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Abstract: For disorders with X-linked inheritance, variants may be transmitted through multiple
generations of carrier females before an affected male is ascertained. Pathogenic RSI variants
exclusively cause X-linked retinoschisis (XLRS). While RS1 is constrained to variation, recurrent
variants are frequently observed in unrelated probands. Here, we investigate recurrent pathogenic
variants to determine the relative burden of mutational hotspot and founder allele events to this
phenomenon. A cohort RS1 variant analysis and standardized classification, including variant
enrichment in the XLRS cohort and in RS1 functional domains, were performed on 332 unrelated
XLRS probands. A total of 108 unique RS1 variants were identified. A subset of 19 recurrently
observed RS1 variants were evaluated in 190 probands by a haplotype analysis, using microsatellite
and single nucleotide polymorphisms. Fourteen variants had at least two probands with common
variant-specific haplotypes over ~1.95 centimorgans (cM) flanking RS1. Overall, 99/190 of reportedly
unrelated probands had 25 distinct shared haplotypes. Examination of this XLRS cohort for common
RS1 haplotypes indicates that the founder effect plays a significant role in this disorder, including
variants in mutational hotspots. This improves the accuracy of clinical variant classification and may
be generalizable to other X-linked disorders.

Keywords: X-linked disorder; X-linked retinoschisis (XLRS); RS1; variant classification, ACMG/AMP
variant interpretation guideline; founder effect; haplotype analysis

1. Introduction

Disorders of X-linked inheritance represent a significant genetic disease burden.
Pathogenic variants on the X chromosome are currently known to cause over 500 X-linked
diseases that mainly affect the brain, bone, blood, ears, heart, liver, kidney, retina, skin,
and teeth [1]. For X-linked disorders, females may be unaffected carriers of X-linked
pathogenic variants, with either no disease or a lesser form of the disease than observed in
hemizygous males [2]. Therefore, a variant may be passed through multiple generations
of female carriers without ascertaining an affected male. In those cases, an analysis for
co-segregation by chance may be limited. As such, proper variant classification within
X-linked disorders can be particularly challenging for those disorders where carrier females
do not express the phenotype.

Recurrently observed variants in X-linked disorders may represent independent muta-
tion events or a founder allele passed through multiple obligate carrier females [3]. This
can be discerned through a haplotype analysis of microsatellite markers and other varia-
tions. However, large patient cohorts with an ascertained disease-relevant genetic variation
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are required to discern the mechanism of each genetic event to support proper variant
classification [4].

X-linked juvenile retinoschisis (XLRS, OMIM # 312700) is an X-linked monogenic dis-
ease, and it exhibits complete penetrance in males [5]. The phenotype, consisting of central
and peripheral retinoschisis with characteristic electronegative responses on electroretino-
graphic testing, is pathognomonic, and >95% of males with XLRS have a pathogenic or
likely pathogenic variant in the RS1 gene (OMIM 300839, Xp22.13). Retinoschisin, encoded
by RS1, is localized to the neuroretina and critical for the maintenance of photoreceptor-
bipolar connections [6]. Heterozygous females generally do not express features of the
disease, though minor phenotypes have been reported [7]. The prevalence of XLRS is
estimated to be between 1 in 5000 to 1 in 25,000 males [8].

Accurate clinical RS1 variant classification is critical, as gene therapy clinical trials
are ongoing [9]. Pathogenic RS1 variants include missense, frameshift, nonsense, intronic,
and exonic deletions, and many are recurrent. This raises two possibilities: (i) these specific
nucleotide sites are prone to genetic alteration or (ii) these represent founder alleles passed
silently through female lineages for many generations.

In this study, we assessed a large cohort of unrelated probands with XLRS and as-
sociated RS1 variants to determine the burden of the cryptic founder variation, finding
sufficient evidence to apply hotspot, enrichment, and co-segregation criteria for many RS1
variants.

2. Materials and Methods
2.1. Consent, Sample Collection, and Testing

Variants from a cohort of 332 XLRS probands, which included patients tested at the
National Eye Institute (NEI) Ophthalmic Genetics Clinic at the National Institutes of Health
Clinical Center and participants in eyeGENE® (EYEGENE Inc., Seoul, Korea), were ana-
lyzed. eyeGENE® is an international registry and DNA repository for patients with inher-
ited ophthalmic diseases and their family members [10-13]. These studies (NCT02471287
and NCT00378742) were approved by the National Institutes of Health Institutional Review
Board and adhered to the tenants of the Declaration of Helsinki. Informed consent was
obtained from all participating subjects. Genomic DNA was extracted from peripheral
blood. The six exons in the RS1 (NM_000330.4) coding sequence and flanking intronic
regions were amplified by polymerase chain reaction (PCR) (Supplementary Table S1)
and sequenced by Sanger sequencing. Additional family members were also tested when
available.

2.2. Variant Classification

General population RS1 variant allele frequency data were downloaded from The
Genome Aggregation Database (gnomAD v2.1.1) [14]. The Ensembl Variant Effect Predictor
(VEP) for GRCh37 was used to annotate additional information, such as the chromosome
coordinates, consequence, and HGVS protein sequence name [15]. Variant allele frequencies
from gnomAD were compared to allele frequencies in the RS1 patient cohort and visualized
using the ggplot2 package in R version 4.0.2 (Figure 1c). Fisher’s exact test for indepen-
dence was performed for all RS1 variants in R. Variant classification was manually assigned
according to American College of Medical Genetics and Genomics (ACMG)/ Association
for Molecular Pathology (AMP) guidelines [16], excluding large exonic deletions (Supple-
mentary Table 52). In-silico pathogenicity predictions were obtained from Varsome [17-20].
The Human Gene Mutation Database (HGMD) [21] was used to find literature with previ-
ously published functional secretion data for variants, for which we assigned a downgraded
PS3 (well-established functional studies providing strong support of a pathogenic effect) as
moderate evidence for pathogenicity, as this is a research test. ClinVar [22], a submission-
based public archive that aggregates information about genomic variations, was accessed
(4 January 2022) for existing variant interpretations. Supplementary Figure S1 indicates
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the overlap between the XLRS cohort, HGMD, and ClinVar. Pedigrees were examined for
variant co-segregation evidence [23].
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Figure 1. RS1 variant types and localizations in the XLRS cohort and gnomAD. (a) Variant type
distribution in the XLRS cohort. (b) RS1 protein domains (Top) and variant allele frequencies (AF)
along the cDNA position in the XLRS cohort (middle) and gnomAD (bottom). The splice region
variants in the XLRS cohort include intronic variants reported in clinical reports. The splice region
variants in the gnomAD dataset include intronic variants in +3-8 nucleotides from the exon-intron
junctions. The gnomAD v2.1.1 dataset does not contain any variants in the 2 canonical splicing
sites. Variants denoted are those with AF > 0.03 in XLRS or >0.001 in gnomAD. (c) Allele frequencies
for variants present in both XLRS cohort and gnomAD. Shaded: the XLRS prevalence of 1in 5000 to 1
in 25,000 males.

2.3. Minigene Assay

The plasmid RHCglo used for the minigene assay was a gift from Thomas Cooper
(Addgene plasmid #80169; http://n2t.net/addgene:80169, accessed on 5 January 2022;
RRID:Addgene_80169) [24]. A DNA fragment including the RS1 exon 2 plus 337 bp
upstream and 373 bp downstream was synthesized according to the human genome
GRCh37 and cloned into RHCglo to make the wildtype RHCglo-RS1-E2 vector, which was
then used as a template to make the ¢.53-34A>G mutant vector by mutagenesis (LifeSct,
Rockville, MD, USA). The wildtype and mutant RHCglo plasmids were transfected into the
293FT cells using the Lipofectamine 2000 reagent (ThermoFisher, Waltham, MA, USA) using
a suspension transfection method as described previously [25]. RNA was prepared from
cells harvested one day post transfection (RNeasy mini kit, Qiagen, Hilden, Germany) and
used for cDNA synthesis (iScript cDNA synthesis kit, Bio-Rad, Hercules, CA, USA). M13-
tagged PCR primers located in exons in the RHCglo vector were used for PCR amplification
of the cDNA, RSV5U_M13F (GTAAAACGACGGCCAGTCATTCACCACATTGGTGTGC),
and RTRHC_M13R (CAGGAAACAGCTATGACCGCTTTGCAGCAACAGTAACCAG,).
The PCR products were then subjected to Sanger sequencing using the BigDye Direct Cycle
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sequencing kit, followed by analysis using a SeqStudio genetic analyzer (ThermoFisher,
Waltham, MA, USA).

2.4. Haplotype Analysis

A haplotype analysis was performed on 190/332 probands for 19 of the most recurrent
variants, where one variant was observed in at least four probands with DNA available.
Haplotypes were determined by analyzing a total of seven markers, three short tandem
repeat (STR) markers (~34.75-36.51 cM, chrX:17741821-19054560 GRCh37) and four sin-
gle nucleotide polymorphism (SNP) markers (~34.56-36.25 cM, chrX: 17568516-18876226
GRCh37?), surrounding the RS1 gene (~1.95 cM, 34.56-36.51 cM, chrX: 17568516-19054560
GRCh37) on the X chromosome (Supplementary Table S3). Highly polymorphic STR mark-
ers were evaluated and selected by heterozygosity and proximity to the RS1 gene from
the Rutgers Combined Linkage-Physical Map v3 map [26]. Primer sequences were ob-
tained from UCSC genome browser [27] (https://genome.ucsc.edu/, accessed on 26 March
2018). Primer pairs were designed with M13 tails on the forward primers and combined
with M13 tagged 5’ 6-fluorescein amidite (FAM), as described previously [28]. A PCR
was performed using proband DNA, OneTaq® Hot Start 2X Master Mix with Standard
Buffer (New England Biolabs, Ipswich, MA, USA) and the labeled primers. PCR prod-
ucts were analyzed by capillary electrophoresis using a 3500 Genetic Analyzer (Applied
Biosystems, Waltham, MA, USA), marker alleles were called using the GeneMapper ™
software (Applied Biosystems, Waltham, MA, USA), and alleles were determined based
on fragment sizes. SNP markers with allele frequencies ranging from ~19% to ~68% were
selected from gnomAD v2.1.1 based on the allele frequency in European and Hispanic
populations and proximity to the RS1 gene. Primer sequences were designed using Primer3
(https:/ /bioinfo.ut.ee/primer3-0.4.0/, accessed on 18 November 2018) and engineered
with M13 tails. PCR and Sanger sequencing were performed following the BigDye Di-
rect Cycle Sequencing protocol (Applied Biosystems, Waltham, MA, USA). Sequencing
products were processed by capillary electrophoresis using a SeqStudio Genetic Analyzer
(Applied Biosystems, Waltham, MA, USA). Sequencing data were analyzed using a Mu-
tation Surveyor® (SoftGenetics, State College, PA, USA), and letter-based alleles were
assigned to the observed nucleotide at the SNP.

3. Results
3.1. RS1 Gene-Level Variant Characterization

A total of 108 unique RS1 variants, including four large exonic deletions, were
identified in a cohort of 332 probands with XLRS (Supplementary Table S2). Missense
variants accounted for the majority of variants (61/108, 56.5%), followed by nonsense,
frameshift, or start loss (27/108, 25%) and splice-region (12/108, 11.1%) variants (Fig-
ure la). The missense variant ¢.214G>A p.(Glu72Lys) was found most frequently amongst
patients (31/332, 9.3%), followed by missense variants c.286T>C p.(Trp96Arg) (20/332,
6.0%), c¢.208G>A p.(Gly70Ser) (17/332, 5.1%), ¢.305G>A p.(Argl02Gln) (15/332, 4.5%),
and ¢.304C>T p.(Argl02Trp) (15/332, 4.5%).

To assess variant pathogenicity in the RS1 gene, allele frequencies of variants in
control and disease populations were compared. The gnomAD data was used as a general
population control cohort for the comparison and analysis of the 108 RS1 variants among
332 XLRS probands. Variant allele frequencies in the XLRS cohort and gnomAD were
plotted against the cDNA position to compare the relative allele frequency and location
within the cDNA and protein position (Figure 1b). The majority of missense or in-frame
indels were found in the RS1 Discoidin domain in the XLRS cohort. Intriguingly, there were
three peaks with allele frequencies above 3% in the patient cohort. We attempted to define
potential mutation hotspots involving these residues by extending to neighboring residues
and merging into one hotspot if the AFx;rs was above 1% in 10-a.a. sliding windows.
Using this strategy, we found three significant hotspots involving a.a. 70-72, a.a. 89-109,
and a.a. 192-213 (Supplementary Table S4). The missense or in-frame indel variants in
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these three hot spots represented 58.4% of the families in the cohort. Interestingly, these
hotspots co-localize with intermolecular interface in the RS1 octamer [29], providing strong
genetic evidence for the important functions of the intact RS1 octamer in normal retinal

physiology.

3.2. RS1 Population-Level Variant Analysis

Next, we established the variant’s association with disease status by analyzing the vari-
ant frequency in the disease cohort compared to the general population. Allele frequencies
from both datasets (XLRS proband cohort and gnomAD) were visualized to predict the en-
richment of variants in the disease population compared to the control (Figure 1b). Notably,
the vast majority of variants in the XLRS cohort were absent from gnomAD, even as het-
erozygous variants in female samples. Among the 108 RS1 variants identified in the patient
cohort, only six variants, including five missense variants and one synonymous, were also
found in the gnomAD general population (Figure 1c). Variants lying above the diagonal
y = 1.0x line and to the left of the prevalence line in Figure 1c demonstrated enrichment in
the disease population compared to the control population, suggesting pathogenicity. Con-
versely, variants below the line were found at higher frequencies in the control population,
indicating they may be benign. Two were classified as pathogenic in ClinVar (c.325G>C
p-(Glyl09Arg) and ¢.305G>A p.(Argl02Gln)) and three as pathogenic or likely pathogenic
(c.214G>A p.(Glu72Lys), c.304C>T p.(Argl02Trp), and c.590G>A p.(Argl97His)). One out
of the six variants in both the patient cohort and gnomAD was found more frequently
in the general population, which was synonymous variant ¢.330T>C p.(Cys110=). This
variant was annotated as benign in ClinVar.

A Bonferroni-corrected p-value of 0.00046 (0.05/108 variants) from Fisher’s exact
test was used as the threshold to determine enrichment of a variant in the RS1 cohort
as compared to gnomAD. This analysis identified 49 significantly enriched RS1 variants,
including the five missense variants present in gnomAD. According to the ACMG criterion
for variant interpretation PS4, a significant increase in the prevalence of a variant in
affected individuals compared with the prevalence in controls is considered strong evidence
for pathogenicity [16]. In general, a variant absent in gnomAD and found only in one
proband in the RS1 cohort had a p-value of 0.00181; thus, PS4 was not applied. In contrast,
a variant absent in gnomAD and recurrent in the RS1 cohort had a p-value less than 0.00046,
so PS4 was applied for classification. The application of PS4 allowed for pathogenicity
classification of many previously unclassified variants (Figure 2).

Following the variant:disease enrichment analysis, we assessed the co-segregation of a
variant with a phenotype or a lack of segregation without a phenotype as additional cohort-
level pathogenicity evidence. In the XLRS patient cohort, 49/108 (45.4%) variants were
present in at least one family in which more than one individual was tested. Co-segregation
analysis provided strong evidence of pathogenicity for eight variants, moderate evidence
for one, and supporting evidence for two variants [23] (Supplementary Table S2).

One deep intronic variant, ¢.53-34A>G, was found in two families affected by XLRS.
We applied PS4 (p-value = 3.28 x 10~°, Fisher’s exact test), PP1>PS (upgraded PP1, co-
segregated with XLRS in the two families), PM2 (absent in gnomAD), PP3 (predicted to
altering splicing with SpliceAl, score 0.65), and PP4 to classify this variant as pathogenic.
As this variant alters a predicated lariat branchpoint [30] and lariat branchpoint variants
in genetic diseases are relatively rare [31], we performed a minigene assay to test the
variant’s effect on splicing in vitro. As shown in Supplementary Figure S2, the variants
led to the skipping of exon 2 of RS1 in the minigene assay, providing moderate evidence
(PS3_Moderate) to support this variant as pathogenic.
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Figure 2. Variant analysis using the ACMG/AMP classification system, including 104 SNVs and
small Indels. (a) Variant interpretation in the current study as compared to ClinVar interpretations.
(b) Variant interpretation with and without application of PM1 and PS4.

3.3. Many Recurrently Observed RS1 Variants Share Haplotypes

Haplotypes can be compared to discern whether frequently observed pathogenic
variants among unrelated probands arise from one ancient founder mutation event or
sporadically in multiple unrelated events [32]. To investigate the founder effect burden
among recurrent RS1 alleles, we performed a haplotype analysis on reportedly unrelated
probands that shared prevalent variants. Fourteen of the 19 recurrent variants tested and
99/190 (52.1%) probands had at least two probands with variant-specific haplotypes that
shared all 7 markers (~1.95 cMor 1486 kb) (Figure 3 and Supplementary Table S5); 10/190
(5.3%) probands also had two probands that shared a haplotype but had no shared variant
(haplotypes 26-30 in Supplementary Table S5). The most prevalent variant observed in
this cohort was ¢.214G>A (p.Glu72Lys), which has been previously identified as a Finnish
founder variant [33]. In this cohort, 15/31 probands with p.Glu72Lys had five distinct hap-
lotypes where at least two probands shared all markers. The second most recurrent variant,
¢.286T>C (p.Trp96Arg), had 19/20 probands with three distinct haplotypes that shared all
markers. Another prevalent variant was ¢.208G>A (p.Gly70Ser), where 14/17 probands
had four distinct haplotypes that shared all markers. A summary of all tested probands
and their corresponding haplotypes is listed in Supplementary Table Sé6.
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Figure 3. Distribution of distinct shared haplotypes (multi-colored) among 19 recurrently observed
RS1 variants, including probands with no variant-specific shared haplotypes (gray).

Furthermore, home ZIP codes of probands with the recurrent variants were mapped,
and varying degrees of some haplotype-specific clustering was observed (Figure 4 and
Supplementary Figure S3). A novel variant, ¢.209G>A (p.Gly70Asp), was observed among
four unrelated probands, where 3/4 probands shared all markers. The three probands with
the shared markers were of Bolivian descent, and their home ZIP codes clustered tightly
in Virginia (Figure 4a), while the fourth proband shared 2/7 markers, was of European
descent, and had a Californian ZIP code. Haplotype analysis was done for 13 probands
with the exon 2 deletion, which showed that 12 shared all markers and that the 13th
shared 6/7 markers; the probands with this shared variant loosely cluster in the North-East
(Figure 4b). Six of the probands with the ¢.520delC (p.Argl174Glyfs*63) variant shared all
markers, and the seventh shared 6/7; these probands also loosely clustered in the South-
East (Figure 4c). Supplemental Figure S3 demonstrates more complex examples of the three
most recurrent variants with multiple shared haplotypes.
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(a) c.209G>A p.(Gly70Asp)

(b) Exon 2 Deletion

(c) c.520delC p.(Arg174Glyfs*63)

Figure 4. Geographical distribution of three recurrent variants by proband ZIP code. (a) Three
probands with variant-specific haplotypes (Hap15) tightly cluster (blue inset); one proband with the
same RS1 variant shared 2/7 haplotype markers (gray). (b) Twelve probands with variant-specific
haplotypes are in blue (Hap4); one proband with the same RS1 variant shared 6/7 haplotype markers
(gray). (c) Six probands with variant specific haplotypes are in blue (Hap5), and one proband shared
6/7 haplotype markers (gray).

3.4. Systematic RS1 Variant Classification and Interpretation

Following application of population enrichment and familial disease:variant co-
segregation evidence, a systematic classification using ACMG/AMP clinical variant inter-
pretation criteria was performed. We were able to apply supporting evidence PP4 to all
variants, since RS1 was the only gene associated with XLRS. Most variants were absent in
gnomAD, allowing for the application of PM2. About half of the variants were significantly
enriched in the patient cohort compared to the control, allowing for application of PS4,
while the other half were present in only a single patient. The synonymous variant found
in exon 5, ¢.330T>C p.(Cys110=), was considered benign as it was found in two probands,
in cis with exon 4 variant c.189C>A (p.Cys63Ter) in one patient and with exon 4 variant
¢.216G>C (p.Glu72Asp) in another. The missense variant, c.295A>G (p.Asn99Asp), in exon
4 was also found in cis with the pathogenic missense variant c.608C>T (p.Pro203Leu).

Excluding large deletions, 54/104 (51.9%) variants from the patient cohort had un-
available existing variant interpretations in ClinVar, and 5/104 (4.8%) were in ClinVar but
had conflicting interpretations or were variants of uncertain significance (VUS) (Figure 2a).
Of the remaining variants from the patient cohort that did have available interpretations
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on ClinVar, 24/104 (23%) were classified as pathogenic, 10/104 (9.6%) as pathogenic/likely
pathogenic, and 10/104 (9.6%) as likely pathogenic, while 1/104 variant (0.9%) was benign.
After manual interpretation of the 104 RS1 patient cohort variants (excluding the four large
deletions), 61/104 (59%) were classified as pathogenic, 28/104 (27%) as likely pathogenic,
and 1/104 (1%) as benign, with 14/104 (13%) remaining as VUS (Figure 2b). Twelve of
these 14 manually-classified variants were also either unavailable, VUS, or not provided in
ClinVar. Of the 59 variants from the patient cohort without interpretation or with conflicting
or uncertain interpretation in ClinVar, manual evaluation led to the classification of 31 (30%)
as pathogenic and 16 (15%) as likely pathogenic, with 12 (11.5%) remaining as variants of
uncertain significance. Thus, this cohort-level approach improves variant classification at
the gene-level.

4. Discussion

This comprehensive RS1 variant classification dataset revealed that founder alleles
were more common than independent events for a majority of the tested recurrent RS1
variants. Our analyses greatly expanded the number and depth of clinical interpretation
for RS1 variants associated with XLRS and can be applied to other disease genes. This
study demonstrates the benefit of using large patient cohorts to analyze variants at the
population-level. Following manual interpretation, 61/104 variants were classified as
pathogenic and 28/104 as likely pathogenic, with 14/104 remaining VUS, as opposed to
59/104 variants for whom clinical significance was either absent, not provided, conflicting,
or uncertain in ClinVar.

The RS1 gene encodes a 224 amino acid (a.a.) polypeptide consisting of the N-terminal
signal sequence (a.a. 1-23), the RS1 domain (a.a. 24-62), the Discoidin domain (a.a. 63-219),
and a short C-terminal segment (a.a. 220-224). The secreted RS1 protein forms octamers
that play important roles in cell-cell adhesion in the retina [29]. The predicted loss of
function variants, including frameshift and nonsense variants, from the patient cohort were
distributed throughout cDNA positions, while the missense or in-frame indel variants
were mostly present in the Discoidin domain. The RS1 gene is intolerant to truncating
variation, with a pLI score of 0.96 in gnomAD, and it is relatively intolerant to missense
variation, with a Z-score of 0.97. The variants from gnomAD were distributed throughout
all cDNA positions with a summative allele frequency of 0.012 for all of the missense
variants. In this XLRS cohort analysis, we established statistical mutational hotspot support
for three regions, a.a. 70-72, 89-109, and 192-213, conferring moderate evidence for variant
pathogenicity. However, this could represent either a founder effect or a mutational hotspot.
For instance, the c.214G>A p.(Glu72Lys) variant is located in a CpG site on the reverse
strand, where a C>T mutation can occur spontaneously [34], and a haplotype analysis
showed that ~48% (15/31) of probands tested had five distinct shared profiles.

The vast majority of missense alleles were present in the RS1 Discoidin domain.
One resided in the signal peptide, c.35T>A p.(Leul2His), which was found in two probands
and absent in gnomAD. This variant has been previously shown to abolish RS1 secre-
tion [35]. Another two involved the same residue in the RS1 domain, ¢.176G>A p.(Cys59Tyr)
and c.176G>C p.(Cys59Ser), which was also found in 2 and 1 probands, respectively, and ab-
sent in gnomAD. The p.Cys59 residue is modeled to form an intermolecular disulfide bond
with p.Cys223 in another RS1 subunit in the octamer [29,36].

Founder effects among XLRS variants have been reported previously. The highest car-
rier frequency of XLRS is in the Finnish population at 14 per 10,000 or 1 in ~700 individuals,
where three founder variants, p.Glu72Lys, p.Gly1l09Arg, and p.Gly74Val, were thought
to contribute to the majority of this prevalence [33,37]. Because female XLRS carriers are
asymptomatic and the penetrance of RS1 is nearly complete in males, studying the allele
frequency of the RS1 pathogenic variant in the female population in gnomAD may offer
an opportunity to provide a relatively accurate estimate of XLRS prevalence. There are
11 retinoschisis-associated RS1 variants recorded in the HGMD database that are also found
in gnomAD (Supplementary Table S7), including five pathogenic or likely-pathogenic vari-
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ants present in our XLRS cohort, one uncertain, and another five classified as pathogenic or
likely-pathogenic according to the ACMG/AMP classification criteria. The sum allele fre-
quency of these 10 pathogenic or likely-pathogenic variants in gnomAD females is 0.000167,
indicating an XLRS prevalence of 1 in 5982 males (Supplementary Table S8). Considering
populations separately, the XLRS prevalence is highest in Finnish populations (1:1746),
followed by South Asian (1:7541), East Asian (1:9320), African (1:10,050), and non-Finnish
European (1:25,075) populations.

These estimates are at the lower end of true prevalence, considering there could be
pathogenic variants that were not curated in HGMD. Furthermore, the female populations
in gnomAD might not be large enough to cover all variant carriers and to provide an accu-
rate estimate. Nevertheless, our analysis refined the disease prevalence of XLRS in diverse
populations, which was largely in-line with previous estimates based on epidemiology
case studies.

The pathogenicity assessment of these variants has exciting potential for use in clinical
settings, with applications in precision medicine and the diagnosis of genetic disorders.
Variant interpretation is a time-limiting step in the process, however, and it requires support
from multiple types of evidence. In 2015, ACMG and AMP published standards and guide-
lines for variant classification [16]. Population data is an important category of evidence in
these guidelines for pathogenicity assessment. The analysis of allele frequencies in refer-
ence population databases has proven to be a useful tool in the assignment of pathogenicity
to variants. Furthermore, the use of these reference databases for the comparison of disease
and control populations can be informative in predicting pathogenicity for novel variants
detected in patients.

The comparison of variant allele frequency with general population data from gno-
mAD allowed us to identify variants enriched in individuals with the disease as compared
to individuals not selected for a particular disease, with evidence strongly suggesting
pathogenicity. This study also highlights the value of a pedigree analysis for co-segregation
of a variant with a disease. The predicted loss-of-function variants in RS1 can all be clas-
sified as pathogenic because of the application of PVS1, PM2, and PP4 criteria. While
co-segregation and population data have a potential to provide strong evidence of variant
pathogenicity, the lack of evidence from singletons led to the classification as variants of
uncertain significance. In this case, additional evidence, such as functional studies, are nec-
essary for their pathogenicity assessment. The testing of additional family members could
also provide supporting or moderate-level co-segregation evidence, possibly allowing for
the classification of current VUS or increasing the confidence of variants assigned as “likely
pathogenic” to “pathogenic”.

Observation of the founder phenomenon is variable across X-linked disorders and
retinopathies. In X-linked Retinitis Pigmentosa-3 (RP3, OMIM # 300029), most variants
arise independently [38]. No highly recurrent variants have been reported to date for
Mucopolysaccharidosis II [39] (MPS2 or Hunter Syndrome, OMIM # 309900) or Duchenne
Muscular Dystrophy (DMD, OMIM # 310200), and only one founder variant has been
reported [40] in Becker Muscular Dystrophy (BMD, OMIM # 300376), with the less severe
version of DMD involved with the same gene. DMD also tends to have a higher incidence
of de novo variants [41]. However, multiple founder variants have been identified in
X-linked disorders, such as Congenital Stationary Night Blindness [42] (CSNB, OMIM #
310500) and Fabry Disease [43] (FD, OMIM # 301500), though it is noted that most variants
also arise independently.

Multiple recurring RS1 variant-specific haplotypes were observed among unrelated
probands, suggesting that a significant number of these evaluated variants are ancient
founder variants. While de novo RS1 variants have been reported [34,44], they are relatively
rare in the XLRS population [34]. Additionally, other XLRS studies have identified other
founder variants by haplotype analysis [33,34]. The identification of founder variants in
unrelated probands can influence ACMG variant classification by the potential overlap
of PP1_Strong and PS4 criteria, as a familial segregation analysis only supports linkage
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evidence rather than the pathogenicity evidence that the enriched diseased population
presents. Determining whether a variant arises due to the founder effect, or a de novo hot
spot is critical, as it has implications for female carriers and their families.

5. Conclusions

The comparison of variants in large patient and control cohorts provides valuable
population-level evidence for variant pathogenicity classification. A pedigree analysis for
co-segregation evidence also serves as a helpful tool for classification, with the potential
to provide strong evidence, particularly for cryptic founder alleles for X-linked disorders.
Additional evidence, such as functional studies, is still needed for further classification
of current variants of uncertain significance. This method of analysis could be similarly
applied to variants in other disease-associated genes.
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Table S7: Gender-specific gnomAD allele frequency of retinoschisis-associated RS1 variants in HGMD
(HGMD professional version 2021.4); Table S8: The XLRS prevalence estimate among populations
using the gnomAD dataset.

Author Contributions: Conceptualization: C.B.,, EG.W.,, S].T.,, PA.S.,, C.A.C. and R.B.H.; Data
curation: C.B., EGW.,, B.G,,E.U, EF, AT, PAS. and C.A.C.; Formal analysis: C.B., EG.W.,, B.G., E.U.
and E.F; Funding acquisition: S.J.T., PA.S., C.A.C. and R.B.H.; Writing—original draft: C.B., EG.W.,
B.G., E.U. and R.B.H.; Writing—review and editing: C.B.,, EGW., B.G,,EU,,E.F,A.T,6S].T, PAS,
C.A.C. and R.B.H. All authors have read and agreed to the published version of the manuscript.

Funding: Grant Support: NEI Intramural funds. National Eye Institute: ZIAEY000564-03; National
Eye Institute: ZIAEY000565-03; National Eye Institute: ZICEY000478-13.

Institutional Review Board Statement: This study was conducted according to the guidelines of the
Declaration of Helsinki and Federalwide Assurance, and it was approved by the National Institutes
of Health Institutional Review Board (NCT02471287 and NCT00378742).

Informed Consent Statement: Informed consent was obtained from all participating subjects.

Data Availability Statement: Variant information will be deposited to ClinVar. All other materials
will be provided upon reasonable request.

Acknowledgments: We thank the families and patients for participating in the NEI and eyeGENE®
research studies. This study was supported by NEI intramural funds.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Migeon, B.R. X-linked diseases: Susceptible females. Genet. Med. 2020, 22, 1156-1174. [CrossRef] [PubMed]

2. Migeon, B.R. The role of X inactivation and cellular mosaicism in women’s health and sex-specific diseases. JAMA 2006, 295,
1428-1433. [CrossRef] [PubMed]

3. Shinagawa, J.; Moteki, H.; Nishio, S.Y.; Noguchi, Y.; Usami, S.I. Haplotype Analysis of GJB2 Mutations: Founder Effect or
Mutational Hot Spot? Genes 2020, 11, 250. [CrossRef] [PubMed]

4. Reeves, M.].; Goetz, K.E.; Guan, B.; Ullah, E.; Blain, D.; Zein, W.M.; Tumminia, S.J.; Hufnagel, R.B. Genotype-phenotype
associations in a large PRPH2-related retinopathy cohort. Hum. Mutat. 2020, 41, 1528-1539. [CrossRef]

5. Tsang, S.H.; Sharma, T. X-linked Juvenile Retinoschisis. Adv. Exp. Med. Biol. 2018, 1085, 43-48. [CrossRef]


https://www.mdpi.com/article/10.3390/genes13040675/s1
https://www.mdpi.com/article/10.3390/genes13040675/s1
http://doi.org/10.1038/s41436-020-0779-4
http://www.ncbi.nlm.nih.gov/pubmed/32284538
http://doi.org/10.1001/jama.295.12.1428
http://www.ncbi.nlm.nih.gov/pubmed/16551715
http://doi.org/10.3390/genes11030250
http://www.ncbi.nlm.nih.gov/pubmed/32120898
http://doi.org/10.1002/humu.24065
http://doi.org/10.1007/978-3-319-95046-4_10

Genes 2022, 13, 675 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Sergeev, Y.V,; Vitale, S.; Sieving, P.A.; Vincent, A.; Robson, A.G.; Moore, A.T.; Webster, A.R.; Holder, G.E. Molecular modeling
indicates distinct classes of missense variants with mild and severe XLRS phenotypes. Hum. Mol. Genet. 2013, 22, 4756-4767.
[CrossRef]

Bush, R.A.; Wei, L.L; Sieving, P.A. Convergence of Human Genetics and Animal Studies: Gene Therapy for X-Linked Retinoschisis.
Cold Spring Harb. Perspect. Med. 2015, 5, a017368. [CrossRef]

The Retinoschisis Consortium. Functional implications of the spectrum of mutations found in 234 cases with X-linked juvenile
retinoschisis. Hum. Mol. Genet. 1998, 7, 1185-1192. [CrossRef]

Cukras, C.; Wiley, H.E,; Jeffrey, B.G.; Sen, H.N.; Turriff, A.; Zeng, Y.; Vijayasarathy, C.; Marangoni, D.; Ziccardi, L.; Kjellstrom,
S.; et al. Retinal AAV8-RS1 Gene Therapy for X-Linked Retinoschisis: Initial Findings from a Phase I/Ila Trial by Intravitreal
Delivery. Mol. Ther. 2018, 26, 2282-2294. [CrossRef]

Sieving, P.A.; Collins, E.S. Genetic ophthalmology and the era of clinical care. JAMA 2007, 297, 733-736. [CrossRef]

Brooks, B.P.; Macdonald, I.M.; Tumminia, S.J.; Smaoui, N.; Blain, D.; Nezhuvingal, A.A; Sieving, P.A. Genomics in the era of
molecular ophthalmology: Reflections on the National Ophthalmic Disease Genotyping Network (eyeGENE). Arch. Ophthalmol.
2008, 126, 424-425. [CrossRef] [PubMed]

Blain, D.; Goetz, K.E.; Ayyagari, R.; Tumminia, S.J. eyeGENE®: A vision community resource facilitating patient care and paving
the path for research through molecular diagnostic testing. Clin. Genet. 2013, 84, 190-197. [CrossRef] [PubMed]

Goetz, K.E.; Reeves, M.J.; Tumminia, S.J.; Brooks, B.P. eyeGENE®: A novel approach to combine clinical testing and researching
genetic ocular disease. Curr. Opin. Ophthalmol. 2012, 23, 355-363. [CrossRef] [PubMed]

Karczewski, K.J.; Francioli, L.C.; Tiao, G.; Cummings, B.B.; Alfoldi, J.; Wang, Q.; Collins, R.L.; Laricchia, KM.; Ganna, A.;
Birnbaum, D.P; et al. The mutational constraint spectrum quantified from variation in 141,456 humans. Nature 2020, 581, 434-443.
[CrossRef]

McLaren, W.; Gil, L.; Hunt, S.E.; Riat, H.S; Ritchie, G.R.; Thormann, A.; Flicek, P.; Cunningham, F. The Ensembl Variant Effect
Predictor. Genome Biol. 2016, 17, 122. [CrossRef]

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405-424. [CrossRef]

Schwarz, ].M.; Rodelsperger, C.; Schuelke, M.; Seelow, D. MutationTaster evaluates disease-causing potential of sequence
alterations. Nat. Methods 2010, 7, 575-576. [CrossRef]

Adzhubei, I.A.; Schmidt, S.; Peshkin, L.; Ramensky, V.E.; Gerasimova, A.; Bork, P; Kondrashov, A.S.; Sunyaev, S.R. A method and
server for predicting damaging missense mutations. Nat. Methods 2010, 7, 248-249. [CrossRef]

Kumar, P.; Henikoff, S.; Ng, P.C. Predicting the effects of coding non-synonymous variants on protein function using the SIFT
algorithm. Nat. Protoc. 2009, 4, 1073-1081. [CrossRef]

Kopanos, C.; Tsiolkas, V.; Kouris, A.; Chapple, C.E.; Albarca Aguilera, M.; Meyer, R.; Massouras, A. VarSome: The human
genomic variant search engine. Bioinformatics 2019, 35, 1978-1980. [CrossRef]

Stenson, P.D.; Ball, E.V.; Mort, M.; Phillips, A.D.; Shiel, ].A.; Thomas, N.S.; Abeysinghe, S.; Krawczak, M.; Cooper, D.N. Human
Gene Mutation Database (HGMD): 2003 update. Hum. Mutat. 2003, 21, 577-581. [CrossRef] [PubMed]

Landrum, M.J.; Lee, ].M.; Benson, M.; Brown, G.R.; Chao, C.; Chitipiralla, S.; Gu, B.; Hart, ].; Hoffman, D.; Jang, W,; et al. ClinVar:
Improving access to variant interpretations and supporting evidence. Nucleic Acids Res. 2018, 46, D1062-D1067. [CrossRef]
[PubMed]

Jarvik, G.P; Browning, B.L. Consideration of Cosegregation in the Pathogenicity Classification of Genomic Variants. Am. . Hum.
Genet. 2016, 98, 1077-1081. [CrossRef] [PubMed]

Singh, G.; Cooper, T.A. Minigene reporter for identification and analysis of cis elements and trans factors affecting pre-mRNA
splicing. Biotechniques 2006, 41, 177-181. [CrossRef]

Guan, B.; Welch, ].M.; Sapp, J.C.; Ling, H.; Li, Y.; Johnston, ].J.; Kebebew, E.; Biesecker, L.G.; Simonds, W.E,; Marx, S.J.; et al.
GCM2-Activating Mutations in Familial Isolated Hyperparathyroidism. Am. J. Hum. Genet. 2016, 99, 1034-1044. [CrossRef]
Matise, T.C.; Chen, E; Chen, W.; De La Vega, EM.; Hansen, M.; He, C.; Hyland, F.C.; Kennedy, G.C.; Kong, X.; Murray, S.S.; et al.
A second-generation combined linkage physical map of the human genome. Genome Res. 2007, 17, 1783-1786. [CrossRef]

Kent, W].; Sugnet, C.W.; Furey, T.S.; Roskin, K.M.; Pringle, T.H.; Zahler, A.M.; Haussler, D. The human genome browser at UCSC.
Genome Res. 2002, 12, 996-1006. [CrossRef]

Schuelke, M. An economic method for the fluorescent labeling of PCR fragments. Nat. Biotechnol. 2000, 18, 233-234. [CrossRef]
Tolun, G.; Vijayasarathy, C.; Huang, R.; Zeng, Y; Li, Y,; Steven, A.C.; Sieving, P.A.; Heymann, J.B. Paired octamer rings of
retinoschisin suggest a junctional model for cell-cell adhesion in the retina. Proc. Natl. Acad. Sci. USA 2016, 113, 5287-5292.
[CrossRef]

Signal, B.; Gloss, B.S.; Dinger, M.E.; Mercer, T.R. Machine learning annotation of human branchpoints. Bioinformatics 2018, 34,
920-927. [CrossRef]

Taggart, A.J.; DeSimone, A.M.; Shih, ]J.S.; Filloux, M.E.; Fairbrother, W.G. Large-scale mapping of branchpoints in human
pre-mRNA transcripts in vivo. Nat. Struct. Mol. Biol. 2012, 19, 719-721. [CrossRef] [PubMed]

Ferla, R.; Calo, V.; Cascio, S.; Rinaldi, G.; Badalamenti, G.; Carreca, I.; Surmacz, E.; Colucci, G.; Bazan, V.; Russo, A. Founder
mutations in BRCA1 and BRCA2 genes. Ann. Oncol. 2007, 18 (Suppl. S6), vi93-vi98. [CrossRef] [PubMed]


http://doi.org/10.1093/hmg/ddt329
http://doi.org/10.1101/cshperspect.a017368
http://doi.org/10.1093/hmg/7.7.1185
http://doi.org/10.1016/j.ymthe.2018.05.025
http://doi.org/10.1001/jama.297.7.733
http://doi.org/10.1001/archopht.126.3.424
http://www.ncbi.nlm.nih.gov/pubmed/18332328
http://doi.org/10.1111/cge.12193
http://www.ncbi.nlm.nih.gov/pubmed/23662816
http://doi.org/10.1097/ICU.0b013e32835715c9
http://www.ncbi.nlm.nih.gov/pubmed/22847030
http://doi.org/10.1038/s41586-020-2308-7
http://doi.org/10.1186/s13059-016-0974-4
http://doi.org/10.1038/gim.2015.30
http://doi.org/10.1038/nmeth0810-575
http://doi.org/10.1038/nmeth0410-248
http://doi.org/10.1038/nprot.2009.86
http://doi.org/10.1093/bioinformatics/bty897
http://doi.org/10.1002/humu.10212
http://www.ncbi.nlm.nih.gov/pubmed/12754702
http://doi.org/10.1093/nar/gkx1153
http://www.ncbi.nlm.nih.gov/pubmed/29165669
http://doi.org/10.1016/j.ajhg.2016.04.003
http://www.ncbi.nlm.nih.gov/pubmed/27236918
http://doi.org/10.2144/000112208
http://doi.org/10.1016/j.ajhg.2016.08.018
http://doi.org/10.1101/gr.7156307
http://doi.org/10.1101/gr.229102
http://doi.org/10.1038/72708
http://doi.org/10.1073/pnas.1519048113
http://doi.org/10.1093/bioinformatics/btx688
http://doi.org/10.1038/nsmb.2327
http://www.ncbi.nlm.nih.gov/pubmed/22705790
http://doi.org/10.1093/annonc/mdm234
http://www.ncbi.nlm.nih.gov/pubmed/17591843

Genes 2022, 13, 675 13 of 13

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Huopaniemi, L.; Rantala, A.; Forsius, H.; Somer, M.; de la Chapelle, A.; Alitalo, T. Three widespread founder mutations contribute
to high incidence of X-linked juvenile retinoschisis in Finland. Eur. J. Hum. Genet. 1999, 7, 368-376. [CrossRef]

Riveiro-Alvarez, R.; Trujillo-Tiebas, M.].; Gimenez-Pardo, A.; Garcia-Hoyos, M.; Lopez-Martinez, M.A.; Aguirre-Lamban, J.;
Garcia-Sandoval, B.; Vazquez-Fernandez del Pozo, S.; Cantalapiedra, D.; Avila-Fernandez, A.; et al. Correlation of genetic and
clinical findings in Spanish patients with X-linked juvenile retinoschisis. Investig. Ophthalmol. Vis. Sci. 2009, 50, 4342-4350.
[CrossRef]

Wang, T.; Waters, C.T.; Rothman, A.M.; Jakins, T.J.; Romisch, K.; Trump, D. Intracellular retention of mutant retinoschisin is the
pathological mechanism underlying X-linked retinoschisis. Hum. Mol. Genet. 2002, 11, 3097-3105. [CrossRef] [PubMed]

Bush, M.; Setiaputra, D.; Yip, C.K.; Molday, R.S. Cog-Wheel Octameric Structure of RS1, the Discoidin Domain Containing Retinal
Protein Associated with X-Linked Retinoschisis. PLoS ONE 2016, 11, e0147653. [CrossRef]

Forsius, H.; Krause, U.; Helve, ].; Vuopala, V.; Mustonen, E.; Vainio-Mattila, B.; Fellman, J.; Eriksson, A.W. Visual acuity in 183
cases of X-chromosomal retinoschisis. Can. J. Ophthalmol. 1973, 8, 385-393.

Miano, M.G.; Testa, F,; Filippini, F; Trujillo, M.; Conte, I.; Lanzara, C.; Millan, ].M.; De Bernardo, C.; Grammatico, B.;
Mangino, M.; et al. Identification of novel RP2 mutations in a subset of X-linked retinitis pigmentosa families and prediction of
new domains. Hum. Mutat. 2001, 18, 109-119. [CrossRef]

D’Avanzo, F; Rigon, L.; Zanetti, A.; Tomanin, R. Mucopolysaccharidosis Type II: One Hundred Years of Research, Diagnosis,
and Treatment. Int. J. Mol. Sci. 2020, 21, 1258. [CrossRef]

Flanigan, K.M.; Dunn, D.M.; von Niederhausern, A.; Soltanzadeh, P.; Gappmaier, E.; Howard, M.T.; Sampson, ].B.; Mendell,
J.R.; Wall, C.; King, W.M.; et al. Mutational spectrum of DMD mutations in dystrophinopathy patients: Application of modern
diagnostic techniques to a large cohort. Hum. Mutat. 2009, 30, 1657-1666. [CrossRef]

Kong, X.; Zhong, X.; Liu, L.; Cui, S.; Yang, Y.; Kong, L. Genetic analysis of 1051 Chinese families with Duchenne/Becker Muscular
Dystrophy. BMC Med. Genet. 2019, 20, 139. [CrossRef] [PubMed]

Leroy, B.P; Budde, B.S.; Wittmer, M.; De Baere, E.; Berger, W.; Zeitz, C. A common NYX mutation in Flemish patients with X
linked CSNB. Br. J. Ophthalmol. 2009, 93, 692-696. [CrossRef] [PubMed]

Azevedo, O.; Gal, A.; Faria, R.; Gaspar, P.; Miltenberger-Miltenyi, G.; Gago, M.E;; Dias, E; Martins, A.; Rodrigues, J.;
Reimao, P; et al. Founder effect of Fabry disease due to p.F113L mutation: Clinical profile of a late-onset phenotype. Mol.
Genet. Metab. 2020, 129, 150-160. [CrossRef]

Huang, L.; Sun, L.; Wang, Z.; Chen, C.; Wang, P.; Sun, W.; Luo, X.; Ding, X. Clinical manifestation and genetic analysis in Chinese
early onset X-linked retinoschisis. Mol. Genet. Genom. Med. 2020, 8, e1421. [CrossRef] [PubMed]


http://doi.org/10.1038/sj.ejhg.5200300
http://doi.org/10.1167/iovs.09-3418
http://doi.org/10.1093/hmg/11.24.3097
http://www.ncbi.nlm.nih.gov/pubmed/12417531
http://doi.org/10.1371/journal.pone.0147653
http://doi.org/10.1002/humu.1160
http://doi.org/10.3390/ijms21041258
http://doi.org/10.1002/humu.21114
http://doi.org/10.1186/s12881-019-0873-0
http://www.ncbi.nlm.nih.gov/pubmed/31412794
http://doi.org/10.1136/bjo.2008.143727
http://www.ncbi.nlm.nih.gov/pubmed/18617546
http://doi.org/10.1016/j.ymgme.2019.07.012
http://doi.org/10.1002/mgg3.1421
http://www.ncbi.nlm.nih.gov/pubmed/33460243

	Introduction 
	Materials and Methods 
	Consent, Sample Collection, and Testing 
	Variant Classification 
	Minigene Assay 
	Haplotype Analysis 

	Results 
	RS1 Gene-Level Variant Characterization 
	RS1 Population-Level Variant Analysis 
	Many Recurrently Observed RS1 Variants Share Haplotypes 
	Systematic RS1 Variant Classification and Interpretation 

	Discussion 
	Conclusions 
	References

