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Abstract. Usher syndrome (USH) is an autosomal reces-
sive (AR) multi-sensory degenerative disorder leading to 
deaf-blindness. USH is clinically subdivided into three 
subclasses, and 10 genes have been identified thus far. Clinical 
and genetic heterogeneities in USH make a precise diagnosis 
difficult. A dominant‑like USH family in successive generations 
was identified, and the present study aimed to determine the 
genetic predisposition of this family. Whole-exome sequencing 
was performed in two affected patients and an unaffected rela-
tive. Systematic data were analyzed by bioinformatic analysis 
to remove the candidate mutations via step-wise filtering. 
Direct Sanger sequencing and co-segregation analysis were 
performed in the pedigree. One novel and two known mutations 
in the USH2A gene were identified, and were further confirmed 
by direct sequencing and co-segregation analysis. The affected 
mother carried compound mutations in the USH2A gene, while 
the unaffected father carried a heterozygous mutation. The 
present study demonstrates that whole-exome sequencing is a 
robust approach for the molecular diagnosis of disorders with 
high levels of genetic heterogeneity.

Introduction

Usher syndrome (USH) is an autosomal recessive (AR) inher-
ited disease belonging to the group of retinitis pigmentosa (RP) 
syndromes and is a clinical and genetically heterogeneous 
disease (1,2). Patients with USH usually exhibit progressive 
visual loss, hearing impairment and vestibule dysfunction. 
Clinically, USH is subdivided into three subclasses based on 

the severity and progression of the hearing impairment and 
whether the vestibule invaded. Type 1 USH is the most severe 
form, with the prepubertal onset of progressive RP, profound 
hearing loss and vestibular dysfunction. Type 2 USH is the 
most common type and is less severe, with moderate to severe 
congenital deafness and later-onset RP, but with the absence 
of vestibular dysfunction. Type 3 is the least common type, 
with progressive deafness, adult-onset RP, hypermetropic 
astigmatism and a variable impairment of vestibular function. 
Currently, 10 genes that are associated with this disease have 
been identified, and three loci have been mapped in human 
chromosomes (http://www.retinogenetics.org).

Thus far, increasing attention has been paid to the molec-
ular diagnosis of USH. The Sanger sequencing of the coding 
region, a traditional approach, is reliable and provides an 
easy strategy to determine the genetic causes of a disease (3). 
However, Sanger sequencing is not always affordable due to 
the large number of coding fragments. A USH genotyping 
microarray based on arrayed primer extension technology 
was used to simultaneously screen multiple known sites; 
however, it was unable to detect new mutations, insertions 
or deletions (Indels) (4,5). Custom-designed targeted exome 
sequencing is a high-throughput and cost-effective method 
that permits the screening of a number of previously targeted 
coding regions (6,7). To cover full coding regions in the human 
genome, whole-exome sequencing has been developed to 
facilitate the discovery of novel disease genes (8).

In the present study, a pseudo-dominant pedigree of USH 
was identified, which presented as dominant heritance, in 
patients over two successive generations. As all of the known 
genes are a recessive trait, we speculated that a novel causative 
gene in the dominant pattern was mutated in this family. To 
determine the genetic predisposition, whole-exome sequencing 
was applied and one novel and two known USH2A mutations 
were identified that successfully explained the genetic archi-
tecture in this family.

Materials and methods

Subject recruitment. The study was carried out in adherence to 
the tenets of the Declaration of Helsinki and was approved by 
the Ethics Committee of the Eye Hospital of Wenzhou Medical 
University (Wenzhou, Zhejiang, China). All the study subjects 
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were fully informed, and consent was obtained. In the study, 
five individuals, including two males and three females, from a 
Chinese family exhibited phenotypic features that were consis-
tent with USH and a pseudo-dominant inheritance pattern 
from the Division of Ophthalmic Genetics at the Eye Hospital 
of Wenzhou Medical University. The clinical diagnosis of USH 
was based on typical visual loss due to RP and progressive 
hearing impairment. Comprehensive ophthalmic tests were 
performed on each patient, including tests of visual acuity, 
fundus photography, optical coherence tomography, electro-
retinography (ERG) and perimetry. The primary complaints 
from patients were night blindness, visual field restriction and 
hearing loss, in addition to typical symptoms, including bone 
spicule-like pigmentation, retinal vessel attenuation and waxy 
disc pallor in the fundus. A more detailed family history was 
obtained via personal interviews with the patients and family 
members (Fig. 1). Peripheral blood samples were collected 
following informed consent from all five of the subjects. Three 
genomic DNA samples, including samples from two affected 
individuals (II:2 and III:1) and one unaffected individual (II:1), 
were selected for whole-exome sequencing, and two samples 
from affected individuals (III:4 and II:10) were tested for 
mutation validation using Sanger sequencing.

DNA preparation. Genomic DNA was extracted from leukocytes 
using the TIANamp Blood DNA kit (Tiangen, Beijing, China) 
according to the manufacturer's instructions. The DNA concen-
tration was quantified using a spectrophotometer (NanoDrop 
1000; Thermo Fisher Scientific, Waltham, MA, USA).

Whole‑exome sequencing. The library was prepared and the 
exome was captured using the Illumina HiSeq 2000 platform 

based on the manufacturer's instructions (9). In brief, a 
minimum of 3 µg genomic DNA was sheared, end-repaired 
and ligated with special devices. The genomic DNA of each 
subject was sheared into fragments ranging from 350-400 base 
pairs. Following adaptor ligation, the library was amplified 
according to standard Illumina protocols, and the polymerase 
chain reaction (PCR) product was validated using the Agilent 
Bioanalyzer (Santa Clara, CA, USA). Capture enrichment was 
performed by twice hybridization and washing using specially 
designed capture probes and streptavidin beads; subsequently, 
the exome-targeted DNA library was enriched. In short, PCR 
was used to amplify the enriched library, as in the previous 
step. Subsequent to the final product being amplified and vali-
dated, the library was enriched for sequencing on the Illumina 
HiSeq 2000 sequencer.

Sequencing data analysis. Following sequencing on the Illumina 
HiSeq 2000 platform, the primary data were processed to retrieve 
high-quality reads using the SolexaQA package and the cutadapt 
program (http://code.google.com/p/cutadapt/). The clean sequence 
reads were aligned to the reference human genome (hg19) using 
the SOAPaligner program. Subsequently, the dataset files, 
including the PCR duplicates that were removed and the identi-
fied SNPs, were analyzed using the Picard software and SOAPsnp 
program, respectively. Variants of the Indels were identified using 
the GATK program. All the identified variants were annotated 
by the exome-assistant program (10). In addition, the variants 
with a frequency >1% were removed and the SIFT (http://sift.jcvi.
org/www/SIFT_enst_submit.html), PolyPhen (http://genetics.
bwh.harvard.edu/pph2/) and MutationTaster (http://www.muta-
tiontaster.org/) programs were used to predict the effects of the 
variants on the protein function. As the pedigree in the study 

Figure 1. Pedigree and conservation of mutations in the Usher syndrome type IIA (USH2A) gene. (A) Three mutations were identified in a family with Usher 
syndrome. (B) All the missense mutations in the USH2A gene were located within a region that is highly conserved among different species.
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exhibited ‘autosomal dominant’ transmission, the candidate vari-
ants that were located in the dominant inherited alleles were first 
analyzed; however, no positive result was obtained; subsequently, 
the recessive inherited variants in the data were fully analyzed 
from the three whole-exome sequencing runs and the candidate 
mutations were identified.

Candidate mutation confirmation by Sanger sequencing. The 
candidate mutations were listed following the above standard 
filtering strategy in the whole‑exome sequencing data of the 
three subjects. The specific primers were designed using 
Primer3 to amplify each coding region of the potential mutation. 
Following amplification by PCR, the products were sequenced 
by Sanger sequencing to further validate the precision of the 
candidate mutations. The Sanger sequencing data were analyzed 
by Mutation Surveyor (SoftGenetics, State College, PA, USA).

Results

Clinical phenotype. In order to clinically characterize the 
patients, a detailed family history was obtained and full 
ophthalmology examinations were performed on all the 

patients. Night blindness and peripheral visual field constriction 
were reported by every patient. Two patients (II:2 and III:1) 
were characterized by moderate progressive hearing loss with 
the onset of their second decade, and one of these patients (III:1) 
exhibited impaired vestibular function (Table I). Audiogram 
showed bilateral downward-sloping moderate hearing loss in 
patient III:1, while patient III:4 exhibited normal audiogram 
function (Fig. 2). Fundus photography revealed typical RP 
signs, including mottling and granularity of the RPE, attenuated 
retinal vessels and optic nerve head pallor, in every patient (II:2, 
III:1 and III:4). The ERG results clearly showed profound abnor-
malities with no detectable rod response (Fig. 3). The static 
visual field (Humphrey Field Analyzer 24‑2) exhibited a greater 
decrease in the retinal sensitivity in the far periphery. Color 
vision defects and astigmatism were found in all the affected 
patients. All the symptoms, particularly those typical of RP and 
progressive deafness, in this pedigree supported a diagnosis of 
USH. However, based on the clinical symptoms that were afore-
mentioned, it is difficult to diagnose which subtype of USH this 
family belongs to. In addition, the inheritance pattern of USH 
has only been reported as AR transmission; therefore, it was 
suggested this pedigree is caused by a novel dominant gene.

Table I. Clinical phenotype of the patients in the pedigree.

   Age at  Age at 
  Age, onset of  onset of Vestibular
Subjects Gender years blindness RP deafness dysfunction Astigmatism BCVA, R/L

II:2 F 51 <5 years + 20 years - + 0.3/0.4
III:1 M 33 15 years + 28 years + + 0.5/0.7
III:4 F 29 20 years + - - + 0.7/0.9

M, male; F, female; BCVA, best corrected visual acuity; RP, retinitis pigmentosa; R, right eye; L, left eye.

Figure 2. Audiogram test. Audiogram test showed bilateral downward-sloping moderate hearing loss in patient III:1, and patient III:4 exhibited normal 
audiogram function.



ZHENG et al:  WHOLE‑EXOME SEQUENCING IDENTIFIES USH2A MUTATIONS IN A FAMILY WITH USHER SYNDROME1038

Identification of candidate mutations by whole‑exome 
sequencing. Three subjects, including two affected individ-
uals (II:2 and III:1) and one unaffected individual (II:1), in the 
pedigree were sequenced by whole-exome sequencing using 
the Illumina HiSeq 2000 platform. From the whole-exome 
sequencing, the average read depth of the targeted regions 
and the distribution of the sequencing depth indicated a 
high sequencing quality (Table II and Fig. 4). Combining the 
pedigree clinical phenotype and pathogenic genomic trans-
mission mode, the candidate mutations were finally identified. 
Through the aforementioned filtering strategy, three candidate 
mutations were identified for this pedigree.

Mutation validation. The consistency of the Sanger sequencing 
results confirmed all the mutations in the three subjects (II:1, 
II:2 and III:1). Notably, the family showed a genetic conti-
nuity that appeared to be a dominant inherited pedigree; one 

heterozygous USH2A mutation (G1861S) was identified in the 
unaffected father (II:1), two compound heterozygous USH2A 
mutations (C934W and G1526R) in the affected mother (II:2) 
and two compound heterozygous USH2A mutations (C934W 
and G1861S) in the affected son (III:1) (Figs. 1 and 5; Table III). 
The validated results of the pedigree indicate that the affected 
son (II:1) inherited one heterozygous mutation (G1861S) from 
the father (II:1) and another (C934W) from the mother (II:2), 
which contributed to the illness. To further confirm these 
results, the familial validation was expanded in the affected 
daughter (III:4). Via a traditional direct sequencing of III:4, two 
compound heterozygous mutations (C934W and G1861S) in the 
USH2A gene were successfully identified. All the mutations 
of C934W and G1526R were confirmed in the mother (II:2), 
who was an affected patient; however, only C934W was 
transmitted to the two affected children (III:1 and III:4). The 
healthy individual carried a heterozygous mutation (G1526R). 

Figure 3. Clinical observations. (A) A fundoscopy of the proband patient (III:4) presented extensive degeneration in both eyes. (B) The visual field con-
striction (III:4). (C) The optical coherence tomography indicated that the retinal thickness was decreased (III:4). (D) The electroretinography showed an 
extinguished response in a patient (III:4) and a normal response in the healthy relative (II:10).
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All these mutations were absent in 200 healthy controls. Taken 
together, the candidate mutations were validated using Sanger 
sequencing and a co-segregation trial.

Assessment of the pathogenicity of the mutations. In the 
study, one novel and two known USH2A gene mutations were 
identified in the pedigree and resulted in single amino acid 
substitutions at protein positions 934, 1526 and 1861 (p.C934W, 
p.G1526R and p.G1861S). To predict whether these amino 
acid changes were pathological, the combined evaluation of 
different computer algorithms, including SIFT, PolyPhen and 
MutationTaster (Table III), were used. The novel missense 
mutations were predicted to be deleterious. As all the missense 
mutations were also located in the highly phylogenetically 

conserved regions (Fig. 1), it was strongly suggested that 
the mutations in the USH2A gene were disease-causing and 
contributed to the disorder in this pedigree.

Discussion

USH is a monogenic disorder with AR inheritance. The world-
wide prevalence of USH is relatively high, accounting for 
>50% of patients who are both deaf and blind (11,12). Visual 
acuity loss due to typical RP, congenital hearing impairment 
and variable vestibular dysfunction are the primary clinical 
symptoms. Based on these characteristics, USH could be 
divided clinically into three subtypes. USH is also a geneti-
cally heterogeneous disorder, and currently, 10 causative genes 

Figure 4. Whole-exome sequencing quality. (A) The quality score distribution. (B) The depth distribution in the target regions.

Table II. Result of exome sequencing data analysis.

Data analysis Patient II:1 Patient II:2 Patient III:1

Total reads 67,379,716 55,680,718 72,086,038
Total yield, bp 6,805,351,316 5,623,752,518 7,280,689,838
Read length, bp 101.0 101.0 101.0
Target regions, bp 62,085,286 62,085,286 62,085,286
Average throughput depth of target regions 109.6X 90.6X 117.3X
Mappable reads (reads mapped to human genome) 50,349,216 41,366,342 54,726,489
Mappable yield, bp 4,933,335,174 4,051,988,166 5,371,273,701
% Mappable reads 74.7 74.3 75.9
% Coverage of target regions (>1X) 94.7 94.9 94.6
Number of on‑target genotypes (>1X) 58,780,409 58,910,095 58,744,961
% Coverage of target regions (>10X) 87.8 82.6 87.5
Number of on‑target genotypes (>10X) 54,531,850 51,291,897 54,349,898
Median read depth of target regions 46.0X 32.0X 50.0X
Mean read depth of target regions 46.8X 34.8X 52.0X

bp, base pair.
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have been identified. In addition, 3 loci (USH1E, USH1H 
and USH1K) have been mapped. Type 1 USH is caused by 
mutations in MYO7A, USH1C, USH1G, CDH23, PCDH15 and 
CIB2; type 2 USH is caused by mutations in USH2A, DFNB31 
and GPR98; and type 3 USH is caused by mutations in CLRN1. 
However, the correlations between the phenotype and geno-
type are highly complex (13,14). Among these correlations, 
USH2A and CLRN1 were reported in AR RP; and CDH23, 
CIB2, DFNB31, MYO7A, PCDH15 and USH1C were identi-
fied in AR deafness alone or as a syndrome. In the present 
pedigree, five individuals, including three affected and two 
unaffected, were studied. Although RP, the primary symptom 
of USH, was described in three of the patients, the phenotype 
of each affected individual was distinct. The mother (II:2), 

who was a patient, suffered from RP and progressive deaf-
ness but no vestibular dysfunction, and the affected son (III:1) 
suffered from RP, progressive deafness and vestibular 
dysfunction. Notably, the affected daughter (III:4) suffered 
from RP without deafness and vestibular dysfunction, despite 
carrying the same genotype as that of the affected son (III:1). 
From the characteristics of USH that are aforementioned, it 
was suggested that different mutations in one gene could cause 
different phenotypes, and that the same mutations could cause 
intrafamilial phenotypic variability.

Taken together with the fact that more than a dozen genes 
contribute to USH, Sanger sequencing is not a good method 
for screening all the coding exons of all the causative genes 
due to its huge workload and low efficiency. As the appearance 

Table III. Identified mutations in the pedigree.

Subject Affected Mutation Type Amino acid Reported SIFT PolyPhen-2 MutationTaster

II:1 - c.5581G>A Hetero G1861S Reported Damaging Probably damaging Disease causing
II:2 + c.2802T>G Hetero C934W Reported Damaging Probably damaging Disease causing
  c.4576G>A Hetero G1526R Novel Tolerated Probably damaging Disease causing
II:10 - c.4576G>A Hetero G1526R Novel Tolerated Probably damaging Disease causing
III:1 + c.2802T>G Hetero C934W Reported Damaging Probably damaging Disease causing
  c.5581G>A Hetero G1861S Reported Damaging Probably damaging Disease causing
III:4 + c.2802T>G Hetero C934W Reported Damaging Probably damaging Disease causing
  c.5581G>A Hetero G1861S Reported Damaging Probably damaging Disease causing

Figure 5. Identification of mutations in the USH2A gene. The sequence chromatograms were identified in five individuals.
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of next-generation sequencing, whole-exome sequencing has 
proven to be an efficient diagnostic method for disorders 
with high degrees of genetic heterogeneity. Whole-exome 
sequencing can sequence coding regions of genomic DNA 
and can optimally screen huge number of genes, particularly 
disease-causing loci. Three subjects were selected, including 
two affected patients and one healthy relative, to undergo exome 
sequencing. Through data analysis and Sanger sequencing 
confirmation, one heterozygous mutation in the healthy father, 
two compound heterozygous mutations in the affected mother 
and two compound heterozygous mutations in the affected son 
were quickly identified. By Sanger sequencing, two compound 
heterozygous mutations were reconfirmed in the affected 
daughter (III:4) that were the same as those in the affected 
son (III:1). From the above results, it was revealed that the father 
is a carrier who transmitted the defective allele to his children 
and that the mother transmitted C934W to her children. This 
pedigree illustrates a pseudo-dominant family. Considering a 
previous study of USH2A mutations causing pseudo-dominant 
USH (6), it is possible that the carrier of the USH2A mutation 
is relatively common in the Chinese population. Thus, it may 
be a priority to screen USH2A when a pseudo-dominant USH 
family is diagnosed. Taken together, the present study success-
fully identified the USH2A mutations in the family using 
whole-exome sequencing and demonstrated the robustness of 
whole-exome sequencing to precisely diagnose USH.

In conclusion, one novel and two known USH2A muta-
tions were identified using whole-exome sequencing in 
a pseudo-dominant USH family. These results highlight 
the possibility that the USH2A gene has an important role 
in Chinese pseudo-dominant USH and that whole-exome 
sequencing is a valuable approach for the genomic diagnosis 
of disorders with high degrees of genomic heterogeneity.
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