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Summary

We have compared the melanogenic activities of cultured melanocytes carrying two common

TYR alleles as homozygous 192S-402R wildtype, heterozygous and homozygous variant. This

includes assays of TYR protein, DOPAoxidase activity, glycosylation and temperature sensitivity

of protein and DOPAoxidase levels. Homozygous wildtype strains on average had higher levels of

TYR protein and enzyme activity than other genotypes. Homozygous 402Q/Q melanocytes

produced significantly less TYR protein, displayed altered trafficking and glycosylation, with

reduced DOPAoxidase. However, near wildtype TYR activity levels could be recovered at lower

growth temperature. In a sample population from Southeast Queensland these two polymorphisms

were present on four TYR haplotypes, designated as WT 192S-402R, 192Y-402R, 192S-402Q

with a double variant 192Y-402Q of low frequency at 1.9%. Based on cell culture findings and

haplotype associations, we have used an additive model to assess the penetrance of the ten

possible TYR genotypes derived from the combination of these haplotypes.
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Introduction

Multiple genetic loci and polymorphisms both within and between populations have been

associated with normal variation of human pigmentary phenotypes (Sturm, 2009), with

natural selection acting upon different subsets of pigmentation genes in geographically

isolated populations (Sturm and Duffy, 2012). Tyrosinase (TYR) was one of the first human

pigmentation genes identified, with reports showing it to be mutated in OCA1 albinism,

accounting for 46% of cases of albinism in European populations (Rooryck et al., 2009).
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The TYR locus is located on chromosome 11q14.3 and encodes a 529 amino acid protein

coded by five exons, with an inactive tyrosinase pseudogene TYRL also located on the same

chromosome at 11p11.12 (Giebel et al., 1991; Ponnazhagan et al., 1994). TYR is a

melanosomal membrane-bound glycoprotein with a native molecular weight of 55kD, which

increases to 65-75kD following post-translational modification at six potential N-

glycosylation sites as it traffics to the mature melanosome (Wang and Hebert, 2006). It is the

key enzyme for pigmentation that catalyzes the oxidation of its substrates tyrosine and

DOPA to form the intermediate DOPAquinone.

Polymorphisms within the TYR locus were initially reported during molecular cloning of the

coding region of the TYR cDNA sequence, and later upon the analysis of OCA1 patient

mutations (albinism data base, albinismdb.med.umn.edu). Two common changes,

rs1042602*C/A S192Y in exon 1 (Giebel and Spritz, 1990) and rs1126809*G/A R402Q in

exon 4 (Giebel et al., 1991; Tripathi et al., 1991), occur at high frequency but were not

immediately correlated with pigmentation phenotypes in normal Caucasians. The TYR 192Y

allele was shown as an ancestry informative marker contributing to skin pigmentation

differences between African and European populations (Shriver et al., 2003); later, in a

population of South Asian descent the 192Y allele was found to be associated with lighter

skin colour (Stokowski et al., 2007). The relationship of these TYR alleles to normal

variation in skin, hair and eye colour in Europeans has been studied by several groups

(Branicki et al., 2011; Duffy et al., 2010; Gudbjartsson et al., 2008; Hu et al., 2011; Nan et

al., 2009; Sulem et al., 2007), with reported associations for lighter eye colour, brown hair

colour, freckling and melanoma risk, but such effects are not always detectable (Candille et

al., 2012).

Functional studies of TYR enzyme activity have reported the 192Y allele to be only 60%

active, possibly due to steric hindrance effects in the TYR protein copper-A catalytic site

(Chaki et al., 2011). The 402Q allele also has reduced enzyme activity, with exogenous

expression showing that it encodes a thermolabile variant protein with only 25% activity

(Spritz et al., 1997; Tripathi et al., 1992). However, despite these TYR alleles encoding

variant enzymes that are clearly deficient relative to the WT TYR protein, the role of these

polymorphisms in relation to albinism and normal pigmentation variation remains

controversial (Oetting et al., 2009; Rooryck et al., 2009; Simeonov et al., 2013).

We have combined biochemical and cellular analysis of these common TYR polymorphisms

with genetic tests for phenotypic association, so as to further characterise and define the

effects these variants may play on human pigmentation characteristics. To do this we first

compared the in vitro and in vitro melanogenic activities of primary human melanocytes

genotyped for these TYR alleles carried as homozygous WT, heterozygous and homozygous

variants. We then assessed TYR S192Y and R402Q haplotypes and phased genotypes in a

large collection of adolescent twins and melanoma patients with phenotypic data for skin,

hair and eye colour, skin reflectance and mole count.
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Results

Pigmentation genotype screen of clonal melanocytic strains

We have previously reported on a collection of primary human melanocyte strains that were

genotyped for polymorphisms within the MC1R, SLC45A2, SLC24A5 and OCA2 loci (Cook

et al., 2009; Leonard et al., 2003). We have continued an analysis of 266 of these strains

propagated as melanoblasts (Cook et al., 2003), assaying for 31 SNPs within a number of

pigmentation genes (Duffy et al., 2010) to ascertain clonal cell strains of defined genotypes.

In this collection we found the frequency for the minor alleles of TYR rs1042602*C/A

S192Y and rs1126809*G/A R402Q to be 0.34 (A) and 0.26 (A) respectively, frequencies in

line with those seen in the general population of Southeast Queensland (Duffy et al., 2010).

To analyse the melanogenic activity based on TYR alleles these strains carry, we first

designated 192S/S and 402R/R combined genotypes as WT for the TYR protein, consistent

with the ancestral origin of these alleles (Norton et al., 2007). We also restricted the selected

strains to a similar European genetic background, being homozygous SLC45A2

MATP-374F/F, SLC24A5 NCKX5-111T/T, OCA2 rs12913832*C/C and MC1R+/+

genotypes, although this was not always the case with MC1R (Table S1). We selected 5

strains WT for the TYR protein to compare with 5 strains each of those carrying variant TYR

alleles 192S/Y and 402R/Q in the heterozygous state, or 192Y/Y and 402Q/Q in the

homozygous state.

Endogenous expression levels of TYR in genotyped melanocytic strains and human skin
tissue samples

Total soluble cell extracts were assayed by immunoblot to determine the endogenous level

of TYR protein in a range of our primary QF melanocytic strains and human skin tissue

samples genotyped for the two common TYR polymorphisms (Tables S1 and S2). In

comparison to WT cell extracts, Western blot analysis revealed significant reduction in TYR

expression for heterozygous 192S/Y (Fig. 1A; P<0.003) and 402R/Q (Fig. 1B; P<0.021)

extracts, with a greater than 2-fold reduction when averaged for the cells strains of each

genotype that we used. Although not statistically significant, a consistent decrease in TYR

protein levels was also noted for 192Y/Y cells (Fig. 1C). Assay of homozygous 402Q/Q

melanocytes demonstrated a consistent and significant reduction, on average greater than 3-

fold, when compared to WT melanocytes (Fig. 1D; P=0.001). Differences in the average

expression of TYR protein levels of these strains are unlikely to be due changes in

transcription of these alleles, as the average levels of TYR mRNA were comparable when

WT and 402Q/Q melanocytes were quantitated by RT-PCR (Fig. S1A and B). Levels of

TYRP1 protein varied between TYR genotyped strains, with a decrease observed in 192S/Y

and 402R/Q melanocytes (Fig. 1A, B) but little to no change was seen in 192Y/Y and

402Q/Q melanocytes (Fig. 1C, D). Extracts of human skin tissue samples also genotyped at

TYR were used to determine TYR protein levels present in human skin (Fig. 1E). Consistent

with the observation seen in cultured cell strains, variation of TYR protein levels was

observed between genotypes, exhibiting high and consistent TYR expression in two WT

skin samples, but a 2-fold or greater reduction in expression in the 402R/Q, 402Q/Q, 192S/Y

and 192Y/Y skin samples that were available for testing.
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TYR enzymatic activity is compromised in 402Q/Q melanocytes

The enzymatic activity of TYR as determined by the rate of L-DOPA oxidation was also

assessed in these same cultured human melanocytes genotyped for TYR polymorphisms

(Fig. 1F). Previous work (Tripathi et al., 1992) has shown transfected HeLa cells artificially

expressing the 402Q allele have reduced levels of L-DOPA oxidation when compared to

HeLa cells artificially expressing WT TYR. Consistent with this report are our findings that

primary human melanocytes of TYR 402Q/Q genotype upon averaging are severely

compromised in the rate of L-DOPA oxidation when compared with that observed in WT

melanocytes (P<0.05 linear regression analysis followed by one way ANOVA and Dunnet’s

post hoc comparisons). Furthermore, TYR 192S/Y, 402R/Q and 192Y/Y melanocytes also

exhibited a significant (P<0.05) reduction in L-DOPA oxidation rates when compared with

WT cells. In comparing this series of cell strains the average level of TYR activity in

192Y/Y homozygotes was slightly greater than the TYR 192S/Y and 402R/Q heterozygotes.

Although this difference was not statistically significant it is consistent with the higher TYR

and TYRP1 protein levels observed in these strains (Fig. 1C compared to 1A and 1B).

TYR protein levels and catalytic activity in 402Q/Q melanocytes is temperature sensitive

When tested using in vitro exogenous expression studies, the TYR 402Q allele confers a

temperature sensitive effect on enzyme activity at 37°C, causing a reduction of L-DOPA

oxidase activity (Tripathi et al., 1992) with potential phenotypic effects (King et al., 1991).

Western blot analysis was initially used to assess the endogenous temperature sensitivity of

the TYR protein in 402Q/Q melanocyte strains grown at 37°C and 31°C (Fig. 2A) to test

both the thermostability and catalytic activity of the protein. Using three 402Q/Q stains, on

average a greater than 2-fold increase in protein levels was seen when cells were grown at

31°C compared to growth at 37°C for a 24hr period. When three WT TYR strains were also

subjected to altered temperature growth conditions for a 24hr period, only a small average

increase in TYR protein expression at 31°C was noted, although one WT strain QF1459 did

show a 1.9 fold change.

Temperature sensitive effects on TYR glycosylation in 402Q/Q melanocytes

Previous work (Berson et al., 2000; Halaban et al., 1997; Halaban et al., 2000) has shown

the presence of an immature glycoform of TYR 402Q, lacking essential monoglucosylated

glycans, that is retained in the endoplasmic reticulum due to protein misfolding, with a

mature glycoform able to be partially rescued when cells expressing the 402Q allele are

grown at 31°C. Glycosylation analysis of extracts prepared from each of the three 402Q/Q

melanocyte strains indicated a high sensitivity of TYR to endoH digestion when cells were

grown at 37°C (Fig. 2B lower panels). Analysis of the three WT strains however exhibited a

form of TYR more resistant to endoH digestion at 37°C (Fig. 2B upper panels). In contrast,

a more complex and mature TYR glycoform is observed for the 402Q/Q strains grown at

31°C, indicating that a higher degree of resistance to endoH digestion is induced by growth

at the lower temperature. Digestion with PNGaseF cleaves both mature and immature

glycoproteins and represents the de-glycosylated form of TYR, observed as the fastest

migrating bands on the gels shown in Figure 2B. As expected there is little difference in the

pattern of the PNGaseF treated extracts, but the lower levels of TYR protein in the 402Q/Q
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strains grown at 37°C compared with 31°C is consistent with the thermo-instability of this

form of the TYR protein (Fig. 2A). The glycosylation status of TYRP1 showed no change

(Fig. S2). Resistance to endoH digestion was also examined in 402R/Q and 192Y/Y

melanocyte strains grown at 37°C (Fig. S3), however no change in sensitivity to endoH

digestion of TYR or TYRP1 was observed compared to WT cells.

TYR enzymatic activity is rescued in 402Q/Q by growth of melanocytes at 31°C

We next investigated whether a rescue of TYR enzymatic activity could be achieved by

growing 402Q/Q strains at 31°C. The rate of L-DOPA oxidation was evaluated and

averaged for three WT and three 402Q/Q strains grown at 37°C or 31°C for a 24hr period

(Fig. 2C). The rate of L-DOPA oxidation was significantly increased at 31°C for both WT

(P<0.05) and 402Q/Q (P<0.001) melanocytes when compared to growth of cells at 37°C.

Furthermore, as the L-DOPA oxidation levels for 402Q/Q cells grown at 31°C are

comparable, though slightly weaker, to those in WT cells grown at 37°C, partial rescue of

TYR activity in 402Q/Q cells can be attained by growth at lower temperature.

Subcellular localisation and trafficking of TYR in WT and 402Q/Q melanocytes

The subcellular localisation of TYR and TYRP1 together with calnexin, a known chaperone

present in the endoplasmic reticulum and necessary for accurate and functional protein

folding (Ellgaard et al., 1999; Zhang et al., 1997), was studied by immunofluorescence to

further evaluate the temperature sensitive nature of the TYR protein expressed in 402Q/Q

melanocytes. Both WT and 402Q/Q melanocyte strains grown at 37°C and 31°C were

probed with antibodies to TYR (red) and calnexin (green) (Fig. 3). Examination of the

staining pattern seen in WT cells clearly indicates the existence of TYR in the dendrites of

melanocytes at 37°C, which also co-localises (merged as yellow) with calnexin in the

perinuclear endoplasmic reticulum (Fig. 3A top panels). In contrast, 402Q/Q melanocytes

grown at 37°C exhibited an abundance of TYR staining that largely co-localised with

calnexin in the endoplasmic reticulum, but an absence of TYR staining in the dendrites of

these cells (Fig. 3A bottom panels). This is consistent with retention of misfolded TYR in

the endoplasmic reticulum in 402Q/Q melanocytes as may be expected from the endoH

digestion pattern seen in extracts prepared from these cells under the same temperature

growth conditions (Fig. 1B). WT melanocytes grown at 31°C had a similar subcellular

localisation pattern to cells grown at 37°C, with high levels of TYR staining in the dendrites

(Fig. 3B upper panel). Notably, 402Q/Q melanocytes grown at 31°C expressed a subcellular

localisation pattern distinctly different to that observed when these cells are grown at 37°C,

with TYR staining predominantly in the dendrites (Fig. 3B lower panel). Co-localisation

with calnexin was reduced, indicating an increase in correctly folded TYR and less retention

in the endoplasmic reticulum, in line with that seen in WT cells and with the return of near

normal levels of DOPAoxidase activity (Fig. 2C). No difference was observed in the TYRP1

(red) subcellular localisation pattern when comparing WT and 402Q/Q melanocyte strains

grown at 37°C (Fig. 3C).

Pigmentation characteristics of 402Q/Q melanocytes at 31°C

Given the increase in 402Q/Q cell strain TYR protein expression (Fig. 2A) and enzyme

activity observed at 31°C (Fig. 2C), we expected melanin levels to rise in those cells grown
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at 31°C. However, total melanin content did not change significantly either in WT or

402Q/Q samples (Fig. S4A). Electron microscopy was undertaken to further characterise the

state of melanosomes (Cook et al., 2009) in both WT and 402Q/Q melanocytes grown at

37°C and 31°C for a 24hr period (Fig. S4B). Again there was no clear evidence to support

an increase in melanisation at 31°C either in the WT or 402Q/Q samples, and despite an

increase in TYR protein, there was no observable change in melanosome maturation.

TYR allele and haplotype associations with pigmentation phenotype

To complement the biochemical functional assays performed in cultured melanocyte cells,

human pigmentation phenotypic data from two population collections that we have

previously reported upon were examined for associations with the TYR S192Y and R402Q

protein polymorphisms. These sets included 5423 samples from the Brisbane Twin Nevus

Study (BTNS) of adolescent twins, siblings and parents, and 1738 CMM case samples

(Duffy et al., 2010; Sturm et al., 2008). These were combined for an assessment of

pigmentary characteristics although not all measurements were available for each genotyped

individual. Using the MENDEL program first on the BTNS collection, four haplotype

phases were predicted for these alleles designated as 1-1 (S-R) for WT 192S-402R, 2-1 (Y-

R) for 192Y-402R, 1-2 (S-Q) for 192S-402Q, and 2-2 (Y-Q) for the double variant

192Y-402Q (Table 1). The frequencies for each haplotype were 0.35 for 1-1, 0.32 for 2-1,

0.3 for 1-2, and 0.019 for 2-2, which are similar to those reported in a recent study of

European vitiligo patients (Jin et al., 2012). A linear progression of highest to lowest

penetrance was seen as 1-1> 2-1> 1-2> 2-2 for olive/dark skin (14> 9> 7 > 5%) and brown

eye (26> 23> 20> 17%) colour with the reciprocal situation for fair skin (46< 50< 55< 64%)

and blue eye colour (39< 44< 51< 61%). The hair colour penetrance of these haplotypes was

consistent, 1-1> 2-1=1-2 >2-2 for dark brown hair colour (38> 36=36> 25%), with the

reciprocal situation for fair/blond hair (15< 18=18< 22%). Given that our biochemical

studies using homozygous genotyped melanocytes showed the greatest TYR protein and

enzyme activity was found in WT (1-1/1-1) followed by 192Y/Y (2-1/2-1) then 402Q/Q

(1-2/1-2) (Figure 1) we propose the allele strength designation of 3 to 1 for each of these

TYR haplotypes respectively (Table 1), and 0 for the double variant for which we have no

biochemical data. However, two individuals who were homozygous for the 2-2 haplotype

were found in the study collections. Each was fair skinned with fair/blond hair and blue eye

colour, suggesting that a general hypopigmentation phenotype is associated with this

haplotype.

In the subset of BTNS samples for which skin reflectance and nevi counts were recorded a

similar gradation correlating with the allele strength as designated was seen (Table 2). Both

inner and outer arm reflectance representing constitutive and facultative skin colour, showed

a highest to lowest progression for 1-1> 2-1> 1-2> 2-2 in reflectance of 61.8 to 63.5% and

52.5 to 53.6% respectively, with average nevi counts progressing linearly with the

designated allele strength at 89.8> 90.6> 97.6> 110.8.

Pigmentation phenotype association shows additive penetrance of TYR genotypes

The combination of each of the four TYR haplotypes and expected population frequencies

are summarized as a matrix of 10 genotypes A (1-1/1-1) to J (2-2/2-2) in Table S3. An
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additive model for each allele was used to designate the strength of these genotypes

correlating with TYR activity; as such this series ranged from a maximum of 6 (3+3) for

genotype A to a minimum of zero (0+0) for J with a total of 7 categories (A> B > C/E > D/F

> G/H > I > J) of combined allelic strength (6 > 5 > 4/4 > 3/3 > 2/2> 1> 0). We did not

attempt to separate D/ F (1-1/2-2 vs 2-1/1-2), as the phase was not obvious from genotype

data alone. As the expected frequency of D was low (1.33%) compared to F (19.2%) and the

predicted genotype strength of 3 was the same (3+0 = 2+1), they were combined together in

tests of penetrance for each TYR genotype.

Remarkably, an approximately linear progression series of highest to lowest penetrance of A

to J correlated with the designated TYR genotype strengths for skin, hair and eye colour

(Table 3), skin reflectance and nevi counts (Table 4), though this was not always strictly

linear in each case. The strongest genotype A (strength of 6) had the greatest penetrance for

olive/dark skin (21.9%), black hair colour (9.6%) and brown eye colour (36.2%), lowest

inner and outer arm reflectance measurements (61.06/51.61), and mean nevi count (80.3),

with the reciprocal situation of lowest frequency for fair skin (33.3%), fair/blond hair

(12.8%), and blue eye colour (32.6%). As stated above there were only 2 individuals in our

collection of genotype J (strength of zero) who were hypopigmented, but the next weakest

genotype I (TYR protein strength of 1), had the next highest frequency of fair skin (69%),

fair blonde hair (29.4%), blue eye colour (71.1%), and highest inner and outer arm

reflectance measurements (64.19/51.61). Genotype I had a mean nevi count of 88.2, lower

than G and H, which had the highest counts of 116.7 and 100.3 respectively. Genotype I also

had low penetrance for olive/dark skin (4.8%, G lowest at 2.2%), and was lowest for black

hair (1.5%) and brown eye colour (13.3%). From these results it is clear that the predicted

TYR protein strength (Table S3), dependent upon the phase of the S192Y and R402Q

polymorphisms, correlates well with the range of human pigmentary traits assessed here.

Discussion

Only two common TYR protein polymorphisms, rs1042602*C/A S192Y and

rs1126809*G/A R402Q, have been selected within European populations during the

evolution of lighter skin colour (Norton et al., 2007) arising on independent haplotypes

between 6,100-15,600 and 20,400-29,400 years ago respectively (Hudjashov et al., 2013).

The S192Y nonsynonymous change is also found at low frequency in South Asian/Indian

populations but is virtually absent in East Asian populations (Chaki et al., 2011; Miyamura

et al., 2005; Stokowski et al., 2007). The R402Q allele has been less studied for its

population distribution; it appears at a frequency of 21.5% in European samples, and has

been reported in Indian population samples at a frequency of 5.3% (Miyamura et al., 2005),

but is not present in other Asian and African populations in the HapMap database (Altshuler

et al., 2010). Computational approaches to TYR functional activity, based on protein

flexibility and dynamic properties applied to amino acid changes associated with albinism,

have also included an independent analysis of these two common polymorphisms (K and

Purohit, 2013). Based on this quantitative structural assessment and free energy scores, both

of these variants were considered to be less stable than the WT TYR molecule, but the effect

of having both changes together in the one TYR molecule was not considered. Given the

independent evolution of these polymorphisms (Hudjashov et al., 2013) the double variant
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192Y-402Q (phase 2-2) protein is thought to derive from a recombinant haplotype occurring

at low frequency in Europeans populations.

A confounding issue in the literature is the use of human TYR expression constructs without

full consideration of what combination of polymorphisms/haplotypes were being assayed. In

this respect, one of the first TYR expression vectors used to map the catalytic activities of

human TYR (Tripathi et al., 1992) was pcTYR (Bouchard et al., 1989). The sequence of the

full-length clone pBBTY-1, used to construct pcTYR, reveals that it was derived from a

192Y/402R (phase 2-1) allele. In the assay of the pcTYRArg402Gln expression construct

(Tripathi et al., 1991), the phase of the TYR polymorphisms was not considered when

drawing the conclusion that the 402Q change alone produced a thermolabile variant protein

with a reduction to 25% of WT activity when transfected HeLa cells were cultured at 37°C

compared to 31°C. The expression construct used in these published experiments was

equivalent to a double variant 192Y-402Q (2-2) allele (Fukai et al., 1995), and no

comparison with a natural 192S-402Q (1-2) or WT 192S-402R (1-1) TYR allele expression

construct was performed at the time, nor has a WT 192S-402R (1-1) TYR expression

construct been examined for comparative enzyme or copper binding activity (Spritz et al.,

1997). Later work has reported in assays of both tyrosine hydroxylase and DOPAoxidase

activities that the 192Y (phase 2-1) allele had only 60% of the activity of the 192S (phase

1-1) allele, possibly due to steric hindrance effects in the TYR protein copper-A catalytic

site (Chaki et al., 2011).

The hypopigmented phenotype presenting in the two individuals homozygous for TYR

192Y-402Q allele (2-2:2-2) within our collection suggests that this double variant haplotype,

as well as contributing to normal variation (Table 1), does indeed compromise human

pigmentation. It may help to explain the conundrum posed in the literature (Oetting et al.,

2009; Rooryck et al., 2009; Simeonov et al., 2013): does the TYR 402Q polymorphism

contribute to albinism phenotypes? The answer to this perhaps lies in the TYR haplotype

being considered. The 192S-402Q (1-2) TYR protein is unlikely to compromise enzyme

activity to an extent that it will complement an albinism allele so as to cause complete

OCA1A (Oetting et al., 2009). However, the 192Y-402Q (2-2) form of the protein may have

such deficient enzyme activity that it would complement an albinism allele and manifest as

an incomplete albinism, such as OCA1B (King et al., 2003). The OCA1B phenotype has

been broadly defined as ranging from very little cutaneous pigmentation to nearly normal

skin and hair pigmentation, indicating that it is produced by mutations that result in a

residual amount of TYR activity. Further ophthalmological studies of individuals carrying

the 192Y-402Q (2-2) allele need to be performed before this association with albinism can

be confirmed.

Autosomal recessive ocular albinism (AROA) is a form of OCA1B that occurs with reduced

pigmentation of the retina and iris but near normal skin and hair (Fukai et al., 1995), with

the initial report claiming the 402Q was associated with this condition when found with a

TYR null allele. Other reports have agreed with this hypothesis (Chiang et al., 2008; Hutton

and Spritz, 2008; Rooryck et al., 2008), but evidence using family studies has countered this

claim. In the study of Oetting et al., 2009 (Oetting et al., 2009), segregation of the 402Q

allele with a pathologic mutation of TYR was examined in the parents of 12 OCA probands,
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with both parents normal for all pigmentation characteristics. In 9 of these cases the proband

had both maternal and paternal TYR mutations identified, thus the 402Q allele was not

contributing to OCA in the probands; nor did it cause albinism when in trans with a TYR

mutation present in the parents. Surprisingly, in the remaining 3 cases where one parental

mutation was not identified, the haplotype is listed as 192Y-402Q (2-2) in the proband

(OCA cases 10 and 11 (Oetting et al., 2009)). Rather than concluding that the specific

mutation had not been identified, in this instance the data would support the conclusion that

the 192Y-402Q (2-2) haplotype is responsible for the albinism condition in the proband.

Notably the general population frequency of the 192S-402Q (1-2) haplotype at 30% and

192Y-402Q (2-2) haplotype at 1.9% means that for the most part it will appear as though the

402Q change is not associated with albinism. Follow up haplotype studies will be required

in OCA1B patients to provide conclusive proof that 192Y-402Q (2-2) haplotype is acting as

a hypopigmentation allele in trans with other TYR albinism mutations.

Several genetic association studies have suggested and quantitated a role for these common

TYR polymorphisms in normal variation of human pigmentation traits (Branicki et al.,

2011; Candille et al., 2012; Duffy et al., 2010; Gudbjartsson et al., 2008; Hu et al., 2011;

Nan et al., 2009; Sulem et al., 2007); however, a large scale association study based on TYR

genotypes including phased haplotypes has hitherto not been performed to more precisely

define these associations. Based on the results of our biochemical studies performed with

genotyped melanocytes we proposed an additive model for the 4 TYR haplotypes (Tables 1

and 2) to explain the penetrance of the 10 TYR genotypes (A-J Table S3) seen for skin, hair,

eye colour, skin reflectance and mole count in our populations derived from Southeast

Queensland (Duffy et al., 2010; Sturm et al., 2008). As the TYR enzyme is a pivotal

component of melanogenesis, it is to be expected that any TYR allele that influences protein

stability, activity or location will have major and overall affects on pigmentation

independent of the compartment the melanocyte cell is situated, be it cutaneous, follicular or

ocular. The complete reliance of melanocytes on TYR catalytic activity to produce melanin

is opposed to other pigmentation genes that may be more selective in their influence on

melanogenesis depending on the location of the melanocytes in the skin (SLC45A2,

SLC24A5) (Sturm and Duffy, 2012), hair (MC1R) (Duffy et al., 2004) or iris (OCA2)

(Sturm and Larsson, 2009). Thus the TYR genotypes A to J would be expected to interact

epistatically with these other pigmentation genes in determination of general lightening or

darkening of skin, hair and eye phenotypes. The linear relationship of TYR genotypes to

pigmentation phenotype is evident in the genetic association studies we have presented

(Tables 3 and 4), with the exception of nevi count in which this correlation may be more

complex.

The temperature dependent activity of the 402Q polymorphism provides some explanation

as to why the 192S-402Q (1-2) allele may not be as detrimental to melanogenesis in the

body as biochemical assays suggest in vitro. As seen for other temperature sensitive

mutations effecting melanocyte function (Florell et al., 2005), external body temperature

regulation depends on thermoregulatory and environmental factors. The temperature range

in which impaired proteins function coincides with the range of normal fluctuations of

cutaneous temperature. Theoretical estimates of temperature gradients found in human skin
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and subcutaneous tissues (Pal and Pal, 1990), suggest that even hair follicles present within

the dermal layer are operating below core body temperature allowing for functional TYR

activity. Studies of melanogenesis utilising primary cultures of melanocytes derived from

different donors should consider the TYR genotype of their strains as determinants of

melanin content (Fuller et al., 2001; Iozumi et al., 1993), the type of melanin produced

(Wakamatsu et al., 2006) and other pigmentation gene polymorphisms present when they

are derived from populations with European ancestry (Cook et al., 2009). If the 402Q

polymorphism is found within clonal cell strains, lowering of cell growth temperature

approaching 31°C maybe necessary to obtain a more accurate representation of

melanogenesis that occurs in the cutaneous and follicular tissues of the donor.

Finally, the impact of TYR polymorphisms common in European populations investigated

using the additive genotype model that we propose here should be taken into account as an

important modifier of other pigmentation gene polymorphisms in predictive models of

human skin, hair and eye colour.

Materials and Methods

Cell isolation and culture conditions

Human melanoblasts were cultured from neonatal foreskin tissue as previously described

(Cook et al., 2003; Cook et al., 2005). All cultures were propagated as melanoblasts, and

subsequently differentiated to melanocytes through cultivation in melanocyte growth

medium for 7 days as previously described (Cook et al., 2003). All results presented in this

manuscript are derived from MB:MC differentiated cells. The study was conducted

according to the Declaration of Helsinki Principles, and ascertainment of foreskin tissue

samples was approved by the University of Queensland Medical Research Ethics Committee

and QIMR Human Research Ethics Committee. Experiments were conducted with parental

consent to the use of tissue for research.

Genotyping of foreskin tissue, cultured cells, BTNS and melanoma samples

DNA extraction from foreskin tissue/cultured cells and MC1R gene sequencing was

performed as previously described (Leonard et al., 2003). The genotype of polymorphisms

SLC45A2 rs16891982*G/C, SLC24A5 rs1426654*G/A and OCA2 rs12913832*C/T was

determined using TaqMan single-nucleotide polymorphism genotyping assays as described

(Beaumont et al., 2008; Cook et al., 2009). Similar assays were performed for TYR

rs1042602*C/A (C_8362862_10) and rs1126809*G/A (custom design AHHSV0M Applied

Biosystems). The fourth exon of TYR was sequenced (Johanson et al., 2009) to verify the

rs1126809 SNP on several samples using ABI PRISM Big Dye Terminator Sequencing

(Applied Biosystems, Foster City, CA), with reactions processed by the Australian Equine

Genetics Research Centre (AEGRC, Brisbane, Australia).

The Brisbane Twin Nevus Study (BTNS) collection and melanoma samples, together with

the assessment of pigmentary phenotype characteristics, were as described previously

(Duffy et al., 2010; Sturm et al., 2008).
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Cell extraction and immunoblotting

Melanoblast cell strains were seeded and allowed to adhere into both T75 flasks for protein

extraction and T25 flasks for melanin assays. After a minimum of 7 days incubation in

melanocyte medium with media change at day 4, cells were first washed in ice cold PBS and

total protein lysates then prepared using ice cold 0.1M phosphate buffer (pH6.8)/ 1% Triton

X-100 with Roche complete protease inhibitor cocktail. Following a 20min incubation at

4°C, lysates were centrifuged 12000g, 5min at 4°C. BCA assay was used to calculate protein

concentration. Western blot analysis was performed as described previously (Cook et al.,

2009). Denatured protein (5ug) in sample buffer was resolved on an 8% polyacrylamide gel

and transferred to PVDF membrane. Primary antibody dilutions incubated at 4°C overnight

included anti-TYR 1:2500 (monoclonal T311, Merck Millipore) and anti-TYRP1 1:2500

(B8G3) (gift from Professor Peter Parsons, QIMR). Protein loading was determined using

anti-GAPDH 1:10000 (Bio-Scientific). Secondary antibodies, anti-mouse 1:10000 (Life

Technologies) and anti-rabbit 1:7500 (Merck Millipore Vic, Australia), were incubated for

1hr at room temperature. Membranes were visualised using Immobilon western

chemiluminescent HRP substrate. Protein expression levels, normalised to GAPDH, were

quantified using ImageJ software.

Neonatal foreskin tissue was processed as previously described (Pellegrini et al., 2013;

Roberts et al., 2006). Following incubation with Dispase II the epidermal sheets were

removed and washed twice in PBS. The samples were centrifuged at 12000g for 5min at

4°C. Sample pellets were resuspended in ice cold 0.1M phosphate buffer (pH 6.8)/1% Triton

X-100 and Roche complete protease inhibitor cocktail and incubated with agitation at 4°C

overnight. The samples were then sheared through a series of 18G to 27G needles and

centrifuged at 12,000g for 5min at 4°C. BCA assay was used to calculate protein

concentration, with 10ug used for gel electrophoresis. TYR activity was also measured in

duplicate in these samples as described below, except 50ul of sample was combined with

50ul L-DOPA (3mg/ml in 0.1M phosphate buffer, pH 6.8). Where appropriate statistical

significance was determined by one way ANOVA followed by Dunnet’s post hoc or by

unpaired t-test using Prism v5 (Graphpad software Inc.).

TYR enzyme activity and glycosylation analysis

TYR enzyme activity was assayed using 0.1M phosphate buffer (pH6.8)/1% Triton X-100

total protein lysates prepared as previously described (Newton et al., 2007). DOPA oxidase

activity was determined by measuring the OD490/min/mg protein to give a rate of L-DOPA

oxidation using 75ul lysate aliquots combined with 75ul L-DOPA (3mg/ml in 0.1M

phosphate buffer, pH 6.8), performed in triplicate at 37°C over a 2hr time period.

Melanocyte strains were split and cultured in T75 flasks in separate incubators at 37°C or

31°C for a 24hr time period. Cell lysates were prepared using 0.1M phosphate buffer (pH

6.8)/1% Triton X-100 and enzyme digests were performed as previously described (Newton

et al., 2007). Lysates (10ug) were digested with either 500U of Endoglycosidase H or

PNGaseF in accordance with the conditions specified by the manufacturer, or left untreated

in reaction buffer. Sample buffer (5x) was added before analysing by western blot as

described.
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Immunofluorescent imaging and Melanin Assays

Predifferentiated melanocyte strains were split and grown on coverslips in 12 well plates in

separate incubators at 37°C or 31°C for a 24hr time period before fixation in 4% PFA. Cells

were washed in PBS then permeablized in 0.1% Triton X-100 for 4min. Indirect

immunofluorescence microscopy was then performed as previously described (Beaumont et

al., 2011) with anti-TYR 1:700 (T311), anti-TYRP1 1:50 B8G3, and anti-calnexin 1:500.

Secondary antibodies were Alexa Fluor 488 donkey anti-rabbit 1:200 and Alexa Fluor 594

donkey anti-mouse 1:200.

Melanin assays were performed on extracts of cells washed in PBS, and then lysed by

addition of 1N NaOH followed by collection with a cell scraper. The lysates were heated to

60°C for 30min, and duplicate or triplicate 50uL aliquots made in individual wells of a 96

well plate. Absorbance was read at 405nm and compared to a standard curve generated from

serial dilution of synthetic melanin dissolved in 1N NaOH (Cook et al., 2009).

Analysis of pigmentation characteristics in adolescent twin families and melanoma cases

The association between TYR genotype and pigmentation was examined using data from

two ongoing genetic epidemiological longitudinal studies (Duffy et al., 2010; Sturm et al.,

2008). The Brisbane Twin Nevus Study commenced in 1988, and follows the development

of acquired common nevi and other melanoma risk phenotypes in adolescent twins and their

siblings from the age of 12 years, up to age 33 in some individuals. Twin and sibling nevus

count, freckling, eye hair and skin colour are assessed by a nurse examiner. Skin reflectance

at 650nM was measured on sun-exposed and non-exposed sites on the arm. Colouring of

parents is measured by self-report questionnaire. The BTNS provided 3836 adolescent

twins, their siblings and parents (1155 nuclear families) where the two key variants had been

genotyped and phenotypes such as self-reported skin hair and eye colour were available. The

Queensland Familial Melanoma Project (QFMP) is a stratified sample of all melanoma cases

reported to the Queensland Cancer Registry 1982-1990, along with their first-degree

relatives. Pigmentation phenotypes have been recorded at multiple time points by self-

completed questionnaire and by telephone interview. This study provided 1211 melanoma

cases with complete genotype and phenotype information. In both studies hair colour

(current or recalled as at age 20) was recorded on a five point scale (“fair”, “light brown”,

“red”, “dark brown”, “black”), eye colour on a three point scale (“blue or grey”, “green or

hazel”, “brown or black”), skin colour on a three point scale (“light”, “medium”, “dark”).

The sample is overwhelmingly (>95%) of northern European origin (mainly Anglo-Celtic).

Standard statistical analyses have been carried out in the R statistical package. Maximum

likelihood based haplotype association analysis was performed using the MENDEL program

version 12 (Lange et al., 2001; Lange et al., 2005) which can efficiently take advantage of

our familial data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

The contribution to normal variation in human pigmentation of two common TYR

polymorphisms, S192Y and R402Q, found in populations of European origin has been

investigated. A linear progression series from highest for WT/WT to lowest penetrance

for homozygous 192Y-402Q/192Y-402Q genotypes, correlated well with darker skin,

hair and eye colour, lower skin reflectance and nevi counts. TYR genotype is likely to be

a significant modifier of other pigmentation gene polymorphisms in predictive models of

human skin, hair and eye colour. A rare double variant haplotype may explain the

contribution of the 402Q polymorphism to hypopigmented phenotypes.
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Figure 1. Endogenous protein expression and activity of TYR in primary melanocytes of defined
genotype
(A) WT (lanes 1-4) and 192S/Y (lanes 5-9). Numbers represent normalised ratio of protein

expression (lane 1 set to 1) for TYR. A graph of this ratio between genotypes WT (n=4) and

192S/Y (n=5) determined a difference with a significance of **P<0.003. (B) WT (lanes 1-4)

and 402R/Q (lanes 5-9). Numbers represent normalised ratio of protein expression (lane 1

set to 1) for TYR. A graph of this ratio between genotypes WT (n=4) and 402R/Q (n=5)

determined a difference with a significance of *P<0.021. (C) WT (lanes 1-4) and 192Y/Y

(lanes 5-8). Numbers represent normalised ratio of protein expression (lane 1 set to 1) for

TYR. A graph of this ratio between genotypes WT (n=4) and 192Y/Y (n=4) determined a

difference but with no significance. (D) WT (lanes 1-4) and 402Q/Q (lanes 5-9). Numbers

represent normalised ratio of protein expression (lane 1 set to 1) for TYR. A graph of this

ratio between genotypes WT (n=4) and 402Q/Q (n=5) determined a difference with a

significance of ***P<0.0014. (E) Endogenous protein expression of TYR in foreskin tissue

samples (lanes 1-6). Numbers represent normalised ratio of protein expression (lane 1 set to

1) for TYR. GAPDH was used to determine protein loading. (F) The rate of L-DOPA

oxidation in extracted cell lysates of primary melanocytes, WT (n=4), 192S/Y (n=5),

402R/Q (n=5), 192Y/Y (n=4), 402Q/Q (n=5) was determined over a 2hr time course at

30min intervals. Values indicate mean + SEM (n=4-5) of 4-5 different melanocyte strains of

each genotype normalised to total soluble protein.
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Figure 2. Temperature sensitive recovery of TYR activity in melanocyte strains
(A) Endogenous protein expression of TYR and TYRP1 in genotyped primary melanocytes,

WT (n=3) and 402Q/Q (n=3) incubated at 37°C and 31°C for a 24hr time period. Numbers

represent normalised ratio of protein expression for TYR (37°C sample for each melanocyte

strain set to 1) (lane 1,3,6,7,9,11 set to 1). A graph of this ratio represents a fold difference

of TYR temperature sensitive protein expression between 37°C and 31°C in WT (n=3) and

402Q/Q (n=3) genotypes. Values indicate mean + SEM (n=3) of 3 different melanocyte

strains of each genotype. GAPDH was used to determine protein loading. (B) Protein cell

lysates of genotyped primary melanocytes, WT (n=3) and 402Q/Q (n=3) were untreated (U)

or digested with the glycosidase EndoH (E) or PNGaseF (P). Samples were immunoblotted

and probed with anti-TYR antibody to determine the extent of digestion. (C) The rate of L-

DOPA oxidation in extracted cell lysates of primary melanocytes, WT (n=3) and 402Q/Q

(n=3) at 37°C and 31°C was determined over a 2hr time course at 30min intervals. Values

indicate mean + SEM (n=3) of 3 different melanocyte strains of each genotype normalised

to total soluble protein.
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Figure 3. Localization of TYR in 402Q/Q melanocytic cells is temperature dependent
The images show immunofluorescent staining of WT (QF 1459) and homozygous variant

402Q/Q (QF 1510) melanocyte strains grown on coverslips at 37°C (A and C) or shifted to

31°C for 24h (B). In panels A and B, cells grown at indicated temperature were fixed and

stained with mouse TYR-Alexa-594 (red) and rabbit calnexin-Alexa-488 (green). In panel

C, cells grown at 37°C were fixed and stained with mouse TYRP1-Alexa-594 (red) and

rabbit calnexin-Alexa-488 (green). Left to right with the antibody indicated in the upper

right: TYR or TYRP1 (red), calnexin (green) and an overlay of the coloured images also

including DAPI (blue). Yellow indicates colocalization between TYR/TYRP1 and calnexin.

Scale bars in white represent 50μm.
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