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ABSTRACT

Background: The c.2299delG mutation is prevalent and accounts for 24.5% USH2A pathogenic variants,

with promising prospects for customized gene therapy.

ARTICLE HISTORY
Received August 12, 2021
Revised March 01, 2022
Accepted March 04, 2022

Materials and Methods: We compared the ocular and auditory phenotypes in a retrospective cohort of
169 Usher type 2 patients, with and without the c.2299delG allele, including visual acuity, slit-lamp
examination, optical coherence tomography, kinetic perimetry, and audiometric assessment to define
the hearing disability. Statistical methods used were covariate balancing propensity score and adjusted
survival curves log-rank test for the analysis of visual acuity.

Results: We compare 54 Usher patients (31%) carrying at least one c.2299delG allele to 109 patients
without this variant. The mean ages at onset of night blindness (14 years) and onset of peripheral vision
deficiency (24 years) were similar in both groups, as was the severity of hearing loss (p = 0.731), even in
homozygotes (p = 0.136). Based on the covariate balancing propensity score, the c.2299delG carrier
patients developed cataract and reached a BCVA of 20/63 earlier than patients without this mutation
(mean age 36 versus 42 y.o.; and 52.2 versus 55.1 y.o., respectively). Using adjusted survival curves and
a log-rank test based on inverse probability weighting, patients with the ¢.2299delG variant reach
blindness (BCVA <20/400) at 42.3 years old instead of 79.8 years for other USH2A pathogenic variants.
Conclusions: We conclude that ¢.2299delG is associated with a more severe phenotype of the Usher type 2,
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in homozygotes and in compound heterozygotes.

Introduction

Usher syndrome is the most frequent genetic cause of combined
auditory and visual sensory handicap. It is characterized by
a variable phenotype and genetic heterogeneity. The prevalence
of Usher syndrome is estimated between 1/30000 and 1/6000 (1).
According to the degree of congenital, nonprogressive hearing loss
(HL) and vestibular disability, three types of Usher syndrome have
been described. Usher type 1 (USH1) affects children, who present
bilateral and profound sensorineural hearing loss and vestibular
areflexia. Usher type 2 (USH2) is characterized by moderate hear-
ing loss allowing language acquisition, and normal vestibular
function.

Visual impairment is due to progressive photoreceptor degen-
eration leading to retinitis pigmentosa (RP) with night blindness,
constriction of the visual field (VF), and visual impairment at end
stage. In USHI, RP starts in the first decade and in the second or
third decade in patients with USH2 type. USH1 and USH2 are the
most frequent. Usher type 3 (USH3) is rare except in the Finnish
population. Twelve loci are known, and nine genes have been
identified: five genes for USH1, three for USH2, and one for USH3
(2). USH2 is the prevalent type of Usher syndrome and accounts

for more than 50% of cases (3). The USH2A gene is involved in
80% of USH2 cases (2,4). The USH2A gene (OMIM 276901, 1q41)
encompasses 72 exons and codes for two alternatively spliced
isoforms of Usherin, a short isoform of 1.546 amino acids, and
a long isoform of 5.202 amino acids. Usherin is a transmembrane
protein expressed in the human cochlea, brain, eye, and kidney
(5). Usherin is expressed within the hair bundles of the cochlea
and is localized to the apical inner segment recess that wraps
around the connecting cilia in photoreceptor cells of the retina
(2). Allelic heterogeneity is high, with more than 100 USH2A
pathogenic or likely pathogenic variants reported (LOVD
Database, accessed on 20 October 2021) (6). Several deep intronic
variants leading to insertion of a pseudoexon (40-41) have also
been identified in USH2A (7). The most frequent pathogenic
variant, present in 31% of Usher patients, is the ¢.2299delG; p.
(Glu767fs) variant (4,8,9). This change causes a premature stop
codon and leads to a non-functional ush2a protein.

The important size of USH2A gene limits the conventional
AAV-mediated gene therapy approach (10). As Usherin con-
tains multiple repetitive domains, the exon skipping approach
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is appealing and a mouse model has been designed to validate
whether the deletion of the altered exon could restore the
reading frame and the production of functional protein (5).
When exon 12 of murine Ush2a (homolog to human exon 13)
was deleted using CRISPR-Cas9, a shortened functional pro-
tein is produced and is correctly localized to the cochlea.
Furthermore, it was able to rescue auditory function in
Ush2a -/- knockout mice (11). Moreover, the ush2a knockout
zebrafish is the first animal model that mimicked the complete
USH2A phenotype of both auditory disorder and retinal
degeneration (12).

In patients with the ¢.2299delG mutation in USH2A, rod
photoreceptors seem to express earlier and more aggressively
the disease than cones compared to patients with other muta-
tions (13). There is a lack in the literature description of this
phenotype due to the small size of the cohorts.

The objective of this study is to determine the natural course
of patients with type 2 Usher syndrome (USH2) due to a biallelic
mutation in USH2A gene and to compare their phenotypes
whether they are heterozygous compounds or homozygous for
the ¢.2999delG variant versus patients without this last variant.

Materials and methods

A clinical and genetic database of a French center specializing
in inherited retinal dystrophies was screened for patients with
clinical USH2 and proven biallelic pathogenic variants in
USH2A. Patients with non-syndromic retinitis pigmentosa,
uveitis, or ocular trauma were not included in this study.
Informed consent for clinical examination and genetic analysis
was obtained and signed by all patients. All methods were
carried out in accordance with approved protocols of the
Montpellier University Hospital, and in agreement with the
Declaration of Helsinki. Color photographs were performed
with a Nidek non-mydriatic automated fundus camera (AFC
330, Nidek Inc., Japan) and Topcon non-mydriatic fundus
camera TRC-NWS8 (Topcon Deutschland Medical GmbH,
Germany). Fundus autofluorescence and spectral domain ocu-
lar coherence tomography (OCT) imaging were completed
with a Combined Heidelberg Retina Angiograph + Spectralis
OCT device (Heidelberg Engineering, Dossenheim, Germany).
Visual fields were tested with a Goldmann perimeter and for
only 27 patients within a visual perimeter (MonPack one,
Metrovision, Lille, France).

Molecular diagnosis

DNA extracted from whole blood was analyzed by next-
generation sequencing (NGS). Mutations were confirmed by
Sanger sequencing. Segregation was studied when we had
parent’s DNA as a confirmation of the Cis or Trans position.
Informed consent was obtained from all patients in accordance
with the Declaration of Helsinki.

Data collection

To estimate the onset age of the RP, we used the onset age
of dark adaptation difficulty. Those data as well as the onset
age of feeling of restriction of visual field were

OPHTHALMIC GENETICS (&) 471

systematically recorded. These data are subjective and
come from the feeling of a patient to estimate the age of
first discomfort in daily life. Best corrected visual acuity
(BCVA) and worst visual acuity (WCVA), slit-lamp exam-
ination, appearance of the lens, color imaging, fundus auto-
fluorescence, visual fields (VF), and Heidelberg Spectralis
spectral domain Optical Coherence Tomography (OCT)
scans were collected at each visit with the patient when
possible. Full-field Electroretinogram (ERG)-based ISCEV
(International Society for Clinical Electrophysiology of
Vision) protocol was systematically performed to confirm
rod dysfunction. Presence and description of cataract types
were done by four ophthalmologists using a topographic
classification into clear lens, posterior subcapsular cataract,
nuclear cataract, or corticonuclear cataract. No densitome-
try measures were available in this study. Visual impair-
ment (VI) was scaled following the WHO’s classification:
moderate for VA from 20/70 to 20/160, severe from 20/200
to 20/400, and legally blindness for VA reaching under
<20/200. Inability to drive vision was defined when visual
acuity was <20/40.

Macular alterations such as intraretinal cysts, macular
hole, and pucker were analyzed on multimodal imaging.
Thickness of the macula was collected from MAP of
Heidelberg OCT software. Lens appearance at slit-lamp
examination was reported at each consultation. The onset
age of phacosclerosis was defined by the age when it was
first reported. Age of cataract surgery was recorded when
known. Visual fields were tested on Goldmann perimetry
or on Metrovision Perimetry, and the severity of visual
field deterioration was scored, thanks to the Esterman
Grid.

Hearing disability was measured by audiometry and classi-
fied following the BIAP score (International Board of Audio-
Phonology) and the vestibular function investigated by caloric
vestibular testing, ocular vestibular evoked myogenic poten-
tials (C-VEMPs), and video impulse test (v-HIT).

Statistical analysis

For demographics and baseline characteristic variables, con-
tinuous data were compared by means of T-test when homo-
geneity of variances, tested with the Bartlett’s test, and
normality of the residuals, tested with the Shapiro-Wilks test,
were reached and means and standard deviations (means +
StDev) are reported. When homogeneity of the variance or
normality of the residuals was not proved, Wilcoxon signed
rank test was performed on ranked data and medians and
interquartile ranges (median [Q,s-Qs]) are reported. For
count data, the Pearson Chi-Squared test was performed to
compare proportions. Lastly, the R package CBPS was used for
the propensity score, aiming to equal the two groups (no
mutation vs one mutation) on a set of predefined covariates
(age at detection and gender) estimating an Average Treatment
Effect (ATE) using Covariate Balancing Propensity Score,
which has been shown to be superior to traditional logistic
regression approaches and boosted classification and regres-
sion trees (14). After the propensity score, groups were com-
pared using survival analyses that included the treatment
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group effect and the weight resulting from the matching
(15,16). For time-to-event analyses, application of propensity
scores using inverse probability weighting (IPW), rather than
matching, stratification, or adjustment, produces effect esti-
mates with minimal bias (17). We used adjusted survival curves
and log-rank test based on IPW proposed by Xie and Liu (18)
and implemented in the IPW survival package. We used the
software R, version 3.6.2 (R Core Team, 2019), to perform the
statistical analyses.

Results
Cohort characteristics

In this cohort, 169 patients (95 females/74 males) from 138
families were included with a biallelic mutation in USH2A
gene; among them 47 patients (27.8%) were compound
heterozygotes for ¢.2299delG and another pathogenic var-
iant, and seven patients (4.1%) were homozygotes. Fifty-
four patients (31.95%) of our USH2A cohort thus carried at
least one ¢.2299delG allele. In compound heterozygotes, 34
different mutations were associated in trans with the
€.2299delG mutation, consisting of missense mutations
(47%), truncating mutations (20%), and splicing mutations
(33%). For the propensity score, 156 patients were eligible
for the analysis.

Auditory and vestibular phenotype

Scaled with the BIAP classification (see biap.org), HL was,
respectively, moderate in 81.7% of patients (21.1% BIAP 3.1%
and 60.6% BIAP 3.2) and severe in 18.3% (12.7.1% BIAP 4.1%
and 5.6% BIAP 4.2) instead of, respectively, 77.8% of moderate
HL and 22.2% of severe HL in patient carrying the ¢.2299delG.
No statistical difference was observed (X-squared = 3.2033,
df = 3, p-value = 0.3613). Data not scaled with BIAP were
not considered.

Severity of HL was not affected by the presence of the
€.2299delG mutation (p = 0.7313) even in ¢.2299delG homo-
zygous patients (p = 0.136). The mean age at HL diagnosis was
not statistically different: 4 y.o. (3-6) and 5 y.o. (3-7) in both
groups (p = 0.1675) and 6 y.o. (4.3-7.3) for homozygous
€.2299delG genotype (p = 0.495). Due to the small sample
size (only eight patients), statistical analysis on patient with
two ¢.2299delG allele was not significant. As expected, no
vestibular areflexia was reported in the cohort (data available
for 56/162 patients) (4).

Ophthalmological phenotype

Symptoms and signs of retinitis pigmentosa onset

In this study, 69% of Usher patients carrying the ¢.2299delG
variant reported night blindness at a mean age of 15 y.o. (8-19)
and 45% mentioned a feeling of visual field constriction at
a mean age of 25.3 + 10.5 y.o. The age of onset of night
blindness is used in this study to estimate the first symptom
of RP and did not significantly differ from patients

homozygous or heterozygous compound for ¢.2299delG var-
iant than those with other USH2A genotypes (night blindness
p = 0.5159, clumsiness p = 0.9977).

At first consultation, the full-field electroretinogram was
performed according to the ISCEV protocol after a dark adap-
tation of 20 minutes, 100% of patients had no response in
scotopic conditions and in photopic conditions, and no
response was discernible neither as classically noted in most
cases of retinitis pigmentosa regardless of the mutation and
gene involved. Only 10% of them showed residual responses at
flicker stimulations and the mean amplitude was 19.2 mV. No
statistical difference between patients carrying the ¢.2299delG
and other genotypes was possible to observe.

Visual acuity

At first consultation, 33% of patients with the ¢.2299delG allele
had a visual acuity insufficient for driving (inferior to 20/40),
9% had a BCVA under 20/63 at a mean age of 46 y.o., and 17%
were already legally blind due to a visual acuity under 20/400 at
a mean age of 52 years. Based on a survival study, 15% of the
cohort reached a BCVA under 20/400. The mean age was 42.3
y.o. in patients carrying the ¢.2299delG variant versus 79.8 y.o.
in the rest of the cohort.

Results after applying the propensity score. Regarding the
visual evolution, the two groups did not show a difference in
probability to have a BCVA <20/40 (Survival in the no
€.2299delG group: 35.2%; Survival in the ¢.2299delG group:
22.1%). Patients reached a BCVA <20/40 at a mean age of
47.6 years for the ¢.2299del group instead of 52.4 years for
the other group (p = 0.317) (Figure la). On the contrary,
patients carrying ¢.2299delG had a higher probability of an
earlier BCVA of 20/63 and 20/400 (Survival in the non-
€.2299delG group: 86.5%; Survival in the ¢.2299delG group:
52.1%). Patients reached a BCV A 20/63 at a median age of 52.2
y.0. in the c.2299del group instead of 55.1 y.o. in the other
group (p = 0.193) (Figure 1b). Patients carrying ¢.2299delG had
a higher probability to become blind (BCVA <20/400)
(Survival in the no ¢.2299delG group: 86.5%; Survival in the
€.2299delG group: 52.1%) (p = 0.011) (Figure 1c and Fig S1.).
Not enough data were available to analyze the ¢.2299delG
homozygous group. (Propensity score was performed after
matching patients in age and gender (Table 1).)

Anterior segment examination

Cataract classically consisted of a posterior capsular opacifica-
tion leading to a rapid VA degradation. Patients carrying the
€.2299delG mutation developed phacosclerosis earlier than the
other USH2A patients, with a mean age of 36.3 y.o. + 9.1 versus
42.2 y.o. £ 12.0 (p = 0.0437) for other genotypes. At the first
consultation, 46.8% of patients already presented phacosclero-
sis, and 9.3% had undergone phacosurgery. No statistical dif-
ference between these two subgroups was found regarding the
age of phacosurgery: the mean age for the ¢.22999delG group
was 42.5 + 7.8 versus 48.6 + 12.1 for other USH2A patients
(p =0.173).
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Figure 1. Kaplan—Meier-adjusted probability for reaching mild and severe visual impairment and blindness, censored at 60 y.o. Full line curve, ¢.2299delG absent;
dashed curve, ¢.2299delG present. X axis, age. (a) Y axis, adjusted probability for reaching a BCVA <20/40 (mild impairment). (b) Y axis, adjusted probability for reaching
a BCVA <20/63 and >20/400 (severe visual impairment). (c) Y axis, adjusted probability for reaching a BCVA <20/400 (blindness).

Table 1. Propensity scores.

Before Matching

After Matching

Absence of ¢.2299delG Presence of ¢.2299delG ASD Absence of ¢.2299delG Presence of ¢.2299delG ASD
(n =109) (n=47) (n =109) (n=47)
Age at 37.5 (13.56) 36.05 (14.64) 10.30% 37.11 (13.42) 37.11 (14.82) 0.00%
detection
Gender (W) 52.29% 51.06% 2.46% 51.79% 51.79% 0.00%

ASD: Absolute Standardized Difference

The next table presents the results of the propensity score. The first part of the table (Before Matching) reports the means and standard deviations for continuous data
and proportions for discrete data in the two groups (Absence of c.2299delG, Presence of ¢.2299delG), as well as standardized difference, and indicates that in almost
all cases, the two groups have different means/proportions for the different variables before matching.

The second part of the table presents the results after matching. We directly observe that mean and standard deviations as well as proportions are now closer between
the two studied groups. The standardized difference values indicate that the two groups have now similar means/proportions for the different variables after
matching; that is, the absolute standardized difference are equal to 0. Based on this matching table, we consider the both groups with and without ¢.2299delG
Mutation similar on covariates chosen for the propensity score. We then performed a series of survival analyses on the outcomes.

OCT findings

Intraretinal Cysts prevalence was studied through SD-OCT
among 56 USH2A patients consulting for the first time (18
bearing the ¢.2299delG (32.1%) and 38 without the
€.2299delG allele (67.9%)). In that ¢.2299delG group, only
five patients had intraretinal cysts (27.8%) versus 14 patients
(36.8%) with other USH2A genotypes. These frequencies were
not significantly different. The mean age of patients present-
ing these macular cysts at the first consultation was 35.4 y.o. if
they carried the ¢.2299delG mutation and 39.6 y.o. for other
USH2A genotypes. Data for laminar hole, macular hole, and
ERMs were not significantly different between both groups
and were not higher than the frequency in the general popu-
lation (11).

At first OCT acquisition, the mean age of patients was,
respectively, 38 y.o. and 37 y.o. for patients with and without
the ¢.2299delG allele. Based on Heidelberg macular map thick-
ness, no significant difference regarding the ¢.2299delG presence
was reported on the retinal thickness of nasal 1500, nasal 3000,
and temporal 1500 and 3000 um from fovea quadrants (Table 2).
Correlation between macular thickness, age, and visual acuity
was not statistically significant due to the small size of the
samples. No difference was observed regarding the foveolar
thickness at first consultation either (Figure 2). Only 20/51
patients had a Heidelberg OCT acquisition, leading to an insuf-

Table 2. T-test comparisons.

Cadran no ¢.2299delG variant €.2299delG p-value
Nasal 1500 282.17 + 50.28 298.11 + 33.28 0.4206
Nasal 3000 267.91 + 4133 268.00 + 33.23 0.9962
Temporal 1500 263.00 + 56.33 268.89 + 27.75 0.777

Temporal 3000 222.18 + 40.83 218.88 + 21.84 0.8381

Continuous data were compared by means of T-test when homogeneity of
variances, tested with the Bartlett's test, and normality of the residuals, tested
with the Shapiro-Wilks test, were reached and means and standard deviations
(means + StDev) are reported. When homogeneity of the variance or normality
of the residuals was not proved, Wilcoxon signed rank test was performed on
rank data and medians and interquartile ranges (median [Q25-Q75]) are
reported. We used the software R, version 3.6.2 (R Core Team, 2019), to perform
the statistical analyses.

ficient amount of statistical data to allow a robust statistical test.
Regarding autofluorescence imaging, no analysis was possible
due to the nonavailability of this technique for many patients.

Discussion

To our knowledge, this study represents the largest cohort of
€.2299delG mutant USH2A patients. The particular interest of
this mutation is due to its prevalence and the prospect
of a customized gene therapy. Our study confirms the ancestral
€.2299delG mutation of USH2A as most prevalent, with 30.1% of
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Figure 2. This figure represents the foveolar thickness measured by SD OCT Spectralis at first (a) and last (b) contact. White dots represent patient with a ¢.2299delG
allele and black squares other USH2A genotype. No difference was observed due to the small size samples.

the USH2A patients carrying at least one ¢.2299delG allele. In the
Danish population, the ¢.2299delG mutation accounts for 45% of
all alleles in USH2 patients (19), 37.7% in UK (8), and 15% in
Spain. This gradient from Northern to Southern Europe has been
described and is consistent with the hypothesis of a common
Scandinavian ancestor (4). Some USH2A mutations have been
described in Korea as leading to a more severe
sensorineural hearing loss (SNHL): ¢.8176C>T:p(R2723%),
c1823G>A:p.(Cys608Tyr),  c.14835delT:p.(Ser4945fs), and
¢.1312_13115del AAAT:p.G4371fs but we did not observe those
in our cohort (20). Each other mutation was observed in a family
only (private mutations). Considering macular complications,
intraretinal cysts were present in 28% of patients with the
€.2299delG and in 37% of other USH2A genotypes. This propor-
tion is smaller than an earlier report of 52% of intraretinal cysts in
USH2A patients albeit with no distinction of genotypes (19). The
present study might be helpful in defining the optimum timing for
treating intraretinal cysts before the inner retina becomes too
atrophic. Gene therapy or treatment of intraretinal cysts should
be proposed before advanced stages of RP. We identified some
patients with better macular preservation but could not correlate it
with a specific genotype.

Regarding the auditory phenotype, age at HL diagnosis was
similar whether the ¢.2299delG mutation was present or not.
As first described by Roux et al., HL in USH2A patients is
typically mild to severe with a down-sloping configuration.
Onset is prelingual, but the diagnosis is usually delayed until
4-6 y.o., with a great variability (ranging from 8 months to 31
y.0.) (21). The median age at Usher syndrome diagnosis was
34.5 y.o., usually after symptoms of RP induced a variable
degree of visual disability. In our patients, we observed no
mild HL, 81% had moderate HL, and 19% had severe HL.
Abadie et al. reported 7% of mild HL, 77% of moderate HL,
and 16% of severe HL in USH2A. They concluded that in
a USH2 cohort, predicting the mutated gene from audiograms
was not possible (21). Penings et al. concluded in 2016 that
patients with two truncating mutations developed significantly
more severe HL throughout life than others (22). As expected,
no vestibular areflexia was reported in this cohort, but data
were available only for 56 of 162 patients (18).

This study emphasizes important features of the ¢.2299delG
phenotype.

Firstly, we found a similar decrease of BCVA in both groups
until 20/40. However, patients bearing ¢.2299delG reached the
20/63 (3/10) and 20/400 thresholds earlier than other USH2A
patients. Considering this difference, ¢.2299delG patients prob-
ably need to be treated earlier than other USH2A patients (23).
Night blindness was the first reported symptom of RP, and this
sign is often used to define the age at RP onset. Data concerning
age at onset of night blindness have been collected systemati-
cally. However, due to an onset age in childhood and a slow
evolution, it often remains uncertain. In addition, the difference
between light environment in urban or rural regions differently
affects the subjective symptoms of visual disability. The mean
age of night blindness onset was 15 y.o. (with a range of 8-20)
and was similar in USH2A patients with or without the
€.2299delG mutation (p = 0.5159). Secondly, our study provides
evidence to adjust the management and age of phacosurgery in
patient with the ¢.2299delG pathogenic variant. S. Dad et al.
reported, in a USH2A cohort, a phacosclerosis prevalence of
75% (57/76). The prevalence of ¢.2299delG was not reported in
this study (19). In our USH2A cohort, phacosclerosis prevalence
at first examination was 54.6% (83/152 patients). This difference
may result from the subjective evaluation of phacosclerosis. The
use of a densitometer would help to harmonize assessment of
the phenotype of lens sclerosis. Our data suggest that phaco-
sclerosis arises sooner in patient bearing c.2299delG than in
other USH2A patients. Among the ¢.2299delG group, 46.8% of
patients presented unilateral or bilateral phacosclerosis.
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