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e PURPOSE: To present the clinical characteristics, retinal
features, natural history, and genetics of ADGRV1-Usher
syndrome (USH).

e DESIGN: Multicenter international retrospective cohort
study.

e METHODS: Clinical notes, hearing loss history, multi-
modal retinal imaging, and molecular diagnosis were re-
viewed. Thirty patients (28 families) with USH type 2
and disease-causing variants in ADGRV1 were identi-
fied. Visual function, retinal imaging, and genetics were
evaluated and correlated, with retinal features also com-
pared with those of the commonest cause of USH type 2,
USH2A-USH.

e RESULTS: The mean age at the first visit was 38.6 +
12.0 years (range: 19-74 years), and the mean follow-
up time was 9.0 £ 7.7 years. Hearing loss was reported
in the first decade of life by all patients, 3 (10%) de-
scribed progressive loss, and 93% had moderate-severe
impairment. Visual symptom onset was at 17.0 £+ 7.7
years of age (range: 6-32 years), with 13 patients notic-
ing problems before the age of 16. At baseline, 90% of
patients had no or mild visual impairment. The most fre-
quent retinal features were a hyperautofluorescent ring
at the posterior pole (70%), perimacular patches of de-
creased autofluorescence (59%), and mild-moderate pe-
ripheral bone-spicule-like deposits (63%). Twenty-six
(53%) variants were previously unreported, 19 families
(68%) had double-null genotypes, and 9 were not-double-
null. Longitudinal analysis showed significant differences
between baseline and follow-up central macular thick-
ness (—1.25 um/y), outer nuclear layer thickness (—1.19
um/y), and ellipsoid zone width (—40.9 nm/y). The rate
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of visual acuity decline was 0.02 LogMAR (1 letter)/y,
and the rate of constriction of the hyperautofluorescent
ring was 0.23 mm?/y.

e CONCLUSIONS: ADGRV1-USH is characterized
by early-onset, usually non-progressive, mild-to-
severe hearing loss and generally good central vi-
sion until late adulthood. Perimacular atrophic
patches and relatively retained ellipsoid zone and
central macular thickness in later adulthood are
more often seen in ADGRV1-USH than in USH2A-
USH. (Am ] Ophthalmol 2023;256: 186-195.
© 2023 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/))

( :ONCURRENT VISUAL AND HEARING LOSS (ALSO
known as deaf blindness) affects approximately 1 in
10,000 individuals.! It can occur secondary to in-

fections (such as rubella and cytomegalovirus), perinatal
complications, or genetic abnormalities.” Among the latter,
the most common is Usher syndrome (USH), and rarer eti-
ologies include peroxisomal disorders, CHARGE, Marshall,
or Wolfram syndrome.”” USH may be classified clinically
depending on the severity of deafness, the coexistence of
vestibular dysfunction, and the disease onset.

Broadly, USH type 1 is the most severe, with profound,
congenital sensorineural hearing loss, vestibular dysfunc-
tion (resulting in balance issues), and childhood-onset re-
tinitis pigmentosa (RP).” It accounts for around one-third
of all cases of USH and is caused by disease-causing vari-
ants primarily in MYO7A, CDH23, USHIC, PCDH15, or
USHIG.%? USH type 2 typically presents with moderate
sensorineural hearing loss since childhood and RP diag-
nosed in adolescence.” It is the most common subtype, ac-
counting for nearly two-thirds of cases, and is primarily due
to biallelic variants in USH2A, ADGRVI, or WHRN.!°
USH types 3 and 4 are rare and seen in specific popula-
tions (eg, Finnish and Ashkenazi Jewish); they are char-
acterized by childhood-onset hearing loss and adult-onset
RP, secondary to pathogenic variants in CLRN1 and ARSG,
among others.® 1!
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Approximately 90% of patients with USH type 2
(USH2) have biallelic pathogenic variants in USH2A
(USH2A), 9% in ADGRV1 (USH2C), and 1% in WHRN
(USH2D).!"” USH2B has been mapped to 3p23-p24.2;
however, the gene has not been identified.”” USH2A is
also the most common gene to cause nonsyndromic au-
tosomal recessive RP; thus there is substantial informa-
tion about its disease mechanism and associated pheno-
types.”'#1% In stark contrast, there are limited data about
ADGRV ] -associated USH in the literature.

ADGRV] (MIM *602851, also known as GPR9S,
MASSI, and VLGRI) is associated with 5% of all visually
and hearing impaired patients and is the fourth most com-
mon gene in USH (after USH2A, MYO7A, and CDH23)."?
It is located on chromosome 5ql14.3, spans 90 exons,
6306 amino acids, and encodes the largest G protein—
coupled receptor-1, ubiquitously expressed throughout the
body.'">'¥ ADGRV1 belongs to the Usherin protein net-
work, interacting with other USH proteins and functioning
as a fibrous membrane linkage in cilia of inner-ear hair cells
and photoreceptors.!!? It is a transmembrane protein with
an extracellular portion of 35 sodium-calcium exchangers
(Calx-beta domains) and a block of epilepsy-associated re-
peat domains.”” It is also highly expressed in the developing
central nervous system and has been the focus of recent re-
search given its association with epilepsy.!”?! Herein, we
describe the detailed clinical and genetic characteristics
of the largest cohort of patients with ADGRV [ -associated
USH to date.

METHODS

This study is a retrospective consecutive case series of
patients who attended Moorfields Eye Hospital (London,
UK), St. John of Jerusalem Eye Hospital (Jerusalem, Pales-
tine), and Organizacion Medica de Investigacion (Buenos
Aires, Argentina) with USH, and who were found to
have biallelic rare or likely disease-causing variants in AD-
GRV]I. Patients from Moorfields Eye Hospital were identi-
fied through the inherited eye disease database. Informed
consent was obtained from all patients. Ethical approval
was provided by the local ethics committee, and the study
honored the tenets of the Declaration of Helsinki.
Relevant patient data were retrieved from the electronic
health care records and imaging software systems. The age
of disease onset was defined as the age of the first disease
related symptom(s). Snellen visual acuities were recorded
and converted to logMAR for descriptive statistics. Count
fingers vision was given a value of logMAR 1.98, hand mo-
tion logMAR 2.28, light perception logMAR 2.7, and no
light perception logMAR 3.0.”%?% Asymmetric best cor-
rected visual acuity (BCVA) was defined as a difference of
>0.3 logMAR (equivalent to 15 Early Treatment Diabetic
Retinopathy Study letters) between eyes. Patients were cat-
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egorized using the World Health Organization visual im-
pairment criteria, which define no or mild visual impair-
ment as BCVA <0.48 (6/18, 20/60), moderate impairment
as BCVA >0.48 and <1.0 (6/60, 20/200), severe as BCVA
>1.0 and <1.3 (3/60, 20/400), and blindness as BCVA
>1.3. Records of visual field were very limited within our
cohort; therefore, we only took into consideration BCVA
to classify patients.

Further clinical assessments consisted of dilated fundus
examination, spectral-domain optical coherence tomogra-
phy (OCT, Heidelberg Spectralis; Heidelberg Engineer-
ing, Inc, Heidelberg, Germany), fundus autofluorescence
(Heidelberg Spectralis and Optos PLC, Dunfermline, UK),
and ultrawide field fundus color photography (Optos PLC).
OCT thickness in the general population was extracted
from Invernizzi and associates.’* Ellipsoid zone (EZ) width
was measured at the foveal scan, photoreceptor outer seg-
ment length (PROS) was obtained by measuring the dis-
tance between the inner border of the EZ and the inner
border of the retinal pigment epithelium (RPE), and foveal
outer segment pigment epithelial thickness (FOSPET) was
derived from calculating the distance between the EZ and
the outer border of the RPE.”” The FOSPET-PROS ratio
(FPR) was determined by dividing FOSPET by PROS.

DNA was extracted from whole blood, and genetic
testing was performed using panel-based targeted next-
generation sequencing, whole exome sequencing, or whole
genome sequencing. Where appropriate and available,
blood samples were taken from parents or siblings to con-
firm the segregation of proposed variants. In silico analy-
sis was performed for previously unreported variants. The
pathogenicity of each variant was classified according to
the guidelines of the American College of Medical Genet-
ics and Genomics.”**® Disease-specific guidelines to apply
PP4 were extracted from Oza and associates.”’

GraphPad Prism 8.0.2 (GraphPad Software) was imple-
mented for statistical analysis. The threshold of significance
was set at P < .05. Linear regressions and t-test were used
for parametric variables’ assessment, Welch’s t-test varia-
tion was used when the sample sizes were significantly differ-
ent. Kaplan-Meier survival curves were used to determine
the percentage of patients with a certain level of visual acu-

ity (VA) at different decades of life.

RESULTS

¢ DEMOGRAPHICS, PHENOTYPE, AND VISUAL ACUITY:
Thirty patients from 28 families were identified. Their clin-
ical characteristics are listed in Table 1 and Supplemen-
tal Table 1. Eleven (37%) individuals were female and
19 (63%) were male. The age at their first visit was 38.6
=+ 12.0 years (mean + SD; median: 37.5, range: 19-74).
All patients had hearing impairment: 14 congenital and

16 since childhood. Three patients (10%) described pro-
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TABLE 1. Clinical Characteristics of Patients With ADGRV1-Associated Usher
Syndrome.

Characteristics

Patients (n = 30)

Families
Gender at birth, n (%)

Female

Male
Age at first examination, mean + SD (y)
Age at last examination, mean + SD (y)
Follow-up time, mean + SD (y)
Ethnicity, n (%)

Asian

White European

Mixed

Age of onset visual disturbances, mean + SD (y)

Pediatric, n (%)
Adult, n (%)

Hearing impairment onset, n (%)
Congenital
Childhood

Reported first symptom, n (%)
Night blindness

Concurrent nyctalopia and peripheral field loss

Posterior pole characteristics, n (%)

Decreased autofluorescent perimacular lesions
Hyperautofluorescent ring at the posterior pole
Peripheral retinal pigment deposits, n (%)

None
Minimal/moderate
Dense

28

11 (37)
19 (63)
38.6 + 12
49.9 +13.2
9+77
25 (83)
8 (27)
16 (53)
1(3)
17 £77
13 (43)
17 (57)

5(17)
19 (63)
6 (20)

gressive hearing loss. Twenty-eight (93%) patients reported
moderate-severe hearing loss, with 27 using hearing aids
and 1 having a cochlear implant. The remaining 2 patients
had mild impairment without the need for hearing aids.
No neurological issues were reported. Among the patients
who reported their ethnicity (83%), 8 were Asian, 16 were
White, and 1 was mixed. Consanguinity was reported in 5
families, where parents were first cousins.

The mean age of visual symptom onset was 17.0 + 7.7
years (median: 15.0, range: 6-32), with 13 patients symp-
tomatic before 16 years of age (43%). Twenty-one (70%)
patients described nyctalopia as their first symptom, and 9
(30%) reported concurrent poor night vision and periph-
eral field loss. At their initial visit, 2 patients had moderate
visual loss (39 and 61 years old), 1 was blind (40 years old),
and the rest had none or mild visual impairment (90%, 19-
74 years old).

At baseline, BCVA was 0.3 + 0.4 logMAR OD and OS.
Asymmetric BCVA was seen in 4 (13%) patients. Analyzed
cross-sectionally, there was no significant association be-

tween age and BCVA OD (P = .07) or OS (P = .25).

e CLINICAL EXAMINATION, COLOR AND AUTOFLUORES-
CENCE FUNDUS IMAGING: Twenty (67%) individuals had
cataracts or were pseudophakic in at least 1 eye at baseline.
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Nineteen (63%) patients had symmetric mild-moderate
pigmented bone-spicule—like (BSL) deposits (19-74 years
old), 6 (20%) had severe, dense pigmentary change (36-50
years old), and 5 (17%) had no pigment deposits (25-35
years old).

Twenty-one patients had bilateral hyperautofluorescent
rings at the posterior pole, 3 had frank parafoveal atrophy
(44-74 years old), and 4 had normal macular autofluores-
cence (49-50 years old).” The initial area of the hyperaut-
ofluorescent ring was 7.42 & 8.36 mm? OD and 7.58 + 8.86
mm? OS, and it was not significantly associated with age
(P =.22) or BCVA (P = .06 and .25). Perimacular patches
of decreased autofluorescence were seen around the vascu-
lar arcades bilaterally in 16 patients, from as early as 26 years
of age (53%, Figure 1, A-C), and unilaterally in 2 (7%). Ul-
trawide field fundus autofluorescence imaging was available
in 23 (77%) patients. The retinal periphery was character-
ized by patchy and granular hypoautofluorescent lesions in
9 patients (30%, denser in the mid-periphery, Figure 1, D-
F), hypoautofluorescence with BSL pigment in 6 (20%),
granular pattern in 4 (13%), dispersed hypoautofluorescent
patches in 2 (7%), normal in 1 (3%), and had bilateral pre-
served para-arteriolar RPE changes in the last patient (3%).
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FIGURE 1. Autofluorescence images of patients with ADGRV1-Usher syndrome. A. A 68-year-old patient with a hyperautofluo-
rescent perimacular ring (HPR) and patches of definitely decreased autofluorescence (DDAF) at the level of the vascular arcades.
B. A 44-year-old patient with parafoveal atrophy and DDAF in the mid-periphery. C. A 33-year-old patient with an HPR, mid-
peripheral DDAF, and granular hypoautofluorescence. D. A 30-year-old patient with an HPR and largely preserved peripheral
autofluorescence, with mild granular hypoautofluorescent changes in the mid-periphery. E. A 54-year-old patient with a HPR and
severe mid-peripheral granular and patch-like atrophy, predominantly nasal. E. A 69-year-old patient with a maintained HPR, DDAF
patches over the arcades, and granular hypoautofluorescence mainly in the nasal retina.

e MACULAR OCT ANALYSIS: Twenty-seven (90%) pa-
tients had macular OCT. Twenty-one (70%) patients had
bilateral epiretinal membranes, and one had unilateral
epiretinal membrane. Two (7%) patients had a unilat-
eral macular hole, 11 (37%) had bilateral cystoid macular
edema (CMO), and 4 (13%) had unilateral CMO; hence,
they were excluded from the quantitative thickness analysis
(n = 26 eyes included). The age of patients with CMO was
41.8 & 12.7 years vs the age of those without CMO, 36.6
10.7 years (P = .25).

Baseline central macular thickness (CMT) was 255.4 +
44.0 um OD and 257.6 £ 46.4 um OS. Outer nuclear
layer thickness (ONLT) was quantifiable in 25 eyes (19-
74 years old), with a mean value of 95.9 £ 31.4 pm OD
and 101.6 &+ 34.8 um OS. CMT was significantly lower
than in unaffected population (P = .01), whereas no signif-
icant differences were found in ONLT (P = .15, Figure 2,
A). EZ was present in 26 patients at baseline (50 eyes, 19-
74 years old) with a mean width of 2296 + 1209 um OD
and 2324 + 1330 um OS. FOSPET was 64.7 & 17.0 um
OD and 61.8 £ 21.6 um OS, and PROS was 42.1 &+ 12.0
pum OD and 43.6 & 11.6 pm OS; both decreased compared
with unaffected population.’’’” The mean FPR (FOSPET-
PROS ratio [FPR]) was 1.58 + 0.3 OD and 1.49 £+ 0.2
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OS. There were no significant differences between param-
eters in OD vs OS, indicating high interocular symmetry
(P = .92-.96).

Considering cross-sectional data only, a significant as-
sociation was observed between older age and decreased
PROS (0.0001 OD and 0.03 OS), FOSPET (0.03 OD and
0.0004 OS), and FPR OD (0.0009). No significant associ-
ation was found between age, CMT, ONLT, EZ width, and
FPR OS (P = .17-.71). BCVA was significantly associated
with CMT OD (P = .04) and EZ width OS (P = .04), and
not with CMT OS, EZ OD, ONLT, FOSPET, PROS, or FPR
(P = .15-.89). There were no significant differences regard-
ing the BCVA of patients with and without CMO (P = .9).

e LONGITUDINAL ANALYSIS: The mean follow-up time
was 9 £ 7.7 years (0-24 years), and the mean age at the
final visit was 49.9 + 13.2 years. Final BCVA was 0.5 +
0.6 logMAR OD and 0.6 + 0.7 OS. Asymmetric BCVA
was seen in 5 (17%) patients. The rate of BCVA decline
was 0.02 logMAR (1 letter)/year, and there was a signifi-
cant difference between baseline and follow-up BCVA (P <
.0001). Ten (33%) patients lost at least 15 Early Treatment
Diabetic Retinopathy Study letters or more over follow-up
in 1 or both eyes (after 3-17 years). Four (13%) patients
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FIGURE 2. Optical coherence tomography in ADGRV1-Usher syndrome. A. Central macular thickness (CMT) in our cohort was
significantly lower compared with the unaffected population (P = .01), and outer nuclear layer thickness (ONLT) was similar
(P = .15). B. Kaplan-Meier survival analysis showing the percentage of patients with BCVA <0.3 logMAR (6/12) in at least 1 eye
(74% of the patients at 40 years of age and 50% at 53 years of age) and with legal blindness (=1 logMAR, 50% at 73 years of age).

BCVA = best corrected visual acuity.

progressed to more advanced World Health Organization
categories of visual impairment over follow-up, 1 of whom
became blind.

Kaplan-Meier survival analysis predicted that at 40 years
of age, 74% of the patients have 0.3 logMAR (6/12) in at
least 1 eye and this drops to 50% at 53 years of age. It also
predicted that at 73 years of age, 50% of the patients will
reach legal blindness based on VA (>1 logMAR, Figure 2,
B).

Fifteen patients still had bilateral hyperautofluorescent
macular rings at the posterior pole, with a mean area of
4.6 &+ 3.7 mm? OD and 4.4 + 3.3 mm? OS, significantly
smaller than baseline (P =.004 OD and .006 OS). The rate
of constriction of the hyperautofluorescent ring was 0.23
mm?/year.

Twenty-five (83%) patients had follow-up macular OCT
scans. Three eyes lost discernible EZ, and the latest mean
width was 1672.1 £ 1194.1 OD and 1641.5 + 168.8 OS
pm. There were no significant differences between EZ OD
vs OS (P = .98), with high interocular symmetry.

Longitudinal analysis demonstrated significant differ-
ences between baseline and follow-up CMT (P = .02,
—1.25 um/y), ONLT OS (P = .01, —1.19 um/y), EZ width
(P=.001, —40.9 um/y), and PROS (P = .03, —0.36 um/y).

BCVA OS was significantly associated with CMT
(P = .015), PROS (P = .003), and FOSPET (P = .004).
BCVA OD was not associated with any structural parame-
ter (P = .09-.87).

e MOLECULAR GENETICS: All patients had biallelic vari-
ants in ADGRVI and 7 were homozygous. A total of 49
different variants were present in our cohort: 32 nonsense,
10 missense, 4 splice-site alterations, 2 large deletions, and 1
deep-intronic variant. Twenty-three (47%) were previously
reported,””*! and 26 (53%) were novel variants (Supple-
mental Table 2). Of these, 5 were classified as pathogenic,
16 as likely pathogenic, and 5 as variants of uncertain sig-
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nificance. A schematic representation of pathogenic and
likely pathogenic variants found in our cohort is presented
in Figure 3.

Only 2 variants were found in more than 1 fam-
ily: ¢.3443G>A p.(Glyl148Asp) and c.6901C>T
p.(GIn2301*), present in families of White British ori-
gin. The remaining 47 variants were seen once in 1 family
of the cohort.

Nineteen (68%) families had double-null genotypes
(DN; nonsense, frameshift, splicing, or exon deletion), and
9 were not-double-null (NDN); 7 (25%) compound het-
erozygous of a null and a missense variant, and 2 (7%)
had 2 missense changes. Three patients (ID 4, 11, and 27)
had USH2, harbored a pathogenic variant and a variant
of uncertain significance, had other known USH genes ex-
cluded, and hence were included in the cohort and consid-

ered likely ADGRV I -related cases.

e GENOTYPE-PHENOTYPE CORRELATION ANALYSIS: Pa-
tients with a DN genotype were younger than NDN pa-
tients at baseline, 35.2 & 10.1 years versus 45.4 & 13.6 years
(P = .07), and had earlier age of onset, 15.4 £ 7.3 versus
18.6 £9.2 (P = .48). No relevant differences were seen in
degree and onset of hearing loss.

Regarding retinal features, 4 of the 6 patients with severe
BSL were NDN, and 8 of 9 patients without perimacular
atrophic patches were DN. No significant differences were
found in structural parameters such as hyperautofluorescent
ring area (P = .6), EZ width (P = .23), CMT (P = .12), and
ONLT (P = .06).

Baseline BCVA of DN and NDN groups were not signif-
icantly different (P = .34), with the caveat that the NDN
group was a decade older. Analyzed at a similar age, patients
with DN had significantly worse VA (0.7 £ 0.82) compared
with NDN (0.26 £ 0.18, P = .04). The only blind patient at
baseline and one of those with moderate visual impairment
were DN, and 3 of the 4 who progressed to more advanced
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FIGURE 3. Graphical representation of ADGRV1 protein and the variants in this cohort (www.uniprot.org). The light purple
functional domains correspond to the sodium-calcium exchangers (Calx-beta domains), those in dark purple represent the epilepsy-
associated repeats (EAR), and the last ones represent the transmembrane region. Variants displayed above the protein are the ones
already reported in the literature, and those below are the previously unreported novel variants described in this study.

stages were DN. The rate of VA decline was the same in

both DN and NDN groups.

DISCUSSION

This study describes the phenotype of the largest cohort of
patients with ADGRVI-associated USH to date. Hearing
loss, retinal features, and longitudinal evaluation are de-
tailed, establishing useful diagnostic features and describ-
ing the severity of disease progression, aiming at informing
patients’ prognosis and management. Twenty-six previously
unreported variants are included, and genotype-phenotype
correlations are drawn.

USH2 is characterized as having moderate-severe hear-
ing impairment, with onset generally in the first decade of
life and up to the early 30s.*”** A progressive deterioration
has been reported in USH2A-USH2, with mild annual de-
terioration.”” ADGRV1 has been previously characterized
as having more severe and slightly later onset hearing loss
than USH2A.**® Postlingual hearing loss has even been
described in 1 family.*’ In our cohort, all patients reported
hearing impairment in the first decade of life, only 10% re-
ported having progressive hearing issues, and 2 of them had
mild impairment (both DN). Although longitudinal audi-
ological assessment would shed light on the characteristics
of the hearing loss, it appears that ADGRVI1-USH2 can
present with a rather stable hearing loss, with onset gen-
erally before 10 years of age, and in some cases, relatively
mild.

Individuals with ADGRV1-USH have been described as
possibly having older age of visual symptom onset than
patients with USH2A.”> However, the patients presented
herein with ADGRVI-USH presented with visual symp-
toms in the second/early third decade of life, as classically
described in USH2.” Therefore, the age of onset in our co-
hort was similar to that seen in patients with USH2A-USH
(adolescence/early adulthood).!®#4:45:47

Similar to USH2A, baseline BCVA was <0.4 logMAR,
and a minority of patients (10%) had moderate or worse
visual impairment.'®*>%°0 As previously noted for both
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USHZ2A and ADGRV1, BCVA was significantly associated
with age.*”! The rate of BCVA decline appeared both
slower (1 vs approximately 2 letters/y)*® and faster than in
USH2A (5% vs 2.5%/y), depending on the study of com-
parison.’” Central vision was largely maintained, with pa-
tients in their fifth decade still having 0.0 logMAR vision
and 74% of patients having 0.3 logMAR (6/12) until 40
years of age. Fakin and associates® reported a 50% chance
of reaching legal blindness based on VA at 64 years of age,
but we found this to be at 73 years of age, similar to the
value reported for USH2A-USH (74 years old).”’

Cataracts affected 67% of the patients at baseline, which
was a similar percentage to USH2A (79%) and MYO7A
(52.5%-60%).*%>* Regarding retinal features, the majority
of patients (80%) had no to moderate pigmentary changes,
which is also in keeping with USH2A- and MYO7A-USH
(Figure 4).”*°° The remaining few patients had dense pig-
mentary changes primarily in the mid-periphery, a pheno-
type not previously described in patients with USH2.

A hyperautofluorescent ring at the posterior pole was the
most common feature in our patients, and this has previ-
ously been described both for USH2A and ADGRV1.*’ Un-
like previous reports, we did not find a strong association
between age and ring area, with patients in the sixth and
seventh decade of life still having a preserved hyperaut-
ofluorescent ring.*” The rate of constriction was similar to
that reported in USH2A (3.8% vs 3.5%).”> Perimacular at-
rophic patches have been described in patients with both
ADGRVI- and USH2A-USH2, in a minority of patients,
from 31 years of age.*’ In our cohort, these affected more
than half of the patients, from 26 years of age (Figure 1, A-
C), apparently more common and of earlier onset than in
USHZA.

There is variability in previously reported OCT struc-
tural parameters in USH2A-USH; however, EZ and CMT
appeared more preserved in patients with ADGRV1 of sim-
ilar age (CMT 253.3 um vs 210.28-247 pum, EZ 2296 pm vs
1307-2155 um).*5%575% In a previous report of 3 sisters,
ONLT appeared reduced; however, in our larger cohort, we
found it similar to unaffected population.’!

ADGRVI1-USH shows broad allelic heterogeneity.
Eighty percent of the variants in our cohort were null,
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FIGURE 4. Ultrawide color fundus features of patients with Usher syndrome (USH). A. A 53-year-old patient with USH2A-USH,
with moderate bone-spicule-like (BSL) pigment clumps and pink optic discs. B. A 60-year-old patient with MYO7A-USH, with
moderate BSL pigment throughout the retina and vessel thinning. C. A 56-year-old patient with ADGRV1-USH, with severe, deep
BSL and nummular pigment affecting the whole retina. D. A 49-year-old patient with ADGRV1-USH, with vessel thinning and
no retinal pigmented deposits. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

matching the previously described, possibly high tolerance
of ADGRVI to missense variants.”® The large majority of
the variants were present only in 1 family of the cohort.
This is perhaps due to a loss-of-function mechanism in a
large gene with a low incidence, which leads to a diverse
range of variants distributed along the entire length of the
gene (Figure 3). Of the previously reported variants, 24
were seen in USH2 only, whereas the 2 missense variants
p.lle2332Phe and p.Glyl148Asp were also associated
with nonsyndromic hearing loss and p.Glyl1148Asp with
isolated retinal degeneration.’”0-¢2
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It has previously been described that missense vari-
ants in ADGRV1 can be associated with isolated hearing
loss,*” with currently 55% of reported missense variants
associated with isolated hearing loss, vs 45% with USH2
(https://my.qiagendigitalinsights.com/bbp/view/hgmd/
.php, reviewed in March 2023), without clear clusters or
hot spots. Hence, we can infer that patients carrying at least
1 missense variant can still present as USH2. Interestingly,
some functional features (onset of visual symptoms and
BCVA) were more severe in patients with DN genotype,
whereas retinal degeneration was more visible in NDN.
This dissociation could be related to the limited number of
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patients in our cohort or could represent a possible toxic
effect on the retina by mutant alleles.**

Our study’s strengths are the relatively large number of
genetically confirmed patients, their different ethnic back-
ground, and the inclusion of centers from different coun-
tries. Some of its limitations are the retrospective nature
of the study, the larger proportion of individuals with DN
genotype vs NDN, incomplete data for some individuals,
and nonstandardized methods and protocols throughout
participating centers.

ADGRV] is a very large gene, greatly exceeding the
adeno-associated virus packaging capacity, thereby requir-
ing an alternative approach or multiple adeno-associated
virus vector-based delivery for gene supplementation.®®
Gene independent strategies reducing cell death through
neuroprotection and antioxidants may be a suitable alter-

native for-these r\r)r|phrc 66 An r\hgning phase T/” clin

In conclusion, this paper describes the largest co-
hort of patients with ADGRVI-USH to date. Multi-
modal clinical features, disease and rates of progression,
and genotype-phenotype correlations are detailed. Patients
with ADGRV1-USH have hearing loss early in life, which
is usually non-progressive, and may be mild to severe.
They usually maintain good central vision until late adult-
hood, with relatively preserved structural and functional
parameters. Fundus evaluation commonly depicts a mild-
to-moderate pigmentary degeneration, although more se-
vere cases can also occur. Compared with the more preva-
lent USH2A-USH, the patients in the present study had a
similar age of visual symptom onset, baseline BCVA, and
rate of BCVA deterioration; structurally, perimacular at-
rophic patches were seen more often in ADGRVI, and EZ
and CMT appeared relatively more preserved.

1 trj testi Ora antlo)alﬂant ln
ndmg upport e S8k as supporte y grants

i amﬂé(ti[éfﬁ ISt

atl nﬁamona}il Institute for Health Research Biomedical Research Centre at Moorfields Eye
H@m&@g@\{ m k%ﬁ’ﬁﬂaQﬂ{Ophthalmology, and The Wellcome Trust (099173/Z/12/Z and 206619/Z/17/Z).

IN@FT043556899:. The authors alone are responsible for the content and writing of this article. M.M. consults for MeiraGTx Ltd. All authors attest

that they meet the current ICMJE criteria for authorship.

REFERENCES

1. Rénnberg ], Borg E. A review and evaluation of research on
the deaf-blind from perceptual, communicative, social and
rehabilitative perspectives. Scand Audiol. 2001;30(2):67-77.
doi:10.1080/010503901300112176.

2. Admiraal RJC, Huygen PLM. Changes in the aetiology of
hearing impairment in deaf-blind pupils and deaf infant
pupils at an institute for the deaf. Int J Pediatr Otorhino-
laryngol. 2000;55(2):133-142. doi:10.1016/S0165-5876(00)
00395-5

3. Pontikos N, Armo G, Jurkute N, et al. Genetic basis of in-
herited retinal disease in a molecularly characterized cohort
of more than 3000 families from the United Kingdom. Oph-
thalmology. 2020;127(10):1384-1394. doi:10.1016/j.ophtha.
2020.04.008.

4. Reiners ], Nagel-Wolfrum K, Jiirgens K, Mirker T, Wol-
frum U. Molecular basis of human Usher syndrome: decipher-
ing the meshes of the Usher protein network provides insights
into the pathomechanisms of the Usher disease. Exp Eye Res.
2006;83(1):97-119. doi:10.1016/j.exer.2005.11.010.

5. Daich Varela M, Jani P, Zein WM, et al. The peroxisomal dis-
order spectrum and Heimler syndrome: deep phenotyping and
review of the literature. Am J Med Genet C Semin Med Genet.
2020;184(3):618-630. doi:10.1002/ajmg.c.31823.

6. de Guimaraes TAC, Arram E, Shakarchi AF, Geor-
giou M, Michaelides M. Inherited causes of combined
vision and hearing loss: clinical features and molecu-
lar genetics. Br ] Ophthalmol. 2023;107(10):1403-1414.
doi:10.1136/bjo-2022-321790.

7. Toms M, Pagarkar W, Moosajee M. Usher syndrome: clini-
cal features, molecular genetics and advancing therapeutics.
Ther Adv Ophthalmol. 2020;12:2515841420952194. doi:10.
1177/2515841420952194.

8. Yan D, Liu XZ. Genetics and pathological mechanisms of

VoL. 256

Usher syndrome. J] Hum Genet. 2010;55(6):327-335. doi:10.
1038/jhg.2010.29.

9. McGee TL, Seyedahmadi BJ, Sweeney MO, Dryja TP,
Berson EL. Novel mutations in the long isoform of the
USH2A gene in patients with Usher syndrome type
I or non-syndromic retinitis pigmentosa. ] Med Genet.
2010;47(7):499-506.

10. Eudy JD, Weston MD, Yao S, et al. Mutation of a gene encod-
ing a protein with extracellular matrix motifs in Usher syn-
drome type Ila. Science. 1998;280(5370):1753-1757. doi:10.
1126/science.280.5370.1753.

11. Maerker T, van Wijk E, Overlack N, et al. A novel Usher pro-
tein network at the periciliary reloading point between molec-
ular transport machineries in vertebrate photoreceptor cells.
Hum Mol Genet. 2008;17(1):71-86.

12. Jouret G, Poirsier C, Spodenkiewicz M, et al. Genetics of
Usher syndrome: new insights from a meta-analysis. Otol Neu-
rotol. 2019;40(1):121-129.

13. Hmani M, Ghorbel A, Boulila-Elgaied A, et al. A novel locus
for Usher syndrome type 11, USH2B, maps to chromosome 3 at
p23-24.2. Eur ] Hum Genet. 1999;7(3):363-367. doi:10.1038/
sj.ejhg.5200307.

14. Sandberg MA, Rosner B, Weigel-DiFranco C, McGee TL,
Dryja TP, Berson EL. Disease course in patients with autoso-
mal recessive retinitis pigmentosa due to the USH2A gene. In-
vest Ophthalmol Vis Sci. 2008;49(12):5532-5539. doi:10.1167/
iovs.08-2009.

15. Garcia-Garcia G, Aller E, Jaijo T, et al. Novel deletions in-
volving the USH2A gene in patients with Usher syndrome
and retinitis pigmentosa. Mol Vis. 2014;20:1398-1410.

16. Birch DG, Cheng P, Duncan JL, et al. The RUSH2A study:
best-corrected visual acuity, full-field electroretinography am-
plitudes, and full-field stimulus thresholds at baseline. Transl
Vis Sci Technol. 2020;9(11):9. doi:10.1167/tvst.9.11.9.

17. McMillan DR, Kayes-Wandover KM, Richardson JA,

CHARACTERIZATION OF ADGRV1 -ASSOCIATED USHER SYNDROME 193


https://doi.org/10.1080/010503901300112176
https://doi.org/10.1016/S0165-5876(00)penalty
-@M 00395-5
https://doi.org/10.1016/j.ophtha.2020.04.008
https://doi.org/10.1016/j.exer.2005.11.010
https://doi.org/10.1002/ajmg.c.31823
https://doi.org/10.1136/bjo-2022-321790
https://doi.org/10.1177/2515841420952194
https://doi.org/10.1038/jhg.2010.29
http://refhub.elsevier.com/S0002-9394(23)00268-4/sbref0009
https://doi.org/10.1126/science.280.5370.1753
http://refhub.elsevier.com/S0002-9394(23)00268-4/sbref0011
http://refhub.elsevier.com/S0002-9394(23)00268-4/sbref0012
https://doi.org/10.1038/sj.ejhg.5200307
https://doi.org/10.1167/iovs.08-2009
http://refhub.elsevier.com/S0002-9394(23)00268-4/sbref0015
https://doi.org/10.1167/tvst.9.11.9

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

194

White PC. Very large G protein-coupled receptor-1, the
largest known cell surface protein, is highly expressed
in the developing central nervous system. ] Biol Chem.
2002;277(1):785-792. doi:10.1074/jbc.M108929200.
Bousfiha A, Bakhchane A, Charoute H, et al. Novel com-
pound heterozygous mutations in the GPR98 (USH2C)
gene identified by whole exome sequencing in a Moroccan
deaf family. Mol Biol Rep. 2017;44(5):429-434. doi:10.1007/
s11033-017-4129-9.

Delmaghani S, El-Amraoui A. The genetic and phenotypic
landscapes of Usher syndrome: from disease mechanisms to
a new classification. Hum Genet. 2022;141(3-4):709-735.
doi:10.1007/s00439-022-02448-17.

Kahrizi K, Bazazzadegan N, Jamali L, Nikzat N, Kashef A, Na-
jmabadi H. A novel mutation of the USH2C (GPR98) gene
in an Iranian family with Usher syndrome type II. ] Genet.
2014;93(3):837-841. doi:10.1007/s12041-014-0443-3.

LiuZ, Ye X, Zhang ], Wu B, Dong S, Gao P. Biallelic ADGRV 1
variants are associated with Rolandic epilepsy. Neurol Sci.
2022;43(2):1365-1374. doi:10.1007/s10072-021-05403-y.
Lange C, Feltgen N, Junker B, Schulze-Bonsel K, Bach M.
Resolving the clinical acuity categories “hand motion”
and “counting fingers” using the Freiburg Visual Acu-
ity Test (FrACT). Graefe’s Arch Clin Exp Ophthalmol.
2009;247(1):137-142. doi:10.1007/s00417-008-0926-0.

Day AC, Donachie PHJ, Sparrow JM, Johnston RL. The
Royal College of Ophthalmologists’ National Ophthalmol-
ogy Database study of cataract surgery: report 1, visual out-
comes and complications. Eye (Lond). 2015;29(4):552-560.
doi:10.1038/eye.2015.3.

Invernizzi A, Pellegrini M, Acquistapace A, et al. Nor-
mative data for retinal-layer thickness maps generated by
spectral-domain OCT in a White population. Ophthalmol
Retin. 2018;2(8):808-815 el. doi:10.1016/j.oret.2017.12.012.
Poornachandra B, Khurana AK, Sridharan P, et al. Quan-
tifying microstructural changes in retinitis pigmentosa us-
ing spectral domain—optical coherence tomography. Eye Vis.
2019;6(1):13. doi:10.1186/s40662-019-0139-0.

Kalia SS, Adelman K, Bale SJ, et al. Recommendations for
reporting of secondary findings in clinical exome and genome
sequencing, 2016 update (ACMG SF v2.0): a policy state-
ment of the American College of Medical Genetics and Ge-
nomics. Genet Med. 2017;19(2):249-255. doi:10.1038/gim.
2016.190.

Richards S, Aziz N, Bale S, et al. Standards and guidelines for
the interpretation of sequence variants: a joint consensus rec-
ommendation of the American College of Medical Genetics
and Genomics and the Association for Molecular Pathology.
Genet Med. 2015;17(5):405-424. doi:10.1038/gim.2015.30.
Abou Tayoun AN, Pesaran T, DiStefano MT, et al.
Recommendations for interpreting the loss of func-
tion PVS1 ACMG/AMP variant criterion. Hum Mutat.
2018;39(11):1517-1524. doi:10.1002/humu.23626.

Oza AM, DiStefano MT, Hemphill SE, et al. Expert specifi-
cation of the ACMG/AMP variant interpretation guidelines
for genetic hearing loss. Hum Mutat. 2018;39(11):1593-1613.
doi:10.1002/humu.23630.

Robson AG, Michaelides M, Saihan Z, et al. Functional char-
acteristics of patients with retinal dystrophy that manifest ab-
normal parafoveal annuli of high density fundus autofluores-

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

41.

43.

4.

45.

AMERICAN JOURNAL OF OPHTHALMOLOGY

cence; a review and update. Doc Ophthalmol. 2008;116(2):79—
89. doi:10.1007/s10633-007-9087-4.

Witkin AJ, Ko TH, Fujimoto JG, et al. Ultra-high resolution
optical coherence tomography assessment of photoreceptors
in retinitis pigmentosa and related diseases. Am ] Ophthalmol.
2006;142(6):945-952 el. doi:10.1016/j.2j0.2006.07.024.

He M, Wu T, Zhang L, et al. Correlation between
neutrophil-to-lymphocyte ratio and clinical manifestations
and complications of retinitis pigmentosa. Acta Ophthalmol.
2022;100(1):e278-e287. doi:10.1111/a0s.14880.

Le Quesne Stabej P, Saihan Z, Rangesh N, et al. Compre-
hensive sequence analysis of nine Usher syndrome genes in
the UK National Collaborative Usher Study. ] Med Genet.
2012;49(1):27-36. doi:10.1136/jmedgenet-2011-100468.
Carss KJ, Arno G, Erwood M, et al. Comprehensive rare vari-
ant analysis via whole-genome sequencing to determine the
molecular pathology of inherited retinal disease. Am ] Hum
Genet. 2017;100(1):75-90. doi:10.1016/j.ajhg.2016.12.003.
Feenstra HM, Al-Khuzaei S, Shah M, et al. Pheno-
typic and genetic characteristics in a cohort of patients
with Usher genes. Genes (Basel). 2022;13(8). doi:10.3390/
genes13081423.

Weston MD, Luijendijk MW], Humphrey KD, Msller C,
Kimberling WJ. Mutations in the VLGRI1 gene implicate
G-protein signaling in the pathogenesis of Usher syndrome
type 1. Am ] Hum Genet. 2004;74(2):357-366. doi:10.1086/
381685.

Neuhaus C, Eisenberger T, Decker C, et al. Next-generation
sequencing reveals the mutational landscape of clinically di-
agnosed Usher syndrome: copy number variations, pheno-
copies, a predominant target for translational read-through,
and PEX26 mutated in Heimler syndrome. Mol Genet genomic
Med. 2017;5(5):531-552. doi:10.1002/mgg3.312.

Hanany M, Rivolta C, Sharon D. Worldwide carrier frequency
and genetic prevalence of autosomal recessive inherited reti-
nal diseases. Proc Natl Acad Sci U S A. 2020;117(5):2710-
2716. doi:10.1073/pnas.1913179117.

Wang F, Wang H, Tuan HF, et al. Next generation
sequencing-based molecular diagnosis of retinitis pigmen-
tosa: identification of a novel genotype-phenotype correlation
and clinical refinements. Hum Genet. 2014;133(3):331-345.
doi:10.1007/s00439-013-1381-5.

Besnard T, Garcia-Garcfa G, Baux D, et al. Experience of tar-
geted Usher exome sequencing as a clinical test. Mol Genet
genomic Med. 2014;2(1):30-43. doi:10.1002/mgg3.25.
Garcia-Garcia G, Besnard T, Baux D, et al. The contribution
of GPR98 and DFENB31 genes to a Spanish Usher syndrome
type 2 cohort. Mol Vis. 2013;19:367-373.

Smith RJH, Berlin CI, Hejtmancik JF, et al. Clinical diagnosis
of the Usher syndromes. Am ] Med Genet. 1994;50(1):32-38.
Abadie C, Blanchet C, Baux D, et al. Audiological findings in
100 USH2 patients. Clin Genet. 2012;82(5):433-438. doi:10.
1111/.1399-0004.2011.01772 x.

Blanco-Kelly F, Jaijo T, Aller E, et al. Clinical aspects of
Usher syndrome and the USH2A gene in a cohort of 433 pa-
tients. JAMA Ophthalmol. 2015;133(2):157-164. doi:10.1001/
jamaophthalmol.2014.4498.

Hartel BP, Lofgren M, Huygen PLM, et al. A combination
of two truncating mutations in USH2A causes more severe
and progressive hearing impairment in Usher syndrome type

MoNTH 2023


https://doi.org/10.1074/jbc.M108929200
https://doi.org/10.1007/s11033-017-4129-9
https://doi.org/10.1007/s00439-022-02448-7
https://doi.org/10.1007/s12041-014-0443-3
https://doi.org/10.1007/s10072-021-05403-y
https://doi.org/10.1007/s00417-008-0926-0
https://doi.org/10.1038/eye.2015.3
https://doi.org/10.1016/j.oret.2017.12.012
https://doi.org/10.1186/s40662-019-0139-0
https://doi.org/10.1038/gim.2016.190
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1002/humu.23626
https://doi.org/10.1002/humu.23630
https://doi.org/10.1007/s10633-007-9087-4
https://doi.org/10.1016/j.ajo.2006.07.024
https://doi.org/10.1111/aos.14880
https://doi.org/10.1136/jmedgenet-2011-100468
https://doi.org/10.1016/j.ajhg.2016.12.003
https://doi.org/10.3390/genes13081423
https://doi.org/10.1086/381685
https://doi.org/10.1002/mgg3.312
https://doi.org/10.1073/pnas.1913179117
https://doi.org/10.1007/s00439-013-1381-5
https://doi.org/10.1002/mgg3.25
http://refhub.elsevier.com/S0002-9394(23)00268-4/sbref0041
http://refhub.elsevier.com/S0002-9394(23)00268-4/sbref0042
https://doi.org/10.1111/j.1399-0004.2011.01772.x
https://doi.org/10.1001/jamaophthalmol.2014.4498

46.

41.

48.

49.

50.

51.

52.

53.

54.

55.

VoL. 256

[Ia. Hear Res. 2016;339:60-68. doi:10.1016/j.heares.2016.06.
008.

Besnard T, Vaché C, Baux D, et al. Non-USH2A mutations
in USH2 patients. Hum Mutat. 2012;33(3):504-510. doi:10.
1002/humu.22004.

Zhang N, Wang ], Liu S, Liu M, Jiang F. Identification of
two novel compound heterozygous mutations of ADGRV1
in a Chinese family with Usher syndrome type IIC. Oph-
thalmic Genet. 2018;39(4):517-521. doi:10.1080/13816810.
2018.1479430.

Testa F, Melillo P, Bonnet C, et al. Clinical presentation and
disease course of Usher syndrome because of mutations in
MYOT7A or USH2A. Retina. 2017;37(8):1581-1590. doi:10.
1097/IAE.0000000000001389.

Fakin A, Bonnet C, Kurtenbach A, et al. Characteristics
of retinitis pigmentosa associated with ADGRV1 and com-
parison with USH2A in patients from a multicentric Usher
syndrome study treatrush. Int ] Mol Sci. 2021;22(19):10352.
doi:10.3390/ijms221910352.

Gao FJ, Wang DD, Chen F, et al. Prevalence and genetic—
phenotypic characteristics of patients with USH2A mutations
in a large cohort of Chinese patients with inherited reti-
nal disease. Br ] Ophthalmol. 2021;105(1):87-92. doi:10.1136/
bjophthalmol-2020-315878.

Schwartz SB, Aleman TS, Cideciyan AV, et al. Disease ex-
pression in Usher syndrome caused by VLGR1 gene mu-
tation (USH2C) and comparison with USH2A phenotype.
Invest Ophthalmol Vis Sci. 2005;46(2):734-743. doi:10.1167/
iovs.04-1136.

Calzetti G, Levy RA, Cideciyan AV, et al. Efficacy outcome
measures for clinical trials of USH2A caused by the common
¢.2299delG mutation. Am J Ophthalmol. 2018;193:114-129.
doi:10.1016/j.2j0.2018.06.017.

Pierrache LHM, Hartel BP, van Wijk E, et al. Visual prog-
nosis in USH2A-associated retinitis pigmentosa is worse
for patients with Usher syndrome type Ila than for those
with nonsyndromic retinitis pigmentosa. Ophthalmology.
2016;123(5):1151-1160. doi:10.1016/j.ophtha.2016.01.021.
Khateb S, Mohand-Said S, Nassisi M, et al. Pheno-
typic characteristics of rod—cone dystrophy associated
with  MYO7A mutations in a large FRENCH co-
hort.  Retina. 2020;40(8):1603-1615.  doi:10.1097/IAE.
0000000000002636.

Zahid S, Branham K, Schlegel D, et al.. USH2A. Retinal Dys-
trophy Gene Atlas Springer; 2018:269-271.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

CHARACTERIZATION OF ADGRV1 -ASSOCIATED USHER SYNDROME

Nakanishi H, Ohtsubo M, Iwasaki S, et al. Identification
of 11 novel mutations in USH2A among Japanese patients
with Usher syndrome type 2. Clin Genet. 2009;76(4):383-391.
doi:10.1111/5.1399-0004.2009.01257 x.

Colombo L, Maltese PE, Romano D, et al. Spectral-domain
optical coherence tomography analysis in syndromic and non-
syndromic forms of retinitis pigmentosa due to USH2A ge-
netic variants. Ophthalmic Res. 2022;65(2):180-195.

Gill JS, Theofylaktopoulos V, Mitsios A, et al. Investigating
biomarkers for USH2A retinopathy using multimodal retinal
imaging. Int ] Mol Sci. 2022;23(8):4198.

Lad EM, Duncan JL, Liang W, et al. Baseline microperimetry
and OCT in the RUSH2A study: structure—function associ-
ation and correlation with disease severity. Am J Ophthalmol.
2022;244:98-116. doi:10.1016/j.2j0.2022.08.013.

Sommen M, Schrauwen I, Vandeweyer G, et al. DNA diag-
nostics of hereditary hearing loss: a targeted resequencing ap-
proach combined with a mutation classification system. Hum
Mutat. 2016;37(8):812-819. doi:10.1002/humu.22999.
Sloan-Heggen CM, Bierer AO, Shearer AE, et al. Compre-
hensive genetic testing in the clinical evaluation of 1119 pa-
tients with hearing loss. Hum Genet. 2016;135(4):441 Adeno-
associated virus -450. doi:10.1007/s00439-016-1648-8.

Kars ME, Bagak AN, Onat OE, et al. The genetic struc-
ture of the Turkish population reveals high levels of
variation and admixture. Proc Natl Acad Sci U S A.
2021;118(36):e2026076118. doi:10.1073/pnas.2026076118.
Stemerdink M, Garcia-Bohérquez B, Schellens R, Garcia-
Garcia G, Van Wijk E, Millan JM. Genetics, pathogen-
esis and therapeutic developments for Usher syndrome
type 2. Hum Genet. 2022;141(3-4):737-758. doi:10.1007/
s00439-021-02324-w.

Daich Varela M, Georgiadis A, Michaelides M. Genetic treat-
ment for autosomal dominant inherited retinal dystrophies:
approaches, challenges and targeted genotypes. Br ] Ophthal-
mol. 2023;107(9):1223-1230. doi:10.1136/bjo-2022-321903.
Trapani I, Auricchio A. Has retinal gene therapy come of age?
From bench to bedside and back to bench. Hum Mol Genet.
2019;28(R1):R108-R118. doi:10.1093/hmg/ddz130.

Toualbi L, Toms M, Moosajee M. USH2A-retinopathy: from
genetics to therapeutics. Exp Eye Res. 2020;201:108330.
doi:10.1016/j.exer.2020.108330.

195


https://doi.org/10.1016/j.heares.2016.06.008
https://doi.org/10.1002/humu.22004
https://doi.org/10.1080/13816810.2018.1479430
https://doi.org/10.1097/IAE.0000000000001389
https://doi.org/10.3390/ijms221910352
https://doi.org/10.1136/bjophthalmol-2020-315878
https://doi.org/10.1167/iovs.04-1136
https://doi.org/10.1016/j.ajo.2018.06.017
https://doi.org/10.1016/j.ophtha.2016.01.021
https://doi.org/10.1097/IAE.0000000000002636
http://refhub.elsevier.com/S0002-9394(23)00268-4/sbref0055
https://doi.org/10.1111/j.1399-0004.2009.01257.x
http://refhub.elsevier.com/S0002-9394(23)00268-4/sbref0057
http://refhub.elsevier.com/S0002-9394(23)00268-4/sbref0058
https://doi.org/10.1016/j.ajo.2022.08.013
https://doi.org/10.1002/humu.22999
https://doi.org/10.1007/s00439-016-1648-8
https://doi.org/10.1073/pnas.2026076118
https://doi.org/10.1007/s00439-021-02324-w
https://doi.org/10.1136/bjo-2022-321903
https://doi.org/10.1093/hmg/ddz130
https://doi.org/10.1016/j.exer.2020.108330

	Detailed Clinical, Ophthalmic, and Genetic Characterization of ADGRV1-Associated Usher Syndrome
	METHODS
	RESULTS
	 Demographics, Phenotype, and Visual Acuity
	 Clinical Examination, Color and Autofluorescence Fundus Imaging
	 Macular OCT Analysis
	 Longitudinal Analysis
	 Molecular Genetics
	 Genotype-Phenotype Correlation Analysis

	DISCUSSION
	REFERENCES


