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From the Oxford dictionary: 

Genetic: /dʒɪˈnɛtɪk/ relating to genes or heredity. 

Gene:  /dʒiːn/ a unit of heredity which is transferred from a parent to offspring 

and is held to determine some characteristic of the offspring. 

Continuum: /kənˈtɪnjʊəm/ a continuous sequence in which adjacent elements are not 

perceptibly different from each other, but the extremes are quite distinct. 
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In laboring to be concise, I become obscure. 

 -Horace
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ACA: anti-centromere auto-antibody. 

ACPA: Anti-Citrullinated Protein Auto-antibody. 

AID: Autoimmune Disease. 

ATA: anti-topoisomerase I auto-antibody. 

ATG5: autophagy related 5. 

BANK1: B-cell scaffold protein with ankyrin repeats 1. 

BLK: B lymphoid tyrosine kinase. 

CD247: CD247 molecule. 

CR: Cumulative Risk. 

CSK: c-src tyrosine kinase. 

SSc: Systemic Sclerosis, Scleroderma. 

dcSSc: diffuse cutaneous subtype of systemic sclerosis. 

DNA: Deoxyribonucleic Acid. 

FCGR2A: Fc fragment of IgG, low affinity IIa, receptor (CD32). 

GO: Gene Ontology. 

GRAIL: Genetic Relationships Across Implicated Loci. 

GWAS: Genome-wide association study 

HLA: Human Leukocyte Antigen. 

HLA-DPB1: major histocompatibility complex, class II, DP beta 1. 

HLA-DRB1: major histocompatibility complex, class II, DR beta 1. 

ICA1: islet cell autoantigen 1, 69kDa. 

IKZF1: IKAROS family zinc finger 1. 

IL10: interleukin 10. 

IL12RB2: interleukin 12 receptor, beta 2. 

IL2RA: interleukin 2 receptor, alpha. 

IRAK1: interleukin-1 receptor-associated kinase 1. 

IRF5: interferon regulatory factor 5. 

IRF7: interferon regulatory factor 7. 

IRF8: interferon regulatory factor 8. 

ITGAM: integrin, alpha M (complement component 3 receptor 3 subunit). 
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JAZF1: JAZF zinc finger 1. 

KIAA0319L: KIAA0319-like. 

lcSSc: limited cutaneous subtype of systemic sclerosis. 

LD: Linkage Disequilibrium. 

MHC: Major Histocompatibility Complex. 

MICB: MHC class I polypeptide-related sequence B. 

NARAC: North America Rheumatoid Arthritis Consortium. 

NFKB1: nuclear factor of kappa light polypeptide gene enhancer in B-cells 1. 

NOTCH4: notch 4. 

OR: Odds Ratio. 

PSD3: pleckstrin and Sec7 domain containing 3. 

PTPN22: protein tyrosine phosphatase, non-receptor type 22 (lymphoid). 

PTTG1: pituitary tumor-transforming 1. 

PXK: PX domain containing serine/threonine kinase. 

RA: Rheumatoid arthritis. 

SAMD9L: sterile alpha motif domain containing 9-like. 

SLE: Systemic Lupus Erythematosus. 

SNP: Single nucleotide polymorphism 

SOX5: SRY-box containing gene 5. 

STAT4: signal transducer and activator of transcription 4. 

TNFAIP3: tumor necrosis factor, alpha-induced protein 3. 

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

TNIP1: TNFAIP3 interacting protein 1. 

TYK2: tyrosine kinase 2. 

UBE2L3: ubiquitin-conjugating enzyme E2L 3. 

UHRF1BP1: UHRF1 binding protein 1. 

WTCCC: Welcome Trust Case Control Consortium. 
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Vigorous writing is concise. A sentence 
should contain no unnecessary words, a 
paragraph no unnecessary sentences, for 
the same reason that a drawing should 
have no unnecessary lines. 

 -William Strunk



Summary 

 
8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Summary 
 



Systemic Sclerosis and the Genetic Continuum 

 
9 

 

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

genetic and an environmental component characterized by three main 

pathological courses: vascular damage, altered immune response and 

extensive fibrosis of the skin and internal organs which ultimately leads to the 

death of the patient. SSc presents two major subtypes: the limited cutaneous 

subtype (lcSSc) and the diffuse cutaneous subtype (dcSSc); and two major auto-

antibodies: anti-DNA topoisomerase I (ATA) and anti-centromere auto-

antibodies (ACA). 

Prior to the beginning of this thesis, few loci involved in SSc were described. In 

order to extend the knowledge of the genetics of SSc we have performed a 

genome-wide association study (GWAS) of 2,771 SSc patients and 5,706 

controls. The range of approaches used includes the throughout analysis of all the 

GWAS and suggestive level signals, the analysis of the main subphenotypes of 

SSc and the pan-meta-analysis of systemic lupus erythematosus and SSc GWAS 

data, all followed by the replication of findings in follow-up independent cohorts 

including 3,237 patients and 6,097 controls. Thanks to these, we have been able 

to identify 13 new SSc susceptibility loci: ATG5, CD247, CSK, IKZF1, IRF8, 

JAZF1, KIAA0319L, NFKB1, NOTCH4, PSD3, PXK, SAMD9L and SOX5. 

Of these new susceptibility loci, the majority represent functions in different 

compartments of the immune system like T cell biology (CD247 and CSK), B 

cell biology (IKZF1), autophagy (ATG5), inflammation (PXK and NFKB1) and 

innate immunity (IRF8), but most importantly we have been able to uncover the 

first two susceptibility loci in which we find genes involved in one of the three 

major hallmarks of SSc: collagen deposit and fibrosis (NOTCH4 and SOX5).  

Additionally, through the imputation of HLA classical alleles and polymorphic 

aminoacidic positions using GWAS data, we refined the historically well-known 

peak of association in this region. We have been able to define a set of seven 

aminoacids in the HLA-DRβ1 and HLA-DPβ1 molecules which explains almost 

all association observed in the HLA region with SSc and confine it to the ACA 

and ATA positive subgroups. 

S 
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Thanks to the throughout analysis of these variants we have gained the 

knowledge of the compartment in which each of the susceptibility variants 

belong. Using these data we have learned that the auto-antibody producing 

subsets of patients (ACA and ATA), are more genetically homogenous entities 

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

As a generalization of the discoveries presented in this thesis we propose that 

individuals are the combination of many observable phenotypic continuums, 

which can be subdivided in many other biological continuums, which, in 

turn, are the product of the interaction between the genetic continuum of the 

involved loci and the environmental factors. Thus, individuals grouped under 

the criteria of biological phenotypes will tend to be more genetically 

homogeneous than those grouped under clinical classification criteria.
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a esclerosis sistémica (SSc) es una enfermedad heterogénea y compleja 

con componente genético y ambiental que se caracteriza principalmente 

por tres vías patológicas: daño vascular, respuesta inmune alterada y 

una extensa fibrosis de la piel y los órganos internos que conduce en última 

instancia a la muerte del paciente. La SSc presenta dos subtipos principales: el 

subtipo limitado cutáneo (lcSSc) y el subtipo limitado difuso (dcSSc); y dos 

auto-anticuerpos principales: auto-anticuerpos anti-DNA topoisomerasa I (ATA) 

y anti-centrómero (ACA). 

Antes de la realización de esta tesis, tan solo unos pocos loci se habían descrito 

como factores de susceptibilidad para SSc. Para ganar un mayor conocimiento de 

la genética de la SSc hemos realizado un estudio de asociación del genoma 

completo (GWAS) en 2,771 pacientes de SSc y 5,706 controles. El abanico de 

acercamientos utilizados incluyen el meticuloso análisis de todas las señales a 

nivel de GWAS y a nivel sugestivo, el análisis de los principales subfenotipos de 

la SSc y el pan-meta-análisis de datos de GWAS de SSc y el lupus eritematoso 

sistémico, todos ellos seguidos por las correspondientes fases de replicación en 

cohortes de seguimiento independientes incluyendo otros 3,237 pacientes de SSc 

y 6,097 controles sanos. Gracias a esto hemos sido capaces de identificar 13 

nuevos loci de susceptibilidad a la SSc ATG5, CD247, CSK, IKZF1, IRF8, 

JAZF1, KIAA0319L, NFKB1, NOTCH4, PSD3, PXK, SAMD9L y SOX5. 

De estos nuevos loci de susceptibilidad, la mayoría representan funciones en 

diferentes compartimentos del sistema inmune como la biología de las células T 

(CD247 y CSK), la biología de las células B (IKZF1), la autofagia (ATG5), la 

inflamación (PXK y NFKB1) y la respuesta inmune innata (IRF8), pero aún más 

importante hemos descrito los dos primeros loci de susceptibilidad en los que 

encontramos genes involucrados en una de las tres principales vías patogénicas 

de la SSc: el depósito de colágeno y la fibrosis (NOTCH4 y SOX5). 

Adicionalmente, a través de la imputación de la imputación de los alelos clásicos 

del HLA y sus posiciones aminoacidicas polimórficas usando datos de GWAS, 

hemos refinado la históricamente conocida asociación de esta región. Hemos sido 

L 
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capaces de definir un conjunto de siete aminoácidos en las moléculas HLA-DRβ1 

y HLA-DPβ1 que explican casi toda la asociación observada en la región HLA 

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

Gracias al meticuloso análisis de estas variantes hemos ganado un mayor 

conocimiento de a que compartimento pertenece cada asociación de cada uno de 

los factores genéticos de susceptibilidad. Utilizando estos datos hemos aprendido 

que los subgrupos positivos para los auto-anticuerpos (ACA y ATA) son 

entidades más homogéneas genéticamente que los grupos clasificados bajo 

características clínicas (SSc, lcSSc y dcSSc). 

Como una generalización de los descubrimientos presentados en esta tesis 

proponemos que los individuos son una combinación de una multitud de 

continuos fenotípicos observables, los cuales pueden ser subdivididos en 

muchos otros continuos biológicos, los cuales, a su vez, son el producto de la 

interacción entre el continuo genético de los loci involucrados y los factores 

ambientales. Así, los individuos agrupados bajo criterios de clasificación 

basados en fenotipos biológicos tenderán a ser más homogéneos genéticamente 

que aquellos agrupados bajo criterios de clasificación clínica. 
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I don't want to believe. I want to know. 

 -Carl Sagan 
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Systemic Sclerosis 

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

characterized by three main pathological courses: vascular damage, altered 

immune response and extensive fibrosis of the skin and internal organs [1]. 

This disease presents two major clinical subtypes: the limited cutaneous subtype 

(lcSSc), which is milder and involves usually the fibrosis of skin in the distal parts of 

the body; and the diffuse cutaneous subtype (dcSSc), which is a more severe form of the 

disease, progresses much faster and fibrosis affects at least one internal organ in 

addition to the skin [2]. The vascular damage is the earlier alteration which appears in 

SSc patients, mainly consisting in the loss of integrity of the endothelial layer and can 

occur in all organs [3-6]. This vascular damage precedes the fibrosis, as it gradually 

replaces the vascular inflammatory phase, and ultimately leads to the disruption of the 

architecture of the affected tissue. This fibrosis is the cause of the mainsymptoms of the 

disease, and in the later, more severe stages of the disease is mainly due to the 

accumulation of type I collagen, especially in the lungs of dcSSc patients [7, 8]. Thus, 

fibrosisis the ultimate responsible for most complications and death of the patients. The 

most commonly affected organs by fibrosis in these patients, especially in dcSSc 

patients, are the lungs [1].Additionally to the lung fibrosis, and presenting itself as the 

single major SSc complication which most frequently leads to the death of the lcSSc 

patients, is the pulmonary arterial hypertension [9]. Pulmonary arterial hypertension 

develops in up to 30% of patients with SSc, being more frequent in the lcSSc subtype 

and sometimes overlapping with pulmonary fibrosis [9].  

Another of the major features of SSc is the altered immune response, leading to the 

production of auto-antibodies. Among these auto-antibodies we can find the DNA 

topoisomerase I (ATA), the anti-centromere auto-antibodies (CENP A and/or B 

proteins) (ACA), RNA polymerase III (pol-III), U3-RNP (fibrillarin), Th/To, PM/SCL, 

and U1-anti-ribonucleoprotein (RNP) [1, 10-14]. The production of these auto-

antibodies have been described to partially overlap with clinical subtypes and 

manifestations of the disease, e.g. ACA production has been associated with the lcSSc 

subtype and pulmonary arterial hypertension, while ATA production has been 

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

S 
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Thus, SSc is a complex clinically heterogeneous disease in which multiple genetic risk 

factors, each with a modest role in the disease risk, interact with environmental factors 

to trigger the onset of the disease and affect the severity and course of the disease 

(figure 1). Both, the genetic component and the environmental factors of the disease 

have been studied, but also both, especially the genetic component remains largely 

elusive. 

As in most AIDs, a sex bias in SSc patients can be observed, affecting more women 

than men, typically in a 9:1 ratio as observed in the cohorts studied in this thesis [16-18] 

(figure 2). Although different mechanisms have been proposed for this sex proportion 

deviation in SSc patients [19-21], none have proven as solid evidence for this 

observation so far.A possible explanation for this increased proportion of women 

affected by SSc could be explained by pregnancy related pathological processes that has 

been observed in women with SSc such as fetal antimaternal graft-versus-host reactions 

[22] and the presence of DNA of the offspring in class II compatible women with their 

child [23]. Since those are pregnancy related processes, this could explain, at least 

partially, the sex bias present in patients with SSc. 

Figure 1.Factors which determine the development of SSc. 
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Figure 3 shows the distribution of the two main SSc subtypes in the case cohorts 

investigated during this thesis, while figure 4 shows the distribution of the two most 

frequent auto-antibodies (i.e. ACA and ATA) in this body of patients. How the clinical 

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

All SSc patients in our cohorts either met the American College of Rheumatology 

Preliminary criteria for the classification of SSc or had at least three of the five CREST 

(calcinosis, Raynaud’s phenomenon, esophageal dysmotility, sclerodactyly, 

telangiectasias) features [24]. Also, all individuals were of Caucasian origin, determined 

either by principal component analysis (for the individuals genotyped at GWAS level) 

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

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

Figure 3. Subtype distribution in the main SSc cohorts used in this thesis. 
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Figure 5.Subtype and auto-antibody distribution of the main cohorts used in this thesis. All 

percentages are relative to the total. All patients in our study cohorts were either classified as 

lcSSc or dcSSc. Of these, they could present ACA auto-antibodies, ATA auto-antibodies or 

none of them. 

Figure 4.Auto-antibody distribution in the main SSc cohorts used in this thesis. 
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Environmental Factors in Systemic Sclerosis 

s a complex trait, SSc is influenced by both genetic variation in individuals 

and their environment [25]. Several studies have been carried out in SSc in 

order to identify the environmental factors which affect the development of 

this disorder. In general, the loss of tolerance to self is the crucial factor which must 

occur in order to develop an AID such as SSc. The environment can affect the loss of 

tolerance in one of two ways: 1) alteration of self-antigens by substances of any kind, 

which makes the immune system recognize the modified molecular motif as alien or 2) 

a molecular mimicry process in which an environmental agent is cross-recognized with 

self-antigens. 

Among the best described environmental factors which predispose to the development 

of SSc is the exposure to Silica dust [25, 26]. It has been demonstrated that human 

lymphocytes exposed to silica express high levels of CD95 (the Fas receptor) which 

induces apoptosis along with different autoantigen alterations, which in turn provokes 

an autoimmune response [27] and post translational protein changes [28]. Studied 

environments under which SSc or SSc-like syndromes develop due to silica exposure 

include gold mines, powder factories, uranium mines and others [25]. Also the exposure 

to organic solvents such as benzene, toluene, xylene to name a few can cause similar 

phenotypes [25]. Additionally the exposure to the vinyl chloride monomer (found in the 

polyvinyl chloride dust) can cause an SSc-like syndrome [29-31]. These kind of 

exposures to different substances fall into the first category of environmental 

component of the alteration of the self-antigens which trick the immune system into 

recognizing them as alien. 

When attending to the possibility of molecular mimicry as environmental factor 

influencing the development of SSc we find studies in which it has been described a 

sequence of 11 amino acids in the C-terminal end of the topoisomerase I (one of the two 

major auto-antibodies in SSc) with high homology with antigens of certain mammal 

retroviruses [32]. Another study was able to characterize regions of homology between 

the UL70 protein of human cytomegalovirus and other fragments of the human 

topoisomerase I [33].  

As previously commented,pregnancy related pathological processes such as fetal 

antimaternal graft-versus-host reactions [22] and the presence of DNA of the offspring 

A 
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in class II compatible women with their child [23] could also be included among the 

environmental factors affecting the onset of SSc. 

An SSc-like syndrome epidemic was spread in Spain in 1981 due to the ingestion of oil 

denatured with 2% aniline. This epidemic, known as toxic oil syndrome, had female 

prevalence, different clinical evolution even inside the same family and HLA-DR2 was 

increased in patients, which points to an underlying genetic component for this 

syndrome as in the case of SSc [34, 35]. 

At last, unlike in RA, smoking has been posed as not influencing the developmentof 

SSc but affecting the severity of the disease, including parameters as Raynaud’s 

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

Thus the exposure to organic solvents, silica dust and polyvinyl chloride (through self-

antigen modification), viral infections, pregnancy related microchimerism (through 

molecular mimicry) and othersare environmental factors which influence the 

development of SSc. Nevertheless, it is striking that of them can explain the 

environmental component of SSc, albeit some of them can explain specific phenotypes 

presented in individuals suffering from SSc or SSc-like syndromes. Interestingly this 

mimics the trend of genetic variation explaining not the developing of the disease as a 

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

ommonly, genetic susceptibility variants are searched for by obtaining the 

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

genetic variants in cohorts of individuals presenting the studied trait (cases) 

and individuals without it (controls). The frequency of the genetic variants of interest 

are then compared by the means of different statistics between cases and controls, and if 

those differences are significant according to the statistical test used, then it is assumed 

that the variant(s) are associated with a greater chance of presenting the trait. Statistical 

tests must be adjusted for different aberrations product of the sample size or the number 

of variants tested, e.g., the test statistics must be corrected for multiple testing in order 

to avoid false positive signals as a consequence of the number of genetic variants tested. 

As previously stated, SSc is a complex disorder of the immune system and the 

connective tissue with both a genetic and an environmental component [1]. Two facts 

point towards the weight of the genetic component in SSc: 1) the prevalence of the 

disease varies from 7 per million to 700 per million in different populations [18, 38-40] 

and 2) Twin and familiar studies revealed a high concordance of auto-antibody 

production and HLA-haplotypes, making the chance of affected siblings of developing 

SSc up to 15-fold [41-43]. 

The first genetic susceptibility locus which has been confirmed described for SSc were 

the HLA class II genes [12, 44], although not until recent more genes which affect the 

development and course of this disease have been discovered (table 1). Prior to the 

publication of the first SSc GWAS in a Caucasian population [45], few non-HLA 

susceptibility loci were involved in SSc (table 1). A GRAIL analysis [46] of this loci 

shows that most putatively responsible genes for the association observed in this regions 

belong to the immune system (figure 4). Of the three major hallmarks of SSc, collagen 

deposit, vascular damage and altered immune response [1], this can only partially 

explain the later one, leaving no genetic evidence as what genes directly influence the 

other two pathological processes in SSc, although an altered immune response can lead 

indirectly to vascular damage and fibrosis through inflammation. Furthermore, when 

merging the Gene Ontology (GO) terms of all the 16 loci associated with SSc prior to 

this thesis in a word cloud no single mention of fibrosis or collagen deposit is observed 

(figure 5). 

C 
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Gene Variation Phenotype OR P value References 

BANK1 rs17266594 dcSSc 1.23 1.00x10
-3

 [47, 48] 

BLK rs2736340 ACA 1.47 2.20x10
-6

 [49-51] 

HLA Class II HLA-DRB1*1104 SSc 4.99 3.00x10
-4

 [12, 52, 53] 

HLA Class II HLA-DPB1*1301 ATA 14.02 <1.00x10
-4

 [12, 54] 

HLA Class II HLA-DQB1*0501 ACA 2.56 <1.00x10
-4

 [12, 53, 55] 

IL12RB2 rs3790567 SSc 1.17 2.82x10
-9

 [56] 

IL2RA rs2104286 ACA 1.30 2.07x10
-4

 [57] 

IRAK1 rs1059702 ATA 1.43 9.39x10
-5

 [58] 

IRF5 rs10488631 SSc 1.50 1.86x10
-13

 [45, 59, 60] 

IRF7 rs1131665 ACA 0.78 6.14x10
-4

 [61] 

STAT4 rs3821236 SSc 1.30 3.37x10
-9

 [62-64] 

TNFAIP3 rs5029939 dcSSc 1.46 2.29x10
-6

 [65, 66] 

TNFSF4 rs12039904 ACA 1.22 2.09x10
-3

 [67, 68] 

TNIP1 rs4958881 ATA 1.19 3.26x10
-5

 [69, 70] 

Table 1. Genetic loci associated with susceptibility to SSc or its considered subphenotypes 

prior to the first SSc GWAS in a Caucasian population. The genes shown are selected from 

each region by GRAIL analysis. The considered cutoff P value was 5x10
-3

. 

Figure 6. GRAIL analysis 

of the genetic loci 

associated with SSc or any 

of its considered 

subphenotypes prior to the 

realization of the first 

GWAS in a Caucasian 

population. The release 18 

of the human genome and 

the PubMed text as of 

2012 were used. 
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SSc is a heterogeneous disorder, which main clinical division are the limited cutaneous 

subtype (lcSSc) and the diffuse cutaneous subtype (dcSSc) [1]. Furthermore, the disease 

presents two major auto-antibodies, which are associated to disease outcome: ACA and 

ATA [1]. Several of the described SSc genetic associations are confined to one of these 

subgroups within the disease, adding further complexity to the genetic component of 

SSc (table 1 and figure 6). The fact that most of the described genetic associations 

within these subphenotypes belong to lcSSc and less to the ATA producing patients 

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

genetic power in the smaller subgroups, adding additional difficulty to detect clear 

signals of association. Nevertheless, the most important associations described in SSc, 

those of the HLA class II alleles, have been mostly describe to influence not the overall 

disease but the auto-antibody positive subgroups (figure 6) [12, 52, 55]. This points in 

an interesting direction: SSc, lcSSc and dcSSc are clinical entities defined by clinicians 

due to the necessity in medical practice to classify the patients into diseases or 

disorders, but when attending to biological processes (such as auto-antibody 

production), more homogeneous groups are observed, genetically speaking. 

 

Figure 7. Word cloud representing the GO terms of all the genes associated with SSc or its 

considered subphenotypes prior to the first SSc GWAS in a Caucasian population according 

to GRAIL selection. The size of each GO term is weighted according to the number of 

occurrences in all GO terms from the 16 loci. 
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Figure 8. Diagram showing the genetic loci associated with SSc or its considered 

subphenotypes prior to the first SSc GWAS in a Caucasian population divided 

according disease subtype and/or auto-antibody production. *The lcSSc/ATA+ 

and dcSSc/ACA+ are not traditionally analyzed, because although this 

combinations of subtype and auto-antibody do exist, lcSSc is more commonly 

accompanied by ACA and dcSSc is more commonly accompanied by ATA; thus, 

the ACA and ATA specific associations (depicted here in the lcSSc/ACA and 

dcSSc/ATA) should correspond also to this segment. 
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The Advent of the Genomic Era 

n a Genome-Wide Association Study (GWAS) hundreds of thousands or even 

millions of variants are genotyped through different technologies in large case-

control cohorts. This allows us to interrogate the whole genome in a hypothesis 

free fashion in order to uncover genetic susceptibility variants influencing any given 

trait. 

Since the publication of the first GWAS in 2005 by Klein et al. in macular degeneration 

[71], an avalanche of GWAS have been performed in multitude of human normal traits, 

such as, color of the eyes, hair and skin, fat distribution and height [72-74]; and human 

disorders such as autoimmune disorders, cardiovascular disorders, bipolar disorders and 

cancer [75-81]. Many new genes, implicating new metabolic pathways and 

physiological processes have been involved in the pathogenesis of several complex 

human diseases such as rheumatoid arthritis or systemic lupus erythematosus [78, 80]. 

Nevertheless, the scientific community is far from fulfilling the promise of the complete 

understanding of the genetic mechanisms underlying the onset of such diseases [82]. 

The genetic component of these human traits has been far more elusive than anticipated, 

mainly because of 1) the GWAS platforms used to date do not account for rarer genetic 

variations which now are believed to play an important role in the pathogenesis of 

human complex diseases, 2) the lack of new reliable and reproducible statistical and 

bioinformatical methods with which to analyze the new kind of data, 3) the lack of 

powerful enough computers to properly analyze the dramatically increasing amount of 

genetic data, 4) the fact that many common genetic variants remain to be included in 

genotyping platforms as the 1,000 genomes project is unveiling, and 5) the scarce 

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

When performing a candidate gene study, or even a fine mapping study centered on a 

gene or a genetic region, typically from one to several hundreds of genetic variants are 

genotyped and analyzed. This relatively low number of analyzed variants does not 

generate a compromising level of false positives. However, in a GWAS the genotyping 

of hundreds of thousands to millions of variants are generated and analyzed, and the 

multiplicity of tests will provoke many false positive significant signals in the analysis. 

To partially solve this, strict levels of correction based on the number of tests performed 

must be applied to correct GWAS analyses. Most typical GWAS threshold for 

I 
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significance is based on the number of independent LD blocks present in the human 

genome (which are thus considered independent tests), which gives us a threshold for 

the significance of the P values fixed in 5x10
-8

, instead of the traditional 0.05. This 

significance level has been largely known as GWAS significance level.  

In the first RA GWAS performed, only the HLA region, PTPN22 and the 6q23 region 

showed a GWAS significant level signal [75]. However, more than 35 genetic regions 

are known to influence RA risk now [84, 85], being those association signals in the 

GWAS study in what we will call the grey zone of association. P values between 5x10
-8

 

and 0.05 are mostly false positive signals, but many of the numerous relatively low risk 

genetic variants influencing disease susceptibility are found in that range of association 

in GWAS data.Several approaches have been used in order to extract the RA genetic 

risk factors from this grey zone. Firstly, and the most obvious, is to increase the 

statistical power of the GWAS: with this approach REL was determined as an RA 

susceptibility gene by expanding the existent North America Rheumatoid Arthritis 

Consortium (NARAC) [80]. Secondly, the selection of a reasonable amount of SNPs 

from the grey zone under different criteria has been fruitful in identifying MSRA 

(pathway enrichment and replication), CD28, PRDM1 and CD2/CD58 (GRAIL 

enrichment and replication) as RA susceptibility genes [86, 87]. Thirdly, the analysis of 

a RA subphenotype (the presence of Anti Citrullinated Protein Auto-antibody, or 

ACPA) has also provided invaluable insight of the genetics of this disease [88-90]. 

In SSc genetics there has been an explosion of the number of genetic susceptibility loci 

in the last years, since the publication of the first GWAS in 2010 (figure 7) [45]. This 

number has passed from a few (table 1) to 26 including the susceptibility loci described 

in this thesis. This has been possible due to aninternational effort of several groups 

which together have reunited large cohorts from different countries, with enough 

statistical power to design studies in which the genetic component of SSc is slowly but 

firmly being revealed. Even then, the promise of the genomic era and the GWAS has 

not been fulfilled, and much remains to be uncovered in the genetics of SSc and human 

complex traits. 
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Figure 9. Bar plot showing the number of new susceptibility loci discovered each year (in red) and 

the total susceptibility loci known each year (in yellow) for SSc or any of its considered 

subphenotypes. Only the genes from studies with more than 1,000 SSc, replicated in more than one 

population and with a P value lower than 5x10
-3

 are considered as established susceptibility loci, and 

thus, are shown in this figure. In Bold are marked the novel susceptibility loci described in this thesis. 
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I can accept failure, but I can't accept not 
trying. 

 -Michael Jordan
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To determine the genetic component of systemic 

sclerosis and its major subphenotypes, more 

specifically: 

1. To find new genetic susceptibility variants 

which influence the development systemic of 

sclerosis. 

2. To find new susceptibility genetic variants 

which differentiate systemic sclerosis major 

subphenotypes, i.e. anti-topoisomerase I auto-

antibodies, anti-centromere auto-antibodies, 

limited cutaneous subtype and diffuse 

cutaneous subtype. 

3. To explore the grey zone of association in the 

first SSc GWAS and extract the true 

susceptibility genetic variants therein. 

4. To refine the largely known HLA associations 

with systemic sclerosis down to the aminoacid 

level and determine whether they belong into 

the total SSc or any of its subphenotypes. 

5. To find how the susceptibility genes are shared 

among autoimmune diseases. 
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The plural of anecdote is not data. 

-Roger Brinner
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New Genetic Findings in Systemic Sclerosis 

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

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

the GWAS performed by Allanore et al. three new genes were described as 

susceptibility genetic factors for SSc: TNIP1, RHOB and PSORS1C1. Of these three 

genes only TNIP1 has been confirmed as a susceptibility factor for SSc, while RHOB 

has not been replicated and PSORS1C1was found to be dependent on the HLA class II 

genes association [69, 70]. In the GWAS presented in this thesis CD247 was identified 

as a new susceptibility gene for SSc, association that has been confirmed by an 

independent study [45, 91]. In our SSc GWAS we also confirmed the previously 

described SSc loci STAT4 and IRF5 at GWAS level [45, 59, 62, 63]. 

In the SSc GWAS phenotype analysis performed during this thesis, we were able to 

determine SOX5, GRB10, NOTCH4 and IRF8 as novel susceptibility markers which 

confer risk towards the disease main phenotypes [92]. Furthermore in an exhaustive 

grey zone analysis of the GWAS data we were also able to determine that CSK, NFKB1 

and PSD3 play an important role in the genetics of SSc [66]. Additionally, in this study 

we confirmed as SSc genetic risk loci the previously described genes TNFSF4 and 

TNFAIP3 [65-68]. Finally, using novel analysis techniques as pan-meta-GWAS and 

HLA molecules imputation we have been able to 1) determine that JAZF1, KIAA0319L, 

PXK, ATG5 and SAMD9L are novel SSc risk factors shared with SLE, and 2) the 

association observed in the HLA region with SSc can be mostly explained with a seven 

aminoacid model in the HLA-DRβ1 and HLA-DPβ1 molecules in the ACA and ATA 

subgroups. 

In total, through the five presented publications we have been able to describe 13 new 

genetic loci associated with susceptibility to SSc: CD247, IRF8, ATG5, CSK, GRB10, 

NOTCH4, JAZF1, KIAA0319L, NFKB1, PSD3, PXK, SAMD9L and SOX5 (table 2and 

figure 8) [45, 66, 92]. Of these 13 loci, six where associated with the overall SSc, four 

with lcSSc and two with ACA production and 1 with two different signals (one in ACA 

and one in ATA) (table 2 and figure 8). This again manifests the lesser statistical power 

in the smaller subphenotypes of SSc, but even then we have been capable of describing 

seven new susceptibility loci with SSc subphenotypes. This suggests the more 

genetically homogeneous nature of these subgroups. 

T 
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Figure 10. Diagram showing the 26 genetic loci associated with SSc or its considered subphenotypes 

prior to this thesis divided according disease subtype and/or auto-antibody production. *The 

lcSSc/ATA+ and dcSSc/ACA+ are not traditionally analyzed, because although this combinations of 

subtype and auto-antibody do exist, lcSSc is more commonly accompanied by ACA and dcSSc is 

more commonly accompanied by ATA; thus, the ACA and ATA specific associations (depicted here 

in the lcSSc/ACA and dcSSc/ATA) should correspond also to this segment. Marked in bold are the 

new susceptibility genetic loci described in this thesis. 
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Gene Variation Phenotype OR P value References 

ATG5 rs3827644 SSc 1.13 5.30x10
-7

 ‡ 

BANK1 rs17266594 dcSSc 1.23 1.00x10
-3

 [47, 48] 

BLK rs2736340 ACA 1.47 2.20x10
-6

 [49-51] 

CD247 rs2056626 SSc 0.82 2.09x10
-7

 [45, 91] 

CSK rs1378942 SSc 1.20 5.04x10
-12

 [66] 

HLA-DPB1 AA76 ATA 8.69 3.61x10
-70

 † 

HLA-DRB1 AA58 ATA 2.82 5.60x10
-32

 † 

HLA-DRB1 AA86 ATA 1.32 1.02x10
-4

 † 

HLA-DRB1 AA67 ATA 0.43 7.35x10
-25

 † 

HLA-DRB1 AA13 ACA 2.21 2.89x10
-45

 † 

HLA-DRB1 AA60 ACA 0.38 1.37x10
-19

 † 

HLA-DRB1 AA71 ACA 0.70 2.02x10
-10

 † 

IKZF1 rs12540874 lcSSc 1.15 1.27x10
-6

 [92] 

IL12RB2 rs3790567 SSc 1.17 2.82x10
-9

 [56] 

IL2RA rs2104286 ACA 1.30 2.07x10
-4

 [57] 

IRAK1 rs1059702 ATA 1.43 9.39x10
-5

 [58] 

IRF5 rs10488631 SSc 1.50 1.86x10
-13

 [45, 59, 60] 

IRF7 rs1131665 ACA 0.78 6.14x10
-4

 [61] 

IRF8 rs11642873 lcSSc 0.75 2.32x10
-12

 [92] 

JAZF1 rs1635852 SSc 1.09 1.11x10
-8

 ‡ 

KIAA0319L rs2275247 lcSSc 1.45 3.31x10
-11

 ‡ 

NFKB1 rs1598859 SSc 1.14 1.03x10
-6

 [66] 

NOTCH4 rs443198 ACA 0.55 8.84x10
-21

 [92] 

NOTCH4 rs9296015 ATA 0.54 1.14x10
-8

 [92] 

PSD3 rs10096702 SSc 1.36 3.18x10
-7

 [66] 

PXK rs2176082 ACA 1.08 3.37x10
-11

 ‡ 

SAMD9L rs1133906 lcSSc 1.07 3.17x10
-7

 ‡ 

SOX5 rs11047102 ACA 1.36 1.39x10
-7

 [92] 

STAT4 rs3821236 SSc 1.30 3.37x10
-9

 [62-64] 

TNFAIP3 rs5029939 dcSSc 1.46 2.29x10
-6

 [65, 66] 

TNFSF4 rs12039904 ACA 1.22 2.09x10
-3

 [67, 68] 

TNIP1 rs4958881 ATA 1.19 3.26x10
-5

 [69, 70] 

Table 2. All SSc associations confirmed as of the writing of this thesis. *IZKF1 association 

was first described by Gorlova et al. (one of the works presented in this thesis) for its 

neighbor gene GRB10, but the GRAIL analysis of the newly and already discovered 

susceptibility loci proved IKZF1 as the most suitable character in this region. **The OR is 

always referring to the minor allele of the variation. †This findings have been presented in 

the article presented in this thesis entitled ‘Seven aminoacids in HLA-DRB1 and HLA-

DPB1 explain the majority of MHC associations with systemic sclerosis’ which is still under 

review. ‡This findings have been presented in the article presented in this thesis entitled 

‘Systemic sclerosis and systemic lupus erythematosus pan-meta-GWAS reveals six new 

shared susceptibility loci’ which is still under review. Marked in bold are the new 

susceptibility genetic loci described in this thesis. 
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Biological Relevance 

ollowing the GO terms associated with each of the 26 genetic loci associated 

with as of the writing of this thesis shows that they can group in six different 

major categories: innate immunity, inflammation, fibrosis, B cells and T cells 

biology and autophagy (figures 11 and 12). Several of these genes have pleiotropic 

effects, but they have been assigned to a functional compartment according to their GO 

terms.  

It is of interest that the gene GRB10 is in the same region as IKZF1, a gene previously 

associated with SLE in Caucasians and Asians [93, 94]. According to the GRAIL 

analysis, and following the current knowledge on the function of the genes, it is more 

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

F 

Figure 11. Distribution of the genes associated with SSc or its considered subphenotypes 

according to their function (based on GO terms). Marked in bold are the new associated loci 

described in this thesis. 
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Figure 12.Word cloud representing the GO terms of all the 26 genes associated with 

SSc or its considered subphenotypes as of the writing of this thesis according to 

GRAIL selection. The size of each GO term is weighted according to the number of 

occurrences in all GO terms from the 26 loci. 

 

 

 

player in different leukemias which has confirmed roles in the biology of T and B cells 

[95-98], which in turn are crucial in the pathogenesis of SSc (figure 13). For this reason 

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

Adaptive immunity plays a central role in the biology of SSc as seen in figure 11, with 

T cells, B cells and inflammation being the most represented processes to which 

associated genes belong (figure 11). Of the biological roles implied in SSc, the most 

well represented is that of the T cells biology, with special emphasis to antigen 

presentation and the corresponding signal transduction in which HLA-DRB1, HLA-

DPB1, CD247, CSK and STAT4 are directly involved (figure 11). Since the presence of 

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

roles of the identified genes was logical, with the participation of BLK, BANK1 and 

IKZF1(figure 11). We also find the genes NFKB1, PXK, TNIP1 and TNFAIP3 as major 

players in SSc pathogenesis, branding inflammation as another central process. Innate 

immunity also plays an important role, mainly through type I interferon pathways, 

through the genes IRF5, IRF7 and IRF8. The genes IRAK1 and IL12RB2 may act as 

connectors between adaptive and innate immunity in SSc pathogenesis [56, 58]. 

Among the newly associated genes we also find NOTCH4 and SOX5, the first to 

susceptibility loci for SSc which are involved in the deposit of collagen [99-101], and 
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thus, could play role in one of the major hallmarks of SSc: fibrosis, which has been 

orphaned of genetic predisposition loci until now.Nonetheless, collagen deposit or 

fibrosis still do not appear as major player in the GO terms which represent the SSc 

associated genes (figure 12). 

Among the newly discovered genes associated with either SSc or any of its considered 

subphenotypes we find JAZF1, KIAA0319L, PSD3 and SAMD9L. The function of these 

genes has not been uncovered yet, and in the case of SAMD9L, which implication was 

uncovered in the pan-meta-analysis of SSc and SLE, the association is marginal in the 

case of SSc, pointing to a minor role in its pathogenesis. Conversely KIAA0319L, 

described in the same study, has been convincingly associated with SSc (and also SLE), 

not only because of its association among populations and diseases but also thanks to 

the fact that this gene is overexpressed in patients of both SSc and SLE compared to 

putatively healthy individuals. In the case of JAZF1, its association with SSc is 

supported by the fact that this gene has been already described as a genetic 

susceptibility loci for SLE [78], although its role in both diseases still remains to be 

uncovered. The case of PSD3 maybe the most obscure, since its role is currently 

unknown and it has never been associated with any other autoimmune diseases, making 

this gene a suitable candidate for future studies on its function and role on the 

pathogenesis of SSc. 

The association of the HLA class II genes alleles with many autoimmune disorders has 

been largely known, and many studies have been performed in SSc in order to discern 

such relationship [12, 52, 54, 55, 102-105]. In these studies, the main strategy has been 

to analyze the HLA class I and II classical alleles in case control cohorts. As reviewed 

in [106], the class II HLA alleles previously associated with these methods that confer 

genetic risk of SScare HLA-DPB1*1301, HLA-DQB1*0501 and HLA-DRB1*1104 

[10]. The only two studies of the HLA region with more than 1,000 SSc patients are 

those of Arnett et al.[12] and the one presented in this thesis, convincingly presenting 

the most plausible causal variation within this complexregion. The study cohorts 

analyzed by Arnett et al. were composed of 1,300 cases (of which only 961 were of 

Caucasian ancestry) and 1,000 controls [12]. Recently, a method to impute HLA 

classical alleles and aminoacid positions using GWAS data was developed and used to 

refine the association of the HLA with RA down to five aminoacids in three HLA 

molecules [107]. We have used the same methodology to accurately impute the HLA 
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alleles and aminoacids in our GWAS cohorts (2,296 SSc patients and 5,356 controls), 

making it the largest HLA study in SSc, both in number of individuals and number of 

variations analyzed. With this data we have also been able to narrow down most of the 

association observed in the HLA region to seven aminoacids: three aminoacids in the 

HLA-DRβ1 molecule explain all association observed in the ACA subgroup, four 

aminoacids in the HLA-DPβ1 and HLA-DRβ1 molecules explain all association in the 

ATA subgroup, and the seven of them together explain almost all observed association 

with the total SSc (table 2). 
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Figure 13. GRAIL analysis of the 26 genetic loci associated with SSc or any of its 

considered subphenotypes as of the writing of this thesis. The release 18 of the 

human genome and the PubMed text as of 2012 were used. It is noteworthy that in 

the GRB10 loci (marked with rs12540874) GRAIL selected as best candidate 

IKZF1, previously associated with SLE. 
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Discerning Capability 

ne of the great Philosopher’s stones of genetic studies on complex human 

traits is obtaining a set of genetic variants which can differentiate the 

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

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

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

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

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

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

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

which differentiates individuals.  

 

 

 

O 

Figure 14.Bars plot of the cumulative risk presented by SSc patients and healthy 

controls in our GWAS cohorts. The percentage of SSc and controls are relative to the 

total of its own group. The genetic loci used to plot this graph were KIAA0319L, 

IL12RB2, CD247, TNFSF4, STAT4, PXK, BANK1, NFKB1, TNIP1, NOTCH4, HLA-

DRB1, HLA-DPB1, ATG5, TNFAIP3, JAZF1, IKZF1, SAMD9L, IRF5, BLK, PSD3, 

IL2RA, IRF7, SOX5, CSK and IRF8. 
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To obtain a score of the risk a certain individual has of presenting any given trait, we 

can sum the number of susceptibility alleles known for that trait and multiply the 

presence of each allele for its described OR. For instance, if three polymorphic genetic 

loci (A/a with OR = 1.2, B/b with OR = 0.9 and C/c with OR = 1.35) are the known 

genetic variants that influence the trait X, we can say that and individual with the 

genotype aA/bB/CC has a cumulative risk of 0.1 for said trait ((1.2-1)x1+(0.9-

1)x1+(1.35-1)x0 = 0.1). Thus, a general formula for the cumulative risk for each 

individual would be: 

   ∑(     )    

 

   

 

Where CR denotes the cumulative risk, n denotes the number of known susceptibility 

loci for the trait, ORi denotes the described OR for the i loci and ai denotes the number 

of minor alleles the individual presents for the i loci. By subtracting 1 from the OR we 

accomplish that the ‘risk variants’ (OR > 1) increase the cumulative risk and the 

‘protective variants’ (OR < 1) decrease the cumulative risk. When we represent in a bar 

plot the cumulative risk for cases and controls be obtain distributions that greatly 

overlap (figure 14). We can also graphically represent the distribution of the cumulative 

risk in all individuals by a density plot which gives us bells of distribution of cumulative 

risk for individuals with and without the trait (figure 15). 

 

 

 

 

 

 

 

 

 

 

Figure 15.Density plot of the cumulative risk presented by SSc patients and healthy 

controls in our GWAS cohorts. The genetic loci used to calculate cumulative risk in 

this graph were KIAA0319L, IL12RB2, CD247, TNFSF4, STAT4, PXK, BANK1, 

NFKB1, TNIP1, NOTCH4, HLA-DRB1, HLA-DPB1, ATG5, TNFAIP3, JAZF1, 

IKZF1, SAMD9L, IRF5, BLK, PSD3, IL2RA, IRF7, SOX5, CSK and IRF8. 
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If, as previously stated, a trait is heterogeneous genetically, when we represent its 

described genetic variants in this fashion the differences will be minimal. This is the 

case that we observe in figure 15, were SSc patients and healthy controls are compared. 

Conversely, when we represent the density plot of cumulative risk for the presence of 

ACA or ATA we observe greater difference in the distribution of patients and controls: 

the difference in mean between SSc and controls is 1.19, between ACA positive and 

controls is 1.37 and between ATA positive and controls is 3.37 (figure 16 and 17). 

According to this, ACA and ATA production are more genetically homogeneous traits. 

When we go back to traits as lcSSc and dcSSc the differences in mean of the 

distributions fall again to 0.85 and 0.90 (figures 16 and 17).  

Thus, as seen in figures 16 and 17, the very same set of genes associated either with 

ACA and lcSSc or ATA and dcSSc (partially overlapping groups), the discerning 

capability is visibly enhanced in the smaller auto-antibody positive subgroups. This 

difference becomes more marked when comparing the ATA positive subgroup with the 

dcSSc subgroup (figure 17). 

As of now, we still cannot separate SSc patients (or any of its subphenotypes) from 

healthy controls by the distribution of cumulative risk. However, if the trend of 

discovering new susceptibility loci continues (figure 9), in not so many years from now, 

we will be able to predict the auto-antibody status of the individuals by analyzing a set 

of genetic markers. Furthermore, as the phenotyping of the patients of the different 

disorders improve, we will be able to establish the genes, pathways and set of genetic 

loci that identify the major hallmarks of SSc or other human disorders. 

 

 

 

 

 

 



Systemic Sclerosis and the Genetic Continuum 

 
187 

 

 

 

 

 

 

 

Figure 16.Density plot of the cumulative risk presented by (A) ACA positive SSc 

patients and controls and (B) lcSSc patients and controls in our GWAS cohorts. The 

set of associated genes used to calculate cumulative risk in this graph were 

KIAA0319L, IL12RB2, CD247, TNFSF4, STAT4, PXK, NFKB1, TNIP1, NOTCH4, 

HLA-DRB1, ATG5, TNFAIP3, JAZF1, IKZF1, SAMD9L, IRF5, BLK, PSD3, IL2RA, 

IRF7, SOX5, CSK and IRF8. 
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Figure 17. Density plot of the cumulative risk presented by (A) ATA positive SSc 

patients and controls and (B) dcSSc patients and controls in our GWAS cohorts. The 

set of associated genes used to calculate cumulative risk in this graph were IL12RB2, 

CD247, STAT4, BANK1, NFKB1, TNIP1, NOTCH4, HLA-DRB1, HLA-DPB1, ATG5, 

TNFAIP3, JAZF1, IRF5, PSD3 and CSK. 
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Pan-Autoimmunity 

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

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

the OR of SSc (table 2) and SLE (table 3) in a bidimensional plot we observe 

that most of the confirmed genetic loci for both diseases are in common (figure 18).  

SSc and SLE have been largely known to be similar diseases in both the genetic 

component and the pathways involved [108]. The list of confirmed common genetic 

susceptibility loci extends to ATG5, BANK1, BLK, CD247, CSK, HLA-DRB1, IKZF1, 

IL12RB2, IL2RA, IRAK1, IRF5, IRF7, IRF8, JAZF1, KIAA0319L, NOTCH4, PXK, 

SAMD9L, STAT4, TNFAIP3, TNFSF4 and TNIP1 (tables 2 and 3). Nevertheless there 

must be differences in genetic component and pathogenic mechanisms, should not they 

be the same disorder also in the clinical level. In this line, it is noteworthy that the main 

difference in the genetic component of SSc and SLE are the most associated variations: 

the HLA class II alleles. Other exclusive known associations include FCGR2A, ICA1, 

IL10, PTTG1, TYK2, UBE2L3 and UHRF1BP1 for SLE and NFKB1, PSD3, and SOX5 

for SSc (tables 2 and 3). From this, it can be deduced that the main genetic difference 

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

As for the pathways involved in both diseases, clues can be obtained from the word 

clouds representing in a weighted manner which GO terms are associated with the 

aforementioned exclusive susceptibility genetic loci of SSc and SLE (figure 19). For 

instance, as we can tell from the figure, specifics of the T cell biology may play a more 

important role in SSc. Conversely, according to the GO terms associated to SLE 

exclusive susceptibility loci, the cytolysis or the gamma-delta T cell activation could be 

more important to SLE. Thus, being involved in both diseases, the activation of T cells 

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

It is noteworthy that in our GWAS data the SLE exclusively confirmed loci ICA1, 

TYK2, UHRF1BP1, PTTG1 and UBE2L3 have ORs > 1.1 in SSc, although they did not 

met the association criteria in the corresponding studies (figure 18). With the increasing 

power in SSc studies thanks to the collection of larger cohorts from different countries, 

it is possible that this loci will reach statistical significance in the future, thus being 

added to the genetic susceptibility loci shared by both disorders. 

P 
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Gene SNP OR* P value Reference  

ATG5 rs6568431 1.20 7.10x10-10 [78] 

BANK1 rs10516487 1.11 8.30x10-4 [78] 

BLK rs2736340 1.35 7.90x10-17 [78] 

CD247 1052231 1.20 1.03x10-2 [109] 

CSK rs34933034 1.32 3.35x10-8 [110] 

FCGR2A rs1801274 1.16 4.10x10-4 [78] 

IKZF1 rs2366293 1.20 2.33x10-9 [93] 

HLA-DRB1 0301 1.87 1.17x10-58 [111] 

NOTCH4 rs8192591 0.60 8.00x10-9 [111] 

MICB rs2246618 1.28 4.80x10-12 [111] 

ICA1 rs10156091 1.16 6.50x10-4 [78] 

IL10 rs3024505 1.19 4.00x10-8 [78] 

IL12RB2 rs1874791 1.18 3.40x10-7 [78] 

IL2RA rs11594656 0.60 1.00x10-4 [112] 

IRAK1 rs2269368 1.11 7.50x10-7 [78] 

IRF5 rs2070197 1.88 5.80x10-24 [78] 

IRF7 rs4963128 1.20 4.90x10-9 [78] 

IRF8 rs12444486 1.16 1.90x10-7 [78] 

ITGAM rs11860650 1.43 1.90x10-20 [78] 

JAZF1 rs849142 1.19 1.50x10-9 [78] 

KIAA0319L rs2275247 1.49 1.15x10-5 † 

PTPN22 rs2476601 1.35 3.40x10-12 [78] 

PTTG1 rs2431099 1.15 1.60x10-6 [78] 

PXK rs2176082 1.17 1.20x10-5 [78] 

SAMD9L rs1133906 1.23 1.55x10-5 † 

STAT4 rs7574865 1.57 1.40x10-41 [78] 

TNFAIP3 rs5029937 1.71 5.30x10-13 [78] 

TNFSF4 rs2205960 1.22 6.30x10-9 [78] 

TNIP1 rs7708392 1.27 3.80x10-13 [78] 

TYK2 rs280519 1.13 7.40x10-5 [78] 

UBE2L3 rs5754217 1.20 2.30x10-6 [78] 

UHRF1BP1 rs11755393 1.17 2.20x10-8 [78] 

Table 3. All SLE associations confirmed in well powered studies and cohorts from more 

than one country as of the writing of this thesis. *The OR is always referring to the minor 

allele of the variation. †This findings have been presented in the article presented in this 

thesis entitled ‘Systemic sclerosis and systemic lupus erythematosus pan-meta-GWAS 

reveals six new shared susceptibility loci’, which is still under review. Marked in bold are 

the new susceptibility genetic loci described in this thesis. 



Systemic Sclerosis and the Genetic Continuum 

 
191 

 

We can extend this reasoning to other autoimmune disorders like Crohn’s disease, RA 

orprimary biliary cirrhosis. In each of these autoimmune disorders dozens of genetic 

susceptibility loci have been described [84, 85, 113-115]. All these loci are partially 

shared among disorders as biological processes are also partially shared. In a non-

exhaustive way, for example PTPN22 is associated with SLE, RAand Crohn’s disease, 

not associated with primary biliary cirrhosis and may play a minor role in SSc [116-

120]. Another example is STAT4, which is associated with SSc, SLE, primary biliary 

cirrhosis and RA while it is not associated with Crohn’s disease [62, 114, 121, 122]. 

The degree to which each loci causes risk in each disease is also an important factor to 

take into account, e.g., IRF5 is a major player in SSc and SLE genetics, while only has a 

minor role in RA [59, 123, 124].  

To say the least, the most interesting genetic risk locus is the HLA. All of the mentioned 

diseases present a peak of association in the HLA region [45, 78, 80, 113-115], 

however, none of them share the HLA class I and II classical alleles associated. For 

example, HLA-DPB1*1301 is independently associated with SSc as described in this 

thesis and by others [12], while it is not with RA, SLE, Crohn’s disease, ankylosing 

spondylitis or type I diabetes; HLA-DRB1*0301is independently associated with SLE 

[111] and not the others and the list goes on for the other diseases. This talks about the 

importance of antigen presentation in each of these diseases, and how, depending on 

which self-antigen is presented as alien, the pathogenic mechanisms drive the course of 

autoimmunity in one way or another, without forgetting the influence of all specific and 

shared non-HLA risk loci. 

As the methodologies and phenotyping improve we may observe how shared 

susceptibility genes among AIDs are telling us which biological processes are common 

in these disorders and to what extent. 
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Figure 18. A) OR representation of the confirmed SSc and SLE susceptibility 

loci to date. B) Region of moderate associations for SSc and SLE (ORs 

ranging from 1 to 1.7). The size of the dots is proportional to the combined 

sample size of SSc and SLE. 
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Figure 19. Word clouds representing the GO terms of A) SSc and B) SLE exclusively 

associated genes. The exclusively associated SSc genes included were NFKB1, PSD3, and 

SOX5. The exclusively associated SLE genes included were FCGR2A, ICA1, IL10, PTTG1, 

TYK2, UBE2L3 and UHRF1BP1. The size of each GO term is weighted according to the 

number of occurrences in all GO terms from the implicated genes. 
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The Genetic Continuum 
n the genetics of complex traits, as they are studied at this point, we do not have 

homogeneous groups of individuals which phenotype is explained by the presence 

or absence of specific clinical traits, environmental factors or genetic variants.We 

have individuals with a unique phenotype (clinical manifestation) product of the 

interaction of his or her unique genetics and environment. Thus, the phenotype we 

encounter in each individual can overlap, according to different criteria, to a greater or 

lesser extent to that of another individual. As we add individuals with unique 

phenotypes, genotypes and environments to the equation to form what we call a disease, 

the genetic heterogeneity increases. 

One of the many human complex traits studied to data is hair color, for 

whichindividuals can be grouped according a certain set of rules. Regarding this 

phenotypic aspect we can build very simple classification criteria in which we have dark 

haired individuals and light haired individuals. If we perform a GWAS trying to 

decipher the genetic component of hair color attending to this classification, we will fail 

to capture all of the genetics variants influencing it but those which cause this most 

extreme phenotypes in the color scale, and even then we will need great sample sizes, 

for we will have all the genetic noise of all the ‘mid-colors’ in between included in our 

study.We can then do a better classification of hair color to study it, separating red, 

blond, brown and black hair colors.  

This study has been indeed performed, and in it, several genetics variants have been 

identified to influence hair color, eye color and skin pigmentation [73]. These 

phenotypes are human complex traits influenced by many genes and environment [125]. 

The aforementioned study had a GWAS cohort size of 2,986 individuals genotyped with 

the Illumina 370k HumanHap arrays, which is far behind the sample sizes (more than 

40,000 individuals) and genotyping platform (more than 1,000,000 SNPs) of the most 

recent RA GWASs [124]. In the study performed by Stahl et al. they find 7 new 

susceptibility loci for RA with ORs ranging from 1.13 to 1.29 in the GWAS level 

associations (P < 5x10
-8

). Meanwhile,in the study performed by Sulem et al., they find 

six genetic determinants for those phenotypic traits with ORs ranging from 1.32 to 

29.43 in the GWAS level associations. With a GWAS sample size of 2,986 individuals 

and a replication sample size of 3,932 individuals [73]. The authors conclude ‘Our data 

I 
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on the characteristics of pigmentation are based on self-assessment, and it is likely that 

more complete and objective measurement techniques would strengthen the observed 

associations and potentially lead to further discoveries’. 

The color of hair we observe in individuals is consequence of the wavelength of light 

which is not absorbed, and thus reflected, by the pigments which are found in them. The 

amount, distribution and type of pigments present in hair are complex traits with its own 

genetic and environmental factors. And there are no single pair of individuals who have 

the same hair color, if we measure the color as the phenotypic continuum it truly is. A 

much better classification for hair color could be colorimetric measurements performed 

by machines under white light. 

How is it that with a sample size one order of magnitude lower and an inferior 

genotyping technology Sulem et al. detected far greater effect sizes and susceptibility 

loci in human complex traits than the most well powered GWAS in RA? [73, 124] 

There are two obvious answers to this question: 1) the genetic component of RA is 

either more complex or weaker than that of pigmentation, or 2) the phenotype ‘RA’ is a 

far more genetically heterogeneous than the trait ‘pigmentation’. Most probably the 

answer is a combination of both. Of course, whatever complex can be the genetics of 

pigmentation in humans, surely it is less complicated than the genetics of one of the two 

more complex systems in the human body: the immune system (together with the 

nervous system). Nevertheless, the genetic reality of the phenotype ‘hair color’ is 

similar as the phenotype ‘autoimmune abnormality’, only colors are easier to see and 

more intuitive to classify by our eye. We find that we cannot ‘see’ the true biological 

processes of autoimmunity as a whole like B cell auto-antibody production, auto-

reactive T cell clones activation, extracellular matrix deposition and so on. But we find 

ourselves in the need of classify ill people in order to treat them and heal them, so we 

create eye observable classification criteria which are the consequence of a myriad of 

altered biological pathways which, in turn, are the consequence of the presence of a 

myriad of genetic susceptibility variants and environmental factors. 

Thus, performing a GWAS in SSc is no less than trying to perform a GWAS on 

ethnicity. Ethnicity is the sum of a series of natural selection processes favored by the 

existence of reproduction barriers, which is the sum of many quantifiable biological 

traits, as for instance, hair color. If we compare GWAS data of Caucasians and 
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Blacks,we will be able to observe the genetic differences which influence the most 

extreme phenotypic differences between them, like skin pigmentation, but we will not 

observe the genetic variation which underlies in traits which are different between 

Caucasians and Blacks but are more continuously distributed among individuals, like 

height. Hence, the correct way to design the experiment is to analyze traits as 

homogenous as possible biologically and genetically, like skin pigment, height, or hair 

color. Translating this SSc, the desirable traits to analyze would be, for example, auto-

antibody levels or collagen deposit (not as a binary phenotype, but the real phenotypic 

continuum). But in the genetics of autoimmunity we are still stuck analyzing Caucasian 

versus Black.This has been partially observed during the realization of this thesis, as it 

can be seen in figures 15 to 17, given the same set of susceptibility genetic loci, our 

ability to discern individuals with and without a trait is far greater when taking into 

account a biologically relevant, genetically homogenous trait as auto-antibody 

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

Thus, individuals are the combination of many observable phenotypic continuums, 

which can be subdivided in many other biological continuums, which, in turn, are 

the product of the interaction between the genetic continuum of the involved loci 

and the environmental factors. Under this theory, if we want to determine the genetic 

component of any given observable trait, we must divide the trait of interest in 

biological traits in order to determine the genetic loci for each of those, never forgetting 

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

More specifically, SSc is but a combination of observable phenotypes (Reynaud’s 

phenomenon, digital ulcers, sclerodactyly), product of biological phenotypes (activation 

of autoreactive T and B cells, collagen deposit), caused by the combination of specific 

genetic variations (HLA-DRB1, CD247, SOX5) and environmental factors (silica dust, 

pregnancy) (figure 21). All these levels are continuums, not discrete traits, and this must 

be taken into account when delving into its genetic component. When taking a broader 

perspective, other traits enter into the phenotypic, biological and genetic continuums 

(figure 22). 
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Figure 20.A) Classification of SSc patients subdividing them in subtypes 

according to presence or absence of two out of five criteria and the presence or 

absence at a certain fixed level of the two major auto-antibodies. B) Genetic 

continuum underlying the combination of real phenotypic continuums which are 

combined into what is classified as SSc. 
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 Figure 21. Two broader versions of the concept exposed in figure 21. A) All of 

autoimmunity is an observable phenotypic continuum, which can be subdivided 

into more observable phenotypic continuums (autoimmune disorders). B) Each of 

the biological continuums which compose an autoimmune disorder is shared by 

other abnormalities in other systems than the immune. SLE: systemic lupus 

erythematosus, SSc: Systemic Sclerosis, ATD: autoimmune thyroid disease, PBC: 

primary biliary cirrhosis, T1D: type 1 diabetes, CeD: celiac disease, UC: ulcerative 

colitis, CD: Crohn’s disease, AS: ankylosing spondylitis, RA: rheumatoid arthritis, 

MS: multiple sclerosis 



Systemic Sclerosis and the Genetic Continuum 

 
199 

 

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

traits: 

 

One, as the scientific community wanders in awe of the new genotyping technologies 

and how many complete genomes they can run so fast and with so little cost, the 

computers that must do the analyses of those data have become obsolete. Following the 

tight collaborations of pioneer scientific teams around the world collaborating back to 

back with biotechnology companies as Illumina, Applied Biosystems or Affimetrix, 

these very same bonds must be established with informatics companies such as Intel, 

IBM or NVidia in order to create computers for data analysis in par with the genotyping 

instruments themselves.  

Two, the statistical power of the studies must be improved. Through inter-group 

collaborations around the world larger cohorts must be recruited and merged in order to 

genotype and analyze together as many samples as possible in order to detect the subtle 

genetic component of complex traits. In this line, as proven in this thesis, pan-meta-

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

Three, in order to obtain the right answers, the right questions must be asked. There is a 

dire need of a better phenotyping if the genetic component of human complex traits is to 

be deciphered. It is of no use the analysis of 50,000 individuals who present an artificial 

trait with high genetic heterogeneity. Biological key processes, such as apoptosis, B cell 

activation or vascular damage must be phenotyped in order to collect and arrange the 

necessary cohorts.  

Four, the increasing number of genetic susceptibility loci which are being described for 

complex traits must be studied in greater detail in order to discern the architecture of 

these associations. In this sense, the genotyping of large case/control cohorts using the 

custom genotyping platform ImmunoChip has already provided new insights in RA and 

psoriasis among others [126, 127].  

F 
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Five, not only we must identify the genetic loci which confer risk to SSc and other 

complex traits, but we need to learn which genes in these loci and through which 

mechanisms they are part of the pathogenesis of this disorders. For these, the so called 

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

and the molecules they encode have. 

In the wordsof the famed mathematician John Tukey, ‘The combination of some data 

and an aching desire for an answer does not ensure that a reasonable answer can be 

extracted from a given body of data’. 
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The pure and simple truth is rarely pure 

and never simple. 

-Oscar Wilde 
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1. The newly identified genes ATG5, CD247, CSK, 

IKZF1, IRF8, JAZF1, KIAA0319L, NFKB1, NOTCH4, 

PSD3, PXK, SAMD9L and SOX5 are associated with 

susceptibility with SSc, ACA production, ATA 

production, lcSSc or dcSSc susceptibility. 

 

2. Most of the observed association with SSc in the 

HLA region is confined to the auto-antibody 

positive subgroups and is explained by seven 

polymorphic aminoacidic positions in the HLA-DRβ1 

and HLA-DPβ1 molecules. 
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3. The ACA and ATA producing subgroups of SSc are 

more genetically homogeneous entities than SSc as 

a whole, lcSSc or dcSSc. 

 

4. As a generalization of the previous point stands 

the unproven yet feasible theory that ‘individuals 

are the combination of many observable phenotypic 

continuums, which can be subdivided in many other 

biological continuums, which, in turn, are the 

product of the interaction between the genetic 

continuum of the involved loci and the 

environmental factors’. 
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A mind needs books as a sword needs a 
whetstone, if it is to keep its edge. 

-Tyrion Lannister 
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