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Abstract

Background Usher syndrome (USH) encompasses a group of disorders characterized by congenital sensorineural
hearing loss (SNHL) and retinitis pigmentosa (RP). We described the clinical findings, natural history, and molecular
analyses of USH patients identified during a large-scale screening to identify quantitative traits related to ocular disor-
ders in the SardiNIA project cohort.

Methods We identified 3 USH-affected families out of a cohort of 6,148 healthy subjects. 9 subjects presented

a pathological phenotype, with SNHL and RP. All patients and their family members underwent a complete oph-
thalmic examination including best-corrected visual acuity, slit-lamp biomicroscopy, fundoscopy, fundus autofluo-
rescence, spectral-domain optical coherence tomography, and electrophysiological testing. Audiological evaluation
was performed with a clinical audiometer. Genotyping was performed using several arrays integrated with whole
genome sequence data providing approximately 22 million markers equally distributed for each subject analyzed.
Molecular diagnostics focused on analysis of the following candidate genes: MYO7A, USHI1C, CDH23, PCDH15, USHIG,
CIB2, USH2A, GPR98, DFNB31, CLRN1, and PDZD7.

Results A single missense causal variant in USH2A gene was identified in homozygous status in all patients

and in heterozygous status in unaffected parents. The presence of multiple homozygous patients with the same phe-
notypic severity of the syndromic form suggests that the Sardinian USH phenotype is the result of a founder effect

on a specific pathogenic variant related haplotype. The frequency of heterozygotes in general Sardinian population

is 1.89. Additionally, to provide new insights into the structure of usherin and the pathological mechanisms caused
by small pathogenic in-frame variants, like p.Pro3272Leu, molecular dynamics simulations of native and mutant
protein—protein and protein-ligand complexes were performed that predicted a destabilization of the protein

with a decrease in the free energy change.
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Conclusions Our results suggest that our approach is effective for the genetic diagnosis of USH. Based on the het-
erozygous frequency, targeted screening of this variant in the general population and in families at risk or with familial
USH can be suggested. This can lead to more accurate molecular diagnosis, better genetic counseling, and improved
molecular epidemiology data that are critical for future intervention plans.

Trial registration We did not perform any health-related interventions for the participants.

Keywords Usher syndrome, USH2A gene, Pathogenic variant, Sardinia Founder effect, Molecular screening

Introduction

With a worldwide prevalence of 4 to 17 per 100,000
individuals, Usher syndrome (USH) accounts for more
than 50% of all cases of combined vision and hearing
loss [1].

USH encompasses a group of disorders characterized
by congenital sensorineural hearing loss (SNHL) and
retinitis pigmentosa (RP). Clinically, RP presents with
progressive pigmentary degeneration of rod and cone
photoreceptors and the ophthalmoscopic triad of pig-
mentary changes (bony spicules) at the mid-periphery,
pale waxy optic disc, and generalized attenuation of
arterioles, which result, firstly, in visual field constric-
tion followed by severe vision loss [2].

Clinically, patients were initially divided into two differ-
ent groups: one characterized by profound deafness, the
other by moderate/severe hearing loss [3]. In 1994, Smith
et al. [4] classified USH into three different types (1, 2,
and 3), based on age of onset, severity, and progression of
auditory, visual, and vestibular symptoms [4].

USH has been considered a monogenic, but geneti-
cally heterogeneous disease. Type 1 (USH1), approxi-
mately 30% of all USH patients, is the most severe form,
with profound SNHL and vestibular dysfunction from
birth, as well as progressive RP [5, 6]. The more com-
mon type 2 (USH2), approximately 50% of cases [7],
show moderate/severe SNHL, normal vestibular func-
tion, and RP with onset at puberty. Type 3 (USH3) is
the rarest form [8]. Patients with USH3 develop vari-
able levels of hearing, vision, and vestibular impairment
over time [8]. Hearing loss occurs before visual symp-
toms in all three subtypes. Fourteen USH loci have
been mapped to date: nine for USH1, three for USH2,
two for USH3, one USH modifier and one atypical
USH gene. However, some cases cannot be attributed
to these genes and are classified as atypical USH. Sev-
eral studies in mice and humans have shown a digenic
inheritance of deafness caused by pathogenic variant in
USH genes and USH modifier PDZD?7 gene [9, 10].

The purpose of our study was to describe the clinical
findings, natural history, and molecular analysis of the
USH-affected families living in Sardinia, Italy.

Methods

Recruitment of USH patients

The study was conducted in accordance with the code of
ethics of the World Medical Association (Declaration of
Helsinki) for research involving human subjects and all
participants gave informed consent to study protocols,
which were approved by the Sardinian local research
committee Ethical Committee of ASSLL of Sassari (2171/
CE). USH patients were identified during a large-scale
screening to identify quantitative traits related to eye dis-
orders in the SardiNIA project cohort [11]. Here we used
a large cohort of 6,148 healthy Sardinians from the Sar-
diNIA project to study a spectrum of quantitative traits,
some of which are related to ocular disorders. Based on
this analysis, we showed that the prevalence of eye disor-
ders like age-related macular degeneration (AMD) in Sar-
diNIA cohort was significantly lower than data reported
in major epidemiological studies on this topic in North
America, Northern Europe, and Italy [12].

We identified 3 families for a total of 22 subjects, of
whom 9 presented a diagnosis of Usher syndrome. How-
ever, only five of them were available to undergo fur-
ther specific analysis. Therefore, USH patients and their
available family members were extensively studied from
an ophthalmological and a molecular point of view at
the Institute of Genetic and Biomedical Research of the
National Research Council (CNR). Our clinical hypoth-
eses and previous phenotypic findings indicated a sus-
pected USH2.

Clinical examination
All individuals underwent a complete ophthalmic exami-
nation, including best-corrected visual acuity (BCVA)
measured with Early Treatment for Diabetic Retinopathy
Study (ETDRS) charts, slit lamp biomicroscopy, fundos-
copy, fundus autofluorescence (FAF), spectral domain—
optical coherence tomography (SD-OCT; Spectralis;
Heidelberg Engineering), and electrophysiological testing.
Audiologic evaluation was performed using a clinical
audiometer (Otometrics, Madsen, model Xeta 2, Den-
mark) according to the reference manual. Tonal audi-
ometry in the frequency range 0.25-8 kHz and higher
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frequencies at 10 and 12.5kHz were tested. The sever-
ity of hearing loss was classified as mild (20-40 dB),
moderate (41-70 dB), severe (71-90 dB), or profound
(>91 dB).

Molecular screening

According to the SardiNIA project, genotyping was
performed using four different Illumina arrays (Omni-
Express, ImmunoChip, Cardio-MetaboChip, and Exo-
meChip), providing a scaffold of 890,542 autosomal
single nucleotide polymorphisms (SNPs) and 16,325
unique X-linked SNPs across the genome. In paral-
lel, whole genome shotgun sequence data from other
3,514 Sardinian individuals were also available [11]. To
increase genetic map resolution, genotypes were inte-
grated with information provided by sequencing data
using statistical inference methods. In greater detail,
genotypes were firstly phased with MACH software,
using 30 iterations of the Markov haplotyping chain
and 400 states per iteration; secondly, all variants
included in the sequencing panel were imputed with
minimac software. This strategy allowed the availability
of approximately 22 million markers for analysis in the
SardiNIA dataset.

Molecular diagnostics focused on finding causative
variants for USH were based on whole sequence analy-
sis of the following selected candidate genes: MYO7A,
USHIC, CDH23, PCDHI15, USHIG, CIB2, USH2A,
GPR98, DFNB31, CLRN1, and PDZD?.

Using the UCSC Table Browser web software, a BED
(Browser Extensible Data) file containing the genomic
location (chromosome, initial and final genomic coor-
dinates) of the focused regions was produced. Bedtools
intersect software was used to select variants located
within the regions of interest.

Ensembl’s VEP (Variant Effect Predictor) software was
adopted to annotate the types of variants (SNPs, inser-
tions, deletions, duplications, CNVs, or structural vari-
ants) by adding for each of them information based on
reference databases (dbSNP, gnomAD,1000 GENOME)
[13-15].

Selection of gene variants was based on minor allele
frequency (MAF)<1% and in silico prediction of strong
potential impact on phenotype (stop gain, missense,
frameshift, splice, stop loss, start loss, etc.) of coding or
regulatory variants. Functional predictions for amino
acid changes were conducted according to several models
(SIFT, Polyphen).

USH shows an autosomal recessive transmission mode,
therefore, variants were filtered for this pattern of inher-
itance. Sanger sequencing confirmed in all family mem-
bers the results found by whole sequence analysis.
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Haplotype reconstruction

Linkage disequilibrium (LD) block construction and
haplotype population frequency estimation was per-
formed via Haploview 4.2 [16]. For accurate haplotype
determination, from 3,514 samples in the initial cohort,
a representative sample of 1,454 unrelated individu-
als were pooled using bcftools 1.7 [17]. We selected
a genomic interval of approximately 30 kb, where
the causal variant rs764182950 was located, through
PLINK v1.90 [18]. Block size definition was carried out
using the default algorithm “confidence intervals” We
set the standard parameters by including all markers
independently of the MAF value and examined haplo-
types exceeding frequencies above 0.9% to detect the
pathogenic variant related to USH.

Molecular modeling (Homology models and Free energy
calculation)

The Iterative Threading ASSEmbly Refinement (I-TASSER)
server (https://zhanglab.ccmb.med.umich.edu/) was uti-
lized to build the models using default settings [19]. Pymol
(https://pymol.org/) was used to display, analyze the built
Usherin model, and built the mutate protein. To calcu-
late the free energy, we used the following tools using the
3D structure of the usherin protein domain 3210-3402.
DUET consolidates two complementary approaches
mCSM and SDM in a consensus prediction, obtained by
combining the results of the separate methods in an opti-
mized predictor using Support Vector Machines (SVM)
[20, 21]. Mupro developed two machine learning methods
(Support Vector Machines and Neural Networks) and for
the calculation we used the amino acid structure of the
protein [22].

Results

Five patients (4 women, 1 man; age range: 38—67 years)
and 11 healthy relatives from three Sardinian families
living in Lanusei valley were clinically and genetically
examined (Fig. 1).

All patients complained of nyctalopia as initial symp-
tom, occurred during adulthood. Night blindness was
followed by gradual vision loss and constriction of
peripheral vision in the late stages of the disease. Best-
corrected visual acuity ranged from 40 to 100 ETDRS
letters.

Fundus examination showed typical RP features
including pigmentary changes in the peripheral and
mid-peripheral retina, attenuated arteriolar vessels,
and pallor of the optic disc.

Fundus autofluorescence revealed a macular hyper-
autofluorescent ring around the fovea and hypo-
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Fig. 1 Clinical and genetics features of the three Sardinian pedigrees with members affected by Usher Syndrome. A In pedigree 1, we were able

to obtain clinical/phenotypic information for three generations, but only for two generations in family 2 and 3. Patients indicated by the arrow were
genetically and clinically re-evaluated. B Haplotype reconstruction using Haploview. Vertical green column shows the reference allele, horizontal
red row indicates the haplotype nucleotide sequence. The alternative allele of the causal variant is shown in red and bold. Values on the right

indicate the percentages of each haplotype

autofluorescence within and extending outward of the
vascular arcades.

SD-OCT scans demonstrated outer retinal atrophy
with centrally preserved photoreceptor inner segment
ellipsoid bands (Fig. 2).

Moreover, cystoid macular edema (CME) not respon-
sive to topical and oral carbonic anhydrase inhibitors was
detected in 3 eyes. None of the five individuals affected
had vestibular abnormalities. Summary of demographics
and clinical findings of all patients are shown in Table 1.

Audiologic evaluation disclosed bilateral profound/
severe hearing loss in patients FAM-2 1.1 (Dx 91 dB/
Sx 73 dB) and FAM-2 II.2 (Dx 70 dB/ Sx 56 dB). Mod-
erate hearing loss was found in the remaining 3 patients
(FAM-1 112 Dx 53 dB/ Sx 51 dB; FAM-3 II1.3 Dx 53 dB/
Sx 51 dB). Healthy relatives showed normal values (for
example FAM-3 II1.2 Dx 16/ Sx 18 dB) (Fig. 3).

We selected homozygous variants for the alterna-
tive allele (both alleles mutated) and/or compound

heterozygotes for two heterozygous alleles in patients
versus reference homozygotes (i.e., both alleles wild
type) and single heterozygotes (only one allele mutated)
in healthy individuals in all coding sequences of the
candidate genes.

Based on autosomal recessive genetic inheritance,
we do not identify candidate pathogenic variant in the
selected candidate genes, except for the UUSH2A gene.
We found several variants in the USH2A gene (Sup-
plementary Table 1), but only two of them were pre-
dicted to be pathogenic: ¢.9815C>T(p.Pro3272Leu)
and ¢.1663C > G(p.Leu555Val). Based on the autosomal
recessive model of inheritance, we identified a single
potentially causative variant (p.Pro3272Leu) on the gene
encoding for the usherin protein.

This pathogenic variant causes base substitution in an
exonic region of the gene. The functional predictions
for amino acid changes according to SIFT and Polyphen
were “probably damaging” and “deleterious”, respectively,
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Fig. 2 Multimodal imaging of a 38-year-old patient with Usher Syndrome. A, B Fundus autofluorescence revealed a macular hyperautofluorescent
ring around the fovea and hypoautofluorescence within and extending outward of vascular arcades, bilaterally. C, D In both eyes, simultaneous
infrared and SD-OCT scans demonstrated outer retinal atrophy with centrally preserved photoreceptor inner segment ellipsoid bands. Note

the presence of bilateral intraretinal cystoid spaces in the foveal area (see white line in A and B)

Table 1 Demographic and clinical findings of Usher patients

ID Gender Age Disease BCVA? CME®
diagnosis  RE/LE® RE/LE
Family 1112 Female 61 25 40/ 50 +
Family 2 1I1'1 Female 58 26 95/95 -/~
Family 2112 Female 57 25 95 /95 -/~
Family 3111 3 Female 38 19 95/90 +/+
Family 31111 Male 43 20 100/ 100 -/-

@ BCVA Best Corrected Visual Acuity (ETDRS letters)
b RE Right Eye, LE Left Eye
€ CME Cystoid Macular Edema

while the CADD score (CADD PHRED =28,6) confirmed
its pathogenicity. The American College of Medical
Genetics and Genomics classification identifies this vari-
ant as probably pathogenic, but several studies prove in
both homozygosity and heterozygosity status [23—25] the
pathogenicity of this variant. Furthermore, the frequency
of this variant in the gnomAD database, in non-Finnish
European countries, is extremely rare (0.00004406%), in
agreement with syndrome frequencies. All patients ana-
lyzed were found to be homozygous for the c.9815C>T
variant. Since USH is a rare syndrome, several patients

from the same geographical area affected by the same
pathogenic variant imply a probable founder effect,
proven by the identification of an extended haplotype
using subjects from all areas of Sardinia. The frequency
of ¢.9815C > T (p.Pro3272Leu) heterozygous subjects was
estimated to be 1,89%. Pathogenic variant related hap-
lotype reconstruction in unrelated Sardinian sequenced
samples revealed a founder effect (Fig. 1). Haplotype
analysis surrounding the causal SNP, rs764182950,
indicated that the haplotype “TCTCTGCACACAAC”
consisting of 14 variants (rs11120635, rs184464579,
rs189009821, rs909035231, rs12129576, rs12132110,
rs745566865, rs764182950, rs115806383, rs11120637,
rs4363405, rs74447991, rs6686574, rs12140781) repre-
sents a risk factor for USH in Sardinia.

To provide new insights into the structure of ush-
erin and the pathological mechanisms caused by small
pathogenic in-frame variants, like p.Pro3272Leu, and to
add more information about the coding protein to cor-
relate with genotype—phenotype studies, we built in silico
3D structure of the native and mutant protein. Usherin,
the product of the LISH2A gene, is a single-pass trans-
membrane protein of 5,202 amino acids in humans. The
ectodomain of usherin contains a laminin-like-globu-
lin (LGL) domain, 1 N-terminal laminin (LN) domain,
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Fig. 3 Audio profiles of Usher syndrome type 2A patients. The hearing loss of patient’s test (FAM-1 11.2; A, FAM-2 1IL.1; B, FAM-2 1.2, C, FAM-3 1Il.3, D)
was performed using Otometrics, Madsen Xeta 2 clinical audiometer. We added a healthy control subject from family 3 (FAM-3 111.2, E)

10 epidermal growth factor (LE) domains, 2 globular
laminin (LG) domains, and 32 fibronectin III (FN3)
domains. The C-terminal intracellular end of usherin has
a PDZ binding motif (PBM), which interacts with other
USH and deafness proteins, such as whirlin and PDZD7,
in retinal photoreceptors and inner ear hair cells. Cur-
rently, three-dimensional structure (x-ray, NMR, or sin-
gle particle cryo-electron microscopy) is not available,
because of usherin protein’s large size, membrane resi-
dence, and potential flexible conformations. To carry out
our in-silico studies, we computationally constructed
a homology model of the usher protein domain from
amino acid 3210 to 3402, where the studied genomic var-
iant is located (P3272L). In addition, the mutated protein
was also modelled (Fig. 4).

To understand the impact of this genomic variant on
protein structure and function, we applied in-silico meth-
odologies to study and predict the effects of SNPs on pro-
tein stability, in particular the free energy change (DDG).
All the tools used predicted that the amino acid change
from proline to leucine (P3272L) results in a destabili-
zation of the protein with a decrease in DDG. The tools
used were DUET, mCSM SDM and CUPSAT with DDGs
of -0.212, -0.377, -0.58, -2.51 kcal/mol respectively.

Furthermore, the Mupro tool was also used to establish
DDG using only the amino acid sequence of all protein.
Again, a destabilization was predicted, with DDG=-037
and -0.78, using Vector Machine and Neural Network,
respectively.

Discussion
In this study, we described the clinical and molecular
findings of USH patients from three Sardinian families.
Molecular analysis showed that the causative pathogenic
variant was present in the UUSH2A gene. Although the
tissue distribution and subcellular localization of ush-
erin are still debated, there is general agreement that this
protein is specifically expressed in retinal photoreceptors
and developing cochlear hair cells. Usherin is specifically
required in both photoreceptors and cochlear hair cells,
where it plays a crucial role cell development and main-
tenance [26]. Pathogenic variants affecting usherin pro-
tein cause failure in stereocilia formation and long-term
maintenance of photoreceptors, resulting in sensorineu-
ral deafness and visual impairment, the main hallmarks
of USH [27].

In mutant mice, with the advance of age photoreceptor
degeneration can be detected in the retinas. Mutant mice



Serra et al. BMC Ophthalmology

(2024) 24:306

Page 7 of 9

Fig. 4 The 3-dimensional structure built through homology model of the domain 3210-3402. A wild type protein, in yellow the Proline 3272; B
mutate protein, in magenta the Leucine; C surface wild type protein, in yellow the Proline 3272; D surface mutate protein, in magenta the Leucine

show progressive shortening of inner/outer photorecep-
tor segments and thinning of the photoreceptor nuclear
layer, leading to the loss of>50% of photoreceptors and
dysregulation of the outer photoreceptor segments, by
the age of 20 months. These photoreceptor abnormali-
ties have been associated with the origin of CME in the
human retina, detected in 10-50% of RP cases [28]. Simi-
larly, in our study three eyes had CME unresponsive to
topical and oral carbonic anhydrase inhibitors.

The p.P3272L variant was first described as a heterozy-
gous compound in various populations (Italian, Dutch,
Caucasian, Japanese, Chinese) and only recently in 3
homozygous subjects of Italian origin [23]: one subject
had syndromic RP associated with neuro-sensory hear-
ing loss and two patients had non-syndromic RP with dif-
ferent stage of the severity of the disease. According to
the published staging criteria [28], the first one was clas-
sified as severe (grade 4-5), while the other two as mod-
erate (grade 3).

There are few studies evaluating the impact of patho-
genic variants in USH2A gene [29, 30], which explored
the entire gene structure but not the p.P3272L vari-
ant. Sequence alignment of the 32 human usherin
EN3 domains showed that 21 of them had the typical
B-strands, while F16 and F17 were partial FN3 domains
and F3 had a long CD loop. Our pathogenic variant
resides in the F16-F17 linker. The model we constructed
for the F16-F17 linker [31] shows a U-shaped structure
folded in the center at a long loop region. Other patho-
genic variants, such as L3145F, C3267R and, C3358Y,

reside a few nucleotides away from P3272L and are
located at the end of a B-strand or in the middle of loops.
Our molecular modeling investigations can contribute to
functional studies on pathological mechanisms and ther-
apeutic approaches.

Patients with variants in USH2A gene have clinical
severity that appears to be related to the gene mutated
and the specific type of variant [32]. Homozygosity for
some deletions or for duplications in LUSH2A gene has
been associated with a severe phenotype [33, 34]. Evi-
dence indicates that, even within the USH2 phenotype,
there may be a gradient of severity depending on the spe-
cific variant [25, 35].

The patients described in this report have a syndromic
phenotype, the severity of which correlates with age. The
presence of multiple patients homozygous for the same
pathogenic variant with a phenotypic severity correlated
with the syndromic form suggests that the Sardinian USH
phenotype is the result of a founder pathogenic variant
on a specific genomic background. In the specific case of
our isolated population, the presence of a founder effect
is the most probable explanation for the clinical, pheno-
typic, and haplotypic homogeneity present in the patients
analyzed. The features of genetic and environmental
homogeneity that characterize the SardiNIA popula-
tion certainly help to schematize its perfect segregation
with the clinical phenotype. Various founder effects have
been described in the Sardinian population for auto-
somal recessive diseases with haplotypes specific to the
Sardinian population associated with individual causative
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variants, such as in beta Thalassemia [36] or Wilson’s
disease [37]. As evidence of the prevalence of a founder
variant in our population is the significant proportion of
asymptomatic heterozygotes carrying this causative vari-
ant. For comparison, in the southern European popula-
tion, the most comparable to ours in terms of genomic
characteristics, we found 3 p.P3272L heterozygotes in a
total of 5741 individuals (allele frequency=0.0002613)
[14]. We identified in the Sardinian general population,
in more than 3500 individuals, a USH heterozygote fre-
quency of 1.89 on which we can hypothesize an ancient
founder effect to be related to increased rates of inbreed-
ing and loss of genetic diversity in our patients.

We attempted to estimate the age of the p.P3272L vari-
ant using the method proposed by Voight et al., 2006 [38]
(data not shown) but results indicated that the variant
is too rare to obtain a robust and plausible estimate of
haplotype age. We think that, based on heterozygote fre-
quency, it would be possible to suggest a targeted screen-
ing of this variant, if not in the general population, at
least in families at risk or with familial USH.

Conclusions

Our results suggest that our approach is effective for the
genetic diagnosis of USH. This may lead to (1) a more
accurate molecular diagnosis, (2) a better genetic coun-
seling, and (3) an improvement in molecular epidemiol-
ogy data, critical for future intervention plans.
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