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Abstract

Molecular variant interpretation lacks disease gene-specific cohorts for determining variant
enrichment in disease versus healthy populations. To address the molecular etiology of retinal
degeneration, specifically the PRPHZ2-related retinopathies, we reviewed genotype and phenotype
information obtained from 187 eyeGENE® participants from 161 families. Clinical details were
provided by referring clinicians participating in the eyeGENE® Network. The cohort was
sequenced for variants in PRPHZ2. Variant cDNA clusters and cohort frequency were compared to
variants in public databases to help determine pathogenicity by current ACMG/AMP interpretation
criteria. The most frequent variant was ¢.828+3A>T, which affected 28 families (17.4%), and 25
of 79 (31.64%) variants were novel. The majority of missense variants clustered in the D2
intracellular loop of the Peripherin-2 protein, constituting a hotspot. Disease-enrichment was noted
for 23 (29.1%) of the variants. Hotspot and disease-enrichment evidence modified variant
classification for 16.5% of variants. The missense allele p.Arg172Trp was associated with a
younger age of onset. To our knowledge, this is the largest patient cohort review of PRPHZ2-related
retinopathy. Large disease gene-specific cohorts permit gene modeling for hotspot and disease
enrichment analysis, providing novel variant classification evidence, including for novel missense
variants.
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INTRODUCTION

Peripherin-2 (NP_000313.2), encoded by the PRPHZ gene (MIM# 179605), is a member of
the tetraspanin family, the largest family of transmembrane proteins expressed in mammals
that is comprised of 33 proteins (Charrin, Jouannet, Boucheix, & Rubinstein, 2014; Hemler,
2014). Each protein has four transmembrane domains and an intracellular domain (Charrin
etal., 2014; Zimmerman et al., 2016). Peripherin-2 localizes to the rims of cone lamellae
and the rod disk of the photoreceptor outer segment in the adult retina (Chakraborty, Conley,
Fliesler, & Naash, 2010; Conley, Stricker, & Naash, 2010; Loewen & Molday, 2000;
Poetsch, Molday, & Molday, 2001; Tam, Moritz, & Papermaster, 2004). Peripherin-2 forms
intramolecular disulfide bonds at seven highly conserved cysteine residues within the D2
loop, forming covalently bonded homomultimeric complexes (Boon et al., 2008; Conley et
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al., 2010; Ding, Stricker, & Naash, 2005; Duncan et al., 2011; Loewen & Molday, 2000; van
Lith-Verhoeven et al., 2003). These molecular interactions are essential to preserve structure
and function of photoreceptor outer segments (Boon et al., 2008; Chakraborty, Conley,
Fliesler, et al., 2010; Chakraborty, Conley, Stuck, & Naash, 2010; Ding et al., 2004; Ding et
al., 2005; Duncan et al., 2011; Loewen & Molday, 2000; Tam et al., 2004; van Lith-
Verhoeven et al., 2003).

Disease-causing variants in the PRPHZ gene, formerly known as RDS, are associated with
several clinical phenotypes including pattern dystrophy (PD), cone rod dystrophy (CRD),
Stargardt disease (SD), retinitis pigmentosa (RP), and others (Boon et al., 2008). Pathogenic
variants in PRPHZ have previously been detected in 11% of patients with autosomal
dominant cone dystrophy (CD) or CRD, and in 8-9% of cases of autosomal dominant RP
(Daiger et al., 2008; Kohl et al., 2012). It is estimated that 60—80% of normal Peripherin-2
protein must be present for normal outer segment scaffolding, and it has been hypothesized
that earlier onset and a more severe presentation are related to lower protein levels
(Kedzierski et al., 2001; Nour, Ding, Stricker, Fliesler, & Naash, 2004; Stuck, Conley, &
Naash, 2016). In mice, loss of Prph2 results in the retinal degeneration slow (rds) mouse,
which exhibits rod and cone degeneration inherited in a semi-dominant manner (Ma et al.,
1995). Misexpression of the human-specific mutation p.Arg172Trp results in rescue of rod
but not cone phenotypes, suggesting that multiple mutation-specific mechanisms exist (Ding
et al., 2004). Thus far, human genotype-phenotype correlations are poorly understood, in
part because of the limited sizes of patient cohorts with PRPHZ-associated diseases that have
been reported.

Investigations of disease-gene associations have informed treatment plans to slow
degeneration and restore vision in clinical trials, yet large cohorts of patient and genetic data
for rare retinal diseases are scarce (Cideciyan et al., 2019; Lorenz, Preising, & Stieger, 2010;
Mclntyre, Williams, & Martens, 2013; Zaneveld, Wang, Wang, & Chen, 2013). Further,
variant interpretation evidence is limited to meta-analysis of published evidence and public
datasets. Disease population datasets allow for demonstrating variant enrichment in affected
individuals and within protein functional domains. Here, we investigated genotype-
phenotype relationships among 189 participants with PRPHZ2-related retinopathy in the
National Ophthalmic Genotyping and Phenotyping Network (eyeGENE®), a multicenter
genomic medicine initiative of the National Eye Institute, National Institutes of Health
(NIH). This permitted a systematic analysis of the contribution of regional protein and
patient population enrichment of PRPHZ disease variation by a current variant classification
system (Richards et al., 2015).

MATERIALS AND METHODS

Consent, sample collection, and testing

eyeGENE® comprises a registry and DNA repository for individuals with rare inherited
ophthalmic diseases and their family members (Blain, Goetz, Ayyagari, & Tumminia, 2013;
Brooks et al., 2008; Goetz, Reeves, Tumminia, & Brooks, 2012; Sieving & Collins, 2007).
All participants in eyeGENE® were consented to participate in the program through an
informed consent process approved by the NIH Combined NeuroScience Institutional
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Review Board (IRB), commercial IRBs, or the collaborating institution’s IRB, and all
research adhered to the tenets of the Declaration of Helsinki. Clinical diagnosis and
phenotypic data were reported by the referring clinicians. A blood sample was obtained
from each participant and shipped to the eyeGENE® Coordinating Center at the NIH main
campus in Bethesda, Maryland. Participant DNA samples were screened for genes
associated with their submitted clinically diagnosed ophthalmic disease. DNA from whole
blood was extracted using either manual or automated (Autopure LS) methods using the
Gentra PureGene chemistry (Qiagen, USA). A de-identified DNA aliquot for each
participant was shipped to an eyeGENE® Network clinical laboratory and screened through
Sanger or Next generation sequencing. Sanger sequencing included the three coding exons
(exons 1-3) and the flanking intronic regions of the PRPHZ2 gene (RefSeq NM_000322.4)
(Sohocki et al., 2001). Next generation sequencing was performed, followed by sequence
analysis (Tang, Shi, Li, & Lu, 2008). Targeted Sanger sequencing was performed on affected
family members when available. Though gene panel testing became available after
eyeGENE® was launched, most participants described in this cohort were screened through
single gene testing. Phenotype and genotype characteristics were reviewed to improve
variant pathogenicity interpretation and determine if correlations were present. Data are
available through controlled access in the NEI Data Commons (“NEI BRICS,” 2018).

Variant classification

Statistics

RESULTS

Variant pathogenicity was reported by the CLIA-approved clinical diagnostic laboratories at
issuance of the molecular diagnostic report. For this study, variants were re-classified as
benign, likely benign, variant of unknown significance (VOUS), likely pathogenic, and
pathogenic according to the 2015 ACMG/AMP guidelines (Richards et al., 2015). /n silico
and conservation score predictions were obtained from an amalgam of tools available
through Varsome (https://varsome.com/) and Franklin (https://franklin.genoox.com/).
Healthy population frequency data were obtained from gnomAD (v2.1) (“gnomAD browser,
PRPH2,” 2018). Variant classification in case of conflicting evidence was cross validated on
a Bayesian classification framework (Tavtigian et al., 2018). All indel variants in gnomAD
were visually inspected on the Integrative Genomics Viewer (IGV) and four indels
(c.1013_1014insGG, ¢.1012_1013insGCGC, ¢.910_911insG, ¢.909_910insGAGAG) were
considered to be likely variant-calling artifacts and were discarded from the analysis.
ClinVar data were downloaded on Sept. 03, 2018.

Statistical analysis was performed using the R system for statistical computing (v. 3.5.1) or
IBM® SPSS® Statistics (v. 1.0.0.1298) (“IBM SPSS Software,” 2019; “The R Project for
Statistical Computing,” 2018).

PRPH2-related retinopathy cohort characteristics

Through the eyeGENE® program, 1,242 participants were screened for variants in the
PRPHZ gene. After removing participant samples with variants which were classified as
benign or likely benign in ClinVar, 187 participants from 161 families were included in this
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study. Those variants classified as benign or likely benign variants were either those with
gnomAD allele frequencies over 0.50 or rare variants that are synonymous, intronic, or in
the UTR.

The 187 participants harbored 79 reported or suspected PRPHZ disease-associated variants
by clinical testing. Variants were analyzed by clinician-provided information, including
clinical diagnosis, familial inheritance pattern, sex, electroretinography status (normal/
abnormal), and visual acuity (Supp. Tables S1 & S2). For clinical diagnosis indications, 87
(46.5%) individuals were submitted as SD, 45 (24.1%) as PD, 26 (13.9%) as RP, 18 (9.6%)
as CRD, and 11 (5.9%) as “Other” [9 Best disease (BD), 1 Choroideremia (CHM) and 1
Doyne honeycomb dystrophy (DHD)].

A similar number of males (91, 48.7%) and females (96, 51.3%) were included in the
cohort. Age of onset range was 0 (at birth) to 85 years. Visual acuity range was —0.10 to
+3.00 logMAR. Out of 187 participants, 87 had undergone a full field electroretinogram
(fFERG) (46.5%). Nineteen (21.8%) were reported to have ERG results within normal range,
and 68 (78.2%) were reported abnormal for their age group. Supp. Tables S1 to S4 provide a
comprehensive summary of provider-submitted data and associated PRPHZ genotypes,
descriptive statistics for the analyzed cohort, PRPHZ variant summary, ERG data, and
phenotype data summary, respectively.

Visual acuity (VA) measures were converted to VA Scores: Group 0 (20/12-20/25), Group
0.5 (20/32-20/63), Group 1 (20/80-20/160), Group 2 (20/200-20/400), Group 3 (20/500-
20/1000), Group 4 (less than 20/1000), and Group 5 (no light perception, NLP)
(Ophthalmology, 2002). VA score (or LogMAR) was compared between clinical diagnoses,
which showed similar VA score range between clinical phenotypes, though SD showed the
tightest range for average VA score (Supp. Figure S1). To note, most participants were
documented to be emmetropic or hyperopic and were rarely myopic. Supp. Figure S2 shows
the number of participants with a normal or abnormal ERG as designated by diagnosis
category. Among the different diagnoses, provider-reported age of first symptoms (here
defined as age of onset; AOO) and number of years with disease (YWD) between AAO and
age at exam (AAE) were reviewed (Supp. Table S4). Regression analysis showed no
significant association between ffERG normal/abnormal status and AAE (p = 0.304,
R=0.111) or reported YWD (p=0.101, R=0.177). The Pearson Chi-Square test for
association was performed and showed a strong association (o = 0.008, Phi and Cramer’s V
= 0.446), between ERG status and diagnosis categories.

Intrafamilial and variant-specific variability in several clinical presentations was observed,
similar to previous reports (Daiger et al., 2008; Khani et al., 2003). Provider-submitted
clinical diagnoses differed between family members in 8 of 15 families with two or more
members enrolled in eyeGENE®. For example, 2 members in Family 4 were confirmed to
carry the ¢.828+3A>T variant, the most commonly reported PRPHZ-associated allele
(Figures 1A — 1C) (Shankar et al., 2015). Participant 4.1 was enrolled at 62 years with a
diagnosis of Choroideremia, and participant 4.2 was enrolled at 39 years with a diagnosis of
Stargardt disease. Their fundus photos showed distinct phenotypic patterns associated with
their respective diagnoses (Figure 1A & 1B). We also observed variability in the clinical
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diagnosis of unrelated participants with the same variant. Participants 44 (A), 39 (B), and 79
(C) all carry the ¢.612C>A p.Tyr204* variant (Fundus images in Supp. Figure S3).
Participants 44 and 79 were diagnosed with PD and participant 39 was diagnosed with SD.
The autofluorescence images in Supp. Figure S4 are from participants 59 (A), 61 (B), and 62
(C) who all carry the c.422A>G p.Tyrl41Cys variant. Participants 59 and 62 were diagnosed
with SD and participant 61 was diagnosed with PD. These examples highlight the
phenotypic diversity seen in this cohort.

Genotype-phenotype correlates

Variant characteristics were assessed to explore potential genotype-phenotype correlations.
Of the 79 variants, there were 47 (59.5%) previously published variants. Of the disease-
associated variants, missense variants accounted for the highest prevalent variant type (50,
63.3%), and there were 24 (30.4%) nonsense or frameshift variants. The majority of CRD,
RP, and SD participants had variants in exon 1 (Figure 1D, 77.8%, 50.0%, and 43.8%
respectively), while those diagnosed with BD and PD had most of their variants located in
exon 2 (Figure 1D, 55.6% and 51.1% respectively). Thirty families (20.3%) had an intronic
variant, and most of those families (28, 18.9%) specifically had the intron 2, ¢.828+3A>T
change that is expected to affect splicing of the mRNA and lead to an abnormal protein.
(Shankar et al., 2015; Sohocki et al., 2001) The top 7 most recurrent variants were: (1)
€.828+3A>T (28/161, 17.4%), (2) ¢.422A>G p.Tyr141Cys (10/161, 6.2%), (3) ¢.514C>T
p.Argl72Trp (9/161, 5.6%), (4) ¢.629C>G p.Pro210Arg (7/161, 4.3%), (5) ¢.424C>T
p.Argl42Trp (5/161, 3.1%), (6) ¢.715C>T p.GIn239* (4/161, 2.5%), and (7) ¢.612C>A
p.Tyr204* (4/161, 2.5%). Table 1 shows the top 10 most common pathogenic or likely
pathogenic PRPHZ2 variants, with 3 or more probands. Across the 28 families with the
€.828+3A>T variant (36 affected participants), the reported age of onset ranged from age 12
to 64, with the average age of 44.1 years (median 40 years) (Figure 2A). Diagnoses included
SD (22, 61.1%), PD (7, 19.4%), and RP (3, 8.3%). Four participants were diagnosed with
BD, CRD, CHM, and DHD, respectively.

We performed an in-depth analysis of disease categories, protein location of the variant and
functionality, visual acuity score, electroretinogram, and age of onset. Reported AOO of
symptoms was compared across variant types and recurrent variants (Figures 2A & 2B). The
mean AOO were different but not statistically significant among missense/in-frame deletion
(mean = 37.4, SD = 17.2), truncating (nonsense/frameshift) (mean = 42.4, SD = 11.0), or
splice-altering alleles (mean = 40.5, SD = 12.4) (one-way ANOVA, p = 0.064). Interestingly,
the inter-quartile AOO range in the truncating group (12 years) was significantly smaller
than those of the other 2 groups (missense/in-frame deletion: 27 years, splice-altering: 17
years) as demonstrated by Levene’s test for homogeneity of variance (p = 0.00026). This
may suggest a more consistent and restricted AOO for alleles leading to PRPHZ2
haploinsufficiency.

Next, we evaluated AOO among 7 recurrent alleles with allele frequencies in probands
greater than 0.01. One-way ANOVA showed that the means of AOO among recurrent
PRPHZ alleles were different (o= 0.0027). Welch 2 sample t-test showed that a lower AOO
was associated with ¢.514C>T p.Argl72Trp (mean = 27.7 years, SD = 12.7 years, p=
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0.0036) as compared to other variants (mean = 40.5 years, SD = 15.1 years). This trend
holds true when considering the proband alone vs. others (AOO mean of ¢.514C>T: 25.6
years (SD = 14.7.): 40.4 years (SD = 15.0), p= 0.016, Welch two sample t-test). Table 2 lists
the participants with the p.Arg172Trp change along with their phenotypic description.
Notably, p.Arg172Trp has been associated with both earlier cone dysfunction in patients and
a dominant negative mechanism in cone photoreceptors of mouse models (Conley, Stuck, et
al., 2014; Ding et al., 2004; Gill, Georgiou, Kalitzeos, Moore, & Michaelides, 2019;
Nakazawa, Wada, & Tamai, 1995). Thus, this observation of a distinctly earlier onset with
p.Argl72Trp can be explained by cone dysfunction leading to earlier central vision loss and
dominant negative mechanism impairing function of the normal PRPHZ allele.

PRPH2 gene- and population-level analyses

To investigate whether other variant characteristics might inform phenotypic expression of
PRPHZ-related retinopathy, we analyzed variants in our disease cohort and the general
population (gnomAD v2.1) to compare relative allele frequency and location within the
cDNA and protein position. In the gnomAD database, there is no sequence variant present
that has an allele frequency (AF) between 0.002 and 0.5 in the PRPHZ coding region and
canonical splicing sites; however, there are numerous variants (92 synonymous and 190
missense) with AF less than 0.002 that spread throughout the whole coding region (Figure
3A). As mentioned above, the most recurrent variant in the PRPH2Z retinopathy cohort was
the splice site variant ¢.828+3A>T (28 of 161 probands). When examining the coding region
only, variants in the PRPHZ patient cohort appeared to be markedly enriched at cDNA
positions ¢.421 — 720 (49 unique nonsynonymous variants found in 91 probands within 300
base pairs). In contrast, there were only 26 unique nonsynonymous variants found in 40
probands within the 741 base pairs outside of ¢.421 — 720. Thus, 69% or 5.6-fold more
disease-associated variants were located within the c.421-721 coding region than the rest of
the coding region after normalizing length (Figure 3A and Supp. Table S3). To facilitate
region-specific comparisons of our PRPHZ retinopathy cohort to the gnomAD dataset, we
introduced sub-gene length-adjusted adjy AF for each region of interest, which was defined
as the sum of AF normalized to 1000 bp of DNA sequence (i.e. Y AF/DNA size*1000). It is
noteworthy that the adjy AFs of nonsynonymous variants in the PRPHZ patient cohort are
expected to be much higher than those in the gnomAD, because the PRPHZ patient cohort
was selected based on PRPHZ sequencing. Because protein domain is the basic unit of
protein function, we postulated that the ¢.421 — 720 (a.a. 141 — 240) could correspond to a
protein domain(s) critical to PRPHZ function. Indeed, ¢.421-720 constitutes 3/4 of ¢.369-
762, which encodes the 132-residue D2 intracellular loop (a.a. 123-254, Figure 3B). Thus,
we attempted to relax the genetically defined ¢.421-720 region to the whole region encoding
the D2 loop for adjy AF analysis. The adjy AF of nonsynonymous variants for the D2 loop in
the PRPHZ patient cohort was 0.80, a 5.7-fold increase as compared to the region outside of
D2 (0.14). The adjy AF of nonsynonymous variants for the D2 loop and that for outside of
the D2 loop in gnomAD was 0.0053 and 0.0093, respectively, suggesting that the D2 loop is
intolerant to variation. Further, when looking at the missense variants only, the 100 a.a. (a.a.
141 - 240) in the D2 loop includes 27 residues altered by one or more missense mutation(s)
in PRPHZ cohort, while there were only eleven residues with disease-associated missense
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alleles in the remaining 246 residues. Thus, this segment of the D2 loop represents a hotspot
of pathogenic variation.

As expected, a significant number of variants were present in our cohort, ClinVar, and
gnomAD. Twenty-nine variants were classified as pathogenic in ClinVar, 8 of which were
found in gnomAD, with allele frequency range of 4.0e-6 to 2.1e-5. Similarly, 17 variants
were classified as likely pathogenic in ClinVar, 2 of which were also found in gnomAD:
€.425G>A p.Arg142GIn and ¢.623G>A p.Gly208Asp. The AFs in gnomAD are 1.1e-05 and
5.3e-05, respectively (Figure 4A). The highest AF in gnomAD for these pathogenic or likely
pathogenic variants is 5.3e-05 (c.623G>A p.Gly208Asp). The sum carrier frequency for
these pathogenic or likely pathogenic ClinVar variants in gnomAD is approximately 1:3758,
which, given an average age of onset of approximately 40 years of age across the cohort
(Supp. Table S1), possibly represent presymptomatic adults in the gnomAD general
population cohort.

A hallmark of variant pathogenicity is enrichment in disease populations compared to the
general population. The large number of probands in this study provided the first PRPH2-
related disease cohort to calculate disease-specific allele frequencies. To further evaluate
variant pathogenicity, each variant was tested for significant enrichment in the PRPHZ2
cohort as compared to variants found in gnomAD using the Fisher’s exact test (Figure 4B
and Supp. Table S3). A Bonferroni-corrected p-value of 0.00063 (0.05/79 variants, two
variants were /in cfs) was used as the cut-off to determine significant enrichment. Of the 79
variants, 29.1% were statistically enriched in the PRPHZ2 cohort.

Finally, we performed a systematic variant classification of the PRPH2 eyeGENE® cohort
utilizing hotspot and disease population enrichment using current clinical variant
interpretation guidelines (Richards et al., 2015). A stepwise inclusion of PM1 and PS4 in
baseline ACMG evidence (all evidence except PM1 and PS4) showed a substantial elevation
in number of pathogenic/likely pathogenic variants (51.9 % to 68.4%), whereas a decrease in
variants of uncertain significance from 48.1 % to 31.6 % (Figure 4C). Addition of hotspot
(PM1) and disease status enrichment (PS4) each reduced the burden of variants of uncertain
significance, and together shifted 16.5% (13 of 79) variants from uncertain significance to
pathogenic or likely pathogenic (Figure 4C). Notably, improvement in classification
certainty included 4 of 25 (16%) of novel missense variants. Forty-five (27 pathogenic/likely
pathogenic and 18 variants of uncertain significance) of the 79 variants in our cohort were
not reported in ClinVar (Figure 4D).

Variant interpretations from our PRPHZ2 cohort modeling of protein hotspot and disease
population enrichment were compared to current clinical variant interpretations. The ClinVar
database is an established depot of expert-curated human variation classification with
clinical significance and phenotype relationship (Landrum & Kattman, 2018). Of the 79
variants in our cohort, 34 are present in ClinVar at the time of manuscript preparation.
Variant interpretation was not provided for 8 variants present in ClinVar, and 45 variants
were not listed previously in ClinVar.
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DISCUSSION

To our knowledge, this is the largest patient cohort studied with molecularly confirmed
PRPHZ-related eye disease. Though marked phenotypic diversity is exhibited (Supp. Figures
S3 & S4), we identified novel genotype-phenotype associations with age of onset, including
a significantly narrow range for truncating mutations, and an earlier onset for patients with
p.Argl72Trp compared to other alleles. This cohort represents a wide range of ages of onset,
clinical diagnoses, and intrafamilial variability. No association was found between clinical
diagnosis and years with disease or visual outcome as determined by ANOVA. There was an
association found between clinical diagnosis and electroretinography findings.

Another benefit of this large cohort was our ability to evaluate variants on a disease-
population level. We were able to assess variation of PRPHZ2to add important evidence to
variant classification, including the D2 loop as a hotspot, and expected frequency of
recurrent causal PRPHZ variants. The information in our cohort such as co-segregation,
mutation-hotspot domain, and significant enrichment in the disease cohort would also help
provide additional criteria for variant entries already present in ClinVar. Overall, this cohort
is a powerful tool allowing for disease-specific allele frequency calculations for the first
time, and through comparison to publicly available general population frequencies, we are
able to calculate for statistical enrichment of disease-association for each variant, and
globally map disease location hotspots.

This study highlights the variability seen across provider-submitted information for patient
phenotypes, and thus emphasizes the importance of consistent and structured data collection.
The lack of uniformity across collected diagnosis elements led to a challenging review of
results to link genotype and phenotype. For example, raw values for ERG components (A
wave, B wave, etc.) were collected for some diagnoses while an inferential categorization of
ERG results (normal, abnormal, not recordable or not done) was collected for others.
Recognizing the effort required on the part of clinical staff enrolling participants, the
original eyeGENE® questionnaires were primarily designed to be completed with minimal
burden, which contributed to some of the variability in the data collected. In addition, family
members may have been enrolled by different clinicians at different clinics, which may have
confounded the disparity between diagnoses within a family. We were unable to review
longitudinal data because only single visit data were collected. Variability in testing
performed by multiple testing sites is another limitation of this study. Though testing was
indicated based on participant symptoms, we cannot rule out alternate or additional causes
of disease phenotype, which could also explicate the variability in phenotypic expression.

While it is difficult to do a comparison and trend analysis in a gene that shows such
phenotypic heterogeneity, even within the same family, there are some generalizations that
may be made for these patients as seen in this cohort. Overall, the average reported age of
onset is 40 years of age. However, as age of onset is related to visual acuity loss based on
disease involvement of the fovea, the concept may be interpreted inconsistently and may
account for some of the early ages that were reported (‘childhood’, ages 5, 7, 10, or 12), or
there may be other unknown factors involved that account for the earlier than expected
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onset. Surprisingly, the majority of participants were emmetropic or hyperopic, but were
rarely myopic.

Like prior studies, the phenotype-genotype correlations in this cohort are also difficult to
determine (Khani et al., 2003; Meunier et al., 2011; Roosing et al., 2014; van Lith-
Verhoeven et al., 2003; Yang et al., 2003). Shankar et al. (2015) reviewed the ¢.828+3A>T
variant and found that 97 patients of 19 different families had diagnoses of RP, macular
dystrophy, and PD. The ¢.828+3A>T variant was classified as a founder mutation, so as one
might expect, this variant was at the highest frequency in this cohort (Shankar et al., 2015).
Within the families with ¢.422A>G p.Tyr141Cys (14 affected patients), the symptoms and
diagnoses included SD, PD, and CRD (Khani et al., 2003). Though lipofuscin deposits or
“flecks” are commonly seen with ABCA4-related Stargardt disease, flecks were noted in 53
out of 78 PRPHZ-positive Stargardt cases (67.9%) (Duncker et al., 2015). As seen by this
cohort, molecular confirmation can help to confirm the initial clinical diagnosis.

In this study, we systematically included moderate level ACMG evidence for pathogenicity
(PM1: Located in a mutational hot spot and/or critical and well-established functional
domain (e.g. active site of an enzyme) without benign variation) and strong ACMG evidence
(PS4: The prevalence of the variant in affected individuals is significantly increased
compared to the prevalence in controls) (“NEI BRICS,” 2018). A stepwise inclusion of PM1
and PS4 in baseline ACMG evidence (all evidence except PM1 and PS4) showed a
substantial elevation in number of pathogenic/likely pathogenic variants (51.9 % to 68.4%),
whereas a decrease in variants of uncertain significance from 48.1 % to 31.6 %. (Figure 4C).
This analysis showed concordance between ClinVar and our variant analysis for 22
pathogenic/likely pathogenic and 4 variants of uncertain significance which validates our
approach. Our analyses also classified 5 variants as pathogenic/likely pathogenic and 3 as
variants of uncertain significance for which ACMG class was not provided in ClinVar.
Reported variants in this study will greatly expand the ClinVar PRPHZ entries as 45 (27
pathogenic/likely pathogenic and 18 variants of uncertain significance) of the 79 variants in
our cohort were not reported in the ClinVar (Figure 4D).

Most variants were found in the D2 loop of the protein, which is critical for protein-protein
interactions. This loop appears less tolerant to variation compared to the cytoplasmic tail of
Peripherin-2. If the mutation occurs at or near one of the conserved cysteine residues, it may
interfere with disulfide bond formation between molecules, which would then cause
improper protein folding and assembly within the outer segment disks (Boon et al., 2008).
The C-terminal domain has been shown to contain an amphiphatic helix which is thought to
have a direct role in creating the high curvature bend of the photoreceptor disk rim (Charrin
et al., 2014). Additionally, the C-terminus is required for initiation of outer segment
morphogenesis and disc formation, while outer segment maturation requires full length
Peripherin-2 protein structure (Conley, Al-Ubaidi, Han, & Naash, 2014). The requirement
for the C-terminus in pathogenesis of disease, and the implication of the apparent tolerance
to mutation remains to be seen. Other potential factors that may affect phenotypic variability
include levels of mutant versus normal allele gene expression, gene to gene interactions,
cumulative effects of variation in other genes, and environmental effects (Boon et al., 2008;
Khani et al., 2003; Poloschek et al., 2010; Tam et al., 2004). Having large patient cohorts in
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which to study these multiple factors, along with their individual phenotypes and assorted
variants, would be useful to better characterize the highly complex Peripherin-2 protein.

Peripherin-2 forms oligomeric complexes with other proteins, including the rod outer
segment membrane protein-1 (ROM-1) and LRRC32/GARP (leucine-rich repeat-containing
protein-32) expressed in rods, and is critical to the proper formation of the outer segment
(Boon et al., 2008; Chakraborty, Conley, Fliesler, et al., 2010; Chakraborty, Conley, Stuck, et
al., 2010; Conley et al., 2010; Ding et al., 2004; Ding et al., 2005; Duncan et al., 2011,
Loewen & Molday, 2000; Poetsch et al., 2001; Poloschek et al., 2010; Tam et al., 2004; van
Lith-Verhoeven et al., 2003). The ability to review phenotype-genotype associations within a
single rare disorder is advantageous for understanding phenotypic range and properly
categorizing causal genetic variation. Though it is still difficult to determine whether
phenotypic trends exist for the Peripherin-2 protein due to variable phenotypic expression,
variant- and gene-level information is improved on cohort analysis, and this model can be
applied to other disease genes. Continued review of reported variants is essential to
understanding the etiology of disease as we relate genomic variations with phenotypic
outcome. Functional studies will continue to be important in determining the biochemical
relationships between Peripherin-2 and other proteins and their effects on phenotypes and
disease progression.
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Figure 1. Variable Expressions within eyeGENE® Family 4 and Participant Diagnoses:
A: Participant 4.1 was enrolled under the preliminary diagnosis of Choroideremia at age 62

years. Age of onset was at 52 years. The participant’s visual acuity was 20/20 OU, with an
abnormal, but recordable full-field ERG. B: Participant 4.2 was enrolled under the
preliminary diagnosis of Stargardt disease at age 39 years. Age of onset was at 38 years. The
participant’s visual acuity was 20/20 OD and 20/40 OS. An ERG was not performed. C:
Pedigree of Family 4. Participant 4.3 was enrolled under the preliminary diagnosis of
Stargardt disease but did not carry the familial PRPHZ variant ¢.828+3A>T. D: Percentage
of participants by diagnosis category and variant exon location.
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Figure 2. Age of Disease Onset of eyeGENE® PRPH2 Variants:
A: Age of onsets were plotted against variant types. Median, 10%, 25%, 75%, 90% of

quartiles were displayed in the box plots. The individual data points were also plotted. B:
Age of onset for seven of the most recurrent eyeGENE® variants with cohort AF > 0.01. The
lowest median age of onset was for the p.Arg172Trp variant at 26 years of age. The
p.Argl42Trp variant had the highest median age of onset at 57 years of age.

Hum Mutat. Author manuscript; available in PMC 2021 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Reeves et al. Page 17

A

0.0015

0.0010

quency

0.0005

Allele fre

0.0000

0

Allele frequency

0.

PRPH2 cohort :
C.828+3A>T
0.075
Consequence
0.050 & frameshift/stop_gained
—-&- missense/inframe_deletion
p.Tyr141Cys . :
i —a— splice_region
025 p.Ag172Trp
p.Prp210Arg
p.Arg142Tr) yraollyer| p-Gl 2F9Ter
000 I|[|| IH I|I \II Phmwnn wobsmn oo | i
100 200 300 400 500 600 700 800 900 1000
ClinVar

5

3

2

No. of Submitter

0

gnomAD B
p.Leu45Phe : :

Peripherin-2

Distribution of Variants found

Consequence
in eyeGENEP® Participants

&~ frameshift/stop_gained

—&— missense/inframe_deletion

p.lle3pyal :
p_Ser2:8 Lleu &~ splice_region
p.lle161Vet: : ~&- synonymous

0 100 200 300 400 500 600 700 800 900 1000

L

THON [T

ClinicalSignificance
— Benign/Likely benign
— Likely pathogenic

The ¢ 582-1G>A change is positioned between
AA99 and AAIO0.

The ¢.82842T>C change is positioned between
AAIS2 and AAIS3.

The c.828+3A> T change is posidoncd
AALS2 and AAISS.

‘ —— Pathogenic

‘! ‘ \

0 100 200 300 400 500 600 700 800 900 1000
cDNA position

Figure 3. Schematic Representations of Peripherin-2 Protein and cDNA Positions of Variants and
Allele Frequencies in eyeGENE® Probands and gnomAD:

A: Top, PRPHZgnomAD allele frequencies by cDNA position and variant type, only
variants with gnomAD allele frequencies less than 0.5 are shown. Middle, cDNA variant
location and allele frequencies in eyeGENE® probands. Bottom, cDNA variant location and
number of submitters in ClinVar. B: Schematic representation of Peripherin-2 protein with
the distribution of variants found in eyeGENE® participants by color. D1 and D2 represent
the two intradiskal loops. The N and C termini are located in the space between the disk
membrane and the rod outer segment plasma membrane, with the fusion peptide region from
a.a. 312 to 326. Missense variants are indicated in red, truncating variants in blue, in-frame
deletions in orange, and sites with both missense and truncating variants in pink. Figure
created and modified from Protter (Omasits, Ahrens, Muller, & Wollscheid, 2014).
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Figure 4. ACMG Classification of Variants, ClinVar Concordance, Fisher’s Exact Test of
gnomAD Allele Frequency versus Proband Allele Frequency, and eyeGENE® Proband Allele
Frequencies versus gnomAD Allele Frequencies:

A: gnomAD allele frequency of ClinVar variants according to ClinVar classification. There
were 29 variants classified as pathogenic in ClinVar, of which 2 were also found in
gnomAD: ¢.425G>A p.Arg142GIn and ¢.623G>A p.Gly208Asp. B: eyeGENE® proband
allele frequency and gnomAD allele frequency for the common variants between these two
datasets. The variants with pvalue
< 0.00063 in the Fisher’s Exact test were annotated. C: PM1 and PS4 help determination of
pathogenicity by ACMG classification criteria. D: Concordance of classifications between

ClinVar and this study.
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Table 1:

Most Common Pathogenic or Likely Pathogenic PRPHZ Variants (= 3 Probands)

cDNA position*

Protein change

Number of probands

gnomAD frequency

References

€.828+3A>T abnormal splicing | 28 0.000004288 Sohocki 2001 Sears 2001

€.389T>C p.Leul30Pro 3 Not Present Ba-Abbad 2014

.394delC p.GIn132Lysfs*7 0.000004063 Ba-Abbad 2014

c.422A>G p.Tyr141Cys 10 Not Present Yang 2001, Khani 2003

c.424C>T p.Arg142Trp 5 0.00001625 Keilhauer 2006, Anand 2009

c.514C>T p.Argl72Trp 9 Not Present Anand 2009, Duncan 2011

c.612C>A p.Tyr204* 4 Not Present Birtel 2018

€.629C>G p.Pro210Arg 7 Not Present Feist 1994, Duncan 2011

c.647C>T p.Pro216Leu 3 0.000004061 Kajiwara 1991, Van Cauwenbergh 2017
c.715C>T p.GIn239* 4 Not Present Kohl 1997

RefSeq: NM_000322.4

Hum Mutat. Author manuscript; available in PMC 2021 September 01.

Page 19



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Reeves et al.

Page 20

Table 2:
Participants with p.Arg172Trp Variant
Family Diagnosis | Agey Age of BCVA BCVA ERG Fundus Appearance
code onsety logMAR logMAR Response
oD oS

12.1 PD 52 32 +0.60 +0.18 N OU: Depigmented lesion in fovea, central
hypofluorescence surrounded by
hyperfluorescence by FA, foveal atrophy,
‘questionable dark choroid” by FA

12.2 PD 26 26 -0.12 0.00 ND OU: Depigmented lesion in fovea,
Hyperpigmentation, Central
hypofluorescence surrounded by
hyperfluorescence by FA

22 BD 56 20 +1.30 +1.30 ND OU: Scar/atrophy

72 CRD 12 12 -0.10 0.00 ND OU: Macular degeneration, granular
macular pigmentation, Bull’s eye pattern
w/hypopigmented parafovea, normal OCT
thickness

73.1 CRD 56 15 +1.00 +1.30 A OU: Macular degeneration, vascular
attenuation

73.2 CRD 60 36 +0.30 +0.30 A OU: Macular degeneration

73.3 CRD 38 38 +0.30 +0.10 A OU: Macular degeneration, central
choroidal show

73.4 CRD 63 30 +1.30 +1.20 ND OU: Macular degeneration, vascular
attenuation

74 PD 56 55 0.00 +0.10 ND OU: Depigmented lesion in fovea

75 RP 46 24 +2.00 +2.00 ND OU: Retinal degeneration, intraretinal
pigment spicules, macular degeneration,
peripheral retinal degeneration, vascular
attenuation

127 CRD 49 41 +0.30 +0.18 A OU: Macular degeneration

133 RP 58 20 +0.70 +3.00 ND OU: Retinal degeneration, intraretinal
pigment spicules, vascular attenuation

144 SD 15 11 +0.48 +1.00 ND OU: Macular degeneration, vascular

attenuation

Age at exam in years (y); Reported age of onset in years (y); PD-Pattern dystrophy, BD-Best disease, CRD-Cone rod dystrophy, RP-Retinitis

pigmentosa, SD-Stargardt disease; Full-field ERG response N-Normal, A-Abnormal, ND-Not done
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