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Abstract

Oculocutaneous albinism (OCA\) is a heritable disorder of pigment production that manifests

as hypopigmentation and altered eye development. Exon sequencing of known OCA genes is
unsuccessful in producing a complete molecular diagnosis for a significant number of affected
individuals. We sequenced the DNA of individuals with OCA using short-read custom capture
sequencing that targeted coding, intronic and non-coding regulatory regions of known OCA

genes and GWAS-associated pigmentation loci. We identified an OCAZ2 complex structural variant
(CxSV), defined by a 143kb inverted segment reintroduced in intron 1, upstream of the native
location. The corresponding CxSV junctions were observed in 11/390 probands screened. The
143kb CxSV presents in one family as a copy humber variant (CNV) duplication for the 143kb
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region. In the remaining 10/11 families, the 143kb CxSV acquired an additional 184kb deletion
across the same region, restoring exons 3—19 of OCAZto a copy-number neutral state. Allele-
associated haplotype analysis found rare SNVs rs374519281 and rs139696407 are linked with the
143kb CxSV in both OCAZ2alleles. For individuals in which customary molecular evaluation does
not reveal a biallelic OCA diagnosis, we recommend preliminary screening for these haplotype-
associated rare variants, followed by junction-specific validation for the OCA2143kb CxSV.
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Introduction

Oculocutaneous albinism (OCA\) is an autosomal recessive disorder of considerable
phenotypic and genetic heterogeneity, with a wide range of severity for the associated
clinical manifestations. OCA-related hypopigmentation affects the skin, hair and eyes (King
et al. 2003; Margon and Maia 2019), and skin hypopigmentation puts affected individuals
at increased risk of UV-induced skin cancers, especially in settings where sun protection is
not a customary practice (Hawkes et al. 2013; Awe and Azeke 2018; Nathan et al. 2019;
Rayner et al. 2020). OCA-associated changes in eye development result in reduced visual
acuity, principally due to foveal hypoplasia. Additional consequences include nystagmus
and optic nerve mis-routing (Creel et al. 1990; Oetting et al. 1996; Kruijt et al. 2018).
Alterations of 8 genes/loci have been associated with non-syndromic albinism: 7YR (OCA
types 1A and 1B), OCAZ (OCA type 2), TYRPI(OCA3), SLC45A2 (OCA4), SLC24A5
(OCAG®), C100rf111LRMDA (OCAT7), DCT (OCAS8) (Montoliu et al. 2014; Pennamen et al.
2020) and a linkage region on 4924 identified in a single consanguineous family (OCAD5)
(Kausar et al. 2013). Three of these genes encode melanosomal enzymes involved in the
production of melanin pigment (7YR, TYRP1, DCT) and three encode transmembrane
proteins that modulate melanosomal pH (OCAZ, SLC45A2, SLC24A5). OCA may also be
a component of multi-system syndromes, including Hermansky-Pudlak Syndrome (HPS),
Chediak-Higashi Syndrome (CHS), or Griscelli Syndrome (Pastural et al. 1997; Anikster
et al. 2002; Ménasché et al. 2003; Montoliu et al. 2014). Along with the 8 OCA loci, 14
additional genes have been discovered for syndromic OCA.

The customary estimate of albinism prevalence worldwide is ~1/17,000 (King and Summers
1988; Montoliu et al. 2014), with allelic variants primarily residing in either the 7YR or
OCAZloci (Lasseaux et al. 2018). However, the frequency of OCA and OCA-associated
alleles varies among geographically distinct populations. For example, 7YR alleles have
been found responsible for between 40-70% of OCA individuals of European descent
(Hutton and Spritz 2008; Lasseaux et al. 2018). In contrast, the estimated rate of OCA is
between 1/1,000 to 1/15,000 in populations from Sub-Saharan Africa (Kromberg et al. 1989;
Venter et al. 1995), Tanzania (Luande et al. 1985), Nigeria (Okoro 1975), Zimbabwe (Lund
1996), and Cameroon (Aquaron 1990). This has been attributed in part to a founder effect
from an OCAZallele (which harbors a 2.7 kilo base pair (kb) deletion of exon 7 and flanking
intronic sequences) segregating within these populations at a carrier rate as high as 1 in
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16 (Durham-Pierre et al. 1994; Stevens et al. 1995; Puri et al. 1997; Stevens et al. 1997;
Mitchell and Reigada 2008).

OCAZencodes P protein (hereafter named OCA2), a 12-transmembrane domain protein
that shares homology with anion transporters and is proposed to function as a melanosomal
membrane channel (Rosemblat et al. 1994; Lee et al. 1994b; Sitaram et al. 2009; Bellono

et al. 2014). OCA2was originally identified as the human homolog of mouse pink-eyed
dilution (), one of the first genes associated with hypopigmentation (Lyon et al. 1992;
Rinchik et al. 1993). Decreased OCAZ2 expression levels reduce the number of mature, stage
4, pigmented melanosomes, while increasing the number of stage 2 melanosomes (Park et
al. 2015). While the biochemical function for OCAZ2 is not completely understood, it has
been suggested that OCA2 regulates pH in stage 1 and stage Il melanosomes by modulating
chloride currents (Rosemblat et al. 1998; Orlow and Brilliant 1999; Bellono et al. 2014;

Le et al. 2020). Taken together, these studies highlight the role of OCA2 in maintaining
melanosome pH, which is critical for tyrosinase enzyme activity and melanin production
(Ancans et al. 2001; Le et al. 2020).

Genome Wide Association Studies (GWAS) identify Single Nucleotide Variants (SNVs)
segregating in populations that are associated with clinical phenotypes. Multiple GWAS
have identified the OCAZlocus to be a major contributor to pigmentation variation in human
hair, skin, and eye color in individuals of European, African and Latin American descent. In
total, 15 distinct GWAS studies have documented 43 allelic-trait associations at the OCAZ/
HERCZlocus, including pigmentation (Han et al. 2008; Zhang et al. 2013; Crawford et al.
2017; Morgan et al. 2018; Visconti et al. 2018; Adhikari et al. 2019; Rashkin et al. 2020),
sunburn (Liu et al. 2015), nevus count (Landi et al. 2020), melanoma (Law et al. 2015;
Ransohoff et al. 2017; Landi et al. 2020), and non-melanoma skin cancer (Asgari et al.
2016; Chahal et al. 2016; Liyanage et al. 2019; Sarin et al. 2020). Therefore, common SNVs
at OCAZhave a demonstrable impact on OCAZ2 protein function and expression levels,
affecting not only individuals with albinism-related OCAZ2alleles but also broadly impacting
pigment variation and skin cancer disease risk across populations worldwide.

A variety of exon-targeted sequencing approaches have been critical in identifying OCA
variant alleles in diverse populations. However, 10-25% of OCA individuals remain without
a definitive, bi-allelic diagnosis (Wei et al. 2010; Simeonov et al. 2013; Kruijt et al. 2018;
Lasseaux et al. 2018; Gragnskov et al. 2019; Zhong et al. 2019; Okamura and Suzuki

2020). Included in this subset are many individuals for whom only one deleterious allele

is identified. Of note, current exon-based screening could miss alterations in non-coding
regulatory regions or gross locus rearrangements that do not alter exon number. OCAZ2
appears particularly prone to rearrangements, as the OCA literature contains reports of many
large-scale structural variants at the OCAZ locus, with junctions mapping to highly repetitive
Alu and L1 genomic repeats within OCAZ introns (Shahzad et al. 2017; Lasseaux et al.
2018). In this study, we sought to identify additional alleles present in OCA individuals
without a definitive bi-allelic diagnosis by utilizing custom capture sequencing (CCS)

to target the genomic regions of a select number of albinism and pigmentation loci.

We identified 11 unrelated families that harbored identical junction sequences defining a
complex structural variant (CxSV) at OCAZ by applying a combined approach of CCS
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in 211 OCA probands, followed by CxSV junction-target screening in 179 additional
probands. Detailed analysis of CxSVs in these families provided evidence of an initial
founder allele that subsequently underwent two structural alterations, giving rise to two
CxSVs that are now segregating among the population. These studies highlight the need for
more comprehensive genomic analyses of OCA loci during molecular diagnostic workup,
either routinely or using a staged approach.

Materials and Methods

Editorial Policies and Ethical Considerations

Individuals were drawn from a prior NIH Clinical Center natural history study (IRB
approved study 2009-HG-0035), as well as a de-identified cohort donated to the NIH by
Dr. Richard King and Dr. William Oetting at the University of Minnesota consisting of
DNA samples from individuals diagnosed with OCA under IRB-9508M10178. This study
conforms to recognized standards in the US Federal Policy for the Protection of Human
Subjects.

OCA Patients

The individuals included in the sequencing cohort were selected based on the lack of a
definitive molecular diagnosis, despite some degree of exon-targeted sequencing of OCA
loci. Prior Sanger sequencing of exons varied across the population, in some cases only
including the most common loci (7YRand OCA2). An initial cohort of 221 individuals was
screened using custom capture sequencing, of which 211 individuals represented probands
and the remaining 10 represented related family members with OCA. Following the initial
detection of CxSV junctions in 7 families by CCS, a separate cohort of 179 OCA probands
was screening using a combination of TagMan assays for rare variants rs374519281 and
rs139696407 followed by PCR amplification of novel CxSV junction fragments. This
process identified an additional four families. Thus a total of 400 separate OCA individuals,
corresponding to 390 probands, were screened for the identified OCA2 CxSVs. Clinical
presentations for the OCA individuals identified with OCA2 CxSVs is in Supp. Table S3.

For individuals seen at the NIH Clinical Center, DNA was isolated from whole blood
drawn into BD Vacutainer® EDTA tubes. Genomic DNA (gDNA) was isolated using the
Gentra Puregene Blood Kit protocol (Qiagen, CN: 158389). Quantification of gDNA was
via NanoDrop™ ND1000 Spectrophotometer and/or Quant-IT™ PicoGreen™ dsDNA assay
kits (Invitrogen, CN: P7589) with SpectraMax M5 microplate reader and SoftMax(®) Pro 7
software.

Custom Capture Sequencing

211 OCA probands and a selected set of 10 additional affected family members were
sequenced through short read CCS. The CCS library of bait probes was selected by first
identifying 7,240,072 base pairs (bp) of unique sequence corresponding to 37 genes for
OCA, syndromic albinism and GWAS-identified pigmentation phenotypes. This included
2.2 Mb exonic, intronic and non-coding regulatory regions at 6 OCA genes (7YR, OCAZ,
TYRPI1, LRMDA, SLC24A5, and SLC45A2) and an additional 4.8 Mb of exonic and
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non-coding regulatory features for 31 additional genes previously linked to syndromic
albinism and/or human hair, skin and eye pigment variation (Morgan et al. 2018). From
these coordinates we selected 58,080 unique bait probes 120 bp in length, which provide
93.5% coverage of regions identified, and span a total of 6,696,663 bp (Twist Bioscience)
(Supp. Table S2).

Custom capture, paired-end, indexed libraries and short-read Illumina sequencing were
generated at the NIH Intramural Sequencing Center (NISC). Sequencing libraries with ~325
base inserts were prepared for each sample from 100 ng of gDNA using the Accel-NGS

2S Plus DNA Library Kit (Swift Biosciences). Libraries were barcoded with unique dual
indexes to minimize barcode hopping and pooled in groups of 16 in an equimolar ratio for
capture enrichment. CCS was performed using the custom-designed bait probes from Twist
Bioscience and the IDT xGen Universal Blockers-TS Mix according to the “EF Workflow”
from Twist Bioscience. Typically, six captured pools were combined and sequenced on a
NovaSeq 6000 (Illumina, Inc.) using version 1 chemistry. At least 7 million, paired-end 151
bp reads were obtained for each sample. Data was processed using RTA ver. 3.4.4.

Alignment and Genotype Calling

Reads were mapped to NCBI build GRCh37/hg19 using NovoAlign VV3.02.07. The

aligned lane BAM files were merged, sorted, and indexed. Duplicate sequence reads were
removed with Samtools. The alignments were stored in BAM format, and then provided

as input to bam2mpg (http://research.nhgri.nih.gov/software/bam2mpg/index.shtml), which
calls genotypes at all covered positions using a probabilistic Bayesian algorithm (Most
Probable Genotype, or MPG). The genotype calls were compared against [llumina Human
1M-Quad genotype chips, and genotypes with an MPG score of 10 or greater showed
>099.89% concordance with SNP Chip data. Sequence bases with Phred quality score of less
than 20 (Q20) were ignored. Only reads with mapping quality greater than 30 were included
for the analysis. The normal orientation for paired-end reads relative to the reference
genome is left/right (LR). Paired-end read orientations that are annotated left/left (LL) and
right/right (RR) denote read pairs that are indicative of an inversion relative to reference
sequence.

SNV Variant Annotation

Variants were annotated using Annovar (http://www.openbioinformatics.org/annovar/
annovar_gene.html). A number of filtering and prioritization steps were applied to reduce
the number and to identify potentially pathogenic variants, similar to the methods used

in previous studies (Ng et al. 2009; Ng et al. 2010). Missense variants were sorted by

the degree of severity of functional disruption prediction using CDPred. Variants detected
in dbSNP (version 137), 1000 Genomes, NHLBI 6500ESP, Polyphen, EXAC, CAD and
HGMD were annotated.

Complex Structural Variant Assessment

BAM files were evaluated using Integrative Genomics Viewer (Broad Institute) (Robinson
et al. 2017) to identify potential structural rearrangements. FASTA files were generated
for paired-end reads that directly flanked altered orientation (LL and RR) or predicted
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deletion junctions and were separately reassembled using Sequencher 5.4.6 (GeneCodes,
Ann Arbor, MI) to identify the full sequence of the junction fragments. Bigwig files were
generated using deepTools2 (Ramirez et al. 2016) and viewed using the UCSC browser,
(http:genome.ucsc.edu/). All figure images of OCAZ are presented relative to OCA25’to 3’
orientation, rather than that of the reference genome orientation.

Predicted CxSV junctions and pathogenic variant predictions were verified by PCR
amplification followed by Sanger sequencing in OCA individuals and corresponding family
members. Following PCR amplification, bands were isolated and purified using QIAquick
Gel Extraction Kit (Qiagen, CN: 28706) or ExoSAP-IT™ Express PCR Product Cleanup
Reagent (Applied Biosystems, CN: 75001), and sequenced using BigDye ™ Terminator
Cycle Sequencing Kit (Applied Biosystems, CN: 4337458) or by Macrogen USA. PCR
products were sent to Psomagen Service Center (Rockville, MD) for sequencing. PCR
primer sequences used to amplify the novel Junctions 1, 2, and 3 are in Supp. Table S1,

and amplified junction sequences including novel inserted sequences identified in family
probands and in family members are in Supp. Figure S1. Junction 1 presents with a

single, novel “g” insertion. Validation for Junction 2/LL was performed by two primer

sets (JCT2A and JCT2B) as the sequences surrounding Junction 2 encoded non-unique
sequences flanking a novel 31bp insertion. A primer including a portion of the novel 31bp
insertion sequence was used as an anchor primer in each direction as it was unique to the
complex rearrangement. The JCT2A primer set sequenced towards the OCA25’ end, while
the JCT2B primer set sequenced towards the OCAZ 3’ end.

Allele-specific Genotyping and Phase Transmission of SNV Variants

Genotyping of SNVs in family trios was performed using TagMan SNP genotyping

assays (Themofisher) (Supp. Table S5). All reactions were performed using TagMan
Universal PCR master mix under fast cycle conditions of StepOne™ Real-Time PCR
system (Thermofisher). TagMan assays for rare variants associated with the CxSV

alleles, rs139696407 and rs374519281, were used to prescreen the second OCA patient
population (179 individuals) prior to phase assessment and evaluation of junction fragment
confirmation. Identification of a second, frans deleterious OCAZallele for Families 7 and 8
was done by PCR amplification followed by Sanger sequencing of OCAZexons 18 and 9,
respectively. Primers used are supplied in Supp. Table S1.

Haplotype Assessment

CCS identified a total of 30/221 individuals that possessed the p.Val443lle allele. Using the
genotypes for all 30 OCA individuals, a single consensus haplotype, defined by the presence
of least one shared allele among all 30 individuals, was obtained for a 46,852 bp region from
intron 6 to intron 14 (chr15:28218003-28264855, Supp. Table S6) of the OCAZlocus. The
p.Val443lle allele was present in frans for 4 individuals with the 143kb;184kb CxSV allele.
Therefore, the p.Val443lle haplotype was used to anchor the phase for 143kb;184kb CxSV
allele in individuals carrying the p.Val443lle allele in trans.

For the phase assessment of the two 143 kb segments (inverted and native) located on the
143kb-F11 CxSV allele, both the p.Val443lle haplotype and the allele frequency within the
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duplicated region for the proband in Family 11 were used in combination. For example,

if a given p.Val443lle-associated haplotype SNV was found at ~34% frequency, then

the alternate SNV allele present at ~66% frequency would be identical on both regions

of the 143 kb duplication. In contrast, if the p.Val443lle haplotype SNV was found at

~66% frequency, this necessitated that 1) the one other copy of this ~66% SNV allele
would be on the 143kb-F11 CxSV allele once, and 2) for that given SNV, the 143kb-F11
CxSV allele contained two duplicated regions each with a different haplotype. Linkage
disequilibrium and population specific haplotype frequencies were calculated using LD link
(https://1dlink.nci.nih.gov/) (Machiela and Chanock 2015).

Targeted genomic sequence analysis reveals complex rearrangements in OCA2

In OCA individuals from seven families, CCS and IGV analysis identified 2 regions
(Junction 1 and Junction 2) at the OCAZ locus in which paired-end reads mapped with

an insert size distinct from, and in a reverse orientation to that of the reference genome.

The orientation and alignment of read pairs suggested an OCAZ complex variant (CxSV)
consistent with a 143 kb inverted segment of OCAZhaving been reinserted into intron 1,
roughly ~33 kb away from the native location (Figure 1). This CxSV is defined by both
Junction 1/RR, which spans sequence in introns 1 and 19 (blue arrows in Figure 1 A, C),
and Junction 2/LL, which spans sequence in introns 1 and 2 (teal arrows in Figure 1 A, B)
in addition to a deletion of 1680 bp (~1.7 kb) of intron 1 (Figure 1A, D). Further analyses
of the CCS data identified two distinct altered read coverage profiles (Figure 1D) associated
with these junction fragments, one present in 6 probands and 1 OCA-affected sibling from
Families 1-6, and a second distinct profile in Family 11 (described below). Taken together,
the position and sequence of the Junction 1 and 2 paired-end read alignments are consistent
with a 143 kb fragment spanning intron 2 through intron 19 having been inverted and
reinserted into intron 1, concomitantly creating a 1.7 kb deletion (referred to now as “143kb
CxSV”) (Figure 2).

In addition to the 143 kb inverted segment, all OCA-affected probands in Families 1-6
showed evidence of a second structural variant, encompassing a 184 kb deletion, with
boundaries defined by Junction 3 paired-end reads which mapped to unexpectedly distant
locations in intron 2 and intron 19 (red arrows in Figure 1B, C). A reduction in total
paired-end read counts was evident at the boundaries of Junction 1 and 2, flanking the 143
kb CxSV segment and extending to the boundaries defined by Junction 3 (Figure 1D). This
pattern of reduced read number and homozygosity for all variant calls within this boundary
was interpreted as haploinsufficiency (copy number equals 1 or CN1) and was found in

all of the OCA-affected probands that had the three CxSV junctions. Overall, the CN1
regions included a 1.7 kb region in intron 1 (described above, chr15:28337022-28339402),
a 17.8 kb region in intron 2 (chr15:28285968-28303784), and a 23 kb region in intron 19
(chr15:28119924-28143224) (Figure 1).

Given the frequent occurrence at which we observed these three OCAZ structural variant
junctions in our initial probands (6 out of 211; 2.8%), we queried 179 additional OCA
probands (who were without definitive bimolecular diagnosis after exonic sequencing of
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known OCA genes) for the 143 kb CxSV and 184 kb deletion junction fragments. PCR
amplification of the junctions followed by Sanger sequencing identified four additional
families with the same Junction 1 — 3 sites, bringing the total to 10 unrelated families with
identical junctions and associated novel sequence insertions (Supp. Figure S1). Junction
fragments for both the 143 kb CxSV and 184 kb deletion segregated in ¢/s among family
members (Supp. Figure S2), confirming that both structural rearrangements are contained
on a single allele (Figure 2B). We now refer to this allele as the “143kb;184kb CxSV.” The
large number of unrelated individuals (10/390) all exhibiting identical junctions suggests the
143kb;184kb CxSV was derived from a common founder.

Identification of an independent, yet related 143 kb complex variant allele

Family 11 showed evidence of a second OCAZ CxSV that was distinct from that of Families
1-6, although the Junction 1 and 2 sequences were identical to those in the 143kb;184kb
CxSV allele (Figure 1 A, C). The short-read summary profile for the Family 11 proband
showed distinct differences in comparison to the 143kb;184kb CxSV; the total number of
paired-end reads within the 143 kb region (chrl5: 28143224-28285968) was increased by
roughly a third (Figure 1D, F), and there was no evidence of the 184 kb deletion. Both

the read depth summary profile (Figure 1B-D) and PCR assessment of the 184 kb deletion
junction (Supp. Figure S2) confirmed the absence of the previously identified Junction

3 fragment marking the 184 kb deletion. The phase transmission of the 143 kb CxSV
junctions was confirmed to be in ¢is by PCR amplification of junctions followed by Sanger
sequencing of all junction fragments from the proband, both parents, and an OCA-affected
sibling from Family 11 (Figure 2C, Supp. Figure S2). The presence of this allele (which we
labeled the “143kb-F11 CxSV” allele) in a parent and sibling demonstrated it was not a de
novo allele that arose in the Family 11 proband.

Consistent with the increased total read counts within the 143 kb region, the proband from
Family 11 showed 227 heterozygous SNVs in this region with allele read counts at a ratio of
~66/34 rather than the 50/50 expected for a heterozygous individual (Supp. Table S4). This
altered distribution reflects the presence of 3 copies of the 143 kb genomic region. We next
assessed the phase of closely apposed heterozygous SNV pairs contained within the 143 kb
region, because bi-allelic SNVs located in close proximity (present on the same individual
reads or on paired reads) could be used to definitively partition the SNV read counts. This
analysis identified 6 SNV pairs detected in three combinations (Supp. Figure S3), thus
demonstrating that 3 distinct haplotypes are present across the 143 kb region. In summary,
the genomic data for the Family 11 proband provide evidence of only the 143kb-F11 CxSV,
independent of the 184 kb deletion present in 143kb;184kb CxSV (Figure 2C). Furthermore,
the presence of three distinct allele pairs for a subset of paired SNVs within the duplicated
region suggests that the Family 11 proband carries three genomic copies of this region in
their genome, and the two duplicated regions in ¢/s have distinct SNV compositions.

Phase assessment of coding variants in family trios with the 143kb;184kb CxSV

CCS of OCA-affected individuals in Families 1-6 and Family 11 identified four
exonic SNV coding variants at OCAZ2: ¢.913C>T:p.Arg305Trp, ¢.1065G>A:p.Ala355=,
€.1327G>A:p.Val443lle and ¢.1551C>T:p.Cys517=. For Families 2—-6 and Family 11, phase
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assessment was performed for p.Arg305Trp, p.Ala355=, and p.Val443lle variants only
(Supp. Table S5), with p.Cys517C= not analyzed further. The SNV encoding p.Arg305Trp
(rs1800401, MAF = 0.0459) segregated with the 143kb;184kb CxSV in all individuals,
placing this allele within the inverted 143 kb sequence. In contrast, the rare p.Val443lle
variant (rs121918166, MAF =0.0043 gnomAD-genomes European) was identified in only
four families (Families 3, 4, 5 and 11). p.Val443lle has previously been identified in
individuals with OCA (Lee et al. 1994a; Grgnskov et al. 2009), associated with reduced
eye and skin pigmentation in Scandinavian populations (Andersen et al. 2016), and found at
increased frequency in familial melanoma when CDKNZA germline mutations were absent
(Potjer et al. 2019). Evaluation of phase found that the rare p.Val443lle segregated in trans
to the 143kb;184kb CxSV in all 4 families (Supp. Table S5). Interestingly, the synonymous
variant p.Ala355= (rs1800404) also segregated in fransto the 143kb;184kb CxSV allele for
these four families. Therefore, the SNVs for p.Val443lle and p.Ala355= reside in cis on the
same allele, and together are located in trans to the 143kb;184kb CxSV allele (Supp. Table
S5).

Deleterious frans-segregating variants had been previously identified by Sanger sequencing
for probands in Family 7 (c.1901T>A:p.lle634Asn) and Family 8 (c.1025A>G:
p.Tyr342Cys). However, individuals in Families 9 and 10 remain without definitive
molecular diagnosis for a second additional deleterious OCA allele at this time. While
probands from Families 1, 2 and 6 each underwent CCS, no additional deleterious
OCAZalleles were identified in #rans for the 143kb;184kb CxSV. Therefore, CCS

results across all 37 genes were evaluated in these 3 probands, to identify alleles

that could contribute to pigmentation phenotypes in these probands (Supp. Table S7).
Interestingly, the proband from Family 6 possesses multiple variants in other OCA and
well-characterized pigmentation loci. Their genotype includes a rare, heterozygous SNV at
TYRPI (c.457C>T:p.Argl53Cys), heterozygosity for an intron 4 enhancer SNV at /RF4
(rs12203592), and homozygosity for the 7YR ¢.1205G>A:p.Arg402GIn SNV (rs1126809).
The presence of the last two together are of note, as rs12203592 impacts /RF4 expression
and IRF4 has been found to regulate 7YR levels (Praetorius et al. 2013). The TYR
p.Arg402GIn allele is a temperature-sensitive allele which has reduced catalytic activity
and displays increased ER retention (Tripathi et al. 1991; Jagirdar et al. 2014). The
presence of these variants and the OCAZ2 143kb;184kb CxSV in one individual indicates
that heterozygosity for a combination of deleterious variants in multiple genes may represent
a polygenic cause of OCA. Compound heterozygosity for OCA-associated variants has been
previously proposed for other albinism patients (Hutton and Spritz 2008; Campbell et al.
2019).

674 SNVs are associated with the 143kb;184kb CxSV allele

Assessment of all CCS data at the OCAZlocus identified 30/221 OCA patients carrying the
hypomorphic p.Val443lle allele. All 30 individuals carried the p.Ala355= allele, consistent
with the p.Ala355= again being present in ¢/s with p.Val443lle. Genotype comparison
across the OCAZ locus among these 30 individuals expanded the p.[Val443lle;Ala355=]
allele-associated haplotype across a 46,852 bp region from intron 6 to intron 14

(94 SNVs, chr15:28218003-28264855, Supp. Table S6). This OCA patient-derived, p.
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[Val443lle;Ala355=] associated haplotype was consistent with 1 of the 2 haplotypes present
in 1000 Genomes which contain p.Val443lle, and confirms that this haplotype, while rare,
has been observed previously.

The OCA patient-derived, p.[Val443lle;Ala355=]-associated haplotype provided anchor
alleles in trans, which were used to assess and establish corresponding haplotypes for the
143kb;184kb CxSV. These analyses facilitated the identification of a 309 SNV haplotype
across the 143 kb inversion region for the 143kb;184kb CxSV (Supp. Table S6). Additional
allele assessment of shared alleles from the six 143kb;184kb CxSV families across the entire
OCAZlocus and partially encompassing the HERCZ locus (chrl5: 27853970—- 28566813)
extended the haplotype, identifying a total of 674 SNVs associated with the 143kb;184kb
CxSV (Supp. Table S6).

Two distinct haplotypes define the duplicated regions present on the 143kb-F11 CxSV

allele

We also utilized the trans p.[Val443lle;Ala355=] allele-associated haplotype to anchor the
haplotype of the 143kb-F11 CxSV allele. To address the unique 143 kb duplication structure
of this allele, we also incorporated the frequency data for heterozygous SNVs with altered
frequency distribution ratios of ~66/34 identified within the 143 kb region (Supp. Table

S4). The p.[Val443lle;Ala355=]-associated haplotype for heterozygous SNVs was assigned
to the frans-chromosome in single copy, and this information, paired with the identification
of each transallele as an SNV with either ~66% or ~34% frequency, allowed the two
remaining alleles present in ¢/son the rearranged chromosome to be inferred (see methods).
This analysis identified 74 alleles which were both (1) present on the p.[Val443lle;Ala355=]
haplotype and (2) identified as 66% alleles in the proband for Family 11. This demonstrated
that the two distinct 143 kb regions that comprise the 143kb-F11 CxSV allele were derived
from different haplotypes (Supp. Table S6) and is consistent with the presence of closely
apposed SNV pairs with three combinations (described above and in Supp. Figure S3).

The 143 kb inverted segment is defined by a 309 SNV haplotype shared by the
143kb;184kb CxSV and 143kb-F11 CxSV alleles

As described previously, the junctions which define the 143 kb inverted segment are
identical for all individuals with the 143kb;184kb CxSV and the 143kb-F11 CxSV alleles,
suggesting these two alleles were derived from a common founder allele. To test this
hypothesis, we compared the predicted 309 SNV haplotype of the 143 kb inverted segment
for Families 1-6 with the genotype observed for Family 11. This analysis found that 308/309
of the predicted alleles are consistent with a common haplotype in the inverted region.

The single allele which differs from the predicted common haplotype (rs16950699, Supp.
Table S6) is present as a homozygous allele in the Family 11 proband, suggesting a single
base pair alteration occurred at this SNV at some point in the evolution of these two allele
structures.
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Rare variants define differences between the 143kb;184kb CxSV and 143kb-F11 CxSV

alleles

We next assessed rare variants across the entire OCAZ locus, to determine if they were
shared by the CCS families with the 143kb;184kb CxSV allele and the 143kb-F11 CxSV
allele. Seven rare variants from OCAZ HERC2 CCS-targeted regions were identified (Table
1, Supp. Table S6, Figure 3A). All proband individuals and family members with the
Junction 1 and 2 fragments defining the 143 kb inverted segment possessed the rare
variants rs374519281 (A>G), MAF=0.0007, located in HERCZ intron 82, and rs139696407
(G>A), MAF=0.0025, located in OCAZintron 4 (Figure 3A,B). These rare alleles were

not present in any of the remaining CCS patients. We also identified 4 rare SNVs, each

in tight LD with each other (R2°=1.0), located in OCAZintron 1, and a single variant,
rs150153133 (T>C), located in intron 2 (Figure 3A). Interestingly, the intron 1 and intron

2 rare variants were only found with the 143kb;184kb CxSV allele and were not present
with the 143kb-F11 CxSV allele (Figure 3B). Thus, the intervening sequences located within
intron 1 to intron 2 defined by these rare SNVs differ between the 143kb-F11 CxSV and the
143kb;184kb CxSV. Taken together, the shared rare variants rs374519281 and rs13969640
provide evidence of a common ancestral allele linked to an initial 143 kb inversion event,
and the rare variants in introns 1 and 2 that differ between the 143kb;184kb CxSV and the
143kb-F11 CxSV suggest a subsequent recombination event occurred to account for this
discrepancy (Figure 4).

Haplotypes for the 143kb;184kb CxSV and 143kb-F11 CxSV alleles are not present in 1000

Genomes

Given the frequency at which we observed the OCAZ2 143kb;184kb CxSV in our patient
population (10/390 probands; 2.6%), we next assessed the frequency at which the
143kb;184kb CxSV and the 143kb-F11 CxSV occur among individuals that do not exhibit
albinism. For this we selected the rare intron 4 variant rs139696407, as it is present in all
11 families, fixed in the inverted region haplotype (Supp. Table S6), and its rare minor
allele frequency allowed it to serve as a proxy SNV for screening populations. The SNV
rs139696407 is present in 1000 Genomes with a frequency of 0.0026 (13 in 5008 alleles,
LDlink) (Machiela and Chanock 2015). Closer examination of the haplotypes defined by
rs139696407 found that each was distinct from the two 143kb;184kb CxSV and 143kb-F11
CxSV haplotypes (Table 1, Supp. Table S6). Thus, the 143kb;184kb CxSV and 143kb-F11
CxSV haplotypes are not observed in 1000 Genomes.

Modelling the evolutionary history of the complex OCA2 rearrangements

We propose the following model to explain the presence of these two complex OCAZalleles
(Figure 4). A common ancestral allele linking the two is supported by the following: (1)

all families exhibit identical, novel 143 kb junctions related to the 143 kb CxSV event and
(2) all families share the rare variants rs139696407, located within intron 4 of the inverted
segment, and rs374519281, a SNV 36 kb proximal to the rearrangement and located in
intron 82 of HERCZ (Table 1, Figure 4). While we cannot ascertain if the ancestral 143

kb CxSV allele was initially generated by a cis- or frans-derived event, it is clear that this
event preceded the additional alterations giving rise to the alleles segregating in families,
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because the locations of the 184 kb deletion junctions flank the region of the 143 kb inverted
segment.

This model incorporates the distinct haplotypes identified for the two 143 kb regions on the
143kb-F11 CxSV allele. Of note are rs139696407 and rs1800401 (p.Arg305Trp), both of
which reside only within the 143 kb inverted segment. This model also takes into account
the five rare variants located distal to the 143 kb CxSV within intron 1 and intron 2, that
are present on the 143kb;184kb CxSV but not on the 143kb-F11 CxSV. This difference

can be most directly explained by a single recombination event having occurred at some
point in time on the common intermediate ancestral allele. Taken together, these data
provide evidence of a single founder ancestral allele harboring the 143 kb CxSV event

that subsequently gave rise to both the 143kb-F11 CxSV allele, through recombination, and
separately to the 143kb;184kb CxSV allele, through an additional 184 kb deletion.

Discussion

The targeted sequencing of exons has been a powerful tool in identifying coding variants
associated with human disease. However, this approach is not sufficient to characterize
non-coding alterations that affect the levels or structure of MRNA. For example, in patients
exhibiting ocular and cutaneous phenotypes consistent with albinism, standard exome
sequencing of known candidate OCA loci is frequently performed to achieve a definitive
molecular diagnosis. Unfortunately, this analysis method leaves a significant number of
patients with unidentified alleles. Our hypothesis was that many of these patients may in
fact harbor complex alterations at candidate OCA loci that remain undetected by standard
exome sequencing. Therefore, we designed an approach to more fully characterize genomic
loci that could contribute to the disease. We developed a high-depth, short read sequencing
custom capture approach to assess genomic sequence variations of not only exons but

also introns and non-coding regions of candidate OCA genes. Initial high depth sequence
analysis of OCAZfollowed by novel junction validation screening identified 11 families
with identical CxSV-associated junctions. Our haplotype analysis supports a model in which
a 143 kb inverted segment of OCAZreinserted into intron 1, roughly 33 kb proximal

to the native location, and established a common founder allele. This allele subsequently
underwent an additional 184 kb deletion, giving rise to the 143kb;184kb CxSV structural
rearrangement seen in 10 unrelated families, and also underwent allelic recombination,
giving rise to the 143kb-F11 CxSV allele seen in a single family. Our analysis of both

the 143kb;184kb CxSV and the 143kb-F11 CxSV reveals how an initial complex structural
variant allele at the OCAZ locus has continued to acquire genomic changes over time and
is consistent with the previous observations that large inversions predispose loci to other
subsequent genomic rearrangements (Puig et at. 2015).

The 143kb;184kb CxSV allele highlights the limitations of traditional exon-targeted
sequencing in detecting complex structural variants. Although the OCAZlocus has
undergone striking, large-scale rearrangements in this CxSV, all exonic OCAZ sequences
are still present. This would lead to a copy-number neutral presentation in exome-based
screening, and thus would not be flagged as a variant allele. We predict the 143kb;184kb
CxSV allele to be deleterious, as the deletion of exons 3—-19, along with inversion of
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OCAZ sequence extending from intron 2 through 19 and its reinsertion into intron 1, would
generate an mRNA transcript with novel splicing between exons 2 and 20, thus resulting in
premature truncation and a functionally null OCAZ2allele (p.Ser77HisfsTer7).

The functional consequences of the 143kb-F11 CxSV allele are less clear, as this allele still
retains all exons in the correct order and orientation. However, the 143kb-F11 allele removes
1.7kb of intron 1, while simultaneously inserting 143 kb of inverted OCAZ sequence.

This could decrease OCAZexpression by disrupting intrachromosomal interactions between
distal cis-regulatory features and the transcriptional start site (TSS). OCAZ expression

is regulated by a long-range enhancer located 21 kb upstream of the OCAZ2TSS. The

SNV rs12913832 is located in this distal enhancer, has been shown through GWAS to be
correlated with blue eye color in European populations, is identified as the predominant
eGENE variant correlated with modulating OCAZ expression in primary melanocyte eQTL
studies, and directly impacts OCAZ transcript levels (Eiberg et al. 2008; Sturm et al.

2008; Zhang et al. 2018). In addition, multiple lines of evidence suggest a regulatory
function for intron 1 itself. Intron 1 contains the blue-eyed haplotype 1 (BEH1), which

is associated with lighter pigmentation and defined by three SNPs that together form a
single LD block: rs7495174, rs6497268/rs4778241, and rs11855019/rs4778138 (Duffy et

al. 2007; Donnelly et al. 2012). The 1.7 kb deleted region is located entirely within the

~8.7 kb BEHZ1 region (variant rs4778241 is contained within the 1.7 kb deletion), thus this
region is directly altered in both CxSV alleles. Two of the BEH1 variants are associated

by GWAS with eye color, hair color, and melanoma (Han et al. 2008; Liu et al. 2015;
Ransohoff et al. 2017; Galvan-Femenia et al. 2018). Also, rs7495174 and rs4778241 are
OCAZeQTLs, correlating these variants with altered levels of OCAZ expression (Zhang

et al. 2018). Examination of the ReMap human atlas using the UCSC genome browser
(http://remap.univ-amu.fr/genome_tracks_page) showed two transcription factor binding
peaks within BEH1, indicating potential regulatory regions. Alternatively, the BEHI region
variants may be proxy SNPs that are tightly linked to a regulatory region in LD. Finally, we
are unable to exclude the possibility that any isoform generated from either the 143kb;184kb
CxSV or the 143kb-F11 CxSV allele may result in alternative cryptic splicing. Should any
novel isoforms include inverted segments corresponding to coding exons, this could have the
potential to further modulate OCAZ expression in fransvia an RNAi-mediated mechanism.
Future examination of transcripts generated from both CxSV alleles in the appropriate tissue
context would be useful to validate the effects of these variants.

Given the frequent occurrence of the 143kb;184kb CxSV OCAZallele among our proband
cohort, we examined published data describing large deletions/rearrangements at OCAZ for
evidence of founder alleles or evidence of identical OCAZ2 143kb;184kb CxSV junctions.
The most well-documented OCAZ deletion that is a founder allele is the 2.7 kb deletion

of exon 7 (Durham-Pierre et al. 1994; Stevens et al. 1995; Puri et al. 1997; Stevens et al.
1997; Mitchell and Reigada 2008). The frequency of this allele is estimated at 25-50% of
OCAZ mutations in African American populations (Durham-Pierre et al. 1994; Lee et al.
1994b) and ~80% of mutant alleles in South Africa (Stevens et al. 1995; Stevens et al.
1997). A 122.5 kb deletion, extending from intron 9 to intron 19 has been identified as a
founder allele in the Navajo population (Yi et al. 2003). The 122.5 kb deletion is estimated
to have occurred between 400 and 1000 years ago, with an estimated allele prevalence of
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1/ 1500 to 1/ 2000 among the Navajo. For the 143kb;184kb and 143kb-F11 CxSV alleles,
the identification of the intron 4 rare variant rs139696407 (located within intron 4 of the

143 kb inverted segment) is critical to our ability to characterize the ancestral allele, as

it can be used a proxy for assessing prevalence among distinct populations. In GhomAD,
rs139696407 has a MAF=0.0022, similar to the MAF of 0.0026 in 1000 Genomes. The

rare rs139696407 variant is predominately in European individuals (Table 1), suggesting that
these new CxSV alleles would be most frequent among individuals of European descent,

an observation consistent with the self-reported ethnicity for individuals with both OCA2
CxSVs.

Junctions 1 and 3 of our CxSV alleles indicated two breakpoints in OCAZintron 19.
Interestingly, sequences within intron 19 of OCAZ appear prone to structural rearrangement,
as multiple other albinism-associated OCAZ deletions involving breakpoints in intron 19
have been previously reported (Yi et al. 2003; Rooryck et al. 2011; Morice-Picard et al.
2014; Shahzad et al. 2017; Lasseaux et al. 2018; Gul et al. 2019; Chuan et al. 2021).

In some cases, precise sequence breakpoint coordinates were not reported for intron 19-
documented rearrangements (Shahzad et al. 2017; Chuan et al. 2021), thus not allowing

for a direct comparison of the intron 19 junctions. In the remaining 5 studies reporting
sequence breakpoint information on intron 19 rearrangement (Yi et al. 2003; Rooryck et

al. 2011; Morice-Picard et al. 2014; Lasseaux et al. 2018; Gul et al. 2019), we found
similarities between our complex rearrangement and OCAZ intron 19 rearrangements in

3 patients first identified with altered copy number alleles by array comparative genomic
hybridization (CGH) (Rooryck et al. 2011), and in a follow-up study, 2 additional patients
exhibiting evidence of a complex rearrangement at OCAZ2 (Morice-Picard et al. 2014). This
analysis identified an identical Junction 3 fragment, indicating a 184 kb deletion from intron
2—intron 19 (chr15:28119923-28303782), and also found evidence of the Junction 1/RR
breakpoint, but the corresponding Junction 2/LL breakpoint was not identified (Morice-
Picard et al. 2014). Although full sequence resolution corresponding to Junction 2 was
incomplete for this previous study, the presence of junctions that are identical to our

CxSV alleles suggests this previously analyzed patient cohort may also contain individuals
harboring the 143kb;184kb CxSV. Our ability to take advantage of high-depth sequencing
of the extended OCAZ locus in multiple individuals allowed us to fully identify all junction
breakpoints for this complex allele and resolve the mechanism that gave rise to this allele.
Additionally, a patient reported in Rooryck et al., 2011 identified by array CGH and gPCR
exhibits a duplication that spans a region that is similar to the 143 kb region; therefore, it

is interesting to speculate that this patient may harbor the 143kb-F11 CxSV allele or the
intermediate allele (Figure 4). Overall, these studies indicate that additional OCA patients
with these complex alleles may be present in other patient cohorts.

Currently, genomic tools are rapidly evolving and are being utilized to establish definitive
diagnosis for more patients with OCA and other rare disorders. Multiple technologies

have been utilized in the last few years for screening large numbers of OCA individuals,
including array CGH, exome sequencing, high density custom capture-based sequencing,
WGS and multiplex ligation-dependent probe amplification (MLPA) each of which have
unique limitations (Alkan et al. 2011; Belkadi et al. 2015; Salpietro et al. 2018). Our focused
CCS approach was successful in identifying this 143kb;184kb CxSV at OCAZand fully
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resolving sequence junctions. The high density of short-read sequences obtained through
this CCS approach also allowed full haplotype resolution for both the p.[Val443lle;Ala355=]
and 143kb;184kb CxSV alleles. However, high depth short-read sequencing does not ensure
definitive diagnosis for all, and a diagnostic gap remains for individuals with OCA, similar
to the diagnostic gap that is present across many other Mendelian disorders. Long-range
sequencing that is independent of the current reference genome may be needed to query for
large unidentified structural rearrangements of unique chromosomal architecture (Ebert et al.
2021). Additionally, we cannot exclude the potential that a subset of OCA individuals may
have additional alterations in other loci that, in combination, clinically present with OCA.

Our analysis adds to the emerging body of research on structural variants and their
contribution to common and rare diseases (Weischenfeldt et al. 2013, Giner-Delgado et

al. 2019), as we have identified structural variants at OCAZ2that account for a portion of
the missing heritability observed in albinism. Importantly, our data identifies rare variants
that are in cisto the CxSV allele that can be incorporated into preliminary screening for
the haplotypes upon which these variants arose in addition to providing unique, PCR-based
assays for these junctions. Given the frequency at which we find these alleles in our own
cohort (2.8%; 11/390), we suggest that individuals without definitive diagnosis by other
methodologies should be directly screened for these CxSV alleles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Custom capture sequencing analysis identifies abnormal read pairs that define a complex

OCAZ rearrangement shared among unrelated individuals. A-C) Integrative Genomics
Viewer (IGV) visualization of aberrantly mapped read pairs which highlight 3 breakpoint
junctions, indicated by colored arrows and dotted lines (Junction 1/RR in dark blue, Junction
2/LL in teal blue, Junction 3/LR in red). Families 1-6 and Family 11 share aberrantly
mapped read pairs for Junction 1 (intron 1 and 19, dark blue RR) and Junction 2 (intron 1
and 2, teal blue LL) which taken together denote an inversion and reinsertion of a 143 kb
region (chr:28143224-2825968) into intron 1, with the simultaneous deletion of 1680 bp
(chr15:28337022-28339402). Individuals in Families 1-6 also possess a 184 kb deletion,
denoted by Junction 3 breakpoints (intron 2 and 19, red, LR; chrl5: 28119924-28303784).
D) Histograms of the read counts for each individual at the OCAZlocus, visualized using the
UCSC genome browser. Family 11 is marked by * (in D and F) to highlight that this family
does not exhibit the aberrantly mapped read pairs for Junction 3 or reduced number of reads
flanking the 143kb region which provide evidence of the 184 kb deletion present in Families
1-6. E-F) Graphic depiction summarizing the read counts at OCAZ for Families 1-6 with
the 143kb;184kb CxSV (E) and Family 11 with the 143kb-F11 CxSV (F), depicting how the
143 kb CxSV and 184 kb deletion events impact total copy number detected at the OCAZ2
locus.
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Diagram of predicted chromosomal structure present in the OCAZ2 143kb;184kb CxSV allele

and in the independent, yet related 143kb-F11 CxSV allele. A) The OCAZreference

genomic locus is shown. The map locations of aberrantly mapped read pair junctions relative
to the reference OCAZ genomic locus are denoted above. B) The 143kb;184kb CxSV allele

is shown, and is defined by HGVS nomenclature as NC_000015.9:g.
[28337021_28339403delinsf] CCTGGTTGTAGGTCTAACCTGGTTAGAATCT;28143225 2
8285967inv; C];[28119923 28303785del]. C) The 143kb-F11 CxSV allele is shown, and is

defined by HGVS nomenclature as
NC_000015.9:9.28337021_28339403delins[ CCTGGTTGTAGGTCTAACCTGGTTAGAAT

CT;28143225 28285967inv;C]. In B and C, the location and orientation of aberrantly

mapped read pairs in each of the resolved CxSV alleles are indicated above each allele. (RR)
indicates right/right read pair map locations defining Junction 1, and (LL) indicates left/left

read pair map locations defining Junction 2. (LR) denotes the left/right orientation of

aberrantly mapped Junction 3 paired-end reads. Color gradient box marks the boundary of
the 143 kb inversion segment and light to dark shading marks the original 5’ to 3’ reference
genome orientation of each region on the allele.
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Figure 3.

Rare SNVs are associated with the complex rearrangements at OCAZ. A) The 143kb;184kb
CxSV allele, which is present in multiple families. B) The Family 11, 143kb-F11 CxSV
allele. Intronic SNVs are indicated by chevrons. The orange chevron denotes the rare

intron 4 SNV, rs139696407, within the 143 kb inversion-duplication region. The green
chevron denotes SNV rs374519281, located outside of the 143 kb inversion-duplication
region in HERCZ intron 82. Blue chevrons denote the 5 SNVs, rs182762383, rs542133579,
rs191302371 and 186994548 located in intron 1 and rs150153133 in OCAZintron 2, present
on 143kb;184kb CxSV alleles, but not on the 143kb-F11 CxSV allele. The coding variant
p.Arg305Trp, which is located in the 143 kb inverted region, is indicated in red (R305W).
The color gradient boxes mark the boundaries of the 143 kb inversion segment and light to
dark shading marks the original 5’ to 3’ reference genome orientation of each region on the
allele.
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Figure 4.
Modelling the evolutionary history of the complex OCAZrearrangements. A cis-mediated

ancestral model (A-C) and a frans-mediated ancestral model (D-F) represent the two
potential mechanisms by which the 143kb;184kb CxSV allele and the 143kb-F11 CxSV
allele arose. Both alleles contain identical Junctions 1 and 2, defining the 143 kb inverted
segment that has been reinserted into intron 1, and the same rare variants, rs374519281
(green chevron), located 36 kb proximal to the OCAZ TSS, and rs139696407 (orange
chevron), located within the inverted sequence region. In the cis-mediated model (A), these
two rare variants are on the same chromosome and the inversion event arose through

an intra-chromosomal rearrangement. Alternatively, the two rare variants were originally
located in a #rans-orientation (D) and the inversion event was inter-chromosomal in nature.
Subsequent generation of the 143kb;184kb CxSV allele is predicted by a single 184 kb
deletion distal to the inversion, removing the native 143 kb region and corresponding
flanking sequences (B, E). The 143kb-F11 CxSV allele, which is characterized by a
duplicated 143 kb inverted region and loss of rare variants in intron 1 and 2 (blue chevron),
can be accounted for by a single chromosomal recombination event in intron 1 of the
proposed ancestral intermediate allele (C, F).
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Rare variants within OCA2 intron 1 and 2 distinguish the 143kb;184kb CxSV and the 143kb CxSV-F11

alleles.
1K Genome
alt allele GnomAD GnomAD
143kb | freguencies, alt alldle alt alldle OCA #OCA
143kb;184kb | CxSV- all frequencies, | frequencies, cohort individuals
ID Location | Alleles CxSV F11 populations European African frequency screened
OCA2
rs139696407 Intron 4 G>A A A 0.0026 0.0025 0.0009 0.0282 390
OCA2 +
rs150153133 Intron 2 T>C C T 0.0032 0.0033 0.001 0.0142 211
OCA2 +
rs191302371 Intron 1 A>C C A 0.0032 0.0028 0.001 0.0142 211
OCA2 +
rs542133579 Intron 1 A>G G A 0.0032 0.0028 0.001 0.0142 211
OCA2 +
rs182762383 Intron 1 A>C C A 0.0032 0.0028 0.001 0.0142 211
OCA2 #
rs186994548 Intron 1 A>G G A 0.0034 0.0028 0.001 0.0142 211
HERC2
rs374519281 | Intron 82 A>G G G N/A 0.0004 0.0001 0.0282 390
#

The 0.0142 frequencies reflect only the initial 6/211 probands identified by CCS screening that carry the rare variant.
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