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Abstract

Purpose To investigate the potential genetic defects
in a five-generation Chinese family with autosomal
dominant congenital cataract (ADCC).

Methods Whole exome sequencing was performed
to search the variants in the candidate genes associ-
ated with congenital cataract. Sanger sequencing was
used to validate the variants and examine their co-seg-
regation in the patients and their relatives. The poten-
tial effect of the variants was analyzed using several
bioinformatic methods and further examined through
Western blotting and co-immunoprecipitation.
Results A missense variant c. 71 G>T (p. Gly-
24Val) in the CRYBA4 gene, a known ADCC candi-
date gene, was identified to be heterozygously present
in the patients and co-segregate with cataract in the
family. The mutation was absent in all of the searched
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databases, including our in-house exome sequences
of 10,000 Chinese. The alignments of the amino
acid sequences of CRYBA4 in a variety of species
revealed that the amino acid residue Gly24 was evo-
lutionarily highly conserved, and the in silico analysis
predicted that the missense mutation of Gly24Val was
damaging for the protein structure and function of
CRYBAA4. Then, the in vitro expression analysis fur-
ther revealed that the Gly24Val mutation in CRYBA4
inhibited its binding with CRYBB1. The impaired
interaction of p-crystallin proteins may affect their
water-solubility and contribute to the formation of
precipitates in lens fiber cells.

Conclusion We identified a novel missense vari-
ant in the CRYBA4 gene as a pathogenic mutation of
ADCC in a Chinese family. Our finding expanded the
CRYBA4 variation spectrum associated with congeni-
tal cataracts.

Keywords Congenital cataracts - CRYBA4 -
Missense variant

Introduction

Congenital cataract, with a variable prevalence of
0.6-9.3/10,000 live births [1, 2], accounts for 1/10
of the total number of blind eye diseases in children
worldwide [3-5]. Approximately 1/4 of non-syndro-
mic cataracts are inherited, and they are highly heter-
ogeneous in phenotype and genotype [6, 7]. Of them,
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autosomal dominant inheritance is most common,
autosomal recessive and X-linked inheritance are also
reported.

Cataract is caused by the accumulation of insolu-
ble proteins obstructing the light transmission in the
lens of eye [1-3]. Crystallins, acting as the major
structural proteins in the lens, are also the major com-
ponent of insoluble proteins [3—10]. Crystallins con-
taining 40% a-crystallins, 35% p-crystallins and 25%
y-crystallins [10—12] are normally water-soluble pro-
teins. Mutations in crystalline genes would destroy
the insolubility and the structural stability of crystal-
lins and result in opacity of the lens [13—15].

So far, more than 350 variants located in 13 crys-
talline genes have been reported to be associated
with cataracts (Cat-Map; http://cat-map.wustl.edu/,
updated July, 2021) [16]. Among these mutations,
the most are reported in the f-crystallin genes includ-
ing six members of CRYBAI/A3, CRYBA2, CRYBA4,
CRYBBI, CRYBB2, and CRYBB3 [11]. The determi-
nation of the genetic causes of congenital cataract
has significant support for defining clinical diagno-
ses, performing early treatment, and guiding genetic
counseling. In this study, we identified a novel mis-
sense mutation in CRYBAA4 for a five-generation Chi-
nese family with congenital cataract and showed that
the mutation inhibited the formation of heterogeneous
oligomers between CRYBA4 and CRYBBI.

Materials and methods
Subjects

The present study is based on a five-generation
Chinese family that consists of 16 individuals,
including eight affected individuals (Fig. 1A). The
proband (IV:3) was diagnosed with bilateral con-
genital cataract (Fig. 1B) and his eyes were also
amblyopic, strabismal and nystagmic. In addition,
his best corrected visual acuity of both eyes was
0.1. His mother (IIl:3) and son (V:1) were also
diagnosed with bilateral congenital cataract at birth,
showing nuclear and lamellar opacities in both
eyes. All of them underwent surgery shortly after
diagnosis. Other systematic abnormality was not
found in preoperative examinations. The diagnosis
of cataract is based on medical history or the eye
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Fig. 1 Pedigree and variants in a Chinese family with con-
genital cataract A The pedigree showing an autosomal domi-
nant inheritance of congenital cataract in the family. Squares
and circles indicate males and females, respectively. Black
symbols indicate affected individuals and the proband (IV:3) is
indicated by an arrow. The diagonal line indicates a deceased
family member. B Phenotype of nuclear cataract in the patient
(V:1). C Sanger sequencing showing the variants of CRYBA4
in unaffected and affected members in the family

examination performed at the department of oph-
thalmology of West China Hospital, Sichuan Uni-
versity. According to the pedigree, the congenital
cataract in this family is suggested to be autosomal
dominant inheritance. In order to investigate the
genetic variants associated to the congenital cataract
in the family, we collected peripheral blood samples
for genomic DNA analysis from the proband and his
parents, sister and son.

The study followed the tenets of the Declaration
of Helsinki and was approved by the Ethics Com-
mittee of West China Hospital, Sichuan University
[Ethics number: 2019-772]. Written informed con-
sent was obtained from all individuals participating
in our study or their guardians.
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Whole exome sequencing

Genomic DNA was extracted from peripheral blood
of family members using DNeasy Blood & Tissue Kit
(No. 69504, Qiagen, Germany). The trio of preceptor-
parents underwent targeted next-generation sequenc-
ing. The xGen® Exome Research Panel v1.0 (Inte-
grated DNA Technologies, USA) was used to capture
the coding regions of disease-associated genes fol-
lowing standard protocols. Enriched pools are added
to the flow cell and placed on the Illumina NovaSeq
6000 system for 150 bp double-end sequencing con-
figuration. The patient-parents trio, using the high-
throughput sequencing platform Illumina NovaSeq
6000-PE150, had a mean depth of coverage of the tar-
geted regions of 110.5X across all samples, with an
average of 98.77% of targeted regions being covered
by >50x.

The sequence reads obtained for each sample
were automatically aligned to the human refer-
ence sequence (hgl9) and variants were called by
the software on the MiSeq instrument. Annotation
and filtering of variants were done using Variant-
Studio™ software (Illumina, San Diego, CA). All
variants associated with cataract with a population
frequency <0.01 were filtered in a database of 1000
genomes (https://www.internationalgenome.org/), a
comprehensive resource of human genetic and muta-
tional information based on a large number of indi-
vidual genomes. The subsequent variants that were
predicted to alter protein function and fit the genetic
pattern were retained for further analysis. In all avail-
able family members, the candidate pathogenic vari-
ants were validated by Sanger sequencing.

In silico analysis

The related amino acid sequences of multiple spe-
cies were compared using Clustal Omega (http://
www.ebi.ac.uk/Tools/msa/clustalo/) [17]. The evo-
lutionary conservatism of amino acids was analyzed
using ConSurf online software (http://consurf.tau.
ac.il) [18] to calculate the conserved score by a
unique algorithm. Amino acids with scores between
7 and 9 were considered evolutionarily conserved.
The secondary structure of proteins was predicted
using SOPMA online software (https://npsa-prabi.
ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.
html) [19] to predict by five independent algorithms.

To predict whether pG24V affects the conformation
of CRYBA4, homology modeling was performed
using Swiss PDB viewer software [20]. To deter-
mine the effect of variation on protein stability,
we used online software: I-Mutant 2.0 (http://foldi
ng.biofold.org/i-mutant/i-mutant2.0) [21], Mupro
(http://mupro.proteomics.ics.uci.edu/)  [22] and
INPS (http://inpsmd.biocomp.unibo.it) [23]. They
predicted the change of stability by calculating the
change of thermodynamic free energy (AAG) and
the direction of change after single point mutation
of protein: AAG >0 indicated stabilization, while a
negative value indicated destabilization. The effect
of mutation on CRYBA4 solubility was predicted
by GETAREA (http://curie.utmb.edu/getarea.html)
[24] and ProtScale (https://web.expasy.org/prots
cale/) [25]. Finally, the pathogenicity of G24V was
predicted using Mutpred2 (http://mutpred.mutdb.
org/), PolyPhen 2.0 (http://genetics.bwh.harvard.
edu/pph2/) [26] and PROVEAN (http://provean.
jevi.org/index.php) [27]. Mutpred2 is a sequence
homology-based bioinformatics tool that predicts
potential pathogenicity. An amino acid substitution
with a score of >0.5-1 is considered pathogenic.
PolyPhen 2.0 is a widely used supervised machine
learning Naive Bayes classifier. Mutations with
scores above 0.50 are predicted to be pathogenic.
PROVEAN is a sequence homology-based tool
with independently developed algorithms. Muta-
tions with scores over —2.5 are predicted to be
pathogenic.

Plasmid construction

Two CRYBA4 (NM_001886) expression vectors,
pEZ-CRYBA4-M45-eGFP and pEZ-CRYBA4-M46-
eGFP, were constructed with HA and Flag tags,
respectively, according to our previous report [28].
Also, the CRYBBI (NM_001887) expression vector
pEZ-CRYBB1-M45-eGFP with HA tag was con-
structed. To generate the mutant c.71G>T in the
CRYBA4 gene, targeted mutagenesis was performed
using the primers (5-GGCTTCCAGGTCCGGCGG
CACGAGTTCACGGCCGAGTGCC-3, 5'-GTG
CCGCCGGACCTGGAAGCCGTCCTCATCCCA
CACCACCATCTT-3") with Fast Mutagenesis Kit
V2 (Vazyme Biotech, Nanjing, China). All constructs
were sequenced by Sanger sequencing.
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Cell culture and transfection

Human embryonic kidney 293 T (HEK293T) cells
were grown in DMEM high glucose supplemented
with 10% fetal bovine serum (FBS) and maintained
at 37 °C with 5% CO2. Cells were plated into 6-well
plates one day before transfection and grown until
70-80% confluent. The plasmids were transfected
into cells using the ExFect® 2000 Transfection Rea-
gent (Vazyme Biotech). After 48 h of transfection,
cultured HEK293T cells were harvested and lysed in
RIPAII lysis buffer (Beyotime, Shanghai, China) con-
taining a protease inhibitor mixture (Roche, Basel,
Switzerland) at 4 °C.

Western blotting

The supernatant of above cell lysis was subjected
in the SDS-PAGE electrophoresis. Then, proteins
were transferred from the PAGE gels to nitrocellu-
lose membranes. After the nitrocellulose membranes
blocked, they were incubated with rabbit anti-Flag
antibody (Proteintech, Wuhan, China) or rabbit anti-
HA antibody (Proteintech) overnight at 4 °C. Finally,
the membranes were incubated with HRP-labeled
goat anti-rabbit antibody (Sangon Biotech) and then
developed in TMB substrate and visualized with a gel
imager (BioRad, California).

Co-immunoprecipitation (Co-IP)

Considering that the p-crystallins naturally associ-
ate into heterogeneous oligomers [29, 30], we exam-
ined the interaction between the proteins of mutated-
CRYBA4 and CRYBBI through Co-IP methods.
Briefly, the cell lysates were firstly incubated with anti-
HA antibodies or IgG. After that, the immune complex
was enriched and separated with protein A/G magnetic
beads. Finally, the Co-IP proteins were detected by
Western blotting with anti-FLAG antibodies.

Results

Identification of a novel missense variant in the
CRYBA4 gene

Whole-exome sequencing detected 106,281 vari-
ants presented in the proband. Among them, 3896
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non-benign variants were predicted according to
the 2015 American College of Medical Genetics
and Genomics (ACMG) guidelines [31]. Then, the
variants located in the 44 candidate genes known to
cause ADCC were examined. Finally, a heterozygous
missense variant ¢. 71 G>T (p. Gly24Val) in the
CRYBA4 gene and a rare synonymous variant c.183
C>T in the BFSPI gene were selected to be further
investigated.

The BFSPI c.183 C>T variant was heterogene-
ously detected in the affected III:3, IV:3 and V:1(Fig.
S1). Then, the rare variant was further found to be
also presented in the unaffected IV:4 (Fig. S1). Addi-
tionally, using the in silico method of Human Splic-
ing Finder (https://www.genomnis.com/access-hsf)
[32], we did not find any potential splice sites in the
flanking region of the synonymous variant. Therefore,
we excluded the correlation between this synonymous
variation and congenital cataract in this family.

The G24V mutation may affect the stability and
hydrophobicity of CRYBA4 protein

Two online software of Clustal Omega and Con-
Surf revealed that the amino acid residue Gly24 was
evolutionally highly conserved, respectively (Figs.
S2A and S2B). The SOPMA software predicted that
Gly24 was located at the f-turn angle between a-
and b-strand in the Greek Key I Motif of CRYBA4
protein. The present of Gly24 may be critical for
CRYBAA4 structure since the previous studies have
declared that residues between a- and b- strand must
contain glycine or serine at key positions to ensure
the formation of hairpin loops after folding and that
the two hairpin loops are necessary for the stability of
tertiary protein structure [33]. As shown in the Swiss
homology model of CRYBA4 (Fig. 2A-E), the amino
acids of GIn23 and Glul9 flanking Gly24 form only
one hydrogen bond in the hairpin loop between a- and
b-strand of the Greek Key I motif (Fig. 2B). How-
ever, after the change of G24V, the branched chain
of valine may clash the interaction of GIn23 or/and
Glul9 (Fig. 2C-E) and then potentially destabilize the
p-turn. Additionally, the software including I-Mutant
2.0, Mupro and INPS also predicted that G24V may
decrease the stability of CRYBA4 structure.

Since the protein solubility in the lens is directly
related to lens transparency, the software of
GETAREA and ProtScale were applied to predict
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Fig. 2 The three-dimen-
sional model and the varia-
tion spectrum of CRYBA4
A The modeled structure of
CRYBAA4 built by Swiss-
Pdb Viewer 4.0.1. B The
backbone and sidechains of
the hairpin loop between a-
and b-strand of CRYBA4.
C-E Three possible struc-
tures of the hairpin loop
between a- and b-strand in
the mutant G24V protein
(backbone and sidechains).
The alpha-helix is shown in
light red, the beta-chain is
shown in light blue, and the
other structures are shown
in yellow. The gray color

is for carbon atoms, the red
color is for oxygen atoms,
and the blue color is for
nitrogen atoms. The green
dashed lines are hydrogen
bonds and the pink dashed
lines represent conflicts
between atoms. F Sche-
matic of CRYBA4 muta-
tions. CRYBA4 is folded in
four Greek key motifs. The
mutation identified in this
study was highlighted in red

Structure of BA4-crystallin
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the solubility of G24Vmutation. The results showed
that G24V may reduce the average solvent-accessible
surface area of CRYBA4 (Fig. S2D and E), resulting
in the decline of the G24V protein solubility. In addi-
tion, the analysis of Mutpred2 (score: 0.958), Poly-
Phen 2.0(score: 1.0) and PROVEAN (score: -8.54)
also predicted that the G24V mutation of CYRBA4
is probably to cause disease. Taken together, the in
silico analysis revealed that the missense mutation of
Gly24Val was damaging for the protein structure and
function of CRYBA4.

The G24Vmutation of CRYBA4 inhibits its
interaction with CRYBB1

To further examine the potential deleterious effects
of the mutant CRYBA4 proteins of G24V, the
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recombinant wild-type (WT) and mutant G24V pro-
teins were transiently expressed in the HEK293T
cells. The WB analysis showed no significant dif-
ference in the expression levels between WT
CRYBA4 and G24V (Fig. 3A). Considering that
previous studies have showed that the complex
were formed between CRYBA4 and CRYBBI1 [34],
we further investigated the effect of G24V muta-
tion on its interaction with CRYBB1 and observed
that the G24V mutation in GRYBA4 destroyed its
binding activity with CRYBB1. CRYBB1 has been
reported to contribute to the solubility of CRYBA4
[35, 36]. In addition, CRYBBI1 is able to interact
with CRYBA4 and further forms heterodimers [37].
These results indicated that the missense muta-
tion of G24V inhibited the formation of heterodi-
mers between CRYBA4 and CRYBBI, although
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Fig. 3 In vitro expression of the wild—type CRYBA4 and
the mutant G24V proteins A Expression of CRYBA4, G24V
(CRYBA4*) and CRYBBI1 in HEK 293 T cells. The expres-
sion of the blank HA vector (NEG-HA) was used as a negative
control. B Co-immunoprecipitation analysis showing the inter-
action between CRYBA4, G24V (CRYBA4*) and CRYBBI.
Normal human immunoglobulin G (IgG) was used as a nega-
tive control

the expression level and the stability of the mutant
proteins were intact. And this destructed interaction
may contribute to the formation of precipitates in
lens fiber cells, leading to cataracts.

Discussion

The p-crystallin protein contains two structural
domains, each consisting of two highly conserved
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Greek Key motifs, each of which in turn consists
of four reverse parallel f-strands (known as a-,
b-, c- and d- strand) [33, 34, 38]. The stable fold-
ing of the S chains depends on the hydrogen bonds
between the f-strands, and the damage of the hydro-
gen bonds will affect the structural stability of the
protein [39]. Meanwhile, many studies have shown
that CRYBAA4 has low solubility in water and weak
ability to form homodimers [40, 41]. Moreover,
CRYBAA4 readily oligomerizes with CRYBB1 [34],
and the CRYBA4 solubility will be enhanced after
combining with CRYBB1 [35, 42]. In this study,
we uncovered a missense mutation of G24V in the
CRYBAA4 protein in an ADCC family. We found
that the G24V mutation prevents CRYBA4 from
forming a heterodimer with CRYBBI, resulting in
the potential insolubility of mutant CRYBA4 pro-
tein. According to the ACMG guidelines, we specu-
lated that the G24V mutation is pathogenic.

Most of the pathogenic mutations in the crystal-
line genes disrupted the Greek key domains of the
crystalline proteins [43]. So far, 351 pathogenic
mutations have been identified in the crystallin pro-
teins, with the most, 63 in total, in CRYGD. Instead,
CRYBA4 is only responsible for approximately
2.56% of congenital cataracts caused by mutations
in the crystallin genes, 9 in total [44]. Among the
mutations in CRYBA4, six are located in the Greek
Key II motif and the other three are each in the
Greek Key I motif, Greek Key IV motif and NH2-
term (Fig. 3F) [44]. The G24V mutation that we
identified in this study is the second one located in
Greek Key I motif.

In conclusion, we revealed a novel missense vari-
ant ¢.71G>T (p.G24V) in the CRYBA4 gene in a
Chinese ADCC family. The functional analysis con-
firmed that the mutation could result in the impaired
interaction of p-crystallin proteins. Our findings
expanded the variation spectrum of CRYBA4 and
provided the support for clinical diagnoses and
genetic counseling on congenital cataract.
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