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The etiology of strabismus has a genetic component. Our study aimed to localize the candidate causative gene
mutant in a Chinese family with strabismus and to describe its underlying etiology.

Genomic DNA was extracted from the affected individual and his parents in a Chinese pedigree with strabis-
mus. The resulting exomes were sequenced by whole-exome sequencing. After variant calling and filtering, the
candidate causative gene mutations were selected for the rarity and predicted damaging effect, which com-
plied with the model of recessive disease transmission.

We examined a Chinese strabismus pedigree with the parents unaffected and 2 offspring affected. Whole-
exome sequencing and bioinformatics filtering identified 2 variants including Abelson helper integration site 1
(AHI1) gene and nebulin (NEB) gene. The variant in the AHI1 gene, c.A3257G (p.E1086G), and the altered ami-
no acid had a damaging effect on the encoded protein predicted by Polyphen2. Moreover, this change was lo-
cated in the conserved SH3 domain of AHI1. Biallelic pathogenic variant in AHI1 gene can cause Joubert syn-
drome-related disorders with oculomotor apraxia characteristics. Additionally, c.A914G mutation was found in
nebulin (NEB) gene. Therefore, we concluded that AHI1 ¢.3257A>G and NEB c.914 A>G were potential causal
variants in this strabismus pedigree.

We detected an AHI1 homozygous mutation in the affected individual. Whole-exome sequencing is a power-
ful way to identify causally relevant genes, improving the understanding of this disorder.
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Background

Strabismus, also referred to as squint, presents as a misalign-
ment of the eyes. It affects 1% to 4% of the population and af-
fects males and females equally [1]. Strabismus is also a feature
of several syndromes, such as congenital fibrosis of extraocular
muscles, Duane retraction syndrome, and chronic progressive
external ophthalmoplegia. Exotropia is a common subtype of
strabismus that is most prevalent in children [2]. Population-
based studies show that the familial clustering of strabismus
has been observed, and the incidence of specific types of stra-
bismus differs, in different racial groups, which suggests that the
etiology of strabismus has genetic factors [3-8]. The prevalence
of intermittent exotropia was 3.24% in studies in China [2,9,10].

Michaelides et al. studied the genetics of strabismus and found
that it was related to mitochondrial cytopathies and cranial nerve
misrouting, which indicated that strabismus has a significant
genetic component [11]. However, significant genetic hetero-
geneity makes it difficult to determine the mode of inheritance
and the relevant causative genes. In a large family with nonsyn-
dromic strabismus, Parikh et al. found a presumptive strabismus
susceptibility locus to chromosome 7p22.1 with a multipoint
LOD score of 4.51 under a model of recessive inheritance. In
6 other multiplex families, linkage to 7p was not observed [1].

Several studies have identified the causative gene mutations
associated with strabismus-related disorders, such as congen-
ital stationary night blindness [12], intellectual disability [13],
and Kaufman oculocerebrofacial syndrome [14]. However, the
identity of the strabismus susceptibility genes has been enig-
matic and the genetic mechanisms involved in the pathogen-
esis of strabismus remain poorly understood [15]. Mutation
screening of candidate genes may be necessary to localize
genes that predispose humans to strabismus.

Exome sequencing is a powerful and cost-effective tool for dis-
secting the genetic basis of diseases [16-18]. In the present
study, we investigated a Chinese strabismus pedigree with the
parents unaffected and 2 offspring affected. By whole-exome
sequencing, we identified 2 mutations c.A3257G (p.E1086G)
in AHI1 and c.A914G in NEB as the most likely causative mu-
tations of the disorder. Of interest, biallelic pathogenic vari-
ant in AHI1 gene can cause Joubert syndrome-related disor-
ders with oculomotor apraxia characteristics.

Material and Methods

Study subjects

We examined a typical 2-generation strabismus pedigree re-
siding in the Shandong province of China. The proband was a
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15-year-old boy who was diagnosed with exotropia. His sister
also had exotropia, and both shared common characteristics.
The boy was affected with comitant exotropia (l11) (Figure 1A).
The amount of tropia was —40A (near) and —40A (far). Eye ex-
aminations focused on the measurement of visual acuity (un-
aided and best-corrected) and refractive status. Refractive error
status was emmetropia. His unaided visual acuity was 1.0 in
the right eye and 1.0 in the left eye. The proband’s sister was
also diagnosed with comitant exotropia (112) (Figure 1A). The
amount of tropia was —35A (near) and —35A (far). The refrac-
tive status was myopia. Her best-corrected visual acuity was
VOD1.0 and VOS1.0. Moreover, neither of them had any oth-
er symptoms such as nystagmus or Joubert-like symptoms or
any sign of hypotonia or vision/retinal. Additionally, their par-
ents, grandparents, and maternal grandparents were unaffect-
ed. Their refractive state was emmetropia and the eye posi-
tion was normal. Their unaided visual acuity was VOD1.0 and
VO0S1.0. None of them suffered from other congenital disor-
ders. Based on these findings, we considered that the etiolo-
gy of strabismus in this family had a genetic factor. Therefore,
the proband and his parents were enrolled for exome sequenc-
ing screening (Figure 1A).

For the purpose of biological investigations, consent forms were
signed by all enrolled study subjects. The study was approved
by the Ethics Committee of the Affiliated Hospital of Qingdao
University (2015-012) and complied with the Declaration of
Helsinki principles.

Exome sequencing and variant calling

Venous blood was drawn from the affected individual (II-1)
and 2 unaffected individuals (11 and 12) within the examined
strabismus pedigree, then stored in tubes containing EDTA.
All DNA samples were prepared from the venous blood of the
available patients by standard procedures. The qualified ge-
nomic DNA was used to perform exome target enrichment
using the Agilent SureSelect Human All Exon 50Mb Exon kit
(Agilent Technologies, Santa Clara, CA, USA). The captured
whole exomes were sequenced on the platform of Illumina
HiSeq 2500 Sequencer (Illumina, San Diego, CA, USA). For each
sample, sequencing reads with paired-end 125-bp long and
mean coverage of 100X was generated.

After filtering the adapter, contaminating reads and low-qual-
ity reads, the clean paired reads were then mapped to refer-
ence human genome sequence (hgl9) using the Burrows-
Wheeler Alignment tool (BWA) [19], generating the sequence
alignment/map (SAM) file. PCR duplicate reads were further
marked and removed using the Picard software program (ver-
sion 1.07). Genome Analysis Toolkit (GATK) [20] and MuTect
software [21] were used to detect the single-nucleotide variants
(SNVs), insertions, and deletions within genome-wide regions.

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS] [Index Copernicus]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

1720




Min X. et al.:
Mutations involved in strabismus
© Med Sci Monit, 2017; 23: 1719-1724

CLINICAL RESEARCH

A
O
n 12
L,
H O
n 112
C
0 125 250 375 500
Quercy seq.
Specific hits
Superfamilies
Multi-domains

p.E10866
Himan RVFFKDNEDWWYGSIGK

Rhesss RVFFRDNEDWWYGSIGK
Mouse RVYFKDNEDWWYGSVRK
Do RVFFKDNEDWWYGSIGK
Eephant RVFFKDNEDWWYGSVGK

p.E10866

ﬁ]ZS 1196

625 750 875 1100

WDA40 repeat <—> _WD40 repeat <—>
D40 rweat = WD40 repeat<—>
D40 repeat—>

structural tetrad

eptide ligand binding site
peptide lig 9 i3

WD40 superfamily {SHsu

Figure 1. (A) Pedigree for the Chinese family with strabismus. Individuals I: 1, I: 2 and ll: 1 underwent exome sequencing. The arrow
indicates the proband. W: whole-exome sequencing. (B) The affected amino acid residue is highly conserved across species.
(€) Conserved domains in AHI1. The mutation c.A3257G (p.E1086G) was located in the SH3 domain of AHI1.

Variants filtering

To obtain the important candidate genes, the resulting vari-
ants were annotated and filtered systematically. The program
ANNOVAR (http://www.openbioinformatics.org/annovar/) was
used to annotate the variants of the information from vari-
ous genetic variation databases [22]. Based on the reported
variant frequencies, the common variants were first excluded
with the minor allele frequency (MAF) greater than 0.01 rep-
resented in the 1000 Genomes Project. According to the vari-
ant location within genes, the variants in the coding region
were given higher priority, and the variants that altered the
coding sequence (nonsynonymous) were selected. The dele-
teriousness of selected variants was subsequently predict-
ed by various bioinformatics programs (SIFT, Polyphen2, LRT,
MutationTaster, MutationAssessor, FATHMM, and RadialSVM,
LR), and the variants were retained whose changes to the pro-
tein were damaging. According to the autosomal recessive in-
heritance pattern, only the variants which were homozygous
in the affected individual and heterozygous in the unaffected
members were screened. Moreover, we required at least 5X
sequence coverage at any given position for genotype calling.

Sanger sequencing for candidate variants
After the systematic filtering, the remaining variants were

confirmed by Sanger sequencing. Genomic DNA was prepared
from peripheral blood samples of the original 3 individuals

who underwent exome sequencing and 5 additional sporadi-
cally affected individuals. Primer-Premier 5.0 (PREMIER Biosoft
International, Palo Alto, CA, USA) was used to design oligo-
nucleotide primer sets for the variants from whole-exome se-
quencing. PCR reactions and Sanger sequencing were per-
formed by Majorbio Company (Shanghai, China).

In silico analysis

Conservation of affected residue was analyzed using the UCSC
Genome Browser (http://genome-asia.ucsc.edu/index.html) and
visualized using MEGA7.0. The protein conserved domains
were further identified using the Conserved Domain Search
Service (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).

Results

Genetic analysis

Genomic DNA from I: 1, I: 2 and Il: 2 were analyzed by whole-
exome sequencing (WES). For each sample, an average of 9.67
Gb raw data were generated with paired-end 125-bp length.
After raw-data filtering, we obtained 9.51 Gb clean data. Above
99% clean reads were then aligned to the human reference se-
quence (hgl9) (Table 1). A total of 567 705 single-nucleotide
variations (SNVs) were identified by variant detection with the
Genome Analysis Toolkit (GATK) and MuTect software.
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Table 1. Summary of exome sequencing data.
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Target region Target region

Raw data Clean data Map bases rate Coverage
(Gb) (Gb) %) map bases map bases rate %)
(Gb) (%)
Father 9.44 9.29 99.16 498 53.61 81.31 88.32
Mother 10.57 10.40 99.09 5.81 55.87 81.43 102.75
Proband 9.00 8.85 99.15 4.80 54.24 81.55 84.78
Average 9.67 9.51 99.13 5.20 54.57 81.43 91.95

Among the variants identified by WES, we first removed vari-
ants with minor allele frequency >0.01 in the 1000 Genomes
Project, resulting in 118 542 variants, and 3191 variants were
located in the exonic region. Further filtering of synonymous
variants led to 1851 loss-of-function variants, which altered
the coding sequence and were more likely associated with the
disease. Based on the recessive-inherited mode of the stra-
bismus pedigree, only 2 SNVs fulfilled our filtering criteria: c.
914A-G mutation in NEB (Chr2: 151485334..151734487) and
€. 3257A-G mutation in AHI1 (Chré: 135283972..135497775).
The proband of Il: 1 was homozygous for these mutations,
and his clinically unaffected parents were heterozygous for
these variants. Variant frequencies were 0.0228 for mutation
in NEB and 0.0357 for mutation in AHI1 in the population of
East Asian ancestry from the 1000 Genomes Project.

The ¢.3257A-G mutation in AHI1 resulted in p.1086E-G
change, which was predicted to be damaging by Polyphen?2.
We searched the literature and found that biallelic pathogen-
ic variants in AHI1 gene were identified in individuals with
Joubert syndrome-related disorders, which are characterized
by cerebellar ataxia, oculomotor apraxia, hypotonia, neona-
tal breathing abnormalities, and psychomotor delay [23]. It is
reported that the expression of NEB is remarkably decreased
in strabismic extraocular muscles compared to normal mus-
cles [24]. Therefore, we considered ¢.3257A-G mutation in AHI1
and c.914A-G mutation in NEB as the most likely causal vari-
ants in this strabismus pedigree.

Sanger sequencing of the candidate causative variants

To further confirm the variants of ¢.3257A-G mutation in AHI1
in strabismus, Sanger sequencing was performed in 10 indi-
viduals with the basic type of strabismus and in 3 healthy in-
dividuals. The sister of the proband was also enrolled. The re-
sults showed that the mutation was not observed in other
individuals with strabismus, indicating the genetic heteroge-
neity of strabismus. However, the mutation was found to be
a homozygous mutation in his sister, which was consistent
with the proband.

Mutation of AHI1 gene

The protein in 1086 locus of AHI1 protein sequence is highly
conserved across species (human, rhesus monkey, mouse, dog,
and elephant). However, we found the rare mutation of ¢.3257A-
G in AHI1 (p.E1086G) (Figure 1B) in this study. Searching for
conserved domains within the AHI1 protein indicated that the
altered amino acid residue (p.E1086G) was located in the con-
served Src Homology 3 (SH3) domain of AHI1 (Figure 1C). SH3
domains are protein interaction domains that bind to proline-
rich ligands with moderate affinity and selectivity, and bind pref-
erentially to PxxP motifs. They play versatile and diverse roles
in the cell, including the regulation of enzymes, changing the
subcellular localization of signaling pathway components, and
mediating the formation of a multiprotein complex assembly.

Discussion

Strabismus is characterized as a misalignment of the eyes,
which is also a feature of several syndromes such as congen-
ital fibrosis of extraocular muscles [1]. Family studies suggest
that there is a strong genetic component to the etiology of
strabismus [1,6-8]. Genetic mechanisms of strabismus patho-
genesis remain poorly understood [15]. The advent of whole-
exome sequencing technologies is a well-justified strategy for
discovering candidate causative genes underlying genetic dis-
ease phenotypes. In this study, we aimed our efforts in this di-
rection, and whole-exome sequencing was performed on the
affected individual and his parents in a Chinese strabismus
pedigree, identifying 2 mutations in the genes of AHI1 and
NEB, which may be associated with strabismus. Additionally,
we detected the AHI1 homozygous mutation in the affected
individual in this study.

The inheritance patterns of strabismus are complex and are
associated with complex sensory and motor pathways in the
retina, thalamus, visual cortex, and brainstem [25-27]. Herein,
genetic analysis was conducted on a Chinese strabismus ped-
igree, and a mutation in AHI1 was identified. AHI1 encodes
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Abelson helper integration site 1. The structure of the AHI1
gene contains at least 33 exons and spans 213.7 kb [28]. This
gene mutation causes specific forms of Joubert syndrome-re-
lated disorders [29]. Genomewide screening of 5 pedigrees
with autosomal recessive Joubert syndrome-3 identified 3 in-
dependent mutations in the AHI1 gene [30]. Using next-gen-
eration sequencing, Najmabadi also identified homozygosity
for a nonsense and a missense mutation in the AHI1 gene in
affected members of 2 families with Joubert syndrome-3 [31].
Pathogenic variants in AHI1 were identified in 7.3% of 137
persons with Joubert syndrome [32]. Moreover, about 80% of
them had retinal dystrophy [33]. AHI1 expression is required
for the development of cerebellar and cortical structure, and
its missense and frameshift mutations were identified in fam-
ilies with Joubert syndrome plus cortical polymicrogyria [34].
Additionally, Joubert syndrome has been reported to be ge-
netically heterogeneous with mutations in AHI1, suggesting
that this genotypic variant of Joubert syndrome may be re-
lated to functional abnormalities of the cerebellum and brain
stem [35,36]. Our AHI1 variant may play important roles in the
pathology of strabismus.

The AHI1 protein includes a SH3 domain, a coiled-coil domain,
and 6 WD40 repeats. The AHI1 mutations occurred in a pheno-
type-specific group of Joubert plus retinal abnormalities, and
most of the mutations abolished all of the SH3 domain [32].
Consistent with that, we also found that the altered amino
acid residue (p.E1086G) was located in the conserved SH3
domain of AHI1, suggesting its potential roles in strabismus.

Previous studies reported that approximately 15-20% of stra-
bismus was associated with global central nervous system
(CNS) defects rather than with ocular disorders [27,37,38].
Additionally, Doherty et al. found that the strabismic patients
had anomalous retinal correspondence [39]. It has been sug-
gested that the ipsilateral non-decussating projection from
the temporal retina is suppressed in strabismus [40], indicat-
ing that the CNS and retina play an important role in the pa-
thology of strabismus. Functional studies on mice showed
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that ahil-null mice had defects of retinal outer segment mor-
phogenesis and mislocalization of opsin in photoreceptors,
which contributed to the loss of photoreceptors [41]. The pro-
tein encoded by AHI1 (also termed jouberin) is involved in ca-
nonical Wnt signaling. Lancaster found that ahil-mutant mice
showed cerebellar hypoplasia and the Wnt reporter activity in
the developing cerebellum was decreased [42]. Wnt signaling
may participate in the early development of extraocular mus-
cles [43]. These findings suggest that our variant in AHI1 may
contribute to strabismus phenotype in this Chinese pedigree.

In this study, we also found another mutation in NEB gene.
NEB encodes nebulin, which accounts for 3% to 4% of the to-
tal myofibrilla protein and regulates the length of actin fil-
aments and contraction strength [44-46]. Mutations in this
gene are associated with recessive nemaline myopathy [47].
It has been reported that NEB has significantly down-regulat-
ed expression in strabismic extraocular muscles compared to
normal muscles [24], which further demonstrates the relation-
ship between NEB and strabismus.

Conclusions

Our results defined 2 relevant genes, AHI1 and NEB, that may
predispose to strabismus, possibly through an additive effect.
Our finding revealed the high degree of genetic heterogene-
ity inherent in the strabismus phenotype, as demonstrated by
Parikh et al. [1], who discovered that the presumptive strabis-
mus susceptibility locus to chromosome 7p22.1 was not pre-
sented in 6 other multiplex families. We conclude that this
Chinese strabismus pedigree best fits a model of autosomal
recessive disease transmission. Further research is needed to
better understand this disorder.
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