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Abstract
Purpose The present study aimed to identify the molecular etiology of non-syndromic congenital cataract (CC) using whole-exome sequencing (WES)
analysis.

Methods In the present study, ophthalmologic results and pedigree analysis of the families of 12 patients with non-syndromic CC were evaluated. WES
analysis was conducted after DNA was isolated from peripheral blood samples obtained from the patients.

Results Twelve non-syndromic probands (10 male and 2 female) with bilateral CC were included in the study. Patient age ranged between 1 and 11 months.
WES analysis showed pathogenic/likely pathogenic variant in 7 (58%) of the 12 families and variant of unknown significance (VUS) in 5 (42%) of them. All the
13 different variants detected in 9 different CC-related genes were co-segregated with the disease. Autosomal dominant inheritance was found in 7 (58%) of
the families and autosomal recessive inheritance was found in 5 (42%) of them.

Conclusion To the best of our knowledge, the present research is one of the limited numbers of studies in the Turkish population in which genetically
heterogeneous non-syndromic CC was investigated using WES analysis. Novel variants that we identified in DNMP, LSS, and WFS1 genes, which are rarely
associated with the CC phenotype, have contributed to the mutation spectrum of this disease. Identifying the relevant molecular genetic etiology allows
accurate genetic counseling to be provided to the families. 

Introduction
Congenital cataract (CC) develops in the first year of life. CC is one of the most common treatable causes of childhood visual impairment (1). The prevalence
of CC is 1–15 per 10,000 live births [1]. Various factors play a role in the etiology of CC. These include history of intrauterine infection in the prenatal period,
history of hypoxia, metabolic diseases, malnutrition, and hereditary factors [2].

Almost half of all CC cases are caused by hereditary factors. Hereditary CC cases can be categorized under two headings: non-syndromic cases that are
isolated wherein only the lens is affected and syndromic cases wherein organs outside the lens are also affected. To date, more than 100 genes associated
with CC have been published in the online Mendelian Inheritance in Man (OMIM) and Cat-Map databases (http://cat-map.wustl.edu/ and www.omim.org).
Different inheritance patterns have been identified in inherited CC cases. However, autosomal dominant inheritance is the most common among these
patterns. CC presents as a syndrome feature in different syndromes. Furthermore, isolated CC has been observed in some cases in which variant was detected
in syndromic CC-related genes (e.g., AGK, WFS1, and EYA1). In addition, same variation in the same gene can lead to different cataract types. This leads to the
observation of clinical and genetic heterogeneity in CC cases [3].

Non-syndromic CC develops as a result of variations in the genes encoding crystalline proteins, channel proteins, transcription factors, and cytoskeletal
proteins found in the lens. Variations associated with non-syndromic CC have been reported most commonly in the genes encoding crystallin proteins, and
these variations usually show autosomal dominant inheritance [4].

The present study aimed to identify the molecular etiology of non-syndromic CC using WES analysis.

Materials And Methods

Patients
A total of 12 index cases (10 male and 2 female) diagnosed with CC and admitted to Kartal Dr. Lütfi Kırdar City Hospital’s Ophthalmology Clinic between April
2021 and October 2021, and the first and second degree relatives of these cases having similar phenotypes (10 cases: 4 male and 6 female) were included in
this research. All cases included in the study underwent detailed ophthalmologic, neurologic, metabolic examinations and pedigree analysis.

All patients were evaluated by pediatric neurologist and medical geneticist for syndromic features. Only non-syndromic bilateral CC cases were included in the
present study. Exclusion criteria included juvenile onset cataract, unilateral cataract, syndromic findings, and maternal exposure intrauterine infection during
pregnancy, metabolic or additional systemic disease, and the presence of ocular trauma.

Molecular Analysis
Genomic DNA was isolated from the peripheral blood of patients using the QIAamp DNA Blood Mini QIAcube Kit (Qiagen, Hilden, Germany) as per the
manufacturer’s protocols. For WES analysis,, the libraries were prepared using the QIAseq® Human Exome Kit as per the manufacturer’s instructions (Qiagen,
Hilden, Germany). Paired-end sequencing (150 bp) was performed on the NovaSeq6000 system according to the manufacturer’s guidelines (Illumina Inc., San
Diego, CA, USA). Sequence readings were aligned to the human reference genome (hg19/GRCh37) using BWA-MEM (version 0.7.17) and converted to BAM
files via SAMtools (version 1.3) [5]. To determine the pathogenic variants, we filtered the following: 1) All nonsynonymous, missense, nonsense, frameshift,
splice-site, no-stop, no-start, inDels, and in-frame variants in all protein-coding genes, 2) synonymous or intronic variants affecting the consensus splice sites
and creating cryptic splice sites 3) variants with minor allele frequency of <1.0% in population studies 1000 Genome (1000G), Genome Aggregation Database
(gnomAD) and 4) variants with a variant frequency of 20–100%. After the filtering steps, about 800-1000 rare variants were detected in each patient. All rare
variants in all protein-coding genes were examined considering the patient phenotype. To evaluate the pathogenicity of the novel variants, in silico prediction
tools (SIFT, PROVEAN, GERP, CADD, PolyPhen2, and MutationTaster), segregation analysis, allele frequencies in population studies (1000 Genomes, Genome
Aggregation Database, and Exome Aggregation Consortium), VarSome, and the American College of Medical Genetics and Genomics (ACMG) criteria were

http://cat-map.wustl.edu/
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used [6, 7]. Variants identified as pathogenic in ClinVar and/or Human Genome Mutation Database Professional (HGMD® Pro) were considered to explain the
phenotype. Candidate variants identified in the index cases were then examined in the parents and siblings who agreed to participate in the research to
undergo segregation analysis.

Results
A total of 22 cases (14 males and 8 females) from 12 unrelated families (12 probands and 10 affected relatives) between 1 month and 63 years of age were
included in the present study. The age range of the probands was 1 to 11 months. The median age of cases when they were diagnosed with CC was 5 months.
When the cases were examined based on the cataract type, it was found that 5 (42%) were lamellar, 2 were nuclear (17%), 2 were total white (17%), 1 was blue
dot (8%), 1 was membranous (8%), and 1 was posterior polar (8%) cataract. Cataract phenotype of some patients were presented in Figure 1. Table 1 shows
clinical results of the cases, and Figure 2 shows the pedigree analysis results.

Table 1
Clinical features of congenital cataract families.

Family Number Patient Number Cataract type Age at diagnosis Age at surgery Affected gene

F1 II-2 M 6 month 10 month CRYBB2

F2 I-1 na 28 years 1 year CRYGA

F2 II-1 BD 3 month 7 month CRYGA

F3 I-1 na 33 years 1.5 years CRYBB1

F3 II-1 PP 4 month 9 month CRYBB1

F4 I-2 na 38 years 1 year GJA3

F4 II-1 L 5 month 8 month GJA3

F4 II-2 L 2 month 3 month GJA3

F5 I-1 na 63 years 1.5 year GJA3

F5 II-3 na 35 years na GJA3

F5 II-4 na 31 years na GJA3

F5 III-1 TW 6 month 9 month GJA3

F6 II-1 L 5 month 11 month DNMBP

F7 II-1 L 6 month 11 month DNMBP

F8 I-1 na 32 years na WFS1

F8 II-1 L Birth 6 month WFS1

F9 I-2 na 28 years 1 year WFS1

F9 II-1 N 1 month 5 month WFS1

F10 II-1 TW 6 month 9 month FYCO1

F11 II-1 L 5 month 10 month GCNT2

F11 II-2 L 2 month 7 month GCNT2

F12 II-1 N 3 month 8 month LSS

F: Family, M: Membranous, N: Nuclear, PP: Posterior polar, L: lamellar, TW: total white, BD: blue dot, na: not available.

Of the index cases included in the study, 12 probands were evaluated by WES analysis. Among these cases, likely pathogenic and pathogenic variants were
detected in CC-related genes (CRYBB2, DNMBP, FYCO1, GJA3, and WFS1) in 7 probands (58%), and variant of unknown significance (VUS) was detected in CC-
related genes (CRYGA, CRYBB1, DNMBP, GCNT2, and LSS) in 5 probands (42%). All of the 13 different variants detected in 9 different CC-related genes were
co-segregated with the disease. Autosomal dominant inheritance was found in seven (58%) of the families, of which one had de novo variation and the others
inherited it from the affected parent, and autosomal recessive inheritance was found in five (42%) of the families. There was a total of 13 variations identified
(9 novel variations, 4 previously reported). Of these, 11 (84%) variants were missense, 1 (8%) variant was nonsense, and 1 (8%) variant was an in-frame
deletion variant. Of the 12 families included in the present study, variants were identified in genes encoding crystallin and membrane proteins of the lens in 5
(42%) of the families investigated. All variants identified as a result of this study are shown in Table 2.
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Table 2
Genetic findings of congenital cataract families.

Family
Number

Gene Transcript Variant Variant
Type

Zygosity Inheritance gnomAD

frequency

ACMG
Criteria

ClinVar ID/
HGMD ID

Family
1

CRYBB2 NM_000496.3 c.355G>A

(p.G119R)

Missense Het De novo Absent Pathogenic 242473 /
CM162360

Family
2

CRYGA NM_014617.4 c.239G>A

(p.R80H)

Missense Het Maternal 0.00393 VUS 252950 /
CM1712984

Family
3

CRYBB1 NM_001887.4 c.126_128delAAC

(p.T43del)

In-frame
deletion

Het Maternal Absent VUS -

Family
4

GJA3 NM_021954.4 c.144_145delGCinsAG

(p.Q49E)

Missense Het Paternal Absent Likely
Pathogenic

-

Family
5

GJA3 NM_021954.4 c.65G>A

(p.G22D)

Missense Het Paternal Absent Likely
Pathogenic

-

Family
6

DNMBP NM_015221.4 c.1918C>T

(p.R640*)

Nonsense Hom Parents:
Het

Absent Pathogenic -

Family
7

DNMBP NM_001318326.2 c.395G>A (p.G132E) /

c.960G>T (p.Q320H)

Missense Compound
Het

Parents:
Het

0.000297

0.0000892

VUS / VUS -

Family
8

WFS1 NM_006005.3 c.1538A>G

(p.Y513C)

Missense Het Maternal 0.000024 Likely
Pathogenic

-

Family
9

WFS1 NM_006005.3 c.2603G>A

(p.R868H)

Missense Het Paternal 0.000092 Likely
Pathogenic

215403 /
CM165567

Family
10

FYCO1 NM_024513.4 c.265C>T

(p.R89C)

Missense Hom Parents:
Het

0.000123 Likely
Pathogenic

425295 /

CM1926394

Family
11

GCNT2 NM_001491.3 c.58A>G

(p.I20V)

Missense Het Paternal 0.0000159 VUS -

Family
12

LSS NM_001001438.3 c.1673A>G

(p.E558G)

Missense Hom Parents:
Het

Absent VUS -

ACMG: American College of Medical Genetics and Genomics, VUS: uncertain significance variant, HGMD: Human Gene Mutation Database, gnomAD: Genom
Aggregation Database, Het: Heterozygous, Hom: Homozygous, PMID: PubMed Identifier.

Discussion
The present research was conducted to investigate the molecular etiology of non-syndromic CC in cases with genetic heterogeneity using WES analysis. In
almost two thirds of these families, pathogenic and likely pathogenic variations explaining the etiology of CC were identified. Studies investigating non-
syndromic CC cases in varying patient cohorts in different populations have reported varying rates of diagnosis. The diagnosis rate reported in patient cohorts
investigated by a targeted next generation sequencing panel or WES analysis range between 42% and 75% (8, 9, 10, and 11). Although the sample size was
small in the present research, the diagnosis rate was found to be 58%, and this rate was consistent with the literature. In their study investigating CC cases
using whole genome sequencing (WGS), Ma et al. [12] concluded that the rate of diagnosis was 77%, which was 10% higher compared to the rate of diagnosis
in WES. Another previous study stated that using WGS will likely increase the diagnosis rates to identify the molecular etiology of relevant cases, as WGS
enables the detection of variants in GC-rich regions, indels in repetitive regions, and small copy number variations [12].

In the present research, we found variants in β-crystallin and γ-crystallin genes (CRYBB2, CRYGA, and CRYBB1) in 3 (F1, F2, F3) of the 12 families investigated.
A de novo missense heterozygous c.355G>A (p.G119R) variant was detected in the CRYBB2 gene in a 6-month-old male patient (II-2) with bilateral
membranous cataract in Family 1. Ma et al. [10] reported this variant for the first time in the literature and identified this variation as a de novo variant in a
sporadic case. Later on, 3 individuals with nuclear cataract from the same family were found to have the same variant in a study conducted by Chen et al. in
familial CC cases [13]. Finally, this variant was also reported by Bell et al. in 2021 as a de novo variant in a sporadic case [14]. This variant (c.355G>A;
p.G119R) is located on the third Greek key domain of the CRYBB2 protein. Previous analyses predict that conversion of the hydrophobic glycine amino acid
into a hydrophilic arginine amino acid is very likely to affect the three dimensional structure of this protein [10]. In these studies, it was seen that these cases
that had the same variation in the same gene had different cataract types. This is supporting evidence for the clinical heterogeneity observed in CC cases. In
the present research, we identified a missense heterozygous (c.239G>A; p.R80H) variant in the CRYGA gene in the index case in Family 2 and the mother of the
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case who had a similar phenotype. In the literature, this variant was identified in previous studies examining CC cases in families and the variation was
reported in three individuals from the same family [11]. In the present research, a novel heterozygous in-frame deletion (c.126_128delAAC; p.T43del) in the
CRYBB1 gene was identified in an index case in Family 3 with bilateral posterior polar cataract. Furthermore, it was found that the variant was also present in
the mother of this case who had a similar phenotype. This variant is not present in the gnomAD population database and is considered a VUS variant
according to ACMG criteria. In the present research, the variation was found to be co-segregated with the disease in the family. However, in order to clarify the
pathogenicity of this variant, further experimental studies are needed.

In the present research, two different novel missense variations (c.144_145delGCinsAG; p.Q49E and c.65G>A; p.G22D) were identified in the gene encoding the
gap junction alpha-3 protein (GJA3) in two different families (families F4 and F5). These variants were not previously reported in the literature or population
databases. According to the ACMG criteria, these two variants are categorized as likely pathogenic. Previous studies in the literature report that the glycine
amino acid located in codon 22 of the GJA3 protein is highly phylogenetically conserved among multiple species, and the change of glycine to serine in the
same codon leads to the CC phenotype in these patients [15]. It is also reported in the literature that glutamine located in codon 49 is highly phylogenetically
conserved among multiple species. These two variations (p.G22D, p.Q49E) are located on the N-terminus/transmembrane domain 1 boundary and first
extracellular loop (EC1) domain of the GJA3 protein, respectively. These two domains of the GJA3 protein play a role in pore structure/gating and gap junction
formation, respectively [16]. According to our results and supporting literature evidence, it can be speculated that both of these novel variants identified in the
GJA3 gene lead to the CC phenotype.

In 2018, Ansar et al. [17] conducted a study on Pakistani families with CC and identified homozygous loss-of-function variations in the Dynamin-binding
protein (DNMBP) in 3 different families, and this was the first study in the literature to associate DNMBP gene with the CC phenotype. In the present research, a
first cousin marriage was observed between the parents in Family 6, and it was found that the index case received the diagnosis of bilateral lamellar cataract
at the age of five months. In Family 6, a bi-allelic novel nonsense (c.1918C>T; p.R640*) variant was detected in the DNMBP gene in an index case. It was found
that both parents in Family 6 were heterozygous for this variant. The present research is the second study in the literature that reports bi-allelic loss-of-function
variants in the DNMBP gene. In the present study, a 6-month-old patient diagnosed with bilateral lamellar cataract in Family 7 was found to carry maternal
c.395G>A (p.G132E) and paternal c.960G>T (p.Q320H) variations in the DNMBP gene, and furthermore, there was no consanguinity among the parents of this
case. Although both variants were categorized under VUS variants according to ACMG criteria, there is a need for further studies to examine and clarify the
pathogenicity of these variants.

Wolframin is a cellular protein located on the endoplasmic reticulum (ER) membrane. Wolframin plays a role in the regulation of membrane trafficking,
secretion, and ER calcium homeostasis. Reports in the OMIM database show that WFS1 gene mutations are associated with Wolfram Syndrome, Wolfram-like
syndrome, autosomal dominant deafness, and autosomal dominant cataract phenotypes. Previous studies have so far stated that there are two missense
variations in the WFS1 gene associated with the non-syndromic CC phenotype, and both of these variations are registered in the Cat-Map database [18, 19]. In
the present research, two variations were detected in families 8 and 9 and both were considered likely to be pathogenic according to ACMG criteria.
Furthermore, these variations were also co-segregated with the disease in the family. In the present research, a missense heterozygous c.2603G>A (p.R868H)
variant was detected in the WFS1 gene in Family 9. In previous studies, this variant was associated with the autosomal recessive hearing loss phenotype.
However, in the present research, no additional anomaly was identified in the case except for the presence of cataract.

FYCO1 (FYVE and coiled-coil domain containing 1) protein plays a key role in the transport of microtubule-mediated autophagocytic vesicles in the cell [20]. In
the literature, FYCO1 gene expression has been identified in the lens. Furthermore, literature evidence shows that the absence of this protein leads to the
cataract phenotype as a result of elevated levels of reactive oxygen radicals [20]. In the present research, first cousin marriage between parents was identified
in Family 10. In this family, it was found that the index case received a diagnosis of bilateral total white cataract at the age of six months. We found a
homozygous missense c.265C>T (p.R89C) variant in the FYCO1 gene in the index case in Family 10 (F10, II-1). This variant reported as likely pathogenic
without providing the relevant phenotype information in the ClinVar database. The fact that this variant is likely pathogenic according to ACMG criteria and it
was reported to be co-segregated with the disease allows us to speculate that the variant can explain the etiology of the relevant case.

GCNT2 is an autosomal recessive gene that is associated with the CC phenotype and is expressed in erythrocytes and lens cells in the body. To date, studies in
the literature have only reported limited numbers of missense, nonsense, and gross exonic deletions in the GCNT2 gene [21]. In the present research, Family 11
contained two siblings with CC cataract (F11, II-1, II-2) born from parents without any consanguinity. Therefore, possible autosomal recessive inheritance was
considered, and the family was thus included in genetic analysis. A paternally inherited novel heterozygous missense c.58A>G (p.I20V) variant was detected in
the GCNT2 gene in siblings with the CC phenotype. This variant was categorized as a VUS variant according to ACMG criteria. Literature evidence shows that
bi-allelic GCNT2 gene variants can lead to the CC phenotype. We can talk about two possibilities in such a case: i) There may be a monoallelic gross exonic
deletion or deep intronic variation in the GCNT2 gene that WES analysis fails to identify, or ii) the CC phenotype of the patients may be associated with
another gene which is not revealed by WES analysis.

Literature evidences that there is LSS gene expression in the lens. Furthermore, LSS encodes lanosterol synthase, which plays a critical role as the rate-limiting
enzyme in cholesterol synthesis. Previous reports in the literature show that LSS gene variations cause a decrease in cholesterol levels in the lens and lead to
cataract development [22]. In the present research, a novel homozygous missense c.1673A>G (p.E558G) variant was detected in LSS gene in the proband in
Family 12. The amino acid residue is located in a highly conserved region. Therefore, the variation may have an effect on the function of this protein. However,
there is a need for further research to elucidate this issue.

There are certain limitations of the present research. i) The sample size was small. This may have had an effect on diagnosis rates and the protein groups in
which variations were detected. Therefore, the results may not be generalizable to the entire population. ii) We could not perform a functional study for
variants categorized as VUS variants according to ACMG criteria. iii) Due to the technical limitations of WES analysis, we could not investigate gross
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deletions/duplications, deep intronic variants, and variants in homopolymer regions in this study. In autosomal recessive genes with monoallelic variant, as in
Family 11, the second variant should be studied in the relevant cases. Therefore, it would be beneficial to examine these cases using Multiplex Ligation-
dependent Probe Amplification and WGS analysis.

To the best of our knowledge, the present research is one of the limited numbers of studies in the Turkish population in which genetically heterogeneous non-
syndromic CC was investigated using WES analysis. Novel variants that we identified in DNMP, LSS, and WFS1 genes, which are rarely associated with the CC
phenotype, have contributed to the mutation spectrum of this disease. Identifying the relevant molecular genetic etiology allows accurate genetic counseling
to be provided to the families.
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Figures

Figure 1

a) Nuclear cataract (Family 12, II-1) b) Lamellar cataract (Family 6, II-1) c) Total white cataract (Family 10, II-1)
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Figure 2

Pedigrees of the congenital cataract families. F: family, Those indicated by black solid fill show probands. Those indicated by the pattern fill show
heterozygous (carrier) parents.


