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Abstract

BACKGROUND—Generalized vitiligo is an autoimmune disease characterized by melanocyte
loss, which results in patchy depigmentation of skin and hair, and is associated with an elevated risk
of other autoimmune diseases.

METHODS—To identify generalized vitiligo susceptibility loci, we conducted a genomewide
association study. We genotyped 579,146 single-nucleotide polymorphisms (SNPs) in 1514 patients
with generalized vitiligo who were of European-derived white (CEU) ancestry and compared the
genotypes with publicly available control genotypes from 2813 CEU persons. We then tested 50
SNPs in two replication sets, one comprising 677 independent CEU patients and 1106 CEU controls
and the other comprising 183 CEU simplex trios with generalized vitiligo and 332 CEU multiplex
families.

RESULTS—We detected significant associations between generalized vitiligo and SNPs at several
loci previously associated with other autoimmune diseases. These included genes encoding major-
histocompatibility-complex class I molecules (P = 9.05x10723) and class 11 molecules (P =

4.50x10734), PTPN22 (P = 1.31x1077), LPP (P = 1.01x10711), IL2RA (P = 2.78x1079), UBASH3A
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(P=1.26x1079), and C1QTNF6 (P =2.21x1016). We also detected associations between generalized
vitiligo and SNPs in two additional immune-related loci, RERE (P = 7.07x1071%) and GZMB (P =
3.44x1078), and in a locus containing TYR (P = 1.60x10718), encoding tyrosinase.

CONCLUSIONS—We observed associations between generalized vitiligo and markers implicating
multiple genes, some associated with other autoimmune diseases and one (TYR) that may mediate
target-cell specificity and indicate a mutually exclusive relationship between susceptibility to vitiligo
and susceptibility to melanoma.

Generavizeo vimiico 1s a oisease v Which patchy depigmentation of skin and hair results from
autoimmune loss of melanocytes.1:2 It is a complex disorder involving multiple susceptibility
genes and unknown environmental triggers. Genetic linkage and candidate-gene association
studies have implicated several potentially contributory loci, though few have been consistently
supported by the data.3 Patients with generalized vitiligo have elevated frequencies of other
autoimmune diseases, including autoimmune thyroid disease, rheumatoid arthritis, psoriasis,
adult-onset type 1 diabetes, pernicious anemia, systemic lupus erythematosus, and Addison's
disease,? suggesting that these diseases involve shared genetic components. To identify
susceptibility loci for generalized vitiligo, we performed a genome-wide association study of
patients with the disease who were of European-derived white (abbreviated as CEU) ancestry.

STUDY SUBJECTS

The initial, genomewide association study included 1514 CEU patients from North America
and the United Kingdom (see Table 1 in the Supplementary Appendix, available with the full
text of this article at NEJM.org). All patients met strict clinical criteria for the diagnosis of
generalized vitiligo.> The single-nucleotide polymorphism (SNP) genotypes of the patients
were compared with those of 2813 CEU controls (from data sets obtained from the National
Institutes of Health Genotype and Phenotype database [dbGaP]). We also carried out analyses
of two independent CEU replication sets: replication set 1 included 677 unrelated patients with
generalized vitiligo and 1106 controls, and replication set 2 was a family-based cohort of 183
simplex trios and 332 multiplex families. We obtained written informed consent from all the
study participants, and the study was approved by the institutional review board at each
participating center. Additional protocol details are provided in the Supplementary Appendix.

GENOTYPING AND QUALITY CONTROL

DNA purification, genotyping, and quality-control procedures are described in the
Supplementary Appendix. In the genomewide association study, we determined the genotypes
of patients with vitiligo for approximately 610,000 markers by using the Illumina 610-Quad
BeadChip. All mitochondrial markers and Y-chromosome markers were excluded, leaving
579,146 SNPs that were present in both patients and controls in the genomewide association
data set. Genotype data were then subjected to extensive quality-control filtering. In the two
replication studies, genotyping of the SNPs that showed genomewide significance
(P<5x1078) or near significance in the genomewide association study was performed with the
use of the Sequenom MassArray iPLEX genotyping system. We also imputed genotypes for
rs12206499, which is related to major-histocompatibility-complex (MHC) class | molecules
and for technical reasons could not be genotyped, and genotyped several SNPs in the NLRP1
(NLR family, pyrin domain—containing 1 gene) region, which was previously shown to be
associated with vitiligo (see the Supplementary Appendix).
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STATISTICAL ANALYSIS

After quality-control filtering of the SNPs (see the Supplementary Appendix), exclusion of
genetic outliers, and exclusion of data from subjects who could not be matched to an appropriate
control or patient,® a total of 520,460 SNPs in 1392 patients and 2629 controls remained. We
compared allele frequencies of these SNPs between the patients and controls by using the
unadjusted Cochran—Armitage trend test’ as well as an eigenvector-adjusted Cochran—
Armitage trend test.8 Both yielded a genomic inflation factor of 1.048, indicating minimal
residual population stratification; we corrected the test statistics accordingly.® After quality-
control filtering of data obtained from the replication sets, for replication set 1 we compared
the allele frequencies for the 48 genotyped SNPs, as well as the imputed SNP rs12206499, in
647 patients and 1056 controls by using the unadjusted Cochran—Armitage trend test.” In
replication set 2, we tested for an association with generalized vitiligo by using the family-
based association test,10 version 1.5.5 (see the Supplementary Appendix). In the replication
and combined analyses, P values of less than 0.05 were considered to indicate statistical
significance (as opposed to the P<5x1078 criterion in the genomewide association analysis).

RESULTS

GENOMEWIDE ASSOCIATION ANALYSIS

We compared the frequencies of alleles of 520,460 autosomal and X-chromosomal SNPs in
1392 unrelated patients with generalized vitiligo and in 2629 controls. The quantile—quantile
plot of the negative logarithms of genomewide P values (excluding 3411 SNPs in the MHC)
largely fit the null distribution (predicting no significant difference in P values between the
two groups) (Fig. 1), except at the “tail,” where the observed P values were smaller than those
expected under the null hypothesis. The most significant results after all corrections, including
correction for a genomic inflation factor of 1.048,° are shown in Table 1. Eight chromosomal
regions contained SNPs associated with generalized vitiligo at the genomewide significance
level (P<5x1078).11 Summary statistical results and genotype data can be obtained from dbGaP
(accession number, phs000224.v1.pl).

MHC Loci—The most strongly associated SNPs were distributed across the MHC on
chromosome 6p21.3 (Fig. 1), with 124 MHC SNPs exceeding the threshold for genomewide
significance (P<5x1078) and 689 MHC SNPs ranked among the 2000 SNPs with the highest
genomewide significance. We found two major MHC association peaks (Fig. 2). One peak was
in the class | gene region, between HLA-A (encoding the MHC class I,HLA-A molecule) and
HCG9 (encoding the HLA complex group 9), characterized by three SNPs: rs12206499 (P =
1.24x10719 for the association with generalized vitiligo; odds ratio for the presence of the risk
allele in patients vs. controls, 1.58), rs3823355 (P = 2.13x10719; odds ratio, 1.57), and
rs6904029 (P = 7.89x10719; odds ratio, 1.56). The second peak was in the class 11 gene region,
between HLA-DRB1 (the MHC class I, DR beta 1 gene) and HLA-DQA1 (the MHC class II,
DQ alpha 1 gene), characterized by rs532098 (P = 4.83x1073%; odds ratio, 1.74) and rs3806156
(P =4.97x10718; odds ratio, 1.53). The highest odds ratio in the genomewide association study
was 2.48, for rs7758128 (P = 7.21x10~19). A third, lower peak was located at the proximal end
of the MHC class | gene region (Fig. 2A).

SNPs in the two major association peaks, one in the MHC class I region and one in the MHC
class Il region, corresponded with different linkage-disequilibrium blocks (Fig. 2, and Table
2 in the Supplementary Appendix). To determine whether these two peaks represent
independent associations with generalized vitiligo, rather than secondary associations due to
long-range linkage disequilibrium across the MHC, we applied logistic-regression analysis!?
to the 22 MHC-region SNPs that showed the strongest association with generalized vitiligo in
the genomewide association study (Table 3 in the Supplementary Appendix). We observed
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that the major peak in the MHC class I region, represented by SNP rs12206499, and the major
peak in the MHC class Il region, represented by rs532098, constitute independent association
signals, with no apparent epistasis between them (P = 0.38), indicating that susceptibility to
vitiligo that is attributable to the MHC involves more than one locus.

We analyzed data for 180 participants from 27 CEU Centre d'Etude du Polymorphisme Humain
(CEPH) reference families for whom class | and class Il HLA genotypes, as well as SNP
genotypes,13:14 were available and for 203 participants from 78 families with generalized
vitiligo for whom class Il HLA and SNP genotypes were available.1> We found strong linkage
disequilibrium between the risk allele (G) at rs12206499 and HLA-A*02 (r2 = 0.964 and
linkage-disequilibrium coefficient [D’] = 1.0 in the CEPH reference families) and moderate
linkage disequilibrium between the risk allele (T) at rs532098 and HLADRB1*04 (2 = 0.43
and D’ = 1.0 in the CEPH reference families; r2 = 0.19 and D’ = 0.83 in the families with
generalized vitiligo). These findings were consistent with previous reports of an association of
generalized vitiligo with both the HLA-A*02 allele!® and the HLA-DRB1*04 allele.1®

Non-MHC Loci—Outside the MHC region, SNPs in seven different chromosomal regions
showed a significant association with generalized vitiligo (Table 1 and Fig. 1 in the
Supplementary Appendix). Five of these regions contain genes previously shown to be
associated with other autoimmune diseases; for each region, the same high-risk SNP alleles
associated with vitiligo were also associated with other autoimmune diseases.

We found an association between generalized vitiligo and SNP rs2476601 (P = 9.82x1079;
odds ratio for the presence of the risk allele in patients vs. controls, 1.54), on chromosome
1p13.2. This SNP is located in PTPN22, which encodes the lymphoid-specific protein tyrosine
phosphatase, nonreceptor type 22, involved in T-cell-receptor signaling. The implicated
variant is associated with many autoimmune diseases, including generalized vitiligo, and
specifies an amino acid substitution, R620W, thought to have a direct effect on autoimmune
susceptibility (rather than a benign effect through linkage disequilibrium with the “causal”
SNP).17

We also found an association between generalized vitiligo and 11 SNPs on chromosome 3¢28.
These SNPs span the LPP gene region (including the LPP gene, encoding the LIM domain—
containing preferred translocation partner in lipoma). Of the 11 SNPs, rs1464510 (P =
6.45x1079; odds ratio, 1.32) and rs13076312 (P = 3.96x1078; odds ratio, 1.30) showed
genomewide significance. We observed tight linkage disequilibrium among most of the 11
SNPs; no haplotype was more strongly associated with disease than any component SNP. SNPs
in the LPP gene region have also been associated with celiac disease and rheumatoid
arthritis!® the function of the LPP protein is unknown.

Generalized vitiligo was also associated with 25 SNPs in the region of IL2RA (encoding the
interleukin-2—receptor alpha chain) on chromosome 10p15.1, 8 of which showed genomewide
significance. Of these, rs706779 (P = 1.14x109; odds ratio, 1.35) and rs7090530 (P =
1.54x1079; odds ratio, 1.35) had the strongest association. Variants of IL2RA have been shown
to be associated with type 1 diabetes,1® Graves' disease,2? multiple sclerosis,?! rheumatoid
arthritis,22 and systemic lupus erythematosus.23 Elevated serum interleukin-2-receptor levels,
which indicate T-cell activation,24 occur in many autoimmune diseases, including generalized
vitiligo.2

There was also an association between generalized vitiligo and nine SNPs in the region
spanning UBASH3A (the ubiquitin-associated and SH3 domain—containing A gene) on
chromosome 21q22.3; of these, rs2839511 showed genomewide significance (P =
1.17x1078; odds ratio, 1.36). UBASH3A encodes a regulator of T-cell-receptor signaling and
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is associated with type 1 diabetes.26 Also associated with type 1 diabetes?’.28 (as well as
rheumatoid arthritis2®) are variants of CLQTNF6 (the C1q and tumor necrosis factor—related
protein 6 gene), located on chromosome 22g13.1. The SNP rs229527 at this locus showed an
association with generalized vitiligo (P = 4.36x1079; odds ratio, 1.33).

Inaddition, we observed an association between generalized vitiligo and two non-MHC regions
that have not previously been reported to be associated with autoimmune disease. The first was
the RERE gene region (encoding the arginine—glutamic acid dipeptide [RE] repeats protein,
also known as atrophin-like protein 1) on chromosome 1p36.23, in which 40 SNPs were
identified as having an association, 1 of which showed genome-wide significance (rs301819;
P =8.85x1079; odds ratio, 1.32). The most strongly associated SNPs in the RERE region were
in tight linkage disequilibrium; no haplotype showed a significantly stronger association than
any component SNP. The RERE protein is a transcriptional corepressor3 that is highly
expressed in lymphoid cells and is thought to regulate apoptosis.3!

Perhaps the most interesting association that we found was between generalized vitiligo and a
locus on chromosome 11g14.3, consisting of 37 SNPs spanning the TYR gene region. The
major allele of each SNP was associated with vitiligo. Three of these SNPs showed
genomewide significance; the strongest associations were with rs1847134 (P = 2.01x10~10;
odds ratio, 1.42) and rs1393350 (P=3.24x10713; odds ratio, 1.54). Haplotype analysis revealed
a strong association with a block of six SNPs in tight linkage disequilibrium — rs1018528,
rs10765198, rs1847134, rs1393350, rs1126809, and rs1806319 — although no haplotype had
a significantly stronger association with generalized vitiligo than any component SNP. TYR
encodes tyrosinase, a melanosomal enzyme that catalyzes the rate-limiting steps of melanin
biosynthesis32 and constitutes a major autoantigen in generalized vitiligo.1:2

Finally, we detected a suggestive association signal at chromosome 14q12, involving 11 SNPs
spanning the GZMB (the granzyme B gene) region, particularly intragenic SNPs rs8192917
(P=5.54x 1075; odds ratio, 1.28) and rs2273844 (P=9.24x 1075; odds ratio, 1.28). Granzyme
B is a caspaselike serine protease that mediates two processes: immune-induced target-cell
apoptosis mediated by cytotoxic T cells and natural killer cells33 and activation-induced cell
death of effector type 2 helper T cells, which terminates the immune response.34

Independent Replication and Combined Analyses

We aimed to replicate the results of the genomewide association analysis in two replication
sets of independently collected samples from CEU patients and controls (replication set 1) and
CEU simplex trios and multiplex families (replication set 2) (Table 1 in the Supplementary
Appendix). Specifically, we tested 50 SNPs in nine chromosomal regions that had the strongest
associations with generalized vitiligo, as detected in the genomewide association analysis
(Table 1). In one or both replication sets, the results for most of these SNPs, and all the
corresponding genomic regions tested, replicated the associations observed in the genomewide
association analysis. Furthermore, a combined meta-analysis of all three study sets (by means
of a Cochran—Mantel-Haenszel test) provided strong evidence of an association of all of these
loci with generalized vitiligo (Table 1).

In the MHC region, both replication analyses and the combined analyses supported strong
association in both the distal class I region (rs3823355; in the combined analysis, P=9.05x
10723; odds ratio, 1.50) and the HLA-DRB1-DQA1 class |1 region (rs532098; in the combined
analysis, P=4.50x1034; odds ratio, 1.62). SNPs in the proximal class | region were not tested
in the replication studies.

Outside the MHC, associations in the LPP region of chromosome 3¢28, the GZMB region of
chromosome 14q12, the UBASH3A region of chromosome 21¢g22.3, and the CLQTNF6 region

N Engl J Med. Author manuscript; available in PMC 2010 November 6.
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of chromosome 22g13.1 were observed in both replication sets; the combined analysis likewise
provided strong support for the associations (for LPP rs1464510, P=1.01x10711; odds ratio,
1.31; for GZMB rs8192917, P=3.44x10"8; odds ratio, 1.28; for UBASH3A rs11203203,
P=1.26x10"°; odds ratio 1.27; and for CLQTNF6 rs229527, P=2.21x1016; odds ratio, 1.38).
For PTPN22 on chromosome 1p13.2 and the IL2RA region of chromosome 10p15.1,
associations were replicated in the family-based set (replication set 2) but not in the case—
control set (replication set 1). Conversely, in the RERE region of chromosome 1p36.23 and
the TYR region of chromosome 11q14.3, associations were replicated in the case—control set
but not in the family-based set (Table 1). Nevertheless, for all these loci, the combined analysis
provided strong support for an overall association (RERE rs4908760, P=7.07x10~15; odds
ratio, 1.36; PTPN22 rs2476601, P=1.31x10"7; odds ratio, 1.39; IL2RA rs706779,
P=2.78x10"9; odds ratio, 1.27; and TYR rs1393350, P=1.60x10718; odds ratio, 1.53).

Thus, the replication studies showed consistent support for an association of generalized
vitiligo with SNPs within or near LPP, the HLA class | and HLA class Il genes, GZMB,
UBASH3A, and C1QTNF6 and less consistent, although significant, support for an association
with SNPs within or near RERE, PTPN22, IL2RA, and TYR.

Tyrosinase is naturally presented by HLAA*0201 and is recognized by autologous cytotoxic
T lymphocytes on HLA-A2—positive melanomas, which tend to show good response to
immunotherapy. Presentation of TYR peptide by HLA-A*0201 may also mediate the loss of
partial self-tolerance to tyrosinase.3®> We therefore tested epistasis between HLA-A SNP
rs12206499 and TYR SNP rs1393350 with logistic regression analysis, using SNP genotypes
from the genomewide association study and replication set 1, thereby detecting evidence of
significant epistasis between HLA-A and TYR (P=0.03).

DISCUSSION

We identified 10 independent susceptibility loci for generalized vitiligo. In general, these
associations were observed in both the subgroup of patients with vitiligo only and the subgroup
with vitiligo and concomitant autoimmune diseases (Table 4 in the Supplementary Appendix).
PTPN22 (rs2476601) was the exception; the risk allele was significantly more prevalent among
patients with generalized vitiligo and other autoimmune diseases. In the MHC region, we
detected two major association signals, one in the class | gene region, between HLA-A and
HCG?9, and the other in the class 11 gene region, between HLA-DRB1 and HLA-DQAL (Fig. 2).
This finding is consistent with previous reports of an association of vitiligo with the HLA-
A*02 allele’® and the HLA-DRB1*04 allele.1® Indeed, the near-perfect linkage disequilibrium
between HLA-A*02 and the risk variant at rs12206499 suggests that HLA-A*02 may be the
etiologic variant at this locus that confers susceptibility to vitiligo.

Outside the MHC, we identified signals of an association with generalized vitiligo within or
near the RERE, PTPN22, LPP, IL2RA, TYR, GZMB, UBASH3A, and C1QTNF6 genes.
PTPN22, LPP, IL2RA, UBASH3A, and CLQTNF6 are also associated with genetic
susceptibility to other autoimmune diseases, several of which are epidemiologically associated
with generalized vitiligo. These findings support the long-standing hypothesis that generalized
vitiligo involves genetic susceptibility loci shared with other autoimmune diseases.3 Most of
these genes encode immune-system proteins involved in biologic pathways that probably
influence the development of autoimmunity.

In contrast, TYR encodes tyrosinase, which is not a component of the immune system. Rather,
itis an enzyme of the melanocyte that catalyzes the rate-limiting steps of melanin biosynthesis.
321t is also a major autoantigen in generalized vitiligo.12 Generalized vitiligo is thus

genetically analogous to type 1 diabetes, in which variation in the INS gene, encoding insulin
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(an important autoantigen in diabetes), contributes to disease susceptibility. Vitiligo is
associated with the major alleles of SNPs in the TYR region, particularly rs1393350 (in the
combined analysis, P=1.60x10~18; odds ratio, 1.53) and the nearby nonsynonymous (R402Q)
SNP rs1126809 (Table 5 in the Supplementary Appendix), with which rs1393350 is in tight
linkage disequilibrium (Table 6 in the Supplementary Appendix). The minor alleles of both
these SNPs are associated with susceptibility to malignant melanoma,36:37 suggesting that
susceptibility to TYR-related generalized vitiligo and susceptibility to TYR-related malignant
melanoma are mediated by different or perhaps even inverse biologic mechanisms. The 402Q
variant of the TYR protein (the variant associated with melanoma) is thermosensitive®8 and at
37°C tends to be misfolded, aberrantly glycosylated, retained in the endoplasmic reticulum,
and subject to proteosomal degradation,3? resulting in steady-state 402Q tyrosinase activity
that is only 25% of that of the major 402R polypeptide (which is associated with susceptibility
to generalized vitiligo).38 Correct glycosylation of tyrosinase augments the generation of an
MHC class I-restricted tyrosinase epitope that is presented by HLA-A*0201,40 the
predominant HLA-A*02 allele, and indeed, we detected significant epistasis between HLA-
A SNP rs12206499 and TYR SNP rs1393350 (P=0.03).

Thus, 402R tyrosinase not only is expressed at higher levels than the 402Q variant but also
may be more efficiently presented to the immune system by HLA-A*02. Itis therefore plausible
that the 402R variant makes a greater contribution than the 402Q variant to immune
surveillance against neoplastic melanocytes and susceptibility to vitiligo. On the other hand,
in persons carrying one or two copies of the 402Q variant, immune surveillance may fail to
detect neoplastic melanocytes, owing to the reduced expression, and thus the reduced immune
presentation, of tyrosinase.

Generally, there is limited correspondence between the associations shown in the present study
and genetic linkage and candidate-gene association signals reported previously for generalized
vitiligo,3 though a detailed analysis supported an association with NLRP1 in multiplex families
and specific subgroups of patients (see the Supplementary Appendix). Moreover, none of the
significant associations reported in this study correspond to the principal up-regulated or down-
regulated transcripts identified with the use of gene-expression profiling of melanocytes from
patients with generalized vitiligo.* Although the implicated loci that we have described here
together account for only approximately 7.4% of the total genetic risk for generalized vitiligo,
they provide insights into disease pathogenesis and implicate potential targets for therapeutic
intervention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Genomewide Association Results

The genomewide distribution of —log,q P values from the unadjusted Cochran—-Armitage trend
test is shown across the chromosomes. Values are shown for 520,460 polymorphic SNPs that
were of sufficient quality, after quality-control filtering, in 1392 unrelated CEU patients with
generalized vitiligo and 2629 unrelated CEU controls, after genetic matching® and correction
for the inflation factor of 1.048. The dotted line indicates the genomewide significance
threshold (P<5x1078). The inset shows quantile—quantile plots of the observed versus expected
—logyg P values from the unadjusted Cochran—Armitage trend test. The plot in red shows P
values for all 520,460 SNPs, whereas the plot in blue shows P values for all 520,460 SNPs
excluding the 3417 SNPs located across the extended major histocompatibility complex
(MHC) (on chromosome 6, spanning 26.0 to 33.5 Mb). CLQTNF6 denotes the C1q and tumor
necrosis factor-related protein 6 gene, HLA-A the MHC class |, HLA-A gene, HLA-DRBL1 the
MHC class Il, DR beta 1 gene, IL2RA the interleukin-2—receptor alpha gene, LPP the LIM
domain—containing preferred translocation partner in lipoma gene, PTPN22 the lymphoid-
specific protein tyrosine phosphatase, nonreceptor type 22 gene, RERE the arginine—glutamic
acid dipeptide (RE) repeats gene, TYR the tyrosinase gene, and UBASH3A the ubiquitin-
associated and SH3 domain—containing A gene.
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Figure 2. Detailed Results from the Genomewide Association Study and the Linkage-
Disequilibrium Plot across the Major Histocompatibility Complex (MHC) on Chromosome 6p21.3.
Panel A shows the distribution of —log o P values from the unadjusted Cochran—-Armitage trend
test in the genomewide association analysis, corrected by the genomic inflation factor of 1.048,
for the 3417 SNPs located across the extended MHC region (on chromosome 6, spanning 26.0
to 33.5 Mb). Panel B shows the plot of linkage disequilibrium (r2) for the 22 NPs in the MHC
region that were highly associated with generalized vitiligo and that were included in the
logistic-regression analysis. The plot gives the physical positions of the markers (according to
build 36.1 from the National Center for Biotechnology Information). Darker boxes indicate
stronger linkage disequilibrium (range of possible r2 values, 0.0 to 1.0). BTNL2 denotes the
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butyrophilin-like protein 2 gene, HCG9 the HLA complex group 9 gene, HLA-A the MHC

class I, HLA-A gene, HLA-DQAL the MHC class Il, DQ alpha 1 gene, and HLA-DRBL the
MHC class 11, DR beta 1 gene.
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