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Systemic sclerosis (SSc) is complex autoimmune disease affecting the connective tissue; influenced by gen-
etic and environmental components. Recently, we performed the first successful genome-wide association
study (GWAS) of SSc. Here, we perform a large replication study to better dissect the genetic component
of SSc. We selected 768 polymorphisms from the previous GWAS and genotyped them in seven replication
cohorts from Europe. Overall significance was calculated for replicated significant SNPs by meta-analysis of
the replication cohorts and replication-GWAS cohorts (3237 cases and 6097 controls). Six SNPs in regions
not previously associated with SSc were selected for validation in another five independent cohorts, up to
a total of 5270 SSc patients and 8326 controls. We found evidence for replication and overall genome-wide
significance for one novel SSc genetic risk locus: CSK [P-value = 5.04 x 10~ '2, odds ratio (OR) = 1.20].
Additionally, we found suggestive association in the loci PSD3 (P-value = 3.18 x 10”7, OR = 1.36) and
NFKB1 (P-value = 1.03 x 107%, OR = 1.14). Additionally, we strengthened the evidence for previously con-
firmed associations. This study significantly increases the number of known putative genetic risk factors
for SSc, including the genes CSK, PSD3 and NFKB1, and further confirms six previously described ones.

INTRODUCTION

Systemic sclerosis (scleroderma, SSc) is an autoimmune
disease characterized by vascular damage, altered immune
responses and extensive fibrosis of skin and internal organs
(1), in which common genetic factors play an essential role,
similar to most complex autoimmune diseases (2,3). So far,
only a limited number of genes explaining little of the
genetic variance present have been found in SSc (4,5).

In other autoimmune complex diseases for which extensive
follow-up studies have been performed, such as inflammatory
bowel disease and systemic lupus erythematosus (SLE), ~90
and 35 associated genes, respectively, have been identified
(6,7). Therefore, it is expected that a number of risk factors
for SSc are still to be defined. To date, only two genome-wide
association studies (GWAS) have been published in popula-
tions of European ancestry in SSc (8,9). This calls for
further replication studies and meta-analysis of SSc.

Due to the high rate of type 1 errors inherent to the GWAS
technique, a number of strategies can be followed to discern
truly associated genes from false positives in the tier 2 range
of associations (ranging P-values from 107> to 5 x 10~°),
e.g. biological pathway analysis, meta-GWAS analysis or
genetic interaction analysis. Another approach is to select
the most strongly associated genetic variants from GWAS,
where most true associations are harbored, by just accepting
a small proportion of false negatives left out of the replication
study. In this study, we performed the latter approach.

SSc is a clinically heterogeneous disease with a wide range
of clinical manifestations (3); patients can be classified
according to the severity of skin or organ involvement of the
disease (10), or according to the presence or absence of
several highly disease-specific auto-antibodies which are
almost mutually exclusive in individual patients (1). Each of
these disease phenotypes has proven to have specific genetic
associations (11—17). In order to determine more of the
genetic component of this profoundly disabling disease, such
considerations need to be taken into account when selecting
a battery of genetic variants to further test in other populations.

Considering the above, we followed the strategy of
replication and validation of 768 genetic associations selected
from our previous GWAS of SSc under different criteria in
seven independent cohorts of European ancestry from five

Europeans countries, and subsequently performed a
meta-analysis including a total of 5270 SSc patients and
8326 healthy controls.

RESULTS

After quality filtering the replication stage data, 720 out of the
768 selected SNPs were analyzed. Mantel-Haenszel
meta-analysis was performed for the three replication
cohorts and for those cohorts together with the four GWAS
cohorts. Six SNPs were selected for the validation stage in
five independent cohorts. The overall process followed in
the present study is summarized in Figure 1.

The genotyping success call rate was 99.88 and 97.99% in
the replication and validation stages, respectively. Table 1
shows the statistics for the six SNPs selected for validation,
while Table 2 shows previously described associations with
SSc. Figure 2 shows meta-analysis association results of
GWAS and replication cohorts for all 720 SNPs. Figure 3
shows relative risk for each of the three novel associations
found in this study, for each population analyzed separately
and for the meta-analysis. Detailed analysis and results for
each associated region can be found below.

Novel SSc genetic associations

After the replication stage (genotyping of 768 SNPs selected
from GWAS data), six SNPs were selected for validation
with GWAS and replication combined Mantel—Haenszel
P-value (Pyy) lower than 1 x 1072 (in either the complete
set of patients or its subphenotypes) and located in regions
not previously associated with SSc. The SNPs in NFKBI,
PSD3, ACADS and CSK were selected for their association
with overall SSc, while those in [PO5/FARPI and
ADAMTS17 were selected for their association with the anti-
topoisomerase autoantibody (ATA)-positive subgroup of
patients. Out of the six SNPs, we were able to validate the as-
sociation in one of them at the GWAS level (P <5 x 10~%)
and in another two at a suggestive level of association (5 x
10°8<P<5x%x1079.

The GWAS level association in the meta-analysis of all 11
analyzed cohorts was observed for single nucleotide
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Figure 1. Schematic showing the overall process followed during the present
study, along with the number of SNPs associated and considered in each step.
1cSSc, limited cutaneous scleroderma; dcSSc, diffuse cutaneous scleroderma;
ACA, anti-centromere autoantibody; ATA, anti-topoisomerase autoantibody.

polymorphisms (SNP) rs1378942 located in an intron of the
CSK gene in chromosome 15 [Py value = 5.04 x 10712,
odds ratio (OR) = 1.202 (1.14—1.27)] with SSc (Table 1). Fur-
thermore, we observed a suggestive overall level of associ-
ation in two of the selected SNPs in all GWAS, replication
and validation cohorts. One of them was located in the
PSD3 gene, rs10096702 [Pyy value = 3.18 x 1077, OR =
1.363 (1.21—1.54)], while the other was in the NFKBI gene,
151598859 [Py value = 1.03 x 107°, OR = 1.140 (1.08—
1.20)] (Table 1). Interestingly, we were only able to validate
associations with the overall disease, but none of the subphe-
notype specific ones.

Previously reported SSc genetic associations

Associations with SSc previously reported were found
for STAT4 (rs10168266, Py value = 1.81 x 1077, OR =
1.234), CD247 (rs2056626, Pyy value = 1.14 x 107%,
OR = 0.832), TNFSF4 (rs4916334, Pyy value = 1.00 x
107>, OR=0.861), TNFAIP3 (rs2230926, Py value =
229 x 107° OR =1.463) and TNPO3/IRFS5 (rs4728142,
Py value =4.74 x 107'°, OR =1.216; and rs10488631,
Py value = 1.58 x 10718, OR = 1.513), further confirming
their role in SSc (Table 2). Since several SNPs within both
TNPO3/IRFS5 and IRF'8 genomic regions were selected, a con-
ditional logistic regression analysis was performed to deter-
mine the independent signals of both loci (Table 3). While
these associations found within each previously reported
region spammed across the whole disease, SNP rs11642873
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in IRF8 was significantly associated with 1cSSc (Puvy
value = 2.30 x 10~ °, OR = 0.730) and only marginally with
dcSSc (Py value = 3.77 x 1072, OR = 0.874).

DISCUSSION

Through a large replication study, designed using previously
published GWAS data, we have been able to identify novel
genetic associations with SSc (Table 1), and to provide
further evidence for previously reported associations
(Table 2). In the present study, a genetic variant within the
CSK region, selected for replication because it was associated
with SSc in the US cohort, has been identified as susceptibility
factor for this disease. Furthermore, two other suggestive asso-
ciations have been found in PSD3 and NFKBI genetic var-
iants, which were included in this study because they
reached statistical significance in the FEuropean cohort.
Further investigation will be required to further clarify the po-
tential role of these two signals in SSc genetic predisposition.

CSK (c-src tyrosine kinase) is known to phosphorilate a
tyrosine at the C-terminus of src kinases leading to their inacti-
vation (18,19). In turn, src kinases are involved in fibrosis
through their regulation of FAK (19,20), which is necessary
for transmission of integrin signaling upon adhesion of fibro-
blasts to the extracellular matrix [and thus, their differentiation
into myofibroblasts (21)] and has been involved in experimen-
tal pulmonary fibrosis (20), a major hallmark of SSc. Indeed, it
has been demonstrated that either incubation of fibroblasts
with Csk inhibitors or overexpression of Csk lead to a
decreased expression of COLIAI, COLIA2 and FNI, which
are key components of the fibrotic process (22). Thus, genetics
variants in CSK can be affecting its expression or functionality
in a way that src kinanses are not inhibited, which in turn will
contribute to the fibrosis in SSc. Furthermore, the CSK variant
rs1378938, which is in relatively high linkage disequilibrium
(LD) with the SSc-associated rs1378942 reported here (* =
0.72 in the CEU population of the HapMap project), has
been recently associated with celiac disease (23). Consequent-
ly, it is likely that CSK may represent another common
autoimmunity risk factor. Further studies in related auto-
immune disorders, such as SLE and rheumatoid arthritis
(RA), may be performed to draw firm conclusions about this
hypothesis.

NFKB has been extensively described to participate in and
control the inflammatory process and thus, its role in the de-
velopment of autoinflammatory disorders is widely accepted
(24,25). The gene NFKB1 (nuclear factor of kappa light poly-
peptide gene enhancer in B-cell 1) encodes a 105 kDa protein
which can undergo cotranslational processing by the 26S pro-
teasome to produce a 50 kDa protein. The 105 kDa protein is a
Rel protein-specific transcription inhibitor and the 50 kDa
protein is a DNA-binding subunit of the NFkB protein
complex. SNP rs1598859, located in an intron of NFKBI,
has been identified in this study as a risk genetic factor for
SSc. This variant, or any other in the same haplotypic block,
could be affecting the expression or the function of NFKBI,
altering the inflammatory response, and thus participating in
the development and course of the disease. Indeed, an
ATTG in/del in the promoter of NFKBI has been recently
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Table 1. Novel genetic associations found in this study with SSc

Phenotype  Chr. Gene SNP Base pair” Location ~ Change®  Stage Sample size MAF  P-value® OR‘ CI (95%)  Breslow—Day
Cases  Controls P-value
SSc 4q24  NFKBI rs1598859 103725482  Intron C/T GWAS 2357 5187 0358 3.12x10°° 1.188 1.11-128 0.151
GWAS + Rep 3237 6097 0354 651 x10°° 1.159 1.09-124 0.043
GWAS + Rep + Val 5270 8326 0356 1.03x107° 1.140 1.08-120 0.032
SSc 8p22  PSD3 rs10096702 18642877  Intron A/G GWAS 2357 5187 0.044 1.05x10° 1435 122-1.69 0.001
GWAS + Rep 3237 6097 0.045 862x 1077 1523 132-1.76 0.002
GWAS + Rep + Val 5270 8326 0.045 3.18x 1077 1363 121-154 0.001
SSc 12924  ACADS 1s558275 119681274 Intergenic A/G GWAS 2357 5187 0398 646 x 107°  0.848 0.79-091 0.457
GWAS + Rep 3237 6097 0395 499 x10°° 0863 081-0.92 0234
GWAS + Rep + Val 5270 8326 0392 8.08x 107> 0901 0.86-0.95 0.180
ATA+ 13932  IPO5/FARPI 15586851 97542564  Intergenic C/A GWAS 462 5187 0.103 136x10° 1391 1.14-1.70 0.086
GWAS + Rep 727 6097 0.108 389 x 107° 1454 124-171 0.023
GWAS + Rep + Val 1161 8326 0.112 459 x10° 1311 1.15-1.49 0.013
SSc 15924 CSK 151378942 72 864 420 Intron C/A GWAS 2357 5187 0362 7.19x 1077 1.199  1.12-1.29 0.573
GWAS + Rep 3237 6097 0367 4.42x10°% 1194 1.12-127 0.407
GWAS + Rep + Val 5270 8326 0370 5.04x 107> 1202 1.14-127 0.114
ATA+ 15926  ADAMTS17  1s2289584 98707019  Intergenic T/G GWAS 462 5187 0.175 9.04 x 107> 1.391 1.18-1.64 0.383
GWAS + Rep 727 6097 0.175 607 x 1077 1416 123-1.62 0.457
GWAS + Rep + Val 1161 8326 0.178 5.15x 107> 1257 1.13-1.41 0.099

Chr., chromosome; MAF, minor allele frequency; OR, odds ratio; CI, confidence intervals. GWAS, genome-wide association study; Rep, replication stage (768 SNPs); Val, validation stage (6 SNPs).
All genomic positions are referent to genome build 36.
"Minor allele first.
“Mantel—Haenszel meta-analysis of the cohorts involved in the corresponding stage of the analysis (see Materials and Methods).
9All ORs are for the minor allele.
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Table 2. Previously reported associations with SSc found in this study

Chr. Gene SNP Base pair® Location Change” Sample size MAF P-value® OR¢ CI (95%) Breslow—Day P-value
Cases Controls
1q24 CD247 152056626 165 687 049 Intron G/T 3237 6097 0.396 1.14 x 1078 0.832 0.78-0.89 5.14 x 107!
1925 TNFSF4 rs10798269 171576336 Intergenic A/G 3237 6097 0.336 129 x 10° 0.864 0.81-0.92 778 x 107!
rs4916334 171 600 452 Intergenic G/T 3237 6097 0.334 1.00 x 10-5 0.861 0.81-0.92 8.18 x 107!
2q32 STAT4 rs10168266° 191 644 049 Intron T/C 2372 4395 0.214 1.81 x 1077 1.234 1.14-1.34 111 x 107!
6q23 TNFAIP3 12230926 138237759 Exon G/T 3237 6097 0.036 229 % 10°¢ 1.463 1.25-1.71 480 x 102
7q32 TNPO3/IRF5 rs4728142 128361203 Intergenic A/G 3237 6097 0.463 474 x 10710 1.216 1.14-1.29 9.12 x 1072
rs7808907 128371320 Intron T/C 3237 6097 0.483 1.47 x 1077 0.848 0.80-0.90 235 %1072
rs10488631 128381419 Intergenic C/T 3237 6097 0.116 1.58 x 10718 1.513 1.38-1.66 6.94 x 107!
rs12531711 128 404 702 Intergenic G/A 3237 6097 0.115 331 x 107" 1.527 1.39-1.68 7.11 x 107!
rs12537284 128 505 142 Intergenic A/G 3237 6097 0.141 1.85x 1077 1.301 1.19-1.42 8.77 x 107!
1rs2084654 128516 364 Intergenic G/A 3237 6097 0.339 1.64 x 10°¢ 1.171 1.10-1.25 258 x 107!
16q24 IRF8 rs11117425 84529772 Intergenic T/C 3237 6097 0.296 143 x10°° 0.845 0.79-0.91 1.96 x 107!
rs11644034 84530113 Intergenic A/G 3237 6097 0.196 8.89 x 10°° 0.804 0.74-0.87 4.03 x 107!
rs12711490 84530529 Intergenic C/T 3237 6097 0.196 6.43 x 10°° 0.802 0.74-0.87 3.56 x 107!
157202472 84535003 Intergenic T/G 3237 6097 0.182 1.58 x 1077 0.802 0.74-0.87 3.65 x 107!
rs11642873f 84549 206 Intergenic C/A 3237 6097 0.176 230 x 10°° 0.730 0.72—-0.86 8.28 x 107!

Chr., chromosome; MAF, minor allele frequency; OR, odds ratio; CI, confidence intervals.

All genomic positions are referent to genome build 36.

"Minor allele first.

“Mantel—Haenszel meta-analysis of GWAS and GoldenGate cohorts.

4AIl ORs are for the minor allele.

°TAT4 SNP rs10168266 was not genotyped in the European GWAS cohorts, nor could its genotype could be imputed.

TRF8 SNP 1511642873 association was confined to IcSSc and these are the statistical shown in the table rather than global SSc as in the rest of the SNPs.
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found in this study, in either the meta-analysis of all cohorts and each popu-
lation separately.

associated with SLE in Asian population (26). These results
are nonetheless controversial, since a previous report found
no association between this very same in/del and the risk of
developing RA or SLE (27). In both the studies, the statistical
power was rather limited with cohorts of around 300 patients,
hence further fine-mapping studies in the NFKBI region with
larger study cohorts will be needed to elucidate the role of
NFKBI genetic variants in autoimmunity in general and SSc
specifically.

The PSD3 gene encodes a protein of unknown function,
which has a pleckstrin domain and a Sec7 domain. The pleck-
strin domain is found in a wide range of proteins, and is
capable of binding phosphatidylinositol, G proteins and
protein kinase C, thus acting as a scaffold protein in signal
transduction pathways, while the Sec7 domain is a guanine nu-
cleotide exchange factor, which is a component of intracellular
signaling networks. Further research will be needed to deter-
mine the role of PSD3, but these data point to a role in the
immune system and the pathogenesis of SSc.

Previously described associations in CD247 (8), STAT4
(15,28), TNFAIP3 (29), IRFS (30), TNFSF4 (31,32) and
TNPO3/IRF5 (33,34) have been firmly replicated in the
present study, confirming their role in the pathogenesis of SSc.

Human Molecular Genetics, 2012 7

Dieude et al. (29) found the SNP rs5029939 in TNFAIP3 asso-
ciated with SSc, which showed stronger association in the deSSc
and ATA+ subgroups of the disease, although the association
remained significant in the opposing 1cSSc and ACA+ sub-
groups. In the present study, rs2230926 (in total LD with
rs5029939 in the HapMap CEU population) has shown
GWAS level association with the global SSc, and no sign of het-
erogeneity in the SSc subgroups was detected (Table 2). Taking
both studies together, the association of TNFAIP3 is most likely
due to an effect on SSc susceptibility overall rather than any of
its sub-phenotypes. The previously reported fluctuating level of
significance is probably due to different population composition
and cohort size (1656 cases and 1311 controls in the study by
Dieude et al. (29) and 3237 cases and 6097 controls in the
present study). SNP rs2230926 is located in exon 3 of
TNFAIP3, and encodes for a phenylalanine to cysteine change
atresidue 127 which has been demonstrated to alter the function
of the protein, which makes it a functionally associated genetic
variant with SLE (35).

Association in the TNPO3/IRF5 region has been detected
previously in SSc (8,33,34) and SLE (36,37). The three inde-
pendently associated polymorphisms have been detected in
SLE: an in/del in exon 6 which change the expression level
of IRF5 (tagged by rs10488631 in our study), a variant in
exon 1B which affects splicing of this exon (not tagged in
our study) and a variant which disrupts a polyA signal site
(tagged by rs4728142 in our study). Our findings in the
present study are consistent with associations found in SLE.
We detect two of the three independent variants (Table 3):
the in/del and the polyA signal, yet the variant in exon 1B
was not captured in this study. This observation adds more
evidence for a similar genetic component of SSc and SLE.
Nevertheless, further research will be needed in order to deter-
mine whether the variant in exon 1B, affecting splicing of the
gene, also has a major role in SSc.

IRF'8 has been recently described as a risk factor for 1cSSc
(30) and has also been associated with the risk of multiple
sclerosis (38). Of all the SNPs selected for replication in the
present study, only rs11642873 remained independently sig-
nificant (Table 3), and its association was found, as in the pre-
vious study, exclusively confined to 1cSSc. Further
fine-mapping and functional studies are necessary in order to
determine the role of genetic variants in /RF§ in the pathogen-
esis of SSc and autoimmunity.

In summary, by the analysis of 720 genetic variants,
selected from GWAS data’s ‘grey zone’ of association, we de-
scribe three new genetic risk factors for SSc (CSK, PSD3 and
NFKBI) and confirm five previously reported associations
(CD247, STAT4, TNFAIP3, TNPO3/IRF5, TNFSF4 and
IRF8). Also in the case of TNPO3/IRF5, we clarify the
nature of the association with SSc which is similar to that
found in SLE, thus highlighting the similarities of the
genetic component for both diseases.

MATERIALS AND METHODS
Populations

The four populations used in the previous SSc GWAS have
been previously described (8). Replication and validation
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Table 3. Conditional analysis in the TNPO3/IRF5 and IRF8 genetic regions

Gene Chr. SNP Base pair® Location  Change® MAF Pyy OR*¢ CI (95%) Breslow—Day Conditioned P-value
P-value

TNPO3/IRF5 7q32 r1s4728142 128361203 Intergenic A/G 0463 4.74E—10 1216 1.14-129 9.12E —02 9.86 x 10 *
rs7808907 128371320 Intron T/C 0.483 147E—-07 0848 0.80-0.90 2.35E — 02 9.41 x 107"
rs10488631 128381419 Intergenic C/T 0.116 1.58E —18 1513 1.38-1.66 6.94E — 01 1.96 x 107’
rs12531711 128404702 Intergenic G/A 0.115 331E—-19 1527 1.39-1.68 7.11E —01 2.46 x 107
rs12537284 128505 142 Intergenic A/G 0.141 1.85E—09 1301 1.19-142 8.77E — 01 243 x 107!
rs2084654 128516364 Intergenic G/A 0339 1.64E—-06 1.171 1.10-1.25 2.58E — 01 136 x 10!

IRFS8 16924 1s8056420 83969 142  Intergenic G/A 0.162 549 x 107" 1.029 094-1.13 313 x 10> 840 x 10!
rs7186021 84043560  Intergenic C/A 0473 231x107% 0922 0.86-099 248 x10° 532x 10"
rs8053194 84072623  Intergenic T/G 0.404 3.01 x 1072 0925 0.86-0.99 6.69 x 107>  6.92 x 10"
rs11117425 84529772  Intergenic T/C 0296 143E—-06 0845 0.79-0.90 1.96E — 01 6.85 x 1072
rs11644034 84530113  Intergenic A/G 0.196 8.89E — 08 0.8043 0.74-0.87 4.03E — 01 3.68 x 107!
rs12711490 84530529  Intergenic C/T 0.196 6.43E—08 0802 0.74-0.87 3.56E — 01 7.90 x 107!
rs7202472 84535003  Intergenic T/G 0.182 1.58E—07 0802 0.74-0.87 3.65E — 01 6.07 x 10!
rs11642873 84549206  Intergenic C/A 0.179 230E—-09 0.730 0.66-0.81 9.21E — 01 2.05 x 10 °
rs10514613 84688032  Intergenic C/T 0.056 4.81x 1072 1.162 1.00-135 644 x10°* 334 x 1072

SNPs in bold form a haplotype.

Chr., chromosome; MAF, minor allele frequency; OR, odds ratio; CI, confidence intervals.

2All genomic positions are referent to genome build 36.
"Minor allele first.
°All ORs are for the minor allele.

cohorts from Spain (two independent cohorts), Germany,
Netherlands, Italy (two independent cohorts) and the UK for
a total of 2913 cases and 3139 controls were recruited from
hospitals and blood banks from each of these countries
(numbers before quality control filters). Key features of
these populations can be found in Supplementary Material,
Table S1. This study was approved by the local ethics
committees of the participating hospitals. All of the SSc
patients participating in this study met American College of
Rheumatology criteria (39) and were classified in the disease
subtypes according to LeRoy and Medsger (10). All
individuals in this study were of European ancestry [either
self-reported and/or principal component analysis (PCA)
determined, see below] and gave written informed consent.

Samples in this study included those in the initial discovery
GWAS cohorts as well as those in the replication cohorts in
the work by Radstake er al. (8). In the present study, the
previous replication cohorts were genotyped for 768 additional
SNPs.

Combination of GWAS and replication cohorts genotyped
in this study resulted in a total of 5270 cases and 8326 controls
(after QC was applied), which gave us a statistical power of
100% to detect an OR of 1.3 with a minor allele frequency
of 0.20. Other power calculations can be found in Supplemen-
tary Material, Table S2.

Study design

SNP selection. First, we aimed to select the putative
SSc-associated genetic variants that did not reach genome-
wide significance in our initial GWAS (8). We filtered
GWAS data as previously published. We excluded from our
analysis the extended HLA region on chromosome six, since
association of this region with SSc is well known, and was
not the focus of the present study. Since there is growing evi-
dence for the existence of genetic heterogeneity in SSc, we

included the clinical subtypes of the disease (i.e. 1cSSc and
deSSc) and the presence of the two most common auto-
antibodies (i.e. ACA and ATA) in our selection criteria
(1,3,10). Because of the differences between the US and Euro-
pean samples in the PCA, we decided to select the SNPs for
each set separately, lending greater weight to the European
cohorts (it should be noted that all our replication cohorts
were of European countries).

We selected all SNPs with a Mantel—Haenszel, N corrected
P-value lower than 10> from the European cohorts (i.e. Neth-
erlands, Germany and Spain) meta-analysis. We also selected
all SNPs with a Mantel—Haenszel \-corrected P-value lower
than 10~ * in the 1cSSc, dcSSc, ACA+ and ATA+ subgroups.
We also considered the possibility that SNPs associated in one
of the three populations could have been filtered out in the
others due to any criteria, so we included all SNPs with a cor-
rected P-value lower than 10~ in any of the three populations
before merging the data sets. This gave a total of 676 SNPs
selected. In order to use all the genotyping capacity of the
chosen platform (in which 768 SNPs could be analyzed),
and taking into consideration that the first 676 SNPs were
selected only from the European panel, we also included the
92 previously non-described independent signals from
the US panel that showed the most significant P-values.
The overall strategy followed in the present study can be
found in Figure 1.

Replication stage. In this stage, we aimed to confirm selected
associations from GWAS data on case/control cohorts from
Spain, Holland and Italy up to a total of 880 cases and 910
controls. All individuals in these cohorts were genotyped for
the 768 selected SNPs and association analyses were per-
formed.

Validation stage. At this point, we selected the top SNPs from
the meta-analysis of the pervious stages (those genotyped in
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GWAS and GoldenGate platforms) and further tested their as-
sociation in larger cohorts from Spain, Germany, Italy and the
UK up to a total of 2033 cases and 2229 controls. All SNPs
with a meta-analysis P-value <1 x 107> either in the
disecase or any of its subphenotypes (i.e. 1cSSc, dcSSc,
ACA+ or ATA+) and not previously reported to be asso-
ciated with SSc were selected for validation, comprising a
total of six SNPs. Finally, we performed meta-analyses for
all associated SNPs combining the GWAS and all replication
cohorts.

Genotyping methods

The replication cohort was genotyped for 768 SNPs, selected
from the GWAS analysis as described above, using a custom
Illumina GoldenGate array run on the Illumina iScan
system. The validation stage was genotyped using TaqMan
genotyping assays from Applied Biosystems.

Genotype imputation of data

As described in Radstake et al. (8), the different cohorts were
genotyped using different genotyping arrays (the European
cohorts were genotyped mostly with the Illumina HumanHap
370k array, whereas the US cohort was genotyped with the
Illumina 550k array). As a consequence, it was possible that
some SNPs were present in one but not in the other platform.
To prevent this, a genotype imputation was performed in all
the GWAS cohorts to obtain a full overlap between platforms.
Imputation was performed with IMPUTE software 1.00 as pre-
viously described (40), using as reference panels the CEU and
TSI HapMap populations.

Data analysis

All data were analyzed using Plink software version 1.07
(http://pngu.mgh.harvard.edu/purcell/plink/) (41). LD patterns
among SNPs were also calculated with the » statistic using
HaploView software (42). Manhattan plots were generated
using HelixTree SNP Variation Suite 7 (http://www.
goldenhelix.com/SNP_Variation/HelixTree/index.html). In
order to avoid any position discrepancies, all base-pair loca-
tions for the analyzed genetic variations correspond to those
reported in the genome build 36, as these were the positions
used in the original GWAS.

All data were quality filtered using the following criteria:
Hardy—Weinberg equilibrium P-value > 0.001 on controls
of any of the populations analyzed separately, minor allele fre-
quency > 0.01, success call rate per individual > 0.95 and per
SNP>0.95. After applying quality control, remaining SNPs
were statistically analyzed using the Chi-squared case/
control approach in 1433 cases and 1644 controls. The
meta-analysis of the different cohorts was conducted using
the Mantel—Haenszel test to calculate a pooled OR, and the
95% confidence interval for the OR was estimated using a
random effect model. Heterogeneity between cohorts was
tested using the Breslow—Day test (P-values <0.05 were con-
sidered statistically significant); nevertheless, we did not rule
out any association in the basis of OR heterogeneity. Com-
bined P-values for the Mantel-Haenszel tests were calculated
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as implemented in Plink. The independence of effects of SNPs
in the same genetic region was tested by multiple logistic re-
gression analysis, conditioning each SNP to all others, as
implemented in the Plink software. Population stratification
was assessed by PCA as previously described (43). All indivi-
duals who deviated more than four standard deviations from
the centroid of their population were removed as outliers.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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