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ABBREVIATIONS 

ABHD6: 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 

ATG5: autophagy related 5 

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

polypeptide 4  

BANK1: B-cell scaffold protein with ankyrin repeats 1 

BLK: B lymphoid tyrosine kinase  
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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 

DNASE1L3: deoxyribonuclease I-like 3 

EC: endothelial cells 

ECM: extracellular matrix 

eQTL: expression quantitative trait loci  
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ESYT1: extended synaptotagmin-like protein 1 

FTO: fat mass and obesity associated  

GRB10: growth factor receptor-bound protein 10 

GWAS: genome wide association study 

HCMV: human cytomegalovirus 

HLA: human leukocyte antigen 

HRCT: high resolution computed tomography 

HSD17B8: hydroxysteroid (17-beta) dehydrogenase 8 

HSD17B8: hydroxysteroid (17-beta) dehydrogenase 8 

IFN: interferon 

IKZF1: IKAROS family zinc finger 1 

IL12A: interleukin 12A 

IL12RB2: interleukin 12 receptor, beta 2  

IL23R: interleukin 23 receptor  

ILD: interstitial lung disease 
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IRF5: interferon regulatory factor 5  

IRF7: interferon regulatory factor 7 

IRF8: 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 

KBAC: the kernel-based adaptive cluster test  

KCNA5: potassium voltage-gated channel, shaker-related 

subfamily, member 5 

KIAA0319L: KIAA0319-like 

KIR: killer-cell immunoglobulin-like receptors  

lcSSc: limited cutaneous systemic sclerosis 

LD: linkage disequilibrium 
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LRT: the likelihood ratio test 

MAF: minor allele frequency 

NFAT: nuclear factor of activated T cells 

NFKB1: 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) III (DNA directed) polypeptide A 

PPARG: peroxisome proliferator-activated receptor gamma 

PRDM2: PR domain containing 2, with ZNF domain 

PS: psoriasis  

PSC: primary sclerosing cholangitis 
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PSMB9: proteasome (prosome, macropain) subunit, beta type, 9 

PSORS1C1: 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 
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STAT4: signal transducer and activator of transcription 4 

TAP: transporter  ATP-binding cassette 

TF: transcription factor 

TGF-β: transforming growth factor β 

TNF- α: tumor necrosis factor α 

TNFAIP3: tumor necrosis factor α-induced protein 3 

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

TNIP1: 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 
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α-SMA: α-smooth muscle actin 
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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 
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three novel SSc risk factors: DNASE1L3, SCHIP1/ IL12A and 

ATG5. Interestingly, the DNASE1L3 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 

IL12RB2 locus as an SSc susceptibility factor. Our findings in the 

IL12A and IL12RB2 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 PSORS1C1 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 KCNA5, 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 KCNA5 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 
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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 fibróticos en la 

piel y los órganos internos. El daño endotelial, el depósito excesivo 

de matriz extracelular y el desequilibrio inmunológico son los 

principales mecanismos pato-fisiológicos que subyacen la aparición 

y la progresión de la SSc. Además, la SSc se clasifica como una 

enfermedad compleja pues tanto la predisposición genética como 

factores ambientales contribuyen al desarrollo de la SSc. La SSc 

muestra un amplio rango de manifestaciones fenotípicas y 

características clínicas heterogéneas. En cualquier caso, los 

pacientes de SSc se pueden clasificar de manera clásica según la 

extensión de la fibrosis en la piel (en la forma cutánea limitada y 

cutánea difusa de la enfermedad) y atendiendo a sus características 

serológicas (basándonos en la presencia de dos tipos mayoritarios 

de auto-anticuerpos: anticuerpos anti-centrómero y anticuerpos anti-

topoisomerasa). 

 La presente tesis doctoral se centra en el estudio del 

componente genético de la SSc. Significativamente, el primer 
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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 llevó a la 

identificación de tres nuevos factores de riesgo para la SSc: 

DNASE1L3, SCHIP1/IL12A y ATG5. Cabe resaltar que el locus del 

gen DNASE1L3 constituye la asociación más significativa con SSc 

fuera de la región del HLA. La aproximación enfocada al sistema 

inmunológico que proporciona el Immunochip nos permitió 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 análisis más exhaustivo de la región 

del HLA en pacientes de SSc hasta la fecha e identificamos un 

modelo de seis aminoácidos y siete polimorfismos de un solo 

nucleótido (SNP) que explica todas las asociaciones observadas en 

la región.  

Adicionalmente,  esta tesis incluye un estudio de 

seguimiento de un estudio de asociación del genoma completo 

(GWAS) que identificó por primera vez al locus IL12RB2 como un 

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



15 
 

IL12RB2 y de IL12A, junto con evidencias previas, resaltan la 

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

Además, también hemos incluido en este compendio de 

trabajos un estudio de replicación del segundo GWAS realizado en 

pacientes de SSc de origen étnico europeo. Nuestros datos revelaron  

que el gen TNIP1 es un factor de riesgo a SSc firme, mientras que 

descartaron a las variantes localizadas en RHOB y PSORS1C1 

como participantes en la red de factores de la SSc. 

Todos los resultados mencionados incrementaron el número 

de factores genéticos de susceptibilidad a SSc hasta 15. Aún más, 

hemos contribuido al mejor conocimiento del componente genético 

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

La afectación 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 asociación de 

dos loci previamente descritos, CD226 y KCNA5, con fibrosis 

pulmonar e hipertensión arterial pulmonar, respectivamente. Estos 

estudios mostraron que CD226 está 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 KCNA5. 

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 públicas y las últimas 

estrategias y programas informáticos, abordamos la elaboración de 

una propuesta de identificación de las variantes causales de las 

asociaciones con SSc conocidas. Además, hemos realizado análisis 

de variantes raras, interrogado las conexiones y rutas que unen los 

loci relacionados con la SSc y hemos realizado una estimación 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 1). 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
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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 
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that could be present only partially in fibroblasts from healthy 

subjects [9]. Interestingly, SSc fibroblasts are known as 

myofibroblasts because they express α-smooth muscle actin (α-

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-β, 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 Th1 and Th2 cytokines and between Th17 and 

Treg 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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γ, TNF-α, 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/Treg 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 1, 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 lcSSc 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 
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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 (lcSSc)  and those with 

diffuse cutaneous SSc (dcSSc) [32]. Both groups are defined based 

on the magnitude of skin tightening: limited to hands, face, feet, and 

forearms in lcSSc cases and extensive in dcSSc [32]. Moreover, the 

more frequent lcSSc is characterized by a slower disease 

progression with Raynaud's phenomenon for several years, dilated 

nailfold capillary loops [32]. Nevertheless, lcSSc 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 (lcSSc or dcSSc) 

[41, 42]. However, serological and clinical subsets are clearly 

overlapping. Indeed, a 70-80% of lcSSc patients are ACA+, 

although a small proportion of ACA+ cases (5–7%) develop dcSSc 

[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 
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[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-γ, IL-1α, TNF-α, IL-6) and anti-

inflammatory cytokines (IL-10 and TGF-β) [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 

HCMV 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 I 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 loci 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, 

GWASs). 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*10-8, 

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 

GWASs 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 loci 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 TNIP1 locus with SSc but 

discarded RHOB and PSORS1C1 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-

DRB1*11:04/HLA-DQA1*0501/HLA-DQB1*0301 haplotype [66-

71]. Besides, firm SSc protective HLA haplotypes have been 

described as the HLA-DRB1*0701/HLA-DQA1*0201/HLA-

DQB1*0202 [66]. Additionally, different alleles have been reported 

to increase SSc susceptibility (for example, HLA-DRB1*01 and 

HLA-DQB1*0501 with the ACA+ subgroup and HLA-DPB1*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 loci 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 loci that 

have reached second tier level associations (p-value < 5x10-5) 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 GRB10 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/ESYT1 

(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). 
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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: IL12RB2 (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 locus is presumed to be in LD 

with the causal, functional variant [82, 87]. Thus, fine-mapping of 

an associated locus, 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 locus 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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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:  

DNASE1L3, 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 DNASE1L3 locus [23, 103]. Likewise, a suggestively 

associated locus, DDX6, was proposed [23]. Furthermore, 

previously SSc-related loci showed suggestive second tier 

associations (p-value < 5x10-5) 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 IL12RB2 and the confirmation of TNIP1 as SSc 
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genetic markers of also at the α = 5x10-8 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 

PSORS1C1 as important independent players in SSc pathogenesis 

and the discard of KCNA5 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 loci 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 Table 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-DQB1 alleles 

that encode a non-leucine residue at position 26 (HLA-DQB1 26 

epi) have been shown to be more frequent in SSc patients [66]. 

Furthermore, the HLA-DRB1*0701/ DQA1*0201/ DQB1*0202 and 

the DRB1*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-DQB1 locus (rs6457617 in Radtake et al. and rs9275224 

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-DQA1*0401, HLA-DQA1*0101 alleles [66]. But also different 

variants in the HLA-DQB1 (HLA-DQB1*0501, rs6457617, 

rs9275390) and HLA-DRB1 (HLA- DRB1*0101, HLA-DRB1*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. 

Locus Variation Subgroup Effect PImmunochip 
Conditioned  
by model* 

HLA-DRB1 04:04 SSc Risk 0.85 NA 
HLA-DRB1 07:01† SSc Protection 4.58E-17 0.74 
HLA-DRB1 11:04‡ SSc Risk 2.65E-11 1.43E-02 
HLA-DRB1 15:01 SSc Protection 0.88 NA 
HLA-DQB1 02:02† SSc Protection 1.37E-14 0.97 
HLA-DQB1 03:01‡ SSc Risk 5.56E-07 0.21 
HLA-DQB1 06:02 SSc Protective 0.76 NA 

HLA-DQB1 26 epi SSc Risk 
Not 

included NA 
HLA-DQB1 rs6457617 SSc Risk 7.62E-13 0.33 
HLA-DQB1 rs9275224 SSc Risk 1.46E-12 0.45 
HLA-DQA1 01:02 SSc Protective 0.61 NA 
HLA-DQA1 02:01† SSc Protection 6.58E-17 A 
HLA-DQA1 05:01‡ SSc Risk 0.07 NA 
HLA-DRB1 01:01 ACA Risk 6.54E-17 1.21E-04 
HLA-DRB1 04:01 ACA Risk 1.11E-04 1.86E-05 
HLA-DRB1 04:04 ACA Risk 0.11 NA 
HLA-DQB1 03:01 ACA Risk 0.30 NA 
HLA-DQB1 05:01 ACA Risk 4.30E-18 1.43E-05 

HLA-DQB1 26 epi ACA Risk 
Not 

included NA 
HLA-DQB1 rs6457617 ACA Risk 1.59E-23 3.91E-06 
HLA-DQB1 rs9275390 ACA Risk 2.34E-28 0.002451 
HLA-DQA1 01:01 ACA Risk 1.15E-17 2.09E-05 
HLA-DQA1 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.) 

Locus Variation Subgroup Effect PImmunochip 
Conditioned 
by model* 

HLA-DRB1 11:04‡ ATA Risk 1.98E-26 1.09E-05 

HLA-DQB1 03:01‡ ATA Risk 3.38E-12 0.36 

HLA-DQB1 05:01 ATA Protective 1.16E-02 2.04E-02 

HLA-DQA1 05:01‡ ATA Risk 3.33E-03 0.22 
HLA-DQA1/  
DRB1 rs3129763 ATA Risk 5.77E-04 0.36 

HLA-DPB1 13:01 ATA Risk 1.23E-10 0.01 
HLA-DPA1/ 
DPB1 rs987870 ATA Risk 6.16E-08 2.19E-02 
HLA-DPA1/ 
DPB1 rs3135021 ATA Risk 1.40E-03 0.29 
HLA-DPA1/ 
DPB1  rs6901221 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-DPB1 locus: HLA-

DPB1*1301 and the combination of rs987870, rs3135021 and 

rs6901221 [66, 72, 75]. However, the HLA-DRB1*1104/ 

DQA1*0501/ DQB1*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 locus 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 Treg 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-DRB1, HLA-DQA1 and HLA-DPB1 

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-DRB1*0404 and HLA-DQA1*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-DRB1 

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 NetMHCIIpan 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-DRB1 sequence logos for the associated alleles are 
also shown (B). 
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Figure 8, the 6th 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, TAP1; rs9277052 with 

HLA-DPB1, HSD17B8, HLA-DMA, PSMB9; 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 TAP1 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 HSD17B8 

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 POLR3A 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 IL12RB2 as a new piece in the SSc puzzle and to 

the confirmation TNIP1 as a strong SSc risk factor, both association 

signals reaching genome-wide significance level [25, 27]. In the 

case of IL12RB2, despite the hypothesis-free approximation of 

GWASs, applying a functional prioritization of the second tier or 

“grey zone” suggestive GWAS associations (p-value < 5x10-5) 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 GWASs 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 

< 5x10-8. 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 (TNIP1, RHOB and PSORS1C1) were 

proposed in the previously mentioned GWAS, but only TNIP1 

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 

PSORS1C1 signal was proven to be dependent on the HLA region 

[25]. These findings highlight the utility of independent replication. 

Moreover, both IL12RB2 and PSORS1C1 are located nearby very 

relevant autoimmune-related loci, 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 loci and previously identified autoimmune or SSc 

susceptibility loci. On the one hand, our analyses resulted in the 

identification of IL12RB2 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, TNFα, 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 PSORS1C1 rs3130573 

variant was found to be explained by different known classical HLA 

alleles in the HLA-DPB1, HLA-DRB1 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 locus 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 DNASE1L3 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 DNASE1L3 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.  

DNASE1L3 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 
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DNA in a Ca2+-dependent manner during apoptosis and may play a 

role in the immunoglobulin gene reorganization [146-149]. 

Interestingly, the most associated variant in our SSc Immunochip 

cohort, rs35677470, corresponded to an arginine to cystein 

substitution at the 206th in the mature DNASE1L3 protein. The 

observed association reached the most significant non-HLA 

association with SSc described to date, reaching a p-value = 

4.25x10-31 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 194th or 231st 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 DNASE1L3 

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 

ABHD6 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 loci 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 loci, 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 α = 5x10-8) [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 IL12A 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 = 1.53x10-11) in the lcSSc 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-locus”. 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 < 1x10-5 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 < 1x10-5) in the US 

cohort after correction and the FAM172A region in the Spanish set. 

Among the SSc risk factors NOTCH4, TNFSF4, TNFAIP3, ITGAM 

and JAZF1 were nominally significant in the US population but not 

in the Spanish cohort (Table 5). However, the US suggestively 

associated loci were not significant in Spain (p-value > 0.05) and 

the FAM172A was not significant in the US cohort (Table 5). 
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Furthermore, the frequencies of these variants were very different 

among populations (Table 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 loci 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 



126 

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 



127 

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 (DNASE1L3, 

SAMD9L, 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 = 9.99x10-4). 
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Regarding the node properties, the associated protein direct 

connectivity was significantly more frequent than expected by 

chance (p-value = 2x10-3). 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 loci were connected in an 

expanded indirect network. The associated protein indirect 

connectivity was significantly enriched (p-value = 2.30x10-2), 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 (Table 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, IL-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-γ, 

IL-6 and IL-2 elevation, but did not alter the IL-4, IL-5 and TGF-β 

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 (IL12RB2 and 

IL12A) 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 Th1 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 IFNγ/IL-12 

axis and promote a Th1 response [195]. Furthermore, the IFNγ 

pathway was found to be over-represented in our pathway-

enrichment analysis (Table 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 Treg 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 



142 

productive effector and memory T-cell functions [198]. Several 

OX40 agonists that mimic TNFSF4 binding have been described to 

stimulate T-cell proliferation and IFNγ production and Tregs 

expanded by both OX40 and IL-2 are potent suppressor cells [199, 

200]. On the other hand, Th2 induction upon Nod1 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 IRF8, 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 (Table 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-α and IL-6 production and it 

has also been involved in caspase pathways and apoptosis [206]. 

IRF-7, is a key regulator of IFN- α/β production [207]. 

Interestingly, targeted knockdown of IRF5 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 IRF5 was 

reported to decrease the levels of the pro-inflammatory IFNβ, IP-10, 

MCP1 and RANTES [208]. On the other hand, IRF7 regulated IFNβ 

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 naïve method included only well-

known SSc risk factors and would hardly generate novel hypotheses 

that lead to unexpected inferences. For example: DNASE1L3 and 

ATG5 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 
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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 105 permutations [214]. 

Although several pathways showed initial significance after FDR 

correction only the PPARα/RXRα 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 PPARγ 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 PPARα/γ-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 locus. 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 (R2 ≥ 0.8) [214]. The identified variant in 

IL12A 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 loci 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; DNASE1L3, 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’, UTR5’, 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: BANK1, BLK, CD226, CD247, CSK, IRF5, IRF7, ITGAM, 

NFKB1, PTPN22 and TNIP1 (Figure 10). Moreover, rs4963128, 

which is a cis-eQTL for IRF7, was the only locus that was found to 

be a significant trans-eQTL for the PRDM2 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 IRF7 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 IRF7 (rs1131665), which is linked but not  
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a proxy for rs4963128 [222]. Consequently, we consider that the 

role of IRF7 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 IRX3 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 loci 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 < 5×10−8) with two or more ADs [224]. 

Since this pleiotropic effect of some loci 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 loci 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, 

JAZF1 (the PXK association has been previously addressed) [103]. 

However, the overwhelming identification of 40 new RA loci 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 (rMZ = 0.042 
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and rDZ = 0.056), but the concordance of positive titers of 

antinuclear autoantibodies (ANA) was found to be very high (rMZ = 

0.95 and rDZ = 0.65) [51]. Therefore, according to Falconer’s 

formula of broad sense heritability [h2 = 2*(rMZ – rDZ)], 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 

(ho
2), 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 (hl
2). 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 hl
2 ≥ 0.1 reached 

99.99%, assuming the above mentioned disease prevalence, 

α=5*10-8 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*10-4, 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 T1D [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 (Table 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 (Table 7). In order not to lose 

possible secondary signals or epistatic effects, our local estimations 

comprised all the variants located 500kb upstream and downstream 
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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 loci 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 (Table 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 loci 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 

1. The novel identified loci DNASE1L3, ATG5, SCHIP1/IL12A 

and IL12RB2 are associated with susceptibility to systemic 

sclerosis. 

2. The TNIP1 locus, but not RHOB and PSORS1C1, was 

confirmed as an SSc genetic risk factor. 

3. A six amino acid and seven SNP model explains all the 

associations with SSc susceptibility observed in the HLA 

region in our data. 

4. A three variant haplotype in the CD226 gene is associated 

with increased frequency of pulmonary fibrosis in SSc 

patients. 

5. The previous findings of association of the KCNA5 locus 

with higher frequency of pulmonary arterial hypertension in 

SSc cases were not replicated. 

6. 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 loci 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 DNASE1L3, ATG5, SCHIP1/IL12A e IL12RB2 

están asociados a la susceptibilidad a la esclerosis sistémica.  

2. El locus del gen TNIP1, pero no RHOB ni PSORS1C1, fue 

confirmado como factor de riesgo genético a la esclerodermia. 

3. Un modelo compuesto por seis aminoácidos y siete 

polimorfismos de un solo nucleótido explica todas las 

asociaciones con susceptibilidad a esclerosis sistémica 

observadas en la región del HLA en nuestros datos.  

4. Un haplotipo de tres variantes en el gen CD226 se asocia con 

una mayor predisposición a la aparición de fibrosis pulmonar 

en pacientes de esclerosis sistémica. 

5. La evidencia previa de asociación del locus KCNA5 a una 

mayor frecuencia de aparición de hipertensión arterial 

pulmonar en pacientes de esclerosis sistémica no fue replicada 

en nuestras cohortes.  

6. Los análisis de rutas bioquímicas realizados en la presente 

tesis sugieren que los linfocitos T, especialmente mediante la 
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ruta de señalización de la IL-12, y la ruta del interferón de 

tipo I son esenciales en la patogénesis de la esclerosis 

sistémica.  

7. Mediante una estrategia combinada usando bases de datos 

públicas así como novedosas herramientas bioinformáticas, 

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 desórdenes 

fibróticos como la cirrosis biliar primaria.  

9. Nuestra estimación 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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