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Purrosk. To describe the molecular epidemiology of nonsyndromic retinitis pigmentosa
(RP) and Usher syndrome (US) in Italian patients.

MetHODS. A total of 591 probands (315 with family history and 276 sporadics) were
analyzed. For 155 of them, we performed a family segregation study, considering a total
of 382 relatives. Probands were analyzed by a customized multigene panel approach.
Sanger sequencing was used to validate all genetic variants and to perform family segre-
gation studies. Copy number variants of selected genes were analyzed by multiplex
ligation-dependent probe amplification. Four patients who tested negative to targeted
next-generation sequencing analysis underwent clinical exome sequencing.

Resurts. The mean diagnostic yield of molecular testing among patients with a family
history of retinal disorders was 55.2% while the diagnostic yield including sporadic cases
was 37.4%. We found 468 potentially pathogenic variants, 147 of which were unpublished,
in 308 probands and 66 relatives. Mean ages of onset of the different classes of RP were
autosomal dominant RP, 19.3 + 12.6 years; autosomal recessive RP, 23.2 + 16.6 years;
X-linked RP, 13.9 £ 9.9 years; and Usher syndrome, 18.9 + 9.5 years. We reported poten-
tial new genotype-phenotype correlations in three probands, two revealed by TruSight
One testing. All three probands showed isolated RP caused by biallelic variants in genes
usually associated with syndromes such as PERCHING and Senior-Loken or with retinal
dystrophy, iris coloboma, and comedogenic acne syndrome.

Concrusions. This is the largest molecular study of Italian patients with RP in the literature,
thus reflecting the epidemiology of the disease in Italy with reasonable accuracy.

Keywords: retinitis pigmentosa, Usher syndrome, next-generation sequencing

etinitis pigmentosa (RP; MIM PS268000), also known
Ras rod-cone dystrophy, is the most common heredi-
tary retinal dystrophy, affecting about 1 of 3000 of the
general population.! It is distinguished by primary degener-
ation of rod photoreceptors, which may combine with cone
involvement as the disease progresses. It causes early impair-
ment of peripheral vision and narrowing of the visual field?
and is therefore a leading cause of chronic visual disabil-
ity in developed countries. Management of RP is usually
limited to periodic assessment of retinal function; detection
and treatment of complications, including macular edema,
secondary choroidal neovascularization, cataract, and glau-
coma; and provision of visual aids, but no definitive treat-
ment is yet available. Nevertheless, progress in understand-
ing the pathologic basis of RP and the development of
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gene-targeted and innovative treatments are creating new
prospects for families affected by this condition.?

RP is genetically heterogeneous and may be trans-
mitted by autosomal dominant (AD), autosomal recessive
(AR), or X-linked (XL) patterns of inheritance. Hundreds
of deleterious variants in approximately 90 genes have so
far been associated with RP (https://sph.uth.edu/retnet/
sum-dis.htm#A-genes). The clinical implications of achiev-
ing molecular confirmation of RP are multifold. As pheno-
typic differentiation with respect to other partially overlap-
ping hereditary retinal dystrophies can be difficult in specific
circumstances, molecular testing may help classification and
prognosis in cases with known genotype-phenotype corre-
lations. Molecular confirmation of the inheritance pattern
is also crucial for appropriate genetic counseling and
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identification of carrier or pre/oligosymptomatic relatives.
Finally, new therapies are magnifying the potential impact
of molecular nosology in the tailored management of RP.

Molecular testing of RP in a clinical context is not
easy due to extreme genetic heterogeneity,*> which is also
complicated by molecular overlap with other hereditary
retinal disorders, such as Usher syndrome (US, the most
common syndromic presentation of RP), and current incom-
plete understanding of its molecular basis.

Today, custom-targeted next-generation sequencing gene
panels can be applied in hereditary retinal disorders and
RP to allow faster, cheaper, and more accurate molecular
diagnosis.®” These panels can virtually consider the coding
sequence of all genes known to be associated with a variable
number of hereditary eye disorders in a single run. Given
the continuous discovery of new genes associated with RP
and other retinal dystrophies, diagnostic laboratories are
forced to periodically update their molecular tools and/or
bioinformatics pipelines to offer competitive diagnostic
accuracy.

Here we describe our findings in a cohort of 591
probands with RP, enrolled in a single specialized service
(Retinal Dystrophies Unit, Division of Ophthalmology, ASST
Santi Paolo e Carlo Hospital, Milan, Italy), over a period of
about 8 years. Molecular testing was carried out by a multi-
gene panel approach, including a progressively increasing
number of disease-genes. This is the largest study on the
molecular nosology of RP in Italy to date.

MATERIALS AND METHODS
Selection of Patients

All probands and their affected and unaffected relatives
were enrolled at the Retinal Dystrophy Unit of ASST Santi
Paolo e Carlo Hospital, University of Milan (Italy), from 2011
to early 2019. They underwent detailed clinical examina-
tion, including best-corrected visual acuity, slit-lamp exam-
ination, visual field analysis, spectral-domain optical coher-
ence tomography (SD-OCT), fundus autofluorescence (FAF),
and dark- and light-adapted electroretinogram (ERG). Diag-
nosis of RP was based on typical clinical signs (optic disc
pallor, bone spicule pigmentation, retinal vessel attenua-
tion), characteristic full-field electoretinographic patterns,
varying from reduced A- and B-wave amplitudes in early
stages to nondetectable ERG in advanced stages (as estab-
lished by the International Society for Clinical Electrophysi-
ology of Vision), visual field constriction, and particular SD-
OCT and FAF patterns. Patients suspected to have US (retini-
tis pigmentosa and sensorineural bilateral hearing loss) also
underwent complete audiometric evaluation.

Detailed demographic data and family history were
recorded by interview. For each proband, the disease (RP
or US) and the inheritance model (AD-RP, AR-RP, or XL-
RP) were suspected on the basis of clinical data and pedi-
gree, when available. Patients without a family history of eye
disorders were indicated as simplex cases (SP-RP). Molecular
testing was always preceded by accurate genetic counseling
by a doctor specialized in medical genetics. All patients (or
their relatives/legal guardians) gave their written informed
consent to use their anonymized clinical and genetic data
for publication. The study conformed to the Declaration
of Helsinki of 1984 and subsequent amendments. Ethics
committee approval was obtained.
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Molecular and Bioinformatics Analysis

The genetic testing protocols were originally developed by
team S6 of the Department of Genetics of the Institut de la
Vision (Paris, France), and their technical aspects have been
published elsewhere.®®

In brief, after full clinical assessment and genetic coun-
seling, blood and/or saliva samples were obtained and sent
to the MAGI laboratories (MAGI’s Lab s.r.l., Rovereto, TN,
and MAGI Euregio s.c.s., Bolzano, Italy). DNA was extracted
using a commercial kit (E.Z.N.A. Blood DNA kit; Omega Bio-
Tek, Norcross, GA, USA) and analyzed by next-generation
sequencing (NGS) on an Illumina MiSeq personal sequencer
(Illumina, San Diego, CA, USA) using an in-house bioinfor-
matics pipeline as previously described.”1°

The gene panels were periodically updated with new
disease-associated genes reported in the literature, so that
four different custom NGS panel releases were used in the
8-year period of observation. The list of genes in the latest
multigene panel (used to test 267 samples between 2017 and
2019) is shown in Supplementary Table S1; a comparison of
genes included in the other three panels can be found in
Supplementary Table S2.

Initial variant filtering considered a minor allele
frequency (MAF) of 0.05 and discarded all intronic and
synonymous variants not known or predicted to affect splic-
ing. Subsequently, individual MAFs were used for selected
genes responsible for genetic/clinical subtypes of RP
when epidemiologic data were available. All variants were
sought in the Human Gene Mutation Database, professional
version 2017.2 (https://www.portal.biobase-international.
com/hgmd/pro/); dbSNP (https://www.ncbi.nlm.nih.gov/
snp/); ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/); and
gnomAD (https://gnomad.broadinstitute.org/) databases.
The pathogenicity of all variants identified was evalu-
ated according to American College of Medical Genet-
ics and Genomics (ACMG) guidelines'! and sustained by
comparison with the VarSome database (https://varsome.
com/).'? Only variants of unknown significance (VUS), likely
pathogenic (LP) variants, and pathogenic (P) variants were
considered in our analysis; likely benign and benign variants
were set aside for further study.

All genetic variants were validated by Sanger sequenc-
ing using a Beckman Coulter CEQ 8000 sequencer (Beck-
man Coulter, Milan, Italy). Sanger sequencing was also
used for family segregation studies when additional family
members were available. Whole-gene or intragenic rear-
rangements of selected genes (i.e., EYS, RP2, and USH2A)
were analyzed by multiplex ligation-dependent probe ampli-
fication (MLPA) (www.mrc-holland.com) using the Beck-
man Coulter CEQ 8000 sequencer. This test was initially
performed in probands strongly suspected to have reces-
sive inheritance on the basis of family history, for whom
sequencing analysis revealed a single heterozygous variant
in a gene known from the literature to be subject to such
rearrangements.

Selected patients who tested negative to targeted
NGS analysis underwent clinical exome sequencing using
the Illumina commercial kit “TruSight One sequencing
panel” on the MiSeq platform, a test comprising about
5000 disease-associated genes (http://www.illumina.com/
products/trusight-one-sequencing-panel.ilmn).

Probands were considered genetically solved on the basis
of the ACMG variant pathogenicity classification, evidence
in the literature, family segregation study, homozygosity, or
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FIGURE 1.

compound heterozygosity for recessive genes. Only data
from solved probands were used for the epidemiologic
presentation of RP. Genetic variants of unsolved probands
were considered putatively associated with the disease.

Statistical Analysis

Student’s f#test was used to compare pairs of means
(MedCalc Software, Mariakerke, Belgium). Quantitative data
are reported as mean =+ SD.

RESULTS

A total of 591 probands were enrolled (age range at diag-
nosis, 9-92 years; mean age at genetic diagnosis, 44.8 + 15
years; mean age at onset, 22.2 £ 15.3 years; female/male
ratio, 0.96). In 155 cases, one or more relatives were avail-
able for family segregation studies, making a total of 382
additional patients (66 clinically affected, 316 clinically unaf-
fected). Based on clinical observation and pedigree study,
families/probands were assigned to a genetic class (AD-
RP, 67, 11.3%; AR-RP, 103, 17.4%; XL-RP, 37, 6.3%; US, 108,
18.3%; SP-RP, 276, 46.7%). Among the 591 probands, 308
(52.1%) carried one or more variants in a causative gene
classified as VUS, LP, and/or P (Supplementary Tables S3—
S7). A total of 335 different variants were identified (Supple-
mentary Table S7), 147 of which were unpublished (Table 1,
Fig. D).

From a total of 468 potentially pathogenic variants, 279
were only found once (i.e., in a single proband), while 56
recurred in two or more unrelated probands. In particu-
lar, 51 previously known variants recurred in a total of
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Overview of the 147 unpublished variants: (A) distribution in genes, (B) disease distribution, and (C) classification of pathogenicity.

178 probands, while 5 previously unpublished variants were
found in 2 probands each. After testing, families/probands
were reassigned to a specific class based on genetic results,
including segregation study if possible (Fig. 2A). Variants
classified by type are reported in Table 2. Results by genetic
class (i.e., AD-RP, AR-RP, XL-RP, US) after molecular testing
are reported in Supplementary Tables S3-S6.

Segregation study confirmed disease transmission and
provided evidence of genotype-phenotype association in 51
of the 66 affected relatives and their families. In the remain-
ing 15 affected relatives, molecular testing suggested that
the candidate variant did not segregate in the family and
was unlikely to cause the disease (Fig. 2B). A total of 170
relatives were classified as carriers.

MLPA analysis was performed on the USH2A, EYS, and
RP2 genes in 33 patients (17 probands and 16 relatives) and
proved positive in 9 (52.9%) probands and 1 affected relative
(6.25%), while 10 healthy relatives (62.5%) were found to be
healthy (heterozygous) carriers.

The diagnostic yields of molecular testing are reported
in Table 3. Diagnostic yield in patients with family history
was 73.1%, 62.1%, 56.8%, and 37% for AD-RP, AR-RP, XL-RP,
and US patients, respectively, and 55.2% when considering
the four classes together.

Among 276 sporadic cases, 71 had potentially pathogenic
variants. For 63 of them, family segregation analysis was
performed and made it possible to solve 30 cases (2 AD,
27 AR, 1 XL); 12 were solved without segregation analysis
(8 AD, 3 AR, 1 XL). Molecular testing was therefore useful
in establishing an inheritance pattern in 42 sporadic cases
(15.2%; 10 tested positive for AD-RP, 30 for AR-RP, and 2
for XL-RP). Taken together, on 591 probands, our results
demonstrated a prevalence of 10% (59 probands) AD-RP,
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Ficure 2. Prevalence of the four classes of RP based on genetic diagnosis in the whole population of 591 probands. (A) Probands, n =
591. (B) Relatives, n = 382.

TaBLe 2. Types of Putative Pathogenic Variants

Variant Type Hemizygous, No. Heterozygous, No. Homozygous, No. Total, No.
Large deletions/insertions 1 8 4 13
Missense 4 178 23 205
Nonsense 4 71 12 87
Frameshift 10 65 18 93
In frame 11 2 13
Splice site 3 43 11 57
Total 22 376 70 468

16.6% (98 probands) AR-RP, 4.1% (24 probands) XL-RP, and
6.8% US (40 probands). Considering the whole population
of 591 probands, 221 (37.4%) were solved, while the other
370 (62.6%) remained unsolved.

Mean age at onset by genetic class after molecular testing
is reported in Figure 3. The mean age at onset of XL-RP (13.9
+ 9.9 years) was significantly lower (P = 0.0072) than that

TaBLE 3. Inheritance Based on Family History and Genetic Testing

Presumed Inheritance Based on

Diagnostic Yield of Cases With Family History:

of the three other genetic classes taken together (21.2 + 14.4
years).

Only 19 of a total of 70 homozygous variants (27.1%)
were caused by established consanguinity of the proband’s
parents. Ten of 13 large deletions/insertions (76.9%)
were in EYS, 2 (15.4%) in USH2A, and 1 (7.7%) in
RP2.

Prevalence of RP Inheritance Patterns of

Diagnostic yield of cases with family history of retinal disorders is the fraction (percentage) of cases for which the inheritance based on
genetic testing matched the inheritance presumed from observation. The overall diagnostic yield is the rate of solved cases in the whole
population of 591 probands, therefore including sporadic cases.
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Ficure 3. Mean age of onset of the different classes of RP calculated
on 214 genetically solved patients (probands and affected relatives).
AD-RP, 19.5 + 12.6 years; AR-RP, 23.2 + 16.6 years; XL-RP, 13.9 +
9.9 years; US, 18.9 + 9.5 years. Bars indicate & SD.

We report two de novo variants, one in RHO causing AD-
RP in a 35-year-old woman (AD31) (Supplementary Table
S3) and one in CRB1 causing AR-RP in a 49-year-old woman
(AR18) (Supplementary Table S4).

For one patient, it was not possible to establish the
genetic cause of RP due to multiple pathogenic variants.
Indeed, this patient (AR12) carried CNGB1 and EYS variants,
indicating AR-RP, but lack of a segregation study prevented
us from determining whether the variants were in cis or
trans configuration (Supplementary Table S4).

The new USH2A p.(Pro2647Ser) variant listed in Table 1
is probably in haplotype with the likely pathogenic vari-
ant p.(Pro4735Arg) as it was found in two unrelated
patients, probands AR128 (Supplementary Table S4) and
US63 (Supplementary Table S5). The segregation study
performed in the family of AR128 confirmed that the variants
are in cis configuration.

We also found the USH2A p.(Leul1572Phe) variant, previ-
ously described as pathogenic,'>™"> in haplotype with the
variant p.(Glu767Serfs*21)'°-18 in six unrelated patients (five
US patients and one AR-RP patient; data not shown). Caution
is needed in basing a diagnosis on these two variants, since
they were in cis configuration; identification of another vari-
ant on the second allele would be necessary to solve this
case.

The following genes did not harbor any disease-causing
variant in our proband cohort: ABCA4, AGBL5, ARHGEF18,
ARL2BP, ARLG, BBS2, BEST1, C8orf37, CA4, CIB2, CLRNI,
CRX, DHDDS, FSCN2, GUCA1B, GUCY2D, HARS, IDH3B,
IFT172, KIZ, LRAT, NEK2, NRL, PDEGG, PDZD7, PRCD,
PROM]1, RBP3, REEPG, RGR, ROM1, SAG, SEMA4A, SLC7A14,
TTCS, USH1G, ZNF408, and ZNF513.

Sixty-eight patients who tested negative at the initial anal-
ysis underwent a second analysis with one of the later panel
releases (64 probands) or clinical exome analysis by TruSight
One (4 probands). This second analysis was decisive for 26
of them (22 cases with a subsequent panel release and 4
with TruSight One).

AD-RP

AD-RP accounted for 10% of our RP cohort (Fig. 2A). It is
usually described as the mildest form of the disease due
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Ficure 4. Genetic variants identified in AD-RP probands. Mean
age of onset for each gene was calculated on 56 genetically solved
patients (probands and affected relatives). Bars indicate + SD.

to a later onset.* In our cohort, the average age of onset
in AD-RP was not statistically different from that of AR-RP
(P =0.13) and US (P = 0.8) but was significantly higher than
that of XL-RP (P = 0.04) (Fig. 3). The most frequent disease-
causing genes in our AD-RP probands were RHO (29%) and
RP1 (22%). In line with the literature, 16 of 17 RHO variants
(94%) were missense, which probably modify protein func-
tion (gain of function) or interfere with wild-type protein
function (dominant-negative variants). All RP1 variants were
nonsense or frameshift variants (small deletions) that cause
haploinsufficiency (loss of function).!?-2°

For PRPF31, we found clinically relevant variants in 13
patients, including four probands and nine relatives. Segre-
gation analysis detected the familial variant in four clini-
cally unaffected relatives from three families. This is in line
with the phenotypic nonpenetrance of PRPF31-associated
retinitis pigmentosa and the wide range of age of onset
described by other authors; both are probably caused by
many factors such as allelic heterogeneity and genetic modi-
fiers.?!?? Figure 4 illustrates genetic variant percentages in
AD-RP probands and mean age at onset per gene.

AR-RP

AR-RP accounted for 16% of our RP cohort (Fig. 2A). Accord-
ing to the literature, AR-RP is generally more severe and has
earlier onset than AD-RP, typically in the first decade,* but
our data were unable to confirm this in our cohort. In fact,
mean age at diagnosis of AR-RP was not significantly differ-
ent from that of AD-RP and US, whereas it was significantly
higher than that of XL-RP (P = 0.0039) (Fig. 3).

Regarding USH2A variants, 66.3% (67 of 101) were
missense and the other 33.7% were nonsense, small dele-
tions/insertions, and intronic splice site variants. Of the 30
solved USHZ2A patients, 50% carried biallelic missense vari-
ants. Conversely, only 23.4% (11 of 47) of EYS variants
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Ficure 5. Genetic variants identified in AR-RP probands. Mean age of onset for each gene was calculated on 93 genetically solved patients

(probands and affected relatives). Bars indicate + SD.

were missense, with small deletions/insertions being the
most common (12 of 47, 25.5%) followed by large dele-
tions/insertions (9 of 47, 19.1%). Seventeen of 20 solved
patients (89.6%) with EYS-associated RP had nonsense, small
deletions/insertions and intronic splice site variants in one
of the alleles. In addition, 12 solved patients (60%) had
homozygous pathogenic variants.

In our cohort, all genes associated with AR-RP proved
to be almost fully penetrant. Variants in USH2A and EYS
occurred in more than half (51%) of all AR-RP cases
(Fig. 5).

XL-RP

XL-RP accounted for 4% of our RP cohort (Fig. 2A) and
showed earlier onset than the other forms (Fig. 3), in line
with previous reports.®? Variants in RPGR accounted for
most cases (75%), followed by variants in RP2 (20%) and
OFD1 (4%) (Fig. 6). Only five probands (21%) showed
missense hemizygous variants, and four were classified as
pathogenic and likely pathogenic. Most probands had small
deletions/insertions and nonsense variants (64%).

Family segregation study was only possible in 10 of
25 probands, all of whom carried pathogenic variants in
RPGR. Among heterozygous females with the RPGR variant
(3 probands and 16 relatives), 52.6% (10/19) were affected:
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tapetal reflex alone, as seen in XL carriers, was not consid-
ered a sign of disease.

Usher Syndrome

US patients comprised 7% of our cohort. The syndrome is
characterized by concomitant RP, sensorineural deafness,
and, in some types, vestibular dysfunction. Three clinical
types are distinguished on the basis of clinical severity, but
it is not always easy to predict the underlying genes due
to genetic and phenotypic heterogeneity.?* It is the most
frequent syndromic form of RP and is caused by variants
in several genes, the most frequent in our cohort affecting
USHZ2A (65%) and MYO7A (17%) (Fig. 7).

The highest percentage of USH2A variants found in
US probands included mainly small deletions/insertions
(33.3%). Of the 26 solved probands, only 2 (7.7%) had
missense biallelic variants, all in homozygous state, while
14 (53.8%) had a biallelic combination of nonsense,
frameshift, or splicing variants, and 10 (38.5%) had a
missense variant in one allele and another variant in
the second allele. Of the MYO7A variants, 68.2% were
loss of function with a large proportion of splice site
variants (31.8%). Inversely, pathogenic CDHZ23 variants
were mostly missense (60%). All the genotypes identified
were compatible with autosomal recessive inheritance. No
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Ficure 6. Genetic variants identified in XL-RP probands. Mean age of onset for each gene was calculated on 30 genetically solved patients

(probands and affected relatives). Bars indicate & SD.

case of digenic/triallelic inheritance was identified in our
cohort.

All US genes proved to be fully penetrant. The mean age
at onset of disease caused by these genes (18.9 £ 9.5 years)
was only slightly lower than that of nonsyndromic AD-RP
and AR-RP cases taken together (21.8 + 15.3 years), and the
difference was not statistically significant (P = 0.28) (Fig. 3).

Potential New Genotype-Phenotype Correlations

Proband ARG3 with RP and his affected brother carried
two KLHL7 VUS variants in a compound heterozygous state
(Supplementary Table S4). Their parents and a sister proved
to be healthy carriers. This gene is known to be associated
with AD-RP 42 (MIM 612943) and the autosomal recessive
PERCHING syndrome (MIM 617055), which is characterized
by global developmental delay, dysmorphic facial features,
feeding and respiratory difficulties with poor overall growth,
axial hypotonia, and joint contractures. The two affected
siblings were screened for the specific PERCHING syndrome
features and turned out to have nonsyndromic RP. Our
data therefore suggest the possibility of autosomal recessive
inheritance for variants in KLHL?7, also in the case of isolated
RP. Interestingly, PERCHING syndrome is currently only
associated with homozygous variants,?>?° while affected
individuals in this family are compound heterozygous.

In two patients with isolated RP, TruSight One revealed
correlations with genes usually associated with other hered-
itary eye disorders. Patient AR81 with nonsyndromic RP
harbored the homozygous variant p.(Phel53del) in RBP4
(MIM 180250), a gene specifically associated with an auto-
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somal recessive syndrome featuring retinal dystrophy, iris
coloboma, and comedogenic acne syndrome (MIM 615147)
(Supplementary Table S4). The family segregation study
confirmed that the variant was found in the homozygous
state in the proband’s brother, also affected by isolated RP,
whereas the healthy mother and sister were heterozygous.
Dermatologic and cardiologic examinations excluded the
concomitance of other systemic features in the two affected
siblings. Although there is very little literature on variants in
this gene, patient AR81 seems to be the first with biallelic
variants in RBP4 and nonsyndromic RP.

We found the homozygous IQCB1 p.(Ser220Glufs*7) vari-
ant in patient AR62 (Supplementary Table S4) with isolated
RP. IQCB1 is usually associated with Senior-Loken syndrome
5 (MIM 609254), characterized by Leber congenital amauro-
sis and nephronophthisis. Only a few reports have associ-
ated IQCB1 (MIM 609237) with isolated RP,*’-% specifically
four loss-of-function variants in homozygous or compound
heterozygous state. Our case (AR62) confirms the association
and expands the corresponding phenotype. In fact, age of
onset in this case was 38 years, significantly older than that
of previously published cases with isolated RP and variants
in IQCBI.

Di1ScUSSION

Here we reported our 8-year experience in molecular diag-
nostics of 591 patients with RP, clinically assessed in a
single institution and analyzed in a centralized medical
genetics service. Molecular testing was first performed with
a customized multigene panel approach, integrated with
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MLPA for genomic rearrangements in selected cases for a
restricted number of genes and clinical exomes. During the
8-year observation period, different releases of the diag-
nostic multigene panels were used, and selected unsolved
cases underwent multiple analyses when a new panel was
available. All probands and available relatives were evalu-
ated, using the same clinical assessment protocol, by expert
ophthalmologists working in a team dedicated to hereditary
retinal dystrophies. Genetic counseling always accompanied
clinical assessment, before and after molecular testing. To
our knowledge, this is the largest molecular study of RP in
Italy.

Our study revealed a diagnostic yield of 55.2% among
RP probands with a family history. The genetic analysis
solved 15.2% of sporadic cases, showing a prevalence in the
whole population of 10% for AD-RP, 4.1% for XL-RP, and
6.8% for US. Overall, our study confirmed a genetic basis
(and therefore demonstrated a specific Mendelian inheri-
tance pattern) in 37.4% of cases. For forms of RP demon-
strated by molecular genetics, autosomal recessive inheri-
tance was therefore the most common transmission pattern
in our cohort (16.6%). The remaining 62.4% of unsolved
cases can be ascribed to regulatory variants in the genes
investigated; genomic rearrangements in genes not tested
by MLPA; variants in other, perhaps still unknown causative
genes; or genocopies (especially in sporadic cases). We
were very strict, considering many parameters like the
ACMG variant pathogenicity classification, evidence in the
literature, family segregation study, and homozygosity or
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compound heterozygosity for recessive genes before declar-
ing a case solved. Concerning age at onset, while our data
were compatible with an earlier age at onset for XL-RP in
males, we were not able to confirm differences between AR-
RP compared to AD-RP, as previously demonstrated in other
studies. A different genetic background, patient selection
bias (our patient cohort was selectively enrolled in a tertiary
center, which is assumed to attract severe cases), and hetero-
geneity in clinical information gathering between different
studies may also explain (or contribute to) this divergence
in data.

Pathogenicity evaluation of genetic variants detected in
patients with RP requires accurate assessment of pheno-
type, variant features, and family segregation. A good
result can only be achieved by close collaboration between
geneticists and ophthalmologists. Family segregation study
is the best approach for evaluation of VUS, although it
may be complicated by incomplete penetrance of some
genes.

TruSight One analysis showed that syndromic genes
such as RBP4 and IQCBI1 may be associated with nonsyn-
dromic RP and may therefore be considered in routine
genetic testing for RP and added to custom NGS panels.
However, caution is needed in managing cases with an
apparently isolated form of RP and causative variants
in IQCB1 because the corresponding systemic features
may occur later in life® The impact of molecular tests
on the follow-up of these patients should therefore be
considered.
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The diagnostic yield by family history of 55.2% achieved
by our study is in line with the literature.>! The distribution
of RP inheritance classes revealed by our study was simi-
lar to data published for other European series*>~3° and is
in line with ranges reported in the literature.>*3” When we
included solved sporadic cases, our diagnostic yield fell to
37.4%, although the following aspects should be considered:
(a) as previously mentioned, recessive forms were consid-
ered unsolved even if they had two pathogenic variants but
lacked a family segregation study to determine whether the
alleles were in cis or trans configuration, and (b) among
sporadic cases, we also included cases in which the genetic
test was conducted for differential diagnosis with respect to
other forms of pigmented retinopathies. Although it is diffi-
cult to compare the prevalence of the genes involved in our
cohort of patients with RP with those of previous European
epidemiologic studies, mainly due to the heterogeneity of
clinical conditions included in other reports, our results in
the US population are in line with those of Carrigan et al.*® in
Irish patients. Noteworthy differences can be observed in the
group of nonsyndromic patients with RP: in our cohort, the
most frequent genes were recessive, such as USH2A (16.6%
of all probands) and EYS (11%), while in the Irish popu-
lation, X-linked (RPGR, 10.5%) and AD genes (RHO, 8.6%)
were the most frequent.’®

There are also some differences with respect to the Span-
ish population in the distribution of inheritance patterns of
the mutated gene of sporadic cases confirmed by molecu-
lar diagnosis and the family segregation study: in the Span-
ish population, 84.5% of sporadic cases were caused by AR
genes, 7.6% by AD genes, and 7.9 by XL genes, while in our
population, we found 71.4%, 23.2%, and 4.8% of AR, AD, and
XL genes, respectively.®

Although our data are incomplete, we showed that a gene
can influence age of onset of the disease. A larger data set
is needed to obtain more convincing results.

In our experience, whatever the age of onset, the impact
of diagnosis of a disease that can lead progressively to
complete blindness and loss of independence is always
devastating for a patient. Patients require genetic counseling
before and after genetic testing, as well as lifelong psycho-
logical support.

Genetic definition of RP is fundamental for predict-
ing familial risk and disease progression and for partici-
pation in clinical trials. Gene therapy has recently begun
to yield promising and exciting results in the treat-
ment of inherited retinal disorders. A large number of
potential therapeutic approaches, such as gene deliv-
ery systems, gene replacement, gene silencing, antisense
oligonucleotides, and genome editing, are now available
and were recently demonstrated to be effective and safe.
Preclinical and clinical studies have been conducted for
PDEGB-, RPGR-, MERTK-, RPEG5-, RDS-, RHO-, ABCA4-
, CEP290-, and MYO7A-related inherited retinal dystro-
phies. The study of RPEG5-related retinal dystrophy is the
most advanced, and thanks to LUXTURNA (Spark Ther-
apeutics, Philadelphia, PA, USA), the first gene therapy
approved by the US Food and Drug Administration for
a genetic disease, RPEG5-related retinal dystrophy is the
only retinal pathology for which a cure can be said to
exist.?

It is only a matter of time before new gene therapies
become available. Genetically solved patients will have the
advantage of being quickly eligible for clinical trials or
access to pharmacologic treatment.
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