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From the Oxford dictionary:
Genetic: /d31'netik/ relating to genes or heredity.

Gene: /dzi:n/ a unit of heredity which is transferred from a parent to offspring
and is held to determine some characteristic of the offspring.

Continuum: /kan'tinjuam/ a continuous sequence in which adjacent elements are not
perceptibly different from each other, but the extremes are quite distinct.
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ABBREVIATIONS




ACA: anti-centromere auto-antibody.
ACPA: Anti-Citrullinated Protein Auto-antibody.

AID: Autoimmune Disease.

ATA: anti-topoisomerase | auto-antibody.

ATG5: autophagy related 5.

BANKZ1: B-cell scaffold protein with ankyrin repeats 1.
BLK: B lymphoid tyrosine kinase.

CD247: CD247 molecule.

CR: Cumulative Risk.

CSK: c-src tyrosine kinase.

SSc: Systemic Sclerosis, Scleroderma.

dcSSc: diffuse cutaneous subtype of systemic sclerosis.

DNA: Deoxyribonucleic Acid.

FCGR2A: Fc fragment of IgG, low affinity Ila, receptor (CD32).
GO: Gene Ontology.

GRAIL: Genetic Relationships Across Implicated Loci.

GWAS: Genome-wide association study

HLA: Human Leukocyte Antigen.

HLA-DPB1: major histocompatibility complex, class Il, DP beta 1.
HLA-DRB1: major histocompatibility complex, class Il, DR beta 1.
ICAL: islet cell autoantigen 1, 69kDa.

IKZF1: IKAROS family zinc finger 1.

IL10: interleukin 10.

IL12RB2: interleukin 12 receptor, beta 2.

IL2RA: interleukin 2 receptor, alpha.

IRAKZ1.: interleukin-1 receptor-associated kinase 1.
IRF5: interferon regulatory factor 5.

IRF7: interferon regulatory factor 7.

IRFS8: interferon regulatory factor 8.

ITGAM: integrin, alpha M (complement component 3 receptor 3 subunit).




JAZF1: JAZF zinc finger 1.

KIAA0319L: KIAA0319-like.

IcSSc: limited cutaneous subtype of systemic sclerosis.

LD: Linkage Disequilibrium.

MHC: Major Histocompatibility Complex.

MICB: MHC class | polypeptide-related sequence B.

NARAC: North America Rheumatoid Arthritis Consortium.
NFKBL1: nuclear factor of kappa light polypeptide gene enhancer in B-cells 1.
NOTCHA4: notch 4.

OR: Odds Ratio.

PSD3: pleckstrin and Sec7 domain containing 3.

PTPNZ22: protein tyrosine phosphatase, non-receptor type 22 (lymphoid).
PTTG1.: pituitary tumor-transforming 1.

PXK: PX domain containing serine/threonine kinase.

RA: Rheumatoid arthritis.

SAMDOL.: sterile alpha motif domain containing 9-like.

SLE: Systemic Lupus Erythematosus.

SNP: Single nucleotide polymorphism

SOX5: SRY-box containing gene 5.

STAT4: signal transducer and activator of transcription 4.
TNFAIP3: tumor necrosis factor, alpha-induced protein 3.
TNFSF4: tumor necrosis factor (ligand) superfamily, member 4.
TNIP1: TNFAIP3 interacting protein 1.

TYK?2: tyrosine kinase 2.

UBEZ2L3: ubiquitin-conjugating enzyme E2L 3.

UHRF1BP1: UHRF1 binding protein 1.

WTCCC: Welcome Trust Case Control Consortium.
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SUMMARY




ystemic sclerosis (SSc) is a complex heterogeneous disease with a

genetic and an environmental component characterized by three main

pathological courses: vascular damage, altered immune response and
extensive fibrosis of the skin and internal organs which ultimately leads to the
death of the patient. SSc presents two major subtypes: the limited cutaneous
subtype (IcSSc) and the diffuse cutaneous subtype (dcSSc); and two major auto-
antibodies: anti-DNA topoisomerase | (ATA) and anti-centromere auto-
antibodies (ACA).

Prior to the beginning of this thesis, few loci involved in SSc were described. In
order to extend the knowledge of the genetics of SSc we have performed a
genome-wide association study (GWAS) of 2,771 SSc patients and 5,706
controls. The range of approaches used includes the throughout analysis of all the
GWAS and suggestive level signals, the analysis of the main subphenotypes of
SSc and the pan-meta-analysis of systemic lupus erythematosus and SSc GWAS
data, all followed by the replication of findings in follow-up independent cohorts
including 3,237 patients and 6,097 controls. Thanks to these, we have been able
to identify 13 new SSc susceptibility loci: ATG5, CD247, CSK, IKZF1, IRFS,
JAZF1, KIAA0319L, NFKB1, NOTCH4, PSD3, PXK, SAMDIL and SOX5.

Of these new susceptibility loci, the majority represent functions in different
compartments of the immune system like T cell biology (CD247 and CSK), B
cell biology (IKZF1), autophagy (ATG5), inflammation (PXK and NFKB1) and
innate immunity (IRF8), but most importantly we have been able to uncover the
first two susceptibility loci in which we find genes involved in one of the three
major hallmarks of SSc: collagen deposit and fibrosis (NOTCH4 and SOX5).

Additionally, through the imputation of HLA classical alleles and polymorphic
aminoacidic positions using GWAS data, we refined the historically well-known
peak of association in this region. We have been able to define a set of seven
aminoacids in the HLA-DRB1 and HLA-DPB1 molecules which explains almost
all association observed in the HLA region with SSc and confine it to the ACA

and ATA positive subgroups.




Thanks to the throughout analysis of these variants we have gained the
knowledge of the compartment in which each of the susceptibility variants
belong. Using these data we have learned that the auto-antibody producing
subsets of patients (ACA and ATA), are more genetically homogenous entities

than the clinically classified groups (SSc, IcSSc and dcSSc).

As a generalization of the discoveries presented in this thesis we propose that
individuals are the combination of many observable phenotypic continuums,
which can be subdivided in many other biological continuums, which, in
turn, are the product of the interaction between the genetic continuum of the
involved loci and the environmental factors. Thus, individuals grouped under
the criteria of biological phenotypes will tend to be more genetically

homogeneous than those grouped under clinical classification criteria.
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a esclerosis sistémica (SSc) es una enfermedad heterogénea y compleja
con componente genético y ambiental que se caracteriza principalmente
por tres vias patoldgicas: dafio vascular, respuesta inmune alterada y
una extensa fibrosis de la piel y los 6rganos internos que conduce en ultima
instancia a la muerte del paciente. La SSc presenta dos subtipos principales: el
subtipo limitado cutaneo (IcSSc) y el subtipo limitado difuso (dcSSc); y dos
auto-anticuerpos principales: auto-anticuerpos anti-DNA topoisomerasa | (ATA)

y anti-centrémero (ACA).

Antes de la realizacion de esta tesis, tan solo unos pocos loci se habian descrito
como factores de susceptibilidad para SSc. Para ganar un mayor conocimiento de
la genética de la SSc hemos realizado un estudio de asociacion del genoma
completo (GWAS) en 2,771 pacientes de SSc y 5,706 controles. El abanico de
acercamientos utilizados incluyen el meticuloso analisis de todas las sefiales a
nivel de GWAS y a nivel sugestivo, el analisis de los principales subfenotipos de
la SSc y el pan-meta-andlisis de datos de GWAS de SSc y el lupus eritematoso
sistémico, todos ellos seguidos por las correspondientes fases de replicacion en
cohortes de seguimiento independientes incluyendo otros 3,237 pacientes de SSc
y 6,097 controles sanos. Gracias a esto hemos sido capaces de identificar 13
nuevos loci de susceptibilidad a la SSc ATG5, CD247, CSK, IKZF1, IRFS,
JAZF1, KIAA0319L, NFKB1, NOTCH4, PSD3, PXK, SAMDIL y SOXS5.

De estos nuevos loci de susceptibilidad, la mayoria representan funciones en
diferentes compartimentos del sistema inmune como la biologia de las células T
(CD247 y CSK), la biologia de las células B (IKZF1), la autofagia (ATGbS), la
inflamacion (PXK y NFKB1) y la respuesta inmune innata (IRF8), pero ain méas
importante hemos descrito los dos primeros loci de susceptibilidad en los que
encontramos genes involucrados en una de las tres principales vias patogénicas
de la SSc: el deposito de colageno vy la fibrosis (NOTCH4 y SOX5).

Adicionalmente, a través de la imputacion de la imputacion de los alelos clasicos
del HLA vy sus posiciones aminoacidicas polimdrficas usando datos de GWAS,

hemos refinado la histéricamente conocida asociacion de esta region. Hemos sido
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capaces de definir un conjunto de siete aminoacidos en las moléculas HLA-DRf1
y HLA-DPB1 que explican casi toda la asociacion observada en la region HLA

con la SSc y confinarla a los subgrupos ACA y ATA positivos.

Gracias al meticuloso analisis de estas variantes hemos ganado un mayor
conocimiento de a que compartimento pertenece cada asociacion de cada uno de
los factores genéticos de susceptibilidad. Utilizando estos datos hemos aprendido
que los subgrupos positivos para los auto-anticuerpos (ACA y ATA) son
entidades mas homogéneas genéticamente que los grupos clasificados bajo

caracteristicas clinicas (SSc, IcSSc y dcSSc).

Como una generalizacion de los descubrimientos presentados en esta tesis
proponemos que los individuos son una combinacion de una multitud de
continuos fenotipicos observables, los cuales pueden ser subdivididos en
muchos otros continuos bioldgicos, los cuales, a su vez, son el producto de la
interaccion entre el continuo genético de los loci involucrados y los factores
ambientales. Asi, los individuos agrupados bajo criterios de clasificacion
basados en fenotipos bioldgicos tenderan a ser mas homogéneos genéticamente

que aquellos agrupados bajo criterios de clasificacion clinica.
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SYSTEMIC SCLEROSIS

ystemic sclerosis or scleroderma (SSc) is a complex heterogeneous disease

characterized by three main pathological courses: vascular damage, altered

immune response and extensive fibrosis of the skin and internal organs [1].
This disease presents two major clinical subtypes: the limited cutaneous subtype
(IcSSc), which is milder and involves usually the fibrosis of skin in the distal parts of
the body; and the diffuse cutaneous subtype (dcSSc), which is a more severe form of the
disease, progresses much faster and fibrosis affects at least one internal organ in
addition to the skin [2]. The vascular damage is the earlier alteration which appears in
SSc patients, mainly consisting in the loss of integrity of the endothelial layer and can
occur in all organs [3-6]. This vascular damage precedes the fibrosis, as it gradually
replaces the vascular inflammatory phase, and ultimately leads to the disruption of the
architecture of the affected tissue. This fibrosis is the cause of the mainsymptoms of the
disease, and in the later, more severe stages of the disease is mainly due to the
accumulation of type I collagen, especially in the lungs of dcSSc patients [7, 8]. Thus,
fibrosisis the ultimate responsible for most complications and death of the patients. The
most commonly affected organs by fibrosis in these patients, especially in dcSSc
patients, are the lungs [1].Additionally to the lung fibrosis, and presenting itself as the
single major SSc complication which most frequently leads to the death of the IcSSc
patients, is the pulmonary arterial hypertension [9]. Pulmonary arterial hypertension
develops in up to 30% of patients with SSc, being more frequent in the 1cSSc subtype

and sometimes overlapping with pulmonary fibrosis [9].

Another of the major features of SSc is the altered immune response, leading to the
production of auto-antibodies. Among these auto-antibodies we can find the DNA
topoisomerase | (ATA), the anti-centromere auto-antibodies (CENP A and/or B
proteins) (ACA), RNA polymerase Il (pol-I11), U3-RNP (fibrillarin), Th/To, PM/SCL,
and Ul-anti-ribonucleoprotein (RNP) [1, 10-14]. The production of these auto-
antibodies have been described to partially overlap with clinical subtypes and
manifestations of the disease, e.g. ACA production has been associated with the IcSSc
subtype and pulmonary arterial hypertension, while ATA production has been

associated with the dcSSc subtype and pulmonary fibrosis [15].
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ENVIRONMENTAL GeneTIC

Figure 1.Factors which determine the development of SSc.

Thus, SSc is a complex clinically heterogeneous disease in which multiple genetic risk
factors, each with a modest role in the disease risk, interact with environmental factors
to trigger the onset of the disease and affect the severity and course of the disease
(figure 1). Both, the genetic component and the environmental factors of the disease
have been studied, but also both, especially the genetic component remains largely

elusive.

As in most AIDs, a sex bias in SSc patients can be observed, affecting more women
than men, typically in a 9:1 ratio as observed in the cohorts studied in this thesis [16-18]
(figure 2). Although different mechanisms have been proposed for this sex proportion
deviation in SSc patients [19-21], none have proven as solid evidence for this
observation so far.A possible explanation for this increased proportion of women
affected by SSc could be explained by pregnancy related pathological processes that has
been observed in women with SSc such as fetal antimaternal graft-versus-host reactions
[22] and the presence of DNA of the offspring in class Il compatible women with their
child [23]. Since those are pregnancy related processes, this could explain, at least
partially, the sex bias present in patients with SSc.

17



INTRODUCTION

Figure 2. Gender distribution in the main SSc cohorts used in this thesis.

Figure 3 shows the distribution of the two main SSc subtypes in the case cohorts
investigated during this thesis, while figure 4 shows the distribution of the two most
frequent auto-antibodies (i.e. ACA and ATA) in this body of patients. How the clinical

subtypes and the auto-antibody positive groups overlap is illustrated in figure 5.

All SSc patients in our cohorts either met the American College of Rheumatology
Preliminary criteria for the classification of SSc or had at least three of the five CREST
(calcinosis, Raynaud’s phenomenon, esophageal dysmotility, sclerodactyly,
telangiectasias) features [24]. Also, all individuals were of Caucasian origin, determined
either by principal component analysis (for the individuals genotyped at GWAS level)

or self-reported ancestry (for individuals of the replication cohorts).

SSc

Figure 3. Subtype distribution in the main SSc cohorts used in this thesis.




SYSTEMIC SCLEFROSIS AND THE GENETIC CONTINUUM

SSc

Figure 4.Auto-antibody distribution in the main SSc cohorts used in this thesis.

- g 1eSSc and
U\ ATA+

LCSSC

Figure 5.Subtype and auto-antibody distribution of the main cohorts used in this thesis. All
percentages are relative to the total. All patients in our study cohorts were either classified as
IcSSc or dcSSc. Of these, they could present ACA auto-antibodies, ATA auto-antibodies or
none of them.
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Environmental Factors in Systemic Sclerosis

s a complex trait, SSc is influenced by both genetic variation in individuals
and their environment [25]. Several studies have been carried out in SSc in
order to identify the environmental factors which affect the development of
this disorder. In general, the loss of tolerance to self is the crucial factor which must
occur in order to develop an AID such as SSc. The environment can affect the loss of
tolerance in one of two ways: 1) alteration of self-antigens by substances of any kind,
which makes the immune system recognize the modified molecular motif as alien or 2)
a molecular mimicry process in which an environmental agent is cross-recognized with

self-antigens.

Among the best described environmental factors which predispose to the development
of SSc is the exposure to Silica dust [25, 26]. It has been demonstrated that human
lymphocytes exposed to silica express high levels of CD95 (the Fas receptor) which
induces apoptosis along with different autoantigen alterations, which in turn provokes
an autoimmune response [27] and post translational protein changes [28]. Studied
environments under which SSc or SSc-like syndromes develop due to silica exposure
include gold mines, powder factories, uranium mines and others [25]. Also the exposure
to organic solvents such as benzene, toluene, xylene to name a few can cause similar
phenotypes [25]. Additionally the exposure to the vinyl chloride monomer (found in the
polyvinyl chloride dust) can cause an SSc-like syndrome [29-31]. These kind of
exposures to different substances fall into the first category of environmental
component of the alteration of the self-antigens which trick the immune system into

recognizing them as alien.

When attending to the possibility of molecular mimicry as environmental factor
influencing the development of SSc we find studies in which it has been described a
sequence of 11 amino acids in the C-terminal end of the topoisomerase | (one of the two
major auto-antibodies in SSc) with high homology with antigens of certain mammal
retroviruses [32]. Another study was able to characterize regions of homology between
the UL70 protein of human cytomegalovirus and other fragments of the human

topoisomerase | [33].

As previously commented,pregnancy related pathological processes such as fetal
antimaternal graft-versus-host reactions [22] and the presence of DNA of the offspring
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in class Il compatible women with their child [23] could also be included among the

environmental factors affecting the onset of SSc.

An SSc-like syndrome epidemic was spread in Spain in 1981 due to the ingestion of oil
denatured with 2% aniline. This epidemic, known as toxic oil syndrome, had female
prevalence, different clinical evolution even inside the same family and HLA-DR2 was
increased in patients, which points to an underlying genetic component for this
syndrome as in the case of SSc [34, 35].

At last, unlike in RA, smoking has been posed as not influencing the developmentof
SSc but affecting the severity of the disease, including parameters as Raynaud’s

phenomenon or pulmonary capacity in SSc patients [36, 37].

Thus the exposure to organic solvents, silica dust and polyvinyl chloride (through self-
antigen modification), viral infections, pregnancy related microchimerism (through
molecular mimicry) and othersare environmental factors which influence the
development of SSc. Nevertheless, it is striking that of them can explain the
environmental component of SSc, albeit some of them can explain specific phenotypes
presented in individuals suffering from SSc or SSc-like syndromes. Interestingly this
mimics the trend of genetic variation explaining not the developing of the disease as a

whole but more specific SSc phenotypes as we will discuss in this thesis.
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Genetic Component of Systemic Sclerosis

ommonly, genetic susceptibility variants are searched for by obtaining the

genotypes (with a plethora of methods available) of a certain amount of

genetic variants in cohorts of individuals presenting the studied trait (cases)
and individuals without it (controls). The frequency of the genetic variants of interest
are then compared by the means of different statistics between cases and controls, and if
those differences are significant according to the statistical test used, then it is assumed
that the variant(s) are associated with a greater chance of presenting the trait. Statistical
tests must be adjusted for different aberrations product of the sample size or the number
of variants tested, e.g., the test statistics must be corrected for multiple testing in order
to avoid false positive signals as a consequence of the number of genetic variants tested.

As previously stated, SSc is a complex disorder of the immune system and the
connective tissue with both a genetic and an environmental component [1]. Two facts
point towards the weight of the genetic component in SSc: 1) the prevalence of the
disease varies from 7 per million to 700 per million in different populations [18, 38-40]
and 2) Twin and familiar studies revealed a high concordance of auto-antibody
production and HLA-haplotypes, making the chance of affected siblings of developing
SSc up to 15-fold [41-43].

The first genetic susceptibility locus which has been confirmed described for SSc were
the HLA class 1l genes [12, 44], although not until recent more genes which affect the
development and course of this disease have been discovered (table 1). Prior to the
publication of the first SSc GWAS in a Caucasian population [45], few non-HLA
susceptibility loci were involved in SSc (table 1). A GRAIL analysis [46] of this loci
shows that most putatively responsible genes for the association observed in this regions
belong to the immune system (figure 4). Of the three major hallmarks of SSc, collagen
deposit, vascular damage and altered immune response [1], this can only partially
explain the later one, leaving no genetic evidence as what genes directly influence the
other two pathological processes in SSc, although an altered immune response can lead
indirectly to vascular damage and fibrosis through inflammation. Furthermore, when
merging the Gene Ontology (GO) terms of all the 16 loci associated with SSc prior to
this thesis in a word cloud no single mention of fibrosis or collagen deposit is observed
(figure 5).
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Gene Variation Phenotype  OR P value References
BANK1 rs17266594 dcSSc 1.23  1.00x10° [47, 48]
BLK rs2736340 ACA 1.47  2.20x10° [49-51]
HLA Class Il HLA-DRB1*1104 SSc 499  3.00x10" [12, 52, 53]
HLA Class Il HLA-DPB1*1301 ATA 14.02 <1.00x10™ [12, 54]
HLA Class Il HLA-DQB1*0501 ACA 256  <1.00x10* [12,53,55]
IL12RB2 rs3790567 SSc 1.17  2.82x10° [56]
IL2RA rs2104286 ACA 1.30  2.07x10* [57]
IRAK1 rs1059702 ATA 1.43  9.39x10° [58]
IRF5 rs10488631 SSc 1.50 1.86x10™  [45, 59, 60]
IRF7 rs1131665 ACA 0.78  6.14x10™ [61]
STAT4 rs3821236 SSc 1.30  3.37x10° [62-64]
TNFAIP3 rs5029939 dcSSc 1.46  2.29x10° [65, 66]
TNFSF4 rs12039904 ACA 1.22  2.09x10° [67, 68]
TNIP1 rs4958881 ATA 1.19  3.26x10° [69, 70]

Table 1. Genetic loci associated with susceptibility to SSc or its considered subphenotypes
prior to the first SSc GWAS in a Caucasian population. The genes shown are selected from
each region by GRAIL analysis. The considered cutoff P value was 5x10°°.

Figure 6. GRAIL analysis

of the genetic loci
associated with SSc or any
of its considered

subphenotypes prior to the
realization of the first
GWAS in a Caucasian
population. The release 18
of the human genome and
the PubMed text as of
2012 were used.
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Figure 7. Word cloud representing the GO terms of all the genes associated with SSc or its
considered subphenotypes prior to the first SSc GWAS in a Caucasian population according
to GRAIL selection. The size of each GO term is weighted according to the number of
occurrences in all GO terms from the 16 loci.

SSc is a heterogeneous disorder, which main clinical division are the limited cutaneous

subtype (IcSSc) and the diffuse cutaneous subtype (dcSSc) [1]. Furthermore, the disease
presents two major auto-antibodies, which are associated to disease outcome: ACA and
ATA [1]. Several of the described SSc genetic associations are confined to one of these
subgroups within the disease, adding further complexity to the genetic component of
SSc (table 1 and figure 6). The fact that most of the described genetic associations
within these subphenotypes belong to 1cSSc and less to the ATA producing patients

does not point to a weaker genetic component in these compartments, but to a lesser

genetic power in the smaller subgroups, adding additional difficulty to detect clear
signals of association. Nevertheless, the most important associations described in SSc,
those of the HLA class 1l alleles, have been mostly describe to influence not the overall
disease but the auto-antibody positive subgroups (figure 6) [12, 52, 55]. This points in
an interesting direction: SSc, IcSSc and dcSSc are clinical entities defined by clinicians
due to the necessity in medical practice to classify the patients into diseases or

disorders, but when attending to biological processes (such as auto-antibody
production), more homogeneous groups are observed, genetically speaking.
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® |cSSc ACA+

ILI2RB2 H ]cSSc ACA-/ATA-

M 1cSSc ATA+
4 dcSSc ATA+
® dcSSc ACA-/ATA-

M dcSSc ACA+

Figure 8. Diagram showing the genetic loci associated with SSc or its considered
subphenotypes prior to the first SSc GWAS in a Caucasian population divided
according disease subtype and/or auto-antibody production. *The IcSSc/ATA+
and dcSSc/ACA+ are not traditionally analyzed, because although this
combinations of subtype and auto-antibody do exist, 1cSSc is more commonly
accompanied by ACA and dcSSc is more commonly accompanied by ATA, thus,
the ACA and ATA specific associations (depicted here in the IcSSc/ACA and
dcSSc/ATA) should correspond also to this segment.
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THe ADVENT OF THE GeNnoMiIc ERra

n a Genome-Wide Association Study (GWAS) hundreds of thousands or even
millions of variants are genotyped through different technologies in large case-
control cohorts. This allows us to interrogate the whole genome in a hypothesis
free fashion in order to uncover genetic susceptibility variants influencing any given

trait.

Since the publication of the first GWAS in 2005 by Klein et al. in macular degeneration
[71], an avalanche of GWAS have been performed in multitude of human normal traits,
such as, color of the eyes, hair and skin, fat distribution and height [72-74]; and human
disorders such as autoimmune disorders, cardiovascular disorders, bipolar disorders and
cancer [75-81]. Many new genes, implicating new metabolic pathways and
physiological processes have been involved in the pathogenesis of several complex
human diseases such as rheumatoid arthritis or systemic lupus erythematosus [78, 80].
Nevertheless, the scientific community is far from fulfilling the promise of the complete
understanding of the genetic mechanisms underlying the onset of such diseases [82].
The genetic component of these human traits has been far more elusive than anticipated,
mainly because of 1) the GWAS platforms used to date do not account for rarer genetic
variations which now are believed to play an important role in the pathogenesis of
human complex diseases, 2) the lack of new reliable and reproducible statistical and
bioinformatical methods with which to analyze the new kind of data, 3) the lack of
powerful enough computers to properly analyze the dramatically increasing amount of
genetic data, 4) the fact that many common genetic variants remain to be included in
genotyping platforms as the 1,000 genomes project is unveiling, and 5) the scarce

phenotyping available when analyzing the genomic data [82, 83].

When performing a candidate gene study, or even a fine mapping study centered on a
gene or a genetic region, typically from one to several hundreds of genetic variants are
genotyped and analyzed. This relatively low number of analyzed variants does not
generate a compromising level of false positives. However, in a GWAS the genotyping
of hundreds of thousands to millions of variants are generated and analyzed, and the
multiplicity of tests will provoke many false positive significant signals in the analysis.
To partially solve this, strict levels of correction based on the number of tests performed

must be applied to correct GWAS analyses. Most typical GWAS threshold for
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significance is based on the number of independent LD blocks present in the human
genome (which are thus considered independent tests), which gives us a threshold for
the significance of the P values fixed in 5x107®, instead of the traditional 0.05. This

significance level has been largely known as GWAS significance level.

In the first RA GWAS performed, only the HLA region, PTPN22 and the 6g23 region
showed a GWAS significant level signal [75]. However, more than 35 genetic regions
are known to influence RA risk now [84, 85], being those association signals in the
GWAS study in what we will call the grey zone of association. P values between 5x10®
and 0.05 are mostly false positive signals, but many of the numerous relatively low risk
genetic variants influencing disease susceptibility are found in that range of association
in GWAS data.Several approaches have been used in order to extract the RA genetic
risk factors from this grey zone. Firstly, and the most obvious, is to increase the
statistical power of the GWAS: with this approach REL was determined as an RA
susceptibility gene by expanding the existent North America Rheumatoid Arthritis
Consortium (NARAC) [80]. Secondly, the selection of a reasonable amount of SNPs
from the grey zone under different criteria has been fruitful in identifying MSRA
(pathway enrichment and replication), CD28, PRDM1 and CD2/CD58 (GRAIL
enrichment and replication) as RA susceptibility genes [86, 87]. Thirdly, the analysis of
a RA subphenotype (the presence of Anti Citrullinated Protein Auto-antibody, or
ACPA) has also provided invaluable insight of the genetics of this disease [88-90].

In SSc genetics there has been an explosion of the number of genetic susceptibility loci
in the last years, since the publication of the first GWAS in 2010 (figure 7) [45]. This
number has passed from a few (table 1) to 26 including the susceptibility loci described
in this thesis. This has been possible due to aninternational effort of several groups
which together have reunited large cohorts from different countries, with enough
statistical power to design studies in which the genetic component of SSc is slowly but
firmly being revealed. Even then, the promise of the genomic era and the GWAS has
not been fulfilled, and much remains to be uncovered in the genetics of SSc and human

complex traits.
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Figure 9. Bar plot showing the number of new susceptibility loci discovered each year (in red) and
the total susceptibility loci known each year (in yellow) for SSc or any of its considered
subphenotypes. Only the genes from studies with more than 1,000 SSc, replicated in more than one
population and with a P value lower than 5x107 are considered as established susceptibility loci, and
thus, are shown in this figure. In Bold are marked the novel susceptibility loci described in this thesis.
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TO DETERMINE THE GENETIC COMPONENT OF SYSTEMIC
SCLEROSIS AND ITS MAJOR SUBPHENOTYPES, MORFE

SPECIFICALLY:

l. TO FIND NEW GENFETIC SUSCEPTIBILITY VARIANTS
WHICH INFLUENCE THE DEVELODMENT SYSTEMIC OF
SCLEROSIS.

2. TO FIND NEW SUSCEPTIBILITY GENETIC VARIANTS
WHICH DIFFERENTIATE SYSTEMIC SCLEROSIS MAJOR
SUBPHENOTYPES, I.E. ANTI-TOPOISOMFERASE I AUTO-
ANTIBODIES, ANTI-CENTROMERE AUTO-ANTIBODIES,
LIMITED CUTANEOUS SUBTYPE AND  DIFFUSFE
CUTANEOUS SUBTY]E.

3. TO EXPLORE THE GREY ZONE OF ASSOCIATION IN THFE
FIRST SSc GWAS AND FEXTRACT THE TRUF
SUSCEDPTIBILITY GENETIC VARIANTS THERFIN.

4. TO REFINE THE LARGELY KNOWN HIL A ASSOCIATIONS
WITH SYSTEMIC SCLEROSIS DOWN TO THE AMINOACID
LEVEL AND DETERMINE WHETHER THEY BELONG INTO
THE TOTAL SSC OR ANY OF ITS SUBPHENOTY]ES.

5. TO FIND HOW THE SUSCEPTIBILITY GENES AREF SHARED

AMONG AUTOIMMUNE DISEASES.
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Genome-wide association study of systemic sclerosis
identifies CD247 as a new susceptibility locus

Timothy R D J Radstake'33, Olga Gorlova®38, Blanca Rueda®?38, Jose-Ezequiel Martin®3%, Behrooz Z Alizadeh?,
Rogelio Palomino-Morales?, Marieke ] Coenen’, Madelon C Vonk!, Alexandre E Voskuyl®, Annemie J Schuerwegh?,
Jasper C Broen!, Piet L C M van Riel', Ruben van ‘t Slot*, Annet Italiaander, Roel A Ophoff*$, Gabriela Riemekasten®,
Nico Hunzelmann!?, Carmen P Simeon!!, Norberto Ortego-Centeno”‘, Miguel A Gonzélez—Gay”,

Maria F Gonzélez-Escribano'4, Spanish Scleroderma Group?’, Paolo Airo'5, Jaap van Laar!®, Ariane Herrick!7,

Jane Worthington!7, Roger Hesselstrand'8, Vanessa Smith!?, Filip de Keyser!?, Fredric Houssiau?, Meng May Chee?!,
Rajan Madhok?!, Paul Shiels?!, Rene Westhovens??, Alexander Kreuter??, Hans Kiener??, Elfride de Baere?>,
Torsten Witte?%, Leonid Padykov?’, Lars Klareskog?’, Lorenzo Beretta?8, Rafaella Scorza?®, Benedicte A Lie?’,
Anna-Maria Hoffmann-Vold??, Patricia Carreira'>3!, John Varga®2, Monique Hinchcliff*?, Peter K Gregersen3,
Annette T Lee®3, Jun Ying?, Younghun Han?, Shih-Feng Weng?, Christopher I Amos?, Fredrick M Wigley>4,

Laura Hummers?, ] Lee Nelson3?, Sandeep K Agarwal®¢, Shervin Assassi®¢, Pravitt Gourh3%, Filemon K Tan°,
Bobby P C Koeleman®38, Frank C Arnett3%38, Javier Martin®3% & Maureen D Mayes>38

Systemic sclerosis (SSc) is an autoimmune disease characterized
by fibrosis of the skin and internal organs that leads to

profound disability and premature death. To identify new

SSc susceptibility loci, we conducted the first genome-wide
association study in a population of European ancestry
including a total of 2,296 individuals with SSc and 5,171
controls. Analysis of 279,621 autosomal SNPs followed by
replication testing in an independent case-control set of
European ancestry (2,753 individuals with SSc (cases) and 4,569
controls) identified a new susceptibility locus for systemic
sclerosis at CD247 (1q22-23, rs2056626, P=2.09 x 1077 in
the discovery samples, P=3.39 x 1079 in the combined
analysis). Additionally, we confirm and firmly establish the role
of the MHC (P=2.31 x 1078), IRF5 (P=1.86 x 10~'3) and
STAT4 (P = 3.37 x 1079) gene regions as SSc genetic risk factors.

SSc is a profoundly disabling autoimmune disease characterized by
vascular damage, altered immune responses and abnormal fibrosis of
skin and internal organs leading to premature death in affected indi-
viduals'. The etiology of SSc is complex and poorly understood, but as
with most autoimmune conditions, it is widely accepted that environ-
mental genetic factors contribute to disease risk. Data from familial,
twin and ethnicity studies support the relevance of the genetic compo-
nent in SSc etiology?. Previous studies aimed at dissecting the genetic
factors underlying SSc genetic susceptibility have used the candidate
gene association study approach?. In spite of several years of research,
this strategy has yielded a very limited characterization of SSc genetic
risk factors. Except for the major histocompatibility complex (MHC)
genes, which are relevant genetic markers for SSc across populations,
few other loci outside the human leukocyte antigen (HLA) region
have demonstrated strong and reproducible associations with SSc
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Table 1 Loci showing the strongest association signal with SSc susceptibility outside the MHC region
Minor MAF GC-corrected PC-corrected

Chr. Gene SNP Location Position allele (casefcontrol) Pvalue Pvalue OR (95% CI)
7q32 TNPO3-IRF5 rs10488631 Downstream 128,381,419 c 0.145/1.102 1.86 x 10°13 3.84 x 1014 1.50(1.35-1.67)

rs12537284 Intergenic 128,505,142 A 0.162/0.129 274 % 107 1.49 x 107 1.30(1.18-1.44)

rs4728142 Upstream 128,361,203 A 0.494/0.445 521 x 107 1.81x 107 1.21(1.12-1.29)
2q32 STAT4 rs3821236 Intronic 191,611,003 A 0.247/0.202 3.37x 109 3.93x10°° 1.30(1.19-1.41)
1q22-23 CD247 152056626 Intronic 165,687,049 G 0.370/0.421 2.09 x 107 3.27x 107 0.82 (0.76-0.88)
18q22 CDH7 rs10515998  Intergenic 61,521,202 G 0.062/0.040 2.25x 107 1.01x 107 1.53(1.31-1.79)
6p25 EXOC2-IRF4 154959270 Intronic 402,748 A 0.445/0.494 1.23 x 1077 9.06 x 1078 0.82 (0.77-0.88)

Chr., chromosome; BP, base pairs; MAF, minor allele frequency; GC, genomic control; PC, principal component; OR, odds ratio.

susceptibility®*. Only very recently have large case-control association
studies identified STAT4 and IRF5 as genetic factors contributing to
SSc susceptibility>®. As for other complex genetic disorders, it is
expected that several genetic markers contribute to SSc predisposition
with modest effects and therefore large sample sizes are required to
detect new disease-associated loci’.

Therefore, we aimed more comprehensively to identify new SSc¢
susceptibility loci and thus conducted the first genome-wide asso-
ciation study (GWAS) of SSc, including a total of 2,296 SSc cases
and 5,171 healthy controls from four case-control series of European
ancestry (from United States, Spain, Germany and The Netherlands)
(Supplementary Table 1). Genotyping of the SSc case sets and
Spanish controls was performed using the [llumina Bead-Array
platform with chips of different SNP densities (Supplementary
Table 1). The genotypes of the US controls were obtained from the
Cancer Genetic Markers of Susceptibility (CGEMS) studies and
the Illumina iControlDB database; German and Dutch control groups
were extracted from previous studies or public databases'0-13,

After rigorous genotyping quality-control filters, a total of 279,621
SNPs shared between the four case-control series were extracted for
analysis (Supplementary Table 1).

The genomic inflation factor (A) was estimated for the complete
combined dataset and showed evidence of a modest inflation of test
statistics (A = 1.069). When the HLA region was excluded from the
analysis, the inflation of test statistics somewhat decreased (1= 1.066)
(Supplementary Fig. 1). To adjust for potential population stratifica-
tion, we applied a genomic control correction to the test statistics.
The potential effect of population substructure was tested by deriving
principal components on a population-specific basis. We observed
that case and control individuals in each population were not sig-
nificantly different on the basis of these principal components and
were therefore well genetically matched. We also performed an inverse
variance-based meta-analysis, adjusting the odds ratios for the first
five country-specific principal components. This analysis showed little
variation from genomic control-corrected P values (Table 1).

The Mantel-Haenszel test under an allelic model revealed several
SNPs reaching P values at genome-wide significance after genomic-
control correction (P <5 x 1077) (Fig. 1). The strongest association
signal was observed for a cluster of SNPs in an extended region at the
6p21 locus within the MHC region, whereas the rs6457617 SNP located
in the HLA-DQBI gene region gave the highest P value (P genomic
control-corrected = 2.31 x 10~'¥) (Fig. 1 and Supplementary Table 2).
Qutside the MHC region, five loci showed association at P < 1077,
namely the TNPO3-IRF5 region in 7q32, STAT4 in 2q32, CD247 in
1922-23, CDH7 in 18q22 and EXOC2-IRF4 near 6p25. The trend
observed for all these loci was consistent across the different study popu-
lations (Supplementary Table 3). Furthermore, the TNPO3-IRF5 locus
obtained genome wide significance in the single US cohort and was fur-
ther corroborated in the European cohorts (Supplementary Table 3).

SNPs mapping to the region of TNPO3-IRF5 and STAT4 achieved
the strongest association observed for non-HLA genes (rs10488631,
P=1.86x 107"% OR = 1.50,95% CI 1.35-1.67; 153821236, P = 3.37 X
1077, OR = 1.30, 95% CI 1.18-1.44) (Table 1 and Supplementary
Table 3). Therefore, these results confirm the previously reported role
of the MHC region, STAT4 and IRF5 as genetic risk factors for SSc and
identify three new candidate loci®-*.

We next aimed to confirm the association of the CD247, CDH7
and EXOC2-IRF4 loci with SSc susceptibility using a large independ-
ent replication case-control set comprising 2,753 SSc cases and 4,569
controls of European ancestry (Supplementary Table 4). The SNPs
showing the strongest GWAS association on each region (rs2056626
for CD247, rs10515998 for CDH7 and rs4959270 for EXOC2-IRF4)
were genotyped in the replication cohorts using TagMan 5’ allelic
discrimination assay technology. The association analysis by a Mantel-
Haenszel test revealed a significant association of the rs2056626
genetic variant in the CD247 region (P = 3.07 x 1073, OR = 0.89,
95% CI 0.83-0.96) (Table 2 and Fig. 2). The combined analysis of
the GWAS and replication cohort for this SNP revealed a highly
significant association (P = 3.39 x 107%, OR = 0.86, 95% CI 0.81-
0.90). The association of the SNPs in the CDH7 and EXOC2-IRF4
regions was not confirmed in this replication cohort (Table 2 and
Supplementary Fig. 2). Considering that the frequency observed for
the CDH7 rs10515998 genetic variant is quite low (around 5%), the
population size of the replication cohort reached only 13% statistical
power to detect an association at a significance level similar to that
observed in the replication analysis (OR = 1.05). Therefore, the possible
implication of the CDH7 locus in SSc genetic predisposition

“HLA region
151
TNPO3-IRF5
10- ;
: -STAT4 :
i?” .CD247  EXOC2-IRF4- .CDH7
54

N9 B b B B A B O LR RCC s
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Figure 1 Manhattan plot of the GWAS of the discovery cohort comprising
2,346 SSc cases and 5,193 healthy controls. The —log, of the Mantel-
Haenszel test Pvalue of 279,621 SNPs after correction by A is plotted
against its physical chromosomal position. Chromosomes are shown in
alternate colors. SNPs above the red line represent those with a Pvalue
<5 x 107, Plot corresponds to the combined analysis of the study cohorts.
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Table 2 Association results for three loci genotyped in the replication samples

Chr. Gene SNP Position Minor allele ~ Stage n (case/control)  MAF (case/control) Pvalue OR (95% CI)
1q22-23 CD247 1s2056626 165,687,049 G GWAS 2,296/5,014 0.370/0.421 2.09x10°7 0.82(0.76-0.88)
Replication  2,566/4,387 0.366/0.394 3.07 x 10~ 0.89 (0.83-0.96)
Combined 4,867/9,401 0.368/0.409 3.39x 10" 0.86 (0.81-0.90)
18q22 CDH7 rs10515998 61,521,202 G GWAS 2,296/5,014 0.062/0.040 2.25x 1077 1.53(1.31-1.79)
Replication ~ 2,594/4,414 0.058/0.056 4.98 x 1071 1.05(0.91-1.22)
Combined 4,895/9,428 0.060/0.048 3.99 x 107 1.25(1.13-1.40)
6p25 EXOC2/IRF4  rs4959270 402,748 A GWAS 2,296/5,171 0.445/0.494 1.23 x 107 0.82 (0.77-0.88)
Replication ~ 2,361/4,372 0.466/0.469 6.34 x 1071 0.98 (0.91-1.05)
Combined 4,662/9,554 0.456/0.483 2.16 x 1075 0.90 (0.85-0.94)

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

should be further investigated. In contrast, because of the high
minor allele frequency (MAF) of the rs4959270 polymorphism in
the EXOC2-IRF4 region, great heterogeneity of the association was
observed in the replication cohorts (Supplementary Fig. 1). These
findings are concordant with previous GWAS studies in which great
population allelic heterogeneity has been reported for EXOC2-IRF4
genetic variants leading to false positive disease associations, as may
have occurred in our screening phase'*. Notably, the newly identified
SSc susceptibility locus, CD247, encodes a protein that participates
in the regulation of immune response and thus could have a role in
SSc pathogenesis. CD247 encodes the T-cell receptor zeta (CD3()
subunit, a component of the T-cell receptor (TCR)-CD3 complex!?.
The CD3( chain plays an important role in the assembly of the TCR-
CD3 complex and its transport to the cell surface and is crucial to
receptor signaling function. It has been observed that the expression
of the CD3{ chain is altered in chronic autoimmune and inflamma-
tory disorders and that its low expression results in impaired immune
response!®18, Notably, CD247 has been associated with susceptibil-
ity to systemic lupus erythematosus, another systemic autoimmune
disease!?20. Moreover, genetic variants in the 3’ untranslated region
of this gene have shown functional implications leading to a reduced
expression of the CD3{ chain that could be manifested in systemic
autoimmunity'?. Therefore, further studies aiming to dissect the exact
role of this molecule in SSc will be of interest.

This work represents the first large GWAS study conducted to date in
SSc. Of note, the results obtained confirm and firmly establish the role
of the HLA region, STAT4 and IRF5 in the genetic predisposition to SS¢;
these loci are also known to be risk factors for several other autoimmune
conditions. In addition, a new susceptibility locus not previously
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Figure 2 Forest plot showing the odds ratios and confidence intervals of
the CD247 association in the various populations studied in the discovery
and replication cohorts.

considered as a susceptibility factor for SSc has been identified. All
these findings support the strong autoimmune component underlying
SSc pathogenesis and highlight the fact that the development of SSc
seems to be determined by shared common genetic and pathogenic
mechanisms with other autoimmune diseases and involves specific
disease pathways that should be further characterized.

URLs. Illumina iControlDB database, http://www.illumina.com/
science/icontroldb.ilmn/.

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS

Subjects. Because SSc is a relatively rare autoimmune disorder (estimated
prevalence in populations of European descent ~0.01%), large sets of sub-
jects with SSc can best be recruited through international collaboration.
Consequently, to achieve the total of 2,296 SSc cases and 5,171 healthy control
individuals analyzed in the present study, we included four case series having
participants with European ancestry, from the United States, Spain, Germany
and The Netherlands. The cases from the United States (initial n = 1,678; after
application of quality-control criteria, n = 1,486; 179 men, 1,307 women;
mean age = 54.5 years (median = 55.0 years); standard deviation (s.d.) = 12.9)
were obtained from May 2001 to December 2008 from three US sources—the
University of Texas Health Science Center—Houston, The Johns Hopkins
University Medical Center and the Fred Hutchinson Cancer Center—with
each source enrolling patients from a US-wide catchment area. Whole-genome
genotyping data from US control individuals (initial n = 5,520) were obtained
from the following three publicly available databases: (i) breast cancer controls
from the CGEMS studies, (ii) prostate cancer controls from CGEMS and
(iii) controls from Illumina iControlDB. After sex-matching and application of
quality-control criteria, 419 men and 3,058 women controls were analyzed.

The initial European SSc cases series came from previously established col-
lections with nationally representative recruitment of 380 Spanish, 288 German
and 190 Dutch SSc cases. Main demographical and clinical data of European
SSc study participants have been described previously>2'. As a control popula-
tion, healthy unrelated individuals of Spanish (initial n = 414), German (ini-
tial n = 678) and Dutch (initial n = 643) origin were included in the study.
Whole-genome genotyping data from German controls were from the PopGen
Biobank and, for the Dutch controls, were from a previous study'?!3,

To further confirm associations found during the GWAS stage, we collected
alarge independent replication cohort of individuals with European ancestry
from Belgium, Spain, Holland, Germany, Italy, Norway, Sweden, the United
Kingdom and the United States. A total of 2,753 SSc cases and 4,569 healthy
controls were recruited for this second stage (Supplementary Table 4).

All cases either met the American College of Rheumatology Preliminary
criteria for the classification of SSc or had at least three of the five CREST
(calcinosis, Raynaud’s phenomenon, esophageal dysmotility, sclerodactyly,
telangiectasias) features?2, Main clinical features of SSc cases are included in
Supplementary Table 5.

Collection of blood samples and clinical information from case and control
subjects was undertaken with informed consent and relevant ethical review
board approval from each contributing center in accordance with the tenets
of the Declaration of Helsinki.

Genotyping. The GWAS genotyping of the Spanish SSc cases and controls
together with Dutch and German SSc cases was performed at the Department of
Medical Genetics of the University Medical Center Utrecht (The Netherlands)
using the commercial release Illumina HumanCNV370K BeadChip, which
contains 300,000 standard SNPs with an additional 52,167 markers designed
to specifically target nearly 14,000 copy number variant regions of the genome,
for a total of over 370,000 markers. This system delivers high genomic cov-
erage of the SNPs from Phase I and II of the HapMap Project (see URLSs),
capturing 81% of the HapMap variation at 1> > 0.8 in European-descended
populations. Genotype data for Dutch and German controls were obtained
from the Illumina Human 550K BeadChip available from a previous study'>!3.
The SSc case group from the United States was genotyped at Boas Center
for Genomics and Human Genetics, Feinstein Institute for Medical Research,
North Shore Long Island Jewish Health System using the Illumina Human610-
Quad BeadChip capturing 89% of the HapMap CEU variation at r*> > 0.8.
CGEMS and Illumina iControlDB controls were genotyped on the Illumina
Hap550K-BeadChip. For the replication phase, SNPs reaching GWAS signifi-
cance located in new potential SSc susceptibility loci (rs2056626 for CD247,
1510515998 for CDH7 and rs4959270 for EXOC2-IRF4) were genotyped in
the replication cohorts using Applied Biosystems’ TagMan SNP genotyping
Assays on an ABI Prism 7900HT real-time thermocycler. Markers with call
rates of 95% or less were excluded, as were markers whose allele distributions
deviated strongly from Hardy-Weinberg equilibrium in controls (P < 107%).
Only markers with minor allele frequencies of 21% in both cases and controls
were included in the analyses.

NATURE GENETICS
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Statistical analysis. Statistical analyses were undertaken using R (v2.6), Stata
(v8) and PLINK (v1.06) software (see URLs)?*. All reported P values are two-
sided. Using PLINK, we identified and excluded pairs of genetically related
subjects or duplicates and excluded the genetic-pair members with lower call
rate. To identify individuals who might have non-western European ancestry,
we merged our case and control data with the data from the HapMap Project
(60 western European (CEU), 60 Nigerian (YRI), 90 Japanese (JPT) and 90
Han Chinese (CHB) samples). We used principal component analysis as imple-
mented in HelixTree (see URLS), plotting the first two principal components
for each individual. All individuals who did not cluster with the main CEU
cluster (defined as deviating more than 4 standard deviations from the cluster
centroids) were excluded from subsequent analyses. The principal components
derived on the resulting sample look typical for populations of European
origin (Supplementary Fig. 3)%. Additionally, we excluded individuals with
low call rate (11 individuals from the US group, 24 from the Spanish, 1 from
the German and 1 from the Dutch), relatedness (50 from the US group,
2 from the Spanish, 1 from the German and 1 from the Dutch), non-European
ancestry (42 from the US group, 5 from the Spanish, 6 from the German and
4 from the Dutch) and inconsistent gender (83 from the US group, 2 from the
Spanish, 2 from the German and 2 from the Dutch). Then we filtered for SNP
quality, removing SNPs with a genotyping success call rate <98% and those
showing MAF <1%. Deviation of the genotype frequencies in the controls
from those expected under Hardy-Weinberg equilibrium was assessed by a *
test or Fisher’s exact test when an expected cell count was <5. SNPs strongly
deviating from Hardy-Weinberg equilibrium (P < 10~°) were eliminated from
the study. For the combined analysis of the four datasets, the same quality
controls per individual and per SNP were applied with the exception of the
Hardy-Weinberg equilibrium requirement. The genotyping success call rate
on the merged dataset after all these quality filters were applied was 99.83% in
the GWAS cohorts. In the replication cohorts, genotyping success call rate was
98.16% after quality filtering. The association between each SNP and the risk
of scleroderma in each dataset was assessed by the Cochran-Armitage trend
test. Odds ratios and associated 95% Cls were calculated using unconditional
logistic regression.

To determine if SNPs that were associated at genome-wide significance
belonged to extensive linkage disequilibrium (LD) blocks, we investigated the
LD pattern (using an r* parameter) on a 1-Mb region surrounding significant
SNPs (Supplementary Fig. 4a—e). No strong LD (1% > 0.8) was observed among
the investigated SNPs and other variants on the region, except in the case of
1512537284, which was in LD with rs10488631 (r2 = 0.82) in the TNPO3-IRF5
region, and both were found to be genome-wide significantly associated with
other variants on the region (Table 1). The meta-analysis of the four-study
series was conducted using standard methods based on the Cochran-Mantel-
Haenszel test. A Breslow-Day test was performed for all SNPs to assess the
heterogeneity of the effect in different populations. We tested for the popula-
tion structure and possibility of differential genotyping of cases and controls
using quantile-quantile plots of test statistics and we calculated the infla-
tion factor A by dividing the median of the test statistic s by the expected
median from a x? distribution with one degree of freedom. There was
evidence of modest inflation of the test statistics (A = 1.069 total, or 1.066
after exclusion of the HLA region), indicating a potential effect of the popula-
tion substructure on the results. We therefore applied a genomic-control cor-
rection to our results. Alternatively, we also derived principal components on
a population-specific basis using HelixTree software and applied an adjust-
ment for the five first principal components as well as gender separately for
each country using logistic regression, after which we combined the effects
for each SNP by meta-analysis using inverse variance method (corresponding
P values are presented in Table 1 and Supplementary Table 2). The results
from this analysis were consistent with the results from the genomic-control-
corrected Mantel-Haenszel meta-analysis. We then proceeded to analyze
the association of three new SNPs found during the GWAS screen on the
replication cohorts. Data were filtered according to same procedures as the
GWAS stage. Analysis was carried out by Mantel-Haenszel meta-analysis of
all the independent replication cohorts to control for differences between
groups. We then did meta-analysis of all the replication and GWAS cohorts
for these SNPs using the same Mantel-Haenszel statistical procedure. Results
are shown in Table 2.
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URLs. HapMap, http://www.hapmap.org; R, http://www.r-project.org/;  22. Anonymous. Preliminary criteria for the classification of systemic sclerosis (scleroderma).
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Supplementary table 1. Study design

N Case/Controls Ansal?];md
s .
Population GWAS genotyping platform Ger;;tgs ed (overlapping s':l:::\sr::f 1
After genotyping between
quality controls populations)

[llumina Human 550K /(1)
breast cancer controls CGEMS,
USA (2) prostate cancer controls 1486/3477 488.793 279.621 0.99

CGEMS; and (3) [lumina
controls (ref)
[lumina Human CNV370K
Spain BeadChip/ llumina Human 364/384 322967 279.621 0.90
CNV370K BeadChip
[lumina Human CNV370K
Germany BeadChip/ Illumina 270/671 308.299 279.621 0.92
Human550K (ref)
The [lumina Human CNV370K
Netherlands BeadChip/ lllumina 176/639 308.349 279.621 0.81
Human550K (ref)
Total - 2296/5171 - 0.99

*for detecting and OR of 1.5 with a MAF of 0.20
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Supplementary table 2. SNPs associated with SSc at genome-wide significance within

the MHC region.
GC PC
Closest Minor Corrected Corrected
CHR SNP Gene BP Allele MAF P Value P value OR Cl 95%
rs6457617 HLA-DQB1 32,771,829 C 0.466 3.98E-17 3.85E-19 0.729  0.68-0.78
rs2856705 HLA-DQB1 32,778,934 0.096 2.19E-14 3.71E-14 0591  0.52-0.67
rs9275390 HLA-DQB1 32,777,134 0.271 2.17E-11 1.87E-10 1.314 1.22-1.42
rs5000634 HLA-DQB1 32,771,542 0.403 3.88E-11 9.13E-13 1.283 1.20-1.38
rs443198  NOTCH4 32,298,384 0.355 5.98E-10 6.82E-12 0.784  0.73-0.84
rs2071286  NOTCH4 32,287,874 0.25 2.68E-09 1.67E-10 1.284 1.19-1.39
rs2516399 MICB 31,589,278 0.105 5.68E-09 6.27E-09 0.688  0.61-0.78

rs1521 MICA 31,458,683
rs9275312 HLA-DQB1 32,773,706
rs479536 NOTCH4 32,301,656
rs2071295 TNXB 32,146,678
rs2523477 MICA 31,468,368
rs12153855 TNXB 32,182,782
rs2844494 MICB 31,591,394
rs2239689 TNXB 32,138,262

0.235 7.18E-09 8.96E-09 0.769 0.71-0.84
0.141 8.04E-09 3.70E-08 1.345 1.22-1.48
0.058 1.59E-08 1.50E-08 0.615 0.52-0.72
0.34 2.22E-08 2.71E-09 1.242 1.15-1.34
0.082 2.64E-08 1.94E-07 0.669 0.58-0.77
0.098 2.70E-08 5.08E-08 0.692 0.61-0.78
0.312 2.99E-08 3.22E-08 0.798 0.74-0.86
0.342 4.01E-08 4.64E-09 1.237 1.15-1.33

rs3129871 HLA-DRA 32,514,320 0.343 4.92E-08 4.95E-08 0.806 0.75-0.87
rs1035798 AGER 32,259,200 0.278 5.32E-08 2.66E-09 1.249 1.16-1.35
rs3104398 HLA-DQA2 32,793,663 0.11 8.16E-08 2.81E-07 0.718 0.64-0.81
rs2261033 BAT2 31,711,570 0.49 9.83E-08 2.49E-06 1.219 1.14-1.31
rs2043999 PRRT1 32,217,957 0.26 1.13E-07 2.30E-09 0.795 0.73-0.86

rs9277554 HLA-DPB1 33,163,516
rs2516398 MICB 31,589,505
rs6901221 HLA-DPB2 33,206,254
rs7774954 HLA-DQB2 32,832,167
rs2248462 MICB 31,554,775
rs2596480 MICA 31,533,964
rs707939 MSH5 31,834,667
rs2516509 MICB 31,557,973
rs2075800 HSPA1L 31,885,925
rs3095352 DDR1 30,913,900
rs12665700 C6orf205 31,104,111
rs3129941  C6orfl0 32,445,664
rs6941112 STK19 32,054,593

0.297 1.33E-07 4.64E-08 1.236 1.15-1.33
0.312 1.53E-07 1.64E-07 0.807 0.75-0.87
0.166 1.91E-07 1.19€-07 1.29 1.18-1.41
0.066 2.13E-07 3.06E-07 0.662 0.57-0.77
0.207 2.22E-07 3.27E-07 0.784 0.72-0.86
0.077 2.40E-07 6.55E-07 0.683 0.59-0.79
0.37 2.43E-07 6.55E-07 1.217 1.13-1.31
0.207 3.08E-07 4.19E-07 0.786 0.72-0.86
0.355 3.70E-07 1.58E-07 1.216 1.13-1.31
0.424 4.19€-07 3.12E-06 0.826 0.77-0.89
0.137 8.18E-07 7.25E-07 1.293 1.17-1.43
0.227 9.50E-07 1.43E-06 0.801 0.74-0.87

o OO OO OO v o |T

> »P 4 60 » 664 > > > 0049460 0» 4> 460 0602 46000>000>»

0.343 1.24E-06 2.29E-07 1.206 1.12-1.30
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Supplementary Table 3. Association analysis of overall top SNPs on each population
separately. Right most column show Breslow-Day P value for the heterogeneity on

the odds ratio.

Minor MAF Breslowy-
CHR Gene SNP Position Population P Value* OR (95 CI) day P
Allele (case/control)
value
United
C States 0.403/0.487 1.17E-14  0.71 (0.65-0.77)
6p21 HLA-DQB1 rs6457617 32771829 c Spain 0.402/0.474 522E-03  0.74(0.61-0.92) 511E-02
C Germany 0.400/0.504 4.67E-05  0.66 (0.54-0.80)
c Holland 0.491/0.488  9.14E-01  1.01(0.80-1.28)
United
C States 0.149/0.105 5.44E-10  1.49 (1.13-1.69)
rs10488631 128381419 C Spain 0.115/0.090 1.03E-01  1.32(0.94-1.85)  4.34E-01
C Germany 0.170/0.101 2.62E-05  1.84 (1.38-2.44)
732 TNPO3/ C Holland 0.125/0.095 9.69E-02  1.36 (0.94-1.97)
! IRF5 United
A States 0.169/0.132 1.27E-06  1.34 (1.19-1.51)
rs12537284 128505142 A Spain 0.143/0.132 5.24E-01 1.10 (0.82-1.48) 5.80E-01
A Germany 0.161/0.125 3.94E-02  1.34 (1.01-1.78)
A Holland 0.145/0.117 1.52E-01  1.28(0.91-1.80)
United
A States 0.234/0.204 7.74E-04  1.19 (1.08-1.32)
2q32 STAT4 rs3821236 191611003 A Spain 0.278/0.189 4.88E-05 1.65(1.29-2.10)  3.97E-02
A Germany 0.257/0.194 2.54E-03  1.44 (1.13-1.82)
A Holland 0.278/0.203 2.39E-03  1.52 (1.16-1.99)
United
G States 0.379/0.428 5.82E-06  0.82 (0.75-0.89)
1q2232' CD247 rs2056626 165687049 G Spain 0.324/0.384 1.60E-02  0.77 (0.62-0.95)  4.26E-01
G Germany 0.344/0.402 1.95E-02  0.78 (0.63-0.96)
G Holland 0.420/0.425 8.90E-01  0.98 (0.77-1.25)
United
A States 0.466/0.502 1.33E-03  0.87 (0.80-0.95)
6p25 E’I‘é’lfff 154959270 402748 A Spain 0.408/0513  4.63E-05 0.65 (0.53-0.80)  5.88E-02
A Germany 0.392/0.466 3.54E-03  0.74 (0.60-0.91)
A Holland 0.426/0.470 1.39E-01  0.84 (0.66-1.06)
United
G States 0.056/0.039 1.32E-04  1.47 (1.20-1.79)
18q22 CDH7 rs10515998 61521202 G Spain 0.060/0.059 9.65E-01  1.01(0.66-1.55) 530E-03
G Germany 0.093/0.052 1.20E-03  1.86(1.27-2.72)
G Holland 0.062/0.018 1.28E-05  3.54 (1.94-6.48)
* P values uncorrected for A
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Supplementary table 4. Replication phase study design.

Population N Case/Controls

Belgium 189/274
Spain 455/739
The Netherlands 228/279
Germany 207/285
Italy 348/727
Norway 113/283
Sweden 279/455
UK 500/384
UsS 434/1143

Total 2753/4569
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Supplementary table 5. Main clinical features of SSc patients included in the study.

Sex (cases/controls) Subtype Anti-centromere Anti-topoisomerase

Female Male Difuse Limited Positive Negative Positive Negative
Overall 0.80/0.79 0.11/0.21 0.31 0.58 0.32 0.58 0.20 0.71
us 0.88/0.88  0.12/0.12 0.34 0.61 0.29 0.62 0.16 0.77
Spain 0.88/0.75  0.10/0.25 0.25 0.59 0.42 0.41 0.20 0.61
German 0.88/0.62  0.11/0.38 0.35 0.44 0.42 0.53 0.31 0.62
Dutch 0.72/0.51  0.28/0.49 0.13 0.51 0.22 0.69 0.26 0.65
Replication SSc cohorts
Belgium 0.73/0.45 0.21/0.54 0.31 0.63 0.23 0.47 0.18 0.52
Spain 0.87/0.60 0.11/0.37 0.32 0.59 0.29 0.61 0.14 0.75
The Netherlands 0.71/0.45 0.20/0.54 0.17 0.51 0.22 0.62 0.28 0.64
Germany 0.81/0.44  0.13/0.27 0.37 0.45 0.27 0.35 0.21 0.41
Italy 0.76/0.65 0.07/0.35 0.20 0.60 0.31 0.53 0.32 0.52
Norway 0.85/0.33  0.15/0.66 0.35 0.65 0.53 0.46 0.14 0.84
Sweden 0.78/0.78 0.22/0.22 0.28 0.72 0.27 0.73 0.17 0.83
UK 0.83/0.44  0.16/0.56 0.27 0.72 0.28 0.54 0.11 0.70
us 0.88/0.44 0.12/0.56 0.37 0.50 0.32 0.66 0.12 0.85
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Supplementary figure 1. Quantile-quantile (QQ) plot of the observed P values for
association. The grey dots represent the totality of SNPs analyzed (A = 1.069) and the blue
dots represent all the SNPs analyzed excluding the MHC region (A = 1.066).
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Supplementary figure 2. Forest plot of the CDH7 and EXOC2/IRF4 loci at different
study stages.
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Supplementary figure 3. Principal component plot for the first 2 eigenvectors. US

population is represented on black, German on blue, Dutch on green and Spanish on orange.
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Supplementary figure 4a. Association and linkage disequilibrium (LD) plot on
TNPO3/IRF5 association region. P values are uncorrected for A. LD represented is R2.

Genome wide significance level is marked with a red line.
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Supplementary figure 4b. Association and linkage disequilibrium (LD) plot on STAT4
association region. P values are uncorrected for A. LD represented is Rz Genome wide

significance level is marked with a red line.
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Supplementary figure 4c. Association and linkage disequilibrium (LD) plot on CD247
association region. P values are uncorrected for A. LD represented is R2. Genome wide

significance level is marked with a red line.
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Supplementary figure 4d. Association and linkage disequilibrium (LD) plot on CDH7
association region. P values are uncorrected for A. LD represented is R2. Genome wide

significance level is marked with a red line.
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Supplementary figure 4e. Association and linkage disequilibrium (LD) plot on
EXOC2/IRF4 association region. P values are uncorrected for A. LD represented is R2.

Genome wide significance level is marked with a red line.
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SYSTEMIC SCLEFROSIS AND THE GENETIC CONTINUUM
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Abstract

The aim of this study was to determine, through a genome-wide association study (GWAS), the genetic components
contributing to different clinical sub-phenotypes of systemic sclerosis (SSc). We considered limited (IcSSc) and diffuse
(dcSSc) cutaneous involvement, and the relationships with presence of the SSc-specific auto-antibodies, anti-centromere
(ACA), and anti-topoisomerase | (ATA). Four GWAS cohorts, comprising 2,296 SSc patients and 5,171 healthy controls, were
meta-analyzed looking for associations in the selected subgroups. Eighteen polymorphisms were further tested in nine
independent cohorts comprising an additional 3,175 SSc patients and 4,971 controls. Conditional analysis for associated
SNPs in the HLA region was performed to explore their independent association in antibody subgroups. Overall analysis
showed that non-HLA polymorphism rs11642873 in IRF8 gene to be associated at GWAS level with IcSSc (P=2.32x10 '2,
OR=0.75). Also, rs12540874 in GRB10 gene (P=1.27 x 10 % OR=1.15) and rs11047102 in SOX5 gene (P= 1.39x10 7,
OR=1.36) showed a suggestive association with IcSSc and ACA subgroups respectively. In the HLA region, we observed
highly associated allelic combinations in the HLA-DQBT locus with ACA (P=1.79x10®', OR=2.48), in the HLA-DPA1/B1 loci
with ATA (P=4.57x10"7%, OR=8.84), and in NOTCH4 with ACA P=884x10?", OR=0.55) and ATA (P=1.14x10"¢,
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OR =0.54). We have identified three new non-HLA genes (IRF8, GRB10, and SOX5) associated with S5c clinical and auto-
antibody subgroups. Within the HLA region, HLA-DQB1, HLA-DPA1/B1, and NOTCH4 associations with S5c are likely confined
to specific auto-antibodies. These data emphasize the differential genetic components of subphenotypes of SS5c.
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Introduction

Genetic [actors play an essential role in scleroderma or systemic
sclerosis (SSc) etiology as in most complex autoimmune diseases
[1]. Multiple reports of well powered candidate gene association
and replication studies, together with the first genome-wide
association study (GWAS) in this discase have led to the
establishment of the Major histocompatibility complex (MHC),
STAT4, IRF5, BLK, BANKI, TNFSK{ and CD247 as SSc
susceptibility genes [2-15].

SSc is a clinically heterogeneous disease with a wide range of
clinical manifestations, ranging from mild skin fibrosis with
minimal organ discase to severe skin and organ
involvement, reflecting the three main pathological events that
characterize this discase: endothehal damage, fibrosis, and
autoimmune dysregulation [16]. SSc patients are classified into
two clinical subgroups based on the extent of skin involvement,
limited SSc (leSSc) and diffuse SSc (deSSc) that are associated with
different clinical complications and prognoses [17]. Another SSc
hallmark is the presence of disease specific and usually mutually
exclusive auto-antibodies that correlate both with the extent of skin
involvement and the various disease manilestations, such as
pulmonary fibrosis and renal crisis [18]. The most common are
DNA topoisomerase I (ATA), and anti-centromere antibodies
(CENP A and/or B proteins) [19]. Each of these auto-antibodies is
a marker for relatively distinct clinical subgroups of SSe, with ant-
centromere typically associated with limited cutancous disease,
uncommon pulmonary fibrosis, late-onset pulmonary hyperten-
sion but generally an overall good prognosis, while ATA is a
marker for diffuse skin disease and clinically significant pulmonary
fibrosis with a resultant poorer prognosis.

It has been observed that certain SSc clinical features and the
presence of disease specific auto-antibodies vary in different
countries and ethnicities [20]. This fact supports the likelihood that
genetic factors may influence the different clinical features of the

internal
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disease and auto-antibody subsets [19]. Furthermore, the affected
members within multicase SSc families tend to be concordant for
SSe-specific auto-antibodies and HLA haplotypes, thus, providing
further evidence for a genetic basis for auto-antibody expression in
SSc [21]. Moreover, several studies have reported that certain SSc
genetic risk factors correlate with specific clinical subsets of the
disease or SSc-related auto-antibodies [4,12,22,23].

In this study, we aimed to identify novel genetic factors
associated with different SSc clinical and auto-antibody subsets
through a stratified re-analysis of results from a previous GWAS
from our group and validation in a large replication study.

Results

First, the genetic associations were tested in each of the four
subgroups considered for this study (IcSSc, deSSc, ACA positive
and ATA positive) by the means of x2 tests in the GWAS data
(individuals from the United States, Spain, Germany and The
Netherlands), correcting the P values for the genomic inflation
factor % of each subgroup (Figures S1, $2, 83, S4 and Tables S1,
52, 83, 54). We found a total of eighteen novel non-HLA loci
associated in these subgroups with a P value lower than 1x1077,
seven in the 1cSSc subtype, five in the deSSc subtype, two in ACA
positives and four in ATA positives. Next, we proceeded to
replicate these associations in nine independent cohorts (from US,
Spain, Germany, The Netherlands, Belgium, Italy, Sweden,
United Kingdom and Norway). The statistically significant results
observed in the replication step are shown in Table 1. The
complete set of data is shown in Tables SI, 52, 83 S4.

In addition, exhaustive analysis was performed in the HLA
region (megabases 28 to 34 in chromosome 6) with the GWAS
data in order to find specific subgroup associations in this region.
Due to the fact that most associations found herein in the MHC
region have been previously described, we did not perform a
replication phase of these findings. Instead, let these results be the
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Author Summary

Scleroderma or systemic sclerosis is a complex autoim-
mune disease affecting one individual of every 100,000 in
Caucasian populations. Even though current genetic
studies have led to better understanding of the patho-
genesis of the disease, much remains unknown. Sclero-
derma is a heterogeneous disease, which can be
subdivided according to different criteria, such as the
involvement of organs and the presence of specific
autoantibodies. Such subgroups present more homoge-
neous genetic groups, and some genetic associations with
these manifestations have already been described.
Through reanalysis of a genome-wide association study
data, we identify three novel genes containing genetic
variations which predispose to subphenotypes of the
disease (IRF8, GRB10, and SOX5). Also, we better charac-
terize the patterns of associated loci found in the HLA
region. Together, our findings lead to a better under-
standing of the genetic component of scleroderma.

replication for previous works. It is also noteworthy that all
independent associations found within the MHC region have
almost exactly the same ORs in the four GWAS cohorts
separately, thus, replicating themselves.

Clinical Manifestations

In the IcSSc subtype, seven non-HLA novel loci were identified
as susceptibility markers in the GWAS data (Table S1 and Figure
S1). Two out of the seven genetic markers showed evidence of
association in the replication cohorts: rs11642873 near the IRFS
gene (IcSSc P=2.32x107", OR=0.75 [0.69-0.81]) at the
GWAS level of significance and rs12540874 in the GRB10 gene
(IcSSc P=1.27x107° OR=1.15 [1.09-1.22]) at the suggestive
level of significance (Figure 1, Table | and Table SI).

Regarding the deSSc subtype, five non-HLA loci were found to
be associated in the GWAS cohorts (Table S2 and Figure S2).
Upon analyzing these five SNPs in the replication cohorts we
could only replicate the association of rs11171747 in the RPL41/
ESYTI locus (overall deSSe P=5.99x107°, OR=1.25 [1.14-
1.33]) (Figure 1, Table 1 and Table S2). However, the association
found in this locus was heterogeneous among cohorts (Breslow-

Day P=5.32x1077).

Auto-Antibodies

The observed associations in the ACA positive subgroup and
1eSSe were difficult to differentiate because of substantial overlap
between these two disease subgroups. In the GWAS cohorts, SNPs
in [L12RB2Z and RUNXI genes were identified as novel non-HLA
loci associated with SSc patients positive for ACA antibodies
(Table S3 and Figure S3). However, none of these associations
could be confirmed at the replication stage. Interestingly, the SNP
rs11047102 of the SOX5 gene, which was selected for replication
due to its association with the 1eSSc subgroup in the GWAS data,
showed suggestive evidence of association with the ACA subgroup
(P=1.39x10"7, OR=1.36 [1.21 1.52]) (Figure 1, Table 1 and
Table S3).

In the ATA positive subgroup, four new susceptibility loci were
identified in the GWAS data (Table S4 and Figure $4), none of
which were confirmed in the replication phase. Since the ATA
subgroup of patients has the smallest sample size, the lack of
replication in any of the non-HLA locus may be due to a lower
statistical power (Table S5).

Systemic Sclerosis Novel Genetic Associations

HLA Region

The associations found in the HLA region in the GWAS data
set showed clear differences between SSc subgroups (Figure 1,
Figure 2, and Table 2). The observed effects in the leSSc and
deSSc subtype were similar to that of the overlapping group of
patients with ACA and ATA respectively, but less significantly.
Therefore, we focused the analysis on antibody subgroups only.

We observed independent genetic associations in the ACA
positive subgroup in the HLA region (Table 2 and Figure 1, Table
S6). The stronger independent signal was identified in the HIA-
DOBI gene of HLA class 1I: SNPs rs6457617 (ACA+ P
1.99% 1077, OR = 0.48 [0.42-0.54]) and rs9275390 (ACA+ P =
262x107°", OR=2.38 [2.13-2.67]). The TC allele combination
(both risk alleles) showed a high association in the ACA positive
subgroup (ACA+ P = 7.81x10~ "', OR =2.48 [2.22-2.77]), being
present in 45.3% of the ACA positive patients compared to 25.1%
of the controls (Table 3).

Regarding the ATA positive subgroup, we also observed
evidence of independent association in the HLA region (Table 2
and Figure 1, Table 87). We found three associations in the HLA
class II region: rs3129882 in HLA-DRA (ATA+ P = 1.89x107%,
OR =2.17 [1.88-2.50]), rs3129763 in the HLA-DOAI/DRBI loci
(ATA+ P = 147x107", OR=165 [1.42-191]) and four
associated SNPs in the HLA-DPAI/DPBI region (highest associ-
ation at 1987870, ATA+ P = 242x107 %, OR=2.09 [1.78-
2.45]). The combination of three risk alleles in the DPAI/DPBI
locus, CAC (ATA+ P = 1.27x10 7%, OR =8.84 [6.72-11.63]) of
the SNPs rs987870, rs3135021 and rs6901221 respectively was
present in 10.6% of the ATA positive SSc patients compared to
only 1.3% of the controls (Table 3).

In addition, in the HLA class III region, the NOTCH4 gene was
associated with the presence of ACA (rs443198, ACA+ P
8.84x107*'", OR=0.55 [0.49-0.63]) and ATA (rs9296015, ATA+
P = 1.14x107% OR=0.54 [0.44-0.67)), independently of the
HLA class II associations (Table 2 and Tables S6, 87).
Interestingly, SNP rs9296015 had an opposite effect size in ACA
and ATA subgroup, being exclusively associated in the ATA
subgroup. These two SNPs were not in LD in Caucasian
populations either from the HapMap project (r*=0.05 in CEU
and r*=0.03 in TSI) or our cohorts (*=0.1 in the combined
cohorts, r°=0.11 in Spanish, +*=0.00 in German, ¥ =0.00 in
Dutch and r*=0.01 in US), pointing to independent associations
in the NOTCH4 gene with both ACA and ATA positive
subgroups. All the associations ORs found in the HLA region
were consistent among the four GWAS cohorts (Tables S8, S9).

Previously Described Genetic Associations

We wanted to investigate previously reported associations with
subphenotypes or overall disease, such as CD247, TNFSF4,
STATY, BANKI, IRIS5 and BLEK in the present study’s GWAS
cohorts, to further establish them as SSc (or its subphenotypes)
susceptibility loci. Table S10 shows the analysis of the SNPs in the
previously mentioned genes which were present in our GWAS
combined panel. As expected, association previously found in
these six genes was replicated. Interestingly associations previously
described to be confined to one of the SSc subgroups were also
replicated as in the cases of TNFSF{ and lcSSc (leSSc
P=7.70x10"", OR = 1.18 [1.03-1.31]), STAT# and 1cSSc (IcSSc
P=7.70x10"" OR=1.31 [1.19 148]), BANK! and dcSSc
(deSSe P=0.0103, OR=0.85 [0.75-0.96]) and BLK and ACA+
(ACA+ P 1.45%107", OR=1.27 [1.121.44]). Furthermore
association of €D247 with 8Sc¢ was more strongly represented in
the 1cSSc subgroup than the others (leSSc P 2.66x107°
OR =0.81 [0.75-0.89]), although evidence of association was also
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found in the other subgroups. Similarly, the association found in
IRF5 was stronger in 1cSSc (IcSSc P=1.64x10""'", OR=1.50
[1.32-1.69]), although association was also found in the dcSSc,
ACA+ and ATA+ subgroups.

Discussion

Systemic sclerosis (SSc) is a rare, severe, complex and
heterogeneous rheumatic disease. Multiple lines of evidence

Table 1. Novel non-HLA loci associated with SSc clinical and serological subtypes.

SSc N (case/  MAF (case/

Subphenotype Chr. Gene SNP Base Pair Location Change Stage control) control) Pi value OR (95% CI)

lcSSc 7p12.1  GRBIO 1512540874 50,632,416 Intronic  G/A GWAS 1400/5172 0.461/0.409  3.00x10°° 1.23 (1.13-1.34)
Replication 1960/4971 0.416/0.395 3.07x10 % 1.09 (1.01-1.18)
Combined 3360/10143 0.435/0403 1.27x10°° 1.15 (1.09-1.22)

16q24.1 IRF8 rs11642873 84,549,206 Intergenic C/A GWAS 1400/5172  0.144/0.197  1.39x10°7 0.72 (0.64-0.81)

Replication 1960/4971 0.143/0.186  6.88x10 ° 0.78 (0.70-0.87)
Combined  3360/10143 0.144/0.192  2.32x10™ "% 0.75 (0.69-0.81)

dcSSc 12q13.2 RPL41/ESYT1* rs11171747 54,804,675 Upstream G/T GWAS 740/5172  0.446/0384 2.19x10°° 1.31 (1.01-1.29)
Replication 959/4971 0.408/0372  3.49x107°  1.16 (1.15-1.71)
Combined 1699/10143 0.425/0379 5.99x10°® 1.23 (1.10-1.50)

ACA+ 12p12.1  SOX5 rs11047102 23,837,413 Intronic  T/C GWAS 761/5172 0.132/0.096  1.03x107° 147 (1.24-1.73)
Replication 1030/4971 0.123/0.102 291 x107%  1.27 (1.09-1.48)
Combined 1791/10143 0.127/0.099 1.39x10 7 1.36 (1.21-1.52)

P values for GWAS cohorts are Mantel-Haenszel meta-analysis GC corrected according to the set & and in the replication and combined analysis Mantel-Haenszel

meta-analysis P value.

*Association in rs11171747 had a significant BD P value, thus making it heterogeneous association among populations.

doi:10.1371/journal.pgen.1002178.t001

suggest that genetic factors may underlie not only SSc suscepti-
bility but also the predisposition to develop specific clinical
phenotypes such as 1cSSec, deSSc subtypes and the presence of
SSc-specific auto-antibodies. The discovery of genetic variants
associated with specific clinical manifestations of the disease will
lead to new insights regarding pathogenesis and may open novel
avenues of therapy that can be targeted to specific subsets.

The aim of this study was to assess the genetic component
involved in four different SSc clinical and auto-antibody
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Figure 1. New loci associated with subphenotypes of SSc. The lower part shows the Manhattan Plot with corrected P values of the GWAS
cohorts. The upper part shows the ORs and the 95% Cl interval of the novel associated regions in the GWAS cohorts (HLA region, left panel) and all
cohorts (non-HLA loci, right panel) for the overall analysis and each subphenotype considered in the study. (Note: the ORs and Cls on the forest plot
do not exactly correspond to the numbers in Table 1 and Table 2. Table 1 and Table 2 shows marginal effects of these SNPs while this figure presents
ORs and Cls after the adjustment for the other SNPs claimed as independent for that phenotype).

doi:10.1371/journal.pgen.1002178.g001
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Figure 2. Manhattan plot showing the -log10 of the Mantel-Haenszel P value of all 1,112 SNPs in HLA region for the GWAS cohorts
comprising 2,296 cases and 5,171 controls. Associations for the whole SSc set are in black, while associations in ACA (760 cases) and ATA (447
cases) positive subgroups are in orange and red, respectively. Loci which were independently associated according to conditional logistic regression

analysis are highlighted in grey.
doi:10.1371/journal.pgen.1002178.9002

subphenotypes through an analysis of our previous genome-wide
association study (GWAS) data stratified for these disease
subphenotypes, together with a large, new replication study.

We have identified an association of the NOTCH4 gene with
both ACA and ATA positive subgroups independent of the HLA
associations. This gene is located in the MHC and encodes a
transmembrane protein which plays a role in a variety of
developmental processes by controlling cell fate decisions.
Interestingly, NOTCH4 has been implicated in the pathways by
which TGF-p induces pulmonary fibrosis [24], one of the most
severe clinical manifestations of SSc [25,26]. The Notch signaling
pathway also controls key functions in vascular smooth muscle and
endothelial cells which may be particularly relevant to the
microvascular damage seen in SSc [27]. Genetic variants in
NOTCH4 also have been previously associated, independently
from HLA genes or alleles, with other autoimmune disorders like
diabetes type 1 [28], rheumatoid arthritis [29] and alopecia areata
[30,31].

Additonally, through the analysis of the largest SSc case/
control cohort reported to date we identified three new
susceptibility loci (IRF8, SOX5 and GRBI10), outside the HLA/
MHC region, implicated in genetic predisposition to different SSc¢
subphenotypes, in addition to other suggestive loci.

Type I and II interferons (IFN) are well known immunomod-
ulators which can also regulate collagen production. Furthermore,
they are believed to play a key role in the pathogenesis of SSc and
other autoimmune diseases [32-34]. Interestingly, we found a
strong association of the I/RF§ gene with the lcSSc subtype and the
ACA positive subgroup. [IRFE modulates TLR signaling and may
contribute to the crosstalk between IFN-y and TLR signal
pathways, thus acting as a link between innate and adaptive
immune responses [35]. JRF8 also has been demonstrated to be a
key factor in B cell lineage specification, commitment and
differentiation [36]. In additon, J/RF8 has been associated with
another autoimmune disease, multiple sclerosis [37], although the
SNP associated with multiple sclerosis (rs17445836) was not
present in our study. Nevertheless, both variants are in medium
LD in the CEU population of the HapMap project (r* = 0.51) and
both associations have a protective OR for the minor allele;
pointing to a dependence in the associations found in these two
diseases.

The most prominent SSc specific auto-antibodies, ACA and
ATA, are associated with the 1¢SSc and deSSc clinical subsets,
respectively [19]. The 1eSSc subtype greatly overlaps with the
ACA positive subgroup of patients (almost all ACA positive
patients belonged to the 1c¢SSc subtype). Similarly, the dcSSc
subtype overlaps with the ATA positive group of patients.
Therefore, it is difficult to determine whether some of the
observed associations specifically belonged to one of the four
subgroups. Such is the case of the association found with the SOX3
gene. In the GWAS data, SOX5 was associated with 1cSSc as well
as with the ACA positive subgroup, although the association with
the 1cSSc subtype was stronger than that in the ACA positive
subgroup. Upon completion of the replication study with the
resultant increase in statistical power, we were able to determine
that the SOX5 gene was indeed a risk factor for the ACA positive
group at the genome wide significance level, but not for leSSc. The

SOX5 gene encodes a member of the SOX (SRY-related HMG-

box) family of transcription factors involved in the regulation of
embryonic development, in the determination of cell fate, as well
as in chondrogenesis [38].

Conversely SOX), together with SOX6 and SOX9, can induce
many cellular types (including melanocytes and bone marrow stem
cells) into the chondrogenic pathway, leading to expression of
COL241 and the formation of cartilage [38,39]. As stated above,
IFN type I and II are inhibitors of collagen production and
chondrogenesis; more precisely IFN-y (type II IFN) inhibits the
COL241 gene which is one of the main downstream genes in the
chondrogenesis pathway [40]. Taken all together, IRF& (part of the
interferon pathway and induced by IFN-y [41]) and SOX)5 may be
affecting the formation of the extra-cellular matrix through
COL2A1 in the skin and other organs of SSc patients.

We also identified an association of the GRB/# gene with the
1eSSc subtype; GRBI0 codes for an adaptor protein known to
interact with a number of tyrosine kinase receptors and signaling
molecules and has a potential role in apoptosis regulation [42].

In deSSe patients, the only observed genome wide significant
association was with the RPL4I/ESYTI locus, although this
association was heterogencous among the investigated populations,
probably due to lower statistical power in this smaller group. Three
genes are relevant to this locus: RPL41, a ribosomal protein not
considered to be related to the immune system; JC3H 10, a zinc
finger protein related to tumour growth; and £SYT/, a synapto-
tagmin-like protein of unknown function. Although none of these
genes has a suggestive role in the pathogenesis of SSc a prior, further
studies are needed to investigate this intriguing finding.

Since most genes in the HLA region are implicated in the
regulation of the immune system, it is not surprising that the HLA-
association with SSc is primarily related to auto-antibody
expression. We found different patterns of independent association
for the two major SSc auto-antibody subgroups across the HLA
class II region. Both genetic markers located in the HILA-DOBI
locus were associated with the presence of ACA auto-antibodies in
SSc patients. The allelic combination of these SNPs tags the
described association of HLA-DQB1#0501 with the ACA positive
subgroup of the disease [22,43]. The associations within the HLA
region in the ATA positive subgroup are more complex: SNP
rs3129763 (located near HLA-DRBI) tags the association of HLA-
DRBI1*1104, which has been described to be associated with the
whole disease [22]. Furthermore, the haplotype in the HLA-DPBI
region described in Table 3, tags the HLA-DPBI*1301 also
previously described [3,22]. Interestingly, the remaining indepen-
dent association observed, rs3129882, is found within the HLA-
DRA gene, which is much less polymorphic than the other HLA
genes already mentioned; nevertheless, the association found in
this SNP is tagging through the extensive LD structure of the
MHC region the association of some aminoacidic positions in the
nearby HILA-DQBI gene, which has not been previously reported
to be associated with the ATA positive subgroup of SSc.

In summary, taking advantage of our GWAS data and a large
replication cohort, we have identified three new non-HLA loci
associated with subphenotypes of SSc: GRBI0, IRFS, and SOX3. In
addition, we shed light on HLA associations with this disease,
establishing diflerent patterns of independent association in the
ACA and ATA positive subgroups. Our findings provide evidence
for genetic heterogeneity underlying the clinical and especially
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overlapping exists between 1cSSc and ACA+ subgroups, and
deSSc and ATA+ subgroups; we wanted to assess whether
association found in overlapped groups belonged to a subtype or
an auto-antibody positive group. With that purpose we sclected
SNPs from the GWAS data based on the following criteria:

e Tirst, we selected all SNPs with a P value of 1107 or lower
in each of the four considered SSc subgroups (i.e. lcSSc, deSSc,
ACA+ and ATA+) of the four GWAS cohorts (i.e. US, Spain,
Netherlands and Germany).

® Since one aim of this study was to find novel genetic
associations, we then ruled out every genetic association
previously described in SSc (eg. STATH, IRF5 and the HLA
region).

® T'o select subphenotype specific signals, we excluded all SNPs
with P values of the same order of magnitude or lower in the
opposite group, e lcSSc versus deSSc and ACA-positive
versus ATA-positive.

® Pinally we selected from each remaining region the best
independent association (determined by conditional logistic
regression) from the GWAS data.

This resulted in the selection of 18 non-HLA SNPs (7 for 1eSSc,
5 for deSSc, 2 for ACA+, and 4 for ATA+) as shown in Tables S1,
52, 83, 84, corresponding to lcSSc, deSSc, ACA and ATA positive
patients respectively.

Genotyping

The GWAS genotyping of the SSc cases and controls was
performed as follows: the Spanish SSc cases and controls together
with Dutch and German SSc cases was performed at the
Department of Medical Genetics of the University Medical Center
Utrecht (The Netherlands) using the commercial release Illumina
HumanCNV370K BeadChip, which contains 300,000 standard
SNPs with an additional 52,167 markers designed to specifically
target nearly 14,000 copy number variant regions of the genome,
for a total of over 370,000 markers. Genotype data for Dutch and
German controls were obtained from the Hlumina Human 550K
BeadChip available from a previous study. The SSc case group from
the United States was genotyped at Boas Center for Genomics and
Human Genetics, Feinstein Institute for Medical Research, North
Shore Long Island Jewish Health System using the Illumina
Human610-Quad BeadChip. CGEMS and Illumina iControlDB
controls were genotyped on the Illumina Hap550K-BeadChip.
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Table 3. Allelic combination analysis of the SNPs which are in the same association locus within the HLA region for the ACA and
ATA positive subgroups of SSc patients.
Frequency
SSc Subphenotype Locus Haplotype N (case/control) (case/control) P Value OR (CI 95%) SNPs
ACA HLA-DQB1  TC 761/5172 0.453/0.251 7.807x107%" 248 (2.22-2.77) 156457617|rs9275390
T 761/5172 0.313/0.490 3.639x10 %% 047 (0.42-0.53) rs6457617|rs9275390
T 761/5172 0.234/0.259 0.0353 0.87 (0.77-0.99) 156457617|rs9275390
ATA HLA-DP CAC 447/5172 0.106/0.013 1266x10 7°  8.84 (6.72-11.63)  rs987870[rs3135021|rs6901221
TAC 447/5172 0.019/0.012 0.0745 1.55 (0.92-2.60) rs987870|rs3135021|rs6901221
TGC 447/5172 0.101/0.132 0.00792 0.74 (0.59-0.92) rs987870|rs3135021|rs6901221
TAA 447/5172 0.265/0.256 0.562 1.05 (0.90-1.23) rs987870|rs3135021[rs6901221
CGA 447/5172 0.148/0.127 0.0798 1.20 (0.98-1.46) rs987870rs3135021|rs6901221
TGA 447/5172 0.361/0.460 2.137x10°% 067 (0.58-0.77) rs987870|rs3135021(rs6901221
doi:10.1371/journal.pgen.1002178.t003

SNPs selected for the replication phase were genotyped in the
replication cohorts using Applied Biosystems’ TagMan SNP assays
on ABI Prism 7900 HT real-time thermocyclers. Markers with call
rates of 95% or less were excluded, as were markers whose allele
distributions  deviated strongly from Hardy-Weinberg (HW)
equilibrium in controls (P<1073).

Data Imputation

Imputation was performed in the GWAS cohorts in order to
gain genome coverage for the SNP selection. Imputation was
performed with IMPUTE software 1.00 as previously described
[48], using as reference panels the CEU and TSI HapMap
populations. However, SNP imputation did not show any new
independent SNP associated at P<10™” in the four subphenotypes
considered. The imputed GWAS data in the four subphenotypes is
shown in Figure S5.

Statistical Analysis

Data in the SS¢ GWAS cohorts was filtered as follows: Using
Plink, we identified and excluded pairs of genetically related
subjects or duplicates and excluded the genetic-pair members with
lower call rates. To identify individuals who might have non
western European ancestry, we merged our case and control data
with the data from the HapMap Project (60 western European
(CEU), 60 Nigerian (YRI), 90 Japanese (JPT) and 90 Han Chinese
(CHB) samples). We used principal component analysis as
implemented in HelixTree (see Text S2), plotting the first two
principal components for each individual. All individuals who did
not cluster with the main CEU cluster (defined as deviating more
than 4 standard deviations from the cluster centroids) were
excluded from subsequent analyses. Additionally, we excluded
individuals with low call rates (11 individuals from the US group,
24 from the Spanish, | from the German and 1 from the Dutch),
relatedness (50 from the US group, 2 from the Spanish, 1 from the
German and 1 from the Dutch), non-European ancestry (42 from
the US group, 5 from the Spanish, 6 from the German and 4 from
the Dutch) and inconsistent gender (83 from the US group, 2 from
the Spanish, 2 from the German and 2 from the Dutch). Then we
filtered for SNP quality, removing SNPs with a genotyping success
call rate << 98% and those showing MAF < 1%. Deviation of the
genotype frequencies in the controls from those expected under
Hardy-Weinberg equilibrium was assessed by a x” test or Fisher’s
exact test when an expected cell count was << 5. SNPs strongly
deviating from Hardy-Weinberg equilibrium (P<10"") were
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climinated from the study. For the combined analysis of the four
datasets, the same quality controls per individual and per SNP
were applied with the exception of the Hardy-Weinberg
equilibrium (HWE) requirement. The genotyping success call rate
on the merged dataset after all these quality filters were applied
was 99.83% in the GWAS cohorts.

The replication cohorts were filtered as follows: all individuals
with a SNP success call rate below 0.95 were excluded, SNPs with a
per individual success call rate below 0.95 were excluded, SNPs with
a HWE comparison P value below 0.001 in controls were excluded
and SNPs with a MAF below 0.01 were also excluded. As a result,
18 SNPs selected for replication all were in HWE (£ value > 0.001)
and the overall genotype successful call rate was 96.61% and all
SNPs individually had a successful call rate greater than 95%.

We performed power calculations for GWAS and replication
cohorts for the whole dataset and the clinical/auto-antibodies
subphenotypes according to Skol ef al. [49] (Table S5). The
significance level for these calculations was set at 5x 10°%,

i tests were performed for allelic model for significant differences
between cases and controls. Derived P values for the replication
cohorts were not adjusted. All nine replication cohorts were jointly
analyzed conducting Cochran-Mantel-Haenszel (CMH) tests to
control for population differences. A threshold meta-analysis P value
of <<0.05 for the replication phase was considered significant. We also
conducted CMH meta-analysis of all the nine replication cohorts and
the four cohorts previously included in the GWAS, considering a P
value lower than 5%10~ as significant. Furthermore, Pvalues in the
range 5 x 107% to 5107 were considered as suggestive associations.
In all tests, odds ratios (OR) were calculated according to Woolf’s
method. We also applied Breslow-Day (BD) tests for all meta-analyses
to check for heterogeneity in association among the investigated
populations, and all associations with a <<0.05 in BD analysis were
considered heterogeneous.

Due to the partial overlapping of the leSSc and deSSc
subgroups with ACA+ and ATA+ subgroups, respectively, we
wanted to test whether an association found in both overlapping
groups belonged to one or the other specifically. With that
purpose, all the associations in the present study claimed to belong
to a group were tested for association in the correlated group (e.g.
ACA associations were tested in 1cSSc and vice versa) to look for
the best P value, In addition, ACA and ATA hits were tested in
1cSSc-ACA- and deSSc-ATA-, respectively, to ensure group
specific  associations. Also, lcSSc and deSSc were tested in
ACA+-non-lcSSc and ATA+-non-deSSe with the same purpose.

To determine independent associations in the HLA region,
conditional logistic regression was carried out for all associated
SNPs in the complete SSc group and the ACA and ATA positive
subgroups. This analysis was carried out as implemented in Plink
software, conditioning each SNP association to each of the other
significantly associated (P<5x1077) SNPs in the corresponding
LD block, controlling for the presence of the four populations as
covariates. All SNPs which remained significant after conditioning
were considered independent associations. All haplotype analysis
was performed using Haploview software, defining the blocks by
confidence intervals [50]. We only analyzed haplotypes or allelic
combinations with frequencies of 1% and above.

Statistical analyses were undertaken using R (v2.6), Stata (v8),
Plink (v1.07) [51] and HelixTree’s SNP & Variation Suite (v7.3.0)
software (see Text S2).

Web Resources
Plink software:
http://pngu.mgh.harvard.edu/purcell/plink/
SVS Helix'Tree software:
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http://www.goldenhelix.com/SNP_Variation/Helix Tree/index.
html

Stata software:

http:/ /www.stata.com/

R Statistical Package:

http:/ /www.r-project.org/

Haploview:

http://www.broadinstitute.org/scientific-community/science/
programs/medical-and-population-genetics/haploview/haploview

Supporting Information

Figure S1 Manhattan plot and QQ plot showing the -logl0 of
the Mantel-Haenszel P value of all 279,621 SNPs in the 1eSSc
individuals of the GWAS cohorts comprising 1,400 cases and
5,171 controls. All P values are GC corrected, and A was 1.058.

(T1F)

Figure §2 Manhattan plot and QQ) plot showing the -logl0 of
the Mantel-Haenszel P value of all 279,621 SNPs in the deSSc
individuals of the GWAS cohorts comprising 740 cases and 5,171
controls. All P values are GC corrected, and A was 1.034.

(TTF)

Figure 83 Manhattan plot and QQ plot showing the -logl0 of
the Mantel-Haenszel P value of all 279,621 SNPs in the ACA
positive individuals of the GWAS cohorts comprising 761 cases

and 5,171 controls. All P values are GC corrected, and A was
1.050.

(TTF)

Figure $4 Manhattan plot and QQ plot showing the -log10 of the
Mantel-Haenszel P value of all 279,621 SNPs in the ATA positive
individuals of the GWAS cohorts comprising 447 cases and 5,171
controls. All Pvalues are GC corrected, and A was 1.061.

(TTF)

Figure 85 Manhattan plot showing the analysis in the GWAS
cohorts imputed data. The different subphenotypes considered are
represented in different colors,

(TTF)

Table S1 Analysis for GWAS cohorts, replication cohorts and
combined analysis for all non-HLA, non-previously described
associations with 1¢SSc subtype of the disease. TP values for GWAS
cohorts are Mantel-Haenszel meta-analysis GC corrected accord-
ing to the set & and in the replication and combined analysis
Mantel-Haenszel meta-analysis P value. §P value for the totality of
the SSc patients, in the case of GWAS cohorts GC corrected
according to the set A, and in replication and combined analysis
Mantel-Haenszel meta-analysis P value.

(DOC)

Table S2 Analysis for GWAS cohorts, replication cohorts and
combined analysis for all non-HLA, non-previously described
associations with dcSSc subtype of the disease. TP values for
GWAS cohorts are Mantel-Haenszel meta-analysis GC corrected
according to the set A and in the replication and combined analysis
Mantel-Haenszel meta-analysis P value. P value for the totality of
the SSc patients, in the case of GWAS cohorts GC corrected
according to the set A, and in replication and combined analysis
Mantel-Haenszel meta-analysis P value. *Association in rs1 1171747
had a significant BD P value, thus making them heterogenic
associations among populations.

DOC)

Table 83 Analysis for GWAS cohorts, replication cohorts and
combined analysis for all non-HLA, non-previously described
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associations with ACA positive subgroup of the disease. 7P values
for GWAS cohorts are Mantel-Haenszel meta-analysis GC
corrected according to the set A and in the replication and
combined analysis Mantel-Haenszel meta-analysis P value. P
value for the totality of the SSc patients, in the case of GWAS
cohorts GC corrected according to the set A, and in replication
and combined analysis Mantel-Haenszel meta-analysis P value.
*Association in rs3790567 had a significant BD P value, thus
making them heterogeneous associations among populations.

(DOC)

Table 84 Analysis for GWAS cohorts, replication cohorts and
combined analysis for all non-HLA, non-previously described
associations with ATA positive subgroup of the disease. T2 values
for GWAS cohorts are Mantel-Haenszel meta-analysis GC
corrected according to the set A and in the replication and
combined analysis Mantel-Haenszel meta-analysis P value. P
value for the totality of the SSc patients, in the case of GWAS
cohorts GC corrected according to the set A, and in replication
and combined analysis Mantel-Haenszel meta-analysis P value.

DOC)

Table 85 Power calculations and genomic inflation factors (A) in
the whole SSc cohorts (GWAS and replication) and the 1eSSc,
deSSe, ACA and ATA positive subphenotypes. 5x10™% was used
as significance threshold.

(DOC)

Table S6 Conditional logistic regression analysis of all the
independently associated SNPs in the HLA region in the ACA
positive patients. T/ values for Mantel-Haenszel meta-analysis GC
corrected according to the set .

(DOC)

Table S7 Conditional logistic regression analysis of all the
independently associated SNPs in the HLA region in the ATA
positive patients. T values for Mantel-Haenszel meta-analysis GC
corrected according to the set A.

(DOC)

Table 88 Independent associations found in the HLA region in
the ACA positive subgroup of patients in the separate four GWAS
cohorts. FUncorrected 12 P value of each separated cohort.
(DOC)
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N MAF

Chr. Gene SNP Base Pair Location  Change Stage P valuet OR (C1 95%) Full set Pf  deSSe Pf ACA+ Py
(case/control) (case/control)
12pl2.1 SOX5 rs1 1047102 23,837,413 Intronic T/C GWAS 1400/5172 0.132/0.097 1.49x10°7 1.43(1.26-1.63) 1.36x10° 0.222 1.03x107
Replication  1960/4971 0.108/0.102 0.244 1.08 (0.95-1.23) 0.162 0.351 0.00291
Combined  3360/10143  0.1180.099  S.11x10%  1.24(1.13-1.35)  7.52x10° 0.127 1.39x107
16g24.1 IRF& sl 1642873 84,549.206  Intergenic C/A GWAS 1400/5172 0.144/0.197 1.39x107 0.72(0.64-0.81) 3.89x10° 0.151 0.000305

Replication  1960/4971 0.143/0.186 6.88x107 0.78 (0.70-0.87) 5.81x107 0.00383 0.00176
Combined  3360/10143  0.144/0.192  2.32x10™  0.75(0.69-0.81)  4.27x10°" 0.00305 1.38x10°

14q21.1 - rs12887070 42,027,287  Intergenic A/C GWAS 1400/5172 0.070/0.048 2.84x10* 1.52 (1.28-1.81) 2.63x10™ 0.0438 0.,00427
Replication  1960/4971 0.055/0.055 0.879 1.01 {0.85-1.20) 0.126 0.00221 0.670
Combined  3360/10143  0.061/0.051 0.000801 1.23 (1.09-1.39) 8.86x10° 0.000251 0.0249
13gq12.3 UBL3 rs7994117 29,386,799 Downstream  G/T GWAS 1400/5172 0.227/0.183 3.15x10% 1.28 (1.16-1.42) 3.34x10° 0.157 8.39x10°
Replication  1960/4971 (.202/0.205 0.520 0.97 (0.88-1.07) 0.510 0.000893 0.589
Combined  3360/10143  0.212/0.193 0.00490 111 (1.03-1.19) 0.0131 . 0.0474 0.000578 .I/..
4ple.3 DGKQ 1311724804 955,779 Intronic A/G GWAS 1400/5172 0.485/0.436 6.83x10™ 1.22(1.12-1.33) 6.11x10™ 0.137 1.21x10%
Replication  1960/4971 0.467/0.451 0.137 1.06 (0.98-1.15) 0.00864 0.0147 0.703
Combined  3360/10143  0.575/0.443 1.99x107 1.13(1.07-1.20) 1.79x10°° 0.00477 0.000960
Tpl2.l GRBID 1312540874 50,632.416 Intronic G/A GWAS 1400/5172 0.462/0.409 3.00x10° 1.23 (1.13-1.34) 0.000534 0.748 0.00169
Replication  1960/4971 0.416/0.395 0.0307 1.09(1.01-1.18) 0.0183 0.395 0.0935
Combined  3360/10143  0.435/0.403 1.27x10° 115 (1.09-1.22) 2.76x10° 0.397 0.000647
2g37.1  AMRCY/PSMD{  rs1868929 231,891,835 Intronic T/C GWAS 1400/5172 0.066/0.044 1.59x10°% 1.55(1.30-1.86) 3.20x10° 0.387 0.0139
Replication  1960/4971 0.059/0.054 0.336 1.09 (0.92-1.28) 0.0164 0.000651 0.974

Combined  3360/10143  0.062/0,048 7.67x10° 1.28(1.13-1.44) 3.27x10° 0.00137 0.112
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Table S3.

Chr. Gene SNP Base Pair Location Change Stage (case hx.;qo: anmmwﬂ_mwwqo: F valuef OR (CI 95%) Full set P ATA+ P leSSe P

1pl3.3 ILIZRB2  rs3790567 67,594,965  Intronic GWAS 761/5172 0.307/0.250 3.64x10° 1.34 (1.18-1.51) 2.97x10° 0.0331 1.61x107
Replication 1030/4971 0.272/0.255 00.458 1.04 (0.93-1.17) 0.00363 0.0663 0.0273

Combined  1791/10143 0.287/0.252 0.000197 1.17 (1.08-1.27) 3.39x107 0.00468 3.51x107

2192212 RUNXT  rs16993158 35,661,522 Intronic  C/T GWAS 761/5172 0.107/0.080 6.48x10™ 1.53(1.27-1.83) 0.000334 0.330 0.000249
Replication 1030/4971 0.070/0.079 0.0916 0.85(0.70-1.03) 0.344 0.0745 0.524

Combined  1791/10143 0.086/0.077 0.0604 1.13(0.99-1.29) 0.00115 0.0444 0.00250

12p12.1 SOX5  rs11047102 23,837,413 Intronic  T/C GWAS 761/5172 0.133/0.097  1.03x107 1.46(1.24-1.72) 1.36x10° 0.482 1.49x107
Replication 1030/4971 0.123/0.102 0.00291 1.27(1.09-1.48) 0.162 0.154 0.244

Combined 1791/10143 0.127/0.099 1.39x107 1.36(1.21-1.52) 7.52x10° 0.121 5.11x10°®
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N A OR 1.50 OR 1.30
Phenotype . MAF MAF MAF MAF MAF MAF MAF MAF MAF MAF MAF
Cases Controls All us Spain  Germany Netherlands 0.40 0.30 0.20 015 0.10 0.05 0.40 0.30 0.20 015 0.10
55¢ 5471 10,143 1LOBT 1090 1.033 1.126 1.045 100 100 100 100 100 100 100 100 100 100 o4
leS8¢c 3,360 10,143 1.058 1.071 1.033 1.101 1.028 100 100 100 100 100 90 100 100 99 93
deSSc 1.699 10,143 1.034  1.049  1.032 1.061 1.020 100 100 100 100 3 94 88 64
ACA+ 1,791 10,143 1.050  1.051  1.042 1081 1.012 100 100 100 100 95 96 9]
ATA+ 1,073 10,143 1061 1.035  1.025 1.078 1.030 100 100 98 89 2 9

75




Table S6.

Conditioned to

Conditioned to

Conditioned to

r$9275390 rs6457617 rs443198
SNP BP P Valuef OR P value OR P value OR P value OR
159275390 32,777,134  2.62x107* 2385 NA NA  1.52x10%7 1972 1.14x107%°  2.267
rs6457617 32,771,829 1.99x10°° 0477 5.14x10°7  0.703 NA NA  6.83x10""  0.513
rs443198 32,298,384 8.84x107"  0.556  8.11x10"  0.691 7.43x10""  0.662 NA NA
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Conditioned to Conditioned to Conditioned to Conditioned to Conditioned to Conditioned to Conditioned to
153129882 15987870 rs3135021 153129763 159296015 rs1810472 rs6901221

SNP BP P Valuet OR P value OR P value OR P value OR P value OR P value OR P value OR P value OR
rs3129882 32,517,508  1.89x 2.168 NA NA  3.89x107%% 2359 295x107 2097 230x10%F 2014 223x10% 2038 L19x107%* 2170 1e9x10 2166
s987870 33,150,858 2.41x107" 2,093 6.01x10"° 2564 NA NA 743107 2501 LO9x10°Y 2044 3.55x10°% 2295 7.73x107" 1988 85Ix1077 2,274
rs3135021 33,153,536 1.95x107 1656 L47x10%  1.658  3.18x1077" 1935 NA NA  2.50x10% 1657 2331077 1745 6.07x10°%° 1568 2.78x10% 1,783
rs3129763 32,698,903 147x107" 1647 9.42x1077 1442 3.04x1077° 1596 447x10"77 1604 NA NA 0 1574 9.09x10" 1,723 761x10" 0 1726
;9296015 32,326967  L14x10% 0545 2.07x107 0706 L17x107 0546 1.49x107% 0561 9.98x107"" 0.633 NA NA 1L.27x107'° 0566 2.63x1007 0.594
rsIR10472 33,191,090 2.14x10% 1498 1.38x107° 1583 221x10% 1251 7.33x107° 363 848107 1604 3.31x107° 1570 NA NA 496x107 1513
6901221 33,206,254 2.54x10° 1606 1.51x10Y 1612 9.73x10F 1613 223x10™ 1659 749x10M° 1643 1.23x10Y 1516 947x107  1.504 NA NA
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Table S8

MAF

SNP Gene Location  Change Population (case/control) Pt OR (CI 95%)

rs443198 NOTCH4 Exon C/T Spain 0.295/0.414 0.000190 0.593 (0.45-0.78)
Germany 0.240/0.339 0.00236 0.615 (0.45-0.84)
Netherlands 0.233/0.327 0.0692 0.624 (0.37-1.04)
us 0.243/0.380 3.40x10-15 0.524 (0.45-0.62)
1s6457617 HLA-DQOBI Intergenic C/T Spain 0.325/0.474 4.81x10-6 0.535(0.41-0.70)
Germany 0.298/0.504 3.40x10-9 0.417 (0.31-0.56)
Netherlands 0.430/0.511 0.147 0.723 (0.47-1.12)
us 0.302/0.488 9.38x10-25 0.455 (0.39-0.53)
1r$9275390 HLA-DQBI Intergenic C/T Spain 0.458/0.306 1.20x10-6 1.920 (1.47-2.50)
Germany 0.475/0.250 6.45x10-13 2.733 (2.06-3.62)

Netherlands 0.361/0.269 0.0664 1.530 (0.97.2.42)

Us 0.456/0.245 1.09x10-39 2.585 (2.24-2.99)

Table S9.
SNP Gene Location Change Population (cas:lcé)gtrol) Pt OR (CI 95%)

rs9296015 NOTCH4 Intergenic A/G Spain 0.161/0.280 0.001614 0.492 (0.31-0.77)
Germany 0.077/0.174 0.00145 0.399 (0.22-0.72)

Netherlands 0.148/0.187 0.3581 0.754 (0.42-1.38)

Us 0.111/0.178 0.000217 0.580 (0.43-0.78)

rs3129882 HLA-DRA Intron G/A Spain 0.593/0.448 0.000804 1.793 (1.27.2.53)
Germany  0.691/0.444 1.64x10-9 2.792 (1.98-3.94)

Netherlands 0.580/0.388 0.000393 2.173 (1.40-3.37)

us 0.632/0.448 6.35x10-15 2.117 (1.75-2.57)

rs3129763 HLA-DQAI/DRBI1 Intergenic A/G Spain 0.340/0.231 0.00356 1.716 (1.19-2.48)
Germany 0.363/0.245 0.000952 1.759 (1.25-2.47)

Netherlands ~ 0.330/0.239 0.0550 1.568 (0.99-2.49)

us 0.349/0.250 1.81x10-6 1.606 (1.32-1.96)

rs987870 HLA-DPAI/DPBI Intron C/T Spain 0.333/0.191 6.66x10-5 2.112 (1.46-3.08)
Germany 0.310/0.133 1.92x10-9 2.926 (2.04-4.21)

Netherlands 0.250/0.156 0.0206 1.804 (1.09-2.99)

Us 0.240/0.142 6.25x10-9 1.907 (1.53-2.38)

rs3135021 HLA-DPAI/DPBI Intron A/G Spain 0.438/0.328 0.00722 1.601 (1.13-2.26)
Germany 0.369/0.271 0.00769 1.574 (1.13-2.20)

Netherlands 0.363/0.280 0.0934 1.468 (0.94-2.31)

us 0.410/0.285 8.29x10-9 1.738 (1.44-2.10)

rs6901221 HLA-DPA1I/DPBI Intron C/A Spain 0.160/0.103 0.0352 1.667 (1.03-2.69)
Germany 0.244/0.172 0.0212 1.558 (1.07-2.28)

Netherlands 0.227/0.180 0.267 1.340 (0.80-2.25)

US 0.235/0.156 4.85x10-6 1.668 (1.38-2.08)
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Table S10.

Chr. Gene SNP Base Pair Change leSSe deSSe ACA* ATA® Refs
P value OR (95% CI) P value OR (95% CI) P! value OR (95% CI) P! value OR (95% CI)

1 cD247 rs2056626 165,687,049 G/T 2.66x10° 081 (0.75-0.89)  7.70x10°  0.85(0.78-096)  7.10x107 0.86 (0.77-0.96)  3.22x10°  0.74 (0.64-0.85) [12]
1 TNFSF4  rs2205960 171,458,098 T/G 7.70x10* 1.18 (1.03-1.31) 0.506 1.05 (0.92-1.19) 0.0162 117 (1.03-1.33)  9.05x10° 1.23(1.05-1.45) [13,14]
2 STAT4 rs3821236 191,611,003 AJG 8.86x10% 131 (1.19-1.48)  5.96x10” 1.25(1.10-1.43) 1.18x107 1.29 (1.47-4.37) 1.53x10* 1.30(1L11-1.52) [4,6,7, 8]
4 BANKID  rs10516487 102,970,099 T/IC 1.05 (0.96-1.15) 0.0103 0.85 (0.75-0.96) 0.140 1.09 (0.97-1.23) 0.1049 0.88(0.75-1.03) [5, 9]
7 IRF3 rs10488631 128,381,419 c/T 1.50 (1.32-1.69) 1.27x107 1.61 (1.38-1.88) 1.88x107 1.52 (1.30-179) 8.25x107 1.63 (1.34-1.98) [15]
8 BLE rs2736340 11,381,382 T/C 1.20 (1.09-1.32) 1.39x107° 1.22 (1.08-1.38) 1.45x10™ 1.27 (1.12-1.44) 0.387 1.07 (0.92-1.26) [10,11]
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Table S11.

P . Population Size Sex (cases/controls) Subtype ACA ATA
opulation .. L
Cases Controls  Female Male Diffuse Limited Positive Positive
Overall 5471 10143 0.86/0.79  0.14/0.21 0.34 0.66 0.37 0.22
GWAS SSc cohorts
Spain 364 384 0.88/0.75  0.10/0.25 0.30 0.64 0.42 0.20
Germany 270 671 0.88/0.62 0.11/0.38  0.40 0.55 0.42 0.31
The Netherlands 176 639 0.72/0.51  0.28/0.49 0.28 0.51 0.22 0.26
us 1486 3478 0.88/0.88  0.12/0.12  0.36 0.64 0.32 0.17
Replication SSc cohorts
Us 616 1143 0.88/0.44  0.12/0.56  0.41 0.59 0.32 0.15
Belgium 187 272 0.78/0.45  0.22/0.54  0.33 0.67 0.33 0.25
Italy 500 509 0.92/0.65  0.08/0.35 0.26 0.74 0.42 0.33
Sweden 268 278 0.80/0.78  0.20/0.22  0.27 0.73 0.28 0.18
UK 485 380 0.84/0.44  0.16/0.56  0.27 0.73 0.38 0.15
Norway 113 282 0.85/--- 0.15/--- 0.35 0.65 0.54 0.14
Spain 626 705 0.87/0.60 0.11/0.37 032 0.68 0.47 0.23
The Netherlands 204 350 0.71/0.45 0.29/0.54  0.32 0.68 0.25 0.27
Germany 176 291 0.81/0.44 0.13/0.27  0.42 0.58 0.39 0.32
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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 1077, OR = 1.36) and
NFKB1 (P-value = 1.03 x 10~%, 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 107°),
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 (Pyyy) lower than 1 x 1073 (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
108<P<5x%109.

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.
1¢SSc, limited cutaneous scleroderma; dcSSce, 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 [Pyy 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, 1510096702 [Pyy value = 3.18 x 1077, OR =
1.363 (1.21-1.54)], while the other was in the NFKBI gene,
1s1598859 [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 (152056626, Pyy  value = 1.14 x 107%,
OR = 0.832), TNFSF4 (rs4916334, Pyy value = 1.00 x
1075, OR = 0.861), TNFAIP3 (rs2230926, Pyy value =
229 x 107° OR=1463) and TNPO3/IRF5 (rs4728142,
Py value =4.74 x 107", OR =1.216; and rs10488631,
Py value = 1.58 x 107 ¥, OR = 1.513), further confirming
their role in SSc (Table 2). Since several SNPs within both
TNPO3/IRFS and IRF§ 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 [RF8 was significantly associated with 1cSSc (Pyy
value = 2.30 x 10~°, OR = 0.730) and only marginally with
dceSSc (Pyy 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 European 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 NFKBI (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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Figure 2. The Manhattan plot of the GWAS and replication cohorts meta-analysis. Grey dots represent P-values of SNPs which are genotyped only in the GWAS
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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), IRF§8 (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.

[PUBLICATIONS
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Dieude et al. (29) found the SNP rs5029939 in TNFAIP3 asso-
ciated with SSc, which showed stronger association in the dcSSc
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
1s5029939 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 IcSSc
(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
IRFS8). 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 IRFS8 genetic regions

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

TNPO3/IRF5 7q32  rs4728142 128361203 Intergenic A/G 0463 4.74E—10 1216 1.14-1.29 9.12E — 02 9.86 x 10 4
rs7808907 128371320 Intron T/C 0.483 147E —07 0.848 0.80-0.90 235E — 02 9.41 x 107!
rs10488631 128381419 Intergenic C/T 0.116 1.58E — 18 1.513 1.38-1.66 6.94E — 01 1.96 x 107
rs12531711 128404702 Intergenic G/A 0.115 331E—19 1.527 139-1.68 7.11E — 01 246 x 107
rs12537284 128505142 Intergenic A/G 0.141 1.85E—-09 1.301 1.19-1.42 8.77E — 01 243 x 107!
152084654 128516364 Intergenic G/A 0.339 1.64E — 06 1.171 1.10-1.25 2.58E — 01 136 x 107!

IRFS8 16q24 1s8056420 83969142 Intergenic G/A 0.162 549 x 107" 1.029 094-1.13 3.13x10° 8.40 x 107!
rs7186021 84043560 Intergenic C/A 0473 231 x 1072 0922 0.86-0.99 248 x 103 532 x 107!
rs8053194 84072623  Intergenic T/G 0.404 3.01 x 1072 0925 0.86-0.99 6.69 x 10* 6.92 x 10!
rs11117425 84529772  Intergenic T/C 0296 143E—06 0.845 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 643E —08 0.802 0.74-0.87 3.56E — 01 7.90 x 107!
rs7202472 84535003  Intergenic T/G 0.182 1.58E —07 0.802 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 105
rs10514613 84688032  Intergenic C/T 0.056 4.81 x 1072 1.162 1.00-1.35 6.44 x 10°* 334 x 1072

SNPs in bold form a haplotype.

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

“All 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 et 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
dcSSc) 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 lcSSc, deSSc, 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. lcSSe, deSSe,
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 TagMan
genotyping assays from Applied Biosystems.

Genotype imputation of data

As described in Radstake ef 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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Supplementary table 1. Composition, subtype and auto-antibody status of each population included in the study.

. Population Size Gender (cases/controls) Subtype ACA ATA
Population - - — . .
Cases Controls Female Male Diffuse Limited Positive Positive

Overall 5,270 8,326 0.86/0.75 0.14/0.25 0.33 0.67 0.37 0.24
GWAS SSc cohorts
Spain 376 389 0.90/0.73 0.10/0.27 0.30 0.70 0.50 0.26
Germany 286 670 0.88/0.62 0.12/0.38 0.43 0.57 0.45 0.33
The Netherlands 203 643 0.72/0.51 0.28/0.49 0.24 0.76 0.25 0.28
uUs 1,492 3,485 0.88/0.88 0.12/0.12 0.36 0.64 0.32 0.17
Replication SSc cohorts
Spain 314 348 0.91/0.37 0.09/0.63 0.39 0.61 0.45 0.27
The Netherlands 195 240 0.71/0.47 0.29/0.53 0.39 0.61 0.25 0.28
Italy 371 322 0.91/0.51 0.09/0.49 0.25 0.75 0.43 0.38
Validation SSc cohorts
Spain 527 1,016 0.84/0.66 0.16/0.34 0.30 0.70 0.37 0.23
Germany 284 289 0.80/0.52 0.20/0.48 0.41 0.59 0.34 0.33
Italy 306 372 0.93/0.66 0.07/0.34 0.28 0.72 0.51 0.30
UK 916 552 0.83/0.81 0.17/0.19 0.29 0.71 0.36 0.18

Supplementary table 2. Power calculations for the present study cohort size in different scenarios based in expected odds ratio and

minor allele frequency.

N OR 1.30 OR1.20
Phenotype _ . Levelof PO/ MAF MAF MAF MAF MAF | MAF MAF MAF MAF MAF MAF
Cases Controls | Significance o

040 030 020 015 000 005 | 040 030 020 015 010 005
GWAS 2357 5,187 SxI0-8 98 95 77 54 21 2 | 37 26 11 4 | 0
Replication 880 910 5x10-8 6 4 2 | 0 0 0 0 0 0 0 0
GWAS+Replication 3237 6,097 sxI0-8 | 100 100 95 82 46 5 | 66 52 27 13 3 0
Validation 2033 2229 5x10-8 73 6 35 I8 5 o | 10 6 2 1 0 0
Joint 5270 8,326 sx10-8 | 100 100 100 99 8 27 | 9% 91 71 47 17 1
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Seven aminoacids in HLA-DRB1 and HLA-DPBI1 explain the majority of MHC

associations with systemic sclerosis
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Abstract

Distinct HLA alleles are associated with systemic sclerosis (SSc), but they collectively do
not explain the strong association signal observed for the HLA region in recent genome
wide association studies. Here, we took advantage of existing dense genotype data and
imputed the HLA class I and II alleles, together with 894 polymorphic aminoacidic
positions and 3,841 SNPs, in 2,296 cases and 5,356 controls of European origin.
Conditional analyses revealed distinct signatures of association within SSc¢ subtypes related
to two auto-antibodies anti-centromere (ACA) and anti-topoisomerase [ (ATA) status.
Three variable aminoacids in positions 13, 60 and 71 of the HLA-DRB1 molecule explain
the majority of HLA association with ACA. Similarly, variable aminoacids at position 76
of the HLA-DPB1 molecule and 58, 67 and 86 of the HLA-DRB1 molecule explain the
majority of association towards ATA production. No significant association remains after
controlling for these two groups of aminoacids. These results suggest that the HLA
association with SSc is different between the autoantibody subgroups and is determined by

the two groups of aminoacids.
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Author Summary

Different HLA alleles have been largely known to influence the risk of developing
autoimmune disorders, among which we find systemic sclerosis, a chronic connective
tissue disorder characterized by an abnormal immune process, excessive collagen deposit
and vascular damage. Nevertheless, the specific variations responsible for the observed
association in the HLA region with systemic sclerosis have remained elusive. In this study
we determine, through a novel HLA imputation technique, the specific aminoacids in the
HLA molecules which cause and increased risk of developing systemic sclerosis and its
associated auto-antibodies. With a seven aminoacid model (in the HLA-DRB1 and HLA-
DPpB1 molecules) we have been able to explain all observed association in the HLA region
with systemic sclerosis or its most frequent auto-antibodies: anti-topoisomerase I and anti-

centromere auto-antibodies.
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Introduction

SSc is a complex autoimmune disease characterized by vascular damage, altered immune
responses and extensive fibrosis of skin and internal organs. The disease is clinical
heterogeneous, and the two major and mutually exclusive subgroups are defined by
presence of the auto-antibodies: DNA topoisomerase I (ATA), and anti-centromere auto-
antibodies (CENP A and/or B proteins) (ACA) [1-3]. These autoantibodies correlate with
the two clinical subgroups of SSc, namely limited cutaneous SSc (lcSSc, associated with
ACA antibody), and diffuse cutaneous SSc (deSSc, associated with ATA antibody).
Around 90% of patients present one of these antibodies. Other less frequent auto-antibodies
can also be found in these patients, e.g., RNA polymerase III (pol-I1I), U3-RNP
(fibrillarin), Th/To, PM/SCL, and Ul-anti-ribonucleoprotein (RNP) [4-6]. In previous
reports, several HLA class II alleles have been associated with either SSc overall or the
auto-antibody subgroups [4, 7-10]. For example, HLA-DRB1*0101 and HLA-DQB1*0501
association is confined to ACA positive subgroup, whereas HLA-DPB1*1301 association
is found in the ATA positive subgroup [4, 11, 12]. On the other hand HLA-DRB1*0701
has been associated with protection to SSc overall [4, 13]. Finally, recent GWAS studies of
SSc show a strong association to the HLA class II region in the MHC. Unfortunately, the
described associations of classical HLA alleles do not comprehensively explain the HLA
associations detected in GWAS nor do they clarify which variants are associated with the
disease. Here, we build upon available dense SNP data from our previous GWAS of SSc,
using an imputation method designed for the MHC region to investigate the strong

association of the HLA region with SSc. We aimed at defining the HLA alleles that explain
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the association of the HLA region with SSc and to pinpoint the putative causal variations

that drive these associations.
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Results

Dense genotype data for the extended MHC region was obtained from our previous GWAS
of SSC and used for imputation. The imputation method has been described elsewhere and
has been used to map the HLA association in HIV, anti-CCP positive rheumatoid arthritis
and ulcerative colitis [14-16]. In brief, the method uses a large data set reference panel of
2,767 individuals of European descent [17] with HLA class I and II molecules four digit
typing and the genotypes of more than 7,500 common SNPs and deletion-insertion
polymorphisms across the xMHC [18]. Imputation was performed with the program
BEAGLE using standard setting (B. L. Browning, S. R. Browning, Am J Hum Genet 84,
210 (Feb, 2009).Imputed HLA alleles or amino acids dosages were tested for association
using a logistic regression model that corrects for population substructure and genotyping
batch using PLINK version 1.07 [19]. For amino acid positions with >2 alleles, we used the
omnibus test in the conditional haplotype analysis module in PLINK. We imputed the
3,841 SNPs, 894 polymorphic aminoacids and the HLA-A, HLA-B, HLA-C, HLA-DPAI,
HLA-DPBI, HLA-DQAI, HLA-DQBI and HLA-DRBI alleles of 2,296 SSc patients and
5,356 healthy controls. We checked the accuracy of the method in our dataset by comparing
imputed HLA classical alleles with partially genotyped alleles in a smaller subset of 919
cases and controls, observing a 92% and an 83% of accuracy in the US and Spain cohorts,
respectively (supplementary table 1). These accuracy rates are certainly too low for
individual prediction of HLA type. However, inaccuracies will only reduce our power and
do not cause spurious results, given that errors occur at random. Manual inspection showed

no evidence for allele specific inaccuracies, suggesting random error.
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Association analysis of imputed data confirmed previous reported associations of HLA-
DRBI1*0701, HLA-DPB1*1301 and HLA-DRBI1*1104 (table 1 and supplementary table 2).
Remarkably, each association showed restriction to a single auto-antibody positive subsets
of SSc patients (table 1). In overall SSc the most associated variants were SNP
CHR6 _POS32660045 and HLA-DPB1*1301 at HLA-DRBI and HLA-DPBI respectively.
These two peaks of association overlap with the location of the most significant variants
observed in ACA and ATA positive subgroups, namely aminoacid position 13 and position
76 at HLA-DRB1 and HLA-DPB1 respectively. Furthermore, in the remaining subgroup of
patients that are neither positive for ACA nor ATA the most associated variant was
aminoacid position 67 of the HLA-DRPI molecule (figure ). In this subgroup, no
significant association remained for the most associated variants of ACA and ATA positive

subgroups.

We proceeded with stepwise conditional association analysis to pinpoint the alleles causing
the observed associations in ACA and ATA subgroups (figure 1b-f and supplementary table
3). In ACA positive patients, the most associated variant was the aminoacid at position 13
in HLA-DRPB1 (omnibus test P = 6.15x1077). Subsequent conditioning steps revealed that
association at aminoacids 60, and 71 significantly improved the goodness of fit of the
logistic model; furthermore, the model including these three polymorphic aminoacid
positions explained most of the association between the HLA region and ACA positive SSc
(figure 1b-c and supplementary table 3). Conditional analysis of these aminoacids in
different orders remained significant, indicating that indeed these three aminoacids are

necessary to explain most of the association in this SSc subgroup.
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For the ATA positive subgroup the most associated variant was an aminoacid at the
position 76 of HLA-DPB1 (figure 1d-f and supplementary table 4). Conditioning for this
aminoacid explained all associations at HLA-DPp1, and revealed subsequent independent
associations at HLA-DRP1 at aminoacids at position 58, 67, and 86. All positions improved
the goodness of fit of the logistic model, and together explained most of the association in
the MHC region in this auto-antibody subgroup (figure 1d-f and supplementary table 4).
The residual MHC association was mainly carried by the classical HLA allele HLA-
DRB1*1104. However, this imputed allele did not improve the goodness of fit of the model
significantly (likelihood P value = 1.18x10‘3), nor was it in strong LD with any of the
remaining variants. Again conditional testing of the aminoacids in different orders

remained significant.

The seven aminoacids together correlate to the classical HLA alleles that were found
associated to SSc previously (table 3). Furthermore, we performed a logistic regression
analysis conditioned to the presence of the risk alleles of these seven aminoacids in the full
SSc cohort, the non-ACA and ATA producing auto-antibodies (hence called double
negatives), and both cutaneous subtypes of the disease (IcSSc and dcSSc). As observed in
supplementary table 5, figure 1 and supplementary figure 1 all association in SSc or any of

its subgroups in the MHC was fully conditioned by the seven aminoacids.
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Discussion

Here, we identified seven variable aminoacids that collectively explain the majority of the
HLA association with SSc and correlate to previous described classical HLA allele
associations. The one exception of the latter is the HLA-DRBI*1602 allele previously
described to be associated in the Choctaw Native American tribe, which could not be
imputed in our cohorts due to its low frequency in European ancestry populations [20].
Furthermore, Karp et al. found aminoacids 26, 28, 30, 37, 67, 70, 71 and 86 to be the
causative variation for the observed association of HLA-DRBI1*1104 with SSc using a
different approach to fine map the HLA-DRP1 association. However, we were able to
impute all of the aminoacidic positions described by Karp et al., but none of these positions
showed an independent association with SSc after conditional analysis with above
identified loci. Only aminoacid 86 was also identified in our data as part of the causal

variations (fables 2 and 3, supplementary tables 2, 3 and 4).

Our results suggest that the aminoacids identified in autoantibody producing subgroups
drive the majority, if not all, of the MHC association with SSc. The strong association of
the two groups of aminoacids according to autoantibody status also suggests that the
observed HLA association in the double negative group may have been caused by subjects
in which autoantibodies escaped detection. Nevertheless, we limited power to rule out the
possibility of other aminoacids explaining the association for other, less frequent,

autoantibodies found in SSc patients, such as anti-RNA polymerase III autoantibodies.

All identified associated aminoacid positions are located in peptide binding sites of either

the HLA-DRB1 or HLA-DPB1 molecules, and thus are probably affecting the affinity of the
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HLA for the peptide [21, 22]. In the case of ACA positive patients these aminoacids (13, 60
and 71 of HLA-DRp1) could influence the union of centromere components, e.g. CENP-A
and CENP-B as previously described [23, 24]. On the other hand the corresponding
aminoacid positions associated with ATA (position 76 of HLA-DPB1 and 58, 67 and 86 of
HLA-DRP1) should be influencing the recognition of topoisomerase [ epitopes.
Furthermore, most identified aminoacid alleles associated with risk or protection had
differential features regarding the side chains (supplementary table 6). It is also noteworthy
that no independent association was found for any HLA class I with SSc or any of its

considered subgroups.

In conclusion, we have been able to explain most of the observed association in the HLA
region with SSc by the presence of specific alleles in the aminoacid positions 13, 58, 60,
67, 71 and 86 of the HLA-DRB1 molecule and position 76 of the HLA-DPB1 molecule,
which influence the SSc risk through the auto-antibody (ACA and ATA) production risk.
We add more evidence that SSc is not a genetically homogeneous disease. The two models
of aminoacids define the ACA positive and ATA positive auto-antibody subgroups of the
disease, account for the majority of HLA association in the MHC region, and explain the

HLA alleles classically associated with the disease among patients of European ancestry.
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Materials and Methods

GWAS data

The cohorts analyzed were composed of 2,296 Caucasian SSc patients and 5,356 healthy
controls from USA, Spain, Germany and The Netherlands previously described, whose key
features can be found in supplementary table 7 |25]. All cases met the American College of
Rheumatology preliminary criteria for the classification of SSc [26]. Furthermore, patients
were classified according to the extent of skin involvement into limited (1cSSc) or diffuse
(dcSSc) forms [27]. In addition, the presence of SSc specific auto-antibodies, anti-
topoisomerase I (ATA, anti-Scl70) and anti-centromere (ACA) was assessed by passive
immunodiffusion against calf thymus extract and indirect immunofluorescence of Hep-2

cells, respectively.

Collection of blood samples and clinical information from case and control subjects was
undertaken with informed consent and relevant ethical review board approval from each

contributing centre in accordance with the tenets of the Declaration of Helsinki.

SNP data in the different cohorts was originally obtained from Illumina 550k and 370k
HumanHap [llumina chips as previously described [25]. Data in the SSc GWAS cohorts
prior to imputation was filtered as follows: Using Plink, we identified and excluded pairs of
genetically related subjects or duplicates and excluded the genetic-pair members with lower
call rates. To identify individuals who might have non— western European ancestry, we
merged our case and control data with the data from the HapMap Project (60 western
European (CEU), 60 Nigerian (YRI), 90 Japanese (JPT) and 90 Han Chinese (CHB)

samples). We used principal component analysis as implemented in HelixTree, plotting the
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first two principal components for each individual. All individuals who did not cluster with
the main CEU cluster (defined as deviating more than 4 standard deviations from the
cluster centroids) were excluded from subsequent analyses. Additional filters were applied
as previously described [25]. Then we filtered for genotyping quality, removing SNPs with
a genotyping success call rate < 99%, individuals with a SNP success call rate < 99% and
those showing MAF < 1%. Deviation of the genotype frequencies in the controls from
those expected under Hardy-Weinberg equilibrium was assessed by a XZ test or Fisher’s
exact test when an expected cell count was < 5. SNPs deviating from Hardy-Weinberg
equilibrium (P < 0.001) were eliminated from the study. The genotyping success call rate
on the merged dataset after all these quality filters were applied was 99.83%. Once all
filters were applied, we extracted for all individuals all SNP genotypes between the
positions 20,000,000 and 40,000,000 in chromosome 6 (i.e. the xMHC) for imputation,

resulting in a total of 2,892 SNPs after quality control.
Imputation

The 2,892 SNPs obtained in the xMHC after all quality controls were used for the
imputation process. We used as reference panel for the imputation 2,767 individuals of
European descent [17] with HLA class 1 and II molecules four digit typing and the
genotypes of more than 7,500 common SNPs and deletion-insertion polymorphisms across
the xMHC [18]. The imputation process was performed using the Beagle software [28].
Imputed data in the xMHC either for SNPs, aminoacids or the HLA four digits code were
filtered as follows: variants with a success call rate below 95% were excluded, variants
with a MAF below 1% were excluded and all individuals with a SNP success call rate

below 95% were excluded. After these filters a total of 3,841 SNPs remained. Also, through
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the imputation process a total of 894 polymorphic aminoacidic positions were obtained
(143 for HLA-A, 197 for HLA-B, 118 for HLA-C, 34 for HLA-DPBI, 10 for HLA-DPAI, 92
for HLA-DQBI, 56 for HLA-DQAI and 244 for HLA-DRBI). At last, the alleles of the class
I (HLA-A, HLA-B and HLA-C) and class Il (HLA-DPAIl, HLA-DPBI1, HLA-DQAI, HLA-
DQBI and HLA-DRBI) were obtained. The alleles of each of the class I and II molecules
imputed can be found in supplementary table 1. We used previously genotyped HLA alleles
partial data from 493 individuals from the US and 426 individuals from Spain for the HLA-
A, HLA-B, HLA-C, HLA-DPAI, HLA-DPBI, HLA-DQAIl, HLA-DQBI and HLA-DRBI
genes at 4 digits, which were partially included in previous reports [4, 10] in order to assess
the accuracy of the imputation. This resulted in an accuracy of 92% in the US cohort and
83% in the Spanish cohort in the 4 digits comparison (supplementary table 1). In the US
population the mean accuracy for all the HLA genes reached a higher value probably due to
the fact that the reference panel used for imputation was also from US origin. Spanish
cohort was more separated from the US (and also Netherlands and Germany) in the PC
analysis as seen in supplementary figure 2, which could explain the slightly lower

imputation accuracy in this population.

Statistical analysis

We performed the association analyses by the means of unconditioned and conditioned
logistic regression analysis to account for dependency among the xMHC associations
found. To control for population differences we included in the logistic regression models
the country of precedence of the individuals as a covariate. To identify the independent
signals, first, we performed a conditional logistic regression analysis using as condition the

top-most associated variants in the unconditioned analysis, second, we used the top-most
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associated variant independent of the first one as condition, third, we used the top-most
associated variant independent from the first and the second ones as condition, and so on
until we identified all independent variants in the XMHC region for SSc or any of its sub-
phenotypes. Since the present work is based on GWAS data, P values < 5x10™ were
considered significant in order to minimize the type I errors. Odds ratios (OR) were
calculated according to Woolf’s method. In this stepwise conditional logistic regression
analysis we searched recursively for models which better explained all association present
in the xMHC. When more than one model was found to explain the association of one HLA
allele, we compared the goodness of fit of each one. We assessed the significance of the
improvement in fit by calculating the deviance (defined as —2 x the log likelihood), which
follows a x2 distribution. We assumed that the model was not improved when the
improvement of fit was not significantly higher than the previous model. The multi-allelic
variants analyzed in the present study were encoded as binary variables according to the
presence or absence of each of the alleles for each aminoacidic position or HLA molecule.
For example, in the case HLA-A 4 digits alleles, the allele HLA-A*0101 was binary
encoded as the presence or absence of HLA-A*0101, the allele HLA-A*0201 was binary
encoded as the presence or absence of HLA-A*0201 and so on. These variables were
analyzed by including in one single logistic regression model all possible alleles at each
position, which gave an omnibus significance value for the locus. All analyses were
performed using Plink software (Version 1.07) [19]

(http://pngu.mgh.harvard.edu/~purcell/plink/) and HelixTree SNP Variation Suite (Version

7) (http://www.goldenhelix.com/). The imputation process was performed using Beagle

software [28]. The 3D models of the HLA molecules were done with UCSF Chimera [29].
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Legends to figures

Figure 1. Manhattan plots of the xMHC region representing the —Log), of the P values for
the total SSc as well as the auto-antibody positive subgroups. a) unconditioned joined
Manhattan plot, b) ACA+ unconditioned Manhattan plot, ¢) ACA+ Manhattan plot
controlling for the association found in HLA-DRBI, d) ATA+ unconditioned Manhattan
plot, ) ATA+ Manhattan plot controlling for the association found in HLA-DPBI, f) ATA+
Manhattan plot controlling for both the associations found in HLA-DPBI and HLA-DRBI,
g) double negative unconditioned Manhattan plot, and h) double negative Manhattan plot
conditioned for HLA-DRB1’s association in ACA+ and HLA-DRB1/DPBI1’s association in

ATA+.

Figure 2. 3D models of each of the molecules causing the genetic predisposition to develop
auto-antibodies in systemic sclerosis patients. The aminoacidic positions which best explain
all observed associations in xXMHC are highlighted in turquoise blue. a) Aminoacidic
positions responsible for the association of HLA-DRB1 with the ACA+ subgroup, b)
aminoacidic positions responsible for the association of HLA-DPB1 with the ATA+
subgroup, ¢) aminoacidic positions responsible for the association of HLA-DRB1 with the

ATA+ subgroup.
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Table 1. HLA classic four digits alleles independently associated with systemic sclerosis, more specifically, with its auto-antibody
positive subgroups. Significant P values are marked in bold.

HLA Gene Allele P SSc %wm P ACA+ >mw . PACA- >Mw>- P ATA+ >ww . PATA- >ww- 5%@%%

HLA-DRBI 0701 8.77x10"° 0.61  7.73x107 0.31 8.71x107 0.77 4.41x10" 0.93 7.87x107"° 0.54 ACA+

HLA-DRBI 0801 2.69x10° 178  1.39x107% 3.28 4.65x10" 1.10 2.81x10" 1.25 1.64x107" 1.91 ACA+

HLA-DOBI 0302 4.97x107 126 1.67x10™" 1.71 4.57x10™ 1.05 2.98x107 0.75 3.12x10° 1.39 ACA+ Q
HLA-DOBI 0501  4.66x10* 120  1.02x10%  2.10 5.60x107 0.83 1.79x107 0.48 6.44x10"" 139 ACA+ -
HLA-DPBI 1301 2.03x102 273  6.94x10" 1.08 4.78x10* 3.65 6.97x107" 10.80 6.55x107 1.28 ATA+

HLA-DRBI 1104 3.51x100° 2112 2.95x107 1.45 7.64x107' 247  3.22x10° 5.47 5.88x107 1.40 ATA+
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Table 3. All MHC class II alleles previously reported to be associated with SSc or any of its subgroups analyzed in the present study.
+The best P value from all subsets considered, i.e. SSc, ACA and ATA. ;The conditioning of each HLA allele was only performed
when the unconditioned P value was significant. *HLA alleles previously reported as SSc genetic risk factors have been narrowed

down to auto-antibody positive subgroups and fully explained within them in the present study (see table 1).
Bibliography Present Study
. L s Best P T aco Conditioned Conditioning
Gene Variation  Subgroup Ethnicity value OR (C195%) Subgroup P valuet Variation
Hispanic, Japanese 10 > AAs 43,90 and 101
HLA-DRBI 01(01) ACA and Caucasians 5.40x10 2.01(1.72-2.34) ACA 9.15x10 of HLA-DRB1
HLA-DRBI  04(02) ACA  Hispanic,Japanese | g0 0109 (088-1.88)  ACA NA NA
and Caucasians
- Hispanic, Japanese 25 2 AAs43,90and 101
HLA-DQOBI 05(01) ACA and Caucasians 1.02x10 2.10(1.83-2.41) ACA 1.60x10 of HLA-DRBI
HLA-DRBI 1101 ATA Caucasians and 3.79x107  1.73(1.40-2.14)  ATA NA NA
African Americans
Japanese and .34 ) o AAs88,97and 116 0
HLA-DRBI 11(04) ATA Caucasians 3.22x10 5.48 (4.16-7.18) ATA 4.82x10 of HLA-DRBI S\
HLA-DRB1 1502 ATA Japanese 1.37x107 2.01(1.15-3.50) ATA NA NA
. 13 1 AAs 88,97 and 116
HLA-DOBI 0301 ATA Caucasian and Black | 5.12x10 1.78 (1.52-2.07) ATA 3.62x10 of HLA-DRBI
HLA-DOBI 0601 ATA  Covcasiam, Jepanese | ,...102  203(1.17-3.54)  ATA NA NA
and Black
HLA-DPBI 1301 ATA Caucasians 6.97x1077  10.80 (8.40-13.89) ATA 2.09x10° e _oduvw_zr>-
HLA-DOBI 05(01) ATA Caucasians 1.79x107 0.48 (0.37-0.63) ATA NA NA
HLA-DPB1 0901 ATA Japanese 2.89x107"  1.40 (0.75-2.62) ATA NA NA
i . B o AAs88,97and 116
- 3 Se ‘aucasians 34 " * / 6 s
HLA-DRBI 1104 SSc Caucasians 3.22x10 5.48 (4.16-7.18) ATA 4.82x10 of HLA-DRBI
) ) . 20 -\ ) N i 1 AAs43,90and 101
HILA-DRRBI 0701 SSc Caucasians 7.73x10 0.31(0.24-0.40) ACA 6.71x10 of HLA-DRB1
HLA-DRB1 1501 SSc Caucasians 3.24x10°  0.68(0.57-0.82)  ACA* NA NA
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Legend to supplementary tables and figures

Supplementary table 1. Alleles imputed for each HLA gene included in the present study

and imputation accuracy of each gene separately.

Supplementary table 2. Detailed analysis of all variations (SNPs, aminoacids and HLA
alleles) analyzed in the overall SSc and the ACA+, ATA+, double negatives, lcSSc and
dcSSc subgroups. The HLA-DRB1 aminoacids indentified as causative by Karp et al. are

marked in green. The nomenclature of the variations is explained in supplementary note 1.

Supplementary table 3. Detailed analysis of all variations (SNPs, aminoacids and HLA
alleles) analyzed in the ACA positive subset of patients. The nomenclature of the variations

is explained in supplementary note 1.

Supplementary table 4. Detailed analysis of all variations (SNPs, aminoacids and HLA
alleles) analyzed in the in the ATA positive subset of patients. The nomenclature of the

variations is explained in supplementary note 1.

Supplementary table 5. Detailed analysis of all variations (SNPs, aminoacids and HLA
alleles) conditioned to our seven aminoacid model in SSc and the ACA+, ATA+, double
negatives, 1cSSc and deSSc subgroups. The nomenclature of the variations is explained in

supplementary note 1.

Supplementary table 6. Key features of the different alleles imputed in our populations of
the HLA class II molecules aminoacidic positions which explain all association of the HLA

region with SSc or any of its considered subgroups. *Frequency for our control
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populations. **Arbitrary feature of the considered alleles which differences

risk/protection/neutral alleles at each position.

Supplementary table 7. Key features of the cohorts used in this study.

Supplementary figure 1. Manhattan plots of the xXMHC region representing the —Log;o of
the P values for the total SSc as well as the cutaneous subtypes of the disease. a)
unconditioned joint Manhattan plot, b) total SSc unconditioned Manhattan plot, ¢) SSc

Manhattan plot controlling for the seven aminoacid model, d) 1cSSc unconditioned

Manhattan plot, €) 1cSSc Manhattan plot controlling for the seven aminoacid model, f)
dcSSc unconditioned Manhattan plot, and g) dcSSc Manhattan plot controlling for the

seven aminoacid model.

Supplementary figure 2. Principal component plot for the first two eigenvectors. Every

represented individual who deviated more than four standard deviations from their

populations centroid were excluded from further analysis as principal component outliers.

Supplementary note 1

SNPs are named after their rs# number or, if not available, after their position in

chromosome six build 36 (e.g. CHR6 POS32660045).

Aminoacid variations are named after the HLA gene in which they are found, aminoacidic

position within the protein, exon in which the aminoacid is located, base position on

chromosome six and considered alleles in one letter aminoacidic code. When more than one

,\
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DRB1_AA97_E2_32659947_F .
. ;o . . N

; : = ! T <

HLA Gene Aminoacidic Exon Base pair positionin  Allele
position chromosome 6

For the imputed amino acids, there exist many in the leading sequence of the HLA protein
that don't make it into the final protein. Thus systematic changes must be made to the

numbering system: in HLA-A subtract 24, in HLA-B subtract 25, HLA-C subtract 25, in

HLA-DRBI1 subtract 30, in HLA-DPA1 subtract 30, in HLA-DPBI1 subtract 29, in HLA-
DQAI1 subtract 23 and in HLA-DQBI1 subtract 33. Hence, in the example above

(DRB1 AA97 E2 32659947 F) the position of the aminoacid in the protein is 67.

HLA alleles are named after the HLA gene and the considered allele (e.g

HLA DPB1*1301).
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Supplementary Figure 1.

Difuse cutaneous subtype versus healthy controls

1 . Limited cutaneous subtype versus healthy controls

] O Systemic sclerosis versus healthy controls
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Supplementary Figure 2.
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SYSTEMIC SCLEFROSIS AND THE GENETIC CONTINUUM
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Systemic sclerosis and systemic lupus erythematosus pan-meta-GWAS reveals six

new shared susceptibility loci
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Abstract

Systemic sclerosis (SSc) and systemic lupus erythematosus (SLE) are two archetypal
systemic autoimmune diseases which have been shown to share multiple genetic
susceptibility loci. In order to gain insight into the genetic basis of these diseases we
performed a pan-meta-analysis of two genome-wide association studies (GWAS)
together with a replication stage including additional SSc and SLE cohorts. This
increased the sample size to a total of 21,109 (6,835 cases and 14,274 controls). We
selected for replication 20 SNPs from the GWAS data. We were able to validate as
novel genetic susceptibility loci (for the combined SSc and SLE analysis) K/440319L
(P =3.31x10", OR = 1.49), PXK (P = 3.27x10", OR = 1.20), ATG5 (P = 5.30x107,
OR = 1.14), JAZF1 (P = 1.11x10®, OR = 1.13), SAMDIL (P = 3.17x10”, OR = 1.19)
and CSK (P = 2.59x107, OR = 1.13). Furthermore, we observed that K/4A40319L and
SAMDYL were overexpressed in peripheral blood cells of SSc and SLE patients
compared to healthy controls. With these, we add five (KIA40319L, PXK, ATGS,
JAZF1 and SAMDOYL) and three (KIAA0319L, SAMDYL and CSK) new susceptibility
loci for SSc and SLE, respectively, increasing significantly our knowledge of the

genetic basis of autoimmunity.
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Introduction

Most autoimmune disorders are genetically complex and clinically heterogeneous.
Classification permit physicians to distinguish individual autoimmune criteria based on
typical clinical features. However, underlying these separate clinical features there is a
genetic continuum of susceptibility factors and molecular pathways leading to
autoimmunity. This becomes clear when analyzing existing genetic data according to
clinical subphenotypes, reducing the overall genetic heterogeneity in the analyses (1-8).
This has been clearly demonstrated in rheumatoid arthritis (RA) in which separating
anti-citrullinated protein antibody (ACPA) positive and negative cases resulted in a far
more homogeneous genetic analysis revealing genetic subgroups (1, 3-6). The aim of
personalized medicine is thus to accomplish a degree of resolution that allows us to
distinguish genetically and molecularly such groups and provide more targeted

therapeutic interventions.

There is a growing body of evidence that all autoimmune disorders share to a varying
degree their genetic susceptibility loci (9). It is clear that lack of statistical power due to
limited sample size is a barrier to completely defining the genetic contribution to
autoimmunity. As we increase our sample size, we can identify additional genes shared
by some diseases but not shared by others. From the viewpoint that all autoimmune
disorders are heterogeneous entities whose specific manifestations depend on the
presence of several susceptibility genetic variants and environmental triggers, the
combined analysis of different autoimmune disorders will greatly increase our statistical
power to detect modest genetic effects shared among them. This approach has already
been successfully used to detect the shared genetic susceptibility component of RA,
celiac disease and Crohn’s disease (10, 11). In the present study we meta-analyze the

GWASs of two autoimmune disorders that have been demonstrated to share a relatively
140




large portion of their genetic component and clinical features: systemic sclerosis and

systemic lupus erythematosus (12, 13), identifying new loci for each disease. We would

suggest a similar approach for other autoimmune diseases in the future.

141




Results

According to the selection criteria, we investigated 20 SNPs for replication whose
statistics are shown in fable I and figure 2. According to the significance criteria
established (see materials and methods), we could confirm one new association shared
by SSc (more specifically in the limited cutaneous subtype) and SLE: rs2275247 in
KIAA0319L (combined P value = 3.31x10™"!, OR = 1.49; SSc P value = 3.25x10; SLE
P value = 1.15x10”) (table I). Furthermore, we were able to determine two new genetic
susceptibility regions at genome-wide level of significance in the combined analysis for
SSc which had been previously described only in SLE: PXK (rs2176082, combined P
value = 3.72x10™"", OR = 1.20; SSc P value = 4.33x10%; SLE P value = 2.06x107) and
JAZF1 (combined P value = 1.11x10%, OR = 1.13; SSc¢ P value = 1.27x107; SLE P
value = 3.84x107) but with a modest association particularly for the SSc analysis alone.

This suggests a minor role of these genetic variants in SSc compared to SLE (table 1).

We also observed suggestive associations in three other loci: ATGS5, SAMDYL and CSK.
ATGS5 has been previously identified as a risk locus for SLE (14), but it is a novel
susceptibility locus in SSc (rs3827644, combined P value = 5.30x10”, OR = 1.14; SSc
P value = 8.09x107). On the other hand, CSK, that has been previously described in SSc
(15), showed a novel suggestive association for SLE (rs7172677, combined P value =
2.59x107, OR = 1.13; SLE P value = 1.10x107%). SAMDYL is a completely novel locus
for both diseases (rs1133906, combined P value = 3.17x107, OR = 1.19; SSc P value =

1.65x10™"; SLE P value = 1.55x107) (table ).

In the whole blood gene expression data, we observed that K/AA0319L was
significantly overexpressed in SLE patients compared to unaffected controls (P=

5.36x107, FDR:2.94x10'3) with a fold change of 1.9, while in SSc, there was a trend
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towards overexpression compared to healthy individuals (P value = 9.05x107, FDR =
0.14) with a fold change of 1.3. SAMD9YL was also significantly overexpressed in SLE
patients compared to unaffected controls with a fold change of 2.4 (P < 1x107, FDR <
1x107). Similarly, SAMDYL showed a trend for higher expression in SSc patients
compared to unaffected controls with a fold-change of 1.4 (P = 1.5x107, FDR = 0.17).
No significant expression differences were observed for PXK, ATGS, JAZF1 and CSK

in either SSc or SLE compared to controls (table 2).
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Discussion

Utilizing a GWAS pan-meta-analysis strategy, we were able to identify a total of six
new autoimmunity susceptibility loci, five of which are new for SSc and three of which
are new for SLE. These new genetic susceptibility loci were undetected in the previous

SSc and SLE GWAS:s due to the lack of statistical power.

The clearest example of this is rs2275247 in KIAA0319L, with a minor allele frequency
of the 3.43% in our GWAS cohorts, which would have gone undetected as
supplementary table 3 predicts. However, due to the combined analysis, we were able to
capture this association in our meta-analysis. KI440319L was previously associated
with learning and cognition disabilities (16). Interestingly, the protein contains among
its evolutionary conserved domains a Polycystic Kidney Disease (PKD) domain, which
is an immunoglobulin family-like domain of unclear function (17). Furthermore,
KIAA0319L was significantly overexpressed in peripheral blood cells from SLE patients
compared to those of healthy controls, also showed a similar trend was observed in SSc.
Another possible lead pointing to the role of K/I440319L in autoimmunity can be found
in the expression profile of this gene in the bioGPS public database

(http://biogps.org/#goto=welcome); although this gene is expressed ubiquitously it has a

particularly high expression in immune cells such as macrophages, natural killer cells
and other hematopoietic cells in the mouse (supplementary figure 3) and CD33+

myeloid cells and CD14+ monocytes in humans (supplementary figure 4).

SAMDOYL (sterile alpha motif domain containing 9-like) is a gene of unknown function
that has been described to be transcriptionally altered in response to type I interferons
(18), which are known to play an important role in both diseases (19). Furthermore, as

in the case of KI4A40319L, we found that SAMDYL was differentially expressed between
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peripheral blood cells of SLE patients and healthy controls and showed a similar trend
in SSc patients. The expression profile of this gene was consistent with its presence in
different hematopoietic cell types such as 271 B lymphoblast cell line, CD8 and CD4 T

cells, natural killer cells and monocytes in humans (supplementary figure5).

PXK, ATGS5 and JAZF'1 were previously described as SLE genetic risk factors (14, 20).
Interestingly, in the present study we confirm all of them, but with a modest association
with SSc. The role of these three genes in SLE pathogenesis remains largely unknown,
it is also unclear whether their pathogenic mechanism is the same or different in SSc.
Conversely, we found CSK, recently described to be associated with SSc (15), as a
suggestive susceptibility factor in SLE. CSK plays a central role in the immune
response as an inhibitor of LYP (encoded by PTPN22), which in turn, when dissociated
from CSK inhibits T cell activation (21). The implication of CSK in SSc pathogenesis
was suggested to be through its role in fibroblast activation and in skin fibrosis (22),
although it needs to be further explored whether the role it has in SLE pathogenesis

follows the same pathway or acts by another mechanism.

Due to the increased statistical power derived from the merging of two GWAS in SSc
and SLE and the addition of large replication cohorts, we were able to establish two
new functionally attractive susceptibility loci for SSc and SLE (KIAA0319L and
SAMDOYL), three new susceptibility loci for SS¢ (47G5, PXK and JAZFI) and one new
locus for SLE (CSK). This study, together with several others, adds evidence of the

genetic continuum that underlies SSc, SLE and most autoimmune disorders.
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Material and Methods

Study cohorts

The GWAS cohorts analyzed in this study were composed of a total of 3,530 cases and
7,381 healthy controls. Of these 2,761 cases and 3,720 healthy controls belonged to a
previous SSc¢ GWAS conducted on cohorts from Spain, Germany, The Netherlands and
USA (23). The rest of the cases and controls belonged to a previously published SLE
GWAS conducted in the USA, SLEGEN cohort composed of 769 SLE patients and

3,661 healthy controls (14) (supplementary tables 1 and 2).

We selected independent SSc and SLE replication cohorts in order to confirm the results
observed in the previous meta-GWAS stage. The SSc replication cohort was composed
of 432 cases from Spain, 691 cases from Italy and 455 cases from the United Kingdom,
while the SLE replication cohort was composed of 375 cases from Spain, 335 cases
from Italy, and 1,017 cases from the United Kingdom. A shared set of independent
controls was used to compare with the SSc and SLE patients composed of 760 controls
from Spain, 481 controls from Italy and 5,652 controls from the United Kingdom
(supplementary table 1). Supplementary table 2 shows key features of the SSc cohorts
analyzed. All the samples in the replication cohorts were recruited from hospitals and
clinics of each country after approval by the corresponding ethics committees. Genotype
data from the United Kingdom replication controls were obtained from the WTCCC

repositories, for which we were granted access.

All cases either met the American College of Rheumatology preliminary criteria for the
classification of SSc (24) or had at least three of the five CREST (calcinosis, Raynaud’s
phenomenon, esophageal dysmotility, sclerodactyly, telangiectasias) features and were

classified according to their skin involvement and their auto-antibody production
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status(25, 26). All SLE patients in the current study fulfilled the revised criteria for
classification of SLE from the American College of Rheumatology (27). All individuals

enrolled in the present study provided written informed consents.

Data quality control

GWAS data were filtered as previously described (23) using as a limits a 90% success
call rate per SNP and individual, a deviation from Hardy-Weinberg equilibrium of a P
value < 0.0001 and a minor allele frequency lower than 1%. The first ten principal
components were estimated and individuals who deviated more than three standard
deviations from the centroid of their population in the first two principal components
were excluded as outliers. The replication cohorts were filtered in the same way except
for the principal component analysis, which was not performed due to the lack of

GWAS level data for these cohorts.

Genotyping

The GWAS genotyping of the SSc cases and controls was performed as follows: the
Spanish SSc cases and controls together with Dutch and German SSc cases were
genotyped at the Department of Medical Genetics of the University Medical Center
Utrecht (The Netherlands) using the commercial release Illumina Human CNV370K
BeadChip. Genotype data for Dutch and German controls were obtained from the
[1lumina Human 550K BeadChip available from a previous study. The SSc case group
from the United States was genotyped at Boas Center for Genomics and Human
Genetics, Feinstein Institute for Medical Research, North Shore Long Island Jewish
Health System using the Illumina Human610-Quad BeadChip. CGEMS and I[llumina
iControlDB controls were genotyped on the Illumina Hap550K BeadChip. SNPs

selected for the replication phase were genotyped in the replication cohorts using
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Applied Biosystems” TagMan SNP assays on ABI Prism 7900 HT real-time

thermocyclers.
Study design

Considering the size of our cohort for both study phases, simultaneously we calculated
the statistical power for the different scenarios according to Skol er al. (28).
Supplementary table 3 shows the statistical power to detect different effect sizes. On
average we had 86% statistical power to detect an OR of 1.20 with a minor allele

frequency of 0.20.

Taking this into consideration, for the GWAS analysis three different criteria were
followed to select SNPs for replication and maximization of our success in signal

detection:

1) In order to detect common signals for SSc and SLE which caused either risk or
protection for both diseases, we selected SNPs that showed a P value of the SSc
and SLE meta-analysis < 5x10” and showed a nominally significant association
with both diseases at P value < 0.05, as well as no significant heterogeneity in
the SSc cohorts meta-analysis (Q > 0.05) (seen in supplementary table 4).

2) To detect common signals for SSc and SLE which caused either risk or
protection in one of the diseases and the opposite effect in the other, we selected
SNPs that showed a P value of the SSc and SLE meta-analysis (using for SLE in
this case 1/OR instead of the OR) < 5x107 and were associated with both a P
value < 0.05 in both diseases, and without significant heterogeneity in the SSc
cohorts meta-analysis (Q > 0.05) (seen in supplementary table 5).

3) To further detect any susceptibility variants previously reported for one of the

diseases but not reported for the other, we selected any SNP with an overall P
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value < 5x107 and associated separately in SSc and SLE (at a P value < 0.05)
which had been previously described as a genetic risk factor for either disease

(seen in supplementary table 6).

In any of these cases when performing the pan-meta-analysis with SSc, we also
considered the most frequent SSc subphenotypes (classified as stated above): anti-
centromere antibody (ACA) positive subgroup, anti-topoisomerase I antibody (ATA)
positive subgroup, limited cutaneous subtype (IcSSc) and diffuse cutaneous subtype
(dcSSc) (25, 26). Supplementary figure 1 shows from which subphenotype of SSc each

of the selected SNPs were derived from for the replication step.

After the replication stage was completed, we considered a signal to be statistically
significant if the combined (SSc and SLE, GWAS and replication cohorts) meta-
analysis P value was < 5x107, and if the meta-analysis P value (GWAS and replication
cohorts) for each disease and stage was also significant. Furthermore, when a genetic
variant presented a combined P value < 5x10°° and was associated with a P value < 0.05
in the GWAS and replication stages’ meta-analysis, it was considered a suggestive

association.
Statistical analysis

Meta-analysis of the SS¢ GWAS data was performed with the Cochran-Mantel-
Haenszel test correcting for the genomic inflation factor lambda (GC correction)
(supplementary figure 2). Analysis of the SLE GWAS data was performed by a simple
x2 2x2 test correcting the P values for the genomic inflation factor lambda (GC
correction) (supplementary figure 2). The pan-meta-analysis of the SSc and SLE
GWAS data was performed with the inverse variance method calculating the resulting

ORs. When the replication cohorts were included in the analysis, they were also
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analyzed using the inverse variance method. When different associations were found in
the same locus, the underlying association hit was determined by means of conditional
logistic regression analysis. All statistical analyses were performed using Plink version

1.07 (29) (http://pngu.mgh.harvard.edu/~purcell/plink/) and HelixTree SNP Variation

Suite 7 (http://www.goldenhelix.com/).

Gene Expression Data

We had access to whole blood gene expression data from 74 SSc patients, 17 SLE
patients and 21 healthy controls (19); which were not included in the GWAS cohorts.
None of the patients were treated with immunosuppressive agents (exception
prednisone < Smg or hydroxycholoroquine). Blood samples for transcript studies were
drawn directly into PAXgene tubes (PreAnalytiX, Franklin Lakes, NJ). Total RNA was
isolated according to the manufacturer’s protocol using the PAXgene RNA kit
(PreAnalytiX). The RNA quality and yield were assessed using a 2100 Bioanalyzer
(Agilent, Palo Alto, CA) and an ND-1000 Spectrophotometer (NanoDrop Technologies,
Wilmington, DE). Two hundred nanograms of total RNA was amplified and purified
using the [llumina TotalPrep RNA Amplification Kit (Applied Biosystems/Ambion,
Austin, TX) in accordance with the manufacturer’s instructions. The amplified
complementary RNA was hybridized on Illumina Human Ref-8 BeadChips, and the
data were extracted with the Illumina Beadstudio software suite (Illumina, San Diego,
CA). A transcript was defined as differentially expressed when the significance level for
the comparison was P < 0.05 and the false discovery rate (FDR) was < 0.10 using a

random-variance t-test.
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Legends to figures

Figure 1. Workflow diagram showing the overall process followed during the present

work.

Figure 2. Twin Manhattan plot representing the results of the SSc (left side, in blue),
SLE (right side, in green) and combined GWAS analysis (in both sides, in grey). *SSc

plotting represents either the total disease or any of its considered subphenotypes, i.e.

ACA positive, ATA positive, 1cSSc and deSSc. **ICA1 and JAZF 1 SNPs were selected
according to selection criteria three (see materials and methods), and not because of

reaching the significance threshold in the GWAS stage.
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Table 2. Expression data of the successfully replicated loci from table I, whether at
GWAS level or suggestive level of association. Significantly overexpressed genes are
marked in Bold. *PXK and ATGS were not sufficiently expressed in whole blood

samples and did not pass the filtering criteria.

SSc Vs Controls SLE Vs Controls
Chr. Gene
Parametric P FDR Fold change  Parametric P FDR Fold change
1 KIAA0319L 9.05E-03 1.43E-01 1.328 5.36E-05 2.94E-03 1.937
3 PXK ND#* ND* ND* ND* ND* ND*
6 ATGS ND* ND* ND* ND* ND* ND*
7 JAZF1 9.04E-01 9.60E-01 0.990 3.90E-01 6.17E-01 0.870
7 SAMDYL 1.50E-02 1.70E-01 1.410 <1E-07 <1E-07 2.444
15 CSK 5.51E-01 7.70E-01 1.040 3.52E-01 5.80E-01 1.080
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Legends to supplementary figures

Supplementary figure 1. Manhattan plot broken down by SSc subphenotypes. In each
case the analysis performed was as follows: SLE joined with the corresponding SSc

phenotype usingthe inverse variance method.

Supplementary figure 2. QQ plots for SSc, SLE and the pan-meta-analysis of both,
with or withoutthe largely known and strongly associated MHC region. The lambdas
observed were: SSc + SLE excluding the MHC region: 1.176; SSc excluding the MHC
region: 1.246; SLE excluding the MHC region: 1.389; SSc + SLE including the MHC
region: 1.195; SSc including the MHC region: 1.262; SLE including the MHC region:

1.414.

Supplementary figure 3. K/AA0319L expression profile in mice from the bioGPS

database (http://biogps.org/#goto=welcome).

Supplementary figure 4. K/I4A0319Lexpression profile in human from the bioGPS

database (http://biogps.org/#goto=welcome).

Supplementary figure 5. SAMDYL expression profile in human from the bioGPS

database (http://blogps.org/#igoto=welcome).
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Supplementary tables

Supplementary table 1. Study cohorts breakdown by the numbers. *These samples

came from the GWAS in SSc by Radstake et al. 1These samples came from the GWAS
in SLE by Harleyer al. $These samples came from the WTCCC shared UK control
cohort. *These samples have been previously used and described in Radstake et al. and
Gorlova et al. QThese samples came from Bentham & Morris, et al., manuscript

submitted for publication.

SSc SLE Cases Controls Total
Combined 4,339 2,496 6,835 14,274 21,109
All 2,761 769 3,530 7,381 10,911
Spain 781%* 0 781 936* 1,717
GWAS Germany 285% 0 285 670% 955
Netherlands ~ 203* 0 203 643* 846
us 1,492% 769 2,261 5,132% % 7,393
All 1,578 1,727 3.305 6,893 10,198
. Spain 432 375Q 807 760 1,567
Replication
Italy 691+ 335Q 1,026 481+ 1,507
UK 455¢ 1,017Q 1,472 56527 7,124
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Supplementary table 2.

Key features of the SSc GWAS and replication cohorts.

Population Population Size Sex (cases/controls) Subtype ACA ATA
Cases Controls Female Male Diffuse Limited Positive Positive

Overall 4,339 10,613 0.86/0.75  0.14/0.25 0.33 0.67 0.37 024
GWAS SSc cohorts
Spain 781 936 0.90/0.73  0.10/0.27 0.30 0.70 0.50 0.26
Germany 285 670  0.88/0.62  0.12/0.38 0.43 0.57 0.45 0.33
The Netherlands 203 643  0.72/0.51  0.28/0.49 0.24 0.76 0.25 0.28
us 1,492 1,471 0.88/0.88 0.12/0.12 0.36 0.64 0.32 0.17
Replication SSc cohorts
Spain 432 760  0.84/0.66  0.16/0.34 0.30 0.70 0.37 023
Italy 691 481  0.91/0.51  0.09/0.49 0.25 0.75 0.43 0.38
UK 455 5,652 0.83/0.81  0.17/0.19 0.29 0.71 0.36 0.18

Supplementary table 3. Power calculations for the present study considering the most probable scenarios in both the combined analysis and the

separate diseases.

N of OR 1.30 OR 1.20
L
Group . SO I MAF MAF MAF MAF MAF MAF | MAF MAF MAF MAF MAF MAF
Cases  Controls | Significance

040 030 020 015 010 005|040 030 020 0.5 010 005

SScHSLE 6835 14274 | sxI0°® 100 100 100 100 92 | 99 98 86 64 27 2
ssc 4339 10613 | sx10® 100 100 100 100 63 | 91 8 54 30 8 0
SLE 2496 10554 | sx10° 100 100 99 8 16 | 50 36 15 6 1 0
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Supplementary table 4. All SNPs with an SSc and SLE combined meta-analysis P
value lower than 5x10° in either of the following analyses: SSc¢ + SLE, IcSSc + SLE,
deSSc + SLE, ACA positive SSc + SLE or ATA positive SSc + SLE. For each
associated region only the independent signals, according to conditional logistic
regression analyses are shown. For each SNP only the analysis group in which it was
most significant is shown. SNPs selected for replication in this analysis are marked in
bold. *Meta-analysis P value for SSc or its considered subgroup. $TNFAIP3 presented
three different signals in the SSc, deSSc and ATA positive subgroups. Due to its size,

this table can be found in the attached excel file as supplementary information.

Supplementary table 5. All SNPs with an SSc and SLE inverted OR combined meta-
analysis P value lower than 5x10° in either of the following analyses: SSc + SLE, 1cSSc
+ SLE, dcSSc + SLE, ACA positive SSc + SLE or ATA positive SSc + SLE. For each
associated region only the independent signals, according to conditional logistic
regression analyses are shown. For each SNP only the analysis group in which it was
most significant is shown. SNPs selected for replication in this analysis are marked in
bold. *Meta-analysis P value for SSc or its considered subgroup. Due to its size, this

table can be found in the attached excel file as supplementary information.

Supplementary table 6. Previously described associations in SSc, SLE or both of them
analyzed in our data. SNPs only previously associated with one of the disorders which
presented a combined P value lower than 5x10” and a SSc and SLE P value lower than
0.05 were selected for further replication. SNPs selected for replication in this analysis
are marked in bold. *Supplementary references are found at the end of the
Supplementary Material. Due to its size, this table can be found in the attached excel

file as supplementary information.
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SYSTEMIC SCLEFROSIS AND THE GENETIC CONTINUUM

Supplementary Figure 3.
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Supplementary Figure 4.
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SYSTEMIC SCLFROSIS AND THE GENETIC CONTINUUM

Supplementary Figure 5.
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New GeENETIC FINDINGS IN SYSTEMIC SCLEROSIS

wo GWAS have been performed in SSc in Caucasian populations to date,

being the first one that of Radstake et al. presented in this thesis [45, 69]. In

the GWAS performed by Allanore et al. three new genes were described as
susceptibility genetic factors for SSc: TNIP1, RHOB and PSORS1C1. Of these three
genes only TNIP1 has been confirmed as a susceptibility factor for SSc, while RHOB
has not been replicated and PSORS1C1was found to be dependent on the HLA class Il
genes association [69, 70]. In the GWAS presented in this thesis CD247 was identified
as a new susceptibility gene for SSc, association that has been confirmed by an
independent study [45, 91]. In our SSc GWAS we also confirmed the previously
described SSc loci STAT4 and IRF5 at GWAS level [45, 59, 62, 63].

In the SSc GWAS phenotype analysis performed during this thesis, we were able to
determine SOX5, GRB10, NOTCH4 and IRF8 as novel susceptibility markers which
confer risk towards the disease main phenotypes [92]. Furthermore in an exhaustive
grey zone analysis of the GWAS data we were also able to determine that CSK, NFKB1
and PSD3 play an important role in the genetics of SSc [66]. Additionally, in this study
we confirmed as SSc genetic risk loci the previously described genes TNFSF4 and
TNFAIP3 [65-68]. Finally, using novel analysis techniques as pan-meta-GWAS and
HLA molecules imputation we have been able to 1) determine that JAZF1, KIAA0319L,
PXK, ATG5 and SAMDIL are novel SSc risk factors shared with SLE, and 2) the
association observed in the HLA region with SSc can be mostly explained with a seven
aminoacid model in the HLA-DRp1 and HLA-DPB1 molecules in the ACA and ATA

subgroups.

In total, through the five presented publications we have been able to describe 13 new
genetic loci associated with susceptibility to SSc: CD247, IRF8, ATG5, CSK, GRB10,
NOTCH4, JAZF1, KIAA0319L, NFKB1, PSD3, PXK, SAMDIL and SOX5 (table 2and
figure 8) [45, 66, 92]. Of these 13 loci, six where associated with the overall SSc, four
with 1cSSc and two with ACA production and 1 with two different signals (one in ACA
and one in ATA) (table 2 and figure 8). This again manifests the lesser statistical power
in the smaller subphenotypes of SSc, but even then we have been capable of describing
seven new susceptibility loci with SSc subphenotypes. This suggests the more

genetically homogeneous nature of these subgroups.
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m[cSSc ACA+
ILI12RB2 ®cSSc ACA-/ATA-
CSK STAT4
CD247
IRFS M [cSSc ATA+
PSD3  TNIP] ® dcSSc ACA-/ATA-
M dcSSc ACA+

Figure 10. Diagram showing the 26 genetic loci associated with SSc or its considered subphenotypes
prior to this thesis divided according disease subtype and/or auto-antibody production. *The
IcSSc/ATA+ and dcSSc/ACA+ are not traditionally analyzed, because although this combinations of
subtype and auto-antibody do exist, 1cSSc is more commonly accompanied by ACA and dcSSc is
more commonly accompanied by ATA,; thus, the ACA and ATA specific associations (depicted here
in the IcSSc/ACA and dcSSc/ATA) should correspond also to this segment. Marked in bold are the
new susceptibility genetic loci described in this thesis.
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Gene Variation Phenotype  OR P value References
ATG5 rs3827644 SSc 1.13 5.30x10” 1
BANK1 rs17266594 dcSSc 1.23 1.00x10° [47, 48]

BLK rs2736340 ACA 1.47 2.20x10°® [49-51]
CD247 rs2056626 SSc 0.82 2.09x10” [45, 91]

CSK rs1378942 SSc 1.20 5.04x10™ [66]

HLA-DPB1 AAT76 ATA 869  3.61x107° T
HLA-DRB1 AA58 ATA 2.82 5.60x10% T
HLA-DRB1 AA86 ATA 1.32 1.02x10™ T
HLA-DRB1 AAG7 ATA 0.43 7.35x10% T
HLA-DRB1 AA13 ACA 221 2.89x10™% ¥
HLA-DRB1 AABO ACA 0.38 1.37x10™" T
HLA-DRB1 AAT1 ACA 0.70 2.02x10™° T
IKZF1 rs12540874 IcSSc 1.15 1.27x10°® [92]
IL12RB2 rs3790567 SSc 1.17 2.82x107 [56]

IL2RA rs2104286 ACA 1.30 2.07x10* [57]
IRAK1 rs1059702 ATA 1.43 9.39x10° [58]

IRF5 rs10488631 SSc 1.50 1.86x10™" [45, 59, 60]

IRF7 rs1131665 ACA 0.78 6.14x10™ [61]

IRF8 rs11642873 IcSSc 0.75 2.32x10™ [92]
JAZF1 rs1635852 SSc 1.09 1.11x10°® T

KIAAO319L  rs2275247 lcSSc 145  3.31x10™ 1
NFKB1 rs1598859 SSc 1.14 1.03x10° [66]
NOTCH4 rs443198 ACA 0.55 8.84x10% [92]
NOTCH4 rs9296015 ATA 0.54 1.14x10°® [92]
PSD3 rs10096702 SSc 1.36 3.18x10” [66]

PXK rs2176082 ACA 1.08 3.37x10™ iy

SAMDIL rs1133906 lcSSc 1.07 3.17x107 T

SOX5 rs11047102 ACA 1.36 1.39x107 [92]

STAT4 rs3821236 SSc 1.30 3.37x10” [62-64]
TNFAIP3 rs5029939 dcSSc 1.46 2.29x10° [65, 66]
TNFSF4 rs12039904 ACA 1.22 2.09x10° [67, 68]

TNIP1 rs4958881 ATA 1.19 3.26x10° [69, 70]

Table 2. All SSc associations confirmed as of the writing of this thesis. *IZKF1 association
was first described by Gorlova et al. (one of the works presented in this thesis) for its
neighbor gene GRB10, but the GRAIL analysis of the newly and already discovered
susceptibility loci proved IKZF1 as the most suitable character in this region. **The OR is
always referring to the minor allele of the variation. {This findings have been presented in
the article presented in this thesis entitled ‘Seven aminoacids in HLA-DRB1 and HLA-
DPBL1 explain the majority of MHC associations with systemic sclerosis’ which is still under
review. This findings have been presented in the article presented in this thesis entitled
‘Systemic sclerosis and systemic lupus erythematosus pan-meta-GWAS reveals six new
shared susceptibility loci’ which is still under review. Marked in bold are the new
susceptibility genetic loci described in this thesis.
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Biological Relevance

ollowing the GO terms associated with each of the 26 genetic loci associated
with as of the writing of this thesis shows that they can group in six different

major categories: innate immunity, inflammation, fibrosis, B cells and T cells
biology and autophagy (figures 11 and 12). Several of these genes have pleiotropic
effects, but they have been assigned to a functional compartment according to their GO

terms.

It is of interest that the gene GRB10 is in the same region as IKZF1, a gene previously
associated with SLE in Caucasians and Asians [93, 94]. According to the GRAIL
analysis, and following the current knowledge on the function of the genes, it is more

plausible that the association for SSc in this region also lies with IKZF1, an important

JAZFI1
KIAA0319L

PSD3

SAMDYIL

Figure 11. Distribution of the genes associated with SSc or its considered subphenotypes
according to their function (based on GO terms). Marked in bold are the new associated loci
described in this thesis.

179




e
 NEGATIVE REGULATION OF INFLAMMATORY RESPONSE
NEGATIVE REGULATION OF NF KAPPAB TRANSCRIPTION Fi

PIISIIIVE LiFeRATION TOLL SIGNALING PATHWAY ceLL prouireition

NEGATIVE REGULATION OF | KAPPAB KINASE/NF KAPPAB CASCADE

nesarive ReguLkion oF proTe usiquiriaTion PROTEIN PHOSPHORYLATION 5 et siuanionse ischenon b eeoe F—
. ANTIGEN PROCESSING AND PRESENTATION OF EKDGENIJLIS PEPTII]E ANTIGEN VIA GLASS
IMMUNE RESPI]NSE I N N AT E I M M u N E RES P“N s E MYUHB DEPEN NI'“Tl]ll LIKE RECEPTOR SIGNALING PATHWAY
INTERFERON GAMMA MEDIATED SIGNALING PATHWAY siivirors soravee o e Lot MOLFERATION ===

RESFUNSETIIIITIGENII:STIHIILUS MELITON maneare —

N OF CELL PROLIFERATION ' r
BYTU KI N E M E D IATE n SI G NA L I Nﬁ PATHWAY taveer NEGATIVE REGULATION 0 INTERFERON GAMMA PRODUCTION
NERVE GRDWTH FACTOR RECEPTOR SIGNALING PATHWAY

NEGATIVE REGULATION OF TRANSCRIPTION FROM RNA POLYMERASE || PROMOTER
POSITIVE REGULATION OF TRANSCRIPTION FROM RNA POLYMERASE |1 PRI]MI]TER

NEGATIVE REGULATION OF TYPE | lnlillml !Inlllrllu

T CELL RECEPTOR SIGNALING PATHWAY..

INFLAMMRTORY RESPONSE __pocyriyE REGULATION OF TRANSCRIPTION, DNA DEPENDENT -

CELLULAR RESPONSE T0 LIPOPOLYSACEHARIDE =" TRIF DEPENDENT TOLL LIKE RECEPTOR SIGNALING | meuv o
weast conTnictin REGULATION OF 'SPONSE CELL SURFACE RECEPTOR SIGNALING PA
el —— SITIVE EEGHLIIIIINUFHFI!FPIBHINSFRIPHUNHEIDIIEI L

Figure 12.Word cloud representing the GO terms of all the 26 genes associated with
SSc or its considered subphenotypes as of the writing of this thesis according to
GRAIL selection. The size of each GO term is weighted according to the number of
occurrences in all GO terms from the 26 loci.

player in different leukemias which has confirmed roles in the biology of T and B cells
[95-98], which in turn are crucial in the pathogenesis of SSc (figure 13). For this reason

we shall address the association in this region as if IKZF1 was the responsible gene.

Adaptive immunity plays a central role in the biology of SSc as seen in figure 11, with
T cells, B cells and inflammation being the most represented processes to which
associated genes belong (figure 11). Of the biological roles implied in SSc, the most
well represented is that of the T cells biology, with special emphasis to antigen
presentation and the corresponding signal transduction in which HLA-DRB1, HLA-
DPB1, CD247, CSK and STAT4 are directly involved (figure 11). Since the presence of

auto-antibodies is an important feature of SSc, the presence of B cell biology among the

roles of the identified genes was logical, with the participation of BLK, BANK1 and
IKZF1(figure 11). We also find the genes NFKB1, PXK, TNIP1 and TNFAIP3 as major
players in SSc pathogenesis, branding inflammation as another central process. Innate
immunity also plays an important role, mainly through type | interferon pathways,
through the genes IRF5, IRF7 and IRF8. The genes IRAK1 and IL12RB2 may act as
connectors between adaptive and innate immunity in SSc pathogenesis [56, 58].

Among the newly associated genes we also find NOTCH4 and SOX5, the first to
susceptibility loci for SSc which are involved in the deposit of collagen [99-101], and
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thus, could play role in one of the major hallmarks of SSc: fibrosis, which has been
orphaned of genetic predisposition loci until now.Nonetheless, collagen deposit or
fibrosis still do not appear as major player in the GO terms which represent the SSc

associated genes (figure 12).

Among the newly discovered genes associated with either SSc or any of its considered
subphenotypes we find JAZF1, KIAA0319L, PSD3 and SAMDOIL. The function of these
genes has not been uncovered yet, and in the case of SAMDOIL, which implication was
uncovered in the pan-meta-analysis of SSc and SLE, the association is marginal in the
case of SSc, pointing to a minor role in its pathogenesis. Conversely KIAA0319L,
described in the same study, has been convincingly associated with SSc (and also SLE),
not only because of its association among populations and diseases but also thanks to
the fact that this gene is overexpressed in patients of both SSc and SLE compared to
putatively healthy individuals. In the case of JAZF1, its association with SSc is
supported by the fact that this gene has been already described as a genetic
susceptibility loci for SLE [78], although its role in both diseases still remains to be
uncovered. The case of PSD3 maybe the most obscure, since its role is currently
unknown and it has never been associated with any other autoimmune diseases, making
this gene a suitable candidate for future studies on its function and role on the
pathogenesis of SSc.

The association of the HLA class Il genes alleles with many autoimmune disorders has
been largely known, and many studies have been performed in SSc in order to discern
such relationship [12, 52, 54, 55, 102-105]. In these studies, the main strategy has been
to analyze the HLA class | and Il classical alleles in case control cohorts. As reviewed
in [106], the class Il HLA alleles previously associated with these methods that confer
genetic risk of SScare HLA-DPB1*1301, HLA-DQB1*0501 and HLA-DRB1*1104
[10]. The only two studies of the HLA region with more than 1,000 SSc patients are
those of Arnett et al.[12] and the one presented in this thesis, convincingly presenting
the most plausible causal variation within this complexregion. The study cohorts
analyzed by Arnett et al. were composed of 1,300 cases (of which only 961 were of
Caucasian ancestry) and 1,000 controls [12]. Recently, a method to impute HLA
classical alleles and aminoacid positions using GWAS data was developed and used to
refine the association of the HLA with RA down to five aminoacids in three HLA

molecules [107]. We have used the same methodology to accurately impute the HLA
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alleles and aminoacids in our GWAS cohorts (2,296 SSc patients and 5,356 controls),
making it the largest HLA study in SSc, both in number of individuals and number of
variations analyzed. With this data we have also been able to narrow down most of the

association observed in the HLA region to seven aminoacids: three aminoacids in the
HLA-DRB1 molecule explain all association observed in the ACA subgroup, four
aminoacids in the HLA-DPB1 and HLA-DRB1 molecules explain all association in the
ATA subgroup, and the seven of them together explain almost all observed association
with the total SSc (table 2).
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Figure 13. GRAIL analysis of the 26 genetic loci associated with SSc or any of its
considered subphenotypes as of the writing of this thesis. The release 18 of the
human genome and the PubMed text as of 2012 were used. It is noteworthy that in
the GRB10 loci (marked with rs12540874) GRAIL selected as best candidate

IKZF1, previously associated with SLE.
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[PERCENTAGE

Discerning Capability

ne of the great Philosopher’s stones of genetic studies on complex human
traits is obtaining a set of genetic variants which can differentiate the

individuals with one trait of interest from those without it with accuracy. At

the point of the genetics of SSc in which we are now, with 26 confirmed genetic risk

loci, we still cannot differentiate genetically patients from controls, and we may never

reach that point. The main reason why we will never achieve this is because SSc (and

many other classified diseases or traits) is not in any way a genetically homogenous

entity. Nevertheless, when attending to more homogenous traits biologically and

genetically speaking, it becomes more plausible the finding of a set of genetic variants

which differentiates individuals.
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Figure 14.Bars plot of the cumulative risk presented by SSc patients and healthy
controls in our GWAS cohorts. The percentage of SSc and controls are relative to the
total of its own group. The genetic loci used to plot this graph were KIAA0319L,
IL12RB2, CD247, TNFSF4, STAT4, PXK, BANK1, NFKB1, TNIP1, NOTCH4, HLA-
DRB1, HLA-DPB1, ATG5, TNFAIP3, JAZF1, IKZF1, SAMDOL, IRF5, BLK, PSD3,
IL2RA, IRF7, SOX5, CSK and IRF8.
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To obtain a score of the risk a certain individual has of presenting any given trait, we
can sum the number of susceptibility alleles known for that trait and multiply the
presence of each allele for its described OR. For instance, if three polymorphic genetic
loci (A/a with OR = 1.2, B/b with OR = 0.9 and C/c with OR = 1.35) are the known
genetic variants that influence the trait X, we can say that and individual with the
genotype aA/bB/CC has a cumulative risk of 0.1 for said trait ((1.2-1)x1+(0.9-
1)x1+(1.35-1)x0 = 0.1). Thus, a general formula for the cumulative risk for each

individual would be:
n
CR = Z(ORl —_ 1) X ai
i=0

Where CR denotes the cumulative risk, n denotes the number of known susceptibility
loci for the trait, OR; denotes the described OR for the i loci and a; denotes the number
of minor alleles the individual presents for the i loci. By subtracting 1 from the OR we
accomplish that the ‘risk variants’ (OR > 1) increase the cumulative risk and the
‘protective variants’ (OR < 1) decrease the cumulative risk. When we represent in a bar
plot the cumulative risk for cases and controls be obtain distributions that greatly
overlap (figure 14). We can also graphically represent the distribution of the cumulative
risk in all individuals by a density plot which gives us bells of distribution of cumulative

risk for individuals with and without the trait (figure 15).
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Figure 15.Density plot of the cumulative risk presented by SSc patients and healthy
controls in our GWAS cohorts. The genetic loci used to calculate cumulative risk in
this graph were KIAA0319L, IL12RB2, CD247, TNFSF4, STAT4, PXK, BANK1,
NFKB1, TNIP1, NOTCH4, HLA-DRB1, HLA-DPB1, ATG5, TNFAIP3, JAZF1,
IKZF1, SAMDOIL, IRF5, BLK, PSD3, IL2RA, IRF7, SOX5, CSK and IRFS8.
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If, as previously stated, a trait is heterogeneous genetically, when we represent its
described genetic variants in this fashion the differences will be minimal. This is the
case that we observe in figure 15, were SSc patients and healthy controls are compared.
Conversely, when we represent the density plot of cumulative risk for the presence of
ACA or ATA we observe greater difference in the distribution of patients and controls:
the difference in mean between SSc and controls is 1.19, between ACA positive and
controls is 1.37 and between ATA positive and controls is 3.37 (figure 16 and 17).
According to this, ACA and ATA production are more genetically homogeneous traits.
When we go back to traits as IcSSc and dcSSc the differences in mean of the
distributions fall again to 0.85 and 0.90 (figures 16 and 17).

Thus, as seen in figures 16 and 17, the very same set of genes associated either with
ACA and IcSSc or ATA and dcSSc (partially overlapping groups), the discerning
capability is visibly enhanced in the smaller auto-antibody positive subgroups. This
difference becomes more marked when comparing the ATA positive subgroup with the
dcSSc subgroup (figure 17).

As of now, we still cannot separate SSc patients (or any of its subphenotypes) from
healthy controls by the distribution of cumulative risk. However, if the trend of
discovering new susceptibility loci continues (figure 9), in not so many years from now,
we will be able to predict the auto-antibody status of the individuals by analyzing a set
of genetic markers. Furthermore, as the phenotyping of the patients of the different
disorders improve, we will be able to establish the genes, pathways and set of genetic

loci that identify the major hallmarks of SSc or other human disorders.
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Figure 16.Density plot of the cumulative risk presented by (A) ACA positive SSc
patients and controls and (B) IcSSc patients and controls in our GWAS cohorts. The
set of associated genes used to calculate cumulative risk in this graph were
KIAA0319L, IL12RB2, CD247, TNFSF4, STAT4, PXK, NFKB1, TNIP1, NOTCH4,
HLA-DRB1, ATG5, TNFAIP3, JAZF1, IKZF1, SAMDOL, IRF5, BLK, PSD3, IL2RA,
IRF7, SOX5, CSK and IRF8.
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Figure 17. Density plot of the cumulative risk presented by (A) ATA positive SSc
patients and controls and (B) dcSSc patients and controls in our GWAS cohorts. The
set of associated genes used to calculate cumulative risk in this graph were 1L12RB2,
CD247, STAT4, BANK1, NFKB1, TNIP1, NOTCH4, HLA-DRB1, HLA-DPB1, ATG5,
TNFAIP3, JAZF1, IRF5, PSD3 and CSK.
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pAN'AUTOIMMUNITY

revious knowledge and part of the work exposed in this thesis show that the

genetic component of SSc and SLE is greatly overlapped. When representing

the OR of SSc (table 2) and SLE (table 3) in a bidimensional plot we observe
that most of the confirmed genetic loci for both diseases are in common (figure 18).

SSc and SLE have been largely known to be similar diseases in both the genetic
component and the pathways involved [108]. The list of confirmed common genetic
susceptibility loci extends to ATG5, BANK1, BLK, CD247, CSK, HLA-DRB1, IKZF1,
IL12RB2, IL2RA, IRAK1, IRF5, IRF7, IRF8, JAZF1, KIAA0319L, NOTCH4, PXK,
SAMDOL, STAT4, TNFAIP3, TNFSF4 and TNIP1 (tables 2 and 3). Nevertheless there
must be differences in genetic component and pathogenic mechanisms, should not they
be the same disorder also in the clinical level. In this line, it is noteworthy that the main
difference in the genetic component of SSc and SLE are the most associated variations:
the HLA class Il alleles. Other exclusive known associations include FCGR2A, ICAL,
IL10, PTTG1, TYK2, UBE2L3 and UHRF1BP1 for SLE and NFKB1, PSD3, and SOX5
for SSc (tables 2 and 3). From this, it can be deduced that the main genetic difference

between SLE and SSc is what self-antigen cause the autoimmune reaction and how.

As for the pathways involved in both diseases, clues can be obtained from the word
clouds representing in a weighted manner which GO terms are associated with the
aforementioned exclusive susceptibility genetic loci of SSc and SLE (figure 19). For
instance, as we can tell from the figure, specifics of the T cell biology may play a more
important role in SSc. Conversely, according to the GO terms associated to SLE
exclusive susceptibility loci, the cytolysis or the gamma-delta T cell activation could be
more important to SLE. Thus, being involved in both diseases, the activation of T cells

could be performed by different ways in the pathogenic mechanisms of SSc and SLE.

It is noteworthy that in our GWAS data the SLE exclusively confirmed loci ICAL,
TYK2, UHRF1BP1, PTTG1 and UBE2L3 have ORs > 1.1 in SSc, although they did not
met the association criteria in the corresponding studies (figure 18). With the increasing
power in SSc studies thanks to the collection of larger cohorts from different countries,
it is possible that this loci will reach statistical significance in the future, thus being
added to the genetic susceptibility loci shared by both disorders.
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Gene SNP OR* P value Reference
ATG5 rs6568431 1.20 7.10x10-10 [78]
BANK1 rs10516487 1.11 8.30x10-4 [78]
BLK rs2736340 1.35 7.90x10-17 [78]
CD247 1052231 1.20 1.03x10-2 [109]
CSK rs34933034 1.32 3.35x10-8 [110]
FCGR2A rs1801274 1.16 4.10x10-4 [78]
IKZF1 rs2366293 1.20 2.33x10-9 [93]
HLA-DRB1 0301 1.87 1.17x10-58 [111]
NOTCH4 rs8192591 0.60 8.00x10-9 [111]
MICB rs2246618 1.28 4.80x10-12 [111]
ICA1 rs10156091 1.16 6.50x10-4 [78]
IL10 rs3024505 1.19 4.00x10-8 [78]
IL12RB2 rs1874791 1.18 3.40x10-7 [78]
IL2RA rs11594656 0.60 1.00x10-4 [112]
IRAK1 rs2269368 1.11 7.50x10-7 [78]
IRF5 rs2070197 1.88 5.80x10-24 [78]
IRF7 rs4963128 1.20 4.90x10-9 [78]
IRF8 rs12444486 1.16 1.90x10-7 [78]
ITGAM rs11860650 1.43 1.90x10-20 [78]
JAZF1 rs849142 1.19 1.50x10-9 [78]
KIAA0319L rs2275247 1.49 1.15x10-5 il
PTPN22 rs2476601 1.35 3.40x10-12 [78]
PTTG1 rs2431099 1.15 1.60x10-6 [78]
PXK rs2176082 1.17 1.20x10-5 [78]
SAMDIL rs1133906 1.23 1.55x10-5 +
STAT4 rs7574865 1.57 1.40x10-41 [78]
TNFAIP3 rs5029937 1.71 5.30x10-13 [78]
TNFSF4 rs2205960 1.22 6.30x10-9 [78]
TNIP1 rs7708392 1.27 3.80x10-13 [78]
TYK2 rs280519 1.13 7.40x10-5 [78]
UBE2L3 rs5754217 1.20 2.30x10-6 [78]
UHRF1BP1 rs11755393 1.17 2.20x10-8 [78]

Table 3. All SLE associations confirmed in well powered studies and cohorts from more
than one country as of the writing of this thesis. *The OR is always referring to the minor
allele of the variation. 1This findings have been presented in the article presented in this
thesis entitled ‘Systemic sclerosis and systemic lupus erythematosus pan-meta-GWAS
reveals six new shared susceptibility loci’, which is still under review. Marked in bold are
the new susceptibility genetic loci described in this thesis.
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We can extend this reasoning to other autoimmune disorders like Crohn’s disease, RA
orprimary biliary cirrhosis. In each of these autoimmune disorders dozens of genetic
susceptibility loci have been described [84, 85, 113-115]. All these loci are partially
shared among disorders as biological processes are also partially shared. In a non-
exhaustive way, for example PTPN22 is associated with SLE, RAand Crohn’s disease,
not associated with primary biliary cirrhosis and may play a minor role in SSc [116-
120]. Another example is STAT4, which is associated with SSc, SLE, primary biliary
cirrhosis and RA while it is not associated with Crohn’s disease [62, 114, 121, 122].
The degree to which each loci causes risk in each disease is also an important factor to
take into account, e.g., IRF5 is a major player in SSc and SLE genetics, while only has a
minor role in RA [59, 123, 124].

To say the least, the most interesting genetic risk locus is the HLA. All of the mentioned
diseases present a peak of association in the HLA region [45, 78, 80, 113-115],
however, none of them share the HLA class | and Il classical alleles associated. For
example, HLA-DPB1*1301 is independently associated with SSc as described in this
thesis and by others [12], while it is not with RA, SLE, Crohn’s disease, ankylosing
spondylitis or type | diabetes; HLA-DRB1*0301is independently associated with SLE
[111] and not the others and the list goes on for the other diseases. This talks about the
importance of antigen presentation in each of these diseases, and how, depending on
which self-antigen is presented as alien, the pathogenic mechanisms drive the course of
autoimmunity in one way or another, without forgetting the influence of all specific and

shared non-HLA risk loci.

As the methodologies and phenotyping improve we may observe how shared
susceptibility genes among AIDs are telling us which biological processes are common

in these disorders and to what extent.
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Figure 19. Word clouds representing the GO terms of A) SSc and B) SLE exclusively
associated genes. The exclusively associated SSc genes included were NFKB1, PSD3, and
SOX5. The exclusively associated SLE genes included were FCGR2A, ICA1, IL10, PTTGL,
TYK2, UBE2L3 and UHRF1BP1. The size of each GO term is weighted according to the
number of occurrences in all GO terms from the implicated genes.
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THe GeNeTIc CONTINUUM

n the genetics of complex traits, as they are studied at this point, we do not have

homogeneous groups of individuals which phenotype is explained by the presence

or absence of specific clinical traits, environmental factors or genetic variants.We
have individuals with a unique phenotype (clinical manifestation) product of the
interaction of his or her unique genetics and environment. Thus, the phenotype we
encounter in each individual can overlap, according to different criteria, to a greater or
lesser extent to that of another individual. As we add individuals with unique
phenotypes, genotypes and environments to the equation to form what we call a disease,
the genetic heterogeneity increases.

One of the many human complex traits studied to data is hair color, for
whichindividuals can be grouped according a certain set of rules. Regarding this
phenotypic aspect we can build very simple classification criteria in which we have dark
haired individuals and light haired individuals. If we perform a GWAS trying to
decipher the genetic component of hair color attending to this classification, we will fail
to capture all of the genetics variants influencing it but those which cause this most
extreme phenotypes in the color scale, and even then we will need great sample sizes,
for we will have all the genetic noise of all the ‘mid-colors’ in between included in our
study.We can then do a better classification of hair color to study it, separating red,

blond, brown and black hair colors.

This study has been indeed performed, and in it, several genetics variants have been
identified to influence hair color, eye color and skin pigmentation [73]. These
phenotypes are human complex traits influenced by many genes and environment [125].
The aforementioned study had a GWAS cohort size of 2,986 individuals genotyped with
the Illumina 370k HumanHap arrays, which is far behind the sample sizes (more than
40,000 individuals) and genotyping platform (more than 1,000,000 SNPs) of the most
recent RA GWASs [124]. In the study performed by Stahl et al. they find 7 new
susceptibility loci for RA with ORs ranging from 1.13 to 1.29 in the GWAS level
associations (P < 5x10®). Meanwhile,in the study performed by Sulem et al., they find
six genetic determinants for those phenotypic traits with ORs ranging from 1.32 to
29.43 in the GWAS level associations. With a GWAS sample size of 2,986 individuals

and a replication sample size of 3,932 individuals [73]. The authors conclude ‘Our data
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on the characteristics of pigmentation are based on self-assessment, and it is likely that
more complete and objective measurement techniques would strengthen the observed
associations and potentially lead to further discoveries’.

The color of hair we observe in individuals is consequence of the wavelength of light
which is not absorbed, and thus reflected, by the pigments which are found in them. The
amount, distribution and type of pigments present in hair are complex traits with its own
genetic and environmental factors. And there are no single pair of individuals who have
the same hair color, if we measure the color as the phenotypic continuum it truly is. A
much better classification for hair color could be colorimetric measurements performed

by machines under white light.

How is it that with a sample size one order of magnitude lower and an inferior
genotyping technology Sulem et al. detected far greater effect sizes and susceptibility
loci in human complex traits than the most well powered GWAS in RA? [73, 124]
There are two obvious answers to this question: 1) the genetic component of RA is
either more complex or weaker than that of pigmentation, or 2) the phenotype ‘RA’ is a
far more genetically heterogeneous than the trait ‘pigmentation’. Most probably the
answer is a combination of both. Of course, whatever complex can be the genetics of
pigmentation in humans, surely it is less complicated than the genetics of one of the two
more complex systems in the human body: the immune system (together with the
nervous system). Nevertheless, the genetic reality of the phenotype ‘hair color’ is
similar as the phenotype ‘autoimmune abnormality’, only colors are easier to see and
more intuitive to classify by our eye. We find that we cannot ‘see’ the true biological
processes of autoimmunity as a whole like B cell auto-antibody production, auto-
reactive T cell clones activation, extracellular matrix deposition and so on. But we find
ourselves in the need of classify ill people in order to treat them and heal them, so we
create eye observable classification criteria which are the consequence of a myriad of
altered biological pathways which, in turn, are the consequence of the presence of a

myriad of genetic susceptibility variants and environmental factors.

Thus, performing a GWAS in SSc is no less than trying to perform a GWAS on
ethnicity. Ethnicity is the sum of a series of natural selection processes favored by the
existence of reproduction barriers, which is the sum of many quantifiable biological
traits, as for instance, hair color. If we compare GWAS data of Caucasians and
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Blacks,we will be able to observe the genetic differences which influence the most
extreme phenotypic differences between them, like skin pigmentation, but we will not
observe the genetic variation which underlies in traits which are different between
Caucasians and Blacks but are more continuously distributed among individuals, like
height. Hence, the correct way to design the experiment is to analyze traits as
homogenous as possible biologically and genetically, like skin pigment, height, or hair
color. Translating this SSc, the desirable traits to analyze would be, for example, auto-
antibody levels or collagen deposit (not as a binary phenotype, but the real phenotypic
continuum). But in the genetics of autoimmunity we are still stuck analyzing Caucasian
versus Black.This has been partially observed during the realization of this thesis, as it
can be seen in figures 15 to 17, given the same set of susceptibility genetic loci, our
ability to discern individuals with and without a trait is far greater when taking into
account a biologically relevant, genetically homogenous trait as auto-antibody

production (even in its binary form) than when attending to phenotypic mixture as SSc.

Thus, individuals are the combination of many observable phenotypic continuums,
which can be subdivided in many other biological continuums, which, in turn, are
the product of the interaction between the genetic continuum of the involved loci
and the environmental factors. Under this theory, if we want to determine the genetic
component of any given observable trait, we must divide the trait of interest in
biological traits in order to determine the genetic loci for each of those, never forgetting

that there is no such thing as a binary phenotype in biology and genetics.

More specifically, SSc is but a combination of observable phenotypes (Reynaud’s
phenomenon, digital ulcers, sclerodactyly), product of biological phenotypes (activation
of autoreactive T and B cells, collagen deposit), caused by the combination of specific
genetic variations (HLA-DRB1, CD247, SOX5) and environmental factors (silica dust,
pregnancy) (figure 21). All these levels are continuums, not discrete traits, and this must
be taken into account when delving into its genetic component. When taking a broader
perspective, other traits enter into the phenotypic, biological and genetic continuums
(figure 22).
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SYSTEMIC SCLEROSIS AND THE GENETIC CONTINUUM

A)

Figure 20.A) Classification of SSc patients subdividing them in subtypes
according to presence or absence of two out of five criteria and the presence or
absence at a certain fixed level of the two major auto-antibodies. B) Genetic
continuum underlying the combination of real phenotypic continuums which are
combined into what is classified as SSc.
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Figure 21. Two broader versions of the concept exposed in figure 21. A) All of
autoimmunity is an observable phenotypic continuum, which can be subdivided
into more observable phenotypic continuums (autoimmune disorders).
the biological continuums which compose an autoimmune disorder is shared by
other abnormalities in other systems than the immune. SLE: systemic lupus
erythematosus, SSc: Systemic Sclerosis, ATD: autoimmune thyroid disease, PBC:
primary biliary cirrhosis, T1D: type 1 diabetes, CeD: celiac disease, UC: ulcerative
colitis, CD: Crohn’s disease, AS: ankylosing spondylitis, RA: rheumatoid arthritis,
MS: multiple sclerosis

B) Each of
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FuTtuRrF DIRECTIONS

ive essential aspects must be improved in the field of the genetics of complex

traits:

One, as the scientific community wanders in awe of the new genotyping technologies
and how many complete genomes they can run so fast and with so little cost, the
computers that must do the analyses of those data have become obsolete. Following the
tight collaborations of pioneer scientific teams around the world collaborating back to
back with biotechnology companies as Illumina, Applied Biosystems or Affimetrix,
these very same bonds must be established with informatics companies such as Intel,
IBM or NVidia in order to create computers for data analysis in par with the genotyping

instruments themselves.

Two, the statistical power of the studies must be improved. Through inter-group
collaborations around the world larger cohorts must be recruited and merged in order to
genotype and analyze together as many samples as possible in order to detect the subtle
genetic component of complex traits. In this line, as proven in this thesis, pan-meta-

GWAS are a great tool, not without its flaws, to increase the statistical power of studies.

Three, in order to obtain the right answers, the right questions must be asked. There is a
dire need of a better phenotyping if the genetic component of human complex traits is to
be deciphered. It is of no use the analysis of 50,000 individuals who present an artificial
trait with high genetic heterogeneity. Biological key processes, such as apoptosis, B cell
activation or vascular damage must be phenotyped in order to collect and arrange the

necessary cohorts.

Four, the increasing number of genetic susceptibility loci which are being described for
complex traits must be studied in greater detail in order to discern the architecture of
these associations. In this sense, the genotyping of large case/control cohorts using the
custom genotyping platform ImmunoChip has already provided new insights in RA and

psoriasis among others [126, 127].
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Five, not only we must identify the genetic loci which confer risk to SSc and other
complex traits, but we need to learn which genes in these loci and through which
mechanisms they are part of the pathogenesis of this disorders. For these, the so called

functional experiments must be performed to gain insight of the roles that these genes

and the molecules they encode have.

In the wordsof the famed mathematician John Tukey, ‘The combination of some data
and an aching desire for an answer does not ensure that a reasonable answer can be

extracted from a given body of data’.
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CONCLUSIONS
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1. THE NEWLY IDENTIFIED GENES ATGH, CD247, CSK,
IKZF] IRF8, JAZFI, KIAAO3I9L, NFKBI, NOTCHA4,

PSD3 DXK, SAMD9IL AND SOX5 ARE ASSOCIATED WITH

SUSCEPTIBILITY WITH SSc, ACA propuctionN, ATA

PRODUCTION, LCSSC OR DCSSC SUSCEPTIBILITY.

2. MOST OF THE OBSERVED ASSOCIATION WITH SSC IN THE

HILA REGION IS CONFINED TO THE AUTO-ANTIBODY
POSITIVE SUBGROUPS AND IS EXPLAINED BY SEVEN

POLYMORPHIC AMINOACIDIC POSITIONS IN THE HLA-DRBI

AND HLA-DPp1 morecures.
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3. THe ACA AND ATA pPRODUCING SUBGROUPS OF SSC ARFE

MORFE GENETICALLY HOMOGENEOUS ENTITIES THAN SSC AS

A WHOLE, LCSSC OR DCSSc.

4. AS A GENERALIZATION OF THFE PREVIOUS POINT STANDS

THE UNDPROVEN YET FEASIBLE THEORY THAT 'INDIVIDUALS

ARE THE COMBINATION OF MANY OBSERVABLE PHENOTYPIC

CONTINUUMS, WHICH CAN BE SUBDIVIDED IN MANY OTHER

BIOLOGICAL CONTINUUMS, WHICH, IN TURN, ARE THE

PRODUCT OF THE INTERACTION BETWEEN THE GENETIC

CONTINUUM OF THE INVOLVED LOCI AND THE

ENVIRONMENTAL FACTORS'.
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A MIND NEEDS BOOKS AS A SWORD NFEEDS A

WHETSTONE, IF IT IS TO KFEED ITS EDGE.

-TYRION . ANNISTER
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