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ABSTRACT. Congenital cataract is a common cause of blindness in
children; however, its pathogenesis remains unclear. Genetic factors
have been shown to play an important role in the pathogenesis of
congenital cataract. The current genetic models of congenital cataract
include autosomal dominant, autosomal recessive, and sex-linked
inheritance. Sex-linked congenital cataract could be inherited through
the X or Y chromosome. Congenital cataract is a symptom associated
with several X-linked disorders, including Nance-Horan syndrome,
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Lowe syndrome, Conradi-Hiinermann-Happle syndrome, oculo-facio-
cardio-dental syndrome, and Alport syndrome. On the other hand, the
mechanism and characteristics of Y-linked congenital cataract remains
to be identified. Despite its rarity, sex-linked congenital cataract has been
known to seriously affect the quality of life of patients. In this review, we
present our current understanding of the genes and loci associated with
sex-linked congenital cataract. This could help identify novel approaches
for the prevention, early diagnosis, and comprehensive disease treatment.

Key words: Congenital cataract; Sex-linked inheritance; Genes; Loci;
Sequencing

INTRODUCTION

Congenital cataract is a serious disorder affecting lens development, and the second
largest cause of blindness in children (Reddy et al., 2004). Clinical symptoms of cataract
include the manifestations of visual loss and amblyopia, and may appear in children at birth or
during early childhood. One to six of 10,000 newborns in developed countries and 5-15/10,000
newborns in developing countries are afflicted with congenital cataract (Kumar et al., 2013).
Genetic factors are known to play prominent roles in the pathogenesis of congenital cataract.
Moreover, congenital cataract has significant genetic heterogeneity, with the genetic models
ranging from autosomal dominant (Kong et al., 2015) and autosomal recessive to and sex-
linkage inheritance. However, the pathogenesis of this disorder remains to be elucidated.

Despite the large number of reviews on congenital cataract, none have focused on sex-
linked congenital cataract. In this review, we have provided a brief overview of the advances
in sex-linked congenital cataract research.

Sex-linked congenital cataract could be inherited through the X- or Y-chromosome.
X-linked congenital cataract is characterized by syndromic congenital cataract along with a
combination of other systemic abnormalities, such as mono-ocular or bi-ocular lens opacity,
mental retardation, urinary system abnormalities, or hearing impairment (Mihelec et al.,
2008). This abnormality is relatively rare, but has a serious impact on the quality of life of
affected patients. Congenital cataract is a symptom observed in several X-linked disorders
such as Nance-Horan syndrome, Lowe syndrome, oculo-facio-cardio-dental syndrome, Alport
syndrome, and Conradi-Hiinermann-Happle syndrome (Shiels et al., 2010), among others.
The chromosome localization and genes involved in congenital cataract in these syndromes
are summarized in Table 1. On the other hand, Y-linked congenital cataract primarily affects
people with a French pedigree (Feingold et al., 1979).

Table 1. X-linked genes and loci responsible for syndromic congenital cataract.

Syndrome Gene Chromosome
Nance-Horan syndrome NHS Xp21.1-p22.3
Lowe syndrome OCRLI Xq26.1
Conradi-Hiinermann-Happle EBP Xpl1.22-p11.23
Oculo-facio-cardio-dental BCOR Xpll.4
Alport syndrome COL445 Xq21-q22

NHS, NHS actin remodeling regulator; OCRLI, oculocerebrorenal syndrome of Lowe 1; EBP, emopamil-binding
protein; BCOR, BCL6 corepressor; COL4AS5, collagen type IV alpha 5.
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STRATEGIES FOR GENE IDENTIFICATION

The methods used currently in genetic research include linkage analysis, exon
sequencing, and whole exon sequencing (WES), which are subsequently described.

Linkage analysis

Linkage analysis is a method based on familial studies, and is mainly used for the
analysis of single gene genetic diseases. This method helps in screening for candidate gene
loci of sex-linked congenital cataract. However, it has certain limitations: the efficiency of
small family analyses is very low, if it is carried out based on the LOD value. The loci in
the Xp22.31-p22.13 region associated with Nance-Horan syndrome was refined by linkage
analysis (Toutain et al., 1997).

Exome sequencing

Exome sequencing is used to analyze the existence of base variations and genotyping
via the DNA capture of the exome region. This technique is of great value in the study of the
mutation sites in known disease genes. This method is simple, fast, of high resolution, and
produces relatively long sequence fragments. Tug et al. (2013) reported a new frameshift
mutation c.558insA (p.E186Efs11X) in exon 1 of NHS in related Turkish Nance-Horan
patients by screening for, and sequencing, NHS using this method.

WES

WES is a genomic analysis method used in high throughput sequencing. This method
is based on exome sequencing, with an added advantage of positional cloning. It is often
used in the identification of causative genes and mutations of various diseases, including
melanoma, urinary tract tumor, Parkinson’s disease, primary microcephaly, diabetes,
and congenital anomalies in the kidneys and urinary tract (Huang et al., 2014; Kosfeld et
al., 2015). Furthermore, WES is also used to determine the pathogenesis of intellectual
disabilities, original dwarf disease, as well as the formation of idiopathic pulmonary arterial
hypertension (Retterer et al., 2015). It is also of great value in locating the causative gene of,
and rare mutations in, diseases afflicting small families and sporadic cases, because of its high
efficiency. Hong et al. (2014) compared 3 male patients with, and 2 female carriers of, Nance-
Horan syndrome in four generations of a Chinese family and in 2 normal male controls, using
WES in combination with Sanger sequencing, and successfully identified a new mutation
¢.322G>T (E108X) in exon 1 of NHS correlated with Nance-Horan syndrome in these patients.

X-LINKED GENES AND LOCI CAUSING SYNDROMIC CONGENITAL
CATARACT

Nance-Horan syndrome

Nance-Horan syndrome, first reported by Nance et al. (1974) and Horan and Billson
(1974), is an X-linked recessive disorder characterized by syndromic congenital cataract and
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dysplasia in several systems, including the dental and craniofacial systems. The syndrome is
also known as cataract-ear-tooth syndrome. Male patients with this disease present serious
congenital cataracts in both eyes, resulting in visual loss, accompanied by congenital small
cornea, small eyeballs, eyeball tremor, long and narrow facial appearance, protruding ears,
and serrated teeth. Additionally, 30% of all patients display mental retardation. In comparison,
females present a lens change to medium distant and show a point- or coral-like opacity about
the Y crack, although their vision may not be affected (Florijn et al., 2006).

Evidence suggests that mutations in the NHS gene, located at Xp21.1-p22.3, could
be associated with the Nance-Horan syndrome (Tug et al., 2013). This gene, comprising 10
exons, encodes at least 4 isoforms (subtypes) of the NHS protein: NHS-A consists of 8 exons
that encodes a 1630-aa protein, and a large 350-kb intron; NHS-B, transcribed by exon 1b and
translated by exon 4, encodes a 1335-aa protein; NHS-C, transcribed and translated by exon
la, encodes a 1453-aa protein, and NHS-14, transcribed by NHS-a-like exon 1, encodes a
1651-aa protein. NHS-A and NHS-1A are the two major subtypes that play a regulatory role
in actin remodeling. NHS maintains the cytoskeleton by maintaining the integrity of the actin
ring and controlling the actin formation (Tug et al., 2013).

The studies conducted on Nance-Horan syndrome have so far reported 33 mutations
in NHS. Recently, Khan et al. (2012) identified a novel mutation p.Lys744AsnfsX15 in NHS
in 7 patients with the Nance-Horan comprehensive syndrome pedigree, presenting congenital
cataract. This mutation was identified in four female patients with Y center lens opacity, and
in 2 female and 3 male asymptomatic patients, implying that this is not a causative mutation
of Nance-Horan syndrome. Hong et al. (2014) reported a new mutation ¢.322G>T (E108X) in
exon | of NHS, located in a highly-conserved region in the NHS protein. This mutation results
in the conversion of a codon for glutamate to a termination codon, changes in the cellular
location of NHS, degradation of NHS mRNA, and truncations in the NHS protein. This
suggested that this mutation could be related to the pathogenesis of Nance-Horan syndrome.
Li et al. (2015) identified a new 1-bp deletion in exon 4 of NHS [¢.852delG(p.S285PfsX13)],
by using an exon capture technology and high-throughput sequencing. Previous studies have
expanded the NHS mutation spectrum, providing a foundation for the clinical diagnosis of
Nance-Horan syndrome.

Lowe syndrome

Lowe syndrome, or the eye-brain-kidney syndrome, is a rare X-linked recessive
syndrome affecting multiple systems, with a morbidity rate of 1/200,000-1/500,000 at birth
(Recker et al., 2015). This syndrome is clinically characterized by dysplasia of the eye,
congenital cataracts, and infantile glaucoma, leading to visual loss. Additionally, children
afflicted with this syndrome present neurological handicaps, including hypotonia and
hypophrenia. Additional characteristics include defects in the renal tubular function, vitamin
D deficiency (rickets), and scoliosis. Congenital cataract can also be developed during the
early stages of pregnancy, in association with the Lowe syndrome (Loi, 2006).

Mutations in OCRLI, a member of the inositol-5-phosphatase family located at
chromosome Xq26.1 and consisting of 24 exons, is believed to be associated with the
development of Lowe syndrome (Attree et al., 1992). Exon 1 is the noncoding region of this
gene, while exon 2-23 are coding regions that regulate protein polymerization, cell migration,
and cell-cell interactions. This gene also plays an important role in the development of
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renal tubules, lens, and the brain. Although OCRLI is widely expressed in different tissues,
its expression may be defective during the development of the eye, kidney, and central
neurological tissues, among others (Pirruccello and DeCamilli, 2012).

So far, over 200 mutations have been identified in ORCLI, 90% of which are located at
2 hot point regions in exon 1-18 and 19-23. Kanik et al. (2013) reported 2 nucleotide deletions
that resulted in a novel frameshift change (p.Val787GlyfsX788) in exon 22 of ORCLI in a
Turkish family with Lowe syndrome. Meanwhile, Zhang et al. (2013) identified two mutations,
2.1897delT in exon 18 and g.1470delG in exon 15, in two unrelated Chinese patients with Lowe
syndrome. Sugimoto et al. (2014) described a new mutation, 2039T>C (Ser680Phe), in exon 18
of OCRL1, while Liu et al. (2015) identified a new insertion ¢.2367insA (P. Ala813X) in exon 22
of OCRLI in Chinese children with Lowe syndrome by sequencing and bioinformatic analysis.

Oculo-facio-cardio-dental syndrome

Oculo-facio-cardio-dental syndrome, named by Gorlin et al. (1996) and first reported
by Hayward (1980), is an X-linked dominant inheritance syndrome involving multiple systems
that is often fatal in males. This disorder is characterized by congenital cataract, congenital
small eyes, secondary glaucoma, facial deformities, mental retardation, attention deficit
hyperactivity, hearing impairment, and congenital heart disease (Ng et al., 2004).

Mutations in BCOR, located at Xp11.4, are shown to be associated with the oculo-
facio-cardio-dental syndrome. BCOR, which comprises 14 exons, encodes the CO repressor
protein in BLC6, and formats the POZ/zinc pointing transcription repressor in the germinal
center. The protein selectively interacts with the POZ domain of BCL6. BCOR is expressed in
many tissues, including the eyes, teeth, and the nerve canal, and plays an important role in the
regulation of early embryo development (Lozic et al., 2012).

A majority of the BCOR mutations associated with the oculo-facio-cardio-dental
syndrome are frameshift and splice mutations, while a small number are deletion mutations
(Ng et al., 2004). Lozic et al. (2012) reported a new heterozygous mutation, ¢.4438C>T
(p-R1480%*), in exon 11 of BCOR in identical twins with oculo-facio-cardio-dental syndrome
by short tandem repeat analysis and sequencing. Danda et al. (2014) identified a novel
mutation in exon 7 of BCOR, ¢.3490C>T (p.R1164%*), in two Indian sisters with oculo-facio-
cardio-dental syndrome, via sequencing. On the other hand, Di Stefano et al. (2015) identified
an original loss of heterozygosity at a region 2.3-Mb away from Xp11.4, including BCOR and
OTC, in patients with oculo-facio-cardio-dental patients, via high resolution array comparison
(A-CGH). Zhu et al. (2015) identified a novel missense mutation, c.G1619A, in BCOR in
a 7-month boy with oculo-facio-cardio-dental syndrome. p.R540Q was identified to be
associated with the phenotype of oculo-facio-cardio-dental syndrome, indicating that BCOR
might play a major role in the development of oculo-facio-cardio-dental syndrome.

Conradi-Hiinermann-Happle syndrome

Conradi-Hiinermann-Happle syndrome is an X-linked dominant chondrodysplasia
punctate syndrome responsible for abnormalities in the skin, skeleton, and eyes. The main
clinical characteristics of this syndrome include ichthyosis follicularis, skin atrophy, cicatricial
alopecia, short stature, asymmetric limb shorting, craniofacial defects, and congenital cataract,
among others. Braverman et al. (1999) suggested a correlation between the EBP gene and
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morbidity in patients with Conradi-Hiinermann-Happle syndrome.

The 7-kb EBP gene, located at chromosome Xp11.22-p11.23, is composed of 5 exons
that encode the 27-kDa EBP protein, comprising 230 amino acids. This endoplasmic reticulum
protein contains 4 transmembrane domains that participate in cholesterol biosynthesis.
Morice-Picard et al. (2011) reported a new heterozygous missense mutation ¢.199CT in a
French child with Conradi-Hiinermann-Happle syndrome, via sequencing and bioinformatic
analysis. Arnold et al. (2012) identified a position mutation ¢.33C>A in the EBP gene in a
7-year-old boy suffering from Conradi-Hiinermann-Happle syndrome by sequencing analysis.
This mutation (p.Y11X.) was also reported in a female patient displaying the above-mentioned
symptoms. Lambrecht et al. (2014), who analyzed the EBP gene in a female patient with
Conradi-Hiinermann-Happle syndrome, identified a new heterozygous missense mutation
¢.204G>T (p.W68C) at exon 2 of the gene. Ozyurt et al. (2015) further reported an association
between mutations in EBP and Conradi-Hiinermann-Happle syndrome.

Alport syndrome

Alport syndrome, or hereditary nephritis, familial nephritis, or hereditary progressive
glomerulonephritis, is a syndrome with a morbidity rate of 1:5000, and is chiefly characterized
by progressive failure of renal function, sensorineural hearing loss, and congenital cataract.
X-linked dominant inheritance is the most common hereditary model responsible for the
development of Alport syndrome. Patients with X-linked dominant inherited Alport syndrome
present the COL4A5 mutation, while those with autosomal inherited Alport syndrome present
mutations in COL4A3 or COL4A44 (Mochizuki et al., 1994).

COL4AS5, located at Xq21-q22, encodes the a5 chain of type IV collagen. Baikara et
al. (2015) identified a novel mutation G641E in exon 25 of COL4A45 in two Kazakh patients
with Alport syndrome, which was not observed in normal subjects from this family, or in 200
normal control subjects, indicating its significance in Alport syndrome.

Additionally, congenital cataract is a symptom of Norrie syndrome, an X-linked recessive
syndrome, located at the proximal end of Xpll.3 (Fangting et al., 2015). Syndromic congenital
cataract is associated with over 15 X-linked disorders (Shiels et al., 2010). Several studies are
currently in the process of identifying genes and loci related to X-linked congenital cataract.

Y-LINKED CONGENITAL CATARACT

A large number of X-linked disorders have been shown to present congenital cataract;
however, so far, there has been only one report of Y-linked congenital cataract. Therefore, the
existence of Y-linked congenital cataract remains to be conclusively verified (Feingold et al., 1979).

CONCLUSIONS

The clinical manifestations of congenital cataract inherited via the sex chromosomes
are complex and varied, and include abnormal lens function, as well as multiple system
abnormalities. Congenital cataract seriously compromises the quality of life of the patient,
and is a heavy burden to the family of the patient and the society. The genotype-phenotype
relationship of genes associated with X- or Y-linked congenital cataract remains unclear. A
large number of reports focused on sex-linked congenital cataract are case reports because of
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the difficulty in accurate identification of the causative gene. Moreover, the exact pathogenesis
of this disease remains to be elucidated.

The study of causative genes of sex-linked congenital cataract is of great scientific
value and practical significance, as it could help develop techniques for early diagnosis and
effective therapy. The development of molecular genetics and technology has facilitated
extensive investigations into the familial pedigree of congenital cataract via the use of new
sequencing technologies such as whole genome sequencing and WES (Narumi et al., 2014).
Consequently, this allows us to elucidate the pathogenesis of sex-linked congenital cataract
at a molecular level and study the gene-gene and gene-environment interactions, which in
turn could help provide comprehensive patient services. Additionally, this forms a basis for
the development of novel prenatal diagnostic, genetic counseling, and therapeutic strategies,
which would ultimately benefit the patients.
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