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Abstract

Background: Leber congenital amaurosis (LCA) is a rare retinal disease that is the most frequent cause of congenital
blindness in children and the most severe form of inherited retinal dystrophies. To date, 25 genes have been impli-
cated in the pathogenesis of LCA. As gene therapy is becoming available, the identification of potential treatment
candidates is crucial. The aim of the study was to report the molecular basis of Leber congenital amaurosis in 22 Polish
families.

Methods: Single Nucleotide Polymorphism-microarray for LCA genes or Next Generation Sequencing diagnostic
panel for LCA genes (or both tests) were performed to identify potentially pathogenic variants. Bidirectional Sanger
sequencing was carried out for validation and segregation analysis of the variants identified within the families.

Results: The molecular background was established in 22 families. From a total of 24 identified variants, 23 were pre-
dicted to affect protein-coding or splicing, including 10 novel variants. The variants were identified in 7 genes: CEP290,
GUCY2D, RPE65, NMNAT1, CRB1, RPGRIP1, and CRX. More than one-third of the patients, with clinical LCA diagnosis con-
firmed by the results of molecular analysis, appeared to be affected with a severe form of the disease: LCA10 caused
by the CEP290 gene variants. Intronic mutation ¢.2991+1655A>G in the CEP290 gene was the most frequent variant
identified in the studied group.

Conclusions: This study provides the first molecular genetic characteristics of patients with Leber congenital amau-
rosis from the previously unexplored Polish population. Our study expands the mutational spectrum as we report
10 novel variants identified in LCA genes. The fact that the most frequent causes of the disease in the studied group

of Polish patients are mutations in one out of three genes that are currently the targets for gene therapy (CEP290,
GUCY2D, and RPE65) strongly emphasizes the importance of the molecular background analyses of LCA in Polish

patients.
Keywords: Leber congenital amaurosis (LCA), Novel variants, SNP-microarray for LCA genes, Targeted NGS panel for
LCA genes

Background IRDs. The disease typically becomes evident in the first

Leber congenital amaurosis (LCA) is a rare retinal disease
that is the most frequent cause of inherited blindness in
children. LCA is the most severe form of all inherited
retinal dystrophies (IRD) and accounts for about 5% of all
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year of life, and it is estimated that about 20% of chil-
dren with visual impairment in specialized schools are
affected by LCA [1]. The prevalence of the disorder is
estimated to be 1 in 30,000 [2], and there can be about
1000-1200 patients suffering from LCA in Poland. To
date, the following 25 genes have been implicated in the
pathogenesis of LCA: AIPL1, CABP4, CCT2, CEP290,
CLUAPI, CRBI, CRX, DTHDI1, GDF6, GUCY2D, IFT140,
IMPDHI, IQCBI1, KCNJj13, LCAS, LRAT, NMNATI,
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OTX2, PRPH2, RD3, RDH12, RPE65, RPGRIPI1, SPATA?,
TULPI1 [3]. LCA is most often inherited in an autoso-
mal recessive manner, but in rare cases, the disease may
also be transmitted as an autosomal dominant trait.
The symptoms usually include severe and early visual
impairment, Franceschetti’s oculo-digital sign (compris-
ing eye-poking, pressing, and rubbing), nystagmus, and
sluggish or near-absent pupillary responses. Other typi-
cal ophthalmological features associated with LCA are
photophobia, refraction defects, nyctalopia, keratoconus,
and cataract. The electroretinogram (ERG) is character-
istically "nondetectable" or severely subnormal [2]. LCA’s
clinical symptoms are very often similar to these of dif-
ferent retinal dystrophies, so the accurate clinical diag-
nosis, especially in infants, sometimes cannot be made
at the first visit or has to be revised once the molecular
analysis is performed. Therefore, genetic-molecular test-
ing is necessary to obtain a definitive diagnosis of LCA
through pathogenic variant identification. Unraveling the
molecular background of the disease contributes to the
identification of the potential treatment gene candidates
and the development of therapeutic approaches. The aim
of the study was to report the molecular basis of Leber
congenital amaurosis in 22 families living in Poland.

Material and methods

Patients, ethic statements

51 Polish families with a clinical diagnosis of LCA were
referred to our genetic clinic in 2010-2019, and 44 of
them had the molecular analyses. Some of these patients
did not decide to order the genetic tests as they are quite
expensive and not funded by the National Health Fund in
Poland. Moreover, until 2016 only LCA SNP microarray
based on the Arrayed Primer Extension (APEX) approach
analysis (Asper Ophthalmics, Asper Biotech Ltd., Tartu,
Estonia) was performed that did not allow to iden-
tify novel variants. Among patients who had LCA SNP
microarray test only (35 patients), there is a group with-
out any mutation found (16 patients), with one heterozy-
gous variant identified in autosomal recessive LCA genes
(6 patients) and the group of patients with the molecu-
larly confirmed LCA diagnosis (13 patients). In this
study, we focused on a group of 22 families (28 patients)
with LCA diagnosis fully confirmed by the results of
molecular analysis based on SNP microarray and NGS-
LCA panel. Patients were numbered with Patient ID,
where the first digit indicated the Family number and the
next digit after the hyphen was the individual’s laboratory
number. This study was conducted in accordance with
the tenets of the Declaration of Helsinki and the Associa-
tion for Research in Vision and Ophthalmology (ARVO)
statement on human subjects. It was also approved by
the Poznan University of Medical Sciences Institutional
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Review Board. Written informed consent was obtained
from all participants or their legal guardians.

Clinical diagnosis

A total of 28 patients from 22 unrelated families living in
Poland (21 families of Polish ethnicity and 1 of Romany
origin) with a clinical diagnosis of LCA confirmed by
molecular analysis results were evaluated in this study.
Ophthalmologic examinations, including best-corrected
visual acuity (BCVA) and funduscopy, were performed
in all the probands. Electroretinography (ERG) was per-
formed in 24 patients (it was not performed in patients:
4-11, 11-36, 15-44, 17-57). Spectral-Domain Optical
Coherent Tomography (SD-OCT) retinal scans (Opto-
vue, Fremont, CA, USA) were obtained in four families:
Family no. 6 (patients 6-18, 6-19, 6-52), Family 10 (
10-33), Family 13 (patients 13-53 and 13—54) and Family
17 (patient no.17-57). Fluorescein angiography (FA) was
done in three patients: 10-33, 13-53, and 17-57. In four
patients, we conducted perimetry: 10-33, 13-53, 17-57,
and 22-50. Magnetic resonance imaging (MRI) of the
head and eye orbits were obtained during early infancy
in seven subjects: 3-7, 5-15, 8-25, 9-29, 12-39, 16-56,
20-59. Some patients, especially older ones, do not
remember whether they underwent MRI. The symptoms
observed in our study group are listed in Table 1.

Molecular genetic analysis

Blood samples from the affected individuals, their
healthy parents, and their unaffected siblings (in families:
3,7, 8,12, and 19) were obtained for genetic examination
(the total number of samples analyzed was 60). Genomic
DNA was extracted from peripheral blood leukocytes
using standard protocols. DNA samples of one proband
from each family with LCA were subjected to either an
LCA mutation chip based on the APEX approach or
targeted NGS diagnostic panel for LCA genes (Asper
Biogene, Asper Biotech Ltd., Tartu, Estonia) or both of
these tests. Searching for the molecular background of
LCA in patients referred to the genetic clinic until 2016
(13 families; see the last column in Table 2) was per-
formed based on SNP microarray test, while in those
who came to the clinic in 2017-2019—the NGS-LCA
panel was carried out (9 families; Table 2).NGS on the
diagnostic panel for LCA genes was also performed in 4
families who did not show any known variants detected
by the SNP microarray.The SNP-chip for LCA was used
to screen the total of 780 mutations in the following 15
genes: AIPLI, CEP290, CRBI, CRX, GUCY2D, IQCBI,
LCAS, LRAT, MERTK, RD3, RDHI12, RPE65, RPGRIPI,
SPATA7, TULPI. The NGS diagnostic panel captured the
following 20 LCA genes: AIPL1, CABP4, CEP290, CRBI,
CRX, GDF6, GUCY2D, IMPDH1, IQCBI1, KCNJj13, LCAS,
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LRAT, NMNATI, OTX2, RD3, RDH12, RPE65, RPGRIPI,
SPATA7, and TULPI. The panel analysis also included
a position ¢.29914+1655A>G in the intron 26 of the
CEP290 gene. The identified sequence variants were then
cross-checked to the Leiden Open Variation Database
(LOVD) [4], Human Gene Mutation Database (HGMD)
[5], ClinVar [6] and GnomAD browser (Genome Aggre-
gation Database) [7]. We annotated the novel variants
against the appropriate genes’ reference sequences, fol-
lowing the Human Genome Variation Society (HGVS)
nomenclature guidelines [8]. In silico analyses using
SIFT (Sorting Intolerant from Tolerant) [9], PROVEAN
(Protein Variation Effect Analyzer) [10] and PolyPhen-2
(Polymorphism Phenotyping v.2) [11], software were car-
ried out to predict the possible effect of all the identified
missense variants (both novel and recurrent). CADD
(Combined Annotation Dependent Depletion) [12] and
Fathmm (Functional Analysis Through Hidden Markov
Models) [13] were additionally used to predict the pos-
sible effect of two novel splicing variants.

Segregation analysis for the presence and independ-
ent inheritance of altered alleles with Sanger sequencing
of the appropriate genes fragments was performed in 17
out of 22 families, including all the families carrying the
novel variants (8 families) and 9 of them with previously
reported variants. The primers used for amplification and
sequencing as well as the Polymerase Chain Reaction
(PCR) conditions are shown in Additional file 1: Mate-
rial 1. We purified the PCR products with the ExoSAP-
IT kit (Exonuclease I and Shrimp Alkaline Phosphatase
Cleanup for PCR products, Affymetrix) and bidirectly
sequenced using dye-terminator chemistry (v3.1BigDye®
Terminator, Life Technologies). The sequencing products
were separated on an ABI 3130x] capillary sequencer
(Applied Biosystems).

Results

We evaluated 28 patients from 22 unrelated families
aged 1.5-42 years, exhibiting typical signs of LCA. Pedi-
grees of these families are shown in Fig. 1 and Additional
file 2: Figure S1. Clinical symptoms and the results of
the ophthalmologic examination are listed in Table 1,
additionally Fig. 2 shows the retinal features of two
patients. Most of the patients presented typical symp-
toms for LCA: nystagmus, oculo-digital sign, no fixation,
and no pacing during infancy. In some of the patients, we
observed night blindness, photophobia, hyperopia, stra-
bismus, and keratoconus. In one patient (3-7), a clinical
examination performed a few years after establishing the
LCA molecular diagnosis revealed some features char-
acteristic of Joubert syndrome: chronic renal failure and
psychomotor development delayed.
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Among all the 22 examined families, 21 presented
autosomal recessive inheritance patterns, while in one
family, the disease appeared to have a dominant mode
of inheritance. The molecular background was estab-
lished in all the tested families. From a total of 24 identi-
fied variants, 23 were predicted to affect protein-coding
or splicing, including 10 novel variants (see the chro-
matograms in Fig. 3). The variants were identified in 7
genes: CEP290 (7 variants), GUCY2D (5), RPE65 (4),
NMNATI (3), RPGRIPI (3), CRBI (1), and CRX (1)
(Table 2). In 8 out of 22 families, variants in the CEP290
gene were identified. Seven families carried the substitu-
tion in the intron 26: ¢.29914+1655G>A (p.Cys998*). In
all these individuals, the p.Cys998* variant was detected
in the form of a compound heterozygote with other non-
sense variants on the second allele. NGS panel for LCA
genes performed in the 31-year-old female: patient 4-11
(Family 4) revealed two variants in the CEP290 gene in
the form of a compound heterozygote: a novel dele-
tion: ¢.6606_6618del p.(Ile2202Metfs*20) in exon 48
and the substitution ¢.29914+1655G>A in the intron 26.
Sanger sequencing revealed both variants’ presence in
the proband’s 24-year-old affected brother: patient 4—12.
The deletion c.6606_6618del was not reported in the lit-
erature nor the GnomAD browser, LOVD, HGMD, and
ClinVar variant databases. The phenotype of the female
patient no. 4—11 was more severe than of her affected
brother. Patient 4—11 had a worse vision (light percep-
tion with projection), cataract, and strong nystagmus,
making it impossible to perform ERG. Patient 4—12 had
a later onset of the disease with nystagmus at the age of
12 months as the first symptom. The overall course of his
disease was relatively milder. He had keratoconus in both
eyes. In 2019 he underwent right eye corneal transplan-
tation, and after the surgery, his BCVA of the right eye
improved significantly. The results of the SNP microarray
analysis revealed that 3 patients: 1-1, 11-36, 16—54 from
3 unrelated families carry the same two CEP290 vari-
ants: ¢.2991+1655G>A in the intron 26 and c.4882C>T
(p.GIn1628*) in exon 37 in a compound heterozygote
form. The variant p.GIn1628* is rare, and to date, it was
identified as a heterozygous variant in GnomAD Browser
in 1 out of 28,426 analyzed alleles in healthy individuals.
NGS analysis of LCA genes performed in patient 2—4: a
3-year-old girl with severe visual impairment including
reduction of visual acuity to the level of light perception,
high hyperopia, nystagmus, and strabismus revealed two
variants in the CEP290 gene in a compound heterozy-
gous state. These included the substitution in intron 26
and a deletion: ¢.4962_4963del in exon 37, resulting in a
frameshifting: p.(Glul1656Asnfs*3). The deletion in exon
37 is a rare variant identified in a heterozygote form in
GnomAD Browser. Moreover, an ultra-rare heterozygous
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Family 4
M1: CEP290 ¢.2991+1655A>G
M2: CEP290 ¢.6606_6618del
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Family 8
M1: GUCY2D ¢.1318_1319del
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M1/+ +/M2
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Family 19
M1: NMNAT1 c.65A>G
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Family 6
M1: RPE65 c.1451G>T
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Family 13
M1: RPE65 c.106del
M2: RPE65 c.726-2A>T
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Family 22
M1: RPGRIP1 ¢.1148_1151del
M2: RPGRIP1 ¢.2465_2468dup

M1/+

b
M1/M2

Family 7
M1: RPGRIP1 c.1216del

M1/+  M1/+

7 M1+

Family 15
M1: GUCY2D c.721+2T>C
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Ed
M1/M2 M1/M2

Fig. 1 Pedigrees of the families with novel variants in LCA genes. Filled symbols indicate individuals affected with LCA and unfilled symbols indicate

unaffected individuals. A slash indicates a deceased person. Arrows indicate probands

variant in the LRAT gene: ¢.236T<G, p.(Leu79Trp) was
also detected in this patient (reported in GnomAD in 1
out of 251,328 alleles in healthy individuals). The poten-
tial pathogenicity of this novel substitution is unclear.
It was confirmed by the results of the in silico analyses
with one (PolyPhen-2) out of three tested prediction
tools, while another two (SIFT and PROVEAN) indi-
cated that the substitution was ‘tolerated’ In the 8-year-
old boy: patient 3-7 (Family 3), the SNP microarray
allowed to identify two previously reported substitutions:
¢.3811C>T in exon 31 and c.4723A>T in exon 36, both
resulted in null mutations (p.Argl271* and p.Lys1575%,
respectively). The boy presented severe visual impair-
ment (light perception), deep-set eyeballs, and delayed
psychomotor development. MRI of the head revealed
corpus callosum hypoplasia. Few years after establishing
the molecular diagnosis, the patient developed a chronic
renal failure with cysts in renal parenchyma. The substi-
tution ¢.4723A>T in exon 36 was also identified in the

patient 5-15: 18-years-old man (Family 5). The results
of the SNP-microarray analysis performed in this young
man revealed the presence of this variant and the intronic
substitution: ¢.29914+1655G>A. The patient had reduced
visual acuity, high hyperopia, and strong nystagmus. Two
CEP290 gene variants were also identified in the patient
21-58: a 1.5-year-old girl (Family 21), with a reduction of
visual acuity to the level of light perception, nystagmus,
and oculo-digital sign. Panel-based NGS of LCA genes
revealed a compound heterozygote of two variants: the
intronic substitution: ¢.29914+1655G>A and 4-bp dele-
tion c.5515_5518del in exon 40 p.(Glul839Lysfs*11).
The proband’s uncle (the brother of her mother) has
also severely restricted BCVA, but the diagnosis was not
confirmed (Additional file 2: Figure S1). The deletion is
a rare variant described in LOVD and ClinVar databases
and identified in a heterozygous state in the GnomAD
browser.
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In four families (8, 12, 15, and 18), the molecular analy-
sis results revealed variants in the GUCY2D gene, which
allowed to make a diagnosis of type 1 Leber Congeni-
tal Amaurosis (LCA1l). A novel variant: 2-bp deletion
c.1318_1319del in exon 4, p.(Gly440lIlefs*6) and the sub-
stitution ¢.2302C>T, p. (Arg768Trp) in exon 12 in the
form of compound heterozygote were revealed by panel-
based NGS of LCA genes in patient 8—25 (Family 8). This
6-year-old girl presented a further reduction of poor vis-
ual acuity to the level of light perception accompanied by
hyperopia with astigmatism. The deletion ¢.1318_1319del
identified in this girl was not reported in LOVD, HGMD,
and ClinVar nor in the GnomAD browser, while the
substitution ¢.2302C>T is a rare variant listed in the
GnomAD browser and predicted to be probably dam-
aging (Table 2). Moreover, in this female patient, the
novel substitution: ¢.1414C>T (p.GIn472*) in exon 11 of
RPGRIPI in a heterozygous state was also identified. The
¢.2302C>T substitution in the GUCY2D gene was also
identified in Family 15, in the siblings: 8-year-old boy and
a 6-year-old girl (15-44 and 15-53) in the form of com-
pound heterozygote together with a novel substitution in
the intron 2: ¢.72142T>C. The ¢.2302C>T substitution
was identified in the affected boy in the heterozygous
state based on SNP microarray for LCA (in 2012), which
at that time did not allow to establish the full molecular
diagnosis. NGS panel performed in the patient’s affected
sister (in 2019) revealed a novel intronic variant on the
second allele. The in silico predictions of the potential
pathogenicity of the substitution ¢.7214+2T>C with the
use of CADD (the score: 33) and Fathmm (the score:
0.97) revealed that the variant is deleterious. Sanger
sequencing of exon 12 and the fragment of the GUCY2D
gene encompassing intronic substitution confirmed
the presence of both variants in the form of compound
heterozygote in both siblings. Both siblings had simi-
lar visual acuity (hand movements) and high hyperopia.
Another variant in the GUCY2D gene identified in two
Polish families (Family 12 and Family 18) was the dele-
tion of guanine at the last nucleotide position in exon 15:
c.2943del (p.Gly982Valfs). In both families, the deletion
was identified based on the SNP-chip analysis for LCA.
In the 42-year-old female patient 18—56 (Family 18), who
had significantly reduced visual acuity (light perception)
and photophobia, the c.2943del was found in a homozy-
gous state. In the 7-year-old boy 12-39 (Family 12) with
a significant reduction of visual acuity to the level of
light perception, hyperopic astigmatism, and autism,
the deletion in exon 15 was identified in a compound
heterozygote together with the substitution ¢.3118C>T
(p.Argl040Gly) in exon 17. The deletion c.2943del was
not reported in LOVD and HGMD, nor a control cohort
annotated in the GnomAD browser. It is a rare variant

Page 11 of 19

reported only once in 2012 in ClinVar database without
any information about its clinical significance. The in
silico predictions of the potential pathogenicity of the
substitution with the use of SIFT, PROVEAN, and Poly-
Phen-2 indicated that the variant is probably damaging.
The substitution ¢.3118C>T (p.Argl040Gly) is a rare
variant identified in GnomAD browser in a heterozygous
form in 2 out of 237,808 analyzed alleles.

RPEG65 gene variants were identified in 3 LCA families.
Altogether 4 variants, including 3 novel were found. In
the consanguineous family of Romany origin (Family 6),
3 out of 5 patients affected with LCA were examined in
this study (Fig. 1: Pedigrees). Two sisters: no. 6-18 and
6—52 and the son of the patient no. 6-18 were referred to
a genetic clinic. Two cousins of the sisters (their grandfa-
ther’s sister’s children—not examined in this study) also
presented typical LCA symptoms. The parents of all the
affected individuals in this family are closely related. NGS
panel for LCA genes performed in a 30-year-old affected
woman (6-52) revealed the presence of a novel homozy-
gous variant: c.1451G>T in exon 14, p.(Gly484Val).
Sanger sequencing revealed the homozygous substitution
in exon 14 of the RPE65 gene in two affected close rela-
tives of the patient: her 28-year-old sister (6—18) and the
11-year-old son of this sister (6—19). In the younger sister,
the onset of LCA was later, while the course of the dis-
ease was relatively milder with better visual acuity. Fur-
thermore, she presented nystagmus from the age of 18,
whereas it was observed from the age of 3 months of age
in her older sister. The in silico predictions of the poten-
tial pathogenicity of the novel substitution in the RPE65
gene with the use of SIFT, PROVEAN, and PolyPhen-2
indicated that the substitution c.1451G>T is probably
damaging. The variant was not reported in the litera-
ture, nor in LOVD, HGMD and ClinVar databases, but it
was identified in heterozygous state in 3 out of 248,526
alleles in healthy individuals in GnomAD Browser. In
the patient 10-33 a 6-year-old boy with a reduction of
visual acuity to the level of counting fingers, night blind-
ness, astigmatism, and myopia NGS panel for LCA genes
revealed a homozygous substitution ¢.304G>T in exon 4
(p.Glul02*) in the RPE65 gene. This nonsense mutation
is a known variant reported in LOVD and HGMD, and
GnomAD Browser. In the Family 13, two novel RPE65
variants were identified: a deletion of cytosine in exon 3:
c.106del resulting in a frameshifting p.(Leu36Serfs*58)
and a substitution of adenine to thymine at the 3’ end
(acceptor site) of intron 7: ¢.726-2A>T. The in silico pre-
dictions of the potential pathogenicity of the intronic
substitution with the use of CADD (the score: 34) and
Fathmm (the score: 0.99) indicated that the variant is
deleterious. Two brothers affected with LCA were exam-
ined: the 20-year-old man (13-53), and the 17-year-old
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boy (13-54). The causative variants were identified with
the use of NGS for LCA genes in the older brother, and
then Sanger sequencing of the appropriate RPE65 gene
fragments in the younger brother was performed, which
revealed the presence of both variants. Both brothers
showed a reduction of visual acuity to the level of hand
movements, but the older one had a later onset of the
disease (nystagmus at the age of 2 years).

LCA-type 9, characterized by severe, rapidly progress-
ing macular degeneration with early optic nerves atro-
phy, were diagnosed in two families that revealed to have
potentially pathogenic variants in the NMNATI gene.
In the patient 9-29 (Family 9): the 10-year-old girl with
reduced visual acuity, nanophthalmia, and hyperopia with
astigmatism, two variants in a compound heterozygote
state: c.59T>A, p.(Ile20Asn) and ¢.769G>A, p.Glu257Lys
in the NMNATI were found. The substitution ¢.59T>A
in exon 2 has been previously reported as a novel muta-
tion in a Polish LCA patient by Falk and coworkers [14].
Substitution p.(Ile20Asn) is a rare variant identified in
GnomAD browser in the form of heterozygote in 1 out
of 121,376 analyzed alleles. The in silico predictions of
the potential pathogenicity of the substitution with the
use of SIFT, PROVEAN, and PolyPhen-2 indicated that
the variant is probably damaging (for the scores see
Table 2). In the patient 47-19 (Family 19): the 15-year-
old boy with a reduction of visual acuity to the level of
hand movements, hyperopic astigmatism, and mild nys-
tagmus, panel-based NGS of LCA genes revealed a com-
pound heterozygote of two variants in the NMNATI: a
novel substitution c.65A>G, p.(Asn22Ser) in exon 2 and a
known variant in exon 5: ¢.769G>A. The variant c.65A>G
was not reported in the literature nor the GnomAD
browser. This new substitution p.(Asn22Ser) can be con-
sidered as a pathogenic variant according to the results of
two out of three in silico pathogenicity prediction tools
tested in this study: PolyPhen-2 (probably damaging)
and PROVEAN (deleterious). In contrast, SIFT results
suggested that it is predicted not to damage the protein
function (tolerated) (Table 2). The variant c.769G>A is a
frequent substitution reported in GnomAD browser in
the form of heterozygote in 74 out of 120,500 analyzed
alleles. The results of the in silico predictions suggest
that the p.Glu257Lys variant’s pathogenicity is doubt-
ful (SIFT prediction indicated that would be tolerated,
PROVEAN—neutral, while PolyPhen-2—benign). The
NGS analyses results also revealed a heterozygous substi-
tution: ¢.226G>A p.(Ala76Thr) in the CEP290 gene.

Based on the results of molecular analysis LCA-type
6 was diagnosed in two Polish families. Altogether three
variants in RPGRIP1 gene were identified. All of them
were novel. A new homozygous variant was identified in
two affected children in the Family 7: a 12-years-old girl
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(7-23) and a 15-years-old boy (7—24). Both children have
similar symptoms and fundus appearance, but the boy
has better visual acuity (hand movements) than the girl
(light perception). SNP microarray performed in both
children did not identify any potentially pathogenic vari-
ants in LCA genes, but NGS on LCA panel conducted in
the boy a few years later revealed a homozygous, novel
deletion c.1216del, p.(Leu406Tyrfs*36) in exon 10 in
RPGRIPI gene. Sanger sequencing of the RPGRIP1 exon
10 showed the same variant: a guanine deletion at the
nucleotide position 1216 in a homozygous state in the
affected sister. The variant was not reported in LOVD
and HGMD, nor a control cohort annotated in the Gno-
mAD browser. Moreover, NGS analysis identified a het-
erozygous variant in the GUCY2D gene: a substitution:
¢.262C>A p.(Pro88Thr) in exon 2. RPGRIPI variants
were also identified in patient 22-50 (Family 22)—the
40-year-old woman with a reduction of visual acuity to
the level of counting fingers, photophobia, and hyperopic
astigmatism. SNP microarray did not identify any poten-
tially pathogenic variants in LCA genes, but NGS on
the LCA panel revealed two novel frameshift RPGRIPI
variants: ¢.1148_1151del in exon 9 p.(Glu383Alafs*19)
and c¢.2465_2468dup in exon 16 p.(Ala8241lefs*11). The
variant p.(Glu383Alafs*19) was not reported in LOVD
and HGMD, nor in a control cohort annotated in the
GnomAD browser, while the p.(Ala8241lefs*11) is a rare
variant identified in GnomAD browser in the form of
heterozygote in 1 out of 249,180 analyzed alleles.

In two families (14 and 17), the molecular analysis
results revealed the presence of a homozygous variant
in the CRBI gene, which allowed to make a diagnosis
of LCAS8. In both families, a homozygous substitution
c.2843G>A in exon 9 was identified (p.Cys948Tyr). In a
patient no. 14—61: the 19-year-old female patient with
visual acuity 1/50, hyperopia, and strabismus, this known
variant was identified based on NGS analysis for LCA
genes, while in the patient no. 17-57: the 32-year-old
woman with poor vision (light perception) was detected
using SNP-array.

In 1 out of 22 families, the disease has a dominant
mode of inheritance. In the patient 20-57 (Family 20),
a completely blind (no light perception) 9-year-old boy,
a heterozygous deletion c.571delT (p.Tyr191fs*2) in the
CRX gene was identified based on SNP microarray analy-
sis for LCA genes. The deletion is de novo variant, as it
was not identified in both healthy parents of the proband.
The variant was not reported in LOVD and HGMD, nor a
control cohort annotated in the GnomAD browser.

Segregation analysis for the presence and independ-
ent inheritance of altered alleles with Sanger sequenc-
ing of the appropriate genes fragments was performed in
altogether 17 out of 22 families, including all the families
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carrying the novel variants (8 families) and 9 of those
with previously reported variants. In most families, seg-
regation analysis was performed in both parents of the
proband/probands (excluding parents of the sisters 6-18
and 6-52; deceased father of the patient 22-50 and the
father of the patient 19—47 who was impossible to involve
in the study due to his serious cancer). Moreover, in some
families, this analysis was also performed in healthy
siblings of the probands. The segregation analysis was
impossible to perform in 5 families: 14, 16, 17, 18, 21, due
to parents’ inaccessibility or lack of consent for testing.
The results of the segregation analysis were consistent
with the Mendelian inheritance (AR in most families and
AD with a de novo variant in one family: Family 20).

Discussion

In the studied group of 22 Polish families suffering from
LCA, 24 variants in 7 genes, including 10 novel, were
identified. LCA-10 type appeared to be the most com-
mon form of the disease, as variants in the CEP290 gene
were revealed in 8 out of 22 families, representing 36%.
The most commonly detected variant was the substi-
tution in the intron 26: ¢.2991+1655G>A (p.Cys998*)
identified in 7 families, which accounts for one-third of
all examined families. It is consistent with the determi-
nation of this variant as the most common pathogenic
mutation in the CEP290 gene, especially in Europe and
the United States [15]. In all the affected individuals with
the p.Cys998* variant, this mutation was detected in the
form of a compound heterozygote with other nonsense
variants on the second allele. Therefore, all the CEP290
variants identified in this study encode premature stop
codons (Table 2), which would lead to protein trunca-
tion and the loss of critical functional domains. Missense
variants of the CEP290 are rare (LOVD, ClinVar), and
probably they are well-tolerated and do not sufficiently
abrogate CEP290 protein and function. Patients with
two nonsense variants appear to have worse visual acu-
ity than patients with one nonsense and one missense
CEP290 variant [15, 16]. In a cohort of German patients
with CEP290 variants, it has been observed that homozy-
gous patients for the ¢.29914+1655G>A variant presented
a more severe phenotype than compound heterozygotes
with this intronic variant [17]. In our study group, it was
difficult to observe any genotype—phenotype correlations
similar to those presented in a German patient group,
as there were no homozygotes for the variant p.Cys998*
in our group of patients. Moreover, even in the group of
patients with the same two CEP290 variants, for example,
three families (no. 1, 11, 16) carrying ¢.29914+1655G>A
and c.4882C>T (p.Gln1628*) in exon 37 it was impossible
to compare the phenotypes of the individuals as they are
of different ages and we did not have retrospective data.

Page 13 of 19

The finding that the variant c.4882C>T (p.Gln1628%),
which is described as rare in GnomAD browser was
identified in 3 out of 8 Polish families with CEP290 gene
affected is intriguing and suggests that is a common vari-
ant in Polish LCA patients.

Apart from isolated blindness, mutations in the
CEP290 gene can cause various syndromes like Bardett-
Biedl syndrome [18], Meckel-Gruber syndrome [19],
Senior-Loken syndrome, and Joubert syndrome [20]. In
our group of patients with CEP290 variants, non-ocular
symptoms were observed only in two patients. Patient
2—4 carrying a deletion in exon 37: c.4962_4963del and
a common substitution in the intron 26 had muscular
hypotonia after birth. Patient 3-7, a compound heterozy-
gote of two substitutions: ¢.3811C>T and c.4723A>T,
had reduced muscle tone, delayed psychomotor devel-
opment, and developed a chronic renal failure with cysts
in renal parenchyma about 6 years after establishing the
diagnosis of LCA. The boy did not present any face dys-
morphic features. MRI revealed corpus callosum hypo-
plasia, but it did not show characteristics for Joubert
syndrome-related disorders (JSRDs) brain abnormality:
the so-called ‘molar tooth sign’ (MTS). MTS is an abnor-
mal development of the cerebellar vermis and the brain-
stem resembling the cross-section of a molar tooth in
brain imaging. As this brain disorder considered a hall-
mark for JSRDs diagnosis is not present in the patient
3-7, Joubert syndrome’s oculo-renal form was not rec-
ognized. Both substitutions: the c.3811C>T and the fre-
quent: ¢.4723A>T identified in our patient have been
reported in patients with isolated LCA and other retinal
dystrophies but also in patients showing retinal disorders
with MTS [15, 17, 20, 21]. The substitution c.4723A>T
(p.Lys1575*) identified in the patient no. 3-7 was also
found in the patient no. 5-15. Both male patients from
these two families have similar visual acuity (light per-
ception) and shared common LCA symptoms like nys-
tagmus, oculo-digital sign, and hyperopia. However, the
results of the patient’s 5-15 head MRI examination and
psychomotor development were normal, and he did not
present any renal failures like patient 3—7. The phenotype
of the 31-year-old female patient no. 4—11 with a novel
variant ¢.6606_6618del, p.(Ile2202Metfs*20) of CEP290
was more severe than her 24-year-old brother. The dele-
tion ¢.6606_6618del causes a frameshift and an introduc-
tion of the premature stop codon in the last coiled-coil
domain of the CEP290 protein. This domain is also a
part of the myosin-tail (MYO-tail) homology domain
[22]. The MYO-tail homology domain’s presence may
provide a structural backbone to the myosin motor and
could facilitate the microtubule-associated transport of
CEP290 to centrosomes [23]. This C-terminal domain is
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essential for protein confinement between the inner and
outer segments in photoreceptors [24].

LCA1 was diagnosed in four families. Altogether five
variants (including two novel ones) in GUCY2D gene were
found. The novel variant ¢.1318_1319del p.(Gly440Ilefs*6)
identified in the patient 8—25 produced premature stop
at the 446 codon, which plausibly caused the produc-
tion of the truncated protein lacking the entire intracel-
lular domain, including the protein homology region
and C-terminal catalytic domain [25]. Three children
(from families 8 and 15) with the substitution ¢.2302C>T
have similar clinical symptoms, but two siblings 15-44
and 15-53, who also carried a novel intronic variant
(c.721+42T>C) appear to have better visual acuity (hand
movements) than the girl with a novel nonsense mutation:
p-(Gly440llefs*6) on the second allele (light perception).
The novel splicing variation ¢.721+42T>C was predicted to
be deleterious. The slight differences in children’s pheno-
types from these two families might be explained by the
fact that splicing variants probably cause milder defects
than nonsense variants. Moreover, the patient 8-25 also
carried a novel substitution: ¢.1414C>T (p.GIn472*) in
exon 11 of RPGRIPI in a heterozygous state. According
to the STRING database [26] RPGRIP1 protein is not a
predicted functional partner of GUCY2D, but we cannot
exclude this variant as a modifying factor of the disease.
The rare deletion c.2943del (p.Gly982Valfs), as far as we
know reported to date only in one family, was identi-
fied in two families examined in this study: in the patient
12-39 and the patient 18-58. It is difficult to compare
the phenotypes of these patients as they are of different
ages (7-year-old boy and 42-year-old woman, respec-
tively), and we did not have full data about the course of
the disease in the infancy in the female patient. Studies on
a group of 21 patients with molecularly confirmed LCA1
revealed the relatively preserved photoreceptor structure
over a broad age range indicating a wide therapeutic win-
dow for gene therapy trials [27].

Altogether 4 RPE6S variants, including 3 novel ones,
were identified in 3 LCA2 families. Two new variants
were identified in two affected brothers. The frameshift
variant ¢.106del produced premature stop codon
p.(Leu36Serfs*58) at the amino acid position 94 of the
RPE65 protein. Therefore, because the wild-type pro-
tein was composed of 533 amino acids, it was likely to be
a null allele. The novel splicing variation ¢.726-2A>T was
predicted to be deleterious. The novel homozygous sub-
stitution ¢.1451G>T (p.Gly484Val) localized in the last
exon of the RPE65 gene was identified in the consanguin-
eous family of Romany origin. The homozygous substitu-
tion ¢.1451G>A resulting in p.Gly484Asp was previously
reported in two male patients with a severe form of LCA
[28]. The amino acid glycine at the residue 484 is highly
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conserved between species [29], and this missense variant
p.Gly484Val is predicted by the in silico analyses to affect
protein function, although functional analyses are required
to elucidate the pathogenicity of this substitution. Visual
acuity varies between patients with different RPE65 geno-
types, but also between the members of the same family
examined in this study (from 1/50 to light perception and
projection in Family 6). It is difficult to find any genotype—
phenotype correlation in such a small patient group, as
visual acuity also correlates with the patient’s age.

LCA 9 was identified in 2 out of 22 families. Among
three variants identified in the NMNATI gene one was
novel. The potential pathogenicity of the novel substitu-
tion c.65A>G, p.(Asn22Ser) was suggested by the results
of the in silico analyses with the use of two prediction
tolls: PROVEAN and PolyPhen, but as SIFT results indi-
cated the substitution is ‘tolerated; it remains unclear
and requires to be elucidated by the functional analyses.
The substitution ¢.59T>A identified in patient 9-29 is an
ultra-rare variant that has been previously reported as a
novel mutation in one Polish patient with LCA by Falk
and coworkers. The female patient described by Falk and
coworkers [14] has the same genotype as our patient:
she is a compound heterozygote of two substitutions:
¢.59T>A and a ¢.769G>A. The phenotype of the patient,
reported by Falk, was also similar to that presented by
our patient 9-29. Both girls presented a reduction of
visual acuity to the level of light perception, nystagmus,
oculo-digital sign, and hyperopia. This ultra-rare variant
may be present only in Polish patients. The substitution
€.769G>A (p.Glu257Lys) identified in two Polish fami-
lies is the most frequently observed NMNAT1I variant,
accounting for more than 70% of LCA9 cases based on
previously published reports [14, 30—34]. Considering the
high population frequency of the variant p.Glu257Lys,
the results of the in silico pathogenicity predictions sug-
gesting that it may be non-pathogenic, and the fact that
the homozygous substitution was also identified in indi-
viduals with no ocular phenotypes [34, 35], the variant’s
pathogenicity has been questioned. Therefore, recently
the analyses on the knock-in mouse model were per-
formed. The homozygous mice Nmnat157X/ E257K gjq
not exhibit any retinal phenotype. The compound hete-
rozygous mice Nmnat15%7¥/~ generated by crossing mice
with a heterozygous deletion of exon 2 Nmnatl~/* with
mice Nmnat15%7K/E27K gpneared to be normal with-
out any retinal phenotype but had thinned photorecep-
tor layer at 5 months age. The detection of the activated
ER stress markers expression in the retina after intense
light exposure suggested that the Nmnat1¥7%/~ mice
are more susceptible to ER stress, which likely contrib-
utes to photoreceptor degeneration and death [34]. The
functional analyses revealed that the p.Glu257Lys variant
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results in reduced enzymatic activity and altered the pro-
tein’s structural stability under stress condition [31, 36].

Three novel RPGRIPI variants were identified: a
homozygous deletion c.1216del p.(Leud06Tyrfs*36) in
the affected siblings from Family 7, and two frameshift
variants:  ¢.1148_1151del  p.(Glu383Alafs*19) and
€.2465_2468dup p.(Ala824llefs*11) in a female patient
from Family 22. All these frameshift variants produce
premature stop codons, which most likely result in a
truncated protein. The variants p.(Glu383Alafs*19) and
p.(Leud06Tyrfs*36) are localized in the N-terminal part
of the protein, while p.(Ala824llefs*11) is localized in
a central part of the RPGRIP1 protein—in a conserved
region 2 (C2) domain. C2 domains are implicated in Ca2-
dependent membrane docking of proteins and in medi-
ating protein—protein interactions [37]. The symptoms
in early childhood were very similar in all these three
patients with RPGRIP1 variants, but the visual acuity is
better in the oldest patient: 22—50.

In two genes: CRBI and CRX, only known variants
were identified in the studied group. A homozygous sub-
stitution ¢.2843G>A (p.Cys948Tyr) in the CRBI gene
was identified in two women from two nonconsanguin-
eous families: 19-year-old and 32-years-old, with worse
vision in the older female patient. In 1 out of 22 families,
the disease has a dominant mode of inheritance. The het-
erozygous deletion c.571delT (p.Tyr191fs*2) in the CRX
gene identified in a totally blind boy is de novo variant,
as it was not identified in both healthy parents of the
proband. The variant was predicted to encode the mutant
form of CRX with altered carboxy termini. To the best of
our knowledge, the deletion was previously described in
one patient with LCA [38].

All the examined patients with LCA underwent fundus-
copy, some of them also had SD-OCT or SD-OCT and AF
performed. There was no correlation between the fundus
appearance and the gene in which potentially pathogenic
variants were identified. The identification of causative var-
iants in 7 different genes in a relatively small study group of
22 LCA families together with the fact that patients were at
a different age, and sometimes they lack the results of oph-
thalmologic examination from early childhood, make diffi-
cult to follow any phenotype-genotype correlations.

The distribution of pathogenic genes varies consider-
ably among different populations of patients with LCA
[33, 39, 40]. In the studied group of Polish patients, muta-
tions in three genes (CEP290, GUCY2D, and RPE65) that
are currently the targets for gene therapy appeared to
be the most frequent cause of the disease. This observa-
tion strongly emphasizes the importance and the need
for molecular background analyses in LCA in Polish
patients, the results of which can directly contribute to
enabling treatment with gene therapy. Genetic analysis
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should be performed at the early stages of the disease
as some gene therapies may need to be given in infancy
to achieve the best visual outcome [15]. Moreover, it is
crucial to conduct a gene-editing approach before pho-
toreceptors have totally degenerated. The problem is that
the accurate clinical diagnosis of the child affected with
retinal dystrophy is sometimes challenging to establish
at the first visit, which often hampers the choice of the
appropriate targeted genetic analysis.

In this study, we report LCA families referred to the
genetic clinic in 2010-2019. Until 2016 SNP microar-
ray for LCA genes was considered as the best avail-
able method. Then, in 2017 NGS panel for LCA genes
replaced this method, and from that time, NGS panel has
been offered to all patients with suspected LCA referred
to our genetic clinic. Nowadays, NGS panel is still a more
commonly performed method to search for the molecu-
lar background of LCA, but considering the decreas-
ing cost of WES (Whole Exome Sequencing), the WES
approach is performed as a method of choice in more
and more cases, especially in those with an unclear diag-
nosis. Awareness of the genetic analysis importance and
cooperation between ophthalmologists and geneticists
cannot be overestimated in making an accurate clini-
cal diagnosis and planning treatment. Leber congenital
amaurosis type 2 was the first human monogenic retinal
disorder tested for ocular gene therapy. Subretinal surgi-
cal delivery of live non-replication adenoviral vector car-
rying RPE65 gene (Voretigene Neparvovec-rzyl—brand
name: Luxturna ) provides healthy human RPE65 pro-
tein to some RPE cells, which makes possible to restore
the visual cycle. Gene therapy is available for patients
with biallelic RPE65 mutations and viable retinal cells,
as it was approved and registered in 2017 [41]. This ther-
apy has an acceptable safety profile. However, the recent
meta-analysis summarizing the results of six clinical tri-
als, including 164 eyes, showed that efficacy in improv-
ing best-corrected visual acuity appears to be limited to
2 years after treatment [42]. Moreover, some tendency
for thinning of the RPE layer faster in the treated eye than
in the non-treated one was observed even in the first year
after treatment. However, there is a hope to prolong the
efficacy of the therapy. It is suggested to administer com-
binatorial agents supplementing the gene therapy to slow
retinal degeneration in the long term [42, 43].

The possibility of LCA treatment has emerged recently.
Clinical trials are underway in patients with LCA caused
by a frequent intronic variant ¢.29914+1655A>G in
CEP290 gene. The treatment results (phase 1 and 2)
based on intravitreal injections of antisense oligonucleo-
tides (QR-110) to restore correct splicing are promis-
ing. In 10 treated patients, there were no serious adverse
effects, and visual acuity improved after 3 months of
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treatment [44]. Moreover, a specific strategy based on
the gene-editing approach has emerged recently for the
€.2991+1655A>G CEP290 intronic variant. A candidate
genome-editing therapeutic: EDIT-101 uses an AAV5
vector to deliver the Staphylococcus aureus Cas9 and
CEP290-specific guide RNAs (gRNAs) to photoreceptor
cells by subretinal injection. The injection was well toler-
ated and allowed to achieve sustained and dose-depend-
ent CEP290 editing in photoreceptor cells, in mice and
non-human primates [45]. Gene replacement therapy will
be tested in patients with LCA caused by biallelic muta-
tions in GUCY2D gene. The subretinal injection of the
adenoviral vector carrying GUCY2D gene (SAR439483)
will be performed in 15 patients to evaluate this therapy’s
safety and tolerability [https://clinicaltrials.gov/].

A gene replacement attempts on a mouse model with
retinal degeneration were performed for NMINATI and
CRBI genes, also associated with LCA in a studied group
of Polish patients. Subretinal injection of a normal copy
of human NMNATI via adeno-associated virus (AAV)
into mice resulted in the preservation of retinal structure
and function for at least 9 months [46]. Human CRB2
that is the CRBI preferable substitute, was targeted in
AAV both to Miiller glial and photoreceptors into the
retinitis pigmentosa mouse model, which ameliorated the
retinal function and structure [47]. Numerous completed
and ongoing gene replacement studies on animal models
give hope for clinical trials in humans in the near future
and effective treatment of more LCA forms.

Conclusions

This study provides the first molecular genetic charac-
teristics of patients with Leber congenital amaurosis
from the previously unexplored Polish population. Our
study expands the mutational spectrum as we report 10
novel variants identified in LCA genes. The most fre-
quent causes of the disease in the studied group of Pol-
ish patients are mutations in one out of three genes
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Fig. 2 Photographs |.—Retinal features of Patient 6-18. a, b Color
fundus photographs show bilateral mottled fundus appearance,
foveal atrophy with focal pigmentary changes in the macula and
peripheral regions (bone-spicule pigmentation), and attenuation of
the vasculature and optic nerve pallor. ¢ a 6-mm horizontal SD-OCT
image of the right eye showing substantial photoreceptor loss,
retinal architecture disorganization with thinning of outer layers, and
enhanced choroidal signal penetration (the scan acquired above
the fovea due to poor fixation). d 10 x 3.5 mm horizontal SD-OCT
macular scan of the left eye demonstrating severe photoreceptor
loss, focal RPE hypertrophy, and generalized retinal thinning.
Photographs Il.—Retinal features of Patient 13-54. a, b Color fundus
images showing bilateral fine chorioretinal atrophy around the

pale optic nerve with moderate vascular attenuation as well as fine
peripheral pigmentary changes. ¢, d 10 x 3.5 mm horizontal SD-OCT
scans showing intact foveal contour and symmetrical moderate
thinning of outer retinal layers with enhanced choroidal signal
penetration
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that are currently the targets for gene therapy (CEP290,
GUCY2D, and RPE65), which strongly emphasizes the
importance of the molecular background analyses of
LCA in Polish patients.
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