Mutations in TYR and OCA2 associated with oculocutaneous albinism in Pakistani families.
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Abstract
Background: Oculocutaneous albinism (OCA) is a genetically heterogeneous disorder of abnormal melanin synthesis, resulting in decreased or absent pigmentation of eyes, skin and hair. OCA has been classified based on genetic findings into seven subtypes (OCA 1-7). OCA1 is the most common subtype, accounting for 50% of cases worldwide (Hutton and Spritz, 2008; Rooryck et al., 2008), and is caused by mutations in the tyrosinase (TYR) gene. This study describes genetic investigations in 11 families from Pakistan with individuals with OCA.
Methods: Whole genome SNP genotyping for autozygosity mapping was undertaken using the Illumina Human CytoSNP-12 array, and exome sequencing performed using the Illumina TruSight One sequencing panel. For individuals putatively linked to the TYR gene, dideoxy sequencing of TYR was performed using primers targeting all five coding exons and intron-exon splice sites to identify mutations in individuals diagnosed with OCA. Dideoxy sequencing was also performed to confirm the presence and cosegregation of TYR and OCA2 variants identified via exome sequencing. 
Results: We identified new and previously reported variations in TYR and OCA2 genes in 11 OCA families from Pakistan. One novel missense variant in TYR (c.240G>C; p.Trp80Cys), and three novel variants in OCA2 (missense variants c.2458T>C; p.Ser820Pro and c.1762C>T; p.Arg588Trp, as well as a frameshift variant c.408_409delTT; p.Arg137Ilefs*83), were observed in five OCA families. In addition, four previously identified variants in TYR (c.649C>T; p.Arg217Trp, c.1255G>A; p.Gly419Arg, c.832C>T; p.Arg278Term, and c.132T>A p.Ser44Arg) and three previously identified variants in OCA2 (c.1045-15T>G, c.2020C>G; p.Leu674Val and c.1327G>A; p.Val443Ile) were identified in nine OCA families. All affected individuals displayed the cardinal features of OCA with white hair, pale skin, nystagmus and decreased vision.
Conclusions: Our findings broaden the molecular spectrum associated with TYR and OCA2 mutations in Pakistani families, aiding the development and refinement of genetic diagnostic and counselling services in Pakistan. 
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Background
Oculocutaneous albinism (OCA) is a genetically heterogeneous disorder of abnormal melanin synthesis, resulting in absent or decreased pigmentation of eyes, skin and hair. OCA can be further classified into syndromic and non-syndromic forms with various inheritance patterns displayed. Over 450 different pathogenic sequence variants have been documented to cause the nonsyndromic form of OCA [HGMD Professional 2017.1, https://portal.biobase-international.com/hgmd/pro/search_gene.php], with the majority of these mutations located in the TYR gene responsible for the commonest OCA1 subtype.  

TYR (MIM# 606933) encodes the enzyme tyrosinase, which has a central role in regulating the biosynthesis of melanin in melanocytes. Tyrosinase catalyses multiple steps in melanin synthesis, including the critical first and second reactions: the hydroxylation of tyrosine to L-DOPA and the oxidation of L-DOPA to DOPA quinone. Mutations in TYR can cause complete (tyrosine-negative) or partial (tyrosine-positive) OCA depending on residual enzyme activity (Simeonov et al., 2013). The severe clinical  phenotype of OCA1A (MIM# 203100), characterised by an almost complete absence of hair, iris and skin pigmentation, correlates with pathogenic or null alleles in TYR (Schnur et al., 1996). Hypomorphic TYR mutations instead cause OCA1B (MIM# 606952), where residual (albeit reduced) tyrosinase activity results in a milder phenotype with reduced levels of pigmentation in affected individuals (Norman et al., 2017).

The OCA2 gene (MIM# 203200) encompasses 23 coding exons along encoding a polypeptide product of ~110 kDa, with 12 transmembrane helices. The molecule belongs to the Na+/H+ antiporter family and functions in maintaining the pH of melanosomes, resulting in the regulation of tyrosinase activity (Gershoni-Baruch et al., 1994; Matsunaga et al., 1998; Puri et al., 2000; Preising et al., 2007). The OCA2 protein also participates in the sorting and transportation of tyrosinase and tyrosinase-related protein 1 (TYRP1) to the plasma membrane (Rosemblat et al., 1998; Orlow and Brilliant, 1999; Chen et al., 2002). 

TYRP1 mutations (MIM# 115501) have also been shown to cause OCA (OCA3; MIM 203290). This gene has seven coding exons (GenBank NM_000550) encoding a tyrosinase-related protein of ~61 kDa in size, displaying 58% similarity and 41% sequence identity to tyrosinase. The TYRP1 gene has a dual role in the oxidation of 5,6-dihydroxyindole-2-carboxylic acid in melanin biosynthesis as well as  in tyrosinase hydroxylase activity (Cruz-Inigo et al., 2011). Mutations in the SLC45A2 gene (MIM# 606202) cause OCA4 (MIM# 606574).  This gene has seven coding exons transcribed alternatively into four alternatively spliced variants, with 108 pathogenic variants reported in HGMD® Professional 2017.1 database. The longest spliced isoform (GenBank NM_016180) codes for a solute carrier family 45. The function of the SLC45A2 protein, which comprises of 530 amino acids with a molecular weight of ~58 kDa, is currently unclear but it is assumed to be a melanosomal protein with a role in subcellular transportation (Fukamachi et al., 2001; Fernandez et al., 2008).

In community settings, founder mutations are often present at increased allele frequency. Identifying the spectrum and frequency of disease-causing variants is important to enable the development of population-specific genetic testing strategies targeting variants common to the local population. This will permit rapid and cost efficient screening and diagnostic assays that will allow accurate disease diagnosis, improved carrier detection and appropriate counselling for affected families. Here we report our genetic findings regarding the causes of OCA in families from several communities in Pakistan, which advance our understanding of the relative contribution of pathogenic TYR and OCA2 variants to OCA in Pakistan 


Methods
Patients and family members
This report describes genetic and clinical investigations in 11 Pakistani families, undertaken with informed consent according to appropriate regional ethical approvals. The 11 families, belonging to different ethnic groups (Pathan, Afridi, Khatak, Yousafzai, Punjabi, Rajpoot, Saraki, Virk and Niazi) were recruited from several different provinces of Pakistan. Medical histories from all 11 families were taken and a diagnosis of OCA in all the affected individuals was established (Fig 1 and 2). Following results from genetic analyses and the identification of pathogenic variants in the TYR and OCA2 genes, affected members of all families were revisited, and a detailed medical history was ascertained including documentation of symptoms. Facial photographs and videos were used to document clinical features and confirm disease status. Visual acuity testing using Snellen charts, colour vision testing using Ishihara charts and funduscopic examination by direct ophthalmoscopy was performed in the affected individuals examined.

Molecular genetic analysis
Peripheral blood samples were taken from each participating individual for genomic DNA extraction using standard procedures. In order to identify the homozygous regions shared by the affected individuals from each family, a whole genome scan was undertaken using an Illumina Human CytoSNP-12 array comprising of ~330,000 genetic markers, as described previously (Zollo et al., 2017). Families in which affected individuals displayed homozygosity at the TYR locus (families 1-5) were used for targeted dideoxy sequencing (ABI3730 sequencer) of all the five coding exons, and associated intron-exon junctions in TYR gene. 
Next generation sequencing was performed on an affected individual in families 6-11 using the Illumina TruSight One clinical exome sequencing panel as described previously (Norman et al., 2017). This panel provides targeted sequencing for over 4800 genes associated with clinical phenotypes, and includes 17 of the known causative genes for OCA (Table 1). (Ammann et al., 2016). Sequence reads were aligned to the human genome reference sequence [hg19] to observe base pair changes using CLC sequence viewer (https://www.qiagenbioinformatics.com/products/clc-sequence-viewer/) and Chromas Lite (http://technelysium.com.au/wp/chromas/) software. Variants identified via next generation sequencing within genes of interest were filtered using 1000 Genomes Project Minor Allele Frequency (MAF)(<0.05) and the in silico pathogenicity prediction tools SIFT (<0.05), PolyPhen2 HumVar (possibly damaging and probably damaging) and GERP++ (>2) as previously described (Norman et al., 2017). Dideoxy sequencing was performed to confirm the presence and cosegregation of TYR and OCA2 variants identified in these families via clinical exome sequencing. 


Results 
Clinical findings
Study subjects from 11 families with congenital nonsyndromic OCA were enrolled from different provinces in Pakistan (families 1, 2, 8 and 10 from the Khyber Pakhtunkhwah province, families 3-5, 7, 9 and 11 from the Punjab province and family 6 from the Balochistan province). All affected individuals were born to consanguineous unaffected parents, and all pedigrees were consistent with an autosomal recessive mode of inheritance. All affected individuals displayed the cardinal clinical features of OCA with white hair, pale skin and nystagmus, and reported symptoms of photophobia and decreased visual acuity. Clinical examination in all affected individuals examined demonstrated features of foveal hypoplasia and a hypopigmented albinotic fundus on direct ophthalmoscopy. Clinical findings are summarised in Tables 5 and 6.
Genetic findings
Sequencing of the coding regions of TYR gene revealed a novel missense mutation c.240G>C; p.Trp80Cys in the first coding exon of TYR in two families (families 1 and 2) which co-segregated appropriately. Exome sequencing identified three novel OCA2 variants (missense variants c.2458T>C; p.Ser820Pro and c.1762C>T; p.Arg588Trp, as well as a frameshift variant c.408_409delTT; p.Arg137Ilefs*83) in five families. In silico analyses were undertaken using various mutation prediction tools such as SIFT, PolyPhen-2, Mutation Taster and PROVEAN, which suggested that these variants were deleterious (Table 2). 
Three further missense mutations (c.649C>T; p.Arg217Trp in family 3, c.1255G>A; p.Gly419Arg in family 4 and c.132T>A; p.Ser44Arg in family 6), and a nonsense mutation (c.832C>T; p.Arg278Term in family 5), were identified in the coding regions of TYR (Table 3). 
Exome sequencing identified three previously described OCA2 variants (c.1045-15T>G, c.2020C>G; p.Leu674Val and c.1327G>A; p.Val443Ile) in a further four families (families 7, 8, 10 and 11)(Table 4) (Lee et al., 1994; Jaworek et al., 2012; Mondal et al., 2012; Zhang et al., 2013; Shahzad et al., 2017). This is the first time that two of the three previously described OCA2 variants identified here (c.2020C>G; p.Leu674Val and c.1327G>A; p.Val443Ile) have been reported in Pakistan. 
None of the TYR variants are listed in homozygous form in online gnomAD genomic database (http://gnomad.broadinstitute.org). The OCA2 variants c.1045-15T>G, c.2458T>C; p.Ser820Pro and c.408_409delTT; p.Arg137Ilefs*83 were also absent in homozygous form in the online gnomAD genomic database. The OCA2 variants c.2020C>G; p.Leu674Val, c.1327G>A; p.Val443Ile and c.1762C>T; p.Arg588Trp are present in homozygous form in gnomAD in one, four and five individuals respectively. Minor allele frequencies for the above variants are listed in Tables 3 and 4.  Localisation of missense variants within TYR and OCA2 are shown in figure 3.

Discussion:
Tyrosinase is an oxidase enzyme, and is the rate-limiting step in regulating the synthesis of melanin. This enzyme catalyses two reactions in melanin synthesis; firstly the hydroxylation of a monophenol, and secondly the conversion of an o-diphenol to the corresponding o-quinone, which is subsequently converted to melanin. TYR and OCA2 variants are common causes of OCA in Pakistan, each accounting for approximately a third of all known OCA variants in this community (Shahzad et al., 2017). In this study, we report known and novel mutations in TYR and OCA2 in families from Pakistan. The two families in which a novel TYR (c.240G>C;p.Trp80Cys) mutation was observed were of Pakhtoon origin, located in different geographical localities within the same province (Khyber Pakhtunkhwa) in North West Pakistan. Affected individuals in both families presented with typical features including white hair, reddish white to white skin, nystagmus and de-pigmented irides with decreased visual acuity. Two other variants affecting the p.Trp80 amino acid residue have previously been reported; p.Trp80Term and p.Trp80Arg (rs61753188), for which only a single heterozygous gene carrier is listed in gnomAD browser database. Neither variant, nor the p.Trp80Cys variant defined here, is listed as present in the South Asian population in online genome databases indicating that these are likely to be very rare variants in this population. Our study further identified three novel OCA2 variants (missense variants c.2458T>C; p.Ser820Pro and c.1762C>T; p.Arg588Trp, as well as a frameshift variant c.408_409delTT; p.Arg137Ilefs*83) in five families, as well as three previously described OCA2 variants in a further four families, and all families displayed the cardinal features of OCA (Tables 5 and 6).
Several of the TYR and OCA2 variants described in our study appear to be commonly associated with OCA in Pakistan, and likely represent regional founder mutations. For example, the c.832C>T;p.Arg278Term, c.1255G>A;p.Gly419Arg and c.649C>T;p.Arg217Trp variants in TYR identified in families 3-5, as well as the c.1045-15T>G variant in OCA2 identified in families 7 and 8, account for 12.9%, 9.5%, 4.3% and 11.3% of all known OCA variants in Pakistan respectively (Shahzad et al., 2017). 

This is the also the first time that two of the OCA2 variants identified in this study have been reported in Pakistani families. The c.2020C>G; p.Leu674Val variant has only previously been reported in an Indian family and the c.1327G>A; p.Val443Ile variant has only been reported in Caucasian and Chinese individuals (Lee et al., 1994; Mondal et al., 2012; Zhang et al., 2013). 

Three of the heterozygous OCA2 variants identified in our study (c.2020C>G; p.Leu674Val, c.1327G>A; p.Val443Ile and c.1762C>T; p.Arg588Trp) are present in gnomAD in homozygous form in one, four and five individuals respectively in the South Asian population only. The c.2020C>G; p.Leu674Val OCA2 variant has previously been described in association with OCA in 2 Indian individuals in both homozygous and compound heterozygous form (Mondal et al., 2012). Both individuals exhibited an incomplete albinism phenotype, with the individual heterozygous for the c.2020C>G; p.Leu674Val as well as a c.775_776insG variant showing clinical features of nystagmus, hazel irides, light golden-brown hair and pinkish skin. The individual homozygous for the c.2020C>G; p.Leu674Val variant showed clinical features of, brown irides with iris transillumination, silky-brown hair and very fair pinkish skin with no apparent nystagmus (Mondal et al., 2012). We detected the same c.2020C>G; p.Leu674Val variant in compound heterozygous form in family 10, together with a novel frameshift variant with affected individuals displaying an incomplete OCA phenotype with nystagmus, blue irides, light brown hair and pink skin. The c.2020C>G; p.Leu674Val variant may therefore represent a milder OCA2 mutation contributing to incomplete OCA phenotype in when occurring in conjunction in compound heterozygous form with a more deleterious OCA variant, and with homozygotes exhibiting a mild phenotype, which may account for the single homozygous individual in gnomAD. 
Hypomorphic TYR variants are well defined in the aetiology of the OCA1B subtype, where reduced tyrosinase activity results in a milder phenotype with reduced level of pigmentation in affected individuals. The c.1327G>A; p.Val443Ile and c.1762C>T; p.Arg588Trp variants identified here may represent hypomorphic variants that cause only a partial loss of OCA2 gene function, accounting for the four and five homozygous individuals respectively present in the gnomAD database. The c.1327G>A; p.Val443Ile variant has been previously described in individuals with OCA in two different populations (Northern European and Chinese), suggesting that this is indeed likely a pathogenic variant, and in the individual heterozygous for this variant there were no other candidate variants in any of the known OCA associated genes apart from the c.1762C>T; p.Arg588Trp variant. Ultimately functional characterisation of the variant would be helpful to determine the nature of the mutation and the extent of its biological impairment (Kamaraj and Purohit, 2014).
In family 8, the previously described disease-associated OCA2 c.1045-15T>G splice variant was detected in six out of seven affected individuals in the family, and in heterozygous form in the seventh affected individual in which there were no other candidate variants in any of the known OCA associated genes detected. Interestingly, this heterozygous OCA2 c.1045-15T>G individual displayed a somewhat different phenotype compared to affected individuals who were homozygous for the variant; with a darker hair colour (golden brown instead of blonde). There is a high level of missing heritability in OCA, with 25% of patients investigated only having detectable mutations in a single OCA allele (Simeonov et al., 2013). It is known that the phenotype of OCA2 can be modified by MC1R or TYRP1 mutations, demonstrating a synergistic interaction between genes throughout this pigment pathway (King et al., 2003; Chiang et al., 2008). Consequently the missing heritability in this individual may reflect an undetected mutation in a pigment pathway gene that interacts with OCA2, or in the OCA2 gene promoter or other regulatory region. Interestingly, a causal tri-allelic genotype where a combination of two common hypomorphic TYR variants in trans to a known TYR deleterious mutation has recently been hypothesised to account for cases of OCA1 with apparent missing heritability; this theory may similarly explain the missing heritability in OCA2 our family (Norman et al., 2017). 
In summary, these studies expand current knowledge of the molecular spectrum and specific genetic causes of OCA, which while specific population frequency is lacking, appears to be relatively common in Pakistani communities. In combination with existing datasets, these studies enable accurate genetic testing and provide valuable information to aid the diagnosis and counselling of affected individuals and family members throughout Pakistan. 
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	Form of oculocutaneous albinism
	Gene
	Associated patterns of inheritance
	Chromosome location
	Mutations

	OCA1
	TYR
	Autosomal recessive
	11q14-q21
	379

	OCA2
	OCA2
	Autosomal recessive
	15q11.2-q12
	205

	OCA3
	TYRP1
	Autosomal recessive
	9p23
	29

	OCA4
	SLC45A2
	Autosomal dominant/recessive
	5p13.3
	108

	OCA5
	Unidentified
	Autosomal recessive
	4q24
	0

	OCA6
	SLC24A5
	Autosomal recessive
	15q21.1
	13

	OCA7
	C10ORF11
	Autosomal recessive
	10q22.2-q22.3
	8

	CHS
	LYST
	Autosomal recessive
	1q42.1-q42.2
	79

	HPS1
	HPS1
	Autosomal recessive
	10q23.1-q23.3
	42

	HPS2
	AP3B1
	Autosomal recessive
	5q14.1
	24

	HPS3
	HPS3
	Autosomal recessive
	3q24
	13

	HPS4
	HPS4
	Autosomal recessive
	22cen-q12.3
	15

	HPS5
	HPS5
	Autosomal recessive
	11p14
	14

	HPS6
	HPS6
	Autosomal recessive
	10q24.32
	25

	HPS7
	DTNBP1
	Autosomal recessive
	6p22.3
	3

	HPS8
	BLOC1S3
	Autosomal recessive
	19q13.32
	2

	HPS9
	BLOC1S6
	Autosomal recessive
	15q21.1
	1

	HPS10
	AP3D1
	Autosomal recessive
	19p13.3
	1

	Source: HGMD® Professional 2017.1, 14 June 2017.
	 
	
	 
	 



Table 1: Various forms of oculocutaneous albinism, list of respective OCA genes, associated inheritance patterns, chromosomal locations and number of mutations identified in each gene (compiled 14 June 2017).

	Family
	Family 1
	Family 2 
	Family 9
	Family 10
	Family 11

	Gene
	TYR
	TYR
	OCA2
	OCA2
	OCA2

	Nucleotide variant
	c.240G>C
	c.240G>C
	c.2458T>C
	c.408_409delTT
	c.1762C>T

	Protein variant
	p.Trp80Cys

	p.Trp80Cys

	p.Ser820Pro
	p.Arg137Ilefs*83
	p.Arg588Trp

	Status
	Homozygous
	Homozygous
	Homozygous
	Heterozygous
	Heterozygous

	Type of Mutation
	Missense
	Missense
	Missense
	Frameshift
	Missense

	PolyPhen-2
	Probably Damaging
	Probably Damaging
	Probably damaging
	- §
	Benign

	Mutation Taster
	Disease Causing
	Disease Causing
	Disease causing
	- §
	Polymorphism

	SIFT
	Damaging
	Damaging
	Damaging
	- §
	Damaging

	PROVEAN
	Deleterious
	Deleterious
	Deleterious
	- §
	Deleterious

	Homozygous form in gnomAD
	Not present
	Not present
	Not present
	Not present
	5 homozygotes

	gnomAD MAF
	Not present
	Not present
	Not present
	Not present
	0.001021



Table 2: Novel TYR and OCA2 variants identified as a part of this study. 
§In silico predictions not available for frameshift variant


	Family
	Family 1
	Family 2 
	Family 3
	Family 4
	Family 5
	Family 6

	Nucleotide variant
	c.240G>C
	c.240G>C
	c.649C>T
	c.1255G>A
	c.832C>T
	c.132T>A

	Protein variant
	p.Trp80Cys

	p.Trp80Cys

	p.Arg217Trp

	p.Gly419Arg

	p.Arg278Term

	p.Ser44Arg

	Status
	Homozygous
	Homozygous
	Homozygous
	Homozygous
	Homozygous
	Homozygous

	Type of Mutation
	Missense
	Missense
	Missense
	Missense
	Nonsense
	Missense

	Previously reported
	Novel
(this study)
	Novel
(this study)
	Yes (Tripathi et al., 1992)
	Yes (Chaki et al., 2011)
	Yes (Wang et al., 2016)
	Yes (Shah et al., 2015)

	PolyPhen-2
	Probably Damaging
	Probably Damaging
	Probably Damaging
	Probably Damaging
	Probably Damaging
	Probably Damaging

	Mutation Taster
	Disease Causing
	Disease Causing
	Disease Causing
	Disease Causing
	Disease Causing
	Disease Causing

	SIFT
	Damaging
	Damaging
	Damaging
	Damaging
	Damaging
	Damaging

	PROVEAN
	Deleterious
	Deleterious
	Deleterious
	Deleterious
	Deleterious
	Deleterious

	Homozygous form in gnomAD
	Not present
	Not present
	Not present
	Not present
	Not present
	Not present

	gnomAD MAF
	Not present
	Not present
	0.0001917
	0.00006155
	0.0001770
	0.00001625



Table 3: TYR variants identified as a part of this study. 


	Family
	Family 7 
	Family 8
	Family 9
	Family 10
	Family 11

	Nucleotide variant
	c.1045-15T>G
	c.1045-15T>G
	c.2458T>C
	c.2020C>G
c.408_409delTT
	c.1327G>A
c.1762C>T

	Protein variant
	Splice site mutation
	Splice site mutation
	p.Ser820Pro
	p.Leu674Val
p.Arg137Ilefs*83
	p.Val443Ile
p.Arg588Trp

	Status
	Homozygous
	Homozygous
Heterozygous in 1 individual
	Homozygous
	Heterozygous
	Heterozygous

	Type of Mutation
	Splice site mutation
	Splice site mutation
	Missense
	Missense
Frameshift
	Missense
Missense

	Previously reported
	Yes (Jaworek et al., 2012; Shahzad et al., 2017)
	Yes (Jaworek et al., 2012; Shahzad et al., 2017)
	Novel (this study)
	Yes (Mondal et al., 2012)
Novel (this study)
	Yes (Lee et al., 1994; Zhang et al., 2013)
Novel (this study)

	PolyPhen-2
	- $
	- $
	Probably damaging
	Possible damaging
- §
	Probably damaging
Benign

	Mutation Taster
	- $
	- $
	Disease causing
	Disease causing
- §
	Disease causing automatic
Polymorphism

	SIFT
	- $
	- $
	Damaging
	Damaging
- §
	Damaging
Damaging

	PROVEAN
	- $
	- $
	Deleterious
	Neutral
- §
	Neutral
Deleterious

	Homozygous form in gnomAD
	Not present
	Not present
	Not present
	1 homozygote
Not present
	4 homozygotes
5 homozygotes

	gnomAD MAF
	0.00002445
	0.00002445
	Not present
	0.0003333
Not present
	0.003024
0.001021



Table 4: OCA2 variants identified as a part of this study.
§In silico predictions not available for frameshift variant
$In silico predictions for splice variant not available for PolyPhen-2, Mutation Taster, SIFT and PROVEAN. Instead in silico predictions using MaxEnt and NNSPLICE show variation scores of -15.3% and -0.4% respectively.
	Parameters
	Family 1:
II:4
	Family 2:
II:1
	Family 3:
V:2
	Family 4:
IV:2
	Family 5:
IV:5
	Family 6:
II:2

	Age (years)
	12
	10
	12
	5
	26
	9

	Gender
	Female
	Male
	Male
	Female
	Male
	Male

	Region, Province
	Khyber Pakhtunkhwa
	Khyber Pakhtunkhwa
	Punjab
	Punjab
	Punjab
	Balochistan

	Caste
	Pathan
	Pathan
	Rajpoot
	Virk
	Punjabi
	Khatak

	Hair color
	White
	White
	White
	Light blonde
	White
	White

	Skin  color
	Reddish-white
	White
	White
	White
	White
	White

	Skin rashes
	Absent
	Absent
	Absent
	Absent
	Absent
	Absent

	Visual acuity
	Decreased
	Decreased
	Decreased
	Decreased
	Decreased
	Decreased

	Iris color
	De-pigmented
	De-pigmented
	De-pigmented
	De-pigmented
	De-pigmented
	De-pigmented

	Photophobia
	Not Present
	Not Present
	Present
	Present
	Present
	Present

	Nystagmus
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes

	Foveal hypoplasia
	Unable to determine
	Unable to determine
	Present
	Present
	Present
	Unable to determine

	Fundus
	Unable to determine
	Unable to determine
	Albinotic
	Albinotic
	Albinotic
	Unable to determine



Table 5: Summary of clinical features observed in families 1-6 with pathogenic TYR variants
	Parameters
	Family 7:
IV:4
	Family 8:
VI:5
	Family 9:
V:3
	Family 10:
III:1
	Family 11: 
III:1

	Age (years)
	4
	5
	
	2
	8

	Gender
	Male
	Male
	Female
	Female
	Male

	Region, Province
	Punjab
	Khyber Pakhtunkhwa
	Punjab
	Khyber Pakhtunkhwa
	Punjab

	Caste
	Niaz
	Afridi
	Niaz
	Yousafzai
	Saraiki

	Hair color
	Golden/blonde
	White/brown
	Golden
	White/brown
	White/brown

	Skin  color
	White
	White
	Reddish-white
	White
	White

	Skin rashes
	Present
	Absent
	Absent
	Absent
	Absent

	Visual acuity
	Decreased
	Decreased
	Decreased
	Decreased
	Decreased

	Iris color
	De-pigmented
	De-pigmented
	De-pigmented
	De-pigmented
	De-pigmented

	Photophobia
	Present
	Present
	Present
	Present
	Present

	Nystagmus
	Yes
	Yes 
	Yes
	Yes
	Yes

	Foveal hypoplasia
	Present
	Unable to determine
	Present
	Unable to determine
	Unable to determine

	Fundus
	Albinotic
	Unable to determine
	Albinotic
	Unable to determine
	Unable to determine



Table 6: Summary of clinical features observed in families 7-11 with pathogenic OCA2 variants
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Figure 1: Pedigrees of 6 families with oculocutaneous albinism co-segregating for TYR mutations. Presence or absence of the variant is indicated by a + or - sign respectively.
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Figure 2: Pedigrees of 5 families with oculocutaneous albinism co-segregating for OCA2 mutations. Presence or absence of the variant is indicated by a + or - sign respectively. For compound heterozygous mutations, the different OCA2 variants within the same family are displayed in different colours.
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[bookmark: _GoBack]Figure 3: Localisation of the TYR and OCA2 missense variants identified in the study
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