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Abstract. As the leading cause of impaired vision, congenital 
cataracts, particularly autosomal dominant congenital cataract 
(ADCC), have been considered as a hereditary disease. The 
present study aimed to identify genetic defects in Chinese 
pedigrees with ADCC. A total of 6 Chinese families with 
ADCC were included, comprising 103 members and 27 
patients assessed in total. Genomic DNA samples were 
extracted from the peripheral blood of probands; mutations 
were determined using a specific eye disease enrichment panel 
with next-generation sequencing. Following pathogenicity 
prediction, sites with notable pathogenicity were screened 
for further validation. Sanger sequencing was performed in 
the remaining individuals of the families and 100 normal 
controls. The pathogenic effects of the mutations, including 
amino acid substitutions, as well as structural and functional 
alterations of proteins linked to ADCC, were investigated 
via bioinformatics analysis. A total of seven mutations in six 
candidate genes associated with ADCC were identified in 
the 6 families: Myosin heavy chain 9 (MYH9) c.4150G>C, 
β-crystallin A4 (CRYBA4) c.169T>C, RPGR-interacting 
protein 1 (RPGRRIP1) c.2669G>A, wolframin (WFS1) 
c.1235T>C, CRYBA4 c.26C>T, Ephrin receptor subfamily 2 
(EPHA2) c.2663+1G>A and paired box 6 (PAX6) c.11-2A>G. 
The seven mutations were only detected in affected individ-
uals. Among them, there were three novel mutations (MYH9: 
c.4150G>C; CRYBA4: c.169T>C; RPGRRIP1: c.2669G>A) 
and four previously reported ones. Mutations in RPGRIP1 
(c.2669G>A) and CRYBA4 (c.26C>T) were predicted to be 
benign according to bioinformatics analysis. Conversely, other 
mutations in EPHA2, PAX6, MYH9, CRYBA4 (c.169T>C) 

and WFS1 were determined to be pathogenic. The present 
study reported two novel heterozygous mutations (MYH9 
c.4150G>C and CRYBA4 c.169T>C) identified by analyzing 
6 Chinese families with ADCC, supporting their important 
roles in the development of the disease.

Introduction

During the initial stages of vision development, lens opacity 
may arise, which is mainly caused by congenital cataracts 
and may lead to deprivation amblyopia (1). According to the 
literature, approximately one-third of infantile blindness cases 
are caused by congenital cataracts (2,3). The incidence of 
congenital cataracts is 6.31/100,000 individuals (4) in industri-
alized countries, while that in developing countries is assumed 
to be notably higher (5,6).

As the worldwide leading cause of impaired vision in 
children, the hereditary modes of congenital cataracts include 
autosomal dominant, autosomal recessive and X-linked 
hereditary modes. Among these modes, autosomal-dominant 
congenital cataract (ADCC) is most common (4); variable 
phenotypes occur in different families (7,8). To date, ≥23 genes 
have been associated with ADCC. These genes are mainly 
involved in the formation of the lens, including the crystallin 
(CRY) genes [α-CRY (CRYA), β-CRY (CRYB) and γ-CRY 
(CRYG)], lens‑specific connexin (Cx) genes (Cx43, Cx46 and 
Cx50), major intrinsic protein gene or aquaporine, cytoskeletal 
structural protein genes, paired-like homeodomain transcrip-
tion factor 3, avian musculoaponeurotic fibrosarcoma, heat 
shock transcription factor 4, beaded filament structural protein 
2 and non-muscle myosin heavy chain IIA (MYH9) (7,9,10). 
In addition, ephrin receptor subfamily (EPHA)1 and -2, 
RPGR-interacting protein 1 (RPGRIP1) and paired box 6 
(PAX6) serve a vital role in the pathogenesis of cataracts.

Of note, mutations in the same gene may lead to different 
phenotypes (7,8). For individuals in the same family, ADCC 
may present with different clinical features. The present study 
reported variable clinical features in patients from the same 
family as well as from different families. Therefore, in the 
present study, targeted gene capture was performed using a 
hereditary-eye-disease-enriching panel and next-generation 
sequencing to identify the mutations of six Chinese fami-
lies with ADCC, including two novel mutations in MYH9 
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(c.4150G>C) and CRYBA4; c.169T>C). The results of the 
present study may provide insight into the mutations associated 
with the development of ADCC.

Subjects and methods

Recruitment of patients and clinical evaluation. A total of 
6 Chinese families with 103 members in total (96 members 
alive) were recruited from the Peking University Third 
Hospital (Beijing, China). The pedigree charts are provided 
in Fig. 1. The probands were as follows: II-1 in family 1; IV-7 
in family 2; IV-1 in family 3; III-4 in family 4; III-2 in family 
5 and III-2 in family 6. A total of 27 patients were affected 
by ADCC (4 patients from family 1; 6 patients from family 2; 
4 patients from family 3; 7 patients from family 4; 3 patients 
from family 5 and 3 patients from family 6). Detailed family 
and medical histories, and a series of results from ophthalmic 
examinations, were obtained for the family members, including 
visual acuity, slit lamp examination and fundus examination 
with dilated pupils. A total of 100 normal controls were also 
recruited. All participating individuals provided informed 
consent in accordance with the Declaration of Helsinki. The 
present study was approved by the Peking University Third 
Hospital Medical Ethics Committee (Beijing, China).

Genomic DNA extraction. Venous blood (2 ml) was collected 
from the participating family members and was stored in BD 
Vacutainers (BD Biosciences) containing EDTA to prevent 
coagulation. Genomic DNA was extracted from the white blood 
cells using a DNA Extraction kit (Tiangen Biotech Co., Ltd.), 
and was quantified with a NanoDrop 2000 spectrophotometer 
(Thermo Fisher Scientific, Inc.).

Mutation screening. Following the extraction of DNA from 
the white blood cells of the probands from in each family, a 
specific eye disease enrichment panel was used to capture the 
gene mutations in the samples (cat. no. OT021-29; MyGenostics 
GenCap Enrichment Technologies, Inc.). A minimum of 3 µg 
DNA was used for analysis in the indexed Illumina libraries 
according to the manufacturer's protocols (MyGenostics 
GenCap Enrichment Technologies, Inc.). The target genes in 
the enriched libraries were captured in accordance with the 
MyGenostics Targeted Genes Capture protocols and were then 
sequenced on an Illumina NextSeq 500 sequencer (Illumina, 
Inc.) for paired-end reads of 150 bp.

A total of 663 disease-associated genes in the panel were 
linked to hereditary eye diseases. Among these genes, 135 
were associated with cataracts (57 genes were associated 
with congenital cataracts; the others were associated with 
hereditary eye diseases with opacified lens).

Following sequencing, raw image files were processed 
using Bcl2Fastq software (Bcl2Fastq 2.18.0.12; Illumina, 
Inc.) for base calling and raw data generation. Low-quality 
variations were filtered out using a quality score ≥20. Short 
Oligonucleotide Analysis Package (SOAP) aligner software 
(SOAP2.21; soap.genomics.org.cn/soapsnp.html) was then 
used to align the clean reads to the reference human genome. 
PCR duplicates were removed and single nucleotide poly-
morphisms (SNPs) were identified by the GATK (version 
4.1.2.0; http://www.broadinstitute.org/gsa/wiki/index.

php/Home_Page) and the SOAPsnp (http://soap.genomics.
org.cn/soapsnp.html) programs. Identified SNPs and inser-
tion/deletions were annotated using the Exome-assistant 
program (http://122.228.158.106/exomeassistant).

DNA samples from other individuals of the families were 
used to validate all mutations identified by Sanger sequencing 
on an ABI3730XL analyzer (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). The coding regions of the candidate 
genes [MYH9, CRYBA4 (c.169T>C), RPGRRIP1, wolframin 
(WFS1), CRYBA4 (c.26C>T), EPHA2 and PAX6] were ampli-
fied by PCR: An initial denaturation of 98˚C for 30 sec, 15 
cycles of denaturation at 98˚C for 25 sec, annealing at 65˚C 
for 30 sec, extension at 72˚C for 30 sec, and a final extension 
of 72˚C for 5 min; primers are listed in Table I. The coding 
regions were then screened by using bidirectional sequencing 
followed by analysis with Chromas 2.33 (http://technelysium.
com.au/wp/chromas/); comparisons were made using refer-
ence sequences in the National Center for Biotechnology 
Information (NCBI) database.

Bioinformatics analysis. Based on the results obtained from 
the mutation analysis, several bioinformatics analyses were 
performed. The potential effects of an amino acid substitu-
tion on the structure and function of a protein were predicted 
using Protein Variation Effect Analyzer (PROVEAN v1.1.3; 
http://provean.jcvi.org/index.php) (11) Sorting intolerant from 
tolerant (SIFT; http://sift.bii.a-star.edu.sg/) (12), Mutation 
Taster (http://www.mutationtaster.org) (13), Polymorphism 
and Phenotyping version 2 (PolyPhen-2; http://genetics.bwh.
harvard.edu/pph2/) (14) and Swiss model (https://swissmodel.
expasy.org) (15).

Results

Clinical features. Analysis of the family history and medical 
history indicated that none of the patients had any other 
systemic diseases that may be associated with the develop-
ment of cataracts or ophthalmic diseases. In the present study, 
27 patients with ADCC (25 alive) in 6 Chinese families were 
identified, including 9 males and 18 females (16 alive). Their 
slit lamp examination images are presented in Fig. 2. Among 
these patients, opacified lens was observed at a young age in 
certain subjects, including patients in families 2, 4, 5 and 6. 
The youngest patient of the 6 families was 3 months old. The 
parents observed an opacified lens for the first time when the 
patient was 2 months old. The non-transparent area quickly 
progressed in the past 2 months and eventually, the whole 
lens was opacified (Fig. 2G); patients in families 1 and 3 
gradually developed symptoms of ADCC after 11 years of 
age.

Of note, the proband of family 1 and their mother 
(suffering from ADCC) presented with a dissimilar clinical 
feature that affected her visual acuity in a different manner 
(Table II). The proband of family 1 was a 13-year-old female 
with irregular nuclear cataracts in the bilateral eyes (Fig. 2A) 
and her visual acuity was 20/200 OU. However, her mother 
with the same mutation in the MYH9 gene only presented 
with mild symptoms of ADCC; spot-like opacity was 
observed in the peripheral area of the lens (Fig. 2B), which 
resulted in a slight reduction in visual acuity (20/25 OU).
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Mutat ion screening and bioinformat ics analysis. 
High-throughput screening of the blood samples of all of 
the probands was performed in the present study. Compared 
with the normal gene sequences, each proband had >3,000 
nucleotide alterations in hereditary eye disease-associated 
genes. Few of these nucleotide alterations did not result 
in changes in the amino acid sequence or were not in 
accordance with the hereditary model of ADCC; thus, 
these alterations were excluded. Only the genes known to 
be associated with ADCC were selected. Among them, 
variants in MYH9, RPGRRIP1, WFS1, EPHA2 and PAX6 
of the probands were indicated to be potentially pathogenic. 
Sanger sequencing was performed with the blood samples 
of other individuals in the families. The results revealed 
that heterozygous MYH9 c.4150G>C, CRYBA4 c.169T>C, 
RPGRIP1 c.2669G>A, WFS1 c.1235T>C, CRYBA4 
c.26C>T, EPHA2 c.2663+1G>A and PAX6 c.11-2A>G 
mutations were only detected in affected individuals. These 
mutations were not detected in the 100 controls and were 
considered to be associated with ADCC (Fig. 3). The evolu-
tionary conservation results of these genes were also shown 
in Fig. 4.

A novel damaging missense mutation: MYH9 c.4150G>C. 
The mutation c.4150G>C in MYH9 was identified in 
family 1 (Fig. 3A). This missense mutation led to an amino 

acid substitution from glutamate to glutamine at codon 1,384 
(p.E1384Q) in MYH9.

According to the analysis with Mutation Taster, gluta-
mate was highly conserved at codon 1,384 of MYH9 among 
different species (Fig. 4A). Substituting glutamine at this 
codon was predicted to be pathogenic by Mutation Taster 
(‘disease-causing’), PROVEAN (‘deleterious’ with a score of 
-2.64), SIFT (‘damaging’ with a score of 0.023) and PolyPhen-2 
(‘probably damaging’ with a score of 1.000, sensitivity of 0.00 
and specificity of 1.00).

A novel damaging missense mutation: CRYBA4 c.169T>C. 
The c.169T>C mutation in CRYBA4 was identified in family 4 
(Fig. 3B). This missense mutation led to an amino acid substi-
tution from phenylalanine to leucine at codon 57 (p.F57L) in 
CRYBA4.

According to analysis with Mutation Taster, phenylalanine 
is conserved at codon 57 of CRYBA4 in different species 
(Fig. 4B). This mutation was predicted to be pathogenic by 
Mutation Taster (‘disease-causing’), PROVEAN (‘deleterious’ 
with a score of -5.08), SIFT (‘damaging’ with a score of 
0.002) and PolyPhen-2 (‘probably damaging’ with a score 
of 0.968, sensitivity of 0.74 and specificity of 0.96). The 
three-dimensional (3D) models of wild-type and mutated 
CRYBA4-encoding protein were then generated by Swiss 
model (Fig. 5).

Figure 1. Pedigree of six families with autosomal-dominant congenital cataracts. Squares and circles indicate males and females, respectively, and crossed 
symbols indicate deceased subjects. Black symbols indicate affected individuals and the proband of each family is indicated by an arrow.
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A novel neutral missense mutation: RPGRIP1 c.2669G>A. 
The c.2669G>A mutation in RPGRIP1 was identified in 
family 2 (Fig. 3C). This missense mutation may cause a 
‘Neutral’ (PROVEAN prediction with a score of 1.41) and 
‘Tolerated’ (SIFT prediction with a score of 0.867) amino 
acid substitution from arginine to glutamine at codon 890 
(p.R890Q) in RPGRIP1. The arginine residue was not highly 
conserved in different species (Fig. 4C). The prediction made 
with Mutation Taster was ‘polymorphism’ and PolyPhen-2 
analysis scored this mutation as 0.000 (sensitivity: 1.00; 
specificity: 0.00).

A previously reported missense mutation: WFS1 c.1235T>C. 
The mutation c.1235T>C in WFS1 was identified in family 5 
(Fig. 3D). This missense mutation leads to an amino acid 
substitution from valine to alanine at codon 412 (p.V412A).

Analysis with Mutation Taster revealed that valine is 
conserved at codon 412 of WFS1 in different species (Fig. 4D); 
the mutation was then predicted to be pathogenic by Mutation 
Taster (‘disease-causing’), SIFT (‘damaging’ with a score of 
0.021) and PolyPhen-2 (‘probably damaging’ with a score of 
0.981, sensitivity of 0.75 and specificity of 0.96). However, 
analysis with PROVEAN indicated a prediction of ‘neutral’ 
with a score of -2.29.

This mutation was first reported by Choi et al (16) as a 
candidate gene for familial nonsyndromic hearing loss; 
however, according to the results for family 5, it may be 
possible that this mutation also causes ADCC.

A reported missense mutation: CRYBA4 c.26C>T. The 
c.26C>T mutation was identified in CRYBA4 in family 6 
(Fig. 3E), which causes an amino acid substitution from 
alanine to valine at codon 9 (p.A9V). This mutation has been 
reported by Sun et al (17) and Zhai et al (18).

The present study reported the clinical features of ADCC 
in the families analyzed; however, bioinformatics analysis 
indicated that this mutation may not be pathogenic. According 
to the results of bioinformatics analysis, it is possible that the 
c.26C>T mutation is not responsible for the disease. According 
to Mutation Taster, alanine is conserved in different species 
(Fig. 4E). On the contrary, the mutation was then predicted 
to cause a ‘polymorphism’ using Mutation Taster. In addi-
tion, mutation of the amino acid (p.V412A) was predicted by 
PROVEAN, SIFT and PolyPhen-2. Prediction with PROVEAN 
suggested that this mutation is ‘neutral’ with a score of -0.27. 
SIFT indicated that the mutation is a ‘tolerated’ mutation 
with a score of 0.502. The prediction with PolyPhen-2 was 
‘benign’ and this mutation was scored as 0.009 (sensitivity: 
0.96; specificity: 0.77).

Zhai et al (18) proposed co-segregation of this mutation in 
ADCC; however, further investigation is required.

A reported splicing mutation: EPHA2 c.2663+1G>A. 
Following mutation screening, a splice donor site mutation was 
determined in EPHA2 (c.2663+1G>A, chr-16455928; Fig. 3F) 
in family 2. The screening results revealed that the mutation is 
located in the first region of Intron 16 and it was predicted to 
induce a substitution from aspartic acid to glutamate. In addi-
tion, it was predicted to lead to the formation of a stop codon, 
causing the loss of 34 amino acids encoded by exon 17 (19).
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It was not possible to predict the severe consequences 
of this mutation using SIFT, PROVEAN and PolyPhen2; 
however, the degree of damage associated with this mutation 
was investigated using Mutation Taster and GERP++ predic-
tion tools. The mutation in EPHA2 received a GERP score 
of 5.77 and was considered to be a conserved site. Mutation 
Taster analysis indicated disease-causing effects, as sequence 
motif loss and loss of protein were reported.

This mutation has been previously reported by Bu et al (19); 
the mutation in EPHA2 is located in chromosome 1-16455928. 
It is possible that EPHA2 is able to exhibit a variety of muta-
tion types. The present study reported the mutation in EPHA2 
as c.2663+1G>A using the NCBI database.

A reported splicing mutation: PAX6 c.11‑2A>G. The mutation 
in PAX6 was also identified in family 3 as a splicing muta-
tion in intron 4, which is located in two regions prior to the 
beginning of exon 5. This mutation was predicted to lead to a 
substitution of serine (encoded by TCA) to arginine (encoded 
by TCG). It was predicted to result in the addition of 56 amino 
acids (Fig. 3G) (20).

SIFT, PROVEAN and PolyPhen2 analyses were not able 
to make any prediction regarding the mutation in PAX6; 
however, according to the GERP++ score of 4.9 and Mutation 
Taster score of 1, the site was determined to be highly 

conserved among different species. Mutation Taster predicted 
the mutation to be ‘disease-causing’. From the 3D models of 
wild-type and mutated PAX6, the additional amino acids were 
observed to form an abnormally long ‘tail’, which may affect 
the function of PAX6 (Fig. 5). This mutation was also reported 
by Churchill et al (20).

Discussion

Congenital cataracts are the leading cause of impaired vision 
in pediatric patients worldwide (1). According to recent studies, 
~45% of families with a history of cataracts have been reported 
to carry mutations in the CRY genes; ~12% have mutations 
in the genes encoding various growth or transcription factors. 
In addition, 16% have mutations in Cx-encoding genes; ~5% 
possess mutations in intermediate filament proteins, membrane 
proteins or protein degradation-associated genes. Furthermore, 
~8% have mutations in a variety of other functionally diverse 
genes. Inheritance of the same mutation in different families 
or in different individuals within the same family may result in 
distinct cataract phenotypes (phenotypic heterogeneity). This 
suggests that additional genetic or environmental factors may 
affect the expression of the mutant protein, which may be the 
primary cause of cataracts (7,8). On the contrary, mutations 
in different genes involved in biological processes that are 

Figure 2. Slit lamp images of the eyes of various family members. (A) In the proband of family 1 (III-1), irregular opacities in the lens were observed. 
(B) Subject no. II-2 in family 1, the mother of the proband. (C) Proband of family 2 (IV-7). (D) Proband of family 3 (IV-1). (E) Proband of family 4 (III-4). 
(F) Subject no. II-3 in family 4, the father of the proband. (G) Proband of family 5 (III-2). (H) Proband of family 6 (III-2).

Table II. Clinical features of selected patients.

Family Affected
number individual Gender Age Visual acuity Phenotype

1 III-1 Female 13 y 20/200 Nuclear cataract
1 II-2 Female 35 y 20/25 Spot-like cataract in the peripheral area of the lens
2 IV-7 Female 3 m Not determined Irregular spot-like cataract in the middle of the lens
3 IV‑1 Male 14 y 20/40 Two round‑shaped opacifications in the middle of the lens
4 III-4 Female 22 y 20/200 Irregular nuclear cataract
4 II-3 Male 53 y 20/200 Irregular nuclear cataract
5 III‑2 Female 4 m Not determined Extensive opacification of the lens
6 III‑2 Female 23 y 20/100 Round‑shaped opacification in the middle of the lens

y, years; m, months.
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potentially possibly not linked with each other may lead to 
cataracts with similar or identical morphologies (genotypic 
heterogeneity). This suggests that cataract may be the ultimate 
common pathway for different spectra of initial insults (21). 
For example, CRYBA4 belongs to crystallin family. It is part 
of a gene cluster with beta-B1 (CRYBB1), beta-B2 (CRYBB2) 
and beta-B3 (CRYBB3). Any mutation of these genes may 
affect the synthesis of crystallins, resulting in opacification of 
lens (22).

In the present study, a specific panel that included 
135 cataract-associated target genes was used to perform 
screening tests on 6 Chinese families with congenital 
cataracts. A total of 7 suspected mutations were detected 
in six genes, including two novel deleterious missense 
mutations (MYH9 c.4150G>C and CRYBA4 c.169T>C). 
Amongst them, MYH9 c.4150G>C, CRYBA4 c.169T>C, 
RPGRRIP1 c.2669G>A, WFS1 c.1235T>C and CRYBA4 
c.26C>T were determined to lead to amino acid changes. 

EPHA2 c.2663+1G>A and PAX6 c.11-2A>G were denoted 
as splicing mutations.

The c.4150G>C variant is a missense mutation in exon 31 
of MYH9 and leads to the substitution of glutamate to gluta-
mine at codon 1,384 (p.E1384Q) in MYH9. In addition, this 
mutation was not detected in 100 normal controls, suggesting 
that it is a pathogenic mutation rather than a polymorphism. 
Bioinformatics analyses indicated that this mutation is a 
disease-causing mutation. Thus, these results suggest that 
congenital cataracts in family 1 may have been caused by the 
mutation in exon 31 of MYH9.

Mutations in MYH9 may cause MYH9-associated disorders, 
which are characterized by congenital macrothrombocyto-
penia, accompanied with young-adult-onset sensorineural 
hearing loss, nephropathy and congenital cataracts; however, 
the etiologies of these diseases remain elusive (23). To date, 
several studies have investigated mutations in MYH9 (23-33; 
Table III). According to Pecci et al (34), cataracts did not 

Figure 3. DNA sequences of affected and unaffected individuals. (A) MYH9 (c.4150G>C). (B) CRYBA4 (c.169T>C). (C) RPGRIP1 (c.2669G>A). (D) WFS1 
(c.1235T>C). (E) CRYBA4 (c.26C>T). (F) EPHA2 (c.2663+1G>A); the splicing mutation was determined in the first loci of intron 16, which leads to the 
substitution from aspartic acid (D, encoded by GAC) to glutamate (E, encoded by GAA), as well as the generation of a new stop codon. This new stop codon 
causes the loss of 34 amino acids encoded by exon 17. (G) PAX6 (c.11-2A>G); the c.11-2A>G mutation in the PAX6 gene leads to the substitution from serine 
(S, encoded by AGU) to arginine (R, encoded by AGA) and the addition of 56 amino acids. Associated codons are indicated with rectangles. CRYBA4, 
β-crystallin A4; EPHA2, EPH receptor 2; MYH9, myosin heavy chain 9; PAX6, paired box 6; RPGR-interacting protein 1; WFS1, wolframin; WT, wild-type; 
Mut, mutant.
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commonly occur in a family with a MYH9-associated 
disorder and were only observed in 43 of 235 patients (18%); 
among them, there were four congenital forms of disease. In 
the present study, family 1 had the ocular manifestation of 
congenital cataracts without renal complications and hearing 
loss; the symptoms of these patients were notably mild.

MYH9, mapped to chromosome 22q12.3, includes 47 exons, 
which encode MYH9 protein. The transcription of this gene 
begins with the first ATG codon of the open reading frame in 
exon 2, which terminates at the stop codon in exon 41. The 
mutation identified in the present study was located in exon 31, 
which may affect the tail domain of MYH9. According to 
Pecci et al (34), there was a strong correlation between the geno-
type and clinical features of patients with MYH9-associated 
disorders. In addition, mutations in the rod-tail domain have 
been associated with a mild phenotype (35). Thus, it may be 
proposed that mutations in exon 31 may lead to hereditary 
disease, but with a notably mild phenotype, as observed by the 
manifestations in family 1. Furthermore, this mutation was not 
detected in 100 normal controls, suggesting that it is a patho-
genic mutation rather than a polymorphism. Bioinformatics 
analysis suggested that this mutation was a disease-causing 
mutation. Thus, these results support that congenital cataracts 
in family 1 may be caused by a mutation in exon 31 of MYH9.

The missense mutation (c.169 T>C) in CRYBA4 was 
reported to lead to an amino acid substitution from phenyl-
alanine to leucine at codon 57 (p.F57L) in CRYBA4. This 
mutation was not detected in 100 normal controls and was 
predicted to be pathogenic by various bioinformatics analyses.

CRYBA4 belongs to the CRYB family of proteins. The 
CRYB family (35%), CRYA (40%) and CRYG are major 
members of the CRY protein family detected in the mamma-
lian lens (36). CRY proteins are markedly stable in the lens for 
the maintenance of transparency and refractive ability. CRYB 
comprises 7 protein forms, each of which is encoded by six 
genes (CRYBA1, CRYBA2 and CRYBA4, as well as CRYBB1, 
CRYBB2 and CRYBB3). Among them, CRYBA4 consti-
tutes 196 amino acids and pathogenic mutations have been 
reported in exons 2 and 4 (18, 37-39) (Table IV). According to 
Billingsley et al (36) and Zhou et al (40), the mutation in exon 
4 serves an important role in the onset of congenital cataracts. 
The novel mutation detected in the present study is also in this 
region.

The 3D models of wild-type and mutated CRYBA4 
revealed the substitution of phenylalanine at codon 57 with 
leucine. The mutation was determined to be located in a 
β-sheet, which is stabilized by hydrogen bonds. The substitu-
tion from phenylalanine to leucine may break these hydrogen 
bonds, reducing the stability of the secondary structure of the 
CRYBA4 protein.

In the present study, a c.1235T>C mutation was identified 
in WFS1 in family 5. This missense mutation may cause an 
amino acid substitution from valine to alanine at codon 412 
(p.V412A). The mutation was predicted to be pathogenic by 
Mutation Taster, SIFT and PolyPhen-2; however, PROVEAN 
suggested that the mutation was ‘neutral’ with a score of -2.29.

The WFS1 gene encodes a transmembrane protein 
expressed by brain, pancreatic, heart and insulinoma β cell 
lines. Mutations in this gene may cause Wolfram syndrome, 
which leads to numerous conditions, including diabetes 
insipidus, diabetes mellitus, optic atrophy and deafness. This 
mutation was first reported by Choi et al (16) as a candidate 
gene for familial nonsyndromic hearing loss; however, 
the present study reported the mutation to be associated with 
the development of ADCC.

Considering the differences between splicing mutations, 
and those that lead to amino acid substitutions and altera-
tions in protein structure, various bioinformatics tools were 
employed to determine the consequences of these mutations. 
The present study reported that, compared with the amino 
acid substitution mutations, splicing mutations may be more 
dangerous, as gene expression may be affected by newly formed 
stop codons or the addition of amino acids. These alterations 
may cause the loss of motifs, or changes in the structure and 
function of proteins. The results of the present study revealed 
that the mutation EPHA2 c.2663+1G>A created a new stop 
codon, which resulted in the loss of 34 amino acids encoded 
by exon 17. The mutation PAX6 c.11-2A>G was predicted 
to cause the addition of 56 amino acids. Further investiga-
tion is required to determine the mechanisms underlying the 
pathological effects of these mutations.

The methods applied to detect the mutations in the present 
study are of high significance. Considering the number of indi-
viduals in the families and the number of cataract-associated 

Figure 4. (A) Glutamate E at position 1,384 of myosin heavy chain 9 is highly 
conserved in different species (indicated by an arrow). (B) Phenylalanine 
at position 57 of CRYBA4 is conserved in different species (indicated by 
an arrow). (C) Arginine R at position 890 of RPGR interacting protein 1 
is not highly conserved in the majority of species (indicated by an arrow). 
(D) Valine V at position 412 of wolframin is conserved in different species 
(indicated by an arrow). (E) Alanine A at position 9 of CRYBA4 is conserved 
in different species (indicated by an arrow). CRYBA4, β-crystallin A4.
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Figure 5. Three-dimensional models of WT and mutated CRYBA4 and PAX6 proteins. (A) CRYBA4 WT and CRYBA4 p.F57L mutation. (B) PAX6 WT and 
PAX6 splicing mutation. The locations of the mutations are indicated by rectangles. CRYBA4, β-crystallin A4; PAX6, paired box 6; WT, wild-type.

Table III. Mutations in myosin heavy chain 9 associated with congenital cataracts.

Amino acid changes Mutation type Family origin Pattern of inheritance (Refs.)

p.E1066_A1072del  Deletion Japanese AD Aoki T et al (23)
p.E1066_A1072del  Deletion Italian AD Seri et al (24)
p.E1066_A1072del  Deletion Japanese AD Miyazaki et al (25)
p.Q1068_L1074 del  Deletion French AD Saposnik et al (26)
p.E1066_A1072dup  Duplication Italian AD De Rocco D et al (27)
p.D1424N Substitution Japanese AD Wasano K et al (28)
p.E1841K Substitution Sweden AD Zetterberg E et al (29)
p.V1560G Substitution Sweden AD Zetterberg E et al (29)
p.R1165C Substitution Japanese AD Okano S et al (30)
p.V34G Substitution Italian AD De Rocco D et al (31)
p.R702S Substitution Italian AD De Rocco D et al (31)
p.M847_E853dup Duplication Italian AD De Rocco D et al (31)
p.K1048_E1054del Deletion Italian AD De Rocco D et al (31)
p.D1447Y Substitution Italian AD De Rocco D et al (31)
p.R1162T Substitution Italian AD Vettore S et al (32)
p.V1516M Substitution Italian AD Pecci A et al (33)
p.R1557L Substitution Italian AD Pecci A et al (33)

AD, autosomal dominant.

Table IV. Mutations in β-crystallin A4 associated with congenital cataracts.

Amino acid changes Mutation type Family origin Pattern of inheritance (Refs.)

p.L69P  Substitution India  AD Vanita V et al (37)
p.F94S  Substitution India  AD Vanita V et al (37)
p.G2D Substitution China AD Kumar M et al (38)
p.D3Y  Substitution Honduras AD Kumar M et al (38)
p.L11S  Substitution Denmark AD Kumar M et al (38)
p.T19M  Substitution India  AD Kumar M et al (38)
p.V28M  Substitution India  AD Kumar M et al (38)
p.F32L  Substitution China AD Kumar M et al (38)
p.R33L  Substitution India  AD Kumar M et al (38)
p.V44M  Substitution China AD Kumar M et al (38)
p.V44M  Substitution USA AD Kumar M et al (38)
p.W45S  Substitution China AD Kumar M et al (38)
p.D47N  Substitution China AD Kumar M et al (38)
p.P59L Substitution USA AD Kumar M et al (38)
p.A9V  Substitution China AD Zhai Y et al (18)
p.G147V  Substitution Pakistan AD Chen J et al (39)

AD, autosomal dominant.
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genes analyzed, targeted exome sequencing to identify the 
mutations of the probands and Sanger sequencing for the 
remaining patients are highly efficient and economical (41). 
Of note, future studies will be performed in co-operation 
with the Reproductive Medicine Center of Peking University 
Third Hospital (Beijing, China) to develop potential prenatal 
diagnostic strategies to inhibit the effects of pathogenic 
mutations.

In addition, more information should be obtained to verify 
whether the cataracts caused by these mutations are progres-
sive; however, it may not be possible to investigate certain 
features of the phenotypes of the affected individuals in the 
families in the future, as patients may undergo surgery to 
eliminate cataracts.
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