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ABBREVIATIONS

ABHDG: abhydrolase domain containing 6
ACA: anti-centromere antibodies

ACE: angiotensin-converting-enzyme

AD: autoimmune disease

ANA: antinuclear antibodies

ARA: anti-RNA polymerase III antibodies
AS: ankylosing spondylitis

ATA: anti-topoisomerase antibodies

ATD: autoimmune thyroid disease

ATGS: autophagy related 5

B3GALT4. UDP-Gal:betaGlcNAc beta 1,3-galactosyltransferase,

polypeptide 4
BANKI: B-cell scaffold protein with ankyrin repeats 1

BLK: B lymphoid tyrosine kinase



CD226: CD226 molecule

CD247: CD247 molecule

CeD : celiac disease

ChIP: chromatin immunoprecipitation

CREST: calcinosis, Raynaud’s phenomenon, esophageal

dysmotility, sclerodactyly, telangiectasia

CSK: c-src tyrosine kinase

dcSSc: diffuse cutaneous systemic sclerosis

DDX6: DEAD (Asp-Glu-Ala-Asp) box helicase 6

DEPAP: 1,2-di-oleyl ester

DNA: deoxyribonucleic acid

DNASEIL3: deoxyribonuclease I-like 3

EC: endothelial cells

ECM: extracellular matrix

eQTL: expression quantitative trait loci



ESYTI: extended synaptotagmin-like protein 1

FTO: fat mass and obesity associated

GRBI10: growth factor receptor-bound protein 10

GWAS: genome wide association study

HCMYV: human cytomegalovirus

HLA: human leukocyte antigen

HRCT: high resolution computed tomography

HSD17BS8: hydroxysteroid (17-beta) dehydrogenase 8

HSD17B8: hydroxysteroid (17-beta) dehydrogenase 8

IFN: interferon

IKZF1: IKAROS family zinc finger 1

IL12A: interleukin 124

IL12RB2: interleukin 12 receptor, beta 2

IL23R: interleukin 23 receptor

ILD: interstitial lung disease



IRF’5: interferon regulatory factor 5

IRF7: interferon regulatory factor 7

IRFS: interferon regulatory factor 5

IRX3: iroquois homeobox 3

ITGA7: integrin, alpha 7

ITGAM: integrin, alpha M

JAZF1: JAZF zinc finger 1

JIA: juvenile idiopathic arthritis

KBAUC: the kernel-based adaptive cluster test

KCNAS:  potassium  voltage-gated  channel,

subfamily, member 5

KIAA0319L: KIAA0319-like

KIR: killer-cell immunoglobulin-like receptors

lcSSc: limited cutaneous systemic sclerosis

LD: linkage disequilibrium

shaker-related



LRT: the likelihood ratio test

MAF: minor allele frequency

NFAT: nuclear factor of activated T cells

NFKBI: nuclear factor of kappa light polypeptide gene enhancer in

B-cells 1

NGS: next generation sequencing

NK: natural killer

PAH: pulmonary arterial hypertension

PBC: primary biliary cirrhosis

PCA: principal component analysis

POLR3A: polymerase (RNA) Il (DNA directed) polypeptide A

PPARG: peroxisome proliferator-activated receptor gamma

PRDM?2: PR domain containing 2, with ZNF domain

PS: psoriasis

PSC: primary sclerosing cholangitis



PSMBY: proteasome (prosome, macropain) subunit, beta type, 9

PSORSICI: psoriasis susceptibility 1 candidate 1

PXK: PX domain containing serine/threonine kinase

RA: rheumatoid arthritis

RHOB: ras homolog family member B

RNA: ribonucleic acid

RPL41: ribosomal protein L41

RWAS: rare variant weighted aggregate statistic

SCHIP1: schwannomin interacting protein 1

SKAT: SNP-set (sequence) kernel association test

SLE: systemic lupus erythematosus

SNP: single nucleotide polymorphism

SOX5: SRY (sex determining region Y)-box 5

SRC: SSc-related renal crisis

SSc: systemic sclerosis



STAT4: signal transducer and activator of transcription 4

TAP: transporter ATP-binding cassette

TF: transcription factor

TGF-: transforming growth factor 8

TNF- a: tumor necrosis factor a

TNFAIP3: tumor necrosis factor a-induced protein 3

TNFSF4: tumor necrosis factor (ligand) superfamily, member 4

TNIPI1: TNFAIP3 interacting protein 1

Treg: Regulatory T-cells

TREH: trehalase

VT: the variable threshold approach

WES: whole-exome sequencing

WGS: whole-genome sequencing

WSS: weighted-sum statistic test

ZNF512: zinc finger protein 512



o-SMA: a-smooth muscle actin



SUMMARY

Systemic sclerosis (SSc) is an autoimmune disorder that
affects the connective tissue. SSc is characterized by fibrotic events
in the skin and internal organs. Endothelial damage, increased
extracellular matrix deposition and autoimmune imbalance are the
main patho-physiological mechanisms that underlie SSc onset and
progression. Moreover, SSc is classified as a complex disease since
both genetic predisposition and environmental triggers contribute to
the SSc development. SSc shows a wide range of phenotypical
manifestations and  heterogeneous clinical characteristics.
Nevertheless, SSc patients can be classically classified according to
the extent of the skin fibrosis (into the limited cutaneous and the
diffuse cutaneous forms of the disease) and using their serological
characteristics (based on the presence of two major auto-antibodies:

anticentromere antibodies and anti-topoisomerase antibodies).

The present doctoral thesis is focused in the study of the
genetic component of SSc. Significantly, the first Immunochip-
based dense fine-mapping in SSc patients was included among the

presented reports. Our Immunochip study led to the identification of



three novel SSc risk factors: DNASEIL3, SCHIP1/ ILI12A and
ATGS. Interestingly, the DNASEIL3 locus is the most significant
association with SSc outside the HLA-region. The immune-directed
Immunochip approach also allowed us to fine-map previously
reported SSc-risk factors and identify DDX6 as a suggestive SSc
genetic marker. Furthermore, we performed the most
comprehensive HLA-region analysis to date in SSc patients and
identified a six amino acid and seven single nucleotide
polymorphism (SNP) model that explained the observed association

in the region.

In addition, this thesis comprises a genome-wide association
study (GWAS) follow-up effort that identified for the first time the
ILI2RB2 locus as an SSc susceptibility factor. Our findings in the
IL124 and ILI2RB?2 loci, together with previous evidences, point

out the increasing relevance of the IL12 pathway in SSc.

Furthermore, we also include in this work compendium a
replication study of the second GWAS carried out in SSc patients
with European ancestry. Our data revealed that of the three

proposed candidates, only TNIP1 was a firm SSc risk factor, while
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we discarded the RHOB and PSORSIC] variants as players in the

SSc factor network.

All the above mentioned results increased the number of
genome-wide level associated SSc genetic susceptibility factors to
15. Moreover, we have contributed to the better understanding of
the SSc genetic component and the relation of SSc with other

autoimmune diseases.

Pulmonary involvement accounts for a 60% of SSc-related
deaths. Due to this great impact on the survival rates of SSc
patients, we analyzed the association of two previously reported
loci, CD226 and KCNAS5, with pulmonary fibrosis and pulmonary
arterial hypertension in SSc patients, respectively. These studies
showed that CD226 is indeed associated with higher pulmonary
fibrosis risk in SSc cases; but, we were not able to replicate

previous finding in the KCNAS5 locus.

Taking advantage of our large SSc cohorts, the previously
knowledge about SSc genetic risk factors and our novel findings
and using publically available databases and the latest in silico

approaches and software, we have addressed the proposal of the

11



most likely causal variants for the known SSc genetic associations.
Furthermore, we have performed a rare variant analysis in our
Immunochip-genotyped cohorts, interrogated the connections and
pathways that link the different known SSc-related loci and

performed an estimation of SSc heritability.
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RESUMEN

La esclerosis sistémica (SSc) es un desorden autoinmune que afecta
al tejido conectivo. La SSc se caracteriza por evento fibroticos en la
piel y los 6rganos internos. El dafio endotelial, el depdsito excesivo
de matriz extracelular y el desequilibrio inmunologico son los
principales mecanismos pato-fisioldgicos que subyacen la aparicion
y la progresion de la SSc. Ademas, la SSc se clasifica como una
enfermedad compleja pues tanto la predisposicion genética como
factores ambientales contribuyen al desarrollo de la SSc. La SSc
muestra un amplio rango de manifestaciones fenotipicas y
caracteristicas clinicas heterogéneas. En cualquier caso, los
pacientes de SSc se pueden clasificar de manera clasica segin la
extension de la fibrosis en la piel (en la forma cutdnea limitada y
cutanea difusa de la enfermedad) y atendiendo a sus caracteristicas
serologicas (basdndonos en la presencia de dos tipos mayoritarios
de auto-anticuerpos: anticuerpos anti-centromero y anticuerpos anti-

topoisomerasa).

La presente tesis doctoral se centra en el estudio del

componente genético de la SSc. Significativamente, el primer

13



estudio de mapeo fino usando la plataforma Immunochip que se ha
realizado en pacientes de SSc se incluye entre los trabajos
presentados. Nuestro estudio usando el Immunochip nos llevo a la
identificacion de tres nuevos factores de riesgo para la SSc:
DNASEIL3, SCHIPI/ILI2A y ATGS. Cabe resaltar que el locus del
gen DNASEIL3 constituye la asociacion mas significativa con SSc
fuera de la region del HLA. La aproximacion enfocada al sistema
inmunologico que proporciona el Immunochip nos permitié realizar
un mapeo fino de factores de riesgo a SSc ya conocidos e identificar
al gen DDX6 como un marcador de riesgo a SSc sugerente.
También, llevamos a cabo el analisis més exhaustivo de la region
del HLA en pacientes de SSc hasta la fecha e identificamos un
modelo de seis aminoacidos y siete polimorfismos de un solo
nucleodtido (SNP) que explica todas las asociaciones observadas en

la region.

Adicionalmente, esta tesis incluye un estudio de
seguimiento de un estudio de asociacion del genoma completo
(GWAS) que identifico por primera vez al locus ILI2RB2 como un

factor de susceptibilidad a SSc. Nuestros hallazgos en los loci de

14



ILI2RB2 y de ILI24, junto con evidencias previas, resaltan la

creciente relevancia de la ruta de la IL12 en la SSc.

Ademas, también hemos incluido en este compendio de
trabajos un estudio de replicacion del segundo GWAS realizado en
pacientes de SSc de origen étnico europeo. Nuestros datos revelaron
que el gen TNIPI es un factor de riesgo a SSc firme, mientras que
descartaron a las variantes localizadas en RHOB y PSORSICI

como participantes en la red de factores de la SSc.

Todos los resultados mencionados incrementaron el numero
de factores genéticos de susceptibilidad a SSc hasta 15. AGn mas,
hemos contribuido al mejor conocimiento del componente genético

de la SSc y la relacidon de ésta con otras enfermedades autoinmunes.

La afectacion pulmonar es responsable de un 60% de las
muertes debidas a la SSc. Debido a este importante impacto en la
supervivencia de los pacientes de SSc, analizamos la asociacion de
dos loci previamente descritos, CD226 y KCNAS5, con fibrosis
pulmonar e hipertension arterial pulmonar, respectivamente. Estos

estudios mostraron que CD226 estd realmente asociado con un
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mayor riesgo de fibrosis pulmonar en los casos de SSc, pero no

replicamos los hallazgos previos en el locus de KCNAS.

Aprovechando nuestras amplias cohortes de SSc, el conocimiento
previo sobre los factores genéticos de riesgo a SSc y nuestros
novedosos hallazgos y usando bases de datos publicas y las Gltimas
estrategias y programas informaticos, abordamos la elaboracion de
una propuesta de identificacion de las variantes causales de las
asociaciones con SSc conocidas. Ademas, hemos realizado analisis
de variantes raras, interrogado las conexiones y rutas que unen los
loci relacionados con la SSc y hemos realizado una estimacion de la

heredabilidad de la SSc.
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INTRODUCTION

Systemic sclerosis, scleroderma

Autoimmunity is a pathogenic process characterized by a
loss of self-tolerance that leads to immune responses against self-
antigens. The immune response is a continuum phenotype that is set
relatively to the intensity of a stimulus (normally infection or tissue
damage) [1]. In this range of gradual responses, autoimmune events
are characterized by an excessive reaction against auto-antigens that
are normally recognized and tolerated under physiological
conditions (Figure ). Autoimmune diseases (ADs) encompass a
spectrum of disorders of unknown etiology. Unfortunately, most of
them are chronic, incurable and debilitating. Although the
prevalence of the individual ADs is variable among populations and
often sex-biased, ADs collectively affect at least 6% of the Western
population [2]. Therefore, these disorders cause both physical and
psychological burden for the patients and important medical costs to

society [3].
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ADs, as non-infectious diseases, can be classified according to their
etiology into: environmental diseases, which are caused by
environmental factors and are not genetically transmitted to the
offspring; monogenic or polygenic diseases, which arise from one
or more mutations in the genome and will be inheritable if they
affect the germ line; and complex diseases, which result of the
combination of both genetic and environmental factors [4] (Figure
2). Complex diseases account for the vast majority of common
human diseases [4]. However, the identification of the factors
playing an important role in complex disorders is a difficult
undertaking because of the complexity of the studied phenotypes

and the confounding relations between factors [5].

Systemic sclerosis or scleroderma (SSc) is a complex
chronic autoimmune disorder that affects the connective tissue [6].
Deregulation at the vascular, immune and extracellular matrix
(ECM) deposition levels lead to the fibrotic phenomena that are

characteristic of the disease (Figure 3) [7].

Several authors have postulated that the initial pathogenic
process that takes places in the disease onset is a change in the

function of endothelial cells (EC) and the structure of the

19



Figure 2. Classification of autoimmune diseases into Mendelian,

environmental or complex according to their etiology.
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microvasculature [6, 8-10]. Microvasculature modifications include
malformed capillaries, Raynaud’s phenomenon, and digital ulcers
[11]. Later, vasculopathy can become life-threatening producing
SSc-related renal crisis (SRC) and pulmonary arterial hypertension
(PAH) [11]. Moreover, later stages of the disease are characterized
by avascular areas, despite a general increase in many potent
angiogenic factors [11]. These facts point towards a deeply
impaired angiogenic response in patients with SSc [11]. EC damage
is followed by an inflammatory phase characterized by
inflammatory cell infiltration, progressive endothelial involvement,
intimal fibrosis of small arteries and, finally dermal fibrosis arises
[8-10]. Infiltration is more relevant in early SSc but seems to
decrease when fibrotic events become more pronounced [9]. In the
light of these findings, it can be hypothesized that the presence of
big amounts inflammatory cells plays an important role in the
induction of fibrosis [9]. Important alterations in several cell types
from SSc patients have been reported, these abnormalities may be
the basis that promotes the development of SSc pathogenic
mechanisms. For example, SSc fibroblasts show a pronounced
increase of procollagen mRNA expression, which allows the

development of several autocrine cytokine loops in SSc fibroblasts

22



that could be present only partially in fibroblasts from healthy
subjects [9]. Interestingly, SSc fibroblasts are known as
myofibroblasts because they express o-smooth muscle actin (o-
SMA) and exhibit a persistently activated phenotype with excessive
production of collagen and other ECM proteins [12]. Moreover,
myofibroblasts have an altered expression of and responses to
cytokines, an increased proliferation, and a decreased apoptosis
[12]. It has also been proposed that ECs may undergo a process
called endothelial-mesenchymal transition, which allows them to
gain myofibroblastic features [12]. Taking in account the relevance
of the autoimmune events in SSc pathogenesis, it is not surprising
that immune cells in SSc patients also show unique traits. T-cells in
SSc patients are at the site of fibrosis, have an activated phenotype
and show abnormal numbers and frequency in peripheral blood
[13]. Furthermore, T-cells are a major component of the skin
infiltrate (and also the lung infiltrate) of SSc patients during the
inflammatory stage of the disease, with a high CD4+/CD8+ ratio
[13]. These infiltrating T-cells in SSc skin lesions express activation
markers and could be essential for the induction of the hyperactive
SSc fibroblast phenotype [13]. Thus, although the recapitulation the

disease onset is still controversial, all the three mentioned
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processes: endothelial damage, increased extracellular matrix

deposition and autoimmune imbalance interact to produce SSc.

SSc patients show a T-cell imbalance affecting different T-
cell populations [9, 13]. For example, Th2 polarized T-cells have
been found in SSc skin [9]. Therefore, soluble Th2 profibrotic
mediators (such as IL-4, IL-6, IL-13) may interact with SSc altered
fibroblasts and induce fibrosis [13]. In addition, NK T-cell subsets
have reduced relative and absolute numbers and impaired function
in SSc patients [9]. Recently, an important role for B-cells has also
been elucidated. B-cells produce IL-6 that along with TGF-, may
promote matrix synthesis and reduce collagen degradation [14].
Additionally, SSc patients show chronic B-cell activation and
present increased numbers of naive B-cells but reduced numbers of
memory B-cells [14]. Moreover, memory B-cells seem to be
abnormally activated in SSc [14]. Cytokines are immune system
modulators; thus, as it could be expected, altered levels of different
cytokines have been described in SSc patients, especially an
imbalance between Thl and Th2 cytokines and between Th17 and
T cytokines [15]. IL-4, IL-13, IL-5, IL-6, and IL-10, which are

common in a Th2 response, lead to tissue fibrosis, while Th1 (IFN-
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Y, TNF-a, IL-1, IL-2, and IL-12) and Th17 (IL-17, IL-21, IL-22)
cytokines are proinflammatory in SSc patients [15]. Interestingly,
plasma cytokine levels have been reported to be different among the
ACA+, ATA+ and ARA+ SSc patients and disease duration and
internal organ involvement seem to have an impact on the cytokine
profiles [16]. Re-establishing the Th1/Th2 and Th17/T., balances

might be a therapeutic target in SSc [15].

SSc is considered a rare disease, but disease prevalence rates
range from 7/million to 700/ million showing noteworthy inter-
study discrepancies [17]. Remarkable differences among
populations have been identified, for example: black populations
show an increased prevalence compared to whites and Asians and
more severe outcomes are more frequent in Hispanics and Native
Americans than in populations with European ancestry [18, 19]. A
Native American tribe, the Choctaws, has the highest SSc
prevalence described to date (660/million) [20]. In addition, an SSc
North-to-South gradient has been described [17]. Thus, ethnical
origin and ancestry factors greatly impact the onset and prognosis of

the disease.
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It is also worth mentioning that SSc, as other related ADs,
has a marked sex-bias and is more frequent in females, especially
middle-aged, than men (in a female-to-male mean ratio ranging
from 3:1 to 14:1) [7, 21, 22]. As it can be observed in Table I, the

complete set of patients included in the different manuscripts

Table 1. Population characteristics considering all the individuals
included in all the studies presented in this thesis.

Phenotype )

TOTAL N 7,962

Sex

N=7,597 Female 86.52
Male 13.48

Clinical subtype

N=6,886 IcSSc 67.15
dcSSc 32.85

Anticentromere antibodies
N=7.,244 Positive 43.94
Negative 56.06

Antitopoisomerase antibodies
N=7,220 Positive 31.69
Negative 68.31

Interstitial Lung Disease

N=4,363 Positive 32.78
Negative 67.22

Pulmonary Arterial Hypertension

N=3,691 Positive 12.38
Negative 87.62

26



contained in the present doctoral thesis showed a 9:1 female-to-
male ratio [23-27]. The origin of such a conspicuous female
preponderance among ADs remains uncovered. However, different
plausible causes have been proposed: sex-specific genetic traits (i.e.
X-chromosome dosage effects, mutations in specific X-linked
genes, skewed X-chromosome inactivation, loss of mosaicism, fetal
microchimerism), and the levels and effects of sex hormones [21,

22, 28].

SSc is a phenotypically heterogeneous disorder and
consequently diagnosis is complex and the definition of sensible
and specific classification criteria is a major issue in clinical
practice [29]. All the patients included in the present piece of work
fulfill the 1980 preliminary classification criteria of the American
Rheumatism Association (now the American College of
Rheumatology) or the early systemic sclerosis criteria proposed by
Leroy et al. or the presence of at least three out of five CREST
features typical of SSc (calcinosis, Raynaud’s phenomenon,
esophageal dysmotility, sclerodactyly, telangiectasia) [30, 31]. The
additions of the two later additional criteria were used to increase

the limited sensitivity of the classical SSc classification criteria[31].
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SSc patients are clinically stratified into two main subtypes: patients
with a limited cutaneous form of the disease (1cSSc) and those with
diffuse cutaneous SSc (deSSc) [32]. Both groups are defined based
on the magnitude of skin tightening: limited to hands, face, feet, and
forearms in 1cSSc cases and extensive in dcSSc [32]. Moreover, the
more frequent IcSSc is characterized by a slower disease
progression with Raynaud's phenomenon for several years, dilated
nailfold capillary loops [32]. Nevertheless, 1cSSc patients have a
high incidence of pulmonary hypertension (with or without
interstitial lung disease), calcinosis and telangiectasias [32]. In the
case of dcSSc, the disease course is more aggressive with an early
onset of Raynaud's phenomenon, development tendon friction rubs,
nailfold capillary dilation and capillary destruction [32].
Additionally, severe internal organ involvement appears early, i.e.
interstitial lung disease, renal failure, gastrointestinal disease, and

myocardial involvement [32].

Severe dysfunction and failure of visceral organs (kidneys,
esophagus, heart, and lungs) is an essential determinant of patient
prognosis [7]. Steen et al. reported that while in the early 1970s the

main factor behind the death of SSc patients was SRC, in the late
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1990s pulmonary involvement (comprising both PAH, and
pulmonary fibrosis or interstitial lung disease, ILD) accounted for
60% of SSc-linked deaths (Figure 4) [33]. This decrease in the
relevance of SRC became possible thanks to the use of angiotensin-
converting-enzyme (ACE) inhibitors, which regulates blood
pressure inhibiting angiotensin-induced vasoconstriction via the
renin-angiotensin system) [33]. Nevertheless, due to the severe
complications of pulmonary involvement, SSc is still a highly life-
threatening disease with a 10-year survival of only 63% [33].
Moreover, the overall pooled standardized mortality ratio of
patients with SSc reaches 3.53, which is markedly higher than in
other ADs [34, 35]. Therefore, a great interest in deciphering the
factors leading pulmonary dysfunction has arisen in the medical and
scientific community. Since we shared these concerns with our
clinical collaborators, two out of five studies included in this
doctoral thesis were focused in SSc-related pulmonary involvement
[24, 26]. The diagnosis of pulmonary involvement in SSc is a
changing area with constant definition changes and fluctuating
prevalence rates. Using current gold standards and following
previous reports and clinical counseling, we considered that the

patients in the analyzed cohorts had confirmed PAH using right
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heart catheterization (mean resting pulmonary artery pressure > 25
mmHg and a pulmonary capillary wedge pressure < 15 mmHg) [36-
38]. Furthermore, ILD was determined by the visualization of
interstitial  abnormalities in High Resolution Computed
Tomography (HRCT) [36, 39, 40]. The frequencies of these clinical
complications in the complete set of SSc patients included in our

studies are reported in Table 1.

The presence of antinuclear antibodies is also a major SSc
hallmark derived from its characteristic autoimmune events. From a
serological point of view SSc patients can be encompassed in three
highly SSc-specific main subgroups: anticentromere antibody
positive (ACA+), anticentromere antibody positive (ATA+) and
antiRNA-polimerase III antibody positive (ARA+) SSc patients [7,
41, 42]. Despite important inter-population differences, the
approximate ACA+, ATA+ and ARA+ frequencies are 16-39%, 9-
39% and 4-25% respectively [7, 41, 42]. The ACA+, ATA+ and
ARA+ groups comprise around half of the patients and the presence
of each previously mentioned auto-antibody is generally exclusive
from the others [42]. Nevertheless, a small fraction of patients are

positive for both ACA+ and ATA+ [42]. The remaining patients
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either have rarer auto-antibodies or are negative for the presence of
antinuclear autoantibodies (3-11%) [42]. Usually, the antibody
subset of a patient is maintained during time and it is widely
accepted that autoantibodies are better biomarkers for organ
involvement and survival than clinical subtypes (IcSSc or dcSSc)
[41, 42]. However, serological and clinical subsets are clearly
overlapping. Indeed, a 70-80% of 1cSSc patients are ACA,
although a small proportion of ACA+ cases (5-7%) develop deSSc
[42]. Moreover, around 60% of ATA+ and the majority of ARA+
(67-93%) SSc patients are included in the dcSSc subgroup [42].
Regarding the relation between organ involvement and
autoantibodies, the ACA+ SSc patients show a higher incidence of
PAH without ILD than the ATA+ subgroup [42]. In addition,
primary biliary cirrhosis (PBC) is more frequent in the ACA+ cases
[42]. On the contrary, the presence of ACA seems to be protective
for digital ulcers, ILD and SRC [42]. It is worth mentioning that,
ILD is greatly linked with ATA+, which causes the highest
mortality rates among all the autoantibody-based subsets [42].
Furthermore, ATA+ patients are more prone to developing digital
ulcers and more aggressive skin involvement and disease activity

[42]. Additionally, SRC appears in up to 43% of ARA+ SSc cases

32



[42]. In the pre-ACE inhibitors era, SRC caused a dramatic
mortality of these patients [42]. However, as previously
commented, nowadays the survival of this subgroup has greatly

improved [42].

Clinical characteristics and prognosis are greatly variable in
SSc patients. Therefore, grouping patients based on disease subsets
or autoantibody profiles is a useful tool both for clinical practice
and genetic studies. Of note, all the individuals included in our
cohorts were of European ancestry, self-reported and checked using
Principal Component Analysis (PCA) when possible (this is, if
high-throughput genetic data were available). Hence, as illustrated
in Table 1, clinical subtype, pulmonary involvement and
autoantibody profile based stratification were applied when
necessary in the presented studies [23-27]. However, the subgroups
in this artificial classification should not be considered as isolated

entities but as part of quantitative traits, continuous phenotypes.

As it was stated previously, both environmental factors and
genetic susceptibility interact in the disease onset and maintenance.
Therefore, the current knowledge on both aspects will be addressed

in this introduction paragraph.
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ENVIRONMENTAL FACTORS

Occupational exposition to several chemical compounds

has been found to increase SSc susceptibility:

1)  Silica: crystalline silica or quartz is released typically
in mining but also in other construction works. Silica exposure has
been associated with a 3.2 higher risk of suffering SSc [3]. In spite
of its long known association with SSc no clear mechanism for
silica-related immune dysfunction has been elucidated yet. It has
been suggested that it may interact with alveolar macrophages,
activate T and B lymphocytes, trigger autoimmunity-related
apoptosis and increase fibroblast proliferation [43]. It should be
noted that Rocha-Parise et al. reported that silica-exposed
individuals present increased serum soluble IL-2 receptor levels,
decreased production of IL-2 and increased levels of pro-
inflammatory mediators (IFN-y, IL-la, TNF-a, IL-6) and anti-
inflammatory cytokines (IL-10 and TGF-B) [44]. Moreover, these
individuals were more likely to show enhanced lymphoproliferation
[44]. Furthermore, lymphocytes stimulated with silica express high
levels of Fas receptor (CD95) and undergo apoptosis [45]. Then,

altered proteins are released and autoimmune events may be
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initiated [45]. Thus, silica might act as both a haptene (modifying
proteins and triggering the immune response) and a direct immune
system activator [45].

2)  Organic solvents and solvent-like chemicals:
chlorinated  solvents, aromatic  solvents, = white  spirit,
trichloroethylene, ketones and other molecules sharing structural
characteristics (such as vinyl chloride, epoxy resins,
perchloroethylene, or mixed solvents) have been reported to cause
SSc-like syndrome. The estimated SSc-risk due to solvent exposure
has been estimated in 2.4 and it is greater in men than in women
and increases in highly exposed individuals [3, 43]. It has been
proposed that organic solvents may link with nucleic acids and
proteins and disrupt the immune response [43]. Solvents initiate
cellular and humoral autoimmunity and stimulate fibrogenic
responses and they can also enhance the immunogenicity of
intracellular molecules [45].

3) Welding fumes: are a complex mixture of metallic
oxides, silicates and fluorides, which are formed when a metal is
heated above its boiling point and then the vapours condense.
Welding fumes have also been linked with increased susceptibility

to SSc (with an OR reaching 3.54) [3, 43, 45].
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Finally, we would like to mention the toxic oil syndrome
(TOS) as an example of SSc-like affection caused by chemicals. In
the 1980s, 356 people died and thousands were diagnosed with TOS
in Spain [46]. This disease was caused by consumption of rapeseed
oil that was contaminated with 1,2-di-oleyl ester (DEPAP) and oleic
anilide [46]. The main effect of this chemicals was a non-
necrotizing vasculitis of several organs [46]. It has been postulated
that the intermediates of the metabolism of the parent compounds
could act as haptenes and activate autoreactive T-cells, disrupt
signal transduction, or induce apoptosis and necrosis [46].
Curiously, disease intensity was linked with certain HLA-DR2
alleles and polymorphisms in metabolism and immune response

genes [46].

On the contrary, no association was found between SSc and
other non-occupational chemical factors such as smoking, the use of
drugs (anorexigens, pentazocine, bromocriptine, L-tryptophan),
implants (prosthesis, silicone implants, and contact lenses) and

dyeing hair [43].

Infectious agents were suggested as possible causes that

break self-tolerance and may trigger autoimmunity via molecular
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mimicry, endothelial cell damage, super-antigens, and
microchimerism processes [47, 48]. In the case of SSc, multiple

bacterial and viral infections have been studied:

1)  Parvovirus B19: this virus is related with other ADs.
Moreover, in SSc B19 has been found in bone marrow biopsies
from patients, it has been shown that SSc fibroblast can be
persistently infected by B19 and EC damage in SSc may reflect a
combination of direct viral toxicity and humoral immunity towards
this virus [47, 48].

2)  The herpesvirus family: Human cytomegalovirus
(HCMV) infects both ECs and monocytes/macrophages and
produces immune dysregulation (with the development of ATA, for
example) and promotes fibrogenic cytokines [47, 48]. Latent
HCMYV in SSc patients may represent an allotypic stimulus to T-
cells and increase allograft rejection (microchimerism) [48]. Of
note, Epstein-Barr virus (EBV) is a common risk factor for many
ADs, which causes a cross reaction between its molecules and self-
antigens [48]. Remarkably, SSc IgG recognised the HCMV late
protein UL94 and the endothelial cell surface integrin—-NAG-2

protein complex, which induced endothelial cell apoptosis [49].
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3) Endogenous retroviruses: can affect the immune
response due to their encoded proteins or their insertion in the
genome. Shockingly, a common protein sequence between DNA
topoisomerase [ and p30gag retroviral proteins has been found
(another example of molecular mimicry) [48].

4)  Helicobacter pylori: may be involved in endothelial
damage and vascular changes [48].

Pregnancy, if considered as an environmental factor, has
also been reported to induce higher SSc rates [7]. Particularly, SSc
female patients have higher levels of fetal microchimerism, this is
fetal DNA is found in high proportions in maternal blood [50].
Additionally, HLA-DR alleles which were indistinguishable in
mother and child correlated with an increased risk of SSc onset in

the mother [50].

Supplementary physical or life-style factors such as
ionizing radiation, dietary habits and food contaminants have been
reported to contribute to the development of other ADs [3].
However, there are no confirmed data on SSc that can prove these

hypotheses.
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Unfortunately, SSc manifestations are very heterogeneous
and often it is hard to identify and quantify the environmental
exposures. As a consequence, the knowledge about the link between
environmental triggers and SSc pathogenesis is still scarce. Thus,
environmental factors and gene-environment interactions could not

be analyzed in this work.

GENETIC COMPONENT

SSc is a complex disease with a well-established genetic
susceptibility background. Indeed, high autoantibody concordance
has been described between twins and in SSc multi-case families
[51, 52]. As it could be expected, familial history of SSc is the
major risk factor, showing relative risks 13-fold higher than in the
general population in first degree relatives and 15-fold higher in
siblings [53]. As mentioned above, ancestry has also a relevant role

in SSc susceptibility [17-20].

Nevertheless, it should be noted that the number of
disease-associated /oci that are involved in a complex disease is
usually unknown [54, 55]. Moreover, despite that familial

aggregation is common, the inheritance of complex disorders does
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not fit Mendelian patterns [4, 56]. As a consequence, familial
studies in complex diseases have not been as successful as they are
in Mendelian traits. Additionally, genetic risk factors individually
have normally a very modest impact on complex disease
susceptibility, i.e. penetrance of individual variants is low and they

cannot be identified within pedigrees [1, 57].

Case-control studies are observational epidemiological
studies that comprise non-related individuals, and in which cases
(affected individuals or individuals with a certain trait) and controls
(healthy individuals or individuals without the trait) are compared
on the basis of an attribute (the presence of a certain allele in a
particular polymorphic position). Genetic case-control studies can
be designed based on previous knowledge (candidate gene studies)
or in a hypothesis-free fashion (genome-wide association studies,
GWASSs). Candidate gene studies begin with the selection of the
analyzed locus and polymorphisms based on an a priori functional
or positional possible implication in the disease. The functional role
of the selected loci for candidate gene studies is normally based on
the possible or known biological implication of the encoded protein

in the disease. Moreover, those variants that are located in coding or
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regulatory regions are often preferentially studied. In the case of the
positional clues to select a locus, they are usually due to the
association of a region through pedigree analyses and then the
different loci that map within that region or the most likely
(considering the previously described functional evidence) are
tested. Thus, candidate gene studies depend on previous evidences
and are directed by the researchers. Nevertheless, these studies are a
powerful approach to analyze the contribution of specific loci,

especially when large cohorts are analyzed.

The initial genetic interrogation of ADs was originally
focused on candidate genes and comprised small cohorts; thus, this
pioner studies resulted in the identification of few firm genetic
susceptibility factors outside the HLA [58]. To date, the advances in
genotyping technologies and the gathering of wide patient cohorts
have made it possible to genotype large numbers of common
variants in large collections [58]. Thus, recent well-powered
candidate gene studies and especially Genome-Wide Association
Studies (GWAS) have resulted in the identification of multiple
common genetic polymorphisms related to the variety of ADs [57,

59].
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GWASs test markers for association all through the
genome. This strategy takes advantage of the known linkage
disequilibrium patterns in the genome to reduce the number of
variants to be included in the analysis. Moreover, it has been
possible thanks to the availability of high-throughput genotyping
platforms. These studies deal with restrictive multiple testing
correction thresholds due to the large number of comparisons. The
standard significance threshold for GWASs (also known as
genome-wide significance level) is established at p-value < 5*107,
which corresponds to a Bonferroni correction assuming all tests as
independent and based on an estimation of the number of
independent SNPs in the genome. Moreover, large cohorts are
necessary to reach a favorable statistical power to identify
significant association signals [60]. It is worth mentioning that
GWASSs tend to show inflated effects of the associated variants, this
effect is known as the ‘winner’s curse’. As a consequence, the
replication of the /Joci identified in GWAS in independent
populations is mandatory. Our group was involved in the first
GWAS in SSc in white populations [61]. In this study CD247 was
reported as a novel SSc risk factor, and the previously reported

associations in the HLA, STAT4 and IRF5 loci were confirmed at
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the GWAS level [61]. Our novel findings in CD247 were later
independently replicated by Dieudé et al. [62]. A second SSc
GWAS that comprised an independent French population was
published during the period of this thesis [63]. Therefore, we used
our large SSc cohort to perform an independent replication of the
reported results in Allanore et al. [63]. The results in our study,
which was consequently included in the present thesis, confirmed
the previously described signals in the TNIPI locus with SSc but

discarded RHOB and PSORSIC1 as SSc genetic risk factors [25].

In the case of SSc, as in most of ADs, the HLA region is
the major genetic association described to date [64, 65]. A number
of classical alleles have showed an increased frequency in SSc
patients, being the most important of them the HLA-
DRBI1*11:04/HLA-DQA1*0501/HLA-DQBI1*0301 haplotype [66-
71]. Besides, firm SSc protective HLA haplotypes have been
described as the HLA-DRBI*0701/HLA-DQAI*0201/HLA-
DQOBI1*0202 [66]. Additionally, different alleles have been reported
to increase SSc susceptibility (for example, HLA-DRBI*0I and
HLA-DQBI1*0501 with the ACA+ subgroup and HLA-DPBI1*1301

with the ATA+) but these markers vary with subtypes
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and ethnical origin [66, 71-76]. Remarkably, it has been recently
suggested that the HLA association may be confined to the
autoantibody subsets (ACA+ and ATA+) [72]. Currently, a number
of non-HLA loci have been firmly associated with SSc [65, 77, 78].
Table 2 illustrates the non-HLA genetic loci known to affect SSc or
any of its major subphenotypes susceptibility to date, excluding
those that were identified in the articles included in the present
thesis. All SNP associations reaching the GWAS significance level
were included in Tables 2-3. We consider these genome-wide level
associated /oci as SSc confirmed genetic susceptibility factors.
However, in order to maximize the scope of the in silico analyses in
this thesis we also included in the analyzed gene sets those /oci that
have reached second tier level associations (p-value < 5x10) or
that have been replicated in different populations (Figures 5-6). The
polymorphism/locus  correspondence  was  established as
implemented in Gene Relationships Across Implicated Loci,
GRAIL software, [79] using the release 18 of the Human Genome
and the PubMed text as of 2012 (Figure 5). According to GRAIL
predictions the association of the rs12540874 variant, attributed to
the GRBI10 locus in previous reports [72] will be referred as likely

corresponding to the IKZF1 locus (Figure 5). Following the same
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criteria, we will simplify the nomenclature of the suggestive
TREH/DDX6 locus in Mayes et al. as DDX6 (Figure 5) [23].
However, due to the confusing GRAIL results for the previously
reported SSc-associated variants rs1378942 and rs11171747 we
maintained their initial nomenclature as CSK and RPL41/ESYTI
(Figure 5). We have done the same in the case of rs443198 and
rs9296015 that will be considered variants related to the NOTCH4
gene (Figure 5). A pathway analysis based on the previously
described loci was also conducted by the means of the Panther
Classification System [80, 81]. The results of this pathway analysis
are shown in Figure 6. The known SSc genetic risk factors play a
role in both adaptative and innate immune response and several of
them are involved in cytokine pathways (Figure 6). Furthermore,
the function of some of them is related to angiogenic processes,
apoptosis and cellular commitment (Figure 6). The involvement of
a great number of different compartments and pathways shows the

tangled network that leads to SSc pathogenesis.

However, despite the great advance allowed by the GWASs
carried out in SSc and other complex diseases, several concerns

about GWAS results have been pointed out by various authors, such
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Figure 5. Gene Relationships Across Implicated Loci (GRAIL) results for
the loci comprising the firmest systemic sclerosis genetic associations

(release 18 of the human genome and the PubMed text as of 2012 was

used).

‘r5987870

1
}rs6457617

1

B5
Bs

6€66z0Gss1

OOF &

658866154

D o
ey

LLB6Eggs!
£9506/¢81
061¥.,0Ts!

48



as (reviewed in Stranger et al. and Visscher et al. [57, 82]):

1)  Multiple small effects may contribute significantly to
heritability but might have remained undetected because of the
needed sample size to identify them.

2)  Incomplete LD or interpopulation LD differences
between the associated variants and the causal variant/s that may
cause an underestimation of the magnitude of the real effect of the
susceptibility locus.

3) Low-frequency polymorphisms (MAF=0.01-0.05)
and rare variants (MAF < 0.01) may play an important role in the
unknown genetic variability. It should be taken into account that the
common SNPs that are included in GWASs normally have a minor
allele frequency (MAF) higher than 5%. Therefore, the effect of
these low-frequency variants may have been overlooked.

4) Most of causal variants remain unknown and
biological functions are unclear.

Although the first GWAS limitation could be overtaken by
increasing the sample size and using meta-analysis techniques, this

is not always possible. Consequently, it is now evident that GWAS
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findings need to be complemented with additional approaches.
Firstly, it is essential to data mine the GWAS genotype information.
The GWAS significance thresholds are very strict to prevent the
identification of false positive variants [83]. However, some
suggestive second tier associations might be true but need to be
explored in additional cohorts [83, 84]. Following this line, three
novel SSc susceptibility loci have been identified via GWAS
follow-up studies: /L12RB2 (which is included among the presented
studies), CSK, PPARG [27, 85, 86].

Except in a few cases in which the GWAS identified variant
is assumed to be the causal variant for the association, the lead
variant identified through GWAS in a /ocus is presumed to be in LD
with the causal, functional variant [82, 87]. Thus, fine-mapping of
an associated /ocus, either including all the known variants or using
a tag-SNP strategy might help defining statistically independent
association signals that could reveal the existence of a single
associated haplotype or could suggest multiple causal variants [82].
These fine-mapping strategies (and sequencing approaches) will
help to overcome the second and the third previously described
GWAS handicaps. Then, it is possible to redefine the linked

variants and prioritize the putatively functional polymorphisms
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[82]. Finally, functional analysis of the variants will be needed to
discern the real effect of the associated loci and solve the fourth of

the mentioned GWAS restrains.

Especially directed towards ADs and taking advantage of the
well-known autoimmunity shared genetic component, a novel fine
mapping approach, known as the Immunochip (HumanImmuno
Beadchip by Illumina), has reported very successful results recently.
This platform is a custom SNP genotyping array that includes
196,524 variants (SNPs and small insertions-deletions) that
comprise a fine-mapping of 186 known autoimmunity susceptibility
loci [88]. For the custom array design all the described variants for
white (European ancestry) populations were considered (SNPdb,
1000 Genomes Project February 2010 release, and additional
sequencing projects) [88]. Remarkably, rare variants and those
variants that are predicted to have a putative functional role were
also included in the SNP panel, together with a dense set of HLA,
KIR (Killer-cell immunoglobulin-like receptors) and ancestry
markers [88]. Several Immunochip-based dense mapping studies
have been published lately a variety of ADs: celiac disease (CeD),

rheumatoid arthritis (RA), autoimmune thyroid disease (ATD),
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psoriasis (PS), PBC, juvenile idiopathic arthritis (JIA), primary
sclerosing cholangitis (PSC), narcolepsy, ankylosing spondylitis
(AS), atopic dermatitis, and Takayasu arteritis [89-101]. Each one
of these reports has led to the identification of variable number of
common AD susceptibility factors probably, but not only,
depending on their sample size, as it is graphically illustrated in
Figure 7. These findings have greatly contributed to the better
knowledge of the shared genetic background of autoimmunity
[102]. It is widely accepted that SSc and systemic lupus
erythematosus (SLE), and other related ADs as rheumatoid arthritis
(RA) have an especially overlapping genetic background [65, 103,
104]. Therefore, we followed the Immunochip strategy in a large
SSc case and control set [23]. The results of this study, recently
published in the American Journal of Human Genetics, are part of

the present doctoral thesis [23].

As stated above, the HLA region is the most significantly
associated /ocus with ADs [64]. However, little is known about the
peptides that are presented by the associated HLA alleles or the

functional causes behind this outstanding peak of association with
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ADs. Recently, a new computing procedure has achieved an
accurate imputation of the classical HLA alleles at four digit
resolution and at the amino acid level resolution with high
imputation accuracy [59]. This method starts from a large reference
panel composed of two European ancestry reference panels
(HapMap-CEPH pedigrees and the Type 1 Diabetes Genetics
Consortium) and has successfully identified a five-amino acid
model that explains the observed association in the HLA region
with RA [59, 105-107]. Moreover, it has been recently extended to
non-European populations [108]. Due to its dense coverage of the
HLA region, we were able to follow perform this analysis in our
SSc Immunochip study and identified a six polymorphic amino acid
position and seven SNP model that explained the observed HLA

associations [23].

Finally, bioinformatics and publically available functional
features databases currently offer a wide variety of information that
can be used to prioritize variants for experimental studies to test
putative functional variants for a real effect [82]. The most
straightforward analysis is to interpret coding or transcribed variants

with tools such as SIFT and PolyPhen-2 [109, 110]. However, most
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of the associated GWAS polymorphisms map in non-transcribed
DNA and it is likely that their underlying mechanism is regulatory
[87]. Expression quantitative trait loci (eQTL) are polymorphisms
that influence gene expression, either closely located genes (cis-
eQTLs) or distant genes (trans-eQTLs). Intriguingly, GWAS
associated variants have been reported to be significantly enriched

for eQTLs [111-115].

The most ambitious project for integration of functional
information is without doubt the Encyclopedia of DNA Elements
(ENCODE) which aims to classify all functional elements in the
human genome, including identifying and quantifying RNA species
in whole cells and in sub-cellular compartments, mapping protein-
coding regions, delineating chromatin and DNA accessibility and
structure with nucleases and chemical probes, mapping of histone
modifications and transcription factor (TF) binding sites by
chromatin immunoprecipitation (ChIP), and measurement of DNA

methylation and multiple smaller-scale efforts [116].

Taking all the above findings into account, together with the

public access available for most of them, we consider that we are in
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the position to integrate these sources of information with our

results and we will address this point in the discussion section.
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OBJECTIVES

The main aim of this doctoral thesis was to further
investigate the genetic component of systemic sclerosis (SSc), we

specifically aimed:

1. To identify novel loci or validate already proposed
genetic markers associated with SSc susceptibility using Genome-
Wide Association Study follow-up or independent replication
approaches.

2. To independently replicate newly identified SSc-
related pulmonary involvement genetic susceptibility markers.

3. To uncover novel SSc genetic susceptibility markers
and to fine-map the genetic regions that have been associated with
SSc, by the means the immune-focused Immunochip genotyping
platform.

4. To perform a comprehensive analysis of the Human
Leukocyte Antigen (HLA) region association with SSc using the
dense set of HLA polymorphisms included in the Immunochip
genotyping platform and taking advance of novel HLA imputation

methods.
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A single-nucleotide polymorphism (SNP) at the IL12RB2locus showed a suggestive association signal in a pre-
viously published genome-wide association study (GWAS) in systemic sclerosis (SSc). Aiming to reveal the
possible implication of the IL12RB2 gene in SSc, we conducted a follow-up study of this locus in different
Caucasian cohorts. We analyzed 10 GWAS-genotyped SNPs in the IL12RB2 region (2309 SSc patients and
5161 controls). We then selected three SNPs (rs3790567, rs3790566 and rs924080) based on their significance
level in the GWAS, for follow-up in an independent European cohort comprising 3344 SSc and 3848 controls.
The most-associated SNP (rs3790567) was further tested in an independent cohort comprising 597 SSc patients
and 1139 controls from the USA. After conditional logistic regression analysis of the GWAS data, we selected
rs3790567 [Py = 1.92 x 107> odds ratio (OR) = 1.19] as the genetic variant with the firmest independent asso-
ciation observed in the analyzed GWAS peak of association. After the first follow-up phase, only the association
of rs3790567 was consistent (Pyy= 4.84 x 1072 OR = 1.12). The second follow-up phase confirmed this finding
(P2 =2.82 x 10~% OR = 1.34). After performing overall pooled-analysis of all the cohorts included in the pre-
sent study, the association found for the rs3790567 SNP in the IL12RB2 gene region reached GWAS-level sig-
nificant association (Pyn= 2.82 x 10~° OR = 1.17). Our data clearly support the IL12RB2 genetic association

with SSc, and suggest a relevant role of the interleukin 12 signaling pathway in SSc pathogenesis.

INTRODUCTION

Systemic sclerosis or scleroderma (SSc) is a rare complex con-
nective tissue disorder characterized by extensive fibrosis of
multiple organs produced by vascular damage and autoimmune
dysfunction (1,2). Patients are commonly classified into two
major subgroups: the limited cutaneous SSc (1cSSc) and the
diffuse cutaneous (dcSSc) form of the disease (3). Positive auto-
antibody titers are a main feature of this disabling condition,
especially anticentromere autoantibodies (ACA) and antitopoi-
somerase autoantibodies (ATA) (1,2). To date, a number of
genes have been implicated in an increased susceptibility to
SSc, confirming the genetic component of this complex
disease (4,5). Some of these genes are shared with other
related autoimmune diseases, supporting the idea of common
pathogenic pathways underlying autoimmune imbalance (6,7).

Recently, our group published the first genome-wide associ-
ation study (GWAS) conducted in Caucasian SSc patients (5).
GWASs are often followed by follow-up studies focused on
the regions where association peaks are observed, not only
in the associations which reached the GWAS significance
level, but also those which are below the GWAS level but
might result in true association with the disease. In this line,
a single-nucleotide polymorphism (SNP) at the /L/2RB2
locus showed a suggestive association sisgnal in the previously
mentioned GWAS [Pyp= 192 x 10~ odds ratio (OR) =
1.19 (1.10-1.29)] (5).

Noteworthy, interleukin 12 (IL-12) binding to its receptor
powerfully induces IFNvy production and promotes T helper
differentiation in Th1 cells (8). In addition, several experimen-
tal and clinical studies have implicated IL-12 and IFNvy in the
development of autoimmune inflammation (8,9). The IL-12
receptor (IL-12R) comprises two subunits, IL-12R (1
subunit (IL-12RB1) and IL-12R B2 subunit (IL-12RB2),
which are both homologous to gpl130 (a shared component
of the receptors for several type I cytokines) (10).

ILI2RB2 encodes IL-12Rf32, which constitutes the transdu-
cing component of the receptor heterodimer and recruits dif-
ferent tyrosine kinases, signal transducers and activators of
transcription (11-13). Interestingly, animal models lacking

IL12RB2 signaling develop autoimmune events (14).
Moreover, polymorphisms in the /L/2RB2 gene region and
upstream this locus have been related to several human auto-
immune disorders, such as psoriasis (PS) (15), primary biliary
cirrhosis (PBC) (16), Behget disease (17,18) and giant cell
arteritis (GCA) (19).

Hence, with the aim of investigating the possible role of the
ILI12RB2 gene in SSc, we conducted a GWAS follow-up study
in different European and US Caucasian cohorts.

RESULTS
IL12RB2 region analysis in the GWAS set

Ten SNPs in the /IL/2RB2 region were included in the initial
GWAS analysis set, six of them were found to be significantly
associated with SSc, but only four remained significant after
GC correction (Table 1). However, conditioned logistic
regression revealed that among the initially observed associa-
tions, only the rs3790567 association was independent from
the others (Table 1). HapMap linkage disequilibrium patterns
defined 153790566 (not included in the GWAS phase) as
the unique tag-SNP for rs3790567. Hence, both the
most-associated SNP  (rs3790567) and this tag-SNP
(rs3790566) were selected for replication.

Despite the loss of the observed association after correction
for multiple testing (Table 1), we also included rs924080 in
the first follow-up phase. This genetic variant was located in
the intergenic region between /LI2RB2 and IL23R, and it
was the last GWAS SNP contained in the /L23R haplotype
block (Fig. 1). In addition, this polymorphism mapped in a
recombination hotspot identified in the HapMap Project
(Phase II, Caucasian and Asian populations; http://www.
hapmap.org) and previous reports (17).

European follow-up phase

Table 2 shows the pooled analysis of seven independent white
European cohorts of the three SNPs analyzed in the first
follow-up phase. No evidence of association was observed
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Table 1. Pooled logistic regression of /L/2RB2 genetic variants in the GWAS cohort (2309 SSc patients and 5161 controls)

SNP Chr: 1 Minor  Pog OR  Pge P-value: add to OR and P-value 153790567 OR 153790567 > with
position (bp) allele 1$3790567 1$3790567 add to SNP and to SNP 153790567

15924080 67,532,728 G 293 %1072 1.08 3.91 x 1072 0.12 1.06 216 x 107° 1.19 0.02
1512131065 67,541,594 A 0.16 0.94 0.18 0.20 0.95 772 x 107° 1.19 0.001
153790558 67,549,609  C 0.31 1.04 0.34 0.19 0.95 474 x10°° 123 0.23
1510489627 67,552,264 G 488 x 1072 1.08 0.06 0.83 0.99 498 x 107° 120 0.23
152066445 67,554,563 A 0.09 0.93 0.11 0.11 0.93 7.62 x 10°° 120 0.0005
153790567 67,594,965 A 636x107° 120 1.92x107° NA NA NA NA NA
153828069 67,612,161 G 424 x 107 091 0.05 0.44 0.96 428 x107° 1.19 0.08
154297265 67,624,923 G 171 x 1072 1.09 2.41 x 1072 0.39 0.96 9.86 x 10°° 123 0.44
152270614 67,628,609 A 1.66 x 1072 1.09 234 x 1072 0.41 0.96 1.04 x 1074 123 0.44
157555183 67,633,215 A 0.24 1.05 027 0.92 1.00 131 x107° 1.20 0.08

Chr, chromosome; Py, logistic regression P-value; OR, odds ratio; Pgc, GC corrected P-value. Last columns, single locus test P-value when SNP added to
183790567, single locus test OR when SNP added to rs3790567, single locus test P-value when rs3790567 added to SNP in logistic regression analyses, single locus
test OR when 153790567 added to SNP in logistic regression analyses and pairwise 7> of SNP with rs3790567. NA, not applicable.

for rs924080. Despite an initial association of 1s3790566 and
rs3790567, after performing Bonferroni multiple test correc-
tion only the association of rs3790567 remained significant
(Table 2). The pooled analysis of this genetic variant in the
GWAS cohort and the independent follow-up set reached a
notable statistically significant association [Pyyy= 5.19 x 1077
OR = 1.16 (1.09—-1.22), Table 3].

The subgroup and autoantibody titer stratified pooled ana-
lyses comprising the GWAS and the European follow-up
cohorts showed firm statistically significant risk association
signals in all the subgroups of the disease considered (Supple-
mentary Material, Tables S1-S2).

US follow-up phase

In order to confirm the rs3790567 signal, an independent US
cohort was included (597 SSc and 1139 controls). Case—
control frequency analysis revealed a strong association
[Py2=2.82 x 107 OR = 1.34 (1.14—1.57), Table 3]. After
stratification, only lcSSc subgroup reached statistical signifi-
cance, probably due to a lack of power since the other
subgroups are relatively smaller (Supplementary Material,
Tables S1-S2).

The overall pooled analysis of rs3790567 comprising the
GWAS set and both the European and the US follow-up sets
reached GWAS-level statistically significant association in the
whole set of SSc patients [Pyp=2.82 x 10™° OR=1.17
(1.11-1.24)] and remained significant after stratification in all
the subgroups (Table 3 and Supplementary Material, Tables
S1-S2). Hence, we suggest that the association found in
rs3790567 most likely belonged to the whole SSc set of patients
rather than any of its subgroups. The rs3790567 individual
population allele distributions and association tests are shown
in Supplementary Material, Tables S3—S5.

IL23R locus dependence analysis

Aiming to further confirm the independence of the reported
IL12RB?2 signal from the /L23R locus, we analyzed the associ-
ation of the SNPs in the /L23R region which were included in
the GWAS initial phase and their effect on the /LI2RB2

rs3790567 association. The /L23R region comprised 27
SNPs and only 4 of them showed some marginal association
with SSc, considering uncorrected P-values (Supplementary
Material, Table S7). Nevertheless, the association observed
in 1s3790567 was found independent of these weak signals
(Supplementary Material, Table S7).

DISCUSSION

Our data clearly support an association of /L/2RB2 rs3790567
with SSc. The risk effect of the /LI2RB2 rs3790567 minor
allele is consistent in all the analyzed cohorts with the excep-
tion of the Italian population. In contrast to other cohorts, the
minor allele rs3790567*A is over-represented in controls com-
pared with SSc patients in the Italian sample set. The Italian
control group showed the highest minor allele frequency
among all the included populations, and the linkage disequilib-
rium between rs3790567 and rs3790566 in the Italian cohort
was considerably lower (= 0.70) than in the other European
populations (+*> 0.90). In addition, this over-representation of
the rs3790567*A minor allele is also observed in the TSI
(Tuscan in Italy) population in the HapMap Project (Phase
1) (MAFts1= 0.30) when compared with the CEU population
(MAFcgy= 0.26). However, the linkage disequilibrium
observed between 1s3790567 and rs3790566 in the Hapmap
TSI population compared with the CEU population decreased
very slightly (r5s1= 0.97, régu= 1). Hence, it is likely that the
observed discrepancies in the Italian set were due to ethnic
differences in linkage disequilibrium patterns. Supporting
this notion, BD test revealed significant heterogeneity in the
IcSSc overall pooled analysis caused by the Italian patients
(Pgp with the Italian population = 0.04; Pgp without the
Italian population = 0.45). Although cases and controls were
geographically matched, the potential effect of population sub-
structure in the replication cohorts could not be controlled by
deriving principal components on a population-specific basis,
as it was performed for the GWAS cohorts, due to the lack
of high-throughput genotype information for these individuals.
Considering the reported heterogeneous genetic background
for Italian populations (20), the influence of this factor on
the deviation observed in our Italian subset cannot be ignored.
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Figure 1. GWAS phase of the IL/2RB2 region. Regional association plot, recombination rate, linkage disequilibrium pattern and pairwise > of the SNPs

with rs3790567.

Table 2. Genotype and allele distribution of /L/2RB2 genetic variants in the European SSc patients and controls follow-up study (3344 SSc/3848 controls)

SNP 1/2 CTRL SSc
1/1 (n) 1/2 (n) 2/2 (n) MAF 1/1 (n) 172 (n) 2/2 (n) MAF  Pyy OR  95% CI Pgonr Pep
rs924080  C/T 0.22(827) 0.48 (1807) 0.29 (1094) 0.46 0.22 (687) 0.49 (1545) 0.30 (934) 0.46 0.96 1.00 0.93-1.07 1 NS

153790566 T/C  0.08 (280) 0.37 (1334) 0.55 (1978) 0.26  0.09 (273) 0.39 (1196) 0.52 (1617) 028 3.35x 107> 1.09 1.01-1.18 0.10 NS
153790567 A/G 0.08 (241) 0.37 (1169) 0.56 (1773) 0.26  0.09 (282) 0.38 (1187) 0.52 (1616) 028 4.84 x 107> 1.12 1.04-122 0.01 NS

SSc, systemic sclerosis patients; CTRL, healthy controls; 1/2, minor allele/major allele; MAF, minor allele frequency; Py, allelic Mantel-Haenszel fixed effects
model P-value; OR, odds ratio; 95% CI, 95% confidence interval; Pgp, Breslow—Day test P-value; NS, not statistically significant.

As stated above, different /L/2RB2 genetics variants
have been associated with multiple autoimmune disorders
(15-19). However, the fact that the same /L/2RB2 variant,
rs3790567, has been associated with increased susceptibility
to both PBC and GCA (16,19), together with the lack of asso-
ciation in our data of a nearby highly linked variant
(rs3790566), suggest that rs3790567 intronic SNP may be
tagging a functional variant or even has a yet unknown func-
tional implication itself.

The /L12RB2 gene maps close to the IL-23R coding gene
(IL23R), which are located <50 kb from each other. IL-23R
binds IL-12RB1 chain constituting the heterodimeric receptor
for IL-23 (21). Although /L23R polymorphisms have been
associated with different autoimmune diseases (22-28), its

implication in SSc is not clear (29—-31). In this report, condi-
tional regression analyses showed that the association of
ILI12RB2 13790567 with SSc is independent from all the
studied /L23R genetic polymorphisms, even from IL23R
rs11209026 (Arg281GIn) missense variant. Hence, we
suggest that the reported association of the /LI2RB2 gene
with SSc susceptibility does not rely on the /L23R locus.
Nevertheless, further studies will be necessary to investigate
the possible effect of IL/2RB2 genetic variants on [L23R
gene expression.

IL-12 levels are increased in the serum of SSc patients as
well as in the alveolar lavage fluid (BAL-f) from patients
with SSc-associated interstitial lung disease (ILD) (32,33).
Although IL-12 classical implication in immune imbalance
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Table 3. Genotype and allele distribution of /L/2RB2 rs3790567 genetic variant in SSc patients and controls in a three-step association study

CTRL SSc

Population (CTRL/SSc) AA (n) AG (n) GG (n)

MAF AA (n)

AG (n) GG (n) MAF  Pyn OR 95%CI  Pgp

GWAS cohort (5161/2309) 0.06 (332) 0.37 (1911) 0.57 (2918) 0.25

European follow-up (3183/ 0.08 (241) 0.37 (1169) 0.56 (1773) 0.26
3085)

GWAS -+ European
follow-up (8344/5394)

US follow-up (1139/597)  0.05(60) 0.37 (417) 0.58 (662) 0.24

GWAS + European + US  0.07 (633) 0.37 (3497) 0.56 (5353) 0.25
follow-up (9483/5991)

0.07 (573) 0.37 (3080) 0.56 (4691) 0.25

0.08 (196) 0.40 (919)
0.09 (282) 0.38 (1187) 0.52 (1161) 0.28

0.09 (478) 0.39 (2106) 0.52 (2810) 0.28

0.10 (59)
0.09 (537) 0.39 (2337) 0.52 (3117) 0.28

192x 107° 1.19 1.10-1.29 NS
484x 107 1.12 1.04-1.22 NS

0.52 (1194) 0.28

519% 1077 1.16 1.09-1.22 NS

2.82x 107% 134 1.14-1.57 NA

0.39 (231) y
2.82% 107 1.17 1.11-1.24 NS

0.51(307) 0.29

Controls are used as reference for all comparisons. CTRL, healthy controls; SSc, systemic sclerosis; MAF, minor allele (A) frequency; Py, allelic Mantel -
Haenszel fixed effects model P-value; “allelic Chi-square uncorrected P-value; OR, odds ratio; 95% CI, 95% confidence interval; Pgp, Breslow —Day test P-value;

NS, not statistically significant; NA, not applicable.

has been mainly related to a pro-inflammatory cell-mediated
immunity and Thl response (9) and increased levels of
IL-12 correlate with renal vascular damage (32), the role of
IL-12 in SSc pathogenesis should be considered cautiously.
Indeed, SSc patients and especially those with ILD have a
Th2-polarized response (34). Additionally, it has been sug-
gested that IL-12 drives a drift from a Th2 to Thl response
which improves skin score in SSc patients (35). Moreover,
IL-12 is known to have anti-fibrotic effects in fibroblasts
(36), and the administration of IL-12 coding plasmid to the
tight skin SSc mouse model prevents collagen accumulation
in the skin (37). On the other hand, the implication
IL-12RB2 in autoimmune events seems to be complex as
well. For instance, IL12rb2 knock-out mice do not display
IL-12-mediated NK cytotoxicity (38) and the IL-12/
IL-12RB2 axis is known to be critical for the generation of
Thl autoreactive cells (39), but, despite this, these mice
develop spontaneous autoimmune pathology (immune-
complex glomerulonephritis) and B-cell tumors by a strong
IL-6 up-regulation (14,40). In addition, IL-12R signals pre-
dominantly through the STAT pathway, especially STAT4
(37,40). In this regard, it should be noted that polymorphisms
in the STAT4 gene are well-established risk factors for SSc (4).
Hence, it is likely that genetically predisposed individuals may
present subtle differences in IL-12 signaling pathway regula-
tion that could influence the prognosis of SSc.

To date, only a few SSc-related loci have reached a
GWAS-level significance (i.e. P-value < 5.00 x 10~%), both
in the previously mentioned GWAS and recent studies: the
HLA region, STAT4, TNPO3-IRF5, CD247, PSORSICI,
TNIP] and IRF8 (5,41,42). Hence, we consider that the
reported GWAS-level significant association may firmly con-
tribute to the genetic knowledge of the disease.

In conclusion, we report for the first time the association of
an /L12RB2 genetic variant with SSc. Our data together with
previous reports identify /L/2RB2 as a common genetic risk
factor for autoimmunity.

MATERIALS AND METHODS
Subjects

The GWAS cohort was comprised of 2309 SSc patients and
5161 controls of Caucasian ancestry from Spain, Germany,

The Netherlands and USA from a previously published
study (5). The first follow-up phase consisted of 3085 SSc
patients and 3183 controls from seven European Caucasian
cohorts (Spain, Germany, The Netherlands, Italy, Sweden,
UK and Norway). The second follow-up step comprised
1736 additional USA Caucasian individuals (597 SSc and
1139 controls). All the patients fulfilled the 1980 American
College of Rheumatology (ACR) classification criteria for
SSc (43) or the criteria proposed for early-SSc (44). In add-
ition, patients were classified as having lcSSc or dcSSc as
described in LeRoy et al. (3).

The following clinical data were collected for the ascertain-
ment of the clinical phenotype of SSc patients: age, gender and
presence of SSc-specific autoantibodies (Ab) ATA and ACA
(Supplementary Material, Table S6). The control population
consisted of unrelated healthy individuals recruited in the
same geographical regions as SSc patients and matched by
age, sex and ethnicity with the SSc patients groups.

The study was approved by local ethical committees from
all the participating centers. Both patients and controls were
included in the study after written informed consent. DNA
from patients and controls were obtained using standard
methods.

SNP selection

In the screening GWAS phase, we included a 116 kb region
spanning the /L/2RB2 region and ~13 kb upstream and down-
stream from this locus, from base pair 67530000 to
67 646 000 in chromosome 1, in the GWAS cohorts. After
QC filtering as described in Radstake er al. (5), genotyping
data for 10 SNPs over this region on chromosome 1 were
available. The same procedure was applied for the analysis
of the /L23R region, which comprised 163 kb and 27 SNPs.

TagMan SNP genotyping of the follow-up cohorts was per-
formed in a 7900HT Real-Time Polymerase Chain Reaction
(PCR) System from Applied Biosystems following the manu-
facturer’s suggestions (Foster City, CA, USA).

Statistical analysis

Significance was calculated using 2 x 2 contingency tables
and Fisher’s exact test or x> when necessary, to obtain
P-values, OR and 95% confidence intervals using PLINK
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(v1.07) software (http://pngu.mgh.harvard.edu/purcell/plink/).
P-values below 0.05 were considered statistically significant.
Bonferroni correction and GC as described in Radstake
et al. (5) were applied. The Hardy—Weinberg equilibrium
(HWE) was tested for all the SNPs comparing the observed
genotype distribution in controls with the expected genotype
distribution under HWE by means of Fisher’s exact test or
x* when necessary as described in Radstake ef al. (5). The
logistic regression and conditioned logistic regression analyses
(considering the different cohorts as covariables) were per-
formed using PLINK software. Linkage disequilibrium pat-
terns across the region in the HapMap Project Phase I and II
(CEU population) defined the haplotype-tagging SNPs using
Haploview (v.4.2) software (http://www.broadinstitute.org/
haploview/haploview). The SNPs included in the GWAS
phase were forced-included in the list of SNPs. Over this
region on chromosome 1, the recombination rate was esti-
mated from HapMap public database using LocusZoom
(v.1.1) software (http://csg.sph.umich.edu/locuszoom/) (45).
SNP & Variation Suite Version 7.5.1 (Golden Helix Inc.)
and LocusZoom software were used for the composition of
Figure 1. Cochran—Mantel—Haenszel meta-analysis was per-
formed to control for the differences among populations as
implemented in PLINK software. In addition, the Breslow—
Day test (BD test) was performed as implemented in PLINK
in each meta-analysis to assess the homogeneity of the associ-
ation among populations. The power of the whole set of SSc
patients and controls reached 100%. Power was calculated
using the software Power Calculator for Genetic Studies
2006 (46) and assuming an additive model (P-value = 0.01
OR = 1.20). The genotyping success call rate in the GWAS
cohort was of 99.8%, while in the replication set was
over 95%.
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Supplementary Material is available at HMG online.

ACKNOWLEDGEMENTS

We thank Sofia Vargas, Sonia Garcia and Gema Robledo for
their excellent technical assistance and all the patients and
control donors for their essential collaboration. We thank
Banco Nacional de ADN (University of Salamanca, Spain)
and the Norwegian Bone Marrow Donor Registry who sup-
plied part of the control DNA samples. We are also thankful
to EUSTAR (The EULAR Scleroderma Trials and Research
group) and the German Network of Systemic Sclerosis for
the facilitation of this project.

Conflict of Interest statement. None declared.

FUNDING

This work was supported by the following grants: J.M. was
funded by GEN-FER from the Spanish Society of Rheumatol-
ogy, SAF2009-11110 from the Spanish Ministry of Science,
CTS-4977 from Junta de Andalucia, Spain, in part by Redes
Tematicas de Investigacion Cooperativa Sanitaria Program,

RDO08/0075 (RIER) from Instituto de Salud Carlos III
(ISCIII), Spain and by Fondo Europeo de Desarrollo Regional
(FEDER). T.R.D.J.R. was funded by the VIDI laureate from
the Dutch Association of Research (NWO) and Dutch Arthritis
Foundation (National Reumafonds). J.M. and T.R.D.J.R. were
sponsored by the Orphan Disease Program grant from the Euro-
pean League Against Rheumatism (EULAR). B.P.C.K. is sup-
ported by the Dutch Diabetes Research Foundation (grant
2008.40.001) and the Dutch Arthritis Foundation (Reumafonds,
grant NR 09-1-408). T.W. was granted by DFG WI 1031/6.1 and
DFG KFO 250 TP03. N.O. was funded by PI-0590-2010, Con-
sejeria de Salud, Junta de Andalucia, Spain. The USA studies
were supported by NIH/NIAMS Scleroderma Registry and
DNA Repository (NO01-AR-0-2251), NIH/NIAMS-RO1-
AR055258 and NIH/NIAMS Center of Research Translation
in Scleroderma (1P50AR054144) and the Department of
Defense Congressionally Directed Medical Research Programs
(W81XWH-07-01-0111).

APPENDIX

Spanish Scleroderma Group: Norberto Ortego-Centeno and Raquel
Rios, Unidad de Enfermedades Sistémicas Autoinmunes, Servicio de
Medicina Interna, Hospital Clinico Universitario San Cecilio,
Granada; Nuria Navarrete, Servicio de Medicina Interna, Hospital
Virgen de las Nieves, Granada; Rosa Garcia Portales, Servicio de
Reumatologia, Hospital Virgen de la Victoria, Malaga; Maria
Teresa Camps, Servicio de Medicina Interna, Hospital Carlos Haya,
Malaga; Antonio Fernandez-Nebro, Servicio de Reumatologia, Hos-
pital Carlos Haya, Malaga; Maria F. Gonzalez-Escribano, Servicio
de Inmunologia, Hospital Virgen del Rocio, Sevilla; Julio Sanchez-
Roman and M* Jesus Castillo, Servicio de Medicina Interna, Hospital
Virgen del Rocio, Sevilla; M* Angeles Aguirre and Inmaculada
Gomez-Gracia, Servicio de Reumatologia, Hospital Reina Sofia,
Cordoba; Benjamin Fernandez-Gutiérrez and Luis Rodriguez-
Rodriguez, Servicio de Reumatologia, Hospital Clinico San Carlos,
Madrid; Esther Vicente, Servicio de Reumatologia, Hospital La Prin-
cesa, Madrid; José Luis Andreu, Servicio de Reumatologia, Hospital
Puerta del Hierro, Madrid; Paloma Garcia de la Pefia, Servicio de
Reumatologia, Hospital Madrid Norte Sanchinarro, Madrid; Fran-
cisco Javier Lopez-Longo and Lina Martinez, Servicio de Reumato-
logia, Hospital General Universitario Gregorio Maraion, Madrid;
Vicente Fonollosa, Servicio de Medicina Interna, Hospital Valle de
Hebron, Barcelona; Gerard Espinosa, Servicio de Medicina Interna,
Hospital Clinic, Barcelona; Carlos Tolosa, Servicio de Medicina
Interna, Hospital Parc Tauli, Sabadell; Anna Pros, Servicio de Reu-
matologia, Hospital Del Mar, Barcelona; Monica Rodriguez Carbal-
leira, Servicio de Medicina Interna, Hospital Universitari Mutua
Terrasa, Barcelona; Francisco Javier Narvaez, Servicio de Reumato-
logia, Hospital Universitari de Bellvitge, Barcelona; Miguel Angel
Gonzalez-Gay, Servicio de Reumatologia, Hospital Universitario
Marqués de Valdecilla, Santander; Bernardino Diaz, Luis Trapiella
and Maria Gallego, Servicio de Medicina Interna, Hospital Central
de Asturias, Oviedo; Maria del Carmen Freire and Inés Vaqueiro,
Unidad de Trombosis y Vasculitis, Servicio de Medicina Interna,
Hospital Xeral-Complexo Hospitalario Universitario de Vigo, Vigo;
Maria Victoria Egurbide, Servicio de Medicina Interna, Hospital de
Cruces, Barakaldo; Luis Saez-Comet, Unidad de Enfermedades Auto-
inmunes Sistémicas, Servicio de Medicina Interna, Hospital

110T €1 10quIdda( uo DISD [9p SBO0I[qIE] 9P PAY ¢ /310" s[eumolpioyxo-Fury,/:djy woy papeojumoq



Universitario Miguel Servet, Zaragoza; Federico Diaz and Vanesa
Hernandez, Servicio de Reumatologia, Hospital Universitario de
Canarias, Tenerife; Emma Beltran and Servicio de Reumatologia,
Hospital del Doctor Peset Aleixandre, Valencia; José Andrés
Roman-Ivorra, Servicio de Reumatologia, Hospital Universitari i
Politecnic La Fe, Valencia.

REFERENCES

IS

w

. Gabrielli, A., Avvedimento, E.V. and Krieg, T. (2009) Scleroderma.

N. Engl. J. Med., 360, 1989-2003.

. Katsumoto, T.R., Whitfield, M.L. and Connolly, M.K. (2011) The

pathogenesis of systemic sclerosis. Annu. Rev. Pathol., 6, 509-537.

. LeRoy, E.C., Black, C., Fleischmajer, R., Jablonska, S., Krieg, T.,

Medsger, T.A. Jr, Rowell, N. and Wollheim, F. (1988) Scleroderma
(systemic sclerosis): classification, subsets and pathogenesis.
J. Rheumatol., 15, 202-205.

. Martin, J. and Fonseca, C. (2011) The genetics of scleroderma. Curr.

Rheumatol. Rep., 13, 13-20.

. Radstake, T.R., Gorlova, O., Rueda, B., Martin, J.E., Alizadeh, B.Z.,

Palomino-Morales, R., Coenen, M.J., Vonk, M.C., Voskuyl, A.E.,
Schuerwegh, A.J. et al. (2010) Genome-wide association study of
systemic sclerosis identifies CD247 as a new susceptibility locus. Nat.
Genet., 42, 426—429.

. Zhernakova, A., van Diemen, C.C. and Wijmenga, C. (2009) Detecting

shared pathogenesis from the shared genetics of immune-related diseases.
Nat. Rev. Genet., 10, 43-55.

. Gregersen, P.K. and Olsson, L.M. (2009) Recent advances in the genetics

of autoimmune disease. Annu. Rev. Immunol., 27, 363—-391.

. Paunovic, V., Carroll, H.P., Vandenbroeck, K. and Gadina, M. (2008)

Signalling, inflammation and arthritis: crossed signals: the role of
interleukin (IL)-12, -17, -23 and -27 in autoimmunity. Rheumatology
(Oxford), 47, 771-776.

. Caspi, R.R. (1998) IL-12 in autoimmunity. Clin. Immunol.

Immunopathol., 88, 4—13.

. Hunter, C.A. (2005) New IL-12-family members: IL-23 and IL-27,

cytokines with divergent functions. Nat. Rev. Immunol., 5, 521-531.

. Bacon, C.M., McVicar, D.W., Ortaldo, J.R., Rees, R.C., O’Shea, J.J. and

Johnston, J.A. (1995) Interleukin 12 (IL-12) induces tyrosine
phosphorylation of JAK2 and TYK2: differential use of Janus family
tyrosine kinases by IL-2 and IL-12. J. Exp. Med., 181, 399-404.

. Jacobson, N.G., Szabo, S.J., Weber-Nordt, R.M., Zhong, Z., Schreiber,

R.D., Darnell, J.E. Jr and Murphy, K.M. (1995) Interleukin 12 signaling in
T helper type 1 (Thl) cells involves tyrosine phosphorylation of signal
transducer and activator of transcription (Stat)3 and Stat4. J. Exp. Med.,
181, 1755-1762.

. Ahn, H.J., Tomura, M., Yu, W.G., Iwasaki, M., Park, W.R., Hamaoka, T.

and Fujiwara, H. (1998) Requirement for distinct Janus kinases and STAT
proteins in T cell proliferation versus IFN-gamma production following
IL-12 stimulation. J. Immunol., 161, 5893-5900.

. Airoldi, 1., Di Carlo, E., Cocco, C., Sorrentino, C., Fais, F., Cilli, M.,

D’Antuono, T., Colombo, M.P. and Pistoia, V. (2005) Lack of I112rb2
signaling predisposes to spontaneous autoimmunity and malignancy.
Blood, 106, 3846—-3853.

. Liu, Y., Helms, C., Liao, W., Zaba, L.C., Duan, S., Gardner, J., Wise, C.,

Miner, A., Malloy, M.J., Pullinger, C.R. ef al. (2008) A genome-wide
association study of psoriasis and psoriatic arthritis identifies new disease
loci. PLoS Genet., 4, €1000041.

. Hirschfield, G.M., Liu, X., Xu, C., Lu, Y., Xie, G., Gu, X., Walker, E.I.,

Jing, K., Juran, B.D., Mason, A.L. ef al. (2009) Primary biliary cirrhosis
associated with HLA, IL12A, and IL12RB2 variants. N. Engl. J. Med.,
360, 2544-2555.

. Remmers, E.F., Cosan, F., Kirino, Y., Ombrello, M.J., Abaci, N., Satorius,

C., Le, .M., Yang, B., Korman, B.D., Cakiris, A. et al. (2010)
Genome-wide association study identifies variants in the MHC class I,
IL10, and IL23R-IL12RB2 regions associated with Behcet’s disease. Nat.
Genet., 42, 698-702.

. Mizuki, N., Meguro, A., Ota, M., Ohno, S., Shiota, T., Kawagoe, T., Ito,

N., Kera, J., Okada, E., Yatsu, K. ef al. (2010) Genome-wide association
studies identify IL23R-IL12RB2 and IL10 as Behcet’s disease
susceptibility loci. Nat. Genet., 42, 703-706.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

32.

33.

34,

3s.

Human Molecular Genetics, 2011 7

. Rodriguez-Rodriguez, L., Carmona, F.D., Castaneda, S., Miranda-Filloy,

J.A., Morado, I.C., Narvaez, J., Mari-Alfonso, B., Gomez-Vaquero, C.,
Amigo-Diaz, E., Rios-Fernandez, R. ef al. (2011) Role of rs1343151
IL23R and rs3790567 IL12RB2 polymorphisms in biopsy-proven giant
cell arteritis. J. Rheumatol., 38, 889—892.

Nelis, M., Esko, T., Magi, R., Zimprich, F., Zimprich, A., Toncheva, D.,
Karachanak, S., Piskackova, T., Balascak, 1., Peltonen, L. et al. (2009)
Genetic structure of Europeans: a view from the North-East. PLoS ONE,
4, e5472.

Trinchieri, G., Pflanz, S. and Kastelein, R.A. (2003) The IL-12 family of
heterodimeric cytokines: new players in the regulation of T cell responses.
Immunity, 19, 641-644.

Duerr, R.H., Taylor, K.D., Brant, S.R., Rioux, J.D., Silverberg, M.S.,
Daly, M.J., Steinhart, A.H., Abraham, C., Regueiro, M., Griffiths, A. et al.
(2006) A genome-wide association study identifies IL23R as an
inflammatory bowel disease gene. Science, 314, 1461—1463.

Oliver, J., Rueda, B., Lopez-Nevot, M.A., Gomez-Garcia, M. and Martin,
J. (2007) Replication of an association between IL23R gene
polymorphism with inflammatory bowel disease. Clin. Gastroenterol.
Hepatol., 5, 977-981.

Cargill, M., Schrodi, S.J., Chang, M., Garcia, V.E., Brandon, R., Callis,
K.P., Matsunami, N., Ardlie, K.G., Civello, D., Catanese, J.J. et al. (2007)
A large-scale genetic association study confirms IL12B and leads to the
identification of IL23R as psoriasis-risk genes. Am. J. Hum. Genet., 80,
273-290.

Burton, P.R., Clayton, D.G., Cardon, L.R., Craddock, N., Deloukas, P.,
Duncanson, A., Kwiatkowski, D.P., McCarthy, M.I., Ouwehand, W.H.,
Samani, N.J. et al. (2007) Association scan of 14,500 nonsynonymous
SNPs in four diseases identifies autoimmunity variants. Nat. Genet., 39,
1329-1337.

Rueda, B., Orozco, G., Raya, E., Fernandez-Sueiro, J.L., Mulero, J.,
Blanco, F.J., Vilches, C., Gonzalez-Gay, M.A. and Martin, J. (2008) The
TL23R Arg381Gln non-synonymous polymorphism confers susceptibility
to ankylosing spondylitis. Ann. Rheum. Dis., 67, 1451—1454.

Nunez, C., Dema, B., Cenit, M.C., Polanco, I., Maluenda, C., Arroyo, R.,
de las Heras, V., Bartolome, M., de la Concha, E.G., Urcelay, E. et al.
(2008) IL23R: a susceptibility locus for celiac disease and multiple
sclerosis? Genes Immun., 9, 289-293.

Jiang, Z., Yang, P., Hou, S., Du, L., Xie, L., Zhou, H. and Kijlstra, A.
(2010) IL-23R gene confers susceptibility to Behcet’s disease in a Chinese
Han population. Ann. Rheum. Dis., 69, 1325-1328.

Rueda, B., Broen, J., Torres, O., Simeon, C., Ortego-Centeno, N.,
Schrijvenaars, M.M., Vonk, M.C., Fonollosa, V., van den Hoogen, F.H.,
Coenen, M.J. et al. (2009) The interleukin 23 receptor gene does not
confer risk to systemic sclerosis and is not associated with systemic
sclerosis disease phenotype. Ann. Rheum. Dis., 68, 253-256.

Agarwal, S.K., Gourh, P., Shete, S., Paz, G., Divecha, D., Reveille, J.D.,
Assassi, S., Tan, F.K., Mayes, M.D. and Arnett, F.C. (2009) Association
of interleukin 23 receptor polymorphisms with anti-topoisomerase-I
positivity and pulmonary hypertension in systemic sclerosis.

J. Rheumatol., 36, 2715-2723.

. Farago, B., Magyari, L., Safrany, E., Csongei, V., Jaromi, L.,

Horvatovich, K., Sipeky, C., Maasz, A., Radics, J., Gyetvai, A. et al.
(2008) Functional variants of interleukin-23 receptor gene confer risk for
rheumatoid arthritis but not for systemic sclerosis. Ann. Rheum. Dis., 67,
248-250.

Sato, S., Hanakawa, H., Hasegawa, M., Nagaoka, T., Hamaguchi, Y.,
Nishijima, C., Komatsu, K., Hirata, A. and Takehara, K. (2000) Levels of
interleukin 12, a cytokine of type 1 helper T cells, are elevated in sera
from patients with systemic sclerosis. J. Rheumatol., 27, 2838—-2842.
Meloni, F., Caporali, R., Marone Bianco, A., Paschetto, E., Morosini, M.,
Fietta, A.M., Patrizio, V., Bobbio-Pallavicini, F., Pozzi, E. and
Montecucco, C. (2004) BAL cytokine profile in different interstitial lung
diseases: a focus on systemic sclerosis. Sarcoidosis Vasc. Diffuse Lung
Dis., 21, 111-118.

Boin, F., De Fanis, U., Bartlett, S.J., Wigley, F.M., Rosen, A. and
Casolaro, V. (2008) T cell polarization identifies distinct clinical
phenotypes in scleroderma lung disease. Arthritis Rheum., 58,
1165-1174.

Matsushita, T., Hasegawa, M., Hamaguchi, Y., Takehara, K. and Sato, S.
(2006) Longitudinal analysis of serum cytokine concentrations in systemic
sclerosis: association of interleukin 12 elevation with spontaneous
regression of skin sclerosis. J. Rheumatol., 33, 275-284.

110T €1 10quIdda( uo DISD [9p SBO0I[qIE] 9P PAY ¢ /310" s[eumolpioyxo-Fury,/:djy woy papeojumoq



8

36.

37

38.

39.

40.

41.

Human Molecular Genetics, 2011

Banning, U., Krutmann, J. and Korholz, D. (2006) The role of IL-4 and
IL-12 in the regulation of collagen synthesis by fibroblasts. Immunol.
Invest., 35, 199-207.

Tsuji-Yamada, J., Nakazawa, M., Takahashi, K., Iijima, K., Hattori, S.,
Okuda, K., Minami, M., Ikezawa, Z. and Sasaki, T. (2001) Effect of IL-12
encoding plasmid administration on tight-skin mouse. Biochem. Biophys.
Res. Commun., 280, 707-712.

Wu, C., Wang, X., Gadina, M., O’Shea, J.J., Presky, D.H. and Magram, J.
(2000) IL-12 receptor beta 2 (IL-12R beta 2)-deficient mice are defective
in IL-12-mediated signaling despite the presence of high affinity IL-12
binding sites. J. Immunol., 165, 6221—6228.

Shevach, E.M., Chang, J.T. and Segal, B.M. (1999) The critical
role of IL-12 and the IL-12R beta 2 subunit in the generation of
pathogenic autoreactive Thl cells. Springer Semin. Immunopathol.,
21, 249-262.

Pistoia, V., Cocco, C. and Airoldi, L. (2009) Interleukin-12 receptor beta2:
from cytokine receptor to gatekeeper gene in human B-cell malignancies.
J. Clin. Oncol., 27, 4809-4816.

Allanore, Y., Saad, M., Dieude, P., Avouac, J., Distler, J.H., Amouyel, P.,
Matucci-Cerinic, M., Riemekasten, G., Airo, P., Melchers, L. ez al. (2011)

42.

43.

44,

45.

46.

Genome-Wide Scan Identifies TNIP1, PSORSICI, and RHOB as Novel
Risk Loci for Systemic Sclerosis. PLoS Genet., 7, ¢1002091.

Gorlova, O., Martin, J.E., Rueda, B., Koeleman, B.P., Ying, J., Teruel, M.,
Diaz-Gallo, L.M., Broen, J.C., Vonk, M.C., Simeon, C.P. et al. (2011)
Identification of novel genetic markers associated with clinical
phenotypes of systemic sclerosis through a genome-wide association
strategy. PLoS Genet., 7, €1002178.

Preliminary Criteria for the Classification of Systemic Sclerosis
(Scleroderma). (1980) Subcommittee for scleroderma criteria of the
American Rheumatism Association Diagnostic and Therapeutic Criteria
Committee. Arthritis Rheum., 23, 581-590.

LeRoy, E.C. and Medsger, T.A. Jr (2001) Criteria for the classification of
early systemic sclerosis. J. Rheumatol., 28, 1573—1576.

Pruim, R.J., Welch, R.P., Sanna, S., Teslovich, T.M., Chines, P.S., Gliedt,
T.P., Boehnke, M., Abecasis, G.R. and Willer, C.J. (2010) LocusZoom:
regional visualization of genome-wide association scan results.
Bioinformatics, 26, 2336-2337.

Skol, A.D., Scott, L.J., Abecasis, G.R. and Boehnke, M. (2006) Joint
analysis is more efficient than replication-based analysis for two-stage
genome-wide association studies. Nat. Genet., 38, 209—-213.

110T €1 10quIdda( uo DISD [9p SBO0I[qIE] 9P Py 18 /310" s[eumolpioyxo-Fury,/:dpy woy papeojumoq



» Additional supplementary
data are published online only.
To view these files please visit

the journal online (http:/dx.doi.

org/10.1136/annrheumdis-
2012-201888.bmj.com).

For numbered affiliations see
end of article.

Correspondence to

Dr Lara Bossini-Castillo,
Department of Immunology,
Instituto de Parasitologia y
Biomedicina Lopez-Neyra,
IPBLN-CSIC, Consejo Superior
de Investigaciones Cientificas,
Parque Tecnoldgico Ciencias
de la Salud, Avenida del
Conocimiento s/n 18100-
Armilla, Granada, Spain;
larabc@ipb.csic.es

Received 18 April 2012
Accepted 20 July 2012
Published Online First
15 August 2012

602

Downloaded from ard.bmj.com on April 17, 2013 - Published by group.bmj.com

Basic and translational research

EXTENDED REPORT

Confirmation of TNIPT but not RHOB and PSORS1C1
as systemic sclerosis risk factors in a large
independent replication study

Lara Bossini-Castillo," Jose Ezequiel Martin," Jasper Broen,? Carmen P Simeon,®
Lorenzo Beretta,” Olga Y Gorlova,> Madelon C Vonk,? Norberto Ortego-Centeno,’
Gerard Espinosa,’ Patricia Carreira,® Paloma Garcia de la Peia,? Natividad Oreiro, '
José Andrés Roman-lvorra,'" Marfa Jests Castillo,'? Miguel A Gonzélez-Gay, "

Luis Saez-Comet,'* Ivan Castellvi,"”® Annemie J Schuerwegh,'® Alexandre E Voskuy

|17

Anna-Maria Hoffmann-Vold,'® Roger Hesselstrand,’® Annika Nordin,? Claudio Lunardi,?'
Raffaella Scorza,* Jacob M van Laar,?2 Paul G Shiels,? Ariane Herrick,2*

Jane Worthington,2* Carmen Fonseca,? Christopher Denton,?® Filemon K Tan, %

Frank C Arnett,?® Shervin Assassi,”® Bobby P Koeleman,?’ Maureen D Mayes,
Timothy R D J Radstake,”?® Javier Martin,' the Spanish Scleroderma Group*

ABSTRACT

Introduction A recent genome-wide association study
in European systemic sclerosis (SSc) patients identified
three loci (PSORS1C1, TNIP1 and RHOB) as novel
genetic risk factors for the disease. The aim of this study
was to replicate the previously mentioned findings in a
large multicentre independent SSc cohort of Caucasian
ancestry.

Methods 4389 SSc patients and 7611 healthy controls
from different European countries and the USA were
included in the study. Six single nucleotide
polymorphisms (SNP): rs342070, rs13021401 (RHOB),
1s2233287, rs4958881, rs3792783 (TNIP1) and
1s3130573 (PSORSTCT) were analysed. Overall
significance was calculated by pooled analysis of all the
cohorts. Haplotype analyses and conditional logistic
regression analyses were carried out to explore further
the genetic structure of the tested loci.

Results Pooled analyses of all the analysed SNPs in
TNIP1 revealed significant association with the whole
disease (12233287 pyn=1.94x10"*, OR 1.19;
rs4958881 pyi=3.26107°, OR 1.19; rs3792783
pvn=2.16%10"* OR 1.19). These associations were
maintained in all the subgroups considered. PSORSTCT
comparison showed association with the complete set of
patients and all the subsets except for the anti-
centromere-positive patients. However, the association
was dependent on different HLA class Il alleles. The
variants in the RHOB gene were not associated with SSc
or any of its subsets.

Conclusions These data confirmed the influence of
TNIP1 on an increased susceptibility to SSc and reinforced
this locus as a common autoimmunity risk factor.

INTRODUCTION

Systemic sclerosis or scleroderma (SSc) is a
complex autoimmune disorder that affects the con-
nective tissue causing fibrosis in the skin and

different internal organs." The contribution of
different genetic factors to the development and
prognosis of the disease is now widely accepted.’
Over the past few years, genome-wide association
studies (GWAS) have been a useful tool in the
genetic dissection of autoimmune pathologies and
other complex diseases.® Radstake et al* performed
the first SSc GWAS in Caucasian populations,
which represented the first large-scale GWAS in
SSc. This work reinforced the association within
the HLA region, especially with the HLA-DQB1
gene, which was also reported in a comprehensive
multiethnic SSc HLA study.® It also confirmed the
associations found in STAT4 and IRF5 and identi-
fied CD247 as a new SSc risk locus. It is worth
mentioning that the role of CD247 in SSc has
recently been independently replicated.5 This
GWAS has led to three follow-up studies, which
have described several novel SSc susceptibility
factors, ie, IRF8, GRB10, SOX5, NOTCH4,
IL12RB2, CSK, PSD3 and NFKB1.~ Interestingly,
SOX5 and NOTCH4 are directly related to the
fibrotic process, which is a main hallmark of SSc.

A GWAS has recently been performed in a
French Caucasian SSc discovery cohort.!® In this
GWAS, 17 single-nucleotide polymorphisms (SNP)
showing tier two associations were selected for
follow-up in independent cohorts. Three of the
selected SNP were located within the HLA region
corresponding to the HLA-DQB1 and PSORS1C1
genes; and the remaining SNP were located in six
independent non-HLA loci. After the replication
step, the associations of HLA-DQB1, CD247, STAT4
and IRF5 were confirmed, and six SNP located in
three loci (TNIP1, RHOB, PSORS1C1) were pro-
posed as novel SSc risk factors.

It has been observed that associations identified
from a single GWAS, even passing the established
statistical significance thresholds, tend to have
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inflated effect sizes."! This effect size is called the winner’s
curse, and it also affects the predictive ability of the discovered
associations and the estimate of the risk variance explained by
the associations.'’ Replication in independent comparable
populations is thus essential for firmly establishing a genotype—
phenotype association.'’ '? Therefore, we aimed to perform a
large-scale replication study of the novel SSc genetic risk factors
identified by GWAS strategy in an independent white European
and US SSc population.

PATIENTS AND METHODS

Subjects

4389 SSc patients and 7611 controls of Caucasian ancestry
(Spain, The Netherlands, USA, Italy, Sweden, UK and Norway)
were included in this study. Patients were classified as having
limited or diffuse SSc, as defined by LeRoy et al.'® The follow-
ing clinical data were collected for ascertainment of the clinical
phenotype of the patients with SSc: age, gender, disease dur-
ation and presence of SSc-associated autoantibodies, anti-
topoisomerase (ATA) and  anti-centromere (ACA).
Supplementary table S1 (available online only) shows the
cohort-specific SSc patient data. The control population con-
sisted of unrelated healthy individuals recruited in the same
geographical regions as SSc patients and matched by age, sex
and ethnicity with the SSc patient groups. Local ethics com-
mittees from all the participating centres approved the study:.
Both patients and controls were included in the study after
written informed consent.

In the meta-analysis with previously published data by
Allanore er al,'® which includes 2246 SSc patients and 5702
healthy controls from France, Italy, Germany and Eastern
Europe, the total cohort size reached 6635 patients and 13 313
controls (except for rs13021401 and rs3792783, which were not
available for The Netherlands and US GWAS cohorts,
respectively).

Genotyping

Genotype data of six SNP (rs342070, rs13021401 (RHOB),
152233287, 1s4958881, rs3792783 (TNIP1) and rs3130573
(PSORS1C1)) was obtained from both available GWAS geno-
typing platforms and SNP genotyping assays. When possible,
genotypes from the Spanish, Dutch and US cohorts from
Radstake er al* were used (Spain I, The Netherlands I and US I
cohorts). In addition, additional Spanish SSc patients and con-
trols were genotyped using the Illumina HumanCytoSNP-12
DNA Analysis BeadChip and Illumina Human1M-Duo DNA
Analysis BeadChip ((Ilumina Inc, San Diego, CA, USA),
respectively, this information was thus included in the Spain I
set when available. The remaining European cohorts (Spain II,
The Netherlands II, Italy, Sweden, UK and Norway) were ana-
lysed using TagMan SNP genotyping assays in a 7900HT
Real-Time PCR System from Applied Biosystems following the
manufacturer’s suggestions (Applied Biosystems, Foster City,
California, USA). The differences in the number of samples
included in the analyses of each polymorphism correspond to
the availability of the genotype data in each platform (see
supplementary table S2, available online only). Stringent
quality control filters and principal component analysis were
applied to the GWAS and the HLA imputed data as described
in Radstake er al.* The genotyping call-rate for the individuals
genotyped using TagMan assays reached: rs342070 93.77%,
1513021401 94.98%, 152233287 96.08%, rs4958881 93.75%,
1s3792783 93.29% and rs3130573 95.19%.

Ann Rheum Dis 2013;72:602—607. doi:10.1136/annrheumdis-2012-201888

Statistical analysis

PLINK (V.1.07) software (http://pngu.mgh.harvard.edu/purcell/
plink/) was used for individual population association tests
(significance was calculated by 2X2 contingency tables and
Fisher’s exact test or y?> when necessary, and in the case of the
haplotypes each haplotype was tested against all others), logis-
tic regression and conditional logistic regression analyses. The
different cohorts were considered covariables in the logistic
regression analyses. OR and their 95% CI were reported. TNIP1
haplotypes were constructed using PLINK (V.1.07) and
HaploView 4.2  (http://www.broadinstitute.org/haploview/
haploview) only with those individuals successfully genotyped
for the three included variants (2432 SSc patients and 3496
healthy controls). The Breslow—Day test was performed as
implemented in PLINK and StatsDirect to assess the homogen-
eity of the association among populations. Pooled analyses and
meta-analyses were carried out using a Mantel-Haenszel test
under a fixed effects by PLINK (V.1.07), METAL" (http:/www.
sph.umich.edu/csg/abecasis/metal/) and StatsDirect (V2.6.6
StatsDirect Ltd) in the case of haplotypes. Significant hetero-
geneity among populations was found in the meta-analysis of
RHOB locus polymorphisms; consequently, in this case a
random effects model was applied using StatsDirect. Genotypic
frequency distributions for the meta-analysis were kindly pro-
vided by Allanore et al*® for the meta-analysis by personal com-
munication. All cohorts were in Hardy-Weinberg equilibrium
at a significance level of 0.01 for all the included SNP. Power
was calculated using the software Power Calculator for Genetic
Studies 2006 and assuming an additive model at the 5% signifi-
cance level and previously reported OR (rs342070 minor allele
(A) frequency (MAF) 0.226, OR 1.20; rs13021401 MAF 0.225,
OR 1.21; rs2233287 MAF 0.096, OR 1.31; rs4958881 MAF
0.115, OR 1.29; rs3792783 MAF 0.152, OR 1.29; rs3130573
MAEF 0.321, OR 1.25).1°

RESULTS

Non-HLA loci analysis

In this study we analysed five SNP located in two non-HLA
loci, TNIP1 and RHOB. Regarding the TNIP1 locus, we repli-
cated the previously described associations, with rs4958881
showing the most significant relationship, pmu=3.26x107>,
OR 1.19, 95% CI 1.09 to 1.29 (table 1). We also observed that
the associations were consistent through the different clinical
and serological subsets. The Breslow-Day test showed no evi-
dence of interpopulation heterogeneity either in the whole
disease analyses or in the stratified groups (supplementary table
S8, available online only, shows individual cohort analyses).
Statistical power was over 99% for the three SNP. Moreover, all
the TNIP1 genetic variants showed significant association at
GWAS level in the meta-analysis with the initial report
(rs2233287 pmu=17x10"%, OR 1.23 95%, CI 1.15 to 1.32;
154958881 ppp=2.88x10""!, OR 1.24, 95% CI 1.16 to 1.32;
13792783 ppmu=9.11x107'¢, OR 1.31, 95% CI 1.23 to 1.40;
figure 1).

As previously described, the three SNP examined belong to
the same haplotype block.’® As reported by Allanore ez al,' the
polymorphisms studied in the TNIP1 region showed moderate
to high linkage disequilibrium (see supplementary figures S1
and S2, available online only). Therefore, haplotype analysis
was performed. The Breslow-Day test show homogeneity
in the association of the haplotypes among populations.
Haplotype block analysis revealed the association of two haplo-
types with the disease. Haplotypes CTT and TCC (SNP order
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Table 1 Pooled analysis of the novel SSc non-HLA susceptibility loci
Genotype, N (%) Allele test
CHR BP SNP Locus 1/2  Subgroup (N) 11 1/2 22 MAF N (%)  pus* OR (95% CI) Peo
2 20548952  rs342070 RHOB ~ C/T  Controls (»=7193) 448 (6.23) 2713 (37.72) 4032 (56.05) 3609 (25.09)
SSc (n=4249) 292 (6.87) 1515 (35.66) 2442 (57.47) 2099 (24.70) 0.76 1.01 (0.95 to 1.08)  0.08
IcSSc (n=2649) 184 (6.95) 953 (35.98) 1512 (57.08) 1321 (24.93) 0.75 1.01 (0.94 to 1.09)  0.24
dcSSc (n=1227) 80 (6.52) 444 (36.19) 703 (57.29) 604 (24.61) 0.95 1.00 (0.90 to 1.10)  0.21
ACA+ (n=1492) 92 (6.17) 529 (35.46)  871(58.38) 713 (23.89) 0.52 0.97 (0.88 to 1.07)  0.52
ATA+ (n=864) 71(8.22)  303(35.07) 490 (56.71)  445(25.75) 0.22 1.08 (0.96 to 1.21)  0.04
2 20552000  rs13021401 RHOB  T/C  Controls (n=6557) 405 (6.18) 2416 (36.85) 3736 (56.98) 3226 (24.60)
SSc (n=4259) 280 (6.57) 1524 (35.78) 2455 (57.64) 2084 (24.47)  0.61 1.02 (0.95 to 1.09)  0.06
IcSSc (n=2644) 174 (6.58) 966 (36.54) 1504 (56.88) 1314 (24.85) 0.49 1.03 (0.95 to 1.11)  0.11
dcSSc (n=1239) 79 (6.38) 444 (35.84) 716 (57.79) 602 (24.29) 0.9 1.00 (0.90 to 1.10)  0.38
ACA+ (n=1487) 91(6.12)  530(35.64) 866 (58.24)  712(23.94) 0.91 0.99 (0.90 to 1.09)  0.39
ATA+ (n=872) 65(7.45)  316(36.24)  491(56.31) 446 (2557) 0.7 1.09 (0.97 to 1.22)  0.11
5 150420290 rs2233287  TNIPT  T/C  Controls (n=7164) 93 (1.30) 1226 (17.11) 5845 (81.59) 1412 (9.85)
SSc (n=4152) 52 (1.25) 859 (20.69) 3241 (78.06) 963 (11.60) 1.94E-04 1.19 (1.08 to 1.30) 0.72
IcSSc (n=2586) 33(1.28) 528 (20.42) 2025(78.31) 594 (11.48) 1.69E-03 1.18 (1.07to 1.31) 0.70
dcSSc (n=1194) 15(1.26) 253 (21.19) 926 (77.55) 283 (11.85) 2.81E-03 123 (1.07t0 1.41) 0.76
ACA+ (n=1442) 19(1.32) 309 (21.43) 1114 (77.25) 347 (12.03) 2.27E-03 1.22(1.07t01.39) 0.86
ATA+ (n=849) 14 (1.65) 186 (21.91) 649 (76.44) 214 (12.60) 4.94E-03 1.26 (1.07to 1.47) 0.73
5 150430429  rs4958881  TNIPT  C/T  Controls (n=7182) 131 (1.82) 1512 (21.05) 5539 (77.12) 1774 (12.35)
SSc (n=4226) 98 (2.32) 1035 (24.49) 3093 (73.19) 1231 (14.56) 3.26E-05 1.19(1.09t0 1.29) 0.33
IcSSc (n=2637) 57 (2.16) 637 (24.16) 1943 (73.68) 751 (14.24) 1.23E-03 1.17 (1.06 to 1.28)  0.58
dcSSc (n=1213) 31(2.56)  302(24.90) 880 (72.55) 364 (15.00) 5.57E-04 1.24 (1.10to 1.41) 0.29
ACA+ (n=1490) 31(2.08)  378(25.37) 1081 (72.55) 440 (14.77) 3.29E-03 1.19(1.06 to 1.34) 0.14
ATA+ (n=868) 29(3.34)  232(26.73) 607 (69.93) 290 (16.71) 1.31E-05 1.36 (1.19t0o 1.57) 0.57
5 150435925 rs3792783  TNIPT  C/T  Controls (n=3704) 113 (3.05) 995 (26.86) 2596 (70.09) 1221 (16.48)
SSc (n=2704) 108 (3.99) 829 (30.66) 1767 (65.35) 1045 (19.32) 2.16E-04 1.19(1.09t0 1.31) 0.70
IcSSc (n=1708) 65(3.81)  518(30.33) 1125(65.87) 648 (18.97) 4.44E-03 1.17 (1.05t0 1.30) 0.56
dcSSc (n=715) 30 (4.20)  222(31.05) 463 (64.76)  282(19.72) 5.41E-03 1.23(1.06to 1.42)  0.59
ACA+ (n=1041) 40(3.84)  326(31.32)  675(64.84) 406 (19.50) 6.09E-03 1.20 (1.05t0 1.36) 0.18
ATA+ (n=623) 24 (3.85) 208 (33.39)  391(62.76) 256 (20.55) 3.36E-03 1.26 (1.08to 1.47) 0.70

Controls are used as reference for all comparisons.
*All p values have been calculated for the allelic model.

ACA-+, anti-centromere autoantibody-positive patients; ATA+, anti-topoi

nerase

v A o
y-P

itive patients; BP, base pair; CHR, chromosome; CTRL, healthy controls;

dcSSc, diffuse cutaneous systemic sclerosis; IcSSc, limited cutaneous systemic sclerosis; MAF, minor allele (A) frequency; pyy, Mantel-Haenszel test under fixed effect; pgp,
homogeneity Breslow-Day test; 1/2, minor allele/major allele; SNP, single nucleotide polymorphism.

rs2233287-1s4958881-1s3792783) represent the combinations
of the major and minor alleles of each SNE respectively, and
subsequently show a protective or a susceptibility role that is
concordant with the individual SNP associations, ie, major
alleles are protective while minor alleles are risk variants (see
supplementary table S4, available online only). However, haplo-
type block analysis did not show more significant p values
than individual SNP analyses, and no additive or multiplicative
effect of the SNP was observed. With the aim of clarifying pos-
sible underlying dependence among the SNE we performed
conditional logistic regression analysis. Nevertheless, due to the
linkage disequilibrium between the analysed SNE, this approach
did not enable us to identify an independent association signal
(see supplementary table S5, available online only).

As shown in table 1, none of the tested polymorphisms in
RHOB showed significant associations with SSc, or any of the
examined subgroups. Only weak association signals could be
detected in the Italian cohort. The power for the analyses of
the rs342070 and rs13021401 RHOB genetic variants in the
overall cohort was of 99% in both cases. Meta-analyses with
the previous report showed significant OR heterogeneity in the
Breslow-Day tests and no significant association under a
random effects model for both polymorphisms (rs342070
Prandom=0.19; 113021401 P,1ndom=0.13).
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PSORS1C1 analysis

The study of the PSORS1C1 reported variant, rs3130573,
showed a suggestive but heterogeneous association of this poly-
morphism with increased SSc susceptibility (table 2). Moreover,
the association was maintained in all the subgroups (including
the ACA-negative and ATA-negative subsets) except for the
ACA-positive patients. Considering that the association of the
HLA region with SSc is influenced primary by the autoanti-
body profile of the patients,” 7 we aimed to test for an uncov-
ered influence of the HLA genes. We thus carried out a
step-wise logistic regression conditional analysis of the analysed
PSORS1C1 variant with all the independent signals from the
most significant to the lowest observed p values in the HLA
region. The considered conditions included SNPs, imputed ami-
noacidic positions and imputed classic HLA-alleles (as described
in Raychaudhuri er a/)'® in the analysed GWAS cohorts
(Spain I, The Netherlands I and USA I) (unpublished data).
Standard logistic regression analyses in the GWAS cohorts
showed evidence of association only in the whole disease
versus controls and in the ACA-negative patients versus con-
trols comparisons (P,g=0.034, OR 1.09; P,;=0.01, OR 1.12,
respectively). However, the previously mentioned association
with the whole set of SSc patients lost its significance when
it was conditioned to the HLA-DPB1*1301 allele (p value
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Figure 1 (A) Forest plot for the meta-analysis of the rs2233287 TNIP1 genetic variant. (B) Forest plot for the meta-analysis of the rs4958881 TNIP1
genetic variant. (C) Forest plot for the meta-analysis of the rs3792783 TNIPT genetic variant.
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Table 2 Pooled-analysis of the rs3130573 PSORSTC1 HLA-region genetic variant

Genotype, N (%) Allele test
CHR BP SNP 1/2 Subgroup (N) 17 12 22 MAF N (%) Pvn* OR (95% Cl) P
6 31214247 1s3130573  G/A  Controls (n=7139) 892 (12.49) 3220 (45.10) 3027 (42.40) 5004 (35.05)
SSc (n=4130) 574 (13.90) 1953 (47.29) 1603 (38.81) 3101 (37.54) 1.17E-05 1.14 (1.07 to 1.21) 0.02
1cSSc (n=2575) 350 (13.59) 1221 (47.42) 1004 (38.99) 1921 (37.30) 1.16E-03 1.12 (1.05 to 1.20) 0.07
dcSSc (n=1187) 177 (14.91) 561 (47.26) 449 (37.83) 915 (38.54) 3.09E-04 1.18 (1.08 to 1.29) 0.07
ACA+ (n=1446) 181(12.52) 666 (46.06) 599 (41.42) 1028 (35.55)  0.28 1.05 (0.96 to 1.14)  0.12
ACA— (n=2511) 356 (15.07) 1143 (48.37) 864 (36.56) 1855 (39.25)  1.01E-07  1.21 (1.13t0 1.29)  0.05
ATA+ (n=2845) 123 (14.56) 411 (48.64) 311 (36.80) 657 (38.88) 6.48E-03 1.16 (1.04 to 1.29) 0.51
ATA- (n=3147) 413 (13.92) 1395 (47.00) 1160 (39.08) 2221 (37.42)  1.03E-04  1.13(1.07t0 1.21)  0.03
Controls are used as reference for all comparisons.
*All p values have been calculated for the allelic model.
ACA =+, anti-centromere autoantibody-positive/negative pati ATA=, anti-topoisomerase autoantibody-positive/negative patients; BP, base pair; CHR, chromosome; CTRL,

healthy controls; dcSSc, diffuse cutaneous systemic sclerosis; IcSSc, limited cutaneous systemic sclerosis; MAF, minor allele (A) frequency; pyn, Mantel-Haenszel test under
fixed effect; pgp, homogeneity Breslow—Day test; 1/2, minor allele/major allele; SNP, single nucleotide polymorphism.

conditioning on DPB1*13:01=0.06; OR conditioning on
DPB1*13:01=1.08), HLA-DRB1*11: 04 (p value conditioning
on DRB1*11:04=0.08; OR conditioning on DRB1*11:
04=1.07) and the HLA-DQA1*05:01 (p value conditioning on
DQA1*05:01=0.36; OR conditioning on DQA1*05:01=1.04)
alleles. Moreover, the association with the ACA-negative subset
of patients was also shown to be dependent on the HLA-
DQA1*05:01 allele (p value conditioning on DQA1*05:
01=0.27; OR add to DQA1*05:01=1.05). Therefore, our data
suggest that the association of PSORS1C1 with SSc is not inde-
pendent from the HLA region.

DISCUSSION

In this study we conducted a large multicentre replication of
the novel SSc risk variants identified by Allanore et af,'® and
we confirmed the association of the TNIP1 locus with SSc.
However, the associations observed in the RHOB gene and the
independence of PSORS1C1 from the HLA region were not sup-
ported by our data.

Due to the lack of association observed in the RHOB locus,
we suggest that the initial association reported in this gene
might have been a false positive finding. It is worth mentioning
that RHOB has never been robustly associated with an auto-
immune disease, and the previously reported association with
SSc in this gene did not reach the GWAS significance level even
after replication.'

PSORS1C1 was proposed as an HLA-independent SSc risk
factor.'’ The authors performed a dependence analysis control-
ling for the described association in the HLA-DQB1 gene and
reported the independence of both loci. Nevertheless, HLA-DQB1
has been specifically related with the ACA-positive subset of
patients,” 7 and both in our data and in the previous study no
association of PSORS1C1 with ACA positivity has been
shown.!® Therefore, a deeper analysis of this locus was needed,
and we performed for the first time conditional logistic regression
including all the independent signals in the HLA region. In our
initial approach we found a signal in the PSORS1C1 gene that
was comparable to the one described in the previous work;'®
however, a comprehensive analysis showed that the PSORS1C1
association is dependent from the HLA-DPB1*13:01,
HLA-DQA1*05: 01 and HLA-DRB1*11: 04 alleles (especially the
HLA-DQA1*0501). These HLA loci have previously been
described as ATA positivity risk factors,” 7 which is consistent
with the lack of association in the ACA-positive subgroup.
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Altogether, our data do not confirm PSORS1C1 as an independ-
ent player in the SSc genetic susceptibility network.

Regarding the association of TNFAIP3 interacting protein 1
(TNIP1), our data clearly support TNIP1 as a SSc risk factor.
Our replication study confirmed that the association of the
three SNPs tested is maintained in all the subsets, indicating
that this association peak corresponds to the whole disease.
Therefore, TNIP1 might be implicated in the development of
the disease but may not act as a disease modifier. Remarkably,
TNIP1 is involved in HIV replication, acts as a negative regula-
tor of the nuclear factor kB pathway (a key regulator of
the immune response, which has also recently been associated
with SSc),’ and also represses agonist-bound retinoic acid
receptors and peroxisome proliferator-activated receptors.’*?
Furthermore, recent studies focused on the control of TNIP1
transcription have reported a complex mechanism behind
TNIP1 expression that combines constitutive transcription
factors and inducible factors (nuclear factor kB and peroxisome
proliferator-activated receptors).?’ Interestingly, Allanore et a/*®
showed that the transcription and expression of TNIP1 is
decreased both in the skin of SSc patients and SSc cultured
fibroblasts, thus the anti-inflammatory effect of this molecule
may be reduced in SSc patients, providing evidence for a
relevant role of TNIP1 in the disease. TNIP1 is also a well-
established risk factor for different autoimmune diseases, such
as psoriasis, psoriatic arthritis and systemic lupus erythemato-
sus.?'?% Furthermore, TNIP1 association with psoriasis has also
been reported in Asian populations,?* suggesting that the role
of TNIP1 in autoimmune diseases is consistent through differ-
ent ethnicities. Therefore, this locus can be considered a
common autoimmune disease risk factor that can be used as a
new therapeutic target.

To conclude, our replication study has reinforced the influ-
ence of TNIP1 in an increased susceptibility to SSc and its role
as a new player in the autoimmunity genetic background.
Future research will identify the causal variant for the TNIP1
association and its implication in SSc pathophysiology.
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Abstract

Introduction: CD226 genetic variants have been associated with a number of autoimmune diseases and recently
with systemic sclerosis (SSc). The aim of this study was to test the influence of CD226 loci in SSc susceptibility,
clinical phenotypes and autoantibody status in a large multicenter European population.

Methods: A total of seven European populations of Caucasian ancestry were included, comprising 2,131 patients
with SSc and 3,966 healthy controls. Three CD226 single nucleotide polymorphisms (SNPs), rs763361, rs3479968 and
rs727088, were genotyped using Tagman 5'allelic discrimination assays.

Results: Pooled analyses showed no evidence of association of the three SNPs, neither with the global disease nor
with the analyzed subphenotypes. However, haplotype block analysis revealed a significant association for the TCG
haplotype (SNP order: rs763361, rs34794968, rs727088) with lung fibrosis positive patients (Pgons = 3.18E-02 OR 1.27
(1.05 to 1.54)).

Conclusion: Our data suggest that the tested genetic variants do not individually influence SSc susceptibility but a

CD226 three-variant haplotype is related with genetic predisposition to SSc-related pulmonary fibrosis.

Introduction

Systemic sclerosis (SSc) is a connective tissue disorder
in which fibrotic collagen deposition, vascular damage,
autoimmunity and autoantibody production (especially
anticentromere (ACA), and antitopoisomerase, (ATA)
antibodies) are the main hallmarks [1]. SSc patients can
be classified classically in two major subgroups, those
suffering from limited cutaneous SSc (IcSSc) and those
with the diffuse cutaneous form of the disease (dcSSc)

2].

* Correspondence: larabc@ipb.csic.es

1 Contributed equally

"Instituto de Parasitologia y Biomedicina Lopez-Neyra, IPBLN-CSIC, Avenida
del Conocimiento s/n, Granada, 18100, Spain

Full list of author information is available at the end of the article

( BiolVled Central

The genetic component of SSc has been recently rein-
forced and several genes involved in immune regulation
have been proposed as risk factors for the development
of SSc [3]. A number of loci such as IRFS [4], STAT4
[5,6], BANK1 [7,8], C8orfl3-BLK [9,10], CD247 [11,12]
and TNFSF4 [13,14], have been associated with genetic
predisposition to SSc in Caucasian populations. Some of
these loci are shared with other autoimmune diseases,
such as rheumatoid arthritis (RA) and systemic lupus
erythematosus (SLE), reinforcing the theory of a com-
mon genetic background in autoimmune diseases [15].

CD226 (cluster of differentiation 226)/PTA1 (platelet
and T-cell activation antigen 1)/DNAM-1 (DNAX acces-
sory molecule 1) is a member of the immunoglobulin
superfamily and it plays an important role in the co-

© 2012 Bossini-Castillo et al,; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited
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stimulation pathways of natural killer (NK) cells and
activated T cells [16]. Furthermore, CD226 is constitu-
tively expressed on NK cells, CD4+ and CD8+ T cells,
monocytes, platelets and certain B cells playing a pleio-
tropic role in the immune system [16,17], thus subtle
changes in CD226 expression could be involved in SSc
immune imbalance.

CD226 gene polymorphisms have been correlated with
an increasing number of autoimmune pathologies. Thus,
the CD226 rs763361/Gly307Ser non-synonymous poly-
morphism was first correlated to type 1 diabetes sus-
ceptibility [18,19], later to multiple autoimmune diseases
[19,20] and recently, to SSc [21]. Interestingly, the
minor allele rs763361*T encodes a non-synonymous
mutation (Gly307Ser) in the cytoplasmic tail of CD226
protein (exon 7). In addition, the rs763361 glycine to
serine substitution could interfere in the phosphoryla-
tion of CD226 at 322Tyr and 329Ser residues, and the
downstream signaling pathway may be modulated by
these posttranslational modifications [16,22].

In a recent study performed in SLE, a three-variant
haplotype in CD226 gene, comprising CD226 rs763361-
rs34794968-rs727088, was found to be associated with
SLE and the authors proposed that rs727088 may be the
single nucleotide polymorphism (SNP) with a functional
influence on CD226 transcription levels [23].

The aim of this study was to test in a large European
population the previously reported association of CD226
gene rs763361/Gly307Ser with SSc, and to analyze, for
the first time, the role of two additional polymorphisms,
rs34794968 and rs727088, and the effect of CD226
1rs763361-rs34794968-rs727088 haplotype in SSc.

Materials and methods

Subjects

A total of 2,131 SSc cases and 3,966 controls from seven
European Caucasian cohorts (Spain, Germany, the Neth-
erlands, Italy, Sweden, the United Kingdom and Nor-
way) were included in this study. Patients were
diagnosed as having SSc using the criteria proposed by
the 1980 ACR and/or LeRoy and Medsger criteria
[24,25]. In addition, patients were classified as having
limited or diffuse SSc as defined by LeRoy et al. [26].
The following clinical data was collected for ascertain-
ment of clinical phenotype of all the patients with SSc:
age, gender, disease duration and presence of SSc-asso-
ciated autoantibodies, ATA and ACA. Pulmonary fibro-
sis was diagnosed by High Resolution Computed
Tomography (HRCT). Considering the previously
reported subphenotype associations, the subtype, auto-
antibody status and pulmonary fibrosis data were avail-
able for all the patients included in this report (Table S1
in Additional file 1 shows these clinical data). The con-
trol population consisted of unrelated healthy
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individuals recruited in the same geographical regions as
SSc patients and matched by age, sex and ethnicity with
the SSc patients groups. Local ethical committees from
all the participating centers approved the study. Both
patients and controls were included in the study after
written informed consent.

CD226 genotyping and statistical analysis

Three SNPs, rs763361 and rs3479968 located in exon 7,
and rs727088 in the 3’'UTR region were selected as
genetic markers. The SNPs were analyzed by Tagman
SNP genotyping assays in a 7900HT real-time polymer-
ase chain reaction (PCR) System following the manufac-
turer’s suggestions (Applied Biosystems, Foster City, CA,
USA).

All cohorts were in Hardy-Weinberg equilibrium
(HWE) at significance level = 0.01 for all the included
SNPs. PLINK (v1.07) software [27] was used for indivi-
dual population association tests (significance was calcu-
lated by 2 x 2 contingency tables and Fisher’s exact test
or %> when necessary) and pooled analysis. Bonferroni
and Benjamini and Hochberg false discovery rate
method correction (FDR) were applied for multiple test
correction [28]. In addition, the Breslow-Day test (BD
test) was performed as implemented in PLINK to assess
the homogeneity of the association among populations.
Haplotype pooled analysis was performed by Haploview
(Cambridge, MA, USA) and Statsdirect (Altrincham,
Cheshire, UK) software. Power was calculated using the
software Power Calculator for Genetic Studies 2006 and
assuming an additive model [29].

Results

CD226 rs763361/Gly307Ser, rs34794968 and rs727088
analysis

Table 1 shows the genotype and allelic frequencies and
pooled analyses of the three CD226 SNPs included in
this report in the global disease and the considered sub-
groups. Tables S2 to S4 in Additional file 1 show the
genotype and allele distribution of each of the tested
variants in the seven analyzed European cohorts. The
BD test revealed no statistically significant differences
between the seven cohorts included, hence we per-
formed a pooled analysis using the Mantel-Haenszel test
under fixed effects for each of the tested polymorph-
isms. As opposed to Dieudé et al. [21], the pooled ana-
lysis of rs763361 showed no evidence of association
with the whole set of SSc patients. Then, we interro-
gated the major SSc subphenotypes as defined by LeRoy
et al. [26], and in addition by autoantibody status and
by lung fibrosis as described in Dieudé et al.[21]. Allele
frequencies in each subgroup were compared to control
frequencies and no evidence of association was found at
any of the considered subgroups. In addition, we
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Table 1 Genotype and allele distribution of CD226 rs763361 (chr:18, 65,682,622 bp), rs34794968 (chr:18; 65,682,006
bp), rs727088 (chr:18, 65,681,419 bp) genetic variants and pooled analysis.

Genotype, N (%) Allele test
SNP Subgroup (N) 11 12 2/2 MAF (%)  Pwn Proren  OR[Cl 95%] Pep
15763361 Controls (n = 3811) 906 (23.77) 1841 (48.31) 1064 (27.92) 4793
SSc (n = 2023) 480 (23.73) 990 (48.94) 553 (27.34) 482 0.56 073 1.02 [0.95-1.10] 0.56
IcSSc (n = 1397) 332 (2377) 681 (48.75) 384 (2749) 4814 064 095 102 [094-1.11] 08
dcSSc (n = 626) 48 (23.64) 309 (49.36) 169 (27.00) 4832 06 094 103 [092-1.17]  0.14
ACA+ (n =797) 176 (22.08) 396 (49.69) 225 (28.23) 4693 0.68 068 0.98 [0.88-1.09] 0.85
ATA+ (n = 503) 133 (2644) 239 (47.51) 1(26.04) 502 0.22 0.28 1.09 [0.95-1.24] 0.63
Fib+ (n = 729) 176 (24.14) 359 (49.25) 194 (2661) 4877 048 058 1.04 [093-1.17] 05
rs34794968  Controls (n = 3858) 669 (17.34) 1842 (47.74) 1347 (3491) 4121
SSc (n = 2060) 348 (16.89) 978 (47.48) 734 (3563) 4063 073 073 099 [091-1.071 037
IcSSc (n = 1422) 234 (1646) 685 (48.17) 503 (35.37) 4054 074 095 099 [0.90-1.08]  0.71
dcSSc (n = 638) 114 (17.87) 293 (45.92) 31 (36.21) 4083 094 094 1.00 [0.88-1.12]  0.05
ACA+ (n = 816) 129 (15.81) 390 (47.79) 297 (3640) 3971 0.35 068 0.95 [0.85-1.06] 0.6
ATA+ (n = 518) 100 (19.31) 249 (48.07) 169 (32.63) 4334 0.28 0.28 1.08 [0.94-1.23] 0.38
Fib+ (n = 755) 122 (16.16) 362 (47.95) 71 (3589)  40.13 058 058 097 [0.87-1.09] 044
rs727088 Controls (n = 3815) 917 (24.04) 1869 (48.99) 1029 (2697) 4853
SSc (n = 2042) 489 (23.95) 1014 (49.66) 539 (2640) 4878 059 073 1.02 [0.95-1.10]  0.86
IcSSc (n = 1409) 336 (23.85) 702 (49.82) 1(2633) 4876 063 095 102 [0.94-1.11] 066
dcSSc (n = 633) 153 (24.17) 312 (49.29) 168 (26.54) 48382 0.71 094 1.02 [0.91-1.15] 0.26
ACA+ (n = 814) 178 (21 87) 414 (50.86) 222 (27.27) 473 0.54 068 0.97 [0.87-1.08] 0.56
ATA+ (n = 514) 138 (26.85) 250 (48.64) 126 (24.51)  51.17 0.14 0.28 0 [0.97-1.26] 0.61
Fib+ (n = 739) 185 (25.03) 363 (49.12) 1(25.85) 4959 04 0.58 1.05 [0.94-1.17] 0.86

Controls are used as reference for all comparisons. ACA, anti-centromere antibodies; ATA, anti-topoisomerase antibodies; 95% Cl, 95% confidence interval; dcSSc,
diffuse cutaneous systemic sclerosis; Fib+, lung fibrosis positive SSc patients; 1cSSc, limited cutaneous systemic sclerosis; MAF, minor allele frequency; NS, not
significant; OR, odds ratio; Pgp, Breslow-Day homogeneity test p-value; P gpg gn, corrected P-value using Benjamini and Hochberg false discovery rate; Py, allelic

Mantel-Haenszel fixed effects model P-value; SSc, systemic sclerosis.

observed no significant association in the pooled ana-
lyses of the CD226 rs34794968 and rs727088 genetic
variants with neither the global disease nor with the
considered phenotypic subgroups.

CD226 haplotype block analysis

Considering the CD226 haplotype block association
described in SLE [23], we analyzed the possible effect of
this haplotype block in SSc patients. In this analysis,
considering only haplotypes with frequency > 5% in the
pooled analysis, we reported no significant association
with SSc susceptibility. However, stratification revealed
that the TCG haplotype (SNP order: rs763361-
1rs34794968- rs727088) was over-represented in the lung
fibrosis positive subgroup of patients. This haplotype,
composed of the minor alleles of rs763361 and rs727088
polymorphisms and the major allele of rs34794968, was
not equivalent to that associated with SLE susceptibility,
but showed a modest risk effect in the lung fibrosis
positive group of patients. This association with lung
fibrosis remained significant even after performing Bon-
ferroni multiple test correction, (Pgons = 3.18E-02 OR
1.27 (1.05 tol.54), Table 2). Remarkably, a trend of asso-
ciation for the TCG haplotype was observed in the

comparison between the lung fibrosis positive subset of
patients and the fibrosis negative group of patients
(Table 2). We consider that the lack of statistical signifi-
cance may be possibly due to a reduced statistical
power, as the lung fibrosis negative subgroup (n
1,572) is smaller than the control group (n = 3,966).

Discussion

We carried out a well-powered case-control study aim-
ing to test the contribution of three CD226 genetic var-
iants (rs763361, rs34794968 and rs727088) to SSc
susceptibility and clinical phenotypes. We report the
association of a CD226 three-variant haplotype with
SSc-related pulmonary fibrosis. However, we observed a
lack of individual association of these three CD226 poly-
morphisms with SSc or with its serological and clinical
manifestations.

The allele and genotype frequencies observed in our
control group were similar to those described in the
HapMap public database phase 3 (CEPH: Utah residents
with ancestry from northern and western Europe; abbre-
viation: CEU), and considerably comparable with those
in Dieudé et al. report [21]. Although the present study
did not confirm the previously reported association of
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Table 2 Association of CD226 haplotype block in the Fib+ subset of systemic sclerosis patients.

rs763361 rs34794968 rs727088 Subgroup MAF (%) Pmn Pgonf OR [Cl 95%)] Pgp
Fib+ 040

T A G CTRL 041 0.59 NS 0.97 [0.86-1.08] 045
Fib- 041 0.76 NS 0.98 [0.86-1.11] 0.77
Fib+ 0.10

T C G CTRL 0.08 1.59E-02 3.18E-02 1.27 [1.05-1.54] 048
Fib- 0.08 0.069 NS 1.24 [0.99-1.56] 0.51
Fib+ 0.50

G @ A CTRL 0.51 044 NS 0.96 [0.86-1.07] 0.71
Fib- 0.51 0.50 NS 0.95 [0.84-1.09] 0.44

For the haplotype-specific analyses, the odds ratio (OR) with 95% confidence interval (95% Cl) was determined for each allele variant in the haplotype tested
against all of the others pooled together using the Mantel-Haenszel test under fixed effects model, considering no single reference haplotype. CTRL, healthy
controls; Fib-, lung fibrosis negative SSc patients; Fib+, lung fibrosis positive SSc patients; MAF, minor allele frequency; Pgons, corrected P-value using Bonferroni

multiple test correction.

rs763361 with SSc, we found that one of the haplotypes
containing the rs763361*T allele showed evidence of
association with the lung fibrosis positive group of
patients [21]. We consider that the lack of association
for rs763361 individually could have arisen due to a
type II error (false negative), because our sample size is
similar to the study by Dieudé et al. and reaches 99%
power to detect the previously reported effect of the
polymorphism. It is worth mentioning that Dieudé et al.
analyzed this polymorphism both in an Italian and Ger-
man replication cohorts, the latest being the most asso-
ciated with the FA+ group. Consequently our FA+
German cohort, in spite of being smaller than the one
in Dieudé et al., showed the highest trend of association
observed in this group (Table S1 in Additional file 1).
Given the high power of our pooled analysis to detect
similar associations to those reported in the previous
SSc study, our data suggest that the previously reported
effect for the association between CD226 rs763361*T
allele and SSc susceptibility may be influenced by ethni-
cal factors. Remarkably, Dieudé et al. studied the impli-
cation of the amino acid change encoded by rs763361*T
in CD226 expression, but no significant differences were
observed [21]. Our data together with SLE reports [23],
suggest that haplotypic allele combinations might be
considered for further functional studies.

Tao et al. described an increased susceptibility of NKT
cells to apoptosis via CD95-CD95L or TCR-CD3 in
NKT cells isolated from active SLE patients, and linked
it with a deficient expression of CD226 [30]. Later,
genetic studies revealed that rs727088 minor allele was
part of a haplotype associated with SLE susceptibility
and was responsible for a decrease in CD226 gene
expression [23]. Despite experimental evidence of the
role of rs727088 in CD226 transcription modulation in
SLE, we detected no association signal of rs727088 or
the SLE-risk haplotype with SSc susceptibility. These
findings suggest that although CD226 is a common risk

factor for SLE and SSc, the genetic variants in this gene
may have potentially divergent roles in both diseases or
the causal variant might be disease specific. Noteworthy,
it is well-established that SSc and SLE share a number
of associated loci, but the associated variants are not
necessarily the same, for example in the human leuko-
cyte antigen (HLA) region [31]. Considering that fibrosis
is a main hallmark of SSc, the specific association of
CD226 with SSc fibrosis-positive patients might reflect
the influence of this locus in diverse pathways. Interest-
ingly, NLRPI a common autoimmune disease risk factor
has been reported to be associated with the ATA and
lung fibrosis-positive subgroups of SSc patients [32].
Moreover, NLRPI was reported to contribute to SLE in
families suffering SLE and vitiligo or other autoimmune
or autoinflammatory diseases [33] and it has been
recently found to be associated with SLE in a Brazilian
population [34]. Nevertheless, rs2670660 and an
rs12150220-rs2670660 haplotype were the associated
variants in SLE, but only rs8182352 was associated with
SSc-related pulmonary fibrosis (although both
rs12150220 and rs2670660 were analyzed) [32,34].
Hence, although the population size in the SLE study is
limited, this differential association in SLE of a novel
SSc fibrosis risk factor is analogous to the reported
CD226 results.

It is well-established that SSc patients exhibit reduced
numbers and impaired function of NKT cells [35-37]
and the highest CD226 expression levels in healthy
donors are found in NKT cells [21,23]. Thus, the impact
of the associated CD226 haplotype reported in this
study on the functions of SSc patients’” NK and NKT
cells should be further explored. Furthermore, new ther-
apeutic approaches based on anti-CD226 mAbD treat-
ment have already been tested in autoimmunity animal
models [38], and CD226 has been recently implied in
novel T cell activation pathways [39] and NK-driven tis-
sue injury in SLE patients [40]. Hence, the implication
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of CD226 in cell-mediated cytotoxicity should be con-
sidered. In addition, the possibility of lung fibrosis being
a marker of generalized internal organ damage, which
was not analyzed in this study and represented a limita-
tion of our findings, should be interrogated.

To date just a few loci have been reported to be asso-
ciated with SSc-related pulmonary involvement, such as
IRF5 [6], STAT4 [6], TNFAIP3 [41], KCNAS [42],
NLRPI [32] and HGF [43]. Hence, we consider that the
confirmation of CD226 as a pulmonary involvement
marker might be valuable in the deciphering of the
mechanisms that underlie the lung fibrosis process in
SSc patients.

Conclusions

Our data suggest that previously autoimmune-associated
CD226 gene polymorphisms play a role in the SSc pul-
monary fibrosis events in European Caucasian popula-
tions, and confirm CD226 as an important shared
autoimmune factor in SSc.

Additional material

Additional file 1: Population specific characteristics and genotype
and allelic distribution of the three analyzed variants in each
population. This file contains: Table S1 showing the population specific
composition of the complete SSc set of patients for the analyzed
features of the disease; Tables S2 to 4 showing the genotype and allele
distributions of CD226 rs763361, 1534794968 and rs727088 genetic
variants in seven European cohorts.
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Abstract

multicenter Caucasian SSc cohort.

development genetic marker for SSc patients.

Introduction: Potassium voltage-gated channel shaker-related subfamily member 5 (KCNAS5) is implicated in
vascular tone regulation, and its inhibition during hypoxia produces pulmonary vasoconstriction. Recently, a
protective association of the KCNA5 locus with systemic sclerosis (SSc) patients with pulmonary arterial
hypertension (PAH) was reported. Hence, the aim of this study was to replicate these findings in an independent

Methods: The 2,343 SSc cases (179 PAH positive, confirmed by right-heart catheterization) and 2,690 matched
healthy controls from five European countries were included in this study. Rs10744676 single-nucleotide
polymorphism (SNP) was genotyped by using a TagMan SNP genotyping assay.

Results: Individual population analyses of the selected KCNA5 genetic variant did not show significant association
with SSc or any of the defined subsets (for example, limited cutaneous SSc, diffuse cutaneous SSc, anti-centromere
autoantibody positive and anti-topoisomerase autoantibody positive). Furthermore, pooled analyses revealed no
significant evidence of association with the disease or any of the subsets, not even the PAH-positive group. The
comparison of PAH-positive patients with PAH-negative patients showed no significant differences among patients.

Conclusions: Our data do not support an important role of KCNA5 as an SSc-susceptibility factor or as a PAH-

Introduction

Systemic sclerosis (SSc) is a life-threatening fibrotic con-
nective tissue disorder that affects the skin and different
internal organs [1]. The 10-year survival of SSc patients
reaches only 63%, with pulmonary involvement the leading
cause of death [2]. SSc is a complex disorder in which the
environmental triggers and genetic susceptibility factors
co-act in the development and maintenance of the disease

* Correspondence: larabc@ipb.csic.es
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( BiolVled Central

[3]. As a clearer picture of the genetic component of this
disease is being revealed, interest in genetic markers for
specific clinical features, especially lung involvement, is
increasing. An SSc phenotype-restricted genome-wide
analysis was carried out recently [4]. Remarkably, two of
the four new SSc genetic-susceptibility markers identified
in the previously mentioned study might play a relevant
role in the SSc-related fibrotic process, SOX5 and
NOTCH4 [4]. However, no such strategy has yet been con-
sidered for pulmonary involvement, and only some studies
have reported significant genetic association with SSc-
related lung involvement [5-9]. Furthermore, only the
association of CD226 with pulmonary fibrosis has been

© 2012 Bossini-Castillo et al,; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited
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independently replicated [10]. Wipff et al. [11] recently
described the association of potassium voltage-gated chan-
nel shaker-related subfamily member 5 (KCNAS) with
SSc-related pulmonary arterial hypertension (PAH).

Potassium voltage-gated channels (Kv channels) are
homo- or heterotetramers of structural o.-subunits and
regulatory 3-subunits, which control potassium (K) flux. K
balance is known to regulate the apoptotic cell shrinkage,
a main event in the apoptotic process [12]. Specifically,
KCNADS participates in pulmonary artery smooth muscle
cell (PASMC) apoptosis control [13]. It has been reported
that overexpression of the KCNAS5 gene induces acceler-
ated K efflux and increases caspase-3 proteolytic activity,
promoting apoptosis [13].

KCNA?S is also involved in membrane-potential mainte-
nance and vascular-tone regulation [14]. Hypoxic condi-
tions produce a specific inhibition of KCNAS5 in the
PASMCs, causing pulmonary vasoconstriction [15-17].
Moreover, it has been reported that primary pulmonary
hypertension patients have an intrinsic reduced level of
KCNAS5 mRNA in their PASMCs, and this characteristic
might play an important role in the pathogenesis of the
disease [18].

The role of KCNA5 genetic polymorphisms in pulmon-
ary disease also was explored. Remillard et al. [19]
analyzed the influence of KCNAS genetic variants in
IPAH, and showed that different single-nucleotide poly-
morphisms (SNPs) were related to abnormal function or
drug responsiveness. Recently, the importance of KCNAS
variants in SSc-related PAH was analyzed [11]. In the pre-
viously mentioned study, the association of KCNAS with
SSc and specifically with PAH-positive (PAH") patients
was described [11]. Moreover, the rs10744676 polymorph-
ism was reported as the variant underlying the observed
association [11].

In light of the previous evidence, the main goal of
this report is to replicate the association of KCNAS
rs10744676 polymorphism with SSc and SSc-related PAH
in an independent European population of Caucasian
ancestry.

Materials and methods

Subjects

Our study comprised 2,343 SSc cases and 2,690 controls
from Spain, The Netherlands, Italy, Sweden, and The
United Kingdom. All the individuals included in this
report were of Caucasian ancestry. Patients were classi-
fied as having limited (lcSSc) or diffuse SSc (dcSSc),
according to their skin involvement, as defined by
LeRoy et al. [20]. The serologic subgroup stratification
of the patients was based on the presence of SSc-asso-
ciated autoantibodies (anti-centromere antibodies
(ACAs) and anti-topoisomerase (ATA)). Pulmonary
fibrosis was diagnosed by the presence of interstitial
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abnormalities in high-resolution computed tomography
(HRCT). Patients defined as PAH" showed a mean rest-
ing pulmonary artery pressure > 25 mm Hg and a pul-
monary capillary wedge pressure <15 mm Hg, at the
time of a right-heart catheterization [11]. The control
population consisted of unrelated healthy individuals
recruited in the same geographic regions as the SSc
patients and matched by age, sex, and ethnicity with the
SSc-patient groups. Approval of local ethical committees
was obtained from all the participating centers (Comité
de Bioética del Consejo Superior de Investigaciones
Cientificas, Comitato Etico Azienda Ospedaliera Univer-
sitaria Integrata di Verona, Local Ethics Committee of
the Radboud University Nijmegen Medical Centre, Med-
ische Ethische Commissie Leids Universitair Medisch
Centrum, The regional Ethical Review Board in Lund,
Local Research Ethics Committee at Glasgow Royal
Infirmary, U.O. Comitato di Etica e Sperimentazione
Farmaci Fondazione IRCCS Ca’ Granda-Ospedale Mag-
giore Policlinico di Milano, Local Research Ethics Com-
mittee at Glasgow Royal Infirmary, Royal Free Hospital
and Medical School Research Ethics Committee, Man-
chester University Research Ethics Committee). Written
informed consent was required for both patients and
controls to be included in the study.

Genotyping and statistical analysis

The rs10744676 KCNAS biallelic variant was analyzed
with TagMan SNP genotyping assay in a 7900HT Real-
Time polymerase chain reaction (PCR) system from
Applied Biosystems by following the manufacturer’s sug-
gestions (Foster City, CA, USA).

None of the included cohorts showed significant devia-
tion from Hardy-Weinberg equilibrium (HWE) (P value
significance threshold, 0.05). Significance for the allelic
model in the individual cohort analyses was calculated by
2 x 2 contingency tables and the Fisher Exact test or %>
when necessary. Odds ratios (ORs) were calculated
according to the Woolf method. A Breslow-Day test (BD
test) was performed to assess the homogeneity of the asso-
ciation among populations, and pooled analysis under a
Cochran-Mantel-Haenszel fixed-effect model was used to
analyze jointly all the included cohorts. Statistical analyses
were performed as implemented in PLINK (v1. 07) soft-
ware package [21]. Power was calculated by using the soft-
ware Power Calculator for Genetic Studies 2006 and
assuming an additive model and previously reported
minor allele frequency (MAF) and ORs [22].

Results

The power of our replication study in each stratified analy-
sis is summarized in Table 1. We emphasize that the size
of our pooled PAH" patient subgroup represents the lar-
gest SSc-related PAH" cohort analyzed to date (n = 179).
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Table 1 Overall statistical power of the study for KCNA5 rs10744676 SNP in each analyzed disease subtype at the 5%
significance level assuming an additive effect model and a minor allele (rs10744676*C) frequency = 0.10 (MAFcgy)

Phenotype
Statistical power (%) SSc lcSSc dcSSc ACA* ATA* Fib* PAH*
OR = 062 100 100 929 100 96 99 952
OR = 048 100 100 100 100 100 100 100°
OR =079 9 91 67 77 59 71 45°

?Reference OR, 0.62, except for the PAH" group, in which OR = 0.47. PReference OR (lower previously reported 95% Cl) = 0.48, except for the PAH* group, in

which OR = 0.32. “Reference OR (upper previously reported 95% Cl) =

0.79, except for the PAH* group, in which OR = 0.71. SSc, systemic sclerosis; lcSSc, limited

cutaneous systemic sclerosis; dcSSc, diffuse cutaneous systemic sclerosis; ACA*, anti-centromere autoantibody-positive patients; ATA*, anti-topoisomerase
autoantibody-positive patients; Fib*, lung fibrosis-positive patients (HRCT); PAH*, pulmonary arterial hypertension-positive patients (right-heart catheterization).

The power of the study of this clinical feature in our popu-
lation to detect an association equivalent to that previously
reported by Wipff et al. is 95%, at the 5% significance level.

Table 2 shows the results of the comparison of the
complete set of SSc and each of the previously defined
subgroups with the healthy control group. As observed in
the table, the analyzed polymorphism showed no signifi-
cant association with either the disease or any of the sub-
sets, not even the PAH-positive group. Furthermore, no
significant association was observed in the individual
population analyses, either in the whole disease compari-
son or in the different subphenotypes (see Additional file
1, Table S1). The different cohorts showed a high inter-
population combinability, as can be observed in the Bre-
slow-Day test results (Table 2).

The minor allele in the Spanish and Italian control
populations included in this study was less frequent
than that in the pooled population described by the
Wipff et al. (rs10744676*C Frequencyspain = 10.48%;
rs10744676*C Frequencyy,ly = 10.00%; rs10744676*C
Frequencypooled wiptt = 14.7%). However, these frequen-
cies are in concordance with those reported for the
HapMap CEU population (MAFjapmap_ceu = 10.00%).
Moreover, MAF differences have been reported in

different European populations (MAF;op0Genomes CEU =
17.64%, MAFlOOOGenomes_GBR = 15.73%, MAFIOOOGenomes
_rin = 13.98%, MAF 000Genomes Ts1 = 8.16%).

In addition, the analysis of PAH" versus PAH" patients
revealed no phenotype-restricted association in this sub-
group (P = 0.59; OR, 0.91; 95% CI, 0.64 to 1.28).

Discussion

Despite the previous findings of an association of the
rs10744676 KCNAS genetic variant with PAH" SSc
patients, our data do not corroborate the reported pro-
tective effect of the minor allele of this polymorphism
on SSc-related PAH.

It is worth mentioning that the prevalence of right-heart
catheterization-confirmed PAH in our pooled population
(7.64%) is consistent with previous reports [11]. However,
SSc is a chronic progressive disease, and some patients
classified as PAH™ might develop PAH in the future.
Therefore, we consider this issue a limitation of our study
and similar reports. In this context, we point out that the
mean disease duration for the patient group included in
this study (mean disease duration, 13.9 + 14.4 years, as
reported in Bossini-Castillo et al. [23]) was higher than
that in Wipff et al. [11] (11.9 + 9.4 years in the discovery

Table 2 Pooled analysis and stratified analyses of SSc patients and healthy controls for rs10744676 genetic variant,

located in the KCNA5 gene

Genotype, n (%) Allele test

Subgroup (n) c/C (@)) T MAF (%) P OR (95% Cl) Psp
Controls (n = 2,690) 37 (138) 597 (22.19) 2,056 (7643) 1247

SSc (n = 2,343) 43 (1.84) 471 (20.10) 1,829 (78.06) 11.89 049 0.96 (0.85-1.08) 053
IcSSc (n = 1,642) 31 (1.89) 327 (1991) 1,284 (78.20) 11.85 048 095 (0.83-1.09) 063
dcSSc (n = 701) 12 (1.71) 4 (20.54) 545 (77.75) 11.98 080 098 (081-1.17) 0.59
ACA* (n = 931) 18 (1.93) 7 (21.16) 716 (76.91) 1251 049 6 (0.90-1.24) 096
ATA+ (n = 568) 8 (1.41) (20 60) 443 (77.99) 1.7 085 0.98 (0.80-1.20) 094
Fib*™ (n = 771) 14 (1.82) 4 (19.97) 603 (78.21) 11.80 0.34 092 (0.77-1.09) 092
PAH* (n = 179) 2(1.12) 37 (20.67) 140 (78.21) 1145 044 088 (0.63-1.23) 0.70

MAF, minor allele frequency; Py, Mantel-Haenszel test under fixed-effect P values. Controls are used as reference for all comparisons, and P values have been

calculated for the allelic model. OR, odds ratio for the minor allele;

95% Cl, 95% confidence interval; SSc, systemic sclerosis; IcSSc, limited cutaneous systemic

sclerosis; dcSSc, diffuse cutaneous systemic sclerosis; ACA*, anti-centromere autoantibody-positive patient; ATA*, anti-topoisomerase autoantibody-positive
patient; Fib*, lung fibrosis-positive patient (HRCT); PAH*, pulmonary arterial hypertension-positive patients (right-heart catheterization).
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cohort and 13.9 + 14.4 years in the replication), which
might influence the observed differences.

The PAH" cohort studied in this report reached a 95%
estimated statistical power to detect an association equiva-
lent to that observed by Wipff et al. within this subgroup
(OR, 0.47, in the comparison between PAH" SSc patients
and controls of the discovery phase and two replication
steps [11]). Hence, we consider that the lack of replication
observed in our study is unlikely to be caused by a type II
error (false negative) because of a reduced statistical
power. However, autoimmune-associated variants usually
show modest degrees of risk, especially in the case of non-
HLA loci [24]. Wipff et al. reported an OR for KCNAS
rs10744676 polymorphism that was remarkably more pro-
tective than the SSc genetic-association standards for non-
HLA loci (that is, modest ORs between 0.70 and 1). Thus,
we reflect that if the influence of rs10744676 in the SSc-
patient genetic predisposition to PAH is modest, the sta-
tistical power to detect a possible association in the PAH"
cohort analyzed in the present article might be insufficient,
and a possible modest effect of KCNAS rs10744676 might
be overlooked (Table 1).

In addition, it is established that PAH is more fre-
quent in ACA" patients [1], and despite the suggestive
association with PAH" patients, no significant associa-
tion with the ACA* subphenotype was identified in the
previous SSc study [11] or in this report. This fact is
also consistent with a lack of association of the selected
polymorphism with PAH development.

Although rs10744676 might have a functional role in
KCNAS expression because of its location in its putative
promoter, no evidence confirms a functional role for
this variant. Therefore, we speculate that the previously
mentioned association with SSc could be the conse-
quence of a tagged causal variant yet to be discovered.
Moreover, because PAH onset time has not been con-
sidered for the analyses, it might act as a confounding
factor in the discrepant results.

Conclusions

In summary, our data do not support an important role
of rs10744676 as a PAH genetic marker in SSc patients.

Additional material

Additional file 1: Genotype and minor allele frequencies of KCNAS
rs10744676 genetic variant in five European cohorts. This file
contains Table S1, showing the genotype and allele distributions of
KCNAS 1510744676 genetic variant in five European cohorts (2,343 SSc
cases and 2,690 controls).
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addition, a replication step comprising 4,017 SSc cases and 5,935 controls was carried out for several selected non-HLA variants, reaching
a total of 5,850 cases and 9,401 controls of European ancestry. Following this strategy, we identified and validated three SSc risk loci,
including DNASEIL3 at 3p14, the SCHIPI-IL12A locus at 3925, and ATGS at 6q21, as well as a suggested association of the TREH-
DDX6 locus at 11q23. The associations of several previously reported SSc risk loci were validated and further refined, and the observed
peak of association in PXK was related to DNASE1L3. Our study has increased the number of known genetic associations with SSc, pro-
vided further insight into the pleiotropic effects of shared autoimmune risk factors, and highlighted the power of dense mapping for

detecting previously overlooked susceptibility loci.

Introduction

Systemic sclerosis (SSc, scleroderma [MIM 181750]) is an
autoimmune disease characterized by three main features:
(1) fibrosis of the skin and internal organs, (2) a noninflam-
matory vasculopathy, and (3) autoantibody production.’ It
is a multiorgan system disease with considerable pheno-
typic heterogeneity, resulting in a broad spectrum of dis-
ease severity. From a clinical point of view, SSc is divided
into limited cutaneous systemic sclerosis (1cSSc) or diffuse
cutaneous systemic sclerosis (dcSSc).? From an immuno-
logical point of view, SSc is typically classified according
to mutually exclusive and disease-specific autoantibodies
(anticentromere antibodies [ACAs] and antitopoisomerase
antibodies [ATAs]), which are found in approximately 50%
of SSc cases.”

Several studies have established that SSc is a complex
genetic disease with contributions from multiple genetic
loci.*® The evidence supporting a genetic predisposition
for the disease has revealed a major contribution from
the major histocompatibility complex (MHC), as well as
a number of other gene regions.* In fact, genome-wide
association studies (GWASs) have confirmed the MHC
class Il region as the most significant genetic region associ-
ated with SSc.”® Interestingly, a recent report restricted the
MHC associations to the different autoantibody subsets.’
In addition, multiple non-MHC loci, such as IRF5 (MIM
607218), STAT4 (MIM 600558), CD247 (MIM 186780),
TNIP1 (MIM 607714), IRF8§ (MIM 601565), IL12RB2
(MIM 601642), CSK (MIM 124095), KIAAO319L (MIM
613535), PXK (MIM 611450), JAZF1 (MIM 606246), BLK
(MIM 191305), ITGAM (MIM 120980), and TNFAIP3
(MIM 191163), have been associated with this condition
at the genome-wide significance level (p < 5 x 107%).”""3
Both GWASs and candidate-gene strategies have clearly
identified SSc susceptibility factors involved in different
components of the immune system (innate immune
response, adaptive immune response, cytokines, cytokine
receptors, etc.), as well as genes involved in pathways
that might play a role in vascular damage and fibrotic
processes.”® Despite the success of these approaches,
innovative strategies are needed for dealing with the re-
maining unmapped SSc heritability.

Hence, the next step in the genetic dissection of com-
plex autoimmune diseases (AIDs) is to identify the causal
variants for the already established susceptibility loci, as
well as to discover variants with lower penetrance with
the use of larger cohorts. Furthermore, these goals need
to be achieved with a cost-efficient strategy.'*'* To this

end, an international group of collaborators formed the
Immunochip Consortium to develop and implement the
Immunochip array, a custom SNP genotyping array that
provides high-density mapping of AID-associated loci for
large cohorts at reduced costs. The Immunochip is based
on an Illumina Infinium array platform containing
196,524 variants across 186 known autoimmunity risk
loci."* The variants included in the Immunochip encom-
pass all variants that have been previously described for
white European populations (SNPdb, 1000 Genomes
Project February 2010 release, and other available
sequencing projects). Also, the Immunochip design in-
cludes several rare variants considered to have significant
functional effects and that might have been previously
overlooked.'*'*

This approach has recently shown encouraging results
in different AIDs, such as celiac disease (CeD [MIM
212750]), rheumatoid arthritis (RA [MIM 180300]), auto-
immune thyroid disease (ATD [MIM 275000 and
140300]), psoriasis (PS [MIM 177900]), primary biliary
cirrhosis (PBC [MIM 109720]), juvenile idiopathic arthritis
(JIA [MIM 604302]), primary sclerosing cholangitis (PSC
[MIM 613806]), narcolepsy (MIM 161400), ankylosing
spondylitis (MIM 106300), atopic dermatitis (MIM
603165), and Takayasu arteritis (MIM 207600).'°?” These
studies resulted in the identification of susceptibility genes
and the narrowing of the associations in previously re-
ported risk loci. Moreover, these reports increased the
number of shared genetic markers between the different
disorders, further supporting the common genetic compo-
nent of autoimmunity.

Taking the above into consideration, the goal of this
study was to explore SScrisk loci shared with other autoim-
mune diseases included on the Immunochip and to fine
map these areas, which comprised many, but not all, previ-
ously associated SSc loci.

Subjects and Methods

Case Definition

SSc cases were defined on the basis of the 1980 preliminary classi-
fication criteria of the American Rheumatism Association (now
the American College of Rheumatology)>® or the presence of at
least three out of five CREST (calcinosis, Raynaud’s phenomenon,
esophageal dysmotility, sclerodactyly, telangiectasia) features
typical of SSc. The designation of 1cSSc or dcSSc was determined
according to the method of Leroy.” The SSc-specific autoanti-
bodies, ACA and ATA, were determined by standard means as
previously described.””
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Table 1. Main Clinical Features of the Studied Cohorts

Status and Gender $Sc Subgroups
% Female % Female

Sample Population Total After QC Cases Cases Controls Controls IcSSc dcSSc ACA™ ATA*
US discovery 3,697 956 89% 2,741 65% 594 327 281 155
Spain discovery 1,602 877 89% 725 66% 533 247 390 192
US and Canada 1,845 927 86% 918 53% 584 339 279 163
replication

Spain replication 1,237 449 89% 788 56% 238 108 160 85
Germany 1,110 694 83% 416 54% 345 240 237 179
Netherlands 1,470 385 71% 1,085 42% 250 117 90 99
Italy 1,918 648 92% 1,270 81% 436 156 301 213
Sweden 587 229 77% 358 75% 163 66 67 39
UK 1,785 685 84% 1,100 87% 491 191 253 118
Meta-analysis 15,251 5,850 86% 9,401 65% 3,634 1,791 2,058 1,243

Note: 62.17% of cases were IcSSc, and 30.53% were dcSSc (7.3% were not designated); 35.18% of cases were ACA*, and 58.85% were ACA™ (5.97% were not
designated); 21.26% of cases were ATA™, and 72.15% were ATA™ (6.59% were not designated); and 36.70% of cases were ACA"ATA™ (6.86% were not desig-
nated). Abbreviations are as follows: ACA*, anticentromere-antibody-positive cases; ATA™, antitopoisomerase-antibody-positive cases; dcSSc, diffuse cutaneous

SSc; 1cSSc, limited cutaneous SSc; and SSc, systemic sclerosis cases.

Sample Population

After quality-control (QC) measures were applied, the combined
data set consisted of 5,850 SSc cases and 9,401 unrelated healthy
controls. Table 1 shows the sample populations by sex, origin,
and SSc subtype. The discovery cohort consisted of 1,833 SSc cases
and 3,466 controls of white European ancestry from the US and
Spain. The validation cohort was drawn from an independent
group of cases and controls of similar ancestry from North America
(US and Canada), Spain, Germany, the Netherlands, Italy, Sweden,
and the UK (4,017 SSc cases and 5,935 controls). The populations
included in this study partially overlapped with those in previ-
ously published SSc GWASs.”” This study was approved by the
local ethics committees of all the centers that recruited the partici-
pating individuals, and all participating individuals gave written
informed consent.

The discovery population’s power to detect an association with
an odds ratio (OR) = 1.5 under an additive model at the 5 x 10~°
significance level was 100% (minor allele frequency [MAF] = 0.2),
96% (MAF = 0.1), 56% (MAF = 0.05), and 1% (MAF = 0.01). The
overall meta-analysis had a statistical power of 100% (MAF =
0.05) and 18% (MAF = 0.01) with an OR = 1.5 but reached a power
of 99% with an OR = 2.00 (the remaining parameters were main-
tained as previously mentioned). Power calculations were per-
formed as implemented in Power Calculator for Genome-wide
Analyses.*"

Genotyping
The genotyping for the Immunochip custom array of the discov-
ery cohorts was performed in accordance with Illumina protocols
in two centers: the Feinstein Institute for Medical Research
(Manhasset) and the Translational Research Institute at the Uni-
versity of Queensland Diamantina Institute (Brisbane). The US
and Spanish control cohorts have already been included in previ-
ous Immunochip studies.'”*°

The genotyping of the replication cohorts was performed with
either (1) the TagMan SNP genotyping technology in the Applied

Biosystems 7900HT Fast Real-Time PCR System according to the
manufacturer’s suggestions or (2) the Immunochip platform (the
controls sets overlapped with those from previous Immunochip
I'epO[tS) 16-20,22-24,26

Genotype Calling and QC

Genotype calling on the discovery cohort was performed with the
Immunochip platform according to the manufacturer’s instruc-
tions with the use of the Illumina iScan System and the Genotyp-
ing Module (v.1.8.4) of the GenomeStudio Data Analysis software.
Stringent QC parameters were applied in all data sets: (1) individ-
uals who generated genotypes at <90% loci were not considered in
the analysis, (2) markers with call rates < 90% were excluded, and
(3) markers with allele distributions strongly deviating from
Hardy-Weinberg equilibrium (HEW) in controls (p < 1 x 1075)
were discarded. After QC measures were applied, 126,270 markers
passing QC (101,692 of them showed a MAF > 0.001) were
included in the analysis of the discovery cohort, resulting in a
genotyping rate of 99.8%. A total of 1,886 SSc cases (895 Spanish
and 981 US cases) and 4,629 unaffected controls (781 Spanish and
3,848 US individuals) passed these genotyping QCs.

Individuals in the discovery phase were also excluded on the
basis of inferred ethnicity by principal-component analysis
(PCA) as implemented in SNP & Variation Suite v.7 (Golden Helix).
The first three principal components for each individual were
plotted, and those individuals deviating from the cluster centroid
were discarded for further analysis. Considering the different re-
ported ancestries in the US control set, we included HapMap Phase
2 samples as reference populations in an initial PCA. Then, we dis-
carded those individuals who deviated more than 6 SDs from the
European ancestry cluster centroid (Figure S1, available online). In
addition, individuals who deviated more than 4 SDs from the
centroid of their cohort were excluded from the analysis. More-
over, to identify duplicate pairs or highly related individuals
among data sets, we performed pairwise comparisons by using
the genome function in PLINK*' and HapMap2 populations as
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references (which required Pi-HAT of > 0.5), and we removed one
sample from each pair. By these means, 43 SSc cases (18 Spanish
individuals and 25 US individuals) and 1,163 controls (56 Spanish
and 1,107 US individuals) were not included in the analyzed dis-
covery cohort.

To calculate the genomic-inflation factor (A) while overcoming
the skewed nature of the SNP selection process in the Immuno-
chip design, we used a set of 3,120 “null” SNPs not associated
with autoimmune diseases (originated by J.C. Barrett and provided
by John Bowes, personal communications).'??*?%2%2¢ The SNPs
that did not pass QC or showed an association p value above the
90™ percentile in the SSc meta-analysis were discarded. The % for
the discovery sets was estimated at 1.07 (US) and 1.085 (Spain).
It has been demonstrated that A increases with sample size.*”
Therefore, it is informative to calculate a rescaled A for an equiva-
lent study of 1,000 cases and 1,000 controls (A1,000).” In this
report, A goo Was estimated at 1.049 (US) and 1.098 (Spain). In
the case of the discovery-phase meta-analysis, A = 1.065 and
1,000 = 1.02 (including the associations in the 90™ percentile,
A = 1.209 and 44,000 = 1.064). All loci showing one or more inde-
pendent genome-wide-significant associations in the discovery
phase remained significantly associated after correction for A.
However, all the identified loci (showing either genome-wide or
suggestive significance, Table S1) underwent a replication step.

Imputation

We performed SNP genotype imputation of the identified SSc
susceptibility loci (5 Mb regions centered in the lead SNP were
considered). We included only discovery-phase genotyped SNPs
that passed QC in the imputation process. Genotypes were
imputed as implemented in IMPUTE2 with the use of the 1000
Genomes Phase 3 integrated reference panel.”*** We assessed
imputed SNP quality by establishing a probability threshold for
merging genotypes at 0.9. Moreover, after imputation, stringent
QC was applied: (1) individuals who generated genotypes at
<90% loci were not considered in the analysis, (2) markers with
call rates < 95% were excluded, (3) markers with allele distribu-
tions deviated from HWE in controls (p < 1 x 107%) were dis-
carded, and (4) variants with MAF < 0.01 were not included in
the analyses. A total of 390 additional variants were imputed in
ATGS (autophagy-related 5 [MIM 604261]), 541 in the SCHIPI
(schwannomin-interacting protein 1[MIM 612008])-IL12A (inter-
leukin 12A [MIM 161560]) locus, and 628 in DNASE1L3 (deoxyri-
bonuclease 1-like 3 [MIM 602244]).

Imputation of the HLA Region

The 5,955 SNPs obtained in the MHC after all QCs were used for
the imputation process. We used as a reference panel for the impu-
tation (1) 2,767 European-descent individuals®*® with four-digit
typing of human leukocyte antigen (HLA) class I and II molecules
and (2) the genotypes of more than 7,500 common SNPs and indel
polymorphisms across the extended MHC (xMHC).*° The imputa-
tion process was performed with Beagle software®” according to a
previously described method.** Imputed data in the xMHC for
SNPs, amino acids, or the HLA four-digit code were filtered as
follows: (1) variants with a success call rate below 95%, (2) variants
with a MAF below 1%, and (3) all individuals with a SNP success
call rate below 95% were excluded. After these filters, a total of
7,261 SNPs remained. Also, through the imputation process, a
total of 449 polymorphic amino acid positions were obtained. At
last, the alleles of the class I MHC (HLA-A [MIM 142800], HLA-B

[MIM 142830], and HLA-C [MIM 142840]) and class II MHC
(HLA-DPA1 [MIM 142880], HLA-DPBI [MIM 142858], HLA-
DQA1 [MIM 146880], HLA-DQBI [MIM 604305], and HLA-DRB1
[MIM 142857]) were obtained. In order to assess the accuracy of
the imputation, we used partial data from previously genotyped
HLA alleles from 490 individuals from the US and 466 individuals
from Spain for HLA-A, HLA-B, HLA-C, HLA-DPA1, HLA-DPB1, HLA-
DQA1, HLA-DQBI1, and HLA-DRBI at four digits, which were
partially included in previous reports.*”*’ This resulted in an accu-
racy of 93.51% in the US cohort and 91.70% in the Spanish cohort
in the four-digit comparison (Table S2).

Statistical Analysis

The association statistics for the discovery cohorts were calculated
separately in each data set via logistic regression including sex as a
covariate. Then, meta-analysis combining ORs and SEs of both
cohorts was performed via the inverse-variance method under
the assumption of a fixed effect as implemented in PLINK
v.1.07.%" Heterogeneity across the data sets was assessed with
Cochran’s Q test, and those loci showing significant heterogeneity
(Q < 0.05) were not considered for the validation step.

The validation SNPs were chosen for the validation phase if they
(1) had a meta-analysis p < § X 107, (2) had a nominal associa-
tion in both cohorts at p < 0.05, (3) had consistent OR directions
in both cohorts, (4) were not located in a gene previously identi-
fied as SSc associated, (5) and mapped outside the HLA region
(considered the loci located in chr6: 20,000,000-40,000,000 bp).

The possibility of different independent signals in the same
locus was evaluated with a stepwise logistic regression as described
in Eyre et al.'” In brief, the most associated variant in the region
was considered a covariate and the association analyses were
calculated for the remaining variants. Independent signals should
have met the following criteria: (1) p < 5 X 107, (2) no high cor-
relation with the lead SNP (2 < 0.6), and (3) no substantial differ-
ence between the conditioned and the unconditioned p values
(p<5x107%.

The combined analysis of the discovery populations with the
replication cohorts was performed via the inverse-variance
method under a fixed-effects model on the basis of population-
specific logistic regression results. Only variants showing a
genome-wide-significant association (p < 5 x 107%), either in
the whole disease or in any of the subgroup analyses, were consid-
ered confirmed associations with SSc susceptibility.

For the analyses of the HLA region, we used logistic regression to
test for allelic association between the imputed variant and disease
status. Individual amino acid positions were tested with a model
including all the possible amino acid residues. Statistical signifi-
cance was established by comparison of the deviance model to
the null model.*® For the conditional analyses, we assumed that
the null model comprised the previously associated variants in a
stepwise manner until no genome-wide-significant associations
remained in the HLA region.

Functional Prioritization of Noncoding Variants

In addition to analyzing coding variants (functional prediction
was based on PolyPhen-2),*" we propose most likely functional
variants that might explain the associations on the basis of
noncoding element data. We used the Regulome, Genevar, and
Blood eQTL browser resources to explore the evidence of transcrip-
tion factor binding sites, DNase hypersensitivity sites, and ex-
pression quantitative trait loci (eQTLs) in the publicly available
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ENCODE database and additional eQTL databases.**** Molecular
graphics and analyses of DNASE1L3, HLA-DPAB1, HLA-DQua.1, and
HLA-DRB1 structure were performed with the UCSF Chimera
package.*®

Results

The HLA region showed the most significant associations
in the discovery phase, and three already reported non-
HLA SSc risk factors (STAT4, PXK, and the TNPO3 [MIM
610032]-IRF5 locus)”'#*°>* showed genome-wide-signifi-
cant associations with the disease (Table S3). No indepen-
dent signals as previously defined were observed in these
loci. Additionally, we calculated blocks of high linkage
disequilibrium (LD) for the leading signals (defined as
those SNPs showing r? > 0.9 with the lead variant accord-
ing to the 1000 Genomes Project CEU [Utah residents with
ancestry from northern and western Europe from the
CEPH collection] population) in these loci.** By these
means, we established an association region comprising
35 kb for the leading variant in STAT4, 126 kb in the case
of the TNPO3-IRFS locus, and 91 kb in PXK. Because of
their proximity, we tested for possible dependence be-
tween the signals in PXK and DNASEIL3. Interestingly,
both the genome-wide association observed in our data
in PXK (rs4681851) and the reported association with SSc
in PXK (rs2176082)"* were dependent on the association
located in DNASEIL3 (Pcona 1$4681851 = 0.19, Pcond
1535677470 = 3.71 X 10™%; peona 152176082 = 0.12, peond
1535677470 = 6.41 x 10~'1). In addition, several previ-
ously described SSc susceptibility factors showed signifi-
cant associations with SSc or the different subphenotypes
of the disease and were confirmed in our analysis (Table
S3). In this study, we performed a comprehensive analysis
of the associations in the HLA region and focused on the
associations previously undescribed in non-HLA loci.

Associations between the HLA Region and Systemic
Sclerosis

We also conducted the imputation of the HLA region
(chr6: 28,000,000-34,000,000 bp) in our data by using a
large reference panel as previously described. Resulting
from the imputation, we obtained 7,261 SNPs, 449 poly-
morphic amino acid positions, and 298 four-digit HLA
alleles for both class I and class II molecules. Compared
to HLA typing, the imputation had an overall accuracy
of 93.08%.

Taking into account the serologically restricted HLA
association in previous reports,” we conducted different
analyses to compare total SSc, ACA", and ATA" between
cases and controls in this locus. The overall results from
the analysis specific to the HLA region can be observed
in Figure 1 and Table 2. After stepwise conditional multiple
logistic regression analysis in the aforementioned groups,
we obtained a model composed of six polymorphic amino
acid positions (two and four of which were associated with
ACA and ATA, respectively, Table 2) and seven SNPs (five

and two of which were associated with SSc and ACA,
respectively, Table 2), which successfully conditioned all
observed associations in the HLA region in either SSc or
any of its serological subphenotypes (Figure 1). Conse-
quently, the identified models conditioned the known
SSc-related HLA four-digit alleles (Table S4).%

Loci Revealed in the Inmunochip Analyses

Eight SNPs were selected as putative SSc risk factors (Table
S1). We genotyped these variants in a large multicenter
replication cohort of European ancestry in order to
confirm the initial associations in the discovery phase.
One SNP failed to genotype in the North American replica-
tion cohort, as indicated in Table S5. As illustrated in
Figure 2 and Table 3, the meta-analysis of the European
and North American discovery and replication cohorts
identified three non-HLA loci to be associated with overall
SSc(p< S x 1078, see Table S5 for results of all selected
SNPs in all groups). The associated variants included a
missense SNP (1s35677470) in DNASE1L3 at 3p14 (result-
ing in a cysteine substitution for arginine in the gene
product, Figure S2), a SNP (rs77583790) in the intergenic
region between SCHIP1 and IL12A at 325, and a SNP
(rs9373839) intronic to ATGS at 6q21. In addition, a SNP
(rs7130875) in the intergenic region between TREH (treha-
lase [MIM 275360]) and DDX6 (DEAD-box RNA helicase 6
[MIM 600326]) at 11923 showed suggestive association
(p=129 x 1077, OR = 1.17)."7

The association signals for DNASE1L3 and SCHIP1-IL12A
were also significant in the 1cSSc and ACA™ subgroups.
Moreover, in the case of DNASE1L3, the signal was strongly
related to ACA" SSc (p = 4.25 x 1073, OR = 2.03), and the
most significant association in the SCHIPI1-IL12A region
was found with 1cSSc (p = 1.53 x 107!, OR = 2.81)
(Table 3). Of note, there was no previously unreported
genome-wide-significant association with either the dcSSc
or the ATA" subset of disease in this cohort. It is worth
mentioning that the risk effects for the replicated polymor-
phisms were maintained in all the analyzed populations
(Figure 2 and Figures S3 and S4).

In order to further dissect the associated loci, we
imputed the associated regions by using the 1000 Ge-
nomes Project reference panel, as described previously.
Imputation resulted in a significant increase in the number
of analyzed variants, but only slight differences between
the top genotyped SNPs and the top imputed SNPs were
observed. Considering the dense coverage of the fine-
mapped loci in the Immunochip, this low gain of informa-
tion from imputation was concordant with previous
Immunochip reports.””?® As expected, the linked variants
in the regions surrounding the association peaks showed
concordant associations (Figure 3). However, no additional
independent signals, neither SNPs nor haplotypes, showed
up after conditioning on the lead variant (Figure 3).

In the case of DNASE1L3, the lead variant (rs35677470)
encodes a probably damaging nonsynonymous change,
as mentioned above. No additional variant in high LD
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Figure 1. HLA Region: 28,000,000-36,000,000 bp

Manhattan plots in which each dot represents the p value of a variant (—logio(p value)) on the vertical axis and the position in chro-
mosome 6 on the horizontal axis. The ACA model comprised HLA-DRB1 amino acid 13, HLA-DQuo1 amino acid 69, and SNPs
1512528892 and rs6933319. The ATA model comprised HLA-DRB1 amino acids 67 and 86 and HLA-DPB1 amino acids 76 and 96. The
SSc model included the previously described ACA and ATA models and SNPs 1517500468, 1s9277052, rs2442719, and rs4713605.

with this SNP (> > 0.9) was located in a coding region or
has been associated with eQTLs. Therefore, we suggest
that the lead variant itself might be the most suitable
causal candidate.

No variants linked with the ATGS leading variant have
protein-coding consequences or have been associated
with eQTLs. Four variants located in the fifth ATGS5 intron
(rs62422881, rs3804333, rs1885450, and rs698029) were
located in transcription factor binding sites and DNase
peaks (Regulome scores = 2a—4). This region showed sug-
gestive evidence of binding of different proteins with roles
in the immune system (e.g., PRDM1, EP300, or CEBPB). In
addition, 1s7763652, a variant in the ATGS5 promoter re-
gion, showed minimal evidence of affecting the binding
of CTCF (Regulome score = 4). Further research might
shed light on the functional relevance of this region.

Variants in the SCHIPI-IL12A locus showed only mini-
mal evidence of binding. Nevertheless, this lack of func-
tional information might be due to the low MAF.

Discussion

In the present study, we were able to further dissect the
long-known association between the HLA region and
SSc. We narrowed the genetic factors in this region down
to a model of six amino acids and seven SNPs, all in the
ACA* and ATA" subgroups (except for rs17500468,
19277052, 152442719, 154713605, and rs443623, which
presented their association in the overall disease). We
further checked all associated SNPs for any functional
explanation of their association. Among other methods,
we checked whether any of the SNPs were in a putative
eQTL according to Westra et al.** SNPs rs17500468 and
152442719 (associated with SSc) were in an eQTL affecting
the expression of the non-HLA gene TAP2 (MIM 170261;
p = 490 x 107 and 4.23 x 1078 respectively),
1s9277052 (associated with SSc) was in an eQTL affecting
the expression of HLA-DPBI (p = 2.86 x 107%%), SNP
154713605 was in an eQTL affecting the expression of
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Table 2.

All Independent Associations Found between the HLA Region and SSc or Any of Its Subphenotypes

AA or Freq yin Freq y in
S$Sc Subgroup Type Gene Variation Nucleotide Cases Controls p Value® OR" 95% CI”
ACA* AA HLA-DRB1 ~ AA 13° Tyr 0.048 0.139 1.79 x 107%  0.295  0.22-0.38
Phe 0.232 0.136 1817  1.56-2.11
ACA* AA HLA-DQAI1  AA 69° Leu 0.484 0.581 446 x 1072 0.657  0.58-0.75
T 0.076 0.020 3.788  2.85-5.02
ACA* SNP  TAP2 rs12528892¢ T 0.064 0.011 274 x 1071 9137  6.49-12.85
ACA* SNP  HLA-DOA 156933319 T 0.030 0.056 713 x 107'*  0.304  0.21-0.42
SSc SNP  TAP2 1s17500468° G 0.186 0.082 587 x 107 2.868  2.52-3.25
SSc SNP  HLA-DPBI 159277052  C 0.275 0.182 408 x 107" 1.572  1.43-1.72
SSc SNP  HLA-B 152442719 G 0.491 0.410 9.55 x 107%* 1.512 1.39-1.64
SSc SNP  HLA-DPBI  1s4713605% A 0.381 0.435 216 x 107 0726  0.66-0.79
SSc SNP  HLA-DOA 15443623 A 0.227 0.304 3.49 x 1077 0.770  0.70-0.84
ATA* AA HLA-DRB1 ~ AA 67 Leu 0.227 0.388 3.55x 1072 0461  0.38-0.55
Phe 0.311 0.173 2.158  1.80-2.58
ATA* AA HLA-DPB1 ~ AA 96 no Lys or Arg"  0.037 0.001 3.21 x 1072 75230  28.09-201.50
ATA* AA HLA-DRB1 ~ AA 86° Val 0.573 0.476 1.77 x 107° 1.423 1.21-1.67
ATA* AA HLA-DPB1 ~ AA 76° Tle 0.074 0.028 308 % 107" 2.577 1.85-3.59

Abbreviations are as follows: AA, amino acid; ACA", anticentromere-antibody-positive cases; ATA", antitopoisomerase-antibody-positive cases; Cl, confidence

interval; OR, odds ratio; and SSc, systemic sclerosis cases.

Logistic regression omnibus test for variations with more than two alleles.
PORs and Cls for each of the associated alleles.

“Amino acid part of the binding pocket of the molecule.

9dLocated in a putative eQTL with a p value of at least 5 x 1072 according to Westra et al.
“The absence of a lysine or an arginine in this position is the associated variant, which is very infrequent in healthy individuals of European ancestry.

HLA-DPBI (p = 2.26 x 10~®"), and rs12528892 was also in
an eQTL affecting the expression of TAP2 (p = 8.53 X
107°8). Finally, SNPs rs443623 and rs6933319 (associated
with SSc and ACA production, respectively) were not pre-
dicted to be in any eQTL or a likely transcription factor
binding site; the closest gene was HLA-DOA (MIM
142930), whose product forms an heterodimer with HLA-
DOB to assemble the HLA-DO molecule, found in lyso-
somes in B cells regulating HLA-DM-mediated peptide
loading on MHC class IT molecules.”® Regarding the other
described genes affected by eQTL SNPs, HLA-DPB1 encodes
the B chain of the HLA-DP MHC receptor complex,
whereas TAP2 is involved in antigen presentation.>®
Regarding the amino-acid-associated positions, we
found that the associated amino acid at position 13 in
HLA-DRB1 was part of the binding pocket of this molecule
with epitope,®” which was also the case with amino acid 69
in HLA-DQa1;® both of these amino acids are associated
with ACA production (Figure S5). Amino acids 86 and 76
in HLA-DRB1 and HLA-DPB1, respectively (both associated
with ATA production), were also part of the binding pocket
of their respective molecules.””*” Conversely, amino acids
67 and 96 in HLADRB1 and HLA-DPB1, respectively (asso-
ciated with ATA production, Table 2), were not part of
the binding pocket but could affect the 3D structure
of the MHC. Hence, the complexity and heterogeneity of

the associations between the HLA region and SSc reflect
the complex and heterogeneous nature of this disorder.

Three non-HLA variants associated with SSc susceptibil-
ity were clearly identified in this report, increasing the
number of loci that have been associated with SSc and
providing additional insight into SSc pathogenesis. More-
over, the nonsynonymous risk variant in DNASEIL3
showed a highly significant association with the ACA’
group considering the known non-HLA genetic associa-
tions with SSc¢.**°

DNASEI1L3 codes for deoxyribonuclease 1-like 3, a mem-
ber of the human DNase 1 family, which is expressed
primarily in the liver and spleen and secreted by
macrophages.®’ This protein plays a role in DNA frag-
mentation during apoptosis and in the generation of re-
sected double-strand breaks in immunoglobulin-encoding
genes.”' "’ Moreover, it has been implicated in susceptibil-
ity to SLE and RA.'”'°* The nonsynonymous 1s35677470
SNP in DNASEIL3 exon 8 results in a Arg-to-Cys sub-
stitution at amino acid position 206 of the protein
(p-Arg206Cys). This amino acid change results in the loss
of a hydrogen bond in the protein (Figure S2), and
in vitro studies have indicated that the protein constructed
with this substitution lacks DNase activity; this evidence
suggests a potential role in autoimmunity for this SNP.>®
Moreover, the observed genome-wide associations in PXK
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Figure 2. Forest Plots Showing the Pop-
ulation-Specific and Pooled Analyses of
the Variants at Genome-wide or Sugges-
tive Significance in the SSc versus Control
Analysis

(A) 1535677470 in DNASEIL3.

(B) 1577583790 in the SCHIP1-IL12A locus.
(C) 19373839 in ATGS.

(D) rs7130875 in the TREH-DDX6 locus.
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tistical power to detect associations
with large effects despite low fre-
quency of the minor allele. In fact, a
rare variant in the intergenic region
between SCHIP1 and IL12A has
been firmly associated with SSc,
particularly the 1cSSc subset. The
same region was also identified in the
Immunochip analysis in CeD.'°
Trynka et al. identified three different
signals (1576830965, 151353248, and
152561288) in this region.'® However,
these variants were not associated
in our data (p > 0.05), and our
lead SNP (rs77583790) was not
linked to the previously mentioned
polymorphisms. On the contrary,

6 7 8 9

<>+\ H{-H+

0 1 2 0

were in modest LD with and dependent on the DNASEIL3
variant. Thus, we hypothesize that because of its func-
tional implications, the rs35677470 polymorphism is
likely to be the causal variant for the reported associations
with SSc in the region. Considering that this variant is
exclusive to populations with European ancestry and
has a relatively low frequency and only two proxy SNPs
(r* > 0.8), it is not surprising that it remained undiscovered
and that fine mapping of the region was required for
identifying this highly significant association. Interest-
ingly, vascular injury and immune deregulation, which
are both SSc hallmarks, are related to cell damage and de-
regulated apoptosis.®® Therefore, the association between
SSc (especially ACA™ SSc) and the rs35677470 loss-of-
function variant in DNASEIL3 might provide a link
between a defective apoptotic DNA breakdown and the
production of ACA.

Utilizing the Immunochip fine-mapping platform, Eyre
et al. confirmed the same SNP as the SNP most highly asso-
ciated with RA in the region,'” which supports the role of
this gene and this specific variant as a common autoimmu-
nity risk factor. Direct genotyping of this polymorphism in
nonfamilial SLE might shed light on the relevance of this

—
[N)

180014155, one of the four signals
observed in PBC,”° showed 12 = 0.97
with our lead SNP. Therefore, both sig-
nals were equivalent. The location of the SScsignal in the re-
gion upstream of IL12A might point to an effect of this SNP
(or a linked variant) in the regulation of IL12A expression.
Moreover, different loci in the IL12 pathway have been
associated with SSc (i.e., ILI2RB2 and STAT4), and altered
levels of IL12 have been detected in SSc-affected individ-
uals,”'5#°%%7 supporting a relevant role for this inter-
leukin pathway in the disease. Nevertheless, because of
the lack of functional data on this variant, its low frequency,
and the high level of LD in this region, an unknown role of
SCHIP1 or other surrounding loci should not be discarded.

Regarding the association located in ATGS, the ATGS-
encoded protein forms a complex with ATG12 and assists
in autophagosomal elongation.®® Remarkably, this signal
at the genome-wide level links SSc with autophagy. Auto-
phagy is a degradation pathway that mediates pathogen
clearance and allows cells to degrade unwanted cyto-
plasmic material and to recycle nutrients.®® It plays a key
role in both innate and adaptive immune system develop-
ment and responses and has been associated with a num-
ber of AIDs.®® Along this line, several GWASs have found
associations between the autophagy-related gene ATGS
and SLE susceptibility, as well as risk of childhood and
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and SSc, systemic sclerosis cases.

SCHIP1-IL12A 1577583790 3q25

Table 3.
Locus
DNASEIL3
ATGS

adult asthma and decline in lung function.”® However,

recently published fine-mapping studies in RA, CeD, PS,
ATD, PBC, JIA, and narcolepsy did not find associations
with this gene region.'®** Thus, this locus appears to be
restricted to some, but not all, AIDs. In any case, the
intronic location and the protein binding data of the vari-
ants in the ATGS5 region suggest that the functional mean-
ing of these variants might be complex and involve distant
genes (even PRDM1 [MIM 603423], which maps down-
stream of ATG5 and has been associated with different
autoimmune diseases’”’'). Moreover, there is evidence
of a possible binding of CTCF in the rs7763652 region.
This protein is involved in chromatin architecture and
DNA-loop formation,’? which brings up the possibility of
a complex DNA structure in the region. Therefore, we
consider that future research will be needed for deter-
mining the functional implications of this signal.

We also identified a suggestive association in the 11923
intergenic region between TREH and DDX6, which has
been shown to be a shared susceptibility region among
several AIDs. Nevertheless, the different lead SNPs in
DDX6 in the Immunochip analysis of RA (rs4938573),"7
CeD (1510892258),'° and PBC (rs80065107)*° were not
linked with this SSc-suggestive variant. The gene product
of DDX6 (an RNA helicase that is important for efficient
miRNA-induced gene silencing) has been shown to regu-
late vascular endothelial growth factor under hypoxic con-
ditions, which might provide a clue to the vasculopathy
and fibrosis that characterize SSc.”*

The association of these loci provides genetic evidence of
the possible role of defects in DNA elimination during
apoptosis, introduces autophagy as a pathogenic mecha-
nism, and reinforces the role of the IL12 pathway in the
pathogenic processes that lead to SSc onset and disease
progression. Therefore, we consider that the present study,
together with previous knowledge about the genetic
component of SSc, has contributed to the notion of this
disorder as a complex condition in which several biological
mechanisms, such as the innate immune response (Toll-
like receptor and type I IFN pathways), the adaptive
immune response (especially the IL12 pathway), tissue
damage, fibrotic processes, and now DNA-clearance mech-
anisms during apoptosis, interact. However, neither these
mechanisms nor the involved genetic loci should be
considered independent compartments but rather pleio-
tropic players in a genetic and phenotypic continuum.

The analysis of genome-wide associations in already
known loci resulted in the fine mapping of previously re-
ported signals in STAT4 and IRF5. STAT4 is a shared suscep-
tibility factor among RA, CeD, PBC, and JIA, but the most
associated SNPs in the different conditions vary.'®!”29->>
In the case of the TNPO3-IRF5 locus, different variants
have been associated with multiple autoimmune diseases
and previous Immunochip analyses have reported different
lead SNPs in RA and PBC."”**! In our study, the leading
signals in these genes were highly linked with the RA-asso-
ciated variants. The dense mapping of these established SSc
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Figure 3. Regional Plots of the Associations Replicated at Genome-wide Significance in SSc Cases or Different Subgroups in the

Overall Meta-analysis after Imputation
(A) DNASEI1L3 associations in the ACA™ versus control comparison.

(B) DNASE1L3 associations in the ACA™ versus control comparison after conditioning on the lead variant (1s35677470).
(C) SCHIP1-IL12A locus associations in the 1cSSc versus control comparison.
(D) SCHIP1-IL12A locus associations in the 1cSSc versus control comparison after conditioning on the lead variant (rs77583790).

(E) ATGS associations in the dcSSc versus control comparison.

(F) ATGS associations in the dcSSc versus control comparison after conditioning on the lead variant (1s9373839).

p values correspond to the discovery phase.

susceptibility factors resulted in the confirmation of previ-
ous signals and narrowed association regions in these loci
(35 kb in STAT4 and 126 kb in IRFS5, considering the SNPs
showing r* > 0.9 with the lead variant in the locus accord-
ing to the 1000 Genomes Project CEU population).**

In the case of ILI2RB2 and TNIP1, both loci showed
suggestive associations but did not reach genome-wide sig-
nificance. In previous reports, similar results were observed
in the discovery phases in which these loci did not reach
genome-wide significance and large replication cohorts

56 The American Journal of Human Genetics 94, 47-61, January 2, 2014



were needed for confirming these associations.®'"!’

Therefore, we consider that our data reinforce the evidence
of a role for these genes in SSc; however, larger cohorts
should be fine mapped for narrowing down the observed
signals.

As a result of design limitations, not all the known vari-
ants in CD247 and CSK were included in the Immunochip
(which was planned prior to the SSc GWAS), and these re-
gions were therefore only covered by a tag SNP strategy.
Unfortunately, after QC, the tagging SNPs for the reported
associations in these regions were not maintained for
further analysis. Thus, the initial signals were not covered,
and this study could not address the confirmation of these
previous findings.

It is worth mentioning that, as intended in the Immuno-
chip design, our data showed an expected common ge-
netic background between SSc and other AIDs. The genetic
similarities between SSc and SLE are well known,*'® but
our results reinforce the evidence of overlap with other
AIDs, such as RA or PBC. The identification of common
autoimmune risk factors is essential for the characteriza-
tion of different pathogenic mechanisms that contribute
to autoimmunity. Moreover, these common pathways
might shed light on the origin of coautoimmunity and
the preclinical stages of autoimmunity. In addition, rele-
vant information can be inferred from the existence of
different signals in the susceptibility regions or the lack
of association between certain loci and specific diseases.
Therefore, it has been suggested that platforms such as
the Immunochip will help to dissect the pathogenic mech-
anisms underlying multiple disease states and lead to both
more sensitive diagnostics and novel therapies.”*

In summary, we have provided a comprehensive analysis
of associations between the HLA region and SSc and its
subphenotypes. Moreover, we report associations between
DNASE1L3, the SCHIPI-IL12A locus, and ATGS and SSc
and a suggestive association between the TREH-DDX6
locus and SSc. The Immunochip-based interrogation of
the analyzed cohorts revealed shared associations with
other autoimmune diseases, which was the goal of the
Immunochip Consortium, but also identified intriguing
differences. Moreover, our data underline the need for
direct genotyping of virtually all functional polymor-
phisms and rare variants in large cohorts for identifying
variants that have strong effects in disease susceptibility
but that might have been ignored thus far.
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DISCUSSION

Novel genetic findings

The first Immunochip-based dense genotyping performed
in SSc patients was included in this thesis [23]. Interestingly, three
novel genome-wide level associations were identified in this study:
DNASEIL3, ATG5 and SCHIP1/IL12A [23]. Moreover, a novel
HLA imputation method allowed us to describe a model composed
of six polymorphic amino acid positions and seven SNPs that
explained the associations in this region [23, 59, 105]. In addition,
we confirmed at the GWAS significance level the two firmest non-
HLA SSc risk factors, STAT4 and IRF5, and assigned the previously
reported signal in PXK to the functional polymorphism discovered
in the DNASEIL3 locus [23, 103]. Likewise, a suggestively
associated locus, DDX6, was proposed [23]. Furthermore,
previously SSc-related /loci showed suggestive second tier
associations (p-value < 5x107) in our data, such as: BLK, TNFSF4
and ITGAM [78, 103, 117-122]. Besides our Immunochip study, the
article compendium that integrates this doctoral thesis led to the

identification of /LI/2RB2 and the confirmation of TNIPI as SSc
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genetic markers of also at the a = 5x10® level [25, 27]. Likewise,
the role of CD226 in SSc-related ILD was strengthened and a risk
haplotype for this devastating clinical outcome was described [26].
This thesis also contributed to the rejection of RHOB and
PSORSICI as important independent players in SSc pathogenesis

and the discard of KCNAS5 as a PAH marker [24, 25].

Remarkably, the presented pieces of work, together with
previous and contemporary studies, have identified a total of 15 SSc

risk /oci reaching genome-wide significance associations.
An in-depth look into the HLA region

This doctoral thesis includes the most comprehensive SSc
HLA association dissection performed to date, which led to the
identification of an explanatory model of the region reaching the
amino acid level resolution in Mayes et al. [23]. In this line, we
would like to emphasize that although the HLA association with
SSc had been long known and the associated genes had been
already reported, the causal reasons for this association remain
obscure. Several HLA associations with SSc have been previously

described (they are illustrated in 7able 4). Ancestry has been proven
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to influence the association of classical HLA alleles associated with
SSc and its different subtypes [65, 66]. Therefore, due to the
ethnical origin of all the individuals included the current studies, we
will focus in the associations described to date with white
populations as reported in Table 4. Briefly, the HLA-DRB1*1104/
DQA1*0501/ DQB1*0301 haplotype and those HLA-DQBI1 alleles
that encode a non-leucine residue at position 26 (HLA-DQBI1 26
epi) have been shown to be more frequent in SSc patients [66].
Furthermore, the HLA-DRBI1*0701/ DOQAI1*0201/ DOBI1*0202 and
the DRBI1*1501 classical haplotypes have been firmly associated
with protective OR to SSc [66, 74]. In addition, the most significant
SNP association in the two published SSc GWAS corresponded to
the HLA-DQBI locus (rs6457617 in Radtake ef al. and 1s9275224
in Allanore et al.) [61, 63]. However, it is clear now that the
different subsets defined by the patient antibody status show
differential associations in the HLA genes [66, 72]. Thus, ACA+
patients have been reported to have increased frequency of the
HLA-DQAI1*0401, HLA-DQAI*0101 alleles [66]. But also different
variants in the HLA-DQOBI (HLA-DQB1*0501, rs6457617,

1s9275390) and HLA-DRBI (HLA- DRBI1*0101, HLA-DRBI1*0801)
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Table 4. Previously described HLA region associated alleles and their

relation with the amino acid model in Mayes et al.

Conditioned
Locus Variation  Subgroup Effect [ Te— by model*

HLA-DRB1  04:04 SSc Risk 0.85 NA
HLA-DRBI 07:01t SSc Protection 4.58E-17 0.74
HLA-DRBI  11:04% SSc Risk 2.65E-11 1.43E-02
HLA-DRBI  15:01 SSc Protection 0.88 NA
HLA-DQOBI  02:02t SSc Protection 1.37E-14 0.97
HLA-DQBI  03:01% SSc Risk 5.56E-07 0.21
HLA-DQBI  06:02 SSc Protective 0.76 NA
HLA-DQOBI1 26 epi SSc Risk ingli)(;ed NA
HLA-DQOBI 1s6457617  SSc Risk 7.62E-13 0.33
HLA-DQBI 159275224  SSc Risk 1.46E-12 0.45
HLA-DQAI  01:02 SSc Protective 0.61 NA
HLA-DQAI  02:01% SSc Protection  6.58E-17 A
HLA-DQAI 05:01% SSc Risk 0.07 NA
HLA-DRBI  01:01 ACA Risk 6.54E-17 1.21E-04
HLA-DRBI 04:01 ACA Risk 1.11E-04 1.86E-05
HLA-DRBI  04:04 ACA Risk 0.11 NA
HLA-DOBI 03:01 ACA Risk 0.30 NA
HLA-DOBI 05:01 ACA Risk 4.30E-18 1.43E-05
HLA-DOBI 26 epi ACA Risk in(illi)(;ed NA
HLA-DOBI 156457617 ACA Risk 1.59E-23 3.91E-06
HLA-DOBI 1s9275390 ACA Risk 2.34E-28 0.002451
HLA-DQAI 01:01 ACA Risk 1.15E-17 2.09E-05
HLA-DOAlI 04:01 ACA Risk 5.82E-20 a

*P-values after conditioning by the model corresponding to the subgroup were
the initial association was described are reported; a: Determined by the
DQA1 69 T/DQA1 69 L residues; Not included: this variant was not included
in the Immunochip; NA: not applicable since no association was found in the
Immunochip analysis.
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Table 4 (Cont.)

Conditioned
Locus Variation Subgroup Effect [ " by model*

HLA-DRBI 11:04% ATA Risk 1.98E-26 1.09E-05
HLA-DOBI 03:01% ATA Risk 3.38E-12 0.36
HLA-DOBI 05:01 ATA Protective  1.16E-02 2.04E-02
HLA-DQAI 05:01% ATA Risk 3.33E-03 0.22
HLA-DQAI/

DRBI rs3129763 ATA Risk 5.77E-04 0.36
HLA-DPBI 13:01 ATA Risk 1.23E-10 0.01
HLA-DPAl/

DPB] 1s987870 ATA Risk 6.16E-08 2.19E-02
HLA-DPAl/

DPBI rs3135021 ATA Risk 1.40E-03 0.29
HLA-DPAl/

DPBI 1s6901221 ATA Risk NA NA
HLA-DRA rs3129882 ATA Risk 7.03E-12 0.58

*P-values after conditioning by the model corresponding to the subgroup were
the initial association was described are reported; a: Determined by the
DQA1 69 T/DQA1 69 L residues; Not included: this variant was not included
in the Immunochip; NA: not applicable since no association was found in the
Immunochip analysis.

genes have been associated with ACA+ SSc patients [66, 72, 74, 75,
123]. On the other hand, the most prominent association with ATA+
SSc patients corresponds to the HLA-DPBI locus: HLA-
DPBI1*]130] and the combination of rs987870, rs3135021 and
rs6901221 [66, 72, 75]. However, the HLA-DRBI*1104/
DQAI1*0501/ DOBI1*0301 haplotype has been also reported to be

significantly increased in this subset [66, 71, 72, 74, 75, 123].
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The analysis of AD susceptibility caused by the HLA
regions is a complex problem [124]. The linkage disequilibrium is
extremely high in this region, creating long haplotypes.
Furthermore, the region is greatly rich in immune-related genes and
contains MHC class I and class II genes, TNF and complement
genes, TAP and HLA-DM genes [124]. Thus, it is difficult to discern
which gene/s is/are responsible for disease susceptibility [124].
Furthermore, the gene association in the HLA region is often not
unique and multiple genes within the HLA /ocus can contribute to

disease risk and modify the disease risk [124].

The HLA region is the most polymorphic region in the human
genome, especially in the peptide binding groove region which
allows the presentation of a wide range of peptides [124, 125].
Several, and probably simultaneous, mechanisms may connect AD
susceptibility and HLA-mediated peptide presentation: presentation
of key auto-antigens enabled by certain polymorphisms, poor
presentation of essential epitopes during thymic lymphocyte
maturation which results the escape of auto-reactive cells, certain
polymorphisms  create  especial  peptide-binding  groove

conformations that may amplify the immune response, protective
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HLA haplotypes may influence the T, repertoire and keep
inflammation under control, disease-associated HLA alleles present
also viral and microbial peptides that expand self-reactive T-cell
clones [124]. The core binding motif of both HLA class I and HLA
class II molecules is approximately nine amino acids long [126].
But the ends of the HLA class II peptide binding groove are open
and it can accommodate longer peptides [127, 128]. Therefore, the
development of predictive algorithms for peptide binding in HLA
class II is a difficult task since the peptides need to be correctly
aligned before identifying the nine amino acid core-binding motif
[129]. As it was reported in Mayes et al., our Immunochip-based
approach allowed us to identify a six amino acid model, with
serological subgroup specificity that explained the observed
association in our data, including the association of classical HLA
alleles [23]. Remarkably, both polymorphic amino acid positions
associated with the ACA+ subset and two of the four associated
with ATA+ SSc patients were located in the peptide binding groove
of the corresponding HLA-DRBI1, HLA-DQA1 and HLA-DPBI
proteins [23, 130-132]. As it is shown in Figure 8§ and in Table 4,
the previously described classical HLA alleles were not only

conditioned by our model but also, in the majority of them, the
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presence of risk/protection amino acids as described in our model
was concordant with the previously described associated subgroup.
Consequently, those alleles associated with ACA+ risk have ACA+
risk amino acids or ATA+ protective amino acids from our model,
and the opposite situation was found in the ATA+ subgroup. We
consider that this overlap supports the consistency of our model
(Figure 8 and Table 4). However, the association of some alleles
such as HLA-DRBI1*0404 and HLA-DQAI1*0401 are statistically
conditioned but not “functionally” explained by our model, which
suggests that additional amino acids might play an important role
and will be discovered increasing the statistical power by using

larger sample populations.

In addition, according to the data displayed in the HLA-DRBI1
sequence logos (which are the most accurately predicted) accessible
in the MHC Motif Viewer, it is clear that the amino acid
preferences of the binding anchor in ACA+ and ATA+ alleles are
different (Figure 8) [133]. The predictions used in the MHC Motif
Viewer web tool were generated using the NetMHClIpan peptide-

HLA binding prediction method [134]. As it can be observed in
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Figure 8. Previously reported classical four digit HLA alleles associated
with either anti-centromere antibody positive (ACA+) or anti-
topoisomerase positive (ATA+) systemic sclerosis patients and their
relation with the novel HLA amino acid based model described in Mayes
et al. 2014 (A). HLA-DRBI sequence logos for the associated alleles are

also shown (B).
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Figure 8, the 6™ position in the peptide nonamere corresponds to a
neutral amino acid in the ACA+ alleles while it corresponds to a
basic amino acid in the ATA+ associated HLA-DRB1*1104
(Figure §8). These results add evidence to the already reported
ACA+ versus ATA+ subset differences in the HLA region. The
serological subset restricted association of the HLA region was
evident at the classical HLA allele level; then, it was proposed at
the SNP level in Gorlova et al. and finally confirmed at the amino

acid level in the presented Mayes et al. study [23, 66, 72].

In addition to amino acid positions our HLA model
included also independent associations of several SNPs [23].
Interestingly, this SNPs with cis eQTLs showing FDR > 0.05 in
Blood eQTL [115]: rs12528892 with TAP2, PSMB9 and HLA-
DMB, rs17500468 with TAP2, PSMB9, TAPI; rs9277052 with
HLA-DPB1, HSDI17BS8, HLA-DMA, PSMBY; rs24427196, with
HCG27; rs4713605 with HLA-DPB1, HSD17B8, HLA-DMA, HLA-
DOA, TAP2, BRD2; rs443623 with B3GALT4, TAP2 and HLA-
DMB. The existence of reported eQTLs for genes such as HLA-
DMOA, HLA-DMA and HLA-DMB, but also for TAPI and TAP2

and even immunoproteasome subunits such as PSMB9 suggests that
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SSc susceptibility may not lean only in HLA class II alleles but also
imply the whole process of peptide degradation and loading in the
HLA complexes [135-139]. Moreover, it suggests a possible role
for HLA class I unidentified to date. In addition, the HSDI17B8
locus, which is involved the regulation concentration of biologically
active estrogens and androgens, may provide a clue for the already

described SSc sex bias [140].

We are aware that despite the fact that ACA+ and ATA+
are the major autoantibody-established SSc subsets of patients, an
important limitation of our approach was not to include those
patients that may not have these particular antibodies but other less
predominant. In this line, a recent study has suggested an oncogenic
origin for the SSc onset in patients showing antibodies against the
RNA polymerase III (ARA+). SSc ARA+ patients are known to be
more prone to cancer than the other serological subsets and now
Joseph et al. have reported a plausible biological reason [141].
Their data suggest that mutations in the POLR34 gene that encodes
the RPC1 subunit of the RNA polymerase III occur in neoplasias
[141]. Then, the mutant RPC1 acts as an immunogen initiating an

anti-RPC1 immune response diversification if the immune response
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may produce antibody cross-reactivity and stimulate T cell
responses to the wild type auto-antigen [141]. Nevertheless,
additional genetic risk factors should be required to generate and

maintain the observed SSc tissue injury [141].

Considering all the above, we hope that our findings may
help to identify the actual origin of the ACA and ATA antibodies,
their role as pathogenic players and/or disease biomarkers and even
give clues of the biological differences among the autoantibody
subsets and the rationale behind the variable clinical outcomes of

the subgroups.
GWAS data mining and replication

Two GWAS follow-up studies have lead to the
identification of IL/2RB2 as a new piece in the SSc puzzle and to
the confirmation 7NIP] as a strong SSc risk factor, both association
signals reaching genome-wide significance level [25, 27]. In the
case of ILI2RB2, despite the hypothesis-free approximation of
GWAS:s, applying a functional prioritization of the second tier or
“grey zone” suggestive GWAS associations (p-value < 5x107) has

been a successful data mining strategy in our case. Although
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increasing sample size, analyzing more homogeneous patient
groups and avoiding population stratification would improve the
power of GWASSs to detect previously undetected risk loci [57, 59],
we propose the integration of biological function and pathway
information as a discerning tool for suggestive regions of
association. On the other hand, regarding our GWAS replication
effort to address the novel findings in Allanore et al. [63], our
results have also highlighted the need of independent replication of
GWAS findings, especially those signals that did not reach p-value
< 5x10®. Studies based on high throughput genotyping platforms
imply the analysis of multiple tests and restrictive significance
thresholds and replication are mandatory to prevent false positives.
Three novel SSc risk loci (TNIPI, RHOB and PSORSICI) were
proposed in the previously mentioned GWAS, but only TNIPI
reached the standard genome-wide significance threshold after the
intra-study replication phase [63]. Finally, in our data, the signal
RHOB was found to be a false positive association and the
PSORSICI signal was proven to be dependent on the HLA region
[25]. These findings highlight the utility of independent replication.
Moreover, both IL/2RB2 and PSORSICI are located nearby very

relevant autoimmune-related /Joci, IL23R and HLA genes,
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respectively [25, 27]. Therefore, our follow-up studies included a
comprehensive analysis of the dependence relations between the
target Joci and previously identified autoimmune or SSc
susceptibility /oci. On the one hand, our analyses resulted in the
identification of /L/2RB2 as an independent associated gene from
IL23R. IL23R encodes the one of the IL-23 receptor subunits. IL-
23R is highly expressed on activated/memory T cells, T-cell clones,
and NK cells, but also at low levels on monocytes, macrophages,
and DC populations. IL-23 promotes Th17 cells, which produce the
proinflammatory IL-17 [142]. IL-17 secretion by Th17 cells induces
the production of IL-1, IL-6, TNFa, NOS-2, and estimulates the
inflammatory axis [142]. Moreover, IL23R polymorphisms have
been associated with different ADs such as RA, IBD, PS and AS
[143]. Nevertheless, no significant signal was discovered in the
IL23R locus in our SSc data [27]. This lack of association with SSc
in IL23R region was consistent with previous reports and the
existence of a recombination hotspot between both loci supported
the independence towards real independence [27, 144, 145]. On the
other hand, the tested association in the PSORSICI rs3130573
variant was found to be explained by different known classical HLA

alleles in the HLA-DPBI1, HLA-DRBI and especially in HLA-DQA1
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[25, 66]. Consequently, we think that a carefully analysis including
testing for dependence should be carried out when proposing a new

candidate /ocus inside the HLA region.

Fine-mapping of novel and known associated regions

One of the main advantages of the Immunochip platform
is that it comprises the fine-mapping of 186 immune-related loci
without considering MAF thresholds [88]. The identification of the
SSc-associated variant in the DNASEIL3 gene is a clear result of
this design since this variant had not been included in previous high
through-put genotyping platforms, due to its modest MAF and low
LD with surrounding variants [23]. Nevertheless, the inclusion of
this variant in the Immunochip has also unveiled its association with
RA [90]. The DNASEIL3 locus is located in a region (chromosome
3 from 57,900,000bp to 58,250,000bp) which especially enriched in
immune related loci and comprises PXK, ABHD6 and DNASE1L3

itself.

DNASEILS3 is the coding gene for the deoxyribonuclease
1-like 3 protein, a member of the human DNase 1 family expressed

mainly in the liver and secreted by macrophages, which is cleaves

117



DNA in a Ca*"-dependent manner during apoptosis and may play a
role in the immunoglobulin gene reorganization [146-149].
Interestingly, the most associated variant in our SSc¢c Immunochip
cohort, 1s35677470, corresponded to an arginine to cystein
substitution at the 206™ in the mature DNASEIL3 protein. The
observed association reached the most significant non-HLA
association with SSc described to date, reaching a p-value =
4.25x10”" and a meaningful OR = 2.03 in the ACA+ subset of
patients [23]. Moreover, this change alters a phylogenetically
conserved residue and has been proven to produce an inactive
enzyme [150, 151]. Furthermore, among all the non-synonymous
SNPs described in DNASE1L3, the rs35677470 variant was the only
one that could be classified as abolishing the enzyme catalytic
activity [150]. The cause behind this loss of function may be the
lack of a hydrogen bond (predicted by PolyPhen-2) or the formation
of an aberrant disulfide bond between this residue and additional
cysteine residues in the 194™ or 231 positions [110, 150, 151].
These changes might change the tertiary protein structure and lead
to an inactive molecule [150, 151]. Considering the results of our
dependence analyses, that probed that no independent associations

remained after conditioning by rs35677470, we consider that
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despite the high LD in the region we have found the most likely
causal variant for the association in the region [23]. What is more,
different genetic and functional studies have shown that DNASEIL3
is a shared risk factor between different autoimmune and immune-
related diseases such as SLE, asthma, hypocomplementemic
urticarial vasculitis syndrome (HUVS) and now SSc and RA [23,

90, 152-154].

The PXK gene has been found to be associated with SLE
in white patients and with RA [155-157]. Interestingly, the recent
SSc/SLE pan meta-analysis identified PXK as a suggestive risk
locus for SSc and confirmed its association with SLE [103]. PXK
polymorphisms are associated with autoantibody production in SLE
patients [23, 103, 158]. PXK is a PX domain containing
serine/threonine kinase composed of a unique PX domain, a protein
kinase-like domain, and a WASP homology 2 domain [159].
Interestingly, PX domains bind phosphatidylinositol 3-phosphate
and PX containing molecules have been related with internalization
of cell surface proteins into the endosomal compartment [159].
Consequently, PXK has been shown to localize in the endosomal

membrane and to be involved in the internalization and degradation
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of epidermal growth factor receptors (EGFRs) [159]. Epidermal
growth factor (EGF) is essential in dermal wound healing and
promotes stimulation, proliferation, and migration of keratinocyte,
endothelial cells, and fibroblasts [160]. Nevertheless, EGF is also
used as a cancer therapy target [160]. Therefore, PXK was
considered as a good candidate to be the causal gene for the
observed associations a priori [103, 155]. However, recent findings
suggest that the SLE PXK signal may be in fact due to the close
ABHDG6 gene [161]. The ABHD6 gene codes for the abhydrolase
domain-containing protein 6, which in involved in the
endocannabinoid signalling regulation [161]. ABDH6 and
DNASE1L3 have been reported to be upregulated in B cells induced
by Epstein—Barr virus’ EBNA and increased ABDH6 expression is
promoted also after stimulation with estradiol [162, 163]. Moreover,
Oparina et al. found that the SLE-associated genetic variants in this
region act as eQTLs for the ABHD6 gene in lymphoblastoid cell
lines but not in adipose or skin tissues, which further suggests an
immune related function for this gene [161]. Thus, we consider that
our results added to the findings in Oparina et al. point out the
benefits of targeted fine-mapping in AD genetic studies to

determine the real causal variants in associated regions in each
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disease and even discard wrong initial hypotheses that may lead to

inconclusive experiments or unfruitful clinical trials [23, 161].

In the case of other known SSc risk factors that reached
the genome-wide level significance threshold in Mayes et al.,
STAT4 and IRF5, we observed that the lead SNPs in these /oci in
our data rs11893432 and rs62478615 were equivalent to already
reported signals (rs3821236 and rs10488631, respectively) [61].
Moreover, we detected no independent signals in these /oci, which
narrowed down the associated regions. Using the results of this
fine-mapping, we will be further discuss the possible functional
implications of the SSc-related /loci, which may provide new
insights into the SSc pathogenesis and the shared genetic

background of SSc with other ADs.

Rare variant interrogation

GWASs are neither powered nor designed to detect
variation under the rare variant model [164, 165]. Moreover, despite
the effort in cataloguing and studying rare variants in reference
panels as relevant as the 1000 Genomes Project, rare variants are

challenging to impute due to their low LD with surrounding variants
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and need to be directly genotyped [166]. Moreover, PCA and
genomic control are not enough to control stratification at rare
variants [166]. These facts underline the requirement for
geographical match between cases and controls and for replication
[166]. Contrary to the GWAS approach, our Immunochip-based
genotyping strategy included a wide range of low frequency and
rare variants [23]. What is more, we started from a relatively well-
powered discovery cohort to detect even rare variants (MAF < 0.01)
supposing intense variant effects in these markers as suggested by
the rare variant model (power reached 85% for a SNP with a MAF
= 0.01 considering the additive model a predicted OR = 3 and
prevalence = 1/10,000 at the a = 5x10®) [164, 165]. Additionally,
we considered that our large and geographically matched discovery
cohorts and the availability of a wide replication set would
guarantee the identification of false positive findings. Therefore, we
did not exclude from the replication phase a rare variant,
rs77583790, located in the [LI/24 promoter region (MAF in
discovery phase = 0.01). This strategy resulted fruitful since we
confirmed this association as a novel risk factor for SSc, reaching
an OR = 2.81 (p-value = 1.53x10™"") in the IcSSc subset. However,

we could not identify a variety of highly penetrant rare variants in
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our data. These observations are concordant with previous reports
that suggest that rare variants alone may not be the answer to the
observed missing heritability in ADs and other complex traits [164,

166].

Nevertheless, in Mayes et al. we performed only single marker tests
[23] and diverse locus-specific statistical approaches have been
developed to analyze multi-marker association of rare variants with
disease (reviewed in Bansal et al. and Asimit et al. [165, 167]):
collapsing methods based on summary statistics (Cohort Allelic
Sum Test; Combined Multivariate and Collapsing Test; Weighted
Sum Test; Variable-Threshold Approach); methods based on
similarities among individual sequences (Kernel Based Association
Test; Sequence Kernel Association Test); and regression models
that use collapsed sets of variants and other factors as predictors
(collapsing test using proportion of rare variants; AdaptiveSum
Test; LASSO and Ridge Regression). Therefore, for the discussion
of this thesis we have performed multi-marker tests following as
implemented in CCRaVAT. This software enabled us to perform a
large-scale analysis of low MAF polymorphisms by pooling rare

variants within defined regions into a single “super-/ocus”. By these
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means we identified regions that contained a significantly higher
proportion of rare minor alleles in the disease cases or controls.
Collapsing methods as this one, combine multiple rare minor alleles
into a single locus across predefined regions and can substantially
increase power for detecting association [168, 169]. We defined
rare variants as SNPs showing MAF<(0.05. Moreover, we collapsed
all the variants that mapped within the coding region of a gene and
50kb upstream and downstream. The regions that reached an initial
p-value < 1x10” underwent a 100,000 permutation correction.
Those variants in the extended HLA region (chr 6: 20,000,000-
40,000,000) were not considered since we could not control for the
known associations in this region (no covariates could be included
in this analysis). We performed this analysis separately in the two
Immunochip study discovery cohorts and observed that the VAV3
locus remained suggestively significant (p-value < 1x107) in the US
cohort after correction and the FAM1724 region in the Spanish set.
Among the SSc risk factors NOTCH4, TNFSF4, TNFAIP3, ITGAM
and JAZF'I were nominally significant in the US population but not
in the Spanish cohort (7able 5). However, the US suggestively
associated /oci were not significant in Spain (p-value > 0.05) and

the FAMI1724 was not significant in the US cohort (Table 5).
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Furthermore, the frequencies of these variants were very different
among populations (7able 5). The lack of replication between
cohorts may be due to a lack of statistical power. However, these
contradictory results could be expected if we consider that it has
been already reported that ethnicity greatly affects rare variant
association. In this line, rare variants may have been undergone
differential selective pressures in the different populations.
Consequently, the underlying pathways of the disease may be
similar across different populations and common variants are more
prone to be shared among cohorts but rare variants may affect
specific loci in the different populations and will be hard to
replicate trans-ethnically. In any case, these results should be
considered carefully since they do not reach genome-wide
significance, the statistical power of our cohorts was limited and the
identified /oci need to be further investigated. We consider these

regions as good candidates for sequencing approaches.

It should be noted that GWASs are designed to capture
causal variation indirectly, while next-generation sequencing (NGS)
can directly identify the causal variants [170]. Moreover, as stated

previously common diseases could be influenced by rare mutations
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in many different genes[170]. Consequently, both whole-genome
sequencing (WGS) and whole-exome sequencing (WES) are
powerful and nowadays more affordable approaches for detecting
genetic variation within an individual [171]. In addition, deep
targeted exome resequencing of susceptibility loci has been proven

to be a successful strategy in IBD [172, 173].

Patients with rare diseases and cancer are the most frequent
beneficiaries of NGS techniques [171]. However, exome
sequencing or deep sequencing provide complementary information
for complex traits by comprehensively assessing the role of all
variation, both common and rare [174]. Furthermore, there are
many more rare variants than common ones and direct sequencing
uncovers additional rare variants continuously [174]. In fact, as
sample size increases, the number of identified variants increases
faster than expected [174]. Recently, a number of statistical tests
have been designed for NGS derived rare variant analysis [174].
Some of them are Combined Multivariate and Collapsing methods,
as the one applied to our SSc data in this section, but they are more
powerful when data is extracted from NGS platforms and more

variants are integrated [174]. Additional, methods include the
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weighted-sum statistic (WSS), the kernel-based adaptive cluster
(KBAC) test, the variable threshold (VT) approach, SKAT, the rare
variant weighted aggregate statistic (RWAS), the likelihood ratio
test (LRT) and analyses that integrate previously computed
predictions such as PLINK/SEQ [174]. Nevertheless, the sources of
spurious experimental artifacts in sequencing data are yet less well
understood, the optimal depth of the sequencing is still not clear and
may vary depending on the aims of the study, although prediction
and interpretation of coding variants is better known, the knowledge
about regulatory and non-coding regions of the genome is still
scarce [170]. Therefore, our current ability to interrogate the
genome as a whole for variants is limited, especially in rare diseases
such as SSc [170]. However, these limitations will be solved in the
future using appropriate measures to control for the accuracy of
sequence data, genetic and bioinformatic tools to calculate prior
distinctions among variants in probability of influencing disease,
and functional characterization of the variants in both in vivo and in

vitro models [170].
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Genetic connections and biological relevance of the novel

loci

Considering the possible functional implications of the
studied /loci, we think that our results widen the scope of biological
process that may undergo pathogenic alterations that lead to SSc
onset and prognosis. As it can be observed in Figure 5, all the
described SSc genetic susceptibility factors show a great overlap in
the published literature (Pubmed data mining was carried out using
GRAIL as previously mentioned) [79]. It should be noted that the
gene list including the firm SSc risk factors in the following
paragraphs comprises all the loci described in the Introduction
section and the novel SSc susceptibility markers described in the
presented studies [23-27]. Moreover, we interrogated protein-
protein interaction (PPI) databases using the Disease Association
Protein-Protein Link Evaluator software (DAPPLE version 2) and
confirmed that physical interaction between SSc risk factors were
reported in several cases (Figure 9) [175]. The rationale behind our
DAPPLE analysis is based on the assumption that the causal genetic
mutations will affect specific mechanisms that can be detected

using protein-protein interactions [175].
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Following the pipeline implemented in the software, at an
initial step we define the most likely protein coding gene related to
every SNP associated with SSc susceptibility, in our case defined
according to our GRAIL results. Then, protein-protein networks
were built representing proteins as nodes connected by an edge if
there is in vitro evidence of interaction [175]. In vitro interaction
data is extracted from the high-confidence InWeb dataset [176],
which included 33 out of our 36 query proteins (DNASEIL3,
SAMD9IL, KIAA0319L could not be included in further analysis).
Finally, direct networks (in which any two associated proteins can
be connected by exactly one edge) and indirect networks (in which
associated proteins can interact through a common interactor
protein not encoded in associated loci with which the associated
proteins each share an edge) were created (Figure 9) [175]. We
were able to connect 14 out of 33 SSc risk factors via direct
connections. Then, different network connectivity parameters and
properties were calculated. The clearest metric in this analysis is the
direct network connectivity parameter defined as the number of
edges in the direct network, this is, the frequency with which the
different proteins bind to each. In our case, we observed 14 edges,

which was significantly higher than expected (p-value = 9.99x10™).
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Regarding the node properties, the associated protein direct
connectivity was significantly more frequent than expected by
chance (p-value = 2x10”). We conclude that, as previously reported
in RA and CD, SSc risk loci directly interact at the protein level
more than expected randomly, which supports the idea of similar
underlying processes [175]. All but three /oci were connected in an
expanded indirect network. The associated protein indirect
connectivity was significantly enriched (p-value = 2.30x107), but
the average number of proteins in distinct loci bound by common
interactors in indirect networks (common interactor connectivity)
did not reach statistical significance (p-value = 0.05). Thus, despite
the evidence for an expanding PPI network in SSc, we consider that
important connecting nodes and intermediate risk factors will be

needed to complete this interaction picture properly.

The results above pointed toward common altered
pathways; therefore, we accomplished a molecular pathway
enrichment analysis using the Gene Set Enrichment Analysis
(GSEA) and DAVID approaches [177-179]. Using GSEA and
DAVID we evaluated the overlap of a specific gene set (the set of

SSc-related risk factors) with the MSigDB collections (Biocarta,
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KEGG and Reactome collections) in a very simplistic manner.
When gene sets share genes, their overlap suggests common
processes, pathways, and underlying biological themes. Table 6
shows all the gene sets that showed a significant enrichment p-value
(p-value < 0.05) after False Discovery Rate (FDR) correction
(GSEA) or Bonferroni correction (DAVID) with the MSigDB
collections. It should be noted that DAVID provided more
restringing results than GSEA (7able 6), but both algorithms lead to
very overlapping results. The interrogation of the three databases
had coincident results that highlight the relevance of T-cells in the
disease, especially in the Biocarta set in which 8 out of 11
significantly enriched pathways were directly related to T-cells
(Table 6). In this regard, it should be taken into account that
experimental and clinical data backup the enriched pathways based
on genetic evidence. Remarkably, T-cells have been shown to
present abnormalities in SSc patients and are supposed to play a
relevant role in SSc pathology [13]. Remarkably, several SSc
mouse models have demonstrated that T-cell depletion reduces
fibrosis [180-182]. Furthermore, multiple of T-cell directed
therapies  (alemtuzumab, anti-human thymocyte globulin,

basiliximab...) have have shown promising results that confirm the
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essential role of T-cells in the disease [183-186]. It is also known
that T-cells are present in the SSc fibrotic foci in the skin and
several T-cell populations (activated and memory CD4+ T-cells,
CD4+CD25+ Tregs, CD4+CD8+ double positive T-cells, CD8+ T-
cells) have been reported to have altered numbers and
responsiveness in SSc patients [13]. Moreover, T-cells produce IL-6
that is clearly pro-inflammatory but also directly pro-fibrotic and
are able to release IL-6 soluble receptor. Thus, T-cells produce the
pro-fibrotic cytokine and also release the soluble IL-6 receptor
increasing the responsiveness of the local microenvironment. A Th2
response is also a major characteristic of SSc [187]. The Th2
response promotes tissue repair and Th2 cytokines (IL-4, [L-13) are
predominantly pro-fibrotic [13, 188]. Moreover, the initial IL-4/IL-
13 trigger is of unknown origin although alternatively activated
macrophages have been proposed as the link between the innate and
adaptative immune responses [13, 189, 190]. Interestingly, the Th2
response inhibits the Th1 response and vice versa. Therefore, T-cell
polarization regulators may be suitable as drug targets in SSc. In
this direction, STAT4 a major non-HLA SSc genetic marker for SSc
has been described as an interesting target for disease treatment [65,

191]. STAT4 knock-out mice (stat4-/-) have been reported to
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show less dermal thickness along with less collagen deposition and
lower levels of myofibroblast markers after bleomycin injection
than wild-type mice [191]. In addition to its role in fibrosis, STAT4
was found to influence inflammation in the bleomycin model. Stat4-
/- mice showed a reduction in infiltrating CD4+ and CD8+ T-cells
(not B-cells or monocytes) and of proliferating T-cells, which
suggests that STAT4 may control T-cell proliferation in SSc skin
[191]. STAT4 ablation ameliorated the bleomycin induced IFN-y,
IL-6 and IL-2 elevation, but did not alter the IL-4, IL-5 and TGF-3
levels [191]. Thus, besides its clear association with increased SSc
susceptibility, STAT4 is involved in matrix deposition, T-cell
proliferation and cytokine production, making it a suitable drug
therapy candidate [191]. Considering that STAT4 is essential for
IL-12 response in T-cells and NK cells, the promising results in
Stat4-/- mice, the identification of two genome-wide level
associations in the IL-12 pathway in this thesis (/L/2RB2 and
IL124) and the implication of IL-12 in the Th1-Th2 response, we
propose this pathway as a major candidate for SSc treatment [116,
191-193]. Interestingly, IL-12 inhibitors have been long used in PS
and psoriatic arthritis which are typical Thl diseases [194].

However, in the case of the Th2 polarized SSc immune response, an
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increase in IL-12 production may help restore the Th1/Th2 balance.
Remarkably, dichloroacetate (a promising anticancer drug that
restores mitochondrial function and allows cancer cells to undergo
apoptosis) has been recently reported to activate the IFNy/IL-12
axis and promote a Thl response [195]. Furthermore, the IFNy
pathway was found to be over-represented in our pathway-
enrichment analysis (7able 6), which provides further genetic

evidence for the relevance of this pathway.

Additional T-cell co-stimulatory pathways such as those
including CD226 and TNFSF4, also identified by our group, should
also be considered as suitable targets [26, 120]. Regarding CD226,
this molecule is expressed by NK cells and CD8+ T-cells promotes
adhesion and enhances cytolysis. Several CD226 (DNAM-1)
monoclonal antibodies have been generated and the absence of
CD226 has been shown to increase T, expansion and the
suppressive function of these cells in graft-versus-leukemia after
bone marrow transplantation [196, 197]. This evidence suggests a
possible therapeutic use of CD226 inhibition to promote tolerance
in diseases characterized by T-cell activation [197]. The OX40-

OX40L (TNFSF4) interaction is critical for the generation of
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productive effector and memory T-cell functions [198]. Several
0X40 agonists that mimic TNFSF4 binding have been described to
stimulate T-cell proliferation and IFNy production and Tregs
expanded by both OX40 and IL-2 are potent suppressor cells [199,
200]. On the other hand, Th2 induction upon Nodl and Nod2
activation is dependent on OX40 ligand, on dendritic cells. Thus,
TNFSF4 role and possible therapies exploiting its properties might

be considered carefully [201].

Besides the relevance of T-cells, the innate immune
system compartment seems to be both genetically and functionally
important for SSc pathogenesis. Interestingly, several SSc genetic
risk factors such as IRF5, IRF7 and IRFS, belong to a family of
transcription factors that is activated after type I interferon
induction [65, 202, 203]. Consequently, we also found the type I
IFN as an enriched pathway in our Reactome database search as
implemented in GSEA (7able 6). Moreover, SSc has been
demonstrated to have an IFN-signature, i.e. an increased expression
of type I IFN-induced genes [202]. Interestingly, IRF5 turns on an
interferon-induced gene cascade that starts with TLR signaling and

that codes for signaling molecules, proteins involved in adhesion,
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cell-cycle regulation, apoptosis and early immune response [204,
205]. IRF5 knock-out mice models (IRF-5-/-) have demonstrated
the implication of this factor in TNF-a and IL-6 production and it
has also been involved in caspase pathways and apoptosis [206].
IRF-7, is a key regulator of IFN- o/f production [207].
Interestingly, targeted knockdown of /RF5 and IRF7 (among
others) using siRNAs in monocytic human cell lines have shown
that both of them regulate IL-6 production and different sets of IFN-
regulated molecules [208]. On the one hand, reduction of /RF5 was
reported to decrease the levels of the pro-inflammatory IFNg, IP-10,
MCP1 and RANTES [208]. On the other hand, /RF'7 regulated IFNg
and IP-10 [208]. Thus, inhibition of these proteins may be a
promising treatment strategy in SSc and other related ADs [208-

210].

We will also like to emphasize that pathway enrichment
analyses may be an appropriate basis to prioritize among multiple
suggestive signals. However, our naive method included only well-
known SSc risk factors and would hardly generate novel hypotheses
that lead to unexpected inferences. For example: DNASEIL3 and

ATGS loci, which are not easily linked to the rest of risk factors or
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participate of the same cell mechanisms (Figure 5, Figure 8, Table
6), were not powerful enough to reveal new pathways in our
analyses. Nevertheless, we speculate that debris clearance and
autophagy should be considered in the future as novel target

pathways to take into account in SSc pathology.

To overcome this lack of novelty, several groups have
proposed multiple GSEA variations to apply pathway-based
approaches to GWAS [211, 212]. In these strategies, all the variants
are considered together and overlooked pathways maybe detected
[211]. However, GWAS produce genetic marker lists, not gene lists;
thus, the reliable conversion of SNPs to genes remains a drawback
in the process [212]. Taking advantage of new advances, we have
applied a Meta-Analysis Geneset Enrichment of variaNT
Associations (MAGENTA) approach to our Immunochip data
[213]. MAGENTA is able to combine variant association p-values
into gene scores and to correct for different confounding factors
(gene size, variant number, and linkage disequilibrium properties)
[213]. This software has been successfully used in RA and has been
reported to detect associations likely missed by single-marker

analysis [213, 214]. Therefore, we conducted a molecular

144



enrichment analysis using MAGENTA software and adopting GO,
Panther, Panther Molecular Function, Ingenuity, KEGG, Biocarta
and Reactome databases as pathway information resources using
our Immunochip study complete results [23, 213]. We defined
significance based on FDR correction after 10° permutations [214].
Although several pathways showed initial significance after FDR
correction only the PPARa/RXRa activation pathway from
Ingenuity database and BCR, NFAT and TCR pathways from
Biocarta remained significantly associated (p-value < 0.05). It
should be taken into account that the study by Okada et al.
comprised 29,880 RA cases and 73,758 controls, while our study
discovery cohorts reached 1,833 SSc patients and 3,466 controls
[214]. Therefore, despite the very modest results of our analysis
compared to those in Okada et al., we consider that this approach
remains an interesting data-mining method since no genotype
information is needed and different populations may be meta-
analyzed in the future providing more powerful results [213, 214].
In any case, we think that the recent identification of PPARy as a
SSc risk factor and the relevance of the NFAT pathway in T-cell
development and function, together with the described results,

propose than PPARa/y-mediated lipid metabolism and the control
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of thymocyte development, T-cell differentiation and tolerance
mechanisms mediated by NFAT proteins should be taken into

account in future SSc research [86, 215, 216].
The causal variant quest

It is necessary for geneticist not only to report those
regions in the genome that are associated with complex traits but
also to identify the causal variant/s for the reported associations.
Therefore, we have interrogated a wide number of publically
available databases in order to suggest the most likely causal
variant/variants for each firm SSc susceptibility /ocus. First, we
conducted functional annotation of SSc risk SNPs using
ANNOVAR [217]. We included in our analysis not only the
associated variants but also all the SNPs that were in high linkage
disequilibrium with the associated variants in the 1000 Genomes
Project CEU population (R* > 0.8) [214]. The identified variant in
IL124 was not included in this analysis due to its very low
frequency and the inconsistent LD patterns due to this low MAF.
ANNOVAR implements the annotation of SNPs and
insertions/deletions and the examination of their functional

consequence on genes, the inference of cytogenetic bands, the
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report of functional importance scores, the finding of variants in
conserved regions and the identification of variants reported in the
1000 Genomes Project and dbSNP [217]. Although only 1.80% of
the selected variants were located in coding regions, a 40% of SSc
associated /oci were or tagged at least one exonic variant (Figure
10). However, this proportion may result misleading since only 3
loci were could be linked to missense mutations: PTPN22, in which
the well-known rs2476601 encodes a damaging Trp to Arg amino
acid change which has been related to several ADs but especially
RA; CD226, with rs763361 that is located in the cytoplasmic tail of
the protein; DNASEIL3, in which rs35677470 encodes an Arg to
Cys change with unclear structural consequences that lead to an
inactive protein [23, 26, 218]. As it could be expected, the majority
of selected SNPs mapped in intronic regions (69.44%) and almost
all the loci included this kind of variants (84%) (Figure 10).
Intronic regions are larger than coding regions and have less a
priori probabilities of playing a functional role. Despite that other
functional categories (UTR3’, UTRS’, splicing sites, upstream and
downstream variants and non-coding RNA located variants) were
represented among the selected variants, the second most frequent

category comprised that intergenic variants that may play a role in
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gene expression control (Figure 10). Therefore, using the large data
set in Westra et al. (peripheral blood mononuclear cells from 5,311
individuals), we analyzed the presence of cis and trans-eQTLs
among the identified variants [115]. We observed that a 18.79% of
the SSc-associated or proxy SNPs were significantly linked with
cis-eQTLs for the established gene, 27.78% with cis-eQTLs for
either the a priori affected gene or other/s and only 0.82% were
found to act as trans-eQTLs (p<0.05 after FDR correction). Cis-
eQTLs were described for the following SSc genetic susceptibility
factors: BANKI, BLK, CD226, CD247, CSK, IRF5, IRF7, ITGAM,
NFKBI1, PTPN22 and TNIPI (Figure 10). Moreover, rs4963128,
which is a cis-eQTL for /RF7, was the only /ocus that was found to
be a significant trans-eQTL for the PRDM?2 locus (that may act as a
specific estrogen activator) and other proteins involved in lipid and
glucose metabolism (ZNF512), metalloproteinase inhibition
(ITGA7) and other gene desert regions [219-221]. We consider that
this interesting role as trans-eQTL for /RF7 region variants is
logical due to its previously discussed function as IFN response
modulator and should be further explored. However, Carmona et al.
suggested that the association of this variant may be due to a non-

synonymous variant in /RF7 (rs1131665), which is linked but not
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a proxy for rs4963128 [222]. Consequently, we consider that the

role of /RF7 variants needs to be further studied.

Establishing the causal variant/s for an observed
association can be a tricky aim as recently described by Smemo et
al. [223]. The authors of this report redefined the long known and
unsuccessfully functionally characterized genetic association of
FTO with T2D to the distant /RX3 locus, after a comprehensive
promoter genomic interaction profiling of the region and the
generation of a Irx3-deficient mice model [223]. Nevertheless,
being aware of the limitations of our approach, we consider that in
depth genetic analysis of the SSc-associated regions (summarized in
Figure 10 and Appendix 1) may provide useful as a priori clues for
the future functional research that will be needed to either confirm

or discard the implication of the selected /oci in SSc pathogenesis.

Pleiotropy with other phenotypes and ADs

As commented in the Introduction section, ADs share a
common genetic background [102]. This genetic overlap was not
unexpected since ADs share some clinical and immunological

features [224]. Moreover, co/polyautoimmunity (an individual with
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two or more ADs) is common in ADs, for example a 25.7% of
polyautoimmunity prevalence has been observed in SSc patients
[225]. Interestingly, 71 loci have been reported to show associations
at the genome-wide level (p < 5x10~%) with two or more ADs [224].
Since this pleiotropic effect of some /Joci has long been
acknowledged, Immunochip studies have tried to make use of this
particularity [88]. It should not be forgotten that the main aims of
the Immunochip studies were the replication of AD-related GWAS
results and fine-mapping of confirmed susceptibility loci [88, 224].
Therefore, considering the publication of several Immunochip
studies in several ADs (including SSc) and the growing number of
SSc risk factors identified to date, we would like to update the
picture of the genetic overlap of SSc with other ADs. Therefore, we
used again the firmest associations outside the HLA region with
SSc susceptibility (defined previously) and analyzed which if them
have been clearly related to one or more ADs (such as SLE, RA,
AS, CeD, IBD, PS, T1D and PBC). Figure 11 illustrates the shared
genetic component between SSc and the previously mentioned
ADs. For this relationship matrix we used the recent revision by
Parkes et al., the novel study in RA that identified 101 RA /oci by

Okada et al., the recently published PBC Immunochip studies and
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the SLE genetics review by Delgado-Vega et al. [94, 95, 214, 224,
226]. As it can be observed in the figure, we found that 81.48% of
SSc genetic factors showed pleiotropy with at least another AD and
51.85% were shared between SSc and more than one additional AD.
As reported previously, the major overlap was observed for SSc and
SLE [65]. Moreover, the recent SSc/SLE pan-meta GWAS
identified a novel common locus KIAA0319L and a novel locus for
SSc that had already been reported to be associated with SLE,
JAZFI (the PXK association has been previously addressed) [103].
However, the overwhelming identification of 40 new RA /oci has
been unveiled an extense overlap between both diseases[214].
Therefore, we think that evidence points towards an increasing
shared component between SSc and SLE and RA as our power and
accuracy to detect novel associations increases. Nevertheless, we
consider that the approximately 10% of SSc exclusive associations
should be analyzed comprehensively since most of them have been
associated with fibrotic processes (SOX5, NOTCH4, PPARG) and
may bear the key to the essential fibrotic nature of SSc [227-231].
In addition, we would like to highlight the important overlap

between SSc and other autoimmune fibrotic disease such as
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PBC, with 22.22% of SSc risk factors being common. It is also
interesting that PBC has been reported to account for 4% of SSc
coautoimmunity cases, which may suggest common pathogenic
mechanisms for both diseases [232]. Consequently, we consider
than following a pan-meta GWAS strategy between SSc and other
systemic or organ specific fibrotic diseases may shed light into the

origin and maintenance of fibrosis in SSc patients.

Systemic sclerosis heritability

Integrating the above mentioned increasing number of
SSc genetic susceptibility factors and our high-throughput
genotyping data of large SSc cohorts. We think that it is now
possible for us to address a topic that has remained controversial
since the initial genetic interrogation of SSc patients, the estimation
of SSc heritability. Heritability is broadly defined as the proportion
of phenotypic variance due to genetic factors [233]. This parameter
is assumed to be important in complex diseases with a large genetic
component. However, in SSc the available twin studies provided
disappointingly reduced heritability estimates, likely due to a clear
lack of power [51]. In fact, SSc concordance was estimated to be

similar in monozygotic (MZ) and dizygotic (DZ) twins (rvz = 0.042
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and rpz = 0.056), but the concordance of positive titers of
antinuclear autoantibodies (ANA) was found to be very high (ryz =
0.95 and rpz = 0.65) [51]. Therefore, according to Falconer’s
formula of broad sense heritability [h2 = 2*(rmz — tp2)], SSC
heritability may range from 0 to 0.70 [234]. In any case, estimating
heritability in a complex trait is a difficult aim [233]; but Visscher
and collaborators have described a method for exploiting the
variation in genetic concordance among siblings using GWAS
genotype data to estimate heritability, GREML implemented in the
GCTA package [235, 236]. Moreover, the same group has extended
their method to use the same strategy with unrelated individuals I
case-control studies [237]. In their approach, for any complex trait
more genotype sharing should mean greater phenotypic
concordance [235]. Since unrelated individuals don’t share the same
environment, it is possible to separate genetic effects from
environmental factors [235]. Despite its limitations, we consider
that this new method may help calculate the proportion of SSc
heritability that has been explained to date and even more, it may
help us to quantify the contribution of the Immunochip fine-

mapping to the missing heritability quest in SSc patients.
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As described previously, we will carry out our
estimations using case-control data. Therefore, our scale will be set
as binary (case/control status) not as a quantitative trait, we will
control for ascertainment (higher proportion of cases in our sample
set than in the general population) and we will only include SNPs
that passed the stringent QC filters described elsewhere [23, 61,
237]. In Table 7 we report the heritability on the observed scale
(h,"), which is the genetic variance, but we also transform the
proportion of variance in case-control status that is explained by all
SNPs on the observed scale to the proportion of variance in disease
liability that is captured by the SNPs at population level on the
unobserved underlying scale of disease liability (h?). Thus, we will
translate the data obtained in our samples to the real disease
liability, i.e. not only genetic susceptibility but also the whole
combination of external circumstances that makes an individual
more or less likely to develop the disease. This parameter depends
on the prevalence of the disease in the population and the

proportional of cases in the sample.

For the following estimations we used our imputed

GWAS (the HapMap Project phase 3 data was set as reference
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panel) and our Immunochip genotype data, calculations were
performed under the previously described GREML method and
establishing disease prevalence as 1/10,000 and a case proportion of
32.40% in the GWAS cohorts and 33.97% for the Immunochip
cohorts [235, 237]. The using GCTA-GREML Power Calculator the
probability of our GWAS cohorts to detect a h® > 0.1 reached
99.99%, assuming the above mentioned disease prevalence,
0=5*10" and a variance of the SNP-derived genetic
relationships=2”‘10'5 [238]. Under the same conditions, the power of
the Immunochip cohorts reached 68.82%. However, adjusting the
variance of the SNP-derived genetic relationships as recommend by
the authors, this is, using empirical variance of the off-diagonals of
the GRM = 5*10™, power increased to a virtual 100% [238]. It
should be noted that the effective number of SNPs in both sets, i.e.
the number of independent variants as defined elsewhere [239], was
greatly different between the GWAS and the Immunochip
approaches 30,839 SNPs and 13,268 SNPs in linkage equilibrium,
respectively. This parameters are in concordance with previous
reports [240]. The first 3 principal components were included as

covariates to control for population stratification [237]. As it can be
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observed in Table 7, the proportion of variance in case-control
status that was explained by all SNPs ranged 0.39 in the GWAS
data and 0.44 in the Immunochip dataset. In the disease liability
scale our genotyping platforms accounted for 0.09 and 0.10 of SSc
heritability in the general population, respectively (Table 7). These
estimates are lower than those observed in other ADs such as CD,
UC and TID [237, 240]. However, we recognize that our SSc
sample size is smaller than those reached in the mentioned diseases
which are more prevalent is the Western population. Therefore, the
gap between our estimates and the real disease liability heritability
may be large. In any case, our results establish a lower bound for
heritability of SSc liability and we can confirm that SSc heritability
in the broad sense was underestimated in the initial twin studies. It
should be remarked that the HLA region accounted for
approximately 10% of the explained liability heritability in both
platforms (7able 7). Considering the known SSc-associated regions
including the loci described in the present thesis resulted in a local
explained a heritability of SSc liability reaching 0.7% for GWAS
data and 1% for the Immunochip (7able 7). In order not to lose
possible secondary signals or epistatic effects, our local estimations

comprised all the variants located 500kb upstream and downstream

159



the associated variants. This window size was established according
to empirical data from a previous report by Gusev et al. which
quantified missing heritability at known GWAS Joci and established
a 1Mb window as a stable window for heritability estimation [241].
Our results were in the line of those reported in the mentioned
report for RA, T1D and UC, but lower than the calculated estimates
for T2D and MS [241]. However, our data included several

populations and LD-residual correction was not applied.

It can also be inferred from our data that the HLA region
association is comparable and even greater than all the remaining
loci together. Interestingly, if we had only considered the HLA
region and the known /loci we would have only estimated an
explained SSc liability heritability of around 2%, but including all
the SNPs in each platform lead us to a higher but firm estimation
reaching 10%. Therefore, highly significant and well-replicated
SNPs identified to date account only for ~20% of the estimated
explained heritability for SSc liability. Hence, 80% approximately
of the variation due to already tested SNPs identified in our analysis
has been undetected in published GWASs. This overlooked SNP

effects may be too small to be statistically significant or arise due to
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the lack of awareness of the complex genetic interactions between
them [235, 240]. However, the followed strategy accumulates the
variance explained by all SNPs and is not limited by the need for
individual SNPs to pass stringent significance tests [235]. The
Immunochip contains rare variants directly genotyped which may
give us a clue that the real causal variant/s have lower frequency
and some of the association peaks that have been described may be
caused by synthetic associations with this rarer causal variants that
remain unknown [237]. As expected, the removal of low frequency
and rare variants affected more severely to the Immunochip than to
the GWAS estimates (Table 7) [240]. Therefore, SNPs with low
MAF explained proportionally more variance in the Immunochip
than in the GWAS data [240]. Additionally, the Immunochip fine-
mapping lead to a higher explained heritability of liability in the
known regions (7Table 7), suggesting that the causal variants were
better tagged in this platform. However, considering the overall
results, little divergence was observed between the estimates from
both platforms despite the differences in SNP numbers and sample
size. Then, the Immunochip data explained at least as much
variation as, but not substantially more than, the corresponding

regions in the GWAS data. This observation is consistent with
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previous in CD and UC results. However, Chen et al. found that
compared to the GWAS data, the Immunochip suffered substantial
information loss from inadequate tagging of the complete genome
due to the uneven density of its marker distribution [240]. In our
case, both platforms were equivalent. However, we would like to
remark that, as previously pointed out, our sample sizes are still
modest for these estimations. Moreover, our estimations may be
biased simply by the use of a finite number of SNPs, the differential
LD patterns among populations, etc [235, 237]. In addition, SSc
was not one of the ADs used in the Immunochip design but
controls. [88]. Thus, it is likely that larger GWASs with denser
marker sets and more adequate custom fine-mapping platforms may
lead to higher explained disease heritability. Moreover, previous
reports have documented overlap between causal variants from
different ADs, which is supported by our Immunochip data. The
difference between the heritability of SSc liability due to known
factors and the rest due to the remaining variants in the
Immunochip, which are clearly immune-biased, shows that several
shared autoimmune risk factors are involved in SSc missing
heritability but yet uncovered [102, 241]. Thus, we propose

pleiotropic loci as good follow-up candidates.
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The method that we have presented in this section should
not be misinterpreted as a method for estimating the heritability of
SSc. It is in fact an estimation of the variance in SSc explained by

the SNPs.

Although the heritability explained by the known SSc
risk factors may seem modest, we would like to point out that it is
indeed a great advance that was not possible a decade ago. Anyway,
we would like to notice that explaining all the missing SSc
heritability was not the main focus of our studies. Otherwise, our
aim was to detect /oci that are associated with SSc and provide new
insights about the disease genetics that explain its pathognomonic
characteristics and support further genetic, functional and clinical

research.
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CONCLUSIONS

. The novel identified loci DNASEIL3, ATGS5, SCHIP1/IL124
and /L12RB2 are associated with susceptibility to systemic

sclerosis.

. The TNIPI locus, but not RHOB and PSORSICI, was

confirmed as an SSc genetic risk factor.

. A six amino acid and seven SNP model explains all the
associations with SSc susceptibility observed in the HLA

region in our data.

. A three variant haplotype in the CD226 gene is associated
with increased frequency of pulmonary fibrosis in SSc

patients.

. The previous findings of association of the KCNAS5 locus
with higher frequency of pulmonary arterial hypertension in

SSc cases were not replicated.

. Pathway analysis suggests that T-cells, especially via IL12
signaling, and the type I interferon pathway are essential in

SSc pathogenesis.
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7. Using a combined strategy combining public resources and
novel in silico tools, we have proposed probable causal
variants for several SSc risk /oci either in the coding regions

or in regulatory elements.

8. Our data have highlighted an increasing overlap of SSc with
other autoimmune diseases, especially systemic lupus
erythematosus, rheumatoid arthritis and other fibrotic

disorders such as primary biliary cirrhosis.

9. Our SSc heritability estimates using high-throughput
genotype data confirm that SSc heritability in the broad

sense was underestimated in the previous SSc twin studies.
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CONCLUSIONES

1. Los genes DNASEIL3, ATGS5, SCHIPI/ILI2A e ILI2RB2

estan asociados a la susceptibilidad a la esclerosis sistémica.

2. El locus del gen TNIP1, pero no RHOB ni PSORSICI, fue

confirmado como factor de riesgo genético a la esclerodermia.

3. Un modelo compuesto por seis aminodcidos y siete
polimorfismos de un solo nucledtido explica todas las
asociaciones con susceptibilidad a esclerosis sistémica

observadas en la region del HLA en nuestros datos.

4. Un haplotipo de tres variantes en el gen CD226 se asocia con
una mayor predisposicion a la aparicion de fibrosis pulmonar

en pacientes de esclerosis sistémica.

5. La evidencia previa de asociacién del locus KCNAS a una
mayor frecuencia de aparicion de hipertension arterial
pulmonar en pacientes de esclerosis sistémica no fue replicada

en nuestras cohortes.

6. Los analisis de rutas bioquimicas realizados en la presente

tesis sugieren que los linfocitos T, especialmente mediante la
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ruta de sefializacion de la IL-12, y la ruta del interferén de
tipo I son esenciales en la patogénesis de la esclerosis

sistémica.

7. Mediante una estrategia combinada usando bases de datos
publicas asi como novedosas herramientas bioinformaticas,
proponemos variantes causales probables, tanto en las
regiones codificantes como en zonas reguladoras, para varios

loci asociados al riesgo a padecer esclerosis sistémica.

8. Nuestros datos ha puesto de manifiesto el creciente
solapamiento de la esclerosis sistémica con otras
enfermedades  autoinmunes, especialmente el lupus
eritematoso, la artritis reumatoide y otros desordenes

fibroticos como la cirrosis biliar primaria.

9. Nuestra estimacion de la heredabilidad de la esclerodermia
usando datos de genotipado de alto rendimiento ha
confirmado que la heredabilidad de la esclerodermia en
sentido amplio fue subestimada previamente en los estudios

llevados a cabo en pares de gemelos con la enfermedad.
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