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RPES65 is involved in the visual cycle, a multi-step process through which light entering the eye is converted into electrical
signals transmitted to the brain. The absence or alterations of RPE65 leads to vision loss. This article aims to review the
evidence for the genetic basis of RPE65 related Inherited retinal diseases with a particular focus on the most appropriate
approaches to molecular testing of patients that represent possible candidates for the RPE65-gene supplementation therapy.
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| 1. Introduction

Inherited retinal diseases (IRDs) are a group of conditions that lead to a progressive loss of vision and have a combined
prevalence between 1:3000 and 1:4000 2l |RDs are characterized by heterogeneity of genetic causes and phenotypic
presentations In RP, the loss of photoreceptors, primarily in the peripheral retina, results in the appearance of pigment
deposits called bone spicules B4, Depending on age at disease onset, severity, rate of progression and presenting
phenotype, the most common IRDs associated with severe visual impairment in childhood are Leber congenital amaurosis
(LCA) and early-onset severe retinal dystrophy (EO[S]RD), characterized by severe visual loss from birth or early infancy,
wandering nystagmus, amaurotic pupils, and markedly reduced or non-recordable full-field electroretinograms 28],

Mutations in more than 250 different genes have been so far implicated as the cause of IRDs W, Among the genes

responsible for IRDs,RPE65gene variants can cause RP (RP20, OMIM # 613794) and LCA/EORD (LCA2, OMIM # 204100)
(6181191,

Typically, patients withRPE65-related IRD display a significantly altered visual behavior (light staring with profound nyctalopia,
nystagmus) (8, severely reduced or nondetectable fundus autofluorescence to 488 nanometers with relatively normal fundus
appearance 29, absent electroretinogram or a residual 30Hz flicker response 11 and a low hypermetropic or myopic
refractive error 2. VA then starts to deteriorate around 15-20 years of age, and declines more quickly after the age of 20. In
many patients, the VA worsens to the levels of legal blindness (VA = 20/200). By the fourth decade, all patients in this report

are legally blind, and many have no light perception (complete loss of vision).

In the vast majority of cases, RPE65-IRDs are autosomal recessive diseases. However, autosomal dominant inheritance
pattern has been proposed by some authors in a small proportion of cases. 12[13]124],

In 2017, voretigene neparvovec (Luxturna®, Spark Therapeutics, Philadelphia, PA, USA) gene therapy was approved by the
US Food and Drug Administration for the treatment of patients with confirmed biallelic RPE65 mutation-associated retinal
dystrophy and viable retinal cells (151, A year later, voretigene neparvovec was approved by the European Medicines Agency
for a similar indication: the treatment of adult and pediatric patients with vision loss due to inherited retinal dystrophy caused
by confirmed biallelic RPE65 variants and who have sufficient viable retinal cells (18],

This article aims to review the evidence for the genetic basis of RPE65-IRDs with a particular focus on the most appropriate
approaches to molecular testing of patients that represent possible candidates for the RPE65-gene supplementation therapy.

| 2. Molecular Biology of RPE65

In humans, the RPE65 gene is located on chromosome 1 (1p31), spanning over 20 kb 17, RPE65 includes 14 exons and
encodes the retinal pigment epithelium-specific 65 kDa protein (RPE65) (181112 denominated retinoid isomerohydrolase
RPEG65 by the current nomenclature. It is a highly conserved protein expressed at high levels exclusively in the retinal pigment
epithelium (RPE) 8. RPEGS5 is involved in the visual cycle, a multi-step process through which light entering the eye is
converted into electrical signals transmitted to the brain. The absence of RPE65 causes a decrease in 11-cis-retinol levels
and the accumulation of retinyl esters in the RPE [18],

| 3. Sequence Variants in the RPE65 Gene: An Overview
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Only patients with biallelic RPE65 mutations and viable photoreceptor cells are eligible for RPE65 gene therapy. Because of
the risks associated with such a procedure, it is important to establish the pathogenicity of the underlying mutations
conclusively and whether mutations are biallelic. A key scope of the genetic diagnostic workup in IRDs is to identify which
genotypes should be classified as pathogenic and, thus, ‘actionable’ (i.e., likely to respond to the approved gene
supplementation therapy), a concept parallel to that of ‘actionable’ mutations in cancer for which targeted therapies exist 29,
The presence of many complex and uncertain variants underscores the importance of undertaking exhaustive genetic

screening.

RPE65 variants were first linked to LCA/EORD in 1997 [2122], The heterogeneity of variants encountered was immediately
apparent with Gu et al. reporting five different variations (a missense mutation [p.Pro363Thr], two point mutations affecting
splicing and two small re-arrangements [21]), and Marlhens and colleagues describing two mutations (a single nucleotide
deletion [c.1056delA] and missense mutation [p. Since then, a myriad of variants has been discovered, the pathogenicity of
which have not always been established.

Parallel to variant discovery, variant classification within the spectrum of clinical significance continues to evolve. In 2015, the
American College of Medical Genetics and Genomics (ACMG) and the Association for Molecular Pathology issued guidelines
that introduced standard terminology to group variants into five categories (“benign”, “likely benign”, “uncertain significance”,
likely pathogenic”, “pathogenic”) and described the process of category assignment based on the available evidence (e.g.,

population, computational, functional, and segregation data) (23,

As of January 2021, more than 300 variations in the RPE65 gene are listed in the ClinVar database 24 of which
approximately 65 are considered pathogenic, 40 likely pathogenic, and 100 of uncertain significance. Of note, the sample
represented in ClinVar may be biased in favor of pathogenic variations since benign and likely benign variants are rarely
reported in public databases. At the same time, 206 RPE65 variations are listed in the Leiden Open Variation (LOV)
Database, 102 of which classified as pathogenic or likely pathogenic and 29 as being of uncertain significance 22 The
Genome Aggregation Database (gnomAD) entry for RPE65 contains 120 synonymous single-nucleotide variants (SNVs), 284
missense SNVs and 24 SNVs marked as “putative loss-of-function” [28],

The variant prevalence and characteristics of RPE65 were evaluated in 2240 IRD patients in a laboratory certified by Clinical
Laboratory Improvement Amendments in the USA [21. Eighteen patients (0.8%) had RPE65-associated disease, of which 12
(67%) had at least one loss-of-function variant. Of the 35 variants identified in the study, two (5.7%) copy number variants
(CNV; one single exon deletion and one deletion of the entireRPE65gene) were found 27,

While older studies reported no correlations between specific RPE65 genotypes and phenotypes 281 or clinical course 29, a
very recent study suggests that there is a relationship between mutation type and the age of disease onset B9, patients
carrying two missense alleles showed a later disease onset (=1 year of age) than those with one or two truncating variants
(<1 year of age; Log Rank test p< 0.05) £9,

Variants of uncertain significance (VUS) pose a serious challenge in determining the eligibility to gene therapy in RPE65-IRDs
Bl Nevertheless, Mahajan et al. reported no correlation between variant subtype or ACMG classification and treatment
response. Seven out of 29 patients from their series of patients with a confirmed genetic diagnosis of biallelic RPE65 gene
variants had at least one VUS, and all of them, including three patients with two VUSs, responded to gene supplementation
therapy 221,

Different approaches can be deployed to assess the pathogenicity of a VUS in the RPE65 gene. These include extended
segregation studies, evaluation of the phenotype, in silico tools to predict protein conservation and functionality, and in vitro
functional studies. Moreover, extended targeted or exome sequencing can be used to exclude the implication of other IRD

genes in disease etiology.

Segregation studies of all available relatives can be helpful in determining and reclassifying the pathogenicity of VUSs. VUS
variants were found in families with IRDs: the former in five LCA/EORD patients from four unrelated families and the latter in
seven patients from three unrelated families. Moreover, the two variants were more frequent in patients with LCA/EORD than
in patients with other IRDs. To further confirm their pathogenicity, the authors consulted eight gene variant databases and
deployed 16 computational algorithms to analyze the putative variant impact on protein functionality, 15 of which identified the

two variants as damaging.

In the ACMG guidelines, a patient’'s phenotype highly specific for the disease and a fitting family history in diseases with
monogenic etiology was considered a supporting criterion for classifying pathogenic variants (the PP4 criterion) 23l The
subsequent guidelines published by the UK’s Association for Clinical Genomic Science state that in some cases it may be
appropriate to use PP4 at a moderate or strong level after excluding that other genes are implicated 23l In the case of
RPEG65-IRDs, the identification of a compound heterozygous genotype with one VUS in a patient with a typical LCA/EORD
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phenotype (as detailed in the Introduction) in the absence of any alternative genetic cause, would be supportive of a VUS
reclassification to the ‘likely pathogenic’ category, especially, in the presence of appropriate allele segregation and in silico
prediction.

In silico pathogenicity prediction tools are generally integrated into the bioinformatic pipelines used for the analysis of next-
generation sequencing (NGS)-based genetic testing. Sorting Intolerant From Tolerant (SIFT), or Deleterious Annotation of
genetic variants using Neural Networks (DANN), to name just a few tools), and modeling are not as significant in clinical
practice (for a detailed list of tools see Richards et al.). Philp and colleagues have developed and validated an algorithm
termed “estimate of pathogenic probability” (EPP) that predicts the pathogenicity of VUS based on its prevalence, segregation
and predicted effects on protein structure B4 Clearly, the classification of VUS is a dynamic process that will continue to
change as new data are acquired, stressing the importance of knowledge-sharing in the field.

They assess the consequences of mutations on protein abundance, localization and function, as well as the impact of splice
site variants. Glyl04Val and p. Pro467Ser protein VUSs were catalytically inactive; indeed, affected patients underwent
treatment and responded [, This example shows that enzymatic activity assessment in conjunction with in vitro mutagenesis
may be useful to determine the pathogenicity of VUS.

Although RPE65-IRDs are monogenic conditions, some authors have cautiously suggested the possibility of a “double-hit”
IRD etiology or a phenotype-modifying effect of co-existing mutations 22, More work is needed to confirm or reject such a
hypothesis and to understand its impact on gene therapy eligibility.

To confirm the phase of putative compound heterozygous variants, both for accurate genetic counseling and, consequently, to
confirm eligibility for gene therapy, a segregation analysis of proband is needed. Nevertheless, segregation analysis of
‘homozygous’ variants is always recommended for a comprehensive definition of the genotype.

Clearly, the collaborative efforts of international networks of experts in IRD genetics and the regular updating of public variant
databases are highly recommended and will significantly contribute to VUS classification and unsolved case interpretation.

| 4. Role of Genetic Counseling

Genetic counseling is defined as “the process of helping people understand and adapt to the medical, psychological and
familial implications of genetic contributions to disease” 22, Importantly, in addition to educating patients about the genetic
aspects of their condition, genetic counseling includes elements of psychotherapy 8. Genetic counseling appears to be
effective in educating patients about their condition, providing a greater sense of control and improving how patients assess
and manage risk 371,

For patients with IRDs, genetic counseling benefits from both experiences on eye disorders and from an in-depth knowledge
of genetic aspects. It is therefore highly recommended that genetic counsellors have experience in ocular genetics or work in
multidisciplinary teams with expertise in the field; in particular, counseling sessions conducted jointly by an ophthalmologist
and a medical geneticist should be advocated (38,

During genetic counseling scheduled prior to the test, patients have to grant informed consent for testing upon acquiring in-
depth knowledge on the range of possible outcomes, the meaning and limitations of the test (such as the fact that in tests
evaluating multiple genes, not all variants have a unique interpretation and that testing can produce an uncertain or
unresolved outcome), logistical difficulties and waiting times. Last but not least, counsellors have to address the issue of
incidental findings, especially when whole-exome/genome testing is planned. However, if WES or WGS sequencing is used
and incidental findings are encountered, the role of a genetic counsellor is crucial to address their consequences with patients
and their families. A number of factors may make patients resistant to genetic testing, including ethical concerns, paternity
issues, reluctance to involve family members and lack of information.

Communication with patients and their relatives is a delicate, albeit crucial, issue. Healthcare professionals need to take
adequate time for genetic counseling (an average session lasts approximately 45 min) and patients have to feel free to talk
about their expectations, voice their doubts and be able to contact the professional in case of necessity. Sometimes several
consultations are needed to enable patients to understand their conditions, feel empowered and make informed decisions. As
many RPE65-IRD patients are young children, talking to their parents/careers may prove harrowing for all participants of a
counseling session.

When test results are available, genetic counseling should concentrate on interpreting the results obtained, such as variants
relevant and not relevant to the phenotype, identification of VUSs or unexpected diagnosis; in case of an uncertain result, the
need for further analysis and involving relatives may be described. Post-test genetic counseling also discusses disease
management (multidisciplinary care for syndromic patients) and therapeutic options, clinical trial inclusion, or the possibility of
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testing other family members. If additional genetic workup is needed, the necessity of a further wait for a genetic diagnosis

must be raised. As segregation analysis is often a key element in molecular diagnosis, patients with advanced IRDs and no

family members for segregation analysis constitute a particular challenge for both genetic testing and counseling.
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