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Abstract. Retinitis pigmentosa (RP) is a leading cause of 
inherited blindness characterized by progressive loss of retinal 
photoreceptor cells. The present study aimed to identify the 
causative gene mutations in two Chinese families with auto-
somal recessive retinitis pigmentosa  (arRP). Two Chinese 
consanguineous arRP families (RP‑2284 and RP‑2360) were 
recruited in this study, involving totally three affected and 
25 unaffected members. All the affected members underwent 
a complete ophthalmic examination, including fundus photog-
raphy, multifocal electroretinography (ERG) and full field ERG. 
Exome sequencing was performed on the three RP patients 
in the two families, followed by direct Sanger sequencing 
in all the family members and in 1,260 unrelated controls 
for validation of the mutations identified. Two homozygous 
missense mutations in the crumbs homolog 1 (CRB1) gene, 
which is known to cause severe retinal dystrophies, were found 

to be related to the phenotype of the two arRP families. The 
homozygous missense mutation c.1997 T>A in CRB1 was 
detected in two patients in the RP‑2284 family. The proband in 
the RP‑2360 family was the only RP patient and was found to 
carry the novel homozygous missense mutation c.2426 A>C 
in CRB1. The two mutations were heterozygous or absent in 
the other healthy family members, and they were absent in the 
1,260 controls. The amino acid changes in the CRB1 protein 
affected by the two mutations were predicted to be damaging 
by Polyohen‑2. Our study reported two CRB1 mutations 
causing arRP in two Chinese families, which expands the 
CRB1 mutation spectrum of RP in the Chinese population and 
emphasizes the causative role of CRB1 in RP.

Introduction

Retinitis pigmentosa (RP) is caused by a progressive degenera-
tion of photoreceptor cells that initially primarily affect the 
rods whereas the function of the cones is compromised as the 
disease progresses (1). Due to its heterogeneity and diversity 
of inheritance patterns, the clinical presentation of RP is vari-
able. Some RP patients lose vision in their childhood, whereas 
other patients retain normal vision until mid‑adulthood. The 
clinical symptoms of RP include night blindness and gradual 
loss of the peripheral visual field caused by rod photoreceptor 
lost. Later with the loss of cone photoreceptors, the central 
vision is impaired and patients may ultimately suffer from 
legal blindness ultimately (1). The worldwide prevalence of 
RP is approximately 1 in 4,000, or more than 1 million indi-
viduals (2).

RP is clinically and genetically heterogeneous. It can be 
inherited as an autosomal dominant  (30‑40%), autosomal 
recessive  (50‑60%), or X‑linked  (5‑15%) trait  (3). Some 
patients who have no known family history are classified 
as simplex RP. Autosomal recessive RP (arRP) is the most 
common form of RP worldwide. To date, more than 80 genes 
(https://sph.uth.edu/retnet/) have been implicated in syndromic 
and non‑syndromic forms of RP. However, these identified 
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genes account for no more than 60% of RP cases, and there has 
been limited success in screening known genes for RP using 
conventional Sanger sequencing. Recently, exome sequencing 
has been successfully used to identify genes associated 
with Mendelian disorders (4,5). Coupled with DNA capture 
technology, the next‑generation sequencing (NGS) platform 
enables rapid and cost‑effective parallel sequencing of a 
large panel of disease genes. In some recent studies, NGS has 
provided a promising alternative for the molecular diagnosis 
and gene identification of RP (6‑10).

In the present study, the identification of disease‑causing 
mutations of RP was presented by using exome sequencing 
in two Chinese families with arRP. This report concerns the 
clinical features and genetic findings of the two arRP families.

Patients and methods

Study subjects. Two arRP pedigrees with Chinese origin 
were recruited from Sichuan Provincial People's Hospital, 
including a four‑generation family with two consanguineous 
arRP patients and 16 unaffected members (RP‑2284; Fig. 1A), 
and a four‑generation family with one consanguineous RP 
patient and nine unaffected members (RP‑2360; Fig. 1B). In 
addition, 1,260 unrelated healthy individuals of Chinese Han 
origin were also recruited. This study was approved by the 
Institutional Review Board of the Sichuan Provincial People's 
Hospital, University of Electronic Science and Technology of 
China. Informed written consent was obtained from each indi-
vidual prior to participation in this study. All procedures were 
carried out in accordance with the tenets of the Declaration of 
Helsinki.

Clinical diagnosis. The clinical information of the two families 
is listed in Table I. Each family member underwent a complete 
ophthalmic examination, including best‑corrected visual 
acuity (BCVA), slit‑lamp biomicroscopy, fundus photography 
if possible, visual field testing (Octopus; Interzeag AG) and 
electroretinography (ERG). ERGs were performed using a 
multifocal ERG recorder (GT‑2008V‑IV; Chongqing Kanghua 
Ruiming S&T Co., Ltd) and corneal contact lens electrodes. 
The ERG protocol complied with the standards of the 
International Society for Clinical Electrophysiology of Vision. 
Diagnosis of RP in the three patients was based on poor night 
vision at an early age, followed by progressive loss of periph-
eral visual fields, and extinguished ERG responses, along with 
abnormal fundus changes (2). In contrast, all the unaffected 
family members, and the unrelated control individuals had no 
signs of retinal diseases.

DNA extraction. Genomic DNA were extracted from the 
peripheral blood of all family members (RP‑2284 and 
RP‑2360) and 1,260 controls, using a TIANamp Blood DNA 
kit (cat. no. DP348) according to the manufacturer's protocol 
(Tiangen Biotech Co., Ltd.).

Exome sequencing and variant detection. Exome sequencing 
was performed on patients I V:2 and I V:4 in RP‑2284 and 
patient I V:3 in RP‑2360 by Genergy Biotechnology, Co., 
Ltd. The sequenced samples were prepared according to 
the Illumina protocols of the SureSelect Target Enrichment 

System Capture Process (Illumina, Inc.) and exome 
sequencing analysis was performed as described previ-
ously  (11). Briefly, the reads were mapped against UCSC 
hg19 (http://genome.ucsc.edu/) by BWA (http://bio‑bwa.
sourceforge.net/). The SNPs and Indels were detected by 
SAMTOOLS (http://samtools.sourceforge.net/). The detected 
variants were annotated and filtered based on public and 
in‑house databases, under the following conditions: i) variants 
within intergenic, intronic, and UTR regions and synony-
mous mutations were excluded from downstream analysis; 
ii) variants in dbSNP138 (http://www.ncbi.nlm.nih.gov/proj-
ects/SNP/), 1000 Genome project (ftp://ftp.1000genomes.ebi.
ac.uk/vol1/ftp), Exome Aggregation Consortium, YH Database 
(http://yh.genomics.org.cn/), the HapMap Project (ftp://ftp.
ncbi.nlm.nih.gov/hapmap) and our in‑house database gener-
ated from 2,010 samples of exome sequencing, were excluded; 
iii) Polyphen2 (http://genetics.bwh. harvard.edu/pph2/) was 
used to predict the possible damaging impacts of each muta-
tion.

Mutation validation. The CRB1 mutations identified by exome 
sequencing were further confirmed in all members of the two 
families and in 1,260 controls by direct Sanger sequencing, 
using the PCR primers (CRB1‑c.1997T>A‑F, 5'‑AGT​GGC​ATT​
TCG​TGG​AGG​TA‑3' and CRB1‑c.1997T>A‑R: 5'‑GCT​GTT​
TCT​GCT​CTG​CTC​TG‑3'; CRB1‑c.2426A>C‑F: 5'‑TTT​GTC​
CGA​ACG​CTT​CAA​CC‑3' and CRB1‑c.2426A>C‑R: 5'‑TCT​
TGC​TTG​TCA​GGT​AGG​CC‑3') designed by Primer  3.0 
(http://primer3.ut.ee/) and synthesized by Invitrogen 
(Thermo  Fisher Scientific, Inc.). Direct sequencing was 
performed in an ABI 3130XL genetic analyzer according to 
ABI BigDye sequencing protocols (Thermo Fisher Scientific, 
Inc.).

Results

Patients and clinical information. Two Chinese consan-
guineous arRP families (RP‑2284 and RP‑2360, Fig. 1) were 
recruited in this study. Two subjects (IV:2 and IV:4) were diag-
nosed with RP in family RP‑2284, which exhibited a pattern 
of recessive inheritance. They presented typical clinical symp-
toms, including night blindness rapidly progressing to severe 
visual disability. The fundus examination of the proband (IV:2) 
showed pallor in the optic nerve head, retinal artery attenuation, 
and mid‑peripheral defuse and dense bone‑spicule pigmenta-
tion (Fig. 2A and B). Another affected member (IV:4) had 
similar clinical manifestations to the proband and presented 
with macular degeneration (Fig. 2C). Family RP‑2360 included 
one RP patient (IV:3, the proband), who had experienced night 
blindness since 23 years of age and progressive bilateral visual 
loss (Table I). She presented with early‑onset and markedly 
decreased visual acuity (OD: 20/400, OS: 20/400) in both eyes 
(Table I). The fundus image in the right eye was blurred due to 
dense posterior subcapsular cataract. Fundus examination of 
her left eye showed similar features to those of patient IV:2 in 
RP‑2284 (data not shown). None of the three patients exhibited 
glaucoma features, and their ERG examination showed no 
recordable response under either scotopic or photopic condi-
tion, indicating significant loss of function in the both rods and 
cones (Fig. 2D and E).
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Exome sequencing and data analysis. Exome sequencing was 
performed on two patients (IV:2 and IV:4) in the RP‑2284 
family and on one patient (IV:3) in the RP‑2360 family with 
a mean read depth of target regions of 52.3x. There were 
18,793 SNPs in the coding regions (8,763 non-synonymous 
SNPs, 9,836  synonymous SNPs, and 873  other types of 
SNPs) and 387  coding indels identified. To identify the 
disease‑causing mutations, the researchers paid close attention 

to the functional SNPs/indels in homozygous or compound 
heterozygous status including frameshift coding‑region 
insertion or deletions and non-synonymous variants which 
were more likely to be pathogenic. Detected variants were 
compared with HapMap Project, dbSNP138, 1000 Genomes 
Project, Exome Aggregation Consortium, YH Database, and 
our in‑house database. The rare homozygous variants shared 
by the two affected patients in RP‑2284 and RP‑2360 families 

Table I. Genotypes and phenotypes of the two RP family members.

A, Family RP‑2284							     

			A   ge at				  
Family	A ge		  onset	 Visual acuity	 Fundus		  Mutation
member	 (years)/sex	 Phenotype	 (years)	 (OD/OS)	 appearance	 Mutation	 type

V:1	 6/F	N ormal	‑	‑	‑	C    .1997 T>A	 Het
IV:1	 30/F	N ormal	‑	  1.0/1.0	N ormal	N o mutation	‑
IV:2	 31/M	R P	 24	L ight perception	R VA and DBSP	C .1997 T>A	   Hom
IV:3	 28/M	N ormal	‑	  1.0/1.0	N ormal	C .1997 T>A	 Het
IV:4	 23/M	 RP	 22	 Counting fingers	 RVA, DBSP and MD	 C.1997 T>A	   Hom
IV:5	 26/M	N ormal		  1.0/1.0	N ormal	N o mutation	‑
III:1	 50/M	N ormal	‑	‑	‑	C    .1997 T>A	 Het
III:2	 52/F	N ormal	‑	  1.0/0.9	N ormal	N o mutation	‑
III:3	 54/F	N ormal	‑	  1.0/1.0	N ormal	C .1997 T>A	 Het
III:4	 55/M	N ormal	‑	  1.0/0.8	N ormal	C .1997 T>A	 Het
III:5	 53/F	N ormal	‑	‑	‑	C    .1997 T>A	 Het
III:6	 50/F	N ormal	‑	  0.8/0.8	N ormal	N o mutation	‑
III:7	 48/F	N ormal	‑	‑	‑	C    .1997 T>A	 Het
III:8	 49/F	N ormal	‑	  0.8/0.8	N ormal	N o mutation	‑
III:9	 51/M	N ormal	‑	  0.9/0.8	N ormal	C .1997 T>A	 Het
III:10	 48/F	N ormal	‑	  0.8/1.0	N ormal	C .1997 T>A	 Het
III:11	 46/F	N ormal	‑	‑	‑	N    o mutation	‑
II:1	 78/M	C ataract	‑	‑	‑	C    .1997 T>A	 Het

B, Family RP‑2360							     

			A   ge at				  
Family	A ge		  onset	 Visual acuity	 Fundus		  Mutation
member	 (years)/sex	 Phenotype	 (years)	 (OD/OS)	 appearance	 Mutation	 type

V:1	 18/F	N ormal	‑	‑	N   ormal	C .2426 A>C	 Het
IV:1	 41/F	N ormal	‑	  1.0/1.0	N ormal	C .2426 A>C	 Het
IV:2	 45/M	N ormal	‑	  1.0/0.9	N ormal	N o mutation	‑
IV:3	 43/F	 RP	 23	 Counting fingers	 OS: RVA and DBSP	 C.2426 A>C	 Hom
IV:4	 46/F	N ormal	‑	‑	‑	N    o mutation	‑
III:1	 70/M	N ormal	‑	  0.8/0.7	N ormal	C .2426 A>C	 Het
III:2	 69/F	N ormal	‑	  0.7/0.8	N ormal	C .2426 A>C	 Het
III:3	 67/F	N ormal	‑	‑	‑	C    .2426 A>C	 Het
III:4	 66/F	N ormal	‑	  0.8/0.8	N ormal	N o mutation	‑
II:1	 92/M	C ataract	‑	‑	‑	N    o mutation	‑

RP, retinitis pigmentosa; Hom, homozygous; Het, heterozygous; F, female; M, male; RVA, retinal vascular attenuation; DBSP, dense 
bone‑spicule pigmentation; MD, macular degeneration; OD, right eye; OS, left eye; ‑, not available.

https://www.spandidos-publications.com/10.3892/mmr.2019.10495
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are listed in Table SI. Using the autosomal recessive mode, two 
homozygous mutations, c.1997 T>A and c.2426 A>C, were 
identified in the CRB1 gene (NM_201253.2) in the RP‑2284 
and RP‑2360 families, respectively.

Mutation validation and analysis. In the RP‑2284 family, the 
presence of homozygous mutation c.1997 T>A in two patients 
(IV:2 and IV:4) was confirmed by Sanger sequencing (Fig. 3B). 
The parents and other unaffected siblings of these two patients 
were either unaffected heterozygous carriers of c.1997 T>A, or 
had a normal CRB1 sequence without any mutation (Table I). 
In the RP‑2360 family, direct Sanger sequencing confirmed the 
presence of homozygous mutation c.2426 A>C (Fig. 3A) in the 

proband (IV:3), whereas all other unaffected family members 
were heterozygotes or normal. The two homozygous mutations 
described above were absent in the 1,260 Han Chinese healthy 
controls. These results reveal a complete co‑segregation of the 
two CRB1 mutations with RP within the respective families. 
The genotypes of the members of families RP‑2284 and 
RP‑2360 are shown in Table I.

The c.1997  T>A (p.V666D) homozygous mutation is 
expected to change valine (hydrophobic non‑polar) to 
aspartic acid (hydrophilic positively charged) at codon 666 
in exon 6. The substituted amino acid is predicted to alter the 
hydrophobicity and chargeability of the CRB1 protein. The 
c.2426 A>C (p.Q809T) mutation introduced a substitution 

Figure 2. Representative clinical features of arRP patients. (A‑C) Compared to the normal individual (IV:3), peripheral pigmentation and retinal vascular 
attenuation were noted in the proband's fundus photograph, as well as peripheral defuse pigmentation complicated with macular degeneration in another 
patient (IV:4) in family RP‑2284. (D and E) ERG records showed no detectable rod and cone responses in either eye of the proband in family RP‑2284. 
OD, right eye; OS, left eye. arRP, autosomal recessive retinitis pigmentosa.

Figure 1. Pedigrees of two Chinese consanguineous families with arRP. (A and B) Two arRP families were recruited in this study. The arrow indicates the 
proband in each family. Affected individuals are indicated by filled symbols and open symbols indicated unaffected individuals. RP‑2284, a four‑generation 
family with two consanguineous arRP patients and 16 unaffected members; RP‑2360, a four‑generation family with one consanguineous RP patient and nine 
unaffected members are shown. arRP, autosomal recessive retinitis pigmentosa.
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of glutamine for threonine at codon 809 in exon 7 (Fig. 4B). 
Comparative amino acid sequence alignment of the CRB1 

proteins across human and other species revealed that the two 
mutations occurred at highly conserved positions (Fig. 4A). 

Figure 3. CRB1 mutations were identified in two Chinese consanguineous arRP families. (A) A normal sequence of CRB1 from an unaffected member, a 
heterozygous A to C substitution at codon 2,426 from the proband's parents, and a homozygous mutation from the patients were identified in family RP‑2284. 
(B) A normal sequence of CRB1 from the proband's sister, a heterozygous T to A substitution at codon 1,997 from the proband's parents, and a homozygous 
mutation from the proband were identified in family RP‑2236. arRP, autosomal recessive retinitis pigmentosa; CRB1, crumbs homolog 1.

Figure 4. Orthologous protein sequence alignment and structure diagram of CRB1. (A) Orthologous protein sequence alignment showed the seven mutation 
sites occurring in a highly conserved region of CRB1 among different species. (B) Fifteen mutations that were identified in Chinese RP patients occurred 
mainly at exon 6, 7 and 9 within a laminin A globular (AG)‑like domain. The boxed mutations in red were newly identified in the present study. RP, retinitis 
pigmentosa; CRB1, crumbs homolog 1.

https://www.spandidos-publications.com/10.3892/mmr.2019.10495


GUO et al:  Identification of CRB1 mutations by exome sequencing 2927

These changes were predicted to be damaging to CRB1 using 
Polyohen‑2.

Discussion

A previous study demonstrated that the CRB1 gene was respon-
sible for retinitis pigmentosa (RP) at the RP12 locus (12) and 
more than 150 disease‑associated variants in CRB1 have been 
reported (13). Most of the mutations occur in exon 7 (27%) and 
exon 9 (41%), which encode the second and the third laminin 
AG‑like domains, respectively (13). In the present study, two 
homozygous mutations c.1997 T>A and c.2426 A>C in CRB1 
causing autosomal recessive retinitis pigmentosa (arRP) in 
two Chinese families were identified using exome sequencing. 
This result expanded the CRB1 mutation spectrum causing 
RP, which may contribute to improvement of the molecular 
prognosis of RP.

Studies have reported that approximately 194 mutations in 
CRB1 have been found to be related to the pathogenesis of 
arRP in diverse populations, including 189 mutations in the 
extracellular region (14‑17). CRB1 is a human homolog of 
Drosophila crumbs, a well conserved gene with homologue 
across multiple phyla (18). It is located at 1q31.3 and consists 
of 12 exons spanning 210 kb of genomic DNA (12). This gene 
encodes two different proteins of 1,376 and 1,406 amino acids, 
and both protein are composed of three parts: 19 epidermal 
growth factor  (EGF)‑like domains, three laminin A glob-
ular (AG)‑like domains and a signal peptide sequence. Beyond 
that, the longer isoform also contains additional transmembrane 
and cytoplasmatic domains (19). CRB1 is a transmembrane 
protein and is mainly expressed in the inner segments of 
mammalian photoreceptors as well as in the brain (12,18). It 
plays an essential role in the development of the retina (20,21). 
CRB1 is involved in photoreceptor morphogenesis in the 
retina (22). Mutations in CRB1 may restrain retinal develop-
ment and result in a loss of photoreceptor signaling (23). In 
the mouse and human retina, the protein Crb1 or CRB1 is 
concentrated in the vicinity of the outer limiting membrane 
and is expressed in photoreceptor inner segments, in Muller 
cell and the epithelial cells (24). The Crb1 mutant in mouse 
showed a developmental defect of retina, including a disrupted 
outer limiting membrane and folded retina (25).

The present study involved two Han Chinese arRP families. 
An analysis of the exome sequencing data revealed that only 
the two homozygous mutations c.1997 T>A (p.V666D) and 
c.2426 A>C (p.Q809T) in CRB1 were found to be co‑segre-
gated with arRP in the families. The two mutations have never 
been reported in the ExAC database (http://exac.broadinstitute.
org/) or the human gene mutation database (http://www.
hgmd.org/). The clinical findings associated with retinal 
dystrophies caused by CRB1 mutations include congenital 
blindness, LCA, to early‑onset rod‑cone dystrophy and arRP. 
Mutations in CRB1 account for 10‑15% of all patients with 
LCA and as many as 6.5% of all patients with arRP. In this 
study, the age of onset of patients in the two RP families was 
approximately 22‑24 years of age. The homozygous mutation 
c.2426 A>C found in family RP‑2360 is located at exon 7 of 
the CRB1 gene, encoding the second laminin AG‑like domain. 
Apart from the proband  (IV:3) who carried the homozy-
gous mutation c.2426 A>C, other family members carried 

either heterozygous mutation or no mutation. The proband's 
parents had a consanguineous marriage, and they were each 
heterozygous for c.2426 A >C, which was also found in 
members V:1, IV:1 and III:3 (Table I). As previously reported, 
laminin AG‑like domain is predicted to affect interactions 
among proteins, calcium binding, and protein folding (26). 
This mutation introduces a substitution of glutanine to threo-
nine, which may dramatically affect the function of the second 
laminin AG‑like domain of the CRB1 protein (PolyPhen2 
scores ~0.824). There were many disease causative mutations 
reported in the laminin AG‑like domain, which indicates that 
this domain plays an important role in CRB1 function (24). 
The mutation c.1997 T>A identified in family RP‑2284, was 
previously reported by Wang et al as present in RP patents 
in compound heterozygote (27), which further confirmed its 
pathogenic role in RP. In this pedigree with a consanguineous 
marriage, the proband's parents (III:3 and III:4), daughter (V:1), 
aunts (III:5 and III:7), uncle (III:1) and brother (IV:3), as well 
as another patient's parents (III:9 and III:10), were found to 
carry the heterozygous mutation (Table I). The change could 
convert valine to aspartic acid at codon 666 (p.V666 D). This 
substitution was predicted to be damaging by Polyohen‑2 and 
to alter the hydrophobicity and chargeability of the CRB1 
protein. Nevertheless, how these mutations exactly affect the 
function of CRB1 protein remains unclear. Further functional 
research is essential to elucidate the underlying mechanism 
governing how the two homozygous mutations result in RP.

In conclusion, the present study revealed two homozygous 
mutations c.1997 T>A (p.V 666D) and c.2426 A>C (p.Q809T) 
in the CRB1 gene in two consanguineous Chinese families 
with arRP via exome sequencing. These data expand the 
CRB1 mutation spectrum causing RP and may contribute to 
an improvement in the molecular diagnosis for retinal dystro-
phies.
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