210-6. [PMID: 28812650].

8. Wawrocka A, Skorczyk-Werner A, Wicher K, Niedziela Z, 
Ploski R, Rydzanicz M, Sykulski M, Kociecki J, Weisschuh 
N, Kohl S, Biskup S, Wissinger B, Krawczynski MR. Novel 
variants identified with next-generation sequencing in Polish 
patients with cone-rod dystrophy.  Mol Vis  2018; 24:326-39. 
[PMID: 29769798].

9. Weisschuh N, Feldhaus B, Khan MI, Cremers FPM, Kohl S, 
Wissinger B, Zobor D. Molecular and clinical analysis of 27 

http://www.molvis.org/molvis/v27/457
http://www.molvis.org/molvis/v27/appendices/mv-v27-457-app-1.pptx
http://www.molvis.org/molvis/v27/appendices/mv-v27-457-app-2.jpg
http://www.molvis.org/molvis/v27/appendices/mv-v27-457-app-3.xlsx
http://www.molvis.org/molvis/v27/appendices/mv-v27-457-app-4.xlsx
http://www.ncbi.nlm.nih.gov/pubmed/15787173
http://www.ncbi.nlm.nih.gov/pubmed/25558176
http://www.ncbi.nlm.nih.gov/pubmed/26593885
http://www.ncbi.nlm.nih.gov/pubmed/26349155
http://www.ncbi.nlm.nih.gov/pubmed/29912501
http://www.ncbi.nlm.nih.gov/pubmed/28812650
http://www.ncbi.nlm.nih.gov/pubmed/29769798


Molecular Vision 2021; 27:457-465 <http://www.molvis.org/molvis/v27/457> © 2021 Molecular Vision 

465

German patients with Leber congenital amaurosis.  PLoS 
One  2018; 13:e0205380-[PMID: 30576320].

10. Rydzanicz M, Stradomska TJ, Jurkiewicz E, Jamroz E, 
Gasperowicz P, Kostrzewa G, Ploski R, Tylki-Szymanska 
A. Mild Zellweger syndrome due to a novel PEX6 mutation: 
correlation between clinical phenotype and in silico predic-
tion of variant pathogenicity.  J Appl Genet  2017; 58:475-80. 
[PMID: 29047053].

11. Tracewska AM, Kocyla-Karczmarewicz B, Rafalska A, 
Murawska J, Jakubaszko-Jablonska J, Rydzanicz M, 
Stawinski P, Ciara E, Khan MI, Henkes A, Hoischen A, 
Gilissen C, van de Vorst M, Cremers FPM, Ploski R, 
Chrzanowska KH. Genetic Spectrum of ABCA4-Associated 
Retinal Degeneration in Poland.  Genes (Basel)  2019; 
10:959-[PMID: 31766579].

12. Khan M, Cornelis SS, Pozo-Valero MD, Whelan L, Runhart 
EH, Mishra K, Bults F, AlSwaiti Y, AlTalbishi A, De Baere 
E, Banfi S, Banin E, Bauwens M, Ben-Yosef T, Boon CJF, 
van den Born LI, Defoort S, Devos A, Dockery A, Duda-
kova L, Fakin A, Farrar GJ, Sallum JMF, Fujinami K, 
Gilissen C, Glavac D, Gorin MB, Greenberg J, Hayashi T, 
Hettinga YM, Hoischen A, Hoyng CB, Hufendiek K, Jagle 
H, Kamakari S, Karali M, Kellner U, Klaver CCW, Kousal 
B, Lamey TM, MacDonald IM, Matynia A, McLaren TL, 
Mena MD, Meunier I, Miller R, Newman H, Ntozini B, 
Oldak M, Pieterse M, Podhajcer OL, Puech B, Ramesar R, 
Ruther K, Salameh M, Salles MV, Sharon D, Simonelli F, 
Spital G, Steehouwer M, Szaflik JP, Thompson JA, Thuillier 
C, Tracewska AM, van Zweeden M, Vincent AL, Zanlonghi 
X, Liskova P, Stohr H, Roach JN, Ayuso C, Roberts L, 
Weber BHF, Dhaenens CM, Cremers FPM. Resolving the 
dark matter of ABCA4 for 1054 Stargardt disease probands 
through integrated genomics and transcriptomics.  Genet 
Med  2020; 22:1235-1246. [PMID: 32307445].

13. Runhart EH, Khan M, Cornelis SS, Roosing S, Del Pozo-
Valero M, Lamey TM, Liskova P, Roberts L, Stohr H, Klaver 
CCW, Hoyng CB, Cremers FPM, Dhaenens CM, Group 
ADCS. Association of Sex With Frequent and Mild ABCA4 
Alleles in Stargardt Disease.  JAMA Ophthalmol  2020; 
138:1035-42. [PMID: 32815999].

14. Sangermano R, Garanto A, Khan M, Runhart EH, Bauwens M, 
Bax NM, van den Born LI, Khan MI, Cornelis SS, Verheij 

J, Pott JR, Thiadens A, Klaver CCW, Puech B, Meunier 
I, Naessens S, Arno G, Fakin A, Carss KJ, Raymond FL, 
Webster AR, Dhaenens CM, Stohr H, Grassmann F, Weber 
BHF, Hoyng CB, De Baere E, Albert S, Collin RWJ, Cremers 
FPM. Deep-intronic ABCA4 variants explain missing heri-
tability in Stargardt disease and allow correction of splice 
defects by antisense oligonucleotides.  Genet Med  2019; 
21:1751-60. [PMID: 30643219].

15. Audo I, Sahel JA, Mohand-Said S, Lancelot ME, Antonio A, 
Moskova-Doumanova V, Nandrot EF, Doumanov J, Barragan 
I, Antinolo G, Bhattacharya SS, Zeitz C. EYS is a major 
gene for rod-cone dystrophies in France.  Hum Mutat  2010; 
31:E1406-35. [PMID: 20333770].

16. Barragan I, Borrego S, Pieras JI, Gonzalez-del Pozo M, 
Santoyo J, Ayuso C, Baiget M, Millan JM, Mena M, Abd 
El-Aziz MM, Audo I, Zeitz C, Littink KW, Dopazo J, Bhat-
tacharya SS, Antinolo G. Mutation spectrum of EYS in 
Spanish patients with autosomal recessive retinitis pigmen-
tosa.  Hum Mutat  2010; 31:E1772-800. [PMID: 21069908].

17. Zampaglione E, Kinde B, Place EM, Navarro-Gomez D, 
Maher M, Jamshidi F, Nassiri S, Mazzone JA, Finn C, 
Schlegel D, Comander J, Pierce EA, Bujakowska KM. 
Copy-number variation contributes 9% of pathogenicity in 
the inherited retinal degenerations.  Genet Med  2020; 22: 
1079-1087[PMID: 32037395].

18. Nishiguchi KM, Rivolta C. Genes associated with retinitis 
pigmentosa and allied diseases are frequently mutated in 
the general population.  PLoS One  2012; 7:e41902-[PMID: 
22848652].

19. Hanany M, Rivolta C, Sharon D. Worldwide carrier frequency 
and genetic prevalence of autosomal recessive inherited 
retinal diseases.  Proc Natl Acad Sci USA  2020; 117:2710-6. 
[PMID: 31964843].

20. Vig A, Poulter JA, Ottaviani D, Tavares E, Toropova K, 
Tracewska AM, Mollica A, Kang J, Kehelwathugoda O, 
Paton T, Maynes JT, Wheway G, Arno G. Genomics England 
Research C, Khan KN, McKibbin M, Toomes C, Ali M, Di 
Scipio M, Li S, Ellingford J, Black G, Webster A, Rydza-
nicz M, Stawinski P, Ploski R, Vincent A, Cheetham ME, 
Inglehearn CF, Roberts A, Heon E. DYNC2H1 hypomorphic 
or retina-predominant variants cause nonsyndromic retinal 
degeneration.  Genet Med  2020; 22:2041-2051

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China. 
The print version of this article was created on 16 July 2021. This reflects all typographical corrections and errata to the article 
through that date. Details of any changes may be found in the online version of the article.

http://www.molvis.org/molvis/v27/457
http://www.ncbi.nlm.nih.gov/pubmed/30576320
http://www.ncbi.nlm.nih.gov/pubmed/29047053
http://www.ncbi.nlm.nih.gov/pubmed/31766579
http://www.ncbi.nlm.nih.gov/pubmed/32307445
http://www.ncbi.nlm.nih.gov/pubmed/32815999
http://www.ncbi.nlm.nih.gov/pubmed/30643219
http://www.ncbi.nlm.nih.gov/pubmed/20333770
http://www.ncbi.nlm.nih.gov/pubmed/21069908
http://www.ncbi.nlm.nih.gov/pubmed/32037395
http://www.ncbi.nlm.nih.gov/pubmed/22848652
http://www.ncbi.nlm.nih.gov/pubmed/22848652
http://www.ncbi.nlm.nih.gov/pubmed/31964843

	Reference r1
	Reference r2
	Reference r3
	Reference r4
	Reference r5
	Reference r6
	Reference r7
	Reference r8
	Reference r9
	Reference r10
	Reference r11
	Reference r12
	Reference r13
	Reference r14
	Reference r15
	Reference r16
	Reference r17
	Reference r18
	Reference r19
	Reference r20

