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IABBREVIATIONS 

ACA: Anticentromere antibody 

AD: Autoimmune disease 

AKT: Protein kinase B

ANA: Antinuclear antibody 

ARA: Anti–RNA polymerase III antibody 

ATA: Anti–topoisomerase 1 antibody  

CDDO:  Oleanane 2-cyano-3,12-dioxoolean-1,9-dien-28-oic  

CeD: Celiac disease  

CMV: Cytomegalovirus  

CNV: Copy number variantion  

dcSSc: Diffuse cutaneous systemic sclerosis 

EBV: Epstein-Barr virus  

EC: Endothelial cell 

ECM: Extracellular matrix  

ENCODE: Encyclopedia of DNA Elements  

eQTLs: Expression quantitative trait loci 

GTEx: Genotype-Tissue Expression  

GWAS: Genome-wide association study  

HLA: human leukocyte antigen 

IBD: Inflammatory bowel disease  

IFN: Interferon 

IMD: Immune-mediated disease  
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IRF: IFN regulatory factor 

JAK-STAT 

lcSSc: Limited cutaneous systemic sclerosis  

LD: Linkage disequilibrium 

MAF: minor allele frequency 

MMP: Matrix metalloproteinase 

ncRNA: non-coding RNA 

NGS: Next generation sequencing 

OR: Odds ratio  

PAH: Pulmonary arterial hypertension  

PDGF: Platelet-derived growth factor  

PF: Pulmonary fibrosis  

PI3K: fosfoinositol 3-quinasa 

PPI: Protein-protein interaction  

RA: Rheumatoid arthritis  

ROS: Reactive oxygen species  

SCR: Scleroderma renal crisis  

SLE: Systemic-lupus erythematosus  

SNP: Single-nucleotide polymorphism  

sQTLs: Splicing quantitative trait loci

SSC: Systemic sclerosis or scleroderma  

TF: Transcription factor (TF) 

TGF-β: transforming growth factor β
Th1: T helper 1 
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ITNF- α: tumor necrosis factor α
T1D: Type 1 diabetes  

GENES 

ATG5: Autophagy related 5 

BLK: BLK proto-oncogene, Src family tyrosine kinase 

CD247: T cell receptor zeta-chain 

CSK: C-Src  

DNASE1L3: Deoxyribonuclease I-like 3 

GRB10: Growth factor receptor bound protein 10 

GSDMA:  Gasdermin A 

GSDMB:  Gasdermin B

IKZF3: IKAROS family zinc finger 3

IL12A: Interleukin 12A 

IL12RB1: Interleukin 12 receptor, beta 1 

IL12RB2: Interleukin 12 receptor, beta 2 

IRF4: IFN regulatory factor 4 

IRF5: IFN regulatory factor 5 

IRF7: IFN regulatory factor 7 

IRF8: IFN regulatory factor 8 

ITGAM: Integrin subunit alpha M 

JAZF1: JAZF zinc finger 1 

MHC: major histocompatibility complex

NFKB1: Nuclear factor kappa B subunit 1

PPARG: Peroxisome proliferator-activated receptor gamma  

PRDM1:  PR/SET domain 1 
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PSORS1C1: psoriasis susceptibility 1 candidate 1

PTPN22: Protein tyrosine phosphatase, non-receptor type 22 

RHOB: ras homolog family member B

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

STAT4: Signal Transducer and activator of transcription 4 

TIMP4: TIMP metallopeptidase inhibitor 4

TNFAIP3: Tumor necrosis factor alpha-induced protein  

TNFSF4: Tumor necrosis factor ligand superfamily member 4 

TNIP1: TNFAIP3-interacting protein 

TYK2: tyrosine kinase 2
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IIRESUMEN
La esclerosis sistémica (SSc, del inglés “systemic sclerosis”) es 

una enfermedad compleja autoinmune que afecta al tejido conectivo y 

que presenta una expresión clínica muy heterogénea. La enfermedad 

está caracterizada por la presencia de fibrosis en la piel y órganos 

internos. En las primeras fases de la enfermedad aparecen diferentes 

eventos vasculares, como el síndrome de Raynaud y edema. Los 

principales mecanismos fisiopatológicos que subyacen a la enfermedad 

son el daño vascular, el desequilibrio inmunológico (incluyendo la 

presencia de auto-anticuerpos) y un excesivo depósito de colágeno y 

otros componentes de la matriz extracelular. La etiología de la 

enfermedad es en su mayor parte desconocida, pero se piensa que su 

aparición está relacionada con la combinación de factores de 

predisposición genética y factores ambientales.  

La presente tesis doctoral se centró en el estudio del 

componente genético subyacente a la SSc. Previo al comienzo de esta 

tesis, nuestro grupo de investigación publicó el primer estudio de 

asociación de genoma completo (GWAS, del inglés “genome-wide 

association study”) en la SSc para población europea. A su vez, de forma 

simultánea al desarrollo de esta tesis, nuestro grupo también publicó el 

primer estudio de Immunochip. Ambos estudios se llevan a cabo con 

plataformas de genotipado de alto rendimiento y, además de identificar 

nuevas señales de asociación, se caracterizan porque definen la 

denominada “zona gris”, en la que posibles señales de asociación 
quedan enmascaradas por falta de poder estadístico. De este modo, tres 

de los estudios que comprenden la presente memoria consisten en 

estudios de seguimiento de la zona gris del GWAS e Immunochip. Con 

ello, hemos podido identificar tres nuevos loci de susceptibilidad 



New findings in the genetic landscape of systemic sclerosis

~ 16 ~ 

asociados con la enfermedad: PPARG, IL12RB1 y TYK2. Estos tres genes 

presentan grandes implicaciones para el conocimiento de las vías 

patogénicas que subyacen a la SSc. En primer lugar, el gen PPARG

codifica un receptor nuclear con una potente actividad anti-fibrótica. En 

segundo lugar, el hallazgo de IL12RB1 y TYK2, junto con estudios 

previos, refuerzan el importante papel de la ruta de la IL-12 e IL-23 en 

la SSc. Nuestros resultados evidencian que esta vía de señalización 

podría ser interesante como nueva diana terapéutica para la 

enfermedad.  

Por otro lado, también se llevó a cabo el análisis del componente 

genético compartido entre la SSc y la artritis reumatoide (RA, del inglés 

“rheumatoid arthritis”) mediante un meta-GWAS que combinó datos de 

GWAS para ambas enfermedades. Este estudio nos permitió identificar 

al gen IRF4 como nuevo locus de susceptibilidad compartido. Además, 

confirmamos  otros loci comunes previamente descritos.   

A su vez, aprovechando nuestras amplias cohortes de SSc 

procedentes de distintos países europeos y de Estados Unidos, 

quisimos replicar la asociación descrita para una variante exónica y 

rara en el gen ATP8B4 identificada mediante secuenciación de genoma 

completo. Nuestros resultados descartan el posible papel de dicha 

variante en la predisposición a la SSc y resaltan la importancia de los 

estudios de replicación para la confirmación de forma robusta de las 

asociaciones genéticas. 

Finalmente, para la discusión de la presente memoria se ha 

indagado en las señales de asociación comunes a SSc y RA mediante la 

caracterización funcional de las variantes asociadas en los loci

compartidos por ambas enfermedades. Estos análisis revelan un 

extenso solapamiento no sólo en los factores de susceptibilidad sino 
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II
también en los mecanismos etiopatogénicos. Asimismo, en la discusión 

se ofrece una visión global del componente genético conocido hasta la 

fecha para la SSc, y se integra este conocimiento con la información 

disponible a través de diversas bases de datos públicas para 

caracterizar funcionalmente las asociaciones.  
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INTRODUCTION

1. Systemic sclerosis, a complex autoimmune 
disease 

The immune system has two major cellular components to 

create the adaptive immune response:  B cells and T cells. Both types of 

cells have the ability to recognize antigens, including autoantigens. The 

ability to distinguish between pathogens and self-antigens is critical to 

the success of the adaptive immune system and there are several self-

tolerance immune mechanisms to protect against self-reactive B and T 

cells. A breakdown in this immunological tolerance can trigger 

autoimmunity, leading to erroneous immune responses that damage 

healthy tissues (1). 

More than 80 autoimmune diseases (ADs) have been described 

to date and, unfortunately, the vast majority of them are chronic, 

debilitating and have no cure. ADs are also heterogeneous with regard 

to prevalence, manifestations, and pathogenesis. Overall, the estimated 

prevalence is 4.5%, although there is a considerable epidemiological 

variability for different ADs, ranging from common (such as rheumatoid 

arthritis or Hashimoto’s thyroiditis) to rare diseases (such as systemic 

sclerosis or systemic lupus erythematosus) Moreover, prevalence of 

ADs is normally higher in women than men (2.7% for males and 6.4% 

for females) and varies by ethnicity (2, 3).  

There are two groups of ADs: organ-specific diseases, if they 

affect particular targets of the body (for example, type 1 diabetes and 

Graves’ disease); or systemic diseases, if they affect multiple organs and 

tissues (such as rheumatoid arthritis, systemic sclerosis or systemic 
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lupus erythematosus). Moreover, ADs can be Mendelian disorders 

(monogenic or polygenic diseases), such as autoimmune polyendocrine 

syndrome 1, in which mutations in the AIRE gene (that encodes the 

transcription factor autoimmune regulator) lead to a relaxed negative 

selection of self-reactive T cells in the thymus; or complex diseases, in 

which both genetic and environmental factors play role in the 

development of the disorder (Figure 1), as in the case of systemic 

sclerosis or scleroderma (SSc) (4). 

SSc is a chronic and heterogeneous AD that affects the 

connective tissue. Its pathogenesis involves extensive fibrosis of skin 

and internal organs, vascular alterations, and immune imbalance (5-7). 

The main vascular abnormalities include Raynaud’s phenomenon, renal 

crisis and pulmonary arterial hypertension (PAH). The lungs, heart, 

kidneys and esophagus are the main internal organs affected by 

fibrosis, although this complex disease can cause severe dysfunction 

and failure of almost any internal organ. While esophageal dysfunction 

is the most common visceral complication, lung involvement (both 

pulmonary hypertension and pulmonary fibrosis) is the leading cause 

of death (8). Immune imbalance includes altered lymphocyte activation 

that leads to autoantibody production, aberrant cytokine release, and 

deregulation of the innate immune system (5, 6). 

Although SSc is a very heterogeneous disease, patients are 

usually classified in two main subgroups: limited cutaneous systemic 

sclerosis (lcSSc) and diffuse cutaneous systemic sclerosis (dcSSc), with 

a prevalence of approximately 65% and 35%, respectively. In lcSSc, 

fibrosis is mainly restricted to the skin of hands, arms, and face. 

Raynaud’s phenomenon appears several years before fibrosis, and PAH 

is frequent. dcSSc is characterized by a more aggressive, generalized 
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and rapidly progressing fibrosis that affect skin of all body and one or 

more visceral organs (9-12). 

Figure 1. Classification of diseases according to the genetic component. 
Most of autoimmune diseases belong to the first category ‘Multifactorial 
diseases’. 

Different types of autoantibodies can be observed in patients 

with SSc, including antinuclear antibodies (ANAs), anti-fibroblast and 

anti-endothelial cell antibodies. ANAs are present in around a 90% of 

patients with SSc. There are three major subclasses of ANAs:  

anticentromere antibodies (ACAs), anti–topoisomerase 1 antibodies 

(ATAs) and anti–RNA polymerase III antibodies (ARAs). These 

subclasses of SSc autoantibodies tend to be mutually exclusive (5). 

Although the potential role of ANAs in the pathogenesis of SSc is 

unclear, they are a well-recognized clinical tool for both diagnosis and 

classification of SSc patients. Approximately 70% of lcSSc patients 

present ACAs, which are well-correlated with risk of PAH (5); while 

ATAs are more frequently observed in dcSSc patients (in around a 20% 

of dcSSc) and it is correlated with worse prognosis and increased risk of 
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pulmonary fibrosis (PF) (13) . ARAs are present in around 20% of dcSSc 

patients and their presence is well-correlated with risk of scleroderma 

renal crisis (SCR) (14, 15). 

As most ADs, SSc affects women more frequently than men, 

commonly in a ratio ranging from 3:1 to 12:1 (16). SSc typically appears 

in middle-aged individuals, although it can also affect children, and the 

elderly. It is a rare disease that has one of the highest mortality rates in 

comparison with other rheumatic diseases (17). The estimated 

prevalence ranges from 7 to 700 cases per million among the different 

studies due to a noteworthy variation across geographic regions and 

ethnic differences (18, 19). Thus, black population has a higher risk for 

SSc than white and Asian populations (17, 20). To date, the highest 

prevalence has been observed in a Native American tribe, the Choctaw 

population, with 660 cases per million (21). Moreover, an increasing 

North-to-South gradient in European population has been reported 

(22). In Spain, specifically, a 19-year epidemiologic study carried out in 

Northwestern Spain estimated a prevalence of 277 SSc cases per 

million and an incidence of 23 cases per million and year (23). Mean 

age at diagnosis and mean age at disease onset were estimated at 

51.2±15.1 and 44.9±15.8 years, respectively, according to the Registry 

of the Spanish Network for Systemic Sclerosis  (24). 

The etiology and pathogenic mechanisms underlying SSc remain 

poorly understood, but the disease is thought to be caused by a complex 

interplay among vascular, immune and fibrotic altered processes in 

association with a genetic susceptibility. The traditional proposed 

model suggests that microvascular injury and endothelial cell (EC) 

activation are the primary events in SSc (25-27) (Figure 2). This 

hypothesis arises from the observation that vascular damage 
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(Raynaud’s phenomenon and edema) is the earliest feature that takes 

place in the disease. The factors that promote the vascular injury are 

unknown, but could be viral infections, autoantibodies, toxins or 

oxidative stress. In the initial states of the disease, there is increased 

vascular permeability that facilitates mononuclear cell infiltration, 

leading to perivascular inflammation. Vascular damage evolves with 

vascular intimal thickening, vessel narrowing and obliteration, leading 

to tissue ischemia. Vessels lose their elasticity and become fibrotic, 

ultimately leading to organ dysfunction (25-27). In addition, there is an 

increased expression of adhesion molecules that allows the recruitment 

of inflammatory cells. Activated ECs also secrete vasoconstricting 

agents, such as endothelin 1, along with a decreased expression of 

vasodilating agents and platelet activation. Deregulation of 

angiogenesis, vasculogenesis and altered cytokine production are also 

observed in SSc (5).  

The vascular inflammatory phase is more prominent in the 

earlier stages of SSc, but it is gradually replaced by fibroblast activation 

and excessive collagen deposition, ultimately leading to fibrosis (Figure 

2). On this base, it is thought that the inflammatory environment plays a 

relevant role in the development of fibrosis (26). Deregulation of both 

innate and adaptive immunity is observed in SSc patients. Several 

immune cells are observed in skin and lung infiltrate of patients in 

initial states of the disease, including T cells, macrophages, 

plasmacytoid dendritic cells and mast cells (28, 29).  Interestingly, 

these cells show a prominent type I interferon (IFN) signature (30-32). 

Moreover, T cells in SSc express an activated phenotype and signatures 

of antigen-driven cell expansion (33-35).  Most of T cells observed in 

SSc infiltrates are T helper 2 (Th2) cells, characterized by secretion of 

profibrotic mediators (such as IL-4, IL-13, IL-6 and TGFβ) (36). Several 
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in vitro and in vivo studies, along with studies in animal models, support 

the prominent role of Th2 cytokines in SSc pathogenesis (36, 37). 

Moreover, a Th1-Th2 cytokine imbalance toward increased levels of 

Th2 cytokines has been described in patients with SSc (38). Th1 

cytokine levels (such as IFNγ, TNFα, IL-2 and IL-12) are also altered in 

SSc and promote inflammation (39). The role of Th17 cells remains 

controversial, since some studies support a role of IL-17 in fibrosis, 

while other studies indicate an anti-fibrotic effect (40). B cells are also 

present in skin and lung infiltrate of patients with SSc and show 

dysregulated homeostasis (41). The role of B cells in SSc is not only 

restricted to the production of autoantibodies, since activated B cells 

secrete IL-6, which directly stimulate fibroblasts. This cytokine is also 

produced by T cells, fibroblast and ECs, and different in vitro and mice 

model studies clearly support its role in the induction of inflammation 

and fibrosis in SSc (42-44).  

The vascular injury, EC activation and the uncontrolled and 

altered immune reaction ultimately give rise to fibroblast activation 

and fibrosis (Figure 2). The activated fibroblasts undergo 

differentiation into myofibroblast, leading to an excessive accumulation 

of collagen and other components of the extracellular matrix (ECM) 

(26). In SSc, TGF-β, that stimulates collagen synthesis in fibroblast and 

myofibroblast, is considered a master regulator of fibrosis (45). 

Deregulated TGF-β signaling in fibroblast and myofibroblast has been 

reported in various studies in patients with SSc (46). In addition, 

fibroblast and myofibroblast in SSc show particular traits, such an 

altered expression and deregulated responses to cytokines, an 

increased proliferation and decreased apoptosis (47). Finally, recent 

studies also implicate reactive oxygen species (ROS) in the 

pathogenesis of SSc (48). Tissue ischemia and activated fibroblast can 
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lead to the generation of these chemical species. In fact, high levels of 

ROS have been observed in SSc, and several in vitro and mouse model 

studies further support the profibrogenic effect of these chemical 

species in fibroblast (48-51) (Figure 2). 

Figure 2.  Summary of the proposed pathogenic mechanisms involved in 
systemic sclerosis (Modified from Katsumoto et al, Annu Rev Pathol. 2011). 
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2. Etiology of systemic sclerosis 

As we stated in the previous section, the etiology of SSc remains 

unclear, although it is thought to result from a complex interaction 

between multiple genetic risk factors, each of them with a modest effect 

in the disease susceptibility, and environmental features, triggering the 

onset of the disease and affecting its severity and progression (Figure 

3). The current knowledge of both etiological aspects will be reviewed 

in this section, although the genetic component of SSc will be further 

addressed in section 4. 

2.1 Environmental factors 

Overall, the environment may affect the development of the 

disease by: 1) directly activating the immune response; 2) modifying 

self-antigens by external substances and triggering the loss of tolerance 

to self; or 3) molecular mimicry, a process in which a foreign antigen 

shares sequence or structural similarities with self-antigens leading to 

cross-reaction in the immune response. 

The importance of environmental factors in the onset of SSc is 

not robustly established, mainly due to the absence of good sample size 

and other methodological limitations in the studies. Here we describe 

some of the most investigated agents.  

A) Chemical agents.  

Among this category, the exposure to silica is the most studied 

factor. The first evidences of the involvement of this chemical agent in 

SSc date back to 1914, when Bramwell described SSc in Scottish 

stonemasons (52). In 1957, Erasmus reported that gold miners exposed 
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to crystalline silica had higher risk for SSc than the general population 

(53). On the light of these evidences, several case-control studies have 

been performed in order to evaluate and quantify the risk that the 

exposure to silica confers for the development of SSc. All of them have 

found a positive correlation between silica and SSc (54-58). The 

mechanisms underlying this association have not been elucidated, 

although there are some experimental studies that have shown an 

imbalance of the immune response caused by the exposure to this agent 

(including T and B cells activation, autoimmunity-related apoptosis and 

increased fibroblast proliferation) (59-61).  

Occupational exposition to organic solvents, like 

trichloroethylene, benzene, xylene, chlorinated solvents, aromatic 

solvents, white spirit, ketones and other molecules sharing structural 

characteristics, has been reported to increase SSc risk. The results of 

different studies attempting to determine the risk increase for suffering 

SSc caused by organic solvents have not obtained very conclusive 

findings (62, 63). Nevertheless, occupational exposition to organic 

solvents has been proven to have a predictive value of SSc severity (63). 

For example, it has been observed that SSc patients who were exposed 

to organic solvents exhibited more frequently dSSc and 

microangiopathy (64). As in the case of silica, the pathogenic 

mechanisms through which these chemical factors influence disease 

onset remain unknown, although -on the light of several experimental 

studies- it has been postulated that organic solvents may link with 

nucleic acids and proteins, leading to altered immune response (62).  

Welding fumes, asbestos, vinyl chloride, epoxy resins and 

formaldehyde are other industrial agents that have been related to SSc 

(65). Interestingly, a massive chemical intoxication that took place in 

central and northwest provinces in Spain in 1981-1982 caused an SSc-

like illness that was called toxic oil syndrome (TOS). Several agents 



New findings in the genetic landscape of systemic sclerosis

~ 28 ~ 

were investigated and a significant association was found with the 

consumption of rapeseed oil contaminated with 1,2-di-oleyl ester 

(DEPAP) and oleic anilide (66). Some of the main effects of these 

chemical components were a non-necrotizing vasculitis in multiple 

organs, liver disease and pulmonary hypertension. The immunological 

analyses of the patients pointed out to altered activation of T-cells and 

cytokine production among the immune mechanisms underlying the 

disease. Moreover, several studies have reported a significant 

association of disease severity with certain HLA-DR2 alleles and 

polymorphisms in metabolism and immune response genes (66).  

B) Infections.

Several viruses and other infectious agents have been proposed 

and investigated as potential environmental triggers. Some of them are 

also related with other ADs, as in the case of parvovirus B19. 

Interestingly, the presence of the parvovirus B19 has been detected in 

bone marrow biopsy of 57 % of SSc patients and they have the ability to 

persistently infect SSc fibroblasts (67, 68). Members of the herpesvirus 

family, such us cytomegalovirus (CMV) and Epstein-Barr virus (EBV) 

are other infectious agents related to SSc etiology. Some SSc patients 

have serum autoantibodies that bind the UL94 epitope of CMV and 

induce ECs apoptosis (69).  Moreover, Farina et al. found RNA from EBV 

in fibroblasts, myofibroblasts and ECs in the skin of SSc patients (70). In 

the same study, the authors reported that EBV was able to persistently 

infect human SSc fibroblasts in vitro and induce a dysregulated innate 

immune response. Another study linked certain retroviruses with SSc 

after the observation of high homology between retrovirus antigens 

and the terminal end of DNA topoisomerase I (71).  
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C) Pregnancy. Other factors.

Pregnancy related events, such as fetal microchimersm (this is, 

the presence of DNA of the offspring in maternal blood), have also been 

considered an environmental factor involved in SSc (72). 

Life-style, diet and dietary contaminants or physical agents 

(such as ionizing radiation) could also be related to the development of 

SSc, but this hypothesis requires further studies since there are no 

robustly confirmed data. 

Figure 3. Etiology of systemic sclerosis, a complex autoimmune disease 
determined by both genetic and environmental factors.
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2.2 Genetic component 

One of the evidences that support the genetic component of SSc 

is the familial occurrence observed in the disease. In fact, a positive 

familial history of SSc is the major risk factor reported to date (73). 

Familial and twin studies in SSc have described a high concordance of 

autoantibody production (74, 75). Moreover, in a study that comprised 

703 families, first-degree relatives of patients with SSc showed relative 

risk ranging from 10-16-fold higher than in the general population, and 

siblings showed relative risk ranging from 10–27-fold higher than 

normal (73). In addition, the prevalence variation that it is observed 

among populations also supports the role of the genetic component in 

SSc. 

The estimation of heritability of complex diseases is a 

challenging task. In the case of SSc, efforts in the estimation of disease 

heritability have not provided conclusive reports, mainly due to limited 

sample sizes (76). The large numbers of SNPs provided by GWAS and 

Immunochip has offered new opportunities to develop new 

methodologies for predicting genetic risk of complex diseases in a more 

accurate way, as in the case of GREML (77-79). This method has been 

applied in SSc and is based on the assumption that more genotype 

sharing between unrelated individuals in case-control studies should 

mean greater phenotypic concordance for any complex trait (77-79) . 

GRELM estimated SSc heritability on the observed scale (ho2) of 0.39 

and 0.44 with the GWAS and Immunochip data performed by our group, 

respectively (76). ho2 is the proportion of variance in case-control 

status that is explained by all SNPs, and can be transformed into the 

unobserved underlying scale of disease liability (hl2) if the prevalence of 

the disease in the population and the proportion of cases are 
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considered. The estimation reported an hl2 = 0.09 and hl2 = 0.10 in the 

GWAS and Immunochip data, respectively (76). It is important to note 

that this estimation cannot be understood as a direct measure of SSc 

heritability, but it represents the variance in SSc that was explained by 

SNPs at the population level.  

The significant SNPs described to date for SSc only account for a 

~20% of the estimated SSc heritability (76). Thus, it is expected that 

additional SSc risk loci remain to be discovered.  The results of the 

genetic association studies that have been performed to date with the 

aim to identify SSc susceptibility loci are addressed in section 4.  

3. The study of the genetic component of 

complex diseases

Nowadays, the starting point for understanding the genetic 

bases of complex diseases is the identification of genetic markers 

associated with the interrogated phenotype. There are several genetic 

markers that can be used for this purpose, such as microsatellites, copy 

number variations (CNVs) or single-nucleotide polymorphisms (SNPs). 

Among them, SNPs are the most widely used in genetic association 

studies. 

A SNP is a variation at a single position in a DNA sequence 

among individuals, leading to different alleles (commonly bi-allelic 

SNPs). By definition, the frequency of the minor allele (MAF) has to be 

higher than 1% in the overall population. To date, around 38 million of 

SNPs have been reported and validated, and it is estimated that they 

account for around a 90% of the human genome genetic variation (80). 

The association of a SNP with a phenotype is determined by genetic 
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association studies, which consist on case-control studies that compare 

the MAF of one or more SNPs between cases (individuals diagnosed 

with the disease) and controls (unaffected individuals). If the difference 

between the MAF in cases and controls is statistically significant, that is 

the p-value for association is below the significance threshold, then the 

SNP is considered as associated with the disease (81).  

The Human Genome Project was a crucial event for genomic 

research. For the first time, a full reference genome sequence was 

announced, providing a wealth of data that would help to determine the 

genetic contribution to human traits (82, 83). With this, the 

identification of genes associated with disease started. Initially, genetic 

association studies for complex traits appeared shaped like candidate 

gene studies, in which a relatively small number of variants of a specific 

gene or genes are tested for association. The selection of genes is 

always orchestrated under the previous hypothesis of being plausible 

genes implicated in the pathogenesis of the disease (for the functional 

role of the gene or for a previous study in which an association with a 

related disease has been reported). 

Figure 4. Relevant events in genomic development.
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The International HapMap project was the next big event in 

genomic development (Figure 4) (84-86). This project is a systematic 

effort to characterize genetic variation, recombination hotspots, 

haplotypes and linkage disequilibrium (LD) patterns in different 

populations. The knowledge of genome-wide SNP data and haplotype 

structure allowed the design of genotyping arrays that capture a large 

proportion of common genetic variation, while genotyping only a few 

hundred thousand of SNPs in a cost-effective manner. Since the first 

genome-wide association study (GWAS) in 2005 (87), thousands of 

SNPs have been associated with hundred traits. Considering the 

multiple tests performed in a GWAS, a stringent threshold for statistical 

significance is needed in order to correct for false-positive associations. 

The standard significance threshold usually applied in GWAS is p < 5 x 

10-08, which corresponds to the so-called Bonferroni correction for 

testing 1,000,000 independent common SNPs (88). In addition, GWASs 

have two other distinctive traits: they are hypothesis-free studies, 

because the selected SNPs are included in the array without the 

previous idea of being plausible SNPs; and hypothesis generating, since 

the novel discovered loci may pinpoint new molecular pathways 

involved in the pathogenesis of the disease (Figure 5).    

Later on, the 1000 Genomes Project was launched with the goal 

of providing further characterization of the human genome variation, 

including not only common but also rare variation (Figure 4). This 

project included 14 populations and applied whole-genome sequencing 

and exome sequencing, along with SNP genotyping (80). With this 

deeper knowledge, genotyping arrays have evolved to much more 

efficient platforms and they can currently contain more than 2 million 

SNPs.  
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Figure 5. Main steps for genome-wide association studies (Modified from 
Mathew CG, Nat Rev Genet, 2008) 

The large population-specific reference panels provided by The 

International HapMap project and 1000 Genomes Project also gave rise 

to genotype imputation algorithms. Genotype imputation is a process 

that enables to infer missing genotypes (non-genotyped variants) based 

on nearby observed genotypes and using a reference panel (89). There 

are various imputation methods available, although all of them are 
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based on the comparison of haplotypes between the individuals of the 

study and the reference panel (Figure 6). This process boosts the 

number of SNPs tested for association, increasing the power of the 

study and the ability to fine-map associations and to identify the causal 

SNP. Moreover, imputation facilitates combining association results 

from different GWASs in a meta-analysis (meta-GWAS). Meta-GWAS 

strategy has been widely applied and has produced a large amount of 

new loci since they increase the statistical power and consequently the 

chance to identify significant association signals (90). 

Figure 6. Main features of imputation process (Marchini and Howie, Nat Rev Genet, 2010). 
Imputation methods attempt to impute the missing data (?) in study individuals 
(represented by each row in ‘a’) by the identification of sharing between the underlying 
haplotypes and the haplotypes in the reference set. 
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Despite the success provided by GWASs, the majority of 

associated SNPs have modest effect sizes, with odds ratios (ORs) 

ranging from 1.1 to 1.3, and they tend to explain a relatively small 

proportion of the heritability of many complex diseases (91). Therefore, 

it has been proposed that this ‘missing heritability’ may lie on non-well 

covered region from arrays or on rare variants with large effect sizes. 

This issue has led to a next phase of genotyping arrays with the goal of 

fine-mapping GWAS associated loci. The Immunochip is an example of 

that, which was created and designed for fine-mapping of loci 

associated with ADs or immune-mediated diseases (IMDs) (92). This 

custom genotyping platform contains 196,524 variants (including SNPs 

and small insertions-deletions) for fine-mapping 186 autoimmunity 

loci, and a dense coverage of the HLA region. The array includes all 

markers described for white population by 1000 Genomes Project, 

dbSNP and additional sequencing projects (92). 

Once a locus is identified as a risk factor for a disease, the next 

step is to (attempt to) identify the causal variant/s and to provide 

biological sense of the association. As it was stated above, fine-mapping 

strategy facilitates the first task. In addition, there are a number of 

bioinformatics approaches and publicly available databases that 

provide further help for SNP prioritization and functional annotation. If 

the associated SNP is a coding variant, the functional characterization of 

the association is fairly straightforward with tools such as SIFT and 

PolyPhen-2 (93, 94).  However, the vast majority of GWAS-associated 

SNPs lie on non-coding regions and they probably affect regulatory 

mechanisms. In this case, functional annotation is mandatory. Two 

main events have made possible the hard task of integrate functional 

information: 1) The Encyclopedia of DNA Elements (ENCODE), 

launched with the goal of providing a deep characterization of 
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functional elements in the human genome, including elements that act 

at the protein and RNA levels, and regulatory elements; and 2) The NIH 

Roadmap Epigenomics Project, which aims to produce resource of 

human epigenomic data, including DNA methylation, histone 

modifications, chromatin accessibility and small RNA transcripts (95, 

96). These very valuable projects are very useful for follow-up of 

disease-associated variants and for unraveling the biological 

mechanisms underlying associations. 

4. Genetic component of systemic sclerosis: 

previous studies

As in the case of other complex ADs, the interrogation of the 

genetic bases underlying SSc started with candidate gene studies, which 

used to comprise relatively small cohorts. Despite the limited sample 

size, some of them were able to identify susceptibility genes that are 

currently considered as firmly associated genes with the disease, such 

as STAT4, IRF5 and the HLA region (97). In 2010, the first GWAS in SSc 

in European population was published (98). Our group was involved in 

the study, which identified CD247 as a novel gene associated with SSc 

risk, and confirmed the previously reported associations in the HLA 

region, STAT4 and IRF5. Interestingly, the findings on CD247 were 

independently replicated by Dieudé et al. (99). One year later, a second 

GWAS in SSc was published by Allanore et al., which comprised only 

one French cohort and had lower statistical power than the first SSc 

GWAS (100). Our group was involved in the independent replication of 

the findings from this second GWAS, which reported TNIP1, RHOB and 

PSORS1C1 as novel susceptibility loci. We could confirm TNIP1 signal, 
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but RHOB and PSORS1C1 were discarded as genetic risk factors for SSc 

(101). This fact highlights the relevance of a high statistical power in 

GWAS, since GWAS results tend to present inflated effect sizes -also 

called the winner’s curse-. In addition, another SSc GWAS has been 

performed in Korean population (102). This study also comprised a 

relatively small cohort and did not identify significant new loci,

although the results showed the strong association in the HLA region 

with SSc.   

Another distinctive trait of GWASs is the so-called grey zone, 

where SNPs with tier 2 associations (P-values between 5 x 10-8 and 5 x 

10-3) are located. Follow-up studies focused on this grey zone constitute 

one of the most useful GWAS data mining methods, since possible real 

association signals could be masked in that area due to a lack of 

statistical power. In SSc, these types of studies have been successful in 

the identification of new risk loci. Bossini-Castillo et al. performed a 

follow-up focused on IL12RB2, a locus that showed suggestive signal of 

association in the first SSc GWAS (103). They analyzed the signal in a 

large independent European cohort and reported the association of 

IL12RB2 at the genome-wide significance level. Later on, Martin et al. 

carried out a large follow-up of the GWAS that included 768 

polymorphisms selected from the grey zone and they could identify CSK 

as a genetic risk factor for SSc and confirmed previously reported 

associations (104). Taking advantage of our GWAS data, we also 

performed a follow-up of the grey zone from the French GWAS. The 

results of this work are part of the present thesis (105). 

  The Immunochip has gathered important achievement on the 

genetic component of IMDs (106). Applying this fine-mapping 

approach, our group identified several new SSc susceptibility loci

(DNASE1IL3, IL12A and ATG5) that implicated new biological pathways 
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into the pathogenesis of the disease, such as apoptosis and autophagy 

(107). In addition, an extensive analysis of the HLA region was 

performed. As in most ADs, the HLA region is the major genetic 

association reported to date for SSc. The dense coverage of this 

genomic region in the Immunochip, along with novel imputation 

methods that enable the inference of classical HLA alleles and even 

polymorphic amino acid positions from genetic data, allowed our group 

to describe a comprehensive model that explained all the observed 

associations in the region. The model includes six polymorphic amino 

acid positions in HLA-DRB1, HLA-DQA1 and HLA-DPB1, and seven SNPs 

independently associated. The analysis also confirmed the divergent 

HLA allele associations between ACA-positive and ATA-positive 

serological subgroups (107). Later on, a second SSc Immunochip 

performed in an Australian cohort with relatively small sample size 

confirmed some of the reported associations (108).   

The Immunochip platform has significantly contribute to the 

idea of a shared genetic component among IMDs (106). With the aim of 

delving into the common genetic bases of ADs, the scientific community 

developed another approach that lies in combining genome-wide 

genotype data from two autoimmune diseases (cross-phenotype 

GWAS). This systematic approach has been widely applied during the 

past five years and has showed encouraging results (109-114). Our 

group performed a combined-phenotype GWAS with SSc and systemic-

lupus erythematosus (SLE), another AD that shares several genetic 

susceptibility loci and clinical features with SSc. This study identified 

three new shared susceptibility loci, increasing the knowledge of the 

genetic overlap in ADs (113). During the period of this thesis, we have 

applied this approach for SSc and rheumatoid arthritis (RA) in a study 

that comprised more than 8,000 SSc patients, 16,000 RA patients and 
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43,300 controls. This cross-disease meta-GWAS has been consequently 

included in the present PhD dissertation (115). 

Table 1 summarizes the loci that have been reported for SSc at 

the genome-wide significant level, excluding the findings presented in 

this thesis. The interrogation of the biological pathways that are 

involved in SSc according to these firm genetic risk factors showed the 

prominent role of the immune imbalance in the susceptibility to SSc 

(Figure 7). Furthermore, some of the SSc risk loci play a role in other 

processes such as angionenesis (through platelet-derived growth factor 

(PDGF) signaling pathway) and TGF-β activation (through integrin 

signalling pathway). Thus, the genetic component of SSc also reflects 

the complex molecular network underlying the disease. 

Despite GWASs and Immunochip have reached great advances 

in understanding the genetic bases of SSc, the number of well-

established susceptibility loci is relatively low in comparison with other 

ADs, such as RA and SLE, for which 101 and 43 loci have been validated, 

respectively (116, 117). The low prevalence of SSc makes difficult the 

recruitment of large cohorts required to reach a high statistical power 

and to effectively detect association signals. Over the past seven years, 

our group has coordinated collaborative efforts that have allowed us to 

gather close to 10,000 patients of SSc and more than 16,000 healthy 

controls. The present PhD dissertation clearly reflects the successful of 

this collaborative network that has allowed us to continue increasing 

our knowledge of the genetic predisposition to SSc.  
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OBJECTIVES

The global objective of the present thesis was to further explore 

the genetic component of systemic sclerosis by means of genetic 

association studies.  

The specific objectives were: 

1. To identify novel loci associated with the susceptibility to 

systemic sclerosis to keep increasing our understanding of 

the pathological mechanisms underlying the onset and 

progression of the disease. 

2. To perform follow-up studies of the grey zone from the first 

SSc genome-wide association study in European population 

and the first SSc Immunochip. 

3. To further explore the common genetic component between 

systemic sclerosis and rheumatoid arthritis. 

4. To independently replicate in large SSc cohorts the recently 

reported association of a functional rare variant at ATP8B4

with the predisposition to SSc.  
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DISCUSSION 

1. Novel genetic findings in systemic sclerosis 
The study of the genetic component of ADs is a very active field 

of research that has achieved hundreds of signals of association 

between genomic variants and autoimmunity. Finding the genetic 

variants that are associated with the susceptibility to a complex AD is 

essential for understanding the pathological molecular pathways 

underlying the disease onset and progression (118).  The present PhD 

dissertation was focused on the study of the genetic component of 

systemic sclerosis, a complex autoimmune disease with low prevalence 

but high impact on patients’ life. 

Before the beginning of this thesis, two GWASs in European 

population were performed in SSc (98, 100). Later on, and 

simultaneously with the development of the present work, our group 

published the first SSc Immunochip study (107). These reports 

achieved a great advance on understanding the genetic bases of the 

disease, identifying several loci at the genome-wide significant level. 

Moreover, they also provided a considerable number of nominal signals 

located in the so-called grey zone. Follow-up studies focused on this 

grey zone (where tier two signals of associations are located) represent 

a valuable data mining method to identify additional actual risk 

variants that may have been overlooked due to a lack of statistical 

power (119). Using this strategy, we have been able to identify three 

novel SSc susceptibility loci: peroxisome proliferator activated receptor 

gamma (PPARG), interleukin 12 receptor subunit beta 1 (IL12RB1) and 
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tyrosine kinase 2 (TYK2). The results of these follow-up studies are part 

of this PhD dissertation (publications 1, 2 and 3) (105, 120, 121). 

Besides these pieces of work, a cross-disease meta-GWAS in SSc 

and RA identified interferon regulatory factor 4 (IRF4) as a novel 

shared susceptibility factor (publication 4). Moreover, in this study we 

confirmed other SSc-RA common loci previously reported: IRF5, 

PTPN22, ATG5 and BLK (115).

Finally, this thesis has also contributed to the rejection of a rare 

variant in ATP8B4 as a genetic risk factor for SSc (publication 5) (122). 

In the next sections, we will further discuss the results from the article 

compendium that integrates this PhD dissertation. 

2. PPARG: a locus pointing out to fibrosis 
(publication 1)

The vast majority of the genetic factors described for complex 

diseases have low-to-moderate effects. This means that large cohorts 

are needed to robustly detect the associations (123). The GWAS 

performed by the French group in SSc, which included 564 cases and 

1,776 healthy controls from France, reported 90 SNPs with p-values 

ranging from 1 x 10-04 to < 6 x 10-08 (100). Under the hypothesis that 

using additional cohorts would increase the statistical power to detect 

new suitable SSc genetic risk factors, we performed a follow-up of these 

SNPs of the grey zone from the French GWAS. The publication 1 of the 

present thesis integrates the results of this follow-up study. 

After excluding the SNPs located within MHC genes or in known 

SSc risk loci, 66 SNPs were available. In a first phase, we performed a 

meta-analysis for the 66 GWAS-genotyped SNPs combining the results 
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from the French GWAS with the results from the SSc GWAS published 

by our group, which comprised 2,357 cases and 5,187 controls from 

Spain, Germany, The Netherlands and USA.  

The meta-analysis revealed that 92,4% of the SNPs showed 

heterogeneity of the ORs. This elevated percentage of SNPs with 

heterogeneity in their effect size across populations was not observed 

in the meta-analysis of the four cohort included in the GWAS published 

by our group, which indicated that most of the observed heterogeneity 

came from the French cohort. These findings suggest that most of the 

signals located in the grey zone of the French GWAS present inflated 

effect sizes (the so-called winner’s curse) and highlight the relevance of 

large cohorts to accurately estimate ORs and statistical significance 

(119). 

The first phase also allowed us to select SNPs for a replication 

step in independent cohorts. The global analysis, combining the results 

from the first and the replication phases, led to the identification of a 

signal very close to the genome-wide significance level. The SNP 

harboring the signal, rs310746, is an intergenic SNP located in a highly 

polymorphic region at chromosome 3 that comprises three genes: 

PPARG, SYN2 and TIMP4.  

PPARG encodes the peroxisome proliferator-activated receptor 

gamma (PPAR-γ), a nuclear receptor involved in various metabolic 

processes, including adipogenesis, insulin sensitivity, and homeostasis 

(124). Interestingly, several in vitro and functional studies have 

provided evidences that suggest PPARG as an anti-fibrotic effector, an 

important aspect in SSc, in which fibrosis is one of the main hallmarks 

of the disease. In 2004, Ghosh et al. showed that PPAR-γ ligands 
abrogated collagen gene expression induced by TGB-β, myofibroblast 

transdifferentiation and Smad-dependent promoter activity through in 
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vitro experiments in normal fibroblasts (125). Similar results were 

obtained in human lung fibroblasts (126, 127). Moreover it has been 

reported that PPAR-γ ligands can exert their antifibrotic effect by 

inhibiting the phosphatidylinositol 3 kinase/protein kinase B 

(PI3K/Akt) pathway (127). Remarkably, experiments with SSc mouse 

models have shown that synthetic agonists of PPAR-γ, such as 
rosiglitazone, the triterpenoid oleanane 2-cyano-3,12-dioxoolean-1,9-

dien-28-oic (CDDO) and IVA337 attenuate dermal fibrosis. These 

observations have pointed out PPAR agonists as potential therapeutic 

targets for the treatment of fibrotic diseases (128-130). It has also been 

described that the expression and function of PPARG are impaired in 

SSc patients (131). Moreover, a recent candidate association study has 

reported the association of an intronic variant of PPARG with SSc (132). 

This gene also represents a susceptibility factor for other ADs, such 

inflammatory bowel disease (IBD) (133, 134) and psoriatic arthritis 

(135). In the light of these evidences, the rs310746 signal was assigned 

to PPARG. Nonetheless, the putative role of the nearby gene TIMP4

could not be rule out.  

The assignment of disease-associated SNPs to genes due to 

genomic proximity and biological plausibility has been a common 

practice in genetic association studies. However, during the past 5 

years, the scientific community has been witness to a tremendous 

revolution on the field of genomics with the development of different 

ambitious projects that aim to provide a deep characterization of the 

functional elements of the genome and the epigenome (Figure 1, 

Introduction). The ENCODE or the NIH Roadmap Epigenomics Projects 

offer a wide range of public data that help to the prioritization of 

disease-association signals (95, 96). Moreover, it is well known that 

gene expression regulation is a complex process that varies across 
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tissues and cell states. With the idea to resolve this issue, the scientific 

community launched the Genotype-Tissue Expression (GTEx) project, 

whose complete resource of data was published in 2015 (136), after the 

publication of the GWAS follow-up study included in this thesis. The 

GTEx provides information about human gene expression and 

regulation and its relationship to genetic variation across multiple 

tissues. Thus, this project offers the possibility to identify genetic 

expression quantitative trait loci (eQTLs), which are polymorphisms 

that are highly correlated with variations in gene expression.  

Considering the valuable resource of data, we searched for a 

putative functionality of the rs310746 in the GTEx database and found 

that this SNP is an eQTL of TIMP4 in tibial and aorta arteries (p-value = 

1.1 x 10-16, p-value = 1.9 x 10-06, respectively; FDR < 5%) (Figure 8). 

TIMP4 encode the metallopeptidase inhibitor 4 (TIMP-4), and belong to 

the TIMP gene family. The proteins encoded by these genes are 

inhibitors of the matrix metalloproteinases (MMPs), a group of proteins 

that regulate the turn-over of the ECM. Thus, MMP/TIMP imbalance is 

suggested to be important in tissue remodeling during fibrogenic 

process in response to inflammatory stimuli (137). Interestingly, a 

clinical study reported higher TIMP-4 serum levels in SSc patients than 

in healthy controls (138). Altered expression of MMPs and TIMPs has 

also been reported in IBD (139), in which chronic inflammation and 

aberrant tissue remodeling are characteristic features. In fact, the 

potential therapeutic effect of antibodies targeting MMPs has been 

investigated in IBD mouse models (140). According to GTEx, the minor 

allele of rs310746 correlates with higher TIMP4 expression level. This 

may give rise to an increased inhibition of MMPs, which ultimately 

might lead to lower collagen degradation. Therefore, rs310746 signal 

would also be linked to fibrosis through TIMP4.
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Figure 8. Correlation between rs310746 with gene expression of 
TIMP4 in artery aorta (upper panel) and artery tibial (lower panel) 
(Data obtained from GTEx)
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Although the results from the GTEx database offer functional 

support for TIMP4 being the causal gene, considering all the evidences 

that support a role of PPARG in fibrosis and SSc, we cannot discard a 

possible effect of rs310746, or a tagged signal, not described to date in 

PPARG expression. Therefore, we will assign the suggestive rs310746 

signal reported in our GWAS follow-up study to ‘TIMP4-PPARG’ from 
now on. 

3. Immunochip follow-up and the IL-12/IL-23 
pathway in systemic sclerosis (publications 2 and 3)

It is well known that genes do not work independently but in 

complex interaction networks that form molecular pathways. In 

genetics of complex ADs, related genes involved in the same pathway 

are often jointly associated with a particular trait (141). Therefore, 

functional prioritization by integrating the information of previously 

associated loci and prior knowledge of biological pathways may help to 

increase the chance to identify new genes and to better define 

mechanisms underlying disease risk and progression. Good examples of 

the successful of this strategy are the Immunochip follow-up studies 

included in this thesis (publications 2 and 3).  

Previous studies from our group had yielded evidences for an 

important role of the IL-12 signalling pathway in SSc pathogenesis (98, 

103, 107). Considering this prior information, we prioritized the 

nominal signals located in the grey zone of the SSc Immunochip study 

published by our group and performed two follow-up studies on IL-12-

related regions. This allowed us to identify two new risk loci, namely

IL12RB1 and TYK2, reaching the genome-wide significance level. The 

identification of these new strong signals involved in the same pathway 



New findings in the genetic landscape of systemic sclerosis

~ 120 ~ 

was also possible thanks to the nature of the Immunochip that contains 

related sets of SNPs (≈ 200,000 SNPs) from genes implicated or 
putatively implicated in IMDs (92). Most importantly, this platform was 

designed for fine-mapping the selected loci and includes all the variants 

described for European population by 1000 Genomes Project February 

2010 release, dbSNP and additional sequencing projects (92).  This 

particular characteristic allowed us to perform a comprehensive initial 

screening of IL12RB1 and TYK2 regions in our Immunochip data. 

In the case of IL12RB1 (publication 2), the analyzed region 

comprised 46 SNPs and 11 of them showed nominal signals. However, 

through the conditional analyses and the functional prioritization and 

annotation of the SNPs, we were able to narrow down the signal of 

association to the promoter region of the gene (rs436857). Moreover, 

our results are consistent with the results obtained by Takahashi et al., 

which found an IL12RB1 promoter polymorphism in high LD with 

rs436857 (rs393548) that had a transcriptional effect in the expression 

level of IL12RB1. According to their results, the minor allele of the 

mentioned variant was associated with decreased IL12RB1 mRNA 

levels. In addition, these authors suggested the presence of enhancer 

and silencer elements in the 5’ region of the gene (142). 

In regard with TYK2 (publication 3), our initial screening 

included 154 SNPs and allowed us to select for follow-up the strongest 

signal observed in the region, which was a common protein-coding 

missense variant previously associated with SLE (V362F 

(rs2304256))(143-145). In a contemporary study to this thesis, Diogo 

et al. performed a comprehensive fine-mapping genetic study of TYK2-

ICAM in RA and identified three TYK2 protein-coding variants as the 

most likely causal variants responsible for the signal of association in 

the region. These findings were also extended into other autoimmune 
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phenotypes (146). Thus, we additionally followed-up these three TYK2

protein-coding variants: two low-frequency coding variants (P1104A 

(rs34536443), I684S (rs12720356)) and one rare coding variant 

(A928V (rs35018800)).  Our study showed that V362F (rs2304256) 

common variant reached the genome-wide significance level. Despite 

the large cohort enrolled in this study, it was underpowered to detect 

genome-wide significant associations for the low-frequency and rare 

variants. However, the dependence analyses clearly supported that the 

strong signal of V362F was a synthetic association dependent on the 

presence of the other three selected variants (P1104A, I684S and 

A928V). These findings highlight the importance of fine-mapping and 

the complexity to resolve not only candidate genes but also causal 

variants (118). In fact, considering that P1104A, I684S and A928V were 

selected according to the observations in RA and SLE, we cannot rule 

out the genetic effect of additional independent rare and low-frequency 

TYK2 variant in SSc susceptibility. 

To date, five genes of the IL-12 pathway have been described as 

firm genetic factors for SSc and all of them are associated at the 

genome-wide significance level: IL12RB1 and IL12RB2 (the genes that 

encode the IL-12 receptor chains); IL12A (which encodes the p35 

subunit of IL-12); TYK2, the gene that encodes the Jak-STAT tyrosine 

kinase that activates the signal transducer and activator of 

transcription; and STAT4 (transcription factor of the IL-12 signalling 

axis) (Figure 9) (98, 103, 107, 120, 121). These findings provide genetic 

evidences for the crucial role of this cytokine pathway in SSc 

pathogenesis. In addition, two of these five genes are also involved in 

the IL-23 signalling pathway: IL12RB1 and TYK2 (Figure 9).

IL-12 is a cytokine that exerts important pro-inflammatory 

functions and is a powerful inducer of both Th1 cell differentiation and 
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responses, thus promoting cell-mediated immunity. On the contrary, IL-

12 antagonizes Th2 differentiation in combination with IFNγ (147). 

Several studies have implicated IL-12 and IFNγ in autoimmune 

inflammatory processes (147). Interestingly, serum levels of IL-12 are 

significantly increased in SSc patients, and this overproduction has 

been associated with renal vascular damage (148). Functional studies 

have suggested that Th1 responses may be crucial in mediating early 

inflammatory processes in SSc, while Th2 responses actively promote 

fibrotic processes by inducing secretion of profibrotic cytokines such as 

TGF-β (149). In this regard, IL-12 is known to have an anti-fibrotic 

effect in fibroblast and its serum-level elevation has been correlated 

with improvement in skin fibrosis in SSc (150, 151).Therefore, the 

implication of IL-12 in SSc seems to be complex taking into account its 

dual effect as pro-inflammatory cytokine and anti-fibrotic effector. 

On the other hand, IL-23 mediates chronic inflammation by 

promoting the survival and maintenance of Th17 cells as well as by 

stimulating the production of IL-17. Concentrations of IL-23 and IL-17 

have been reported to be increased in SSc patients (152, 153). Several 

studies have been performed to understand the functional significance 

of the Th17 cell imbalance in SSc and some of them proposed a 

potential role of Th17 cells in promoting inflammatory responses 

(154). However, the implication of Th17 in SSc remains controversial, 

since some studies support a role of IL-17 in fibrosis, while other 

studies indicate an anti-fibrotic effect for this cytokine (40, 154, 155). 

Our studies revealed for the first time the association of 

IL12RB1 and TYK2 with SSc (publications 2 and 3). The associations 

signals for both loci showed protective effects (OR < 1), meaning that 

the minor alleles of the analyzed variants are significantly less frequent 

in SSc patients than in healthy controls. Functional annotation of the  
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Figure 9. Representation of the Il-12/IL-23 pathway.  SSc-associated genes are 
highlighted in green. (Modified from van de Vosse et al., Hum Mutat, 2013). 

associations revealed that IL12RB1 rs436857 promoter variant is a cis-

eQTL whose minor allele correlates with decreased IL12RB1 expression 

(p-value = 2.4 x 10-81, Z-score = -19.10), which ultimately may lead to a 

decrease IL-12/IL-23 signalling. In the same way, the three missense 

variants responsible for the V362F (rs2304256) TYK2 association are 

predicted to be damaging mutations (93, 94). Moreover, the effect of 

two of them, P1104A and I684S (located in the kinase and 

pseudokinase domains of the protein, respectively), has been 

characterized by in vitro studies that have demonstrated that  P1104A 
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is catalytically impaired, it  leads to a reduced TYK2 activity and 

decrease type I IFN, IL-23 and IL-12 signaling (156-158).These 

functional findings of the IL12RB1 and TYK2 variants would be 

consistent with the protective effect and a lower SSc susceptibility.   

In the light of these evidences, target therapies to this pathway 

could be an effective treatment for the disease. In fact, an anti-IL-12/23 

p40 monoclonal antibody (ustekinumab) is currently approved for the 

treatment of psoriatic arthritis (159-161). Remarkably, Jak–STAT 

pathway has become an eminent drug target for pharmaceutical 

companies given the big amount of data linking these molecules to 

autoimmune diseases and its central role in the immune system (162-

164). However, the effect of a Jak inhibitor in the treatment of ADs 

could be counterbalanced by the increasing risk of certain infections. In 

fact, human TYK2 or IL-12Rβ1 deficiencies lead to autosomal recessive 

immunodeficiency syndromes characterized by predisposition to 

recurrent mycobacterial and/or viral infections, caused by impaired 

cytokine responses (165, 166). 

A very recent study has provided a comprehensive analysis of 

the role of TYK2 in autoimmunity that highlights that understanding 

the specific meaning of a genetic association is a necessary step in 

identifying drug targets (158). Their genetic study showed that, as for 

SSc, P1104A (rs34536443) protects against ten ADs (including 

psoriatic arthritis, RA, SLE, ankylosing spondylitis, Crohn’s disease and 

ulcerative colitis). The authors performed an extensive characterization 

of the implication of this variant in TYK2 activity that showed that the 

protective effect arises from the minor allele homozygosity at 

rs34536443, which leads to a near-complete loss of TYK2 catalitic 

function, and consequently an impairment on cytokine signaling. 
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Moreover the protective effect is genotype-dependent, since a relatively 

modest protective effect of rs34536443 heterozygosity was observed.  

Interestingly, according to the results of this study, rs34536443 

minor allele homozygosity allows for the minimal amount of TYK2-

mediated cytokine signaling needed to prevent immunodeficiency.  

Therefore, the perfect drug would be a molecule capable to mimic the 

impact of rs34536443 minor allele on TYK2 function that would 

guarantee an optimum balance between autoimmunity and 

immunodeficiency. 

In summary, the results of publications 2 and 3 have provided 

further evidence for the important role of IL-12/IL-23 pathway in SSc 

susceptibility, by identifying IL12RB1 and TYK2 as new loci firmly 

associated with the disease. It has been demonstrated that selecting 

genetically supported drug targets can have a considerable impact on 

drug success (167). Thus, considering the functional consequences of 

the analyzed genetic variants and their protective effect in the 

predisposition to the disease, our results may have therapeutic interest 

since they provide support for the promising effect of TYK2 inhibitors 

in SSc treatment. 
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4. Shared loci between systemic sclerosis and 
rheumatoid arthritis (publication 4)

The existence of a common genetic background underlying ADs 

has long been suspected given the overlap in clinical and immunological 

characteristics, along with the familial clustering and co-ocurrence 

observed among these diseases. GWAS and, specially, Immunochip 

findings have widely contributed to the idea of this shared genetic 

component among IMDs (4, 106, 168, 169). To date, there are more 

than 70 loci associated at the genome-wide significance level with two 

or more ADs (106). The increasing evidences of this genetic overlap led 

to the development of a new strategy, namely cross-disease meta-

GWAS, which lies in combining genome-wide genotype data from two 

complex diseases to systematically identify new shared loci. Thus, the 

methodology represents a systematic approach to further explore 

common etiopathological pathways.  

We have applied this strategy for the interrogation of the 

common genetic risk factors between SSc and RA (publication 4). The 

cross-disease meta-GWAS identified IRF4 as a new SSc-RA shared locus. 

In addition, we also confirmed common risk factors previously 

described for both diseases, such as IRF5, PTPN22, ATG5, BLK and the 

HLA region, which provides support for the ability of this strategy to 

resolve overlapping associations. We performed a protein-protein 

interaction (PPI) analysis taking into account all the shared 

susceptibility factors in SSc and RA. The SSc-RA network showed a 

significant enrichment in interactions, which implies that the proteins 

encoded by the SSc-RA risk loci interact with each other more than 

expected by chance (Figure 10), suggesting common altered pathways 

in SSc and RA. Consistently, the molecular pathway enrichment 

analyses identified significant overrepresentation of several gene sets 
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mainly involved in the immune response, especially the type I 

interferon (IFN) signaling pathway.  

More than 50% of the SSc susceptibility loci are also genetic risk 

markers for RA, and it is clear that both autoimmune rheumatic 

conditions are closely related phenotypes that share a substantial 

portion of their pathological pathways (170). However, there are many 

nuances that should be considered in regard with their genetic 

component.  A genetic overlap can comprise a shared locus for which  

Figure 10. Protein-protein interaction network of risk loci shared between 
systemic sclerosis and rheumatoid arthritis. 

the same allele can have the same or opposite effect among different 

diseases (concordant vs. discordant effect, respectively). A good 

example of this observation is the PTPN22 non-synonymous variant 

R620W that confers risk to RA, SLE and type 1 diabetes (T1D), but is 

protective against Crohn’s disease (106). Moreover, the true causal SNP 
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(or haplotype) for each disease at a given shared locus can be 

independent (‘non-corraleted’ signal), which may involve different 

downstream effects underlying the associations. Thus initial evidence 

of extensive genetic overlap may not always being translated into the 

same functional consequences (106). Therefore, we would like to 

update the picture of SSc-RA shared loci and to further characterize this 

genetic overlap taking into account the functional downstream effects 

of the associated variants. For this aim, we first updated the list of 

common SSc-RA loci and selected the index SNPs in each locus for both 

diseases. To maximize the scope of the analysis, we not only considered 

those loci that reached the genome-wide significance level but also 

those loci confirmed in at least two independent studies and/or 

showing a p-value of association < 5 x 10-5 in European population. The 

most powerful association studies for each disease were considered to 

select the top SNPs. In the case of RA, the reference work was the 

extensive meta-GWAS performed by Okada et al. (116), except for 

CD247 and PRDM1 (the index SNPs for these two loci were obtained 

from Teruel et al. and Raychaudhuri et al., respectively (171, 172). In 

the case of SSc, the index SNPs were selected from the initial phase of a 

large SSc meta-GWAS that our group is currently performing, which 

initially includes 7,828 SSc patients and 14,523 healthy controls of 

European ancestry. In addition, the Immunochip results from our group

and a very recently published trans-ethnic meta-GWAS in SSc were also 

considered (107, 173). 

In total, there are 14 well-established non-HLA shared loci for 

SSc and RA. As it can be observed in Table 2, the index SNP was 

different for 13 out of the 14 loci. Next we assessed whether the SNPs, 

for each of the 13 loci, were correlated by calculating the LD between 

them and found that in four loci (ATG5, BLK, TNFAIP3 and IKZF3-
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GSDMA) the top SSc and RA variants were in strong LD with each other 

(r2 > 0.8). Intermediate LD (0.2 < r2 < 0.8) was observed for another five 

loci, while for the remaining four loci the SSc and RA SNPs were in low 

LD with each other (r2 < 0.2) (PTPN22, IRF5, JAZF1, IRF8). These 

markers in very low LD with each other (r2 < 0.2) can be considered 

independent or non-correlated SNPs. Therefore, although the top 

signals in each locus can differ between SSc and RA, most of the SSc-RA 

common associations (71%) are driven by correlated variants. In 

regard with the protective (OR < 1) or risk effect (OR > 1) of the 

variants, the associations were concordant (same effect) for ten out of 

the 14 loci. The discordant effects were observed for PTPN22, PRDM1, 

JAZF1, and IRF8 (Table 2). 

We next explored the impact on gene function for the 14 loci to 

evaluate whether the associated SNPs in each disease trigger similar or 

different downstream effects. As it was expected, most of the associated 

SNPs were non-coding variants, thus it is more likely that they have a 

regulatory effect -for instances, affecting gene expression- rather than 

an effect on protein function itself. Therefore, we performed cis-eQTL 

analysis using blood eQTL data from Westra et al.(174), the Geuvadis 

dataset, which contains expression data from lymphoblastoid cell lines 

(175), and the GTEx project (136). Since we also found protein-coding 

missense variants among the top associated variants in each disease, 

our functional annotation also integrated previously reported impact of 

these variants on protein function (see Table2).  

Interestingly, we found different downstream effects among 

some of the shared loci with low LD between SSc and RA SNPs (i.e. 

those harboring independent signals in each disease). One of the most 

curious examples was observed for PTPN22. The functional variant 

R620W (rs2476601) of PTPN22 is a common risk factor for ADs, 

including RA. The minor allele of this variant leads to an amino acid 
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substitution that disrupts binding between PTPN22-encoded protein 

(LYP) and an intracellular kinase called Csk, which gives rise to 

impaired dephosphorylation and inactivation of its substrate, thus 

increasing T cell receptor signalling and activation (176). In RA, 

rs2476601 and its tag-SNP (rs6679677) are the most associated 

variants within PTPN22, and the effect size of the association is 1.8 

(116). In SSc, the index SNP at this locus, which is not in LD with R620W 

(rs2476601), significantly correlates with an eQTL that increases 

PTPN22 expression (Table 2). Candidate gene studies have previously  
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reported contradictory results for the role of R620W variant in SSc and 

the described effect size is lower than for RA (OR ≈ 1.13) (177-181). 

The results from the initial phase of our large meta-GWAS did not show 

significant results for this functional variant, thus we could conclude 

that R620W is not associated with SSc. However, considering that 

rs2476601 minor allele has a low frequency (MAF between 5-13%), we 

should be cautious: despite the large cohort, our study is underpowered 

to detect genome-wide significant associations for low-frequency 

variant with low effect size. Therefore, much larger cohort would be 

needed to convincingly identify or discard R620W as a susceptibility 

factor for SSc. Another interesting result was observed for IRF5: the 

rs36073657 minor allele (which confers risk for SSc) is significantly 

correlated with decreased expression of IRF5, while rs3778753 (which 

confers risk to RA and is not in LD with rs3778753) increases the 

expression of IRF5. Even when similar downstream effects are 

observed, the effect on each disease (risk vs. protective effect) can 

differ. This is the case of JAZF1: the RA SNP (rs67250450) is not 

associated with SSc and is not correlated with the SSc index SNP 

(rs849139) (independent signals); the minor alleles of both top SNPs 

correlate with decreased expression of JAZF1. However, the rs849139 

minor allele confers risk for SSc, while rs67250450 minor allele confers 

protection for RA. 

The identification of shared loci can help to discover common 

pathways across different ADs, which may represent a clinical 

advantage, thus providing support for drug repurposing of current 

therapies. However, our results and similar studies underline the 

importance of careful inspection of the functional effects driven by the 

associated variants in each disease, since shared loci commonly 

associated with two related diseases could actually contribute to 

disease susceptibility through different regulatory mechanisms.  
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As stated before, 71% of the SSc-RA shared loci harbor 

correlated signals. In addition, despite the aforementioned differences, 

most of the regulatory effects observed in our cis-eQTL analysis are also 

similar in both diseases, as well as the effect that the variants confer to 

disease susceptibility. Therefore, our observations suggest an extensive 

overlap both in their genetic component and in the etiopathogenic 

pathways underlying SSc and RA. Similar studies have been performed 

in other ADs and more discordant results were obtained, as in the case 

of RA and celiac disease (CeD)(182).  

We are aware that our analyses have considered the top SNPs 

for each disease, which are not necessarily the causal SNPs of the 

associations in each disease. Therefore, performing similar analyses 

considering the most likely causal SNPs would get more conclusive 

results.  In the same way, it should be taken into account that most of 

the eQTL data are derived from blood tissue and/or lymphoblastoid cell 

lines. eQTL analyses considering disease-relevant cell types and cell 

states would be a critical next step to identify disease-specific effects 

(118, 183). Overall, our results highlight the complexity on 

understanding the mechanisms leading to autoimmune processes and 

the complex interplay among different susceptibility variants described 

in autoimmunity.  

5. Role of next generation sequencing in 
systemic sclerosis (publication 5)

The first study that applied next generation sequencing (NGS) to 

the genetic component of SSc was published in 2015 by Gao et al.(184). 

The whole-exome sequencing (WES) study reported a novel gene, 

namely ATP8B4, as a risk factor for SSc and pointed out a missense rare 

variant (F436L [rs556872659]) as the most plausible causal variant 
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underlying the observed genetic association (184). Consequently, we 

performed a replication study to further address the role of the 

reported rare variant in SSc susceptibility. The results of this study 

comprised the publication 5 included in this thesis. 

Our replication study included 7,426 SSc patients and 13,087 

healthy controls, a much larger cohort than the included in Gao et al. 

(78 patients and 3,179 controls in their WES study; 415 patients and 

2,848 controls in the validation cohort). However, we did not replicate 

the reported association. In addition, we performed a meta-analysis of 

our results with the discovery phase of Gao et al. that also showed no 

significant differences for the minor allele of rs55687265 between SSc 

cases and healthy controls. Therefore, our results robustly discarded a 

role for this missense variant in SSc. 

The lack of replication raised concerns about several limitations 

of the WES study by Gao et al. First, their discovery cohort was not large 

enough and they did not validate their WES results with a different 

sequencing method. It is well known that the identification of rare 

variant associations with high throughput DNA sequencing 

technologies is substantially affected by technical artifacts, which may 

lead false positive findings (185)). This issue becomes especially 

important when cases and controls have not been exactly sequenced in 

the same way (another important limitation of the study), which also 

leads to high type I error rates in detecting rare variant associations 

(186, 187). In this regard, a recent method for the analysis of rare 

variant associations from NGS has been developed with the aim to 

control for differential sequencing qualities between cases and controls 

(187).  

Rare protein-coding variants are more likely to affect the 

protein function, thus, a priori, they are supposed to have larger effect 
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size on disease susceptibility(188). This idea gave rise to the hypothesis 

that rare variants may explain at least a considerable portion of the so-

called ‘missing heritability’ for complex traits. However, the impact of 

rare variants in the development of ADs remains an unanswered and 

controversial question (189). In this regard, some studies have 

illustrated that the identification of rare variants is more useful to 

dissect the target gene within a susceptibility locus than for the 

discovery of rare variants with large effect sizes and high impact on 

disease heritability (146, 190). Therefore, taking into account the 

current high cost of NGS approaches, we consider that exon sequencing 

of SSc candidate genes could be a fruitful approach to differentiate true 

causal genes within associated loci comprising several genes, thus 

shedding light into the pathogenic mechanisms underlying the disease.     

6. Overview of the genetic component of 
systemic sclerosis: functional implication of 
associated loci

In the previous sections we have summarized and discussed the 

results from the five publications that comprise the present thesis, 

which have added four additional loci (TIMP4-PPARG, IL12RB1, TYK2

and IRF4) to the genetic component of SSc. In the last section of this 

Discussion, we would like to integrate our results together with the 

remaining SSc susceptibility loci and to offer an overview about our 

current knowledge of the genetic background underlying SSc 

predisposition. For this purpose, we have considered all the SSc loci

associated at the genome-wide significant level. In addition, to 

maximize the scope of the overview, we have also considered 

previously reported associations that did not reach the genome-wide 
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significant level but have been confirmed in the initial phase of our 

large meta-GWAS (mentioned at point 4 of the Discussion) at least with 

a p-value < 5 x 10-5. Moreover, we have also included the results from a 

very recently published trans-ethnic meta-GWAS in SSc that has 

identified PRDM1 and GSDMA as novel susceptibility factors for the 

disease (173). In total, there are 27 loci outside the HLA region that 

fulfilled the inclusion criteria (Table 3). Most of them point out to genes 

that are closely related according to their function and that form 

complex interaction networks, as can be observed in the PPI analysis 

performed by means of STRING V10.0 (Figure 11) (191). These 

molecular networks point toward biological pathways involved in SSc 

onset and progression.  

One of the pathways represented by SSc risk factors is the type I 

IFN signalling pathway. It is noteworthy that four IFN regulatory factor 

(IRF) genes are part of the genetic component of SSc: IRF4, IRF5, IRF7

and IRF8 (Table 3). These IRFs belong to a family of transcription 

factors that are activated after type I IFN induction (192, 193). In this 

regard, over the past years, there has been increasing evidence for the 

implication of type I IFN deregulation in the pathogenesis of SSc. 

Increased expression and activation of IFN-inducible genes have been 

observed in blood and skin of SSc patients (192).  Thus SSc, as other 

ADs, is also known to have the so-called ‘IFN signature’. 
As it was stated in the Introduction, the excessive inflammatory 

environment is crucial in the development of SSc. Therefore, it is not 

surprising that several loci directly involved in the regulation of the 

inflammatory response are also SSc susceptibility factors (Table 3). 

This is the case of different genes involved in the TNF-induced NF-κB 
proinflamatory signalling pathway, such as TNFAIP3, TNIP1 and NFKB1. 

TNFAIP3 and TNIP1 negatively regulate the TNF-induced NF-κB 
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signalling pathway. In addition, they also participate in B cell survival 

and in the TNF-mediated apoptosiss (194).   

Figure 11.  Protein-protein interaction network of systemic sclerosis risk loci
performed by means of SRING V10.0.  

The aforementioned pathways highlight the role of deregulated 

innate immunity compartments in SSc.  In addition, as we also stated in 

the Introduction, several components of the adaptive immune response 

are also involved in the disease. B and T cell proliferation, 

differentiation, survival and activation are biological processes 

represented for several SSc risk factors (Table 3). For example, TNFSF4 

is involved in T and B cell proliferation and survival(178); CD247
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encodes  the T cell receptor T3 zeta chain that forms the T cell receptor-

CD3 complex (TCR/CD3 complex), which is negatively regulated by CSK 

and LYP (encoded by PTPN22) (195, 196).  IL12/23 and Jak/STAT 

signaling pathways are also overrepresented by the genetic background 

of SSc as we have previously addressed.  

Fibrosis is one of the main hallmarks of SSc. Therefore, it can be 

expected that genes related to this process are also associated with the 

disease. This is the case of the locus TIMP4-PPARG that we already 

discussed previously; or ITGAM, which encodes the integrin subunit 

alpha M. This subunit form the leukocyte-specific integrin macrophage 

receptor 1 ('Mac-1') in combination with the beta 2 chain (ITGB2). 

Integrins take part of the innate immune response, but are also central 

activators of the latent complex of TGF-β, which is considered a master 

regulator of fibrosis in SSc (45, 197).  

Most of the SSc risk loci encode proteins that are implicated in 

different processes of the immune system. In addition, there are a 

number of loci that are not easily connected to this ‘immune system 
network’ in our PPI analysis, which point toward new biological 
processes, for example, DNASE1L3 and ATG5.   The protein encoded by 

DNASE1L3 is a member of the deoxyribonuclease I family and is 

involved in DNA fragmentation, DNA breakdown during apoptosis and 

the generation of the resected double-strand 

DNA breaks in immunoglobulin genes (198-200). Thus, this locus

represents a link between apoptosis, impaired clearance of degraded 

DNA and autoimmunity. Regarding ATG5, this protein is involved in 

autophagosome elongation. Autophagy is a central player in the 

immune system, since it is involved in different processes such as 

development, survival and homeostasis of B and T cells, cytokine 
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Table 3. Susceptibility loci for system
ic sclerosis outside the H

LA
 region.

Locus
Chr

Gene nam
e

Index SN
P

SN
P function

DN
ASE1L3

3
Deoxyribonuclease I-like 3

rs35677470
exonic

ATG5
6

Autophagy related 5
rs9373839

intronic

Peroxisom
e proliferator-activated 

receptor gam
m

a 
JAZF1

7
JAZF zinc finger 1

rs849139
intronic

SOX5
6

SRY (sex determ
ining region Y)-box 5

rs10734732
intronic

IKAROS fam
ily zinc finger 3

Gasderm
in B

GSDM
A

17
Gasderm

in A
rs3894194

exonic
GRB10

7
Grow

th factor receptor bound protein 10
rs12540874

intronic

IKZF3-GSDM
B

17
rs883770

intronic

Apoptosis, autophagy, fibrosis and others  

TIM
P4-PPARG

3
rs310746

intergenic
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production and pathogen elimination (201). Thus, it is not surprising 

that defects in this destructive mechanism may modulate the onset and 

outcome of SSc. 

Although Table 3 does not include the associations described in 

the HLA region for SSc, it is important to note that this region 

represents the strongest association for SSc (107), as well as for other 

ADs (106). This implies that disease-associated MHC alleles must be 

responsible for an important portion of the susceptibility to 

autoimmune processes. The proposed mechanisms that may connect 

the development of autoimmunity and the HLA molecules are diverse: 

Disease-associated polymorphisms that may enable the presentation of 

key self-antigens; disease-associated polymorphisms that result in poor 

presentation of critical epitopes that may give rise to the escape from 

thymic tolerance mechanisms; key polymorphisms exerting effects on 

the T cell repertoire; or disease-associated MHC alleles that may 

present not only relevant self-peptides, but also microbial peptides that 

enable expansion and activation of relevant self-reactive T cells (202). 

6.1 Functional characterization of disease-associated 
variants 

The conversion of statistical associations of disease-associated 

variants into the functional consequences is essential to provide insight 

into the pathological mechanisms that lead to a certain complex 

disease. However, connecting risk alleles to molecular traits is not a 

trivial task. We have previously stated that the lead signal for a locus is 

not necessarily the functional genetic variant, known as the causal 

variant. Thus the first challenge is to identify the true causal variants 

that are responsible for the genetic associations. Once the variants are 
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identified, the next step is to try to connect the genetic markers to likely 

target genes.  

The development of ambitious projects focused on improving 

the functional characterization of human genome and epigenome, 

including the ENCODE, the NIH Roadmap Epigenomics and GTEx, has 

offered a valuable source of data for SNP functional annotation and 

prioritization (95, 96, 136). Therefore, taking advantage of this useful 

information, we would like to explore the functional roles of SSc-

associated variants. For this purpose, we first conducted functional 

annotation using wANNOVAR (203). Our input list of SNPs included not 

only the index SNP for each locus, but also all the proxy SNPs showing a 

r2 > 0.8 in the 1000 Genomes Project CEU population with the top SNP 

in each genetic region (80). The index SNP was selected according to 

the results of our ongoing SSc large meta-GWAS. In addition, we also 

considered the SSc Immunochip results from our group and the trans-

ethnic meta-GWAS performed by Terao et al. (107, 173). If the lead SNP 

for a certain locus in our SSc meta-GWAS was not in high LD with the 

lead SNP in the SSc Immunochip or in Terao et al., both genetic variants 

underwent our analysis.  

As it can be observed in Figure 12, the vast majority of 

interrogated SNPs are non-coding variants: 55.3% intronics, 20.89% 

intergenic variants. Only 3.07% (19 SNPs) of annotated SNPs mapped 

in exons. Moreover, not all of them affect the amino acid sequence: only 

1.84% (12 SNPs) of all the analyzed SNPs represented non-synonymous 

variants. Interestingly, these 12 non-synonymous variants comprise 8 

different loci (Figure 13): IRF7, ITGAM, IKZF3-GSDMB, GSDMA, TYK2, 

IL12RB1, DNASE1L3 and TNFAIP3.  This means that approximately 30% 

of the SSc susceptibility loci are linked to missense mutations, which 

are likely to represent the causal variants. It is important to note that 
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the functional effect of some of these variants has been addressed. For 

example, in vitro studies have shown that rs35677470 minor allele at 

DNASE1L3 leads to an inactive form of the protein that lacks its DNase 

activity (204).  Similarly, TYK2 rs34536443 minor allele leads to a near-

complete loss of TYK2 catalitic function, and consequently it impairs 

cytokine signaling (158), as we have widely discussed in a previous 

section.  Another example is the non-synonymous SNP at TNFAIP3 that 

results in a phenylalanine-to-cysteine change that reduces the 

inhibitory activity of TNFAIP3 at the NF-κB signalling pathway (205). 

Figure 12. Functional classification of SSc-associated SNPs and their proxies 
according to the functional annotation performed with wANNOVAR. Numbers 
indicate the percentage of SNPs in each category.  

In addition to variants that mapped in introns and intergenic 

regions, we also found a number of SNPs located in non-coding RNAs 

(ncRNAs), in UTR3’ or UTR5’ regions, upstream or downstream the 
genes and in splicing sites. In fact, a considerable proportion of the 
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SNPs (17.20%) mapped in ncRNAs. This suggests that variants affecting 

mRNA processing or stability may provide additional insights into the 

regulatory mechanisms affecting expression of disease-implicated loci. 

Our results are in accordance with emerging evidence that suggest a 

role of ncRNAs in autoimmunity (206).  Similarly, there are also 

increasing evidence for the role of genetic variants underlying 

transcript splicing (splicing quantitative trait loci or sQTLs) in common 

diseases (207). According to our data, SNPs that control transcript 

isoforms -for instances, disrupting consensus splice-site sequences –
may also being involved into the functional mechanisms underlying 

some of the genetic associations with the disease, such as IL12RB1. 

Taking into account that most of the SSc-associated SNPs are 

linked to regulatory functions rather than affecting the encoded protein 

function themselves, we wanted to further explore their regulatory 

effects. For this purpose, we underwent eQTL analysis using the same 

workflow as we explained in section 4 of the Discussion. In addition, we 

also interrogated overlap of SNPs with chromatin marks of active 

enhancers (H3K4me1, H3K27ac) and active promoters (H3K4me3, 

H3K9ac) (208), DNase hypersensitivity sites and TF-binding sites using 

data from the NIH Roadmap Epigenomics Project (96).  The overlap 

with chromatin marks and DNase hypersensitivity sites was performed 

by using relevant cell types for the disease, such as primary T helper 

cells, primary B cells, primary CD8+ cells, monocytes and fibroblasts 

(see figure footnote of Figure 14). These complementary analyses are 

especially relevant for those loci that comprise only intronic variants 

(IL12RB2, SOX5, STAT4, TNIP1, JAZF1, and GRB10) and/or intergenic 

signals (NFKB1, IRF8, IRF4, and PRDM1) (Figure 13).  

As it can be observed from Figure 14, the vast majority of the 

SSc-index SNPs (or their proxies) overlap with promoter and enhancer  



New findings in the genetic landscape of systemic sclerosis

~ 146 ~ 

Figure 13. Locus-specific functional classification of SSc-associated SNPs and 
their proxies according to the functional annotation performed with 
wANNOVAR. Numbers indicate the percentage of SNPs in each category. 

histone marks in the interrogated cell types. These results confirm that 

most of the genetic variations involved in the susceptibility to SSc 

modulate transcriptional regulatory mechanisms.  In this regard, we 

have found that many of the interrogated variants correlate with eQTLs 

thus altering gene expression (71.43% of the loci has ‘eQTl marks’). It is 
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important to note that many of the SNPs correlate with eQTLs for the a 

priori candidate gene. Nonetheless, we also found genetic variants 

affecting both a priori candidate gene and additional genes, as well as 

SNPs that were only eQTLs for a different gene from the selected 

candidate gene. As an example, DNASE1L3 rs35677470 missense 

variant - that leads to an inactive enzyme - correlates with eQTL for the 

neighbour genes PXK and RP11-802O23.3. These observations highlight 

that assigning association signals to the ‘closest gene’ is not a suitable 
strategy for some SNPs and that the functional role of certain signals 

may spread out to different target genes.  

In addition, Figure 14 shows that exonic variants can also 

overlap with epigenetic marks. These observations would mean that 

certain DNA sequences can have a dual function. In fact, it has been 

described that there are coding exons that act as coding exons in one 

tissue and function as enhancers of nearby genes in a different tissue 

(209).   

The index SNPs of some SSc-associated loci did not show a priori 

any interesting functional annotation by themselves, such as the top 

SNPs for TNFSF4, ITGAM and SOX5. Therefore, these SNPs could be 

initially discarded as the ‘causal variants’ for the associations.  
Curiously, in the case of ITGAM, the index SNP is in high LD with a 

missense variant and an intronic deletion. Although the functional 

consequences of these two other variants are unknown, they would 

probably add clues to the functional mechanism underlying ITGAM

association. Interestingly, our functional annotation of the index SNPs 

and their proxies showed that there are several SSc loci that are linked 

to a number of different ‘SNP categories’. For example, the index SNP at 

IL12RB1 is a promoter variant that is in high LD with several proxies 

that involved additional ‘SNP categories’: exonic non-synonymous, 
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intronics, UTR3’ and splicing variants. The regulatory effect of the 

promoter index SNP was addressed by Takahashi et al. and they 

showed that the minor allele of the promoter variant decreased 

IL12RB1 mRNA levels (142). However, the remaining ‘SNP categories’ 
linked to this locus are also interesting, especially the splicing variant 

rs393548 that leads to an alternative 3’ acceptor splice site resulting in 

a different transcript. This example illustrates that the regulatory 

mechanisms underlying a genetic association is not always 

straightforward to address (210). 

It has been demonstrated that variants associated with the 

same disease tend to overlap with cell type-specific chromatin marks 

(183). Considering that our chromatin mark analysis was performed in 

relevant cell types for SSc, it is not surprising the large colocalization 

that we have found for our SNP panel and the chromatin marks 

interrogated. More importantly, the overlap of disease-SNPs and cell-

type specific epigenetic marks add valuable information to identify 

critical cell types for a disease (183). This information will help to 

direct future functional studies in accurately chosen cell types, thus 

increasing the experiment success and helping geneticists to move from 

genetic associations to disease genes and mechanisms.          
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Figure 14. Functional characterization of SSc-associated loci.  In each category, 
dark colours represent overlap with lead SNPs, and light colours indicate 
overlap with proxy SNPs. The following cells were used to identify overlap of SNPs 
with chromatin marks of active enhancers (H3K4me1, H3K27ac) and active promoters 
(H3K4me3, H3K9ac), DNase hypersensitivity sites and TF-binding sites using data from 
the NIH Roadmap Epigenomics Project: Primary T cells , primary T helper cells , 
primary T helper 17 cells PMA-I stimulated, primary T helper memory cells , Primary T 
CD8+ memory cells, primary T helper naive cells, primary T CD8+ naive cells, primary 
monocytes, primary B cells  (all of them from peripheral blood), foreskin fibroblast 
primary cells skin,  dermal fibroblast primary cells, epidermal keratinocyte primary 
cells.
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IL12A 3 rs589446 ncRNA_intronic

3 rs77583790 ncRNA_intronic
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PRDM1 6 rs4134466 intergenic
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ATG5 6 rs9373839 intronic
SOX5 6 rs10734732 intronic
IRF5 7 rs36073657 intronic

JAZF1 7 rs849139 intronic
GRB10 7 rs12540874 intronic

BLK 8 rs2736340 intergenic
IRF7 11 rs1131665 exonic
CSK 15 rs1378942 intronic
IRF8 16 rs11117420 intergenic

ITGAM 16 rs11859349 intronic
IKZF3-GSDMB 17 rs883770 intronic

GSDMA 17 rs3894194 exonic
TYK2 19 rs34536443 exonic

IL12RB1 19 rs436857 UTR5
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FUTURE DIRECTIONS 
Looking back to the past ten years, our knowledge of the genetic 

basis underlying SSc has considerably increased. Despite that, we are 

aware that this field of research needs to keep developing in different 

directions. 

We have widely discussed the importance of enough sample 

size to reach a high statistical power to robustly detect association 

signals. Currently, the largest GWAS that has been performed in SSc 

comprised 2,296 cases and 5,171 healthy controls. Thus, an obvious 

step is to increase the number of genome-wide genotyped individuals 

to keep identifying new susceptibility loci. In this regard, our group is 

currently performing a large meta-GWAS for SSc that will include the 

cohorts of our previous GWAS (98) and more than 6,800 new cases and 

11,300 new controls of European ancestry. With this, the large SSc 

meta-GWAS will reach a sample size of around 9,100 cases and 16,500 

controls. Thus, this study will allow us to increase the number of 

genome-wide genotyped cases and controls for 4 times and 3 times, 

respectively, considerably increasing the power to detect new 

association signals.  

Figure 15 shows the Manhattan plots from our first GWAS (98) 

and the initial phase of the large SSc meta-GWAS (which in total 

comprised 7,828 SSc patients and 14,523 healthy controls). As it can be 

observed, the number of loci reaching the genome-wide significant level 

has dramatically increased from 3 to 16 signals. Therefore, the final 

large meta-GWAS will definitely allow us to identify new robust 

susceptibility loci and to confirm or discard risk loci previously 

reported for the disease. Altogether, this large study will help to 

accurately draw the picture of the genetic basis for SSc. 
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Figure 15. Comparison of Manhattan plots from the first GWAS in systemic 
sclerosis in European population (2,296 cases and 5,171 healthy controls) and 
initial phase of our large meta-GWAS (7,828 SSc patients and 14,523 healthy 
controls). The plots have been truncated at p-value <1 x 10-30. Red and blue 
lines indicate p-value thresholds at 5 x 10-08 and 5 x 10-05, respectively.

As we mentioned in the Introduction section, SSc is a clinically 

heterogeneous disease, with two main subgroups (lSSc and dSSc) that 

differ in the behavior of the disease. It could be expected that the 

differences among the clinical sub-phenotypes may also being related 

to specific genetic players in each subtype. In fact, this differential 

genetic background has already been addressed (211). Therefore, other 
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interesting directions would be the stratified analysis according to 

clinical subgroups in order to identify specific susceptibility loci for 

each subtype, which may also help to identify prognostic markers for 

the disease. In this way, it has been recently demonstrated the existence 

of a different genetic background between prognosis and susceptibility 

in Crohn's disease (212). Thus, a similar approach in SSc would be 

interesting as well.  

A critical next step would be the refinement of the association 

signals to identify the causal SNPs and the target genes. NGS focused on 

SSc risk loci would be a good strategy to capture all genetic variation 

present on the risk loci, along with fine-mapping and accurate 

imputation with extensive reference panels. In addition, the functional 

characterization of the most likely causal variants responsible for the 

association signals is a necessary step in order to translate our 

statistical genetic findings into pathogenic pathways. Bioinformatic 

annotation with of all the available functional data will help to prioritize 

variants, but in turn it may also help to elucidate altered pathways or to 

pinpoint regions of higher interest.  

The assignment of association signals to the ‘closest genes’ is 
not always a suitable strategy. This issue is, in part, due to the three-

dimensional conformation of the genome, which contains long-range 

interactions that bring into close proximity distant genomic regions. 

The investigation of this three-dimensional conformation by 

approaches such as Capture Hi-C allows clarifying the interactions 

between risk variants and their functional targets in a specific cell-type 

and cell-state context. Capture Hi-C has already been applied to 

autoimmune risk loci, and has allowed expanding some of the reported 

associations to target genes located far away from the association peaks 

(213, 214).  
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Overall, by applying these methodologies, we may expect a 

tremendous amount of information on disease biology that would help 

to draw predictive models of disease risk, to the identification of 

diagnostic and prognostic markers, and new putative therapeutic 

targets. We hope that the efforts behind the present thesis help to 

achieve these aims, contributing to health care and life quality of the 

patients in the future.    
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CONCLUSIONS 

1. PPARG, IL12RB1, TYK2 and IRF4 have been identified as novel 

susceptibility loci for systemic sclerosis for the first time through the 

studies presented in this thesis. Three out of the four loci reached the 

genome-wide significance level (p < 5 x 10-08) 

2. The association reported at PPARG locus almost reached the genome-

wide significance level. eQTL analysis provided functional evidence for 

the role of TIMP4 in the pathogenesis of the disease. Both PPARG and 

TIMP4 represent susceptibility genes related to fibrotic processes.   

3. The identification of IL12RB1 and TYK2 as susceptibility genes for 

systemic sclerosis highlights the important role of the IL-12/IL-23 

pathway in the predisposition to the disease. Moreover, these findings 

may give rise to new therapeutic lines for the treatment of the disease.  

4. Our results discarded the role of ATP8B4 F436L missense variant in 

the susceptibility to systemic sclerosis.  

5. The analysis of the shared genetic component between systemic 

sclerosis and rheumatoid arthritis identified IRF4 as novel shared risk 

factor.  We also confirmed other SSc-RA common loci previously 

reported. Moreover, the pathway enrichment analysis identified type I 

interferon as one of the most relevant common pathways between 

systemic sclerosis and rheumatoid arthritis on the basis of their 

common genetic background.  

6. The analysis of the functional downstream effects of the SSc-RA 

genetic variants suggests an extensive overlap both in their genetic 

component and in the etiopathogenic pathways underlying SSc and RA. 
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7. The functional characterization of the SSc associated variants showed 

that 30% of the SSc risk loci can be linked to exonic missense variants. 

However, our results demonstrate that most of the genetic variations 

involved in the susceptibility to the disease modulate several 

transcriptional regulatory mechanisms.   
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CONCLUSIONES 

1. Los estudios que conforman la presenta tesis doctoral han permitido 

identificar por primera vez cuatro nuevos loci de susceptibilidad para la 

esclerosis sistémica, a saber, PPARG, IL12RB1, TYK2 e IRF4. La 

asociación de tres de ellos, IL12RB1, TYK2 e IRF4, alcanzó el nivel de 

significación establecido para los estudios de asociación de genoma 

completo, es decir un valor p < 5 x 10-08. 

2. La asociación del locus PPARG rozó el nivel de significación 

establecido para los estudios de asociación de genoma completo. El 

análisis de eQTLs en este locus proporcionó evidencias funcionales para 

la implicación del gen TIMP4 en la patogénesis de la esclerosis 

sistémica. Tanto PPARG como TIMP4 representan loci the 

susceptibilidad relacionados con mecanismos fibróticos. 

3. Los hallazgos en los loci IL12RB1 y TYK2 refuerzan el importante 

papel de la vía de señalización de la IL-12/IL23 en la predisposición a la 

esclerosis sistémica. Además, estos resultados ofrecen soporte genético 

para el interés de esta vía de señalización como nueva diana terapéutica 

en el tratamiento de la enfermedad.   

4. Nuestros resultados descartaron el papel de la variante rara F436L 

de ATP8B4 en la susceptibilidad a la esclerosis sistémica. 

5. El análisis del componente genético común de la esclerosis sistémica 

y la artritis reumatoide identificó a IRF4 como nuevo factor de riesgo 

compartido por ambas enfermedades autoinmunes, y confirmó varios 

loci comunes previamente descritos. Además, el análisis de rutas 

bioquímicas identificó la ruta del interferón de tipo I como una de las 
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vías patogénicas comunes más relevantes de acuerdo al componente 

genético compartico por ambas enfermedades. 

6. El análisis de los efectos reguladores y funcionales  de las variantes 

asociadas a la esclerosis sistémica y la artritis reumatoide localizadas 

en los factores de riesgo compartidos  sugiere un extenso solapamiento 

no sólo en el componente genético sino también en los mecanismos  

etiopatogénicos subyacentes a ambas enfermedades.  

7. La caracterización funcional de las variantes asociadas a la 

enfermedad reveló que el 30% de los loci de susceptibilidad descritos 

hasta el momento están ligados a variantes exónicas de pérdida de 

sentido. No obstante, nuestros análisis demuestran que la mayoría de 

las variaciones genéticas implicadas en la predisposición a la esclerosis 

sistémica ejercen su efecto a través de la modulación de la expresión 

génica.  
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“No basta examinar, hay que contemplar: impregnemos de emoción y 

simpatía las cosas observadas; hagámoslas nuestras, tanto por el corazón 

como por la inteligencia. Sólo así nos entregarán su secreto. Porque el 

entusiasmo acrecienta y afina nuestra capacidad perceptiva”

Santiago Ramón y Cajal, Reglas y consejos sobre investigación científica: los tónicos de la 

voluntad 
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