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Abstract

Background: Retinitis pigmentosa (RP) is the most common inherited retinal dystrophy, affecting approximately 1
in 4000 individuals worldwide. The most common form of syndromic RP is Usher syndrome (USH) accounting for
approximately 20-30 % of RP cases. Mutations in the USH2A gene cause a significant proportion of recessive non-
syndromic RP and USH type Il (USH2). This study aimed to determine the causative role of the USH2A gene in
autosomal recessive inherited ocular diseases and to establish genotype-phenotype correlation associated with
USH2A variants.

Methods: We performed direct Sanger sequencing and co-segregation analysis of the USH2A gene to identify
disease causing variants in a non-syndromic RP family, two USH2 families and two Keratoconus (KC) families.

Results: Disease causing variants in the USH2A gene were identified in two families displayed KC and USH2
phenotypes. A novel variant c4029T > G, p.Asn1343Lys in the USH2A gene was detected in a Pakistani family with
KC phenotype. In addition, a missense variant (c.7334 C>T, p. Ser2445Phe) in the USH2A gene was found
segregating in another Pakistani family with USH2 phenotype. Homozygosity of identified missense USH2A variants
was found associated with autosomal recessive inherited KC and USH2 phenotypes in investigated families. These
variants were not detected in ethnically matched healthy controls. Moreover, the USH2A variants were predicted to
be deleterious or potentially disease causing by PolyPhen-2, PROVEAN and SIFT.

Conclusions: This study provided first evidence for association of a novel USH2A variant with KC phenotype in a
Pakistani family as well as established the phenotype-genotype correlation of a USH2A variant (c.7334 C>T, p.
Ser2445Phe) with USH2 phenotype in another Pakistani family. The phenotype-genotype correlations established in
present study may improve clinical diagnosis of affected individuals for better management and counseling.
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Background

Inherited retinal dystrophies (IRDs) are a broad group of
clinically and genetically heterogeneous rare eye diseases
resulting in progressive visual impairment or blindness
[1]. Retinitis pigmentosa (RP; MIM#268,000) is the most
prevalent form of IRDs, affecting approximately 1 in
4000 individuals worldwide [2]. RP is characterized by
progressive bilateral degeneration of the rod and cone
photoreceptors that leads to night blindness and pro-
gressive visual field defects [3]. Majority of RP cases are
non-syndromic, whereas in 20-30 % cases are syndromic
[4]. The most common form of syndromic RP is Usher
syndrome (USH) and the general prevalence of USH ap-
proximately ranges from 1 to 4 in 25,000 individuals [5].
USH is characterized by congenital severe-to-profound
sensorineural hearing loss with RP and rarely vestibular
dysfunction. Depending on the severity, progression and
age of onset of these features USH is divided into three
clinical types: USH type 1 (USH1:MIM #276,901), USH
type 2 (USH2: MIM#276,902) and USH type 3 (USH3:
MIM#276,903), [6]. Each USH subtype is also genetically
heterogeneous and several genes have been described for
all three types.

The USH2A gene is located on chromosome 1q41 and
has two alternatively spliced isoforms: a short isoform A
and a long isoform B. A 5 kb short isoform is tran-
scribed from 1to 21 exons of USH2A and translated into
a putative 170 kDa extracellular secreted protein of 1,
551 amino acids [7] that is expressed in both the retina
and the inner ear [8]. A 15 kb long isoform is tran-
scribed including additional 51 exons at the 3" end of
USH2A and translated into a 600-kDa transmembrane
protein of 5202 amino acids [9, 10]. The dominant form
of the USH2A protein, also known as usherin in photo-
receptors is the 600-kDa polypeptide [9] that shows
homology to both extracellular matrix proteins and re-
ceptors containing 10 laminin EGF-like domains, 35
fibronectine type-III (FN3) motifs, two laminin G do-
mains and a PDZ-binding motif [9, 11]. This protein is
expressed in adult human retina, specially localized to
the photoreceptor cells and is required for the long-term
maintenance of retinal photoreceptors and for the devel-
opment of fetal cochlear hair cells [12]. The USH2A vari-
ants have been reported to cause recessive RP in 23 %
cases [13], USH2 in 85 % cases [14]. In addition, the re-
cessive USH2A variants have also been reported to cause
non-syndromic hearing loss or deafness in few cases [15,
16]. According to our knowledge, no specific study has
reported the association of UUSH2A variants with corneal
diseases like Keratoconus (KC).However, studies have
provided evidence for integration of USH2A into a pro-
tein network that is important in development and
maintenance of the inner ear and retina [17-20]. In
addition, mutations within USH2A affect its interaction
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with other proteins in network and may cause a broad
spectrum of phenotypes in the inner ear and eye [18].
Therefore, to gain more insights into USH2A associated
ocular diseases, we screened USH2A in Pakistani families
with RP, USH2 and KC phenotypes in this study.

We identified a homozygous missense variants
c4029T > G, p.Asnl343Lys and c¢7334 C>T, p.
Ser2445Phe in the USH2A gene that segregated with KC
and USH2 phenotypes in Pakistani families.

Materials and methods

Ethical approval and consent to participate

Approval was obtained from the Ethical Committee of
Kohat University of Science and Technology (KUST),
and the study was carried out in accordance with the
Declaration of Helsinki.Informed written consent was
obtained for participation in the study from families’
members and parents of the minor children. Families
contained five living individuals and at least two living
individuals with any type of rare inherited retinal or cor-
neal disease with onset before age 20 years were eligible
for the study. Following eligibility criteria, one non-
syndromic RP, two USH2 and two KC families were re-
cruited with help of ophthalmologists from the Khyber
Pakhtunkhwa region of Pakistan. Demographic charac-
teristics of recruited families are shown in Table 1.The
phenotypically affected individuals in participated fam-
ilies underwent thorough ophthalmologic examinations
for confirmation of clinical diagnosis of non-syndromic
RP, USH and KC in them. The participated families were
visited at the place of residence, pedigrees were drawn
and disease associated features were recorded. Blood
samples were collected from affected and normal indi-
viduals of both families. Blood samples were also col-
lected from 100 ethnically matched unrelated healthy
Pakistani individuals and were used as controls for allele
frequencies and confirmation of disease associated
variants.

Detection of USH2A sequence variants
Genomic DNA from the blood samples was extracted
using the GenElute™ Blood Genomic DNA kit (Sigma-
Aldrich.com) according to the manufacturer’s protocol.
In this study direct Sanger sequencing and co-
segregation analysis was performed to identify disease
causing variants in the USH2A gene in all the recruited
families. The coding region comprising of 2 to 72 exons
and their intron—exon boundaries of the USH2A gene
were amplified by polymerase chain reaction (PCR) in
these families using primers reported previously [21],
following standard conditions. The PCR amplified prod-
ucts were sequenced by the Macrogen sequencing ser-
vice (Seoul, South Korea) in order to check the co-
segregation of the variants with the disease phenotype in
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Table 1 Demographic characteristics of investigated families
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Families Disease No. of living  No. of Age of onset
residential individuals affected
district individuals
Male Female Male Female
Peshawar RP 5 5 2 2 Childhood (around 10 years )
Karak USH2 5 2 3 Congenital deafness, night blindness before10 years of age, pre-pubertal onset of RP
Kohat USH2 4 2 2 1 Congenital deafness, night blindness after10 years of age, Onset of RP in early adolescence
Waziristan ~ KC 5 3 3 0 Early adolescence
Hangu KC 8 5 3 2 Middle adolescence

investigated families. The potential pathogenicity of each
segregating sequence variant was determined using
PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/),
PROVEAN (http://provean.jcvi.org/index.php) and SIFT
(http://sift.jcvi.org/) specialized prediction software. The
conservation of a particular amino acid at a specific pos-
ition was determined using Ensemble Wasabi viewer
software (https://www.ensembl.org/index.html). To com-
pare and correlate each USH2A gene variant with the
disease phenotype, all reported variants were retrieved
from HGMD (http://www.hgmd.cf.ac.uk/ac/search.php),

OMIM  (https://www.ncbi.nlm.nih.gov/omim/)  and
PubMed (https://www.ncbi.nlm.nih.gov/pubmed/)
databases.

Results

Clinical characteristics

Disease causing variants in the USH2A gene were identi-
fied in a four-generation KC family and a two-
generation USH2 family as shown in Fig. 1 (i) and (ii)
a.0Ophthalmology reports on affected members of both
families confirmed clinical diagnosis of KC and USH2.
The four affected individuals I: 1, III: 1, III: 5 and III: 8
were of 75, 37, 25 and 20 years of age respectively at the
time of recruitment of KC family. KC occurred around
15 years of age in four affected individuals with symp-
toms include mild astigmatism, myopia, photophobia
and eye itching and the degree of vision impairment in-
creased with their increasing age. However, individuals
younger than 10 years of age (IV: 1, IV: 2 and IV: 3) had
no signs and symptoms of KC. The affected individuals
in KC family were fitted with spectacle correction and
two of them (III: 1 and III: 5) underwent the corneal
cross linking surgery before age 21 years.

The three affected individuals II: 3, III: 1 and III: 2
were of 57, 29 and 27 years of age respectively at the
time of recruitment of USH2 family. The affected indi-
viduals had bilateral, congenital, severe sensorineural
hearing loss, normal vestibular function and symptoms
of progressive RP. The affected individuals with USH2
experienced night blindness and progressive bilateral vis-
ual loss in early adolescence. Affected individuals (III: 1

and III: 2) were fitted with bilateral hearing aids and
their affected mother (II:3) was blind and deaf at the
time of recruitment of USH2 family.

USH2A sequence variants

Mutation screening of the USH2A gene in KC family re-
vealed a novel missense homozygous variant (NM_
206933.4:¢.4029T > G) in exon 17 condition in four af-
fected individuals as well as in a phenotypically normal 6
years old child as shown in Fig. 1 (i) a and b. The variant
¢4029T > G leads to a substitution of asparagine with ly-
sine at the evolutionary conserved position 1343 (NP_
996816.3:p.Asn1343Lys) according to the Ensemble da-
tabases as shown in Fig. 1(i) c. Insilco analysis of
p-Asnl1343Lys using PolyPhene-2, PROVEAN and SIFT
predicted it as probably damaging or deleterious
(Table 2).

Direct sequencing analysis of the USH2A gene in
USH2 family identified a missense homozygous variant
(NM_206933.4: ¢.7334 C>T) in exon 19 in affected in-
dividuals and unaffected father and siblings were de-
tected carriers for this variant as shown in Fig. 1 (ii) a
and b. This single base pair change is predicted to result
in substitution of serine with phenylalanine at evolution-
ary conserved residue position 2445 (p.Ser2445Phe) as
shown in Fig. 1c (ii). This p.Asn1343Lys variant was also
predicted probably damaging or deleterious or poten-
tially disease causing by PolyPhene-2, PROVEAN and
SIFT respectively (Table 2).

The identified USH2A variants in KC and USH2 fam-
ilies were found segregating in an expected autosomal
recessive manner as shown in Fig. 1 (i) and (ii) a and
were not detected in Pakistani unrelated healthy con-
trols. A schematic representation of USH2A encoded
usherin protein is presented to show spectrum of se-
quence variants identified in present study and previ-
ously reported in Pakistani families for various inherited
ocular diseases in Fig. 2.

Discussion
USH2A variants have been described to cause most
commonly syndromic and non-syndromic forms of


http://genetics.bwh.harvard.edu/pph2/
http://provean.jcvi.org/index.php
http://sift.jcvi.org/
https://www.ensembl.org/index.html
http://www.hgmd.cf.ac.uk/ac/search.php
https://www.ncbi.nlm.nih.gov/omim/
https://www.ncbi.nlm.nih.gov/pubmed/

Ahmed et al. BMC Ophthalmology (2021) 21:191 Page 4 of 8

a = 1) Wild t\])e
(A b
GG
52 MY A
O—
=1 = ! N WA N \/\7\\\/\/\»
TG TG
" Calue\ ¢.4029T+G
s Lo A om T
GG TG TG GG GG \ / /
. Patient c. 4029T>G
it w2
GG
Mol
\ NIy
LYY A/\A
p-Asn1343Lys
c Human S| V]s[G6]A[M|N|[V]AJL[V]ER
Monkey sV ]s |6 | AamM)j NV [Aa]lC]v]er
Mouse S| V| R|[G|A[M[N][V[A|[L|[V]R
Dog Pl Vv |s 6| A[M|N|V]AlL[V]G
Elephant slv]s [ a]lmlwv [ & t]v][r
Chicken s|v]s |6 | alm)w]lv]alc]wv]y
Frog I I S T O T A T R
Zebra fish L vV S G A M N v A & v R
Wild type
a
I:1 12
Ga AA

A Y /\
W \/
Carrier ¢.7334C+ T

m m O O
NW\(\/\* ﬁ/\

Patient ¢.7334C>T

A

p- Ser2445Phe

V

c Human ol L S T P T A S S L[RrR]P
Monkey al L S T P ¥ A B s L | R e
Mouse Q L S 1 4 A A S A L R P
Dog al ik S T P T A B s L rR[P
Elephant ar| L S T P T A 3 S L R]®
Chicken al L S T P T A B S L[ RrR]P
Frog al L S T P T A B S L rR]P
Zebrafish [ L B T P T A A A B R p

Fig. 1 Family pedigrees, genotypes, and USH2A variants. (i) a. KC Family and (ii) a. USH2 family. In pedigrees, squares symbolize males and circles
symbolize females. All filled circles and squares symbolize affected members, whereas clear circles and squares symbolize unaffected members. In
addition, pedigrees affected by USH2A variants showing segregation of the altered alleles. (i) and (i) b. Sequence chromatograms showing wild
type and USH2A [c4029T > G, p.Asn1343Lys (KC family), and, c.7334 C>T, p. Ser2445Phe (USH2 family)] variants. (i) and (i) c. Multiple alignments
of the partial amino acid sequences of USH2A in a variety of vertebrate and non-vertebrate species, show stringent conservation of Asparagine at
position 1343 and Serine at position 2445

Table 2 In silico analysis of the identified USH2A variants

Nucleotide Amino acid Exon PolyPhen-2 PROVEAN SIFT
change change Prediction Score Prediction Score Prediction Score
C4029G > C p.Asn1343Lys 17 Probably damaging 1.000 Deleterious -3428 Damaging 0.01

c7334C>T p. Ser2445Phe 19 Probably damaging 1.000 Deleterious -3.008 Damaging 0.01
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Fig. 2 Schematic representation of domains of predicted protein product, highlighting the positions of all disease associated USH2A variants
identified in Pakistani families to date. Discrete color pattern of variants shows type of phenotype
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recessive IRD in different populations of world. High
frequencies of USH2A variants have been reported in
USH2 families of Jewish, Spanish, American, Scandi-
navian, Slovenian, and Italian, British origins [22—
28]. In addition, USH2A variants have been identi-
fied to cause a substantial number of non-syndromic
RP in families of Caucasian, Japanese, American and
Chinese origins [13, 25, 29-33]. Importantly, USH2A
variants display a wide phenotypic spectrum, there-
fore, phenotype-genotype correlation for the most
prevalent USH2A variants may facilitate genetic
counselling and improve the prognosis of affected
individuals, as well as guide for patient-specific treat-
ment options [26].

Auvailable evidences suggest presence of USH2A recur-
rent variants in different populations as a result of
founder effect. Of the 896 previously identified and pre-
viously reported USH2A variants in the Human Gene
Mutation Database (HGMD), the p.Cys759Phe have
been described the most prevalent pathogenic variant in
the Spanish population and accounts for 4.5 % of the RP
[34, 35] and 8.1 % of the USH2 cases [36], Similarly, a
USH2A variant p.Trp3955Terwas detected in majority of
Slovenian USH2 cases [26]. A deleterious USH2A vari-
ant p.Glu767fs have been found associated most com-
monly with USH2 [24, 37] and significantly with non-
syndromic RP Caucasian patients [38]. A splice site
founder variant (c.8559-2 A > Q) of the LUSH2A was re-
ported in majority of Chinese and Japanese USH2 pa-
tients [39, 40]. In addition, four LUSH2A variants c.239-

240insGTAC, ¢.1000 C>T, ¢.2209 C>T, and c.12067-
2 A>@G account for 64 % USH2 in Jewish families of
non-Ashkenazi descent [22]. A founder effect has been
identified for a USH2A variant p.Cys1447fs that accounts
for 55.6 % of the USH2 cases among Quebec French-
Canadians [41]. However, great majority of reported
USHZ2A variants are rare private mutations segregating
in single families from different ethnic populations
worldwide [42-45]. Involvement of USH2A private vari-
ants in causing profound hearing loss or deafness and
IRDs in Pakistani families has been described in previous
studies [16, 46—48]

Here, we report a novel missense private variant
(c.4029T > G, p.Asnl343Lys) in the USH2A gene in a
Pakistani family with KC phenotype. This variant was
not found in population databases and was predicted
deleterious or probably disease causing by in silico
tools. The co-segregational analysis revealed that the
four affected individuals and a clinically asymptomatic
6 years old individual in KC family were found homo-
zygous for the identified variant. Importantly, this
phenotype genotype difference in an individual could
be attributed to the fact that the age of onset of dis-
ease symptoms was observed 15 years in investigated
family. In this study we also report a missense variant
(c.7334 C>T, p. Ser2445Phe) in the USH2A gene in
another Pakistani family with USH2 phenotype. Note-
worthy, the ¢.7334 C>T, p. Ser2445Phe variant was
previously identified by Carss et al. [49] in a com-
pound heterozygous form in a single individual with
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RP and present study provides evidence of this vari-
ant correlation with USH2 phenotype. It is a fact that
both USH2 and non-syndromic RP are the most
prevalent phenotypic variants of IRD caused by auto-
somal recessive USH2A variants, the findings of
current investigation and previous one by Carss et al.
[49] clearly demonstrate this fact and additionally, ex-
cluded the presence of a putative genetic modifier
factor within the USH2A gene that may contribute in
the development of two phenotypes.

Till date, mutation screening in Pakistani families
revealed in total seven USH2A variants by previous
researches [16, 46-48]. The USH2A variants de-
scribed previously and in present study in Pakistani
families thereby affecting functional residues abso-
lutely conserved in the different domains of ush-
erin protein. Among the two homozygous pathogenic
USH2A variants identified in present study, a KC as-
sociated variant p.Asn1343Lys is located in the FN3
motif 2 and a USH2 associated variant p.Ser2445Phe
is located in the FN3 motif 11. Previously reported
homozygous pathogenic variants p.GIn1221Ter,
p-Argl914Cys, p.His3825fs, and p.Trp4175Gly in
Pakistani families are located in the FN3 motifs 2,5,
23 and 27 respectively. A compound heterozygous
(p.Pro2811Thr and p. Pro3504Ala) variant identified
in the USH2A gene in another Pakistani family was
predicted to affect the FN3 motifs 14 and 20 re-
spectively. All these variants reported in this study
and previously affect highly conserved residues in
the FN3 motifs across model organisms including
human. The FN3 motifs have been shown to be in-
volved in binding substrates thus highlighting the
functional importance of the FN3 motifs in substrate
selectivity. In addition, a nonsense USH2A variant
p.-Argl549Ter identified previously in a Pakistani
family [47], is located in the Laminin G-like 1 do-
main that result in production of truncated pro-
tein product and severe reduction in abundance of
cellular transcript due to targeted degradation by
nonsense-mediated decay.

Establishing the diagnosis for ocular diseases with
greater clinical and genetic heterogeneity is quite dif-
ficult and challenging. This problem is usually more
common in developing countries such as Pakistan,
where people live in rural areas and generally have
less access to healthcare and ophthalmic services.
There is also limited availability of specific and ex-
pensive tests that are required for diagnostic investi-
gations of ocular diseases. Mutation screening in
USH2A in the current study enabled an accurate mo-
lecular diagnosis of USH2A-associated KC and USH2
to be established and has facilitated informed genetic
counselling.
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Conclusions
This study revealed a novel genotype—phenotype correl-
ation  associated  with USH2A (c.4029T > G,

p-Asn1343Lys) variant as well as provided sufficient evi-
dence to establish genotype—phenotype correlation of a
USH2A variant (c.7334 C>T, p. Ser2445Phe) with
USH2 phenotype. Analysis of genotype-phenotype cor-
relation may increase our understanding of the diseases
and may help in better management and counseling of
affected individuals with USH2A variants and provides
new targets for therapeutic approaches.
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