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Abstract
Purpose of the Review Nowadays, important advances have occurred in our understanding of the pathogenesis of systemic
sclerosis (SSc), which is a rare immune-mediated inflammatory disease (IMID) characterized by vascular damage, immune
imbalance, and fibrosis. Its etiology remains unknown; nevertheless, both environmental and genetic factors play a major role in
the disease. This review will focus on the main advances made in the field of genetics of SSc.
Recent Findings The assessment of how interindividual genetic variability affects disease onset and progression has enhanced
our knowledge of disease biology, and this will eventually translate in the development of new diagnostic and therapeutic tools,
which is the final goal of personalized medicine.
Summary We will provide an overview of the most relevant achievements in the genetics of SSc, its shared genetics among
IMIDs with special attention on drug repurposing, current challenges for the functional characterization of risk variants, and
future directions.
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Introduction

Systemic sclerosis (SSc) is a rare immune-mediated inflam-
matory disease (IMID) of the connective tissue with a com-
plex etiology that involves the deregulation of the immune
system, vascular damage, and extensive collagen deposition,
which eventually leads to the appearance of fibrosis in the skin
and different internal organs [1–3]. This complex etiology
refers to several environmental and genetic factors involved
in disease onset and progression [2]. Pregnancy-related
events, infectious agents, and exposure to chemical com-
pounds are environmental factors that have been associated
with the development of the disease [2]. Regarding genetic
factors, the first evidences came from studies assessing

familial disease co-occurrence, highlighting that a familial
history of SSc is the major risk factor with a relative risk
ranging from 10 to 27-fold higher than in the general popula-
tion [4]. Moreover, twin studies have described a high concor-
dance rate of autoantibody production [5, 6], and there is in-
teresting evidence pointing out to different prevalence among
different populations [7]. Current genetic studies account for
~ 20% of the estimated heritability and is expected that addi-
tional loci remain undiscovered [8]. Therefore, it is clear that
the full understanding of genetic predisposition has the poten-
tial to impact disease management.

SSc patients are usually classified into two main clinical
subgroups attending to the extent of the fibrosis: limited cuta-
neous SSc (lcSSc, where the fibrosis is restricted to the skin of
the hands, arms, and face) and diffuse SSc (dcSSc, a more
aggressive phenotype that affects the skin of all body and
one or more visceral organs) [1–3]. Additionally, the immu-
nological dysregulation leads to the production of autoanti-
bodies and aberrant cytokine release. The most frequent auto-
antibodies are anticentromere (ACA), antitopoisomerase
(ATA), and anti-RNA polymerase III autoantibodies (ARA)
[1, 2]. This heterogeneity on disease presentation and out-
comes represents a challenge for handling these patients and
providing proper medical care. Therefore, genetic studies may
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assist in addressing this heterogeneity through a better patient
classification, based on the molecular mechanisms driving the
disease. Patient stratification into a more homogeneous sub-
type of disease will improve therapeutic management by pro-
viding therapies to those patients more likely to respond. In
addition, genetic studies bring the opportunity to improve our
knowledge of the genes and pathways implicated in a disease
process, allowing the repositioning of therapies that target the
same pathways in other diseases [9].

In the modern era of genetic research, a developing field
termed personalized medicine has revealed how genomic var-
iations are responsible for differences in health outcomes.
Traditionally, genetic studies were focused on assessing the
association of single-nucleotide polymorphisms (SNPs) in
candidate genes, and these genes were selected based on the
biological plausibility on disease pathogenesis. Nowadays,
our awareness of the genetic landscape of SSc has significant-
ly improved, mainly due to the development of large-scale
genetic studies, including genome-wide association studies
(GWAS) and fine-mapping studies, such as the Immunochip
[10]. Their main advantages come from the agnostic assess-
ment of disease pathogenesis by interrogating the entire ge-
nome, and the generation of a new hypothesis, as the new
associations may identify novel pathways never anticipated
with the disease. In detriment, stringent statistical thresholds
are necessary to account for multiple comparisons and there-
fore these studies require larger sample sizes to overcome this
restriction.

The identification of genes and molecular pathways
deregulated in SSc is essential to improve our understanding
of this disorder and in the development of more effective
therapeutic approaches. In this sense, recent data indicates that
the pharmaceutical pipeline backed by genetic evidence dou-
bles its chance to deliver a new drug than those without it,
highlighting the importance of genetic information related to
drug mechanisms [11]. This review aims to provide an update
of the main genetic studies in SSc, such as firm candidate
genes, GWAS, fine-mapping, trans-ethnic, and cross-disease
meta-analyses. We discuss how they have enhanced our un-
derstanding of its pathogenesis and the potential in the devel-
opment of new therapeutic targets for this orphan condition.

Systemic Sclerosis and its Genetic Component

GWAS in SSc

The low prevalence of SSc challenges the recruitment of
large sample sizes required to reach proper statistical
power in genomic studies to effectively detect associa-
tion signals and this may be the reason for having such a
small number of GWAS in SSc conducted to date in
comparison with other IMIDs like rheumatoid arthritis

(RA). In 2010, our group led the first GWAS published
in SSc in the Caucasian population [12] (Fig. 1). This
work included 2,296 cases and 5,171 controls and iden-
tified CD247 gene as a novel susceptibility loci associ-
ated with the disease. This gene encodes a subunit of the
T cell receptor (TCR)-CD3 complex and plays a major
role in the receptor signaling function. Interestingly,
these findings were independently replicated by Dieudé
et al. [13]. In addition, previous associations in the
Human Leukocyte Antigen (HLA) region, signal trans-
ducer, and activator of transcription 4 (STAT4) and inter-
feron regulatory factor 5 (IRF5) were confirmed, as they
were previously associated in candidate gene association
studies [8].

In 2011, a second GWAS in the Caucasian population was
published by Allanore et al. [14] identifying TNIP1, RHOB,
and PSORS1C1 as novel susceptibility loci. Altogether, their
results were consistent with a reduced inhibition of NF-kappa
B favoring inflammatory/immune responses and contributing
to the overproduction of extracellular matrix. Nevertheless, a
replication study in independent samples only confirmed the
association of TNIP1 as a genetic risk factor for SSc [15]. In
addition, one SSc GWAS has been performed in a Korean
population [16], identifying the genes HLA-DPB1 and HLA-
DPB2 as risk factors for SSc.

Given the difficulties in recruiting sufficient sample
sizes to reach the established significance threshold, a
distinctive characteristic of GWAS, in general, is the as-
sessment of the so-called gray zone, where SNPs with
suggestive associations (p values between 5 × 10−8 and
5 × 10−3) are analyzed in independent study samples.
This data mining in GWAS has been very useful in
SSc for the identification of newly associated loci since
some of them were missed because of a lack of statistical
power in previous GWAS. In this line, Bossini-Castillo
et al. performed a follow-up study focusing on IL12RB2
gene variants. This locus showed a suggestive associa-
tion in the first SSc GWAS, confirming its involvement
with disease susceptibility [17]. Furthermore, Martin
et al. carried out a large follow-up of the same GWAS
that included 768 SNPs and identified CSK as a genetic
risk factor for SSc, confirming previously reported asso-
ciations [18]. Additionally, Lopez-Isac et al. [19] per-
formed a follow-up of the GWAS by Allanore et al.
and confirmed the association of PPARG [19] with SSc
susceptibility.

Fine-Mapping Studies in SSc

According to several results from GWAS in different IMIDs
and the extent of their genetic overlap, a cost-effective and
common genotyping array was developed; this is the case of
the Immunochip [10]. This custom platform included 196,524
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variants on non-well covered regions from classic genotyping
arrays with rarer variants, for fine-mapping 186 autoimmunity
loci, and dense coverage of the HLA region.

In the case of SSc, our group led the first Immunochip
study identifying several new susceptibility loci outside the
HLA region, such asDNASE1IL3, IL12A, and ATG5, which
implicated new biological mechanisms like apoptosis and
autophagy with the disease [20]. Regarding the HLA re-
gion, this study showed that it is the strongest genetic asso-
ciation reported to date, specifically in HLA class II genes,
as previously confirmed in several candidate gene associa-
tion studies [8]. The dense coverage of the HLA on this
genotyping platform along with novel imputation methods
of classical HLA alleles and polymorphic amino acid posi-
tions from genetic data allowed the authors to describe a
comprehensive model that explained all the observed asso-
ciations in the region in European descent population,
which included six polymorphic amino acid positions in
HLA-DRB1, HLA-DQA1, and HLA-DPB1, and seven
SNPs independently associated.

Moreover, this analysis confirmed the involvement of dif-
ferential HLA allele associations between ACA-positive and
ATA-positive serological subgroups. In the case of the ACA-
positive subgroup, the model included two amino acid asso-
ciations in HLA-DRB1 and HLA-DQA1, along with 5 SNPs.
The ATA-positive subgroup comprises four amino acid asso-
ciations in the HLA-DRB1 and in HLA-DPB1, along with
two SNPs. Finally, Mayes et al. described cis-expression
Quantitative Trait Loci (eQTLs) for most of the associated
variants in the region, which correlated them with changes
in gene expression [20].

A second SSc Immunochip performed in an Australian
population including 486 cases and 4,458 controls, with a
replication study using 833 cases and 1,938 controls,

confirmed some of the previously reported associations with
SSc susceptibility [21].

GWAS Meta-analyses

Meta-analyses are statistical methods that combine the
results of large collections of individual studies, in order
to integrate, synthesize, and summarize research find-
ings [22]. In the case of GWAS, meta-analyses consti-
tute powerful tools to vastly increase sample size, which
largely improves the statistical power to detect disease-
associated variants. In addition, large-scale meta-analy-
ses among samples collected through international col-
laborations allow the confident associations of genetic
variants, as their results are consistently replicated in
independent study samples.

In spite of the great advances provided by these stud-
ies to improve our understanding of the genetics of
complex traits, the vast majority has been performed
in European descent populations [23••], and much of
their heritability is still unexplained. The current avail-
ability of GWAS data from diverse populations offers a
thrilling opportunity to identify novel associated loci by
taking advantage of the differences in local linkage dis-
equilibrium patterns among ethnic groups. In this line,
in SSc, the first trans-ethnic meta-analysis in Japanese
and European populations was published by Terao et al.
[24•]. The authors were able to identify the association
of GSDMA and PRDM1 as novel risk loci involved in
SSc susceptibility. In addition, they conducted a two-
stage replication study validating their results, and func-
tional enrichment analysis suggested the relevance of
CD4-naïve primary T cell in the disease pathogenesis.

Fig. 1 Timeline of the major advances made in the field of genetics of systemic sclerosis. MHC, major histocompatibility complex; GWAS, genome
wide association study; SLE, systemic lupus erythematosus; RA, rheumatoid arthritis; SSc, systemic sclerosis
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Additionally, the study of diverse populations in SSc has
led to the confirmation of several susceptibility loci in the
disease. For instance, Gonzalez-Serna et al. [25•] published
the first meta-analysis in Turkish and Iranian population,
leveraging the unique genetic structure in a Turkish popula-
tion and the genetic overlap with other populations from the
Middle East. In this study, the HLA class II was the highest
association peak observed in the meta-analysis and two sug-
gestive associations in the IRF5-TNPO3 and NFKB1 were
described. These results confirm their involvement in SSc
susceptibility as they have been consistently validated in dif-
ferent studies [12, 14, 20, 21, 26]. Moreover, an extensive
analysis of the HLA region was performed and the authors
observed that the HLA-DRB1*11:04 classical allele showed
the most significant associations in both populations and that
this effect might be driven by the amino acid Glu-58, reinforc-
ing its role in SSc susceptibility, as it has been described in
different populations including Caucasians [27–29], African-
Americans [28], and Mexicans [30].

At the present time, our group is leading the largest meta-
analysis in SSc, including 26,679 individuals from different
European descent populations. This strategy will allow us to
identify novel associations for SSc susceptibility and confirm
previously reported risk loci; increasing considerably our un-
derstanding of the genetic basis of this complex disorder
(Lopez-Isac et al. personal communication).

Shared Genetics In IMIDs and New
Opportunities for Drug Development

Nowadays, it is widely accepted that several IMIDs share
clinical manifestations, comorbidities, and familial aggrega-
tion. Moreover, shared risk genes and molecular pathways
influencing their development have been undeniably recog-
nized among autoimmune diseases [31, 32]. In this sense,
SSc is not an exception as a large number of susceptibility
loci described for the disease are common to different
IMIDs. The study of the genetic component of different dis-
eases into a single phenotype has proven to be useful for the
identification of pathways involved in these diseases in a sys-
tematic fashion. Given the success in the pharmacological
pipeline backed by genetic evidence and the assessment of
this shared genetic architecture among IMIDs, new avenues
might be explored for drug repurposing, e.g., reutilization of
indicated drugs in orphan-related diseases.

Specifically, in SSc, this fact was first explored by Martin
et al. [33] in 2013. The authors conducted a pan-meta-GWAS
among two archetypical autoimmune diseases, SSc and sys-
temic lupus erythematosus (SLE) being able to identify shared
susceptibility genes among these conditions. For this, they
combined two GWAS data from the diseases, altogether with
a replication stage identifying KIAA0319L as novel shared

susceptibility loci. Furthermore, this gene was overexpressed
in peripheral blood cells of SSc and SLE patients compared
with healthy controls. In addition, previously reported loci
associated with SLE were also associated with SSc.

In 2016, Lopez-Isac et al. [34] described IRF4 as new sus-
ceptibility loci shared between SSc and RA. The authors
pooled GWAS data from the diseases and followed-up the
top hits in independent SSc and RA samples, assessing a total
of 8,830 patients with SSc, 16,870 patients with RA, and
43,393 healthy controls. They were able to pinpoint the type
I interferon and interleukin-12 signaling pathways as the main
common etiologic factors among SSc and RA.

Until then, this common genetic assessment was performed
in a two by two fashion. However, by this time Li et al. [35]
was able to combine GWAS data from ten pediatric autoim-
mune diseases that exposed new shared loci among them with
immunoregulatory functions. Furthermore, Ellinghaus et al.
[36] found shared genetic loci in seronegative conditions after
combining Immunochip data. The first of these assessments
including SSc was performed by Marquez et al. [37••], which
pooled Immunochip data from seropositive autoimmune dis-
eases: celiac disease (CeD), type 1 diabetes (T1D), RA, and
SSc. They were able to identify new pleiotropic loci that may
act by deregulating gene expression in different subsets of T
cells, especially Th17 and regulatory T cells. Interestingly,
based on these results, the authors identified potentially
repositionable drugs, most of them indicated for RA that
would be worth exploring for CeD, SSc, and/or T1D.

More recently, Acosta-Herrera et al. [38••] performed a
systematic assessment among four systemic seropositive rheu-
matologic IMIDs like idiopathic inflammatory myopathies
(IIM), SLE, RA, and SSc by joining GWAS data from these
related conditions. The authors were able to identify newly
associated shared loci related with immune processes with
functional relevance, including shared eQTLs. Moreover,
our results were significantly enriched in drugs that are being
tested for the treatment of the diseases under study, highlight-
ing the potential of drug repositioning among rheumatic
IMIDs (Fig. 2). Altogether, these assessments endorse a line
of thinking showing that genetic overlap between diseases
suggests common mechanisms and hence common therapeu-
tic management. This is particularly relevant in the path for
personalized medicine in uncommon diseases like SSc, where
there are no specific available treatments.

From Genetic Findings to Their Functional
Implications and Clinical Applications in SSc

Genetic studies offer great potential for understanding the mo-
lecular mechanisms involved in SSc as described in this re-
view. However, assigning them a functional effect is still a
challenging task, mainly due to the difficulty of identifying
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causal variants, and because many of the disease-associated
variants lie in non-coding regions of the genome.
Consequently, great efforts are needed to understand the
functional implications of genetic associations. In this line,
complementary approaches including transcriptomic and
epigenomics studies are of great value to deepen our knowl-
edge of the molecular pathways involved in disease patho-
genesis and to translate this knowledge into new therapeu-
tic approaches [39••]. Interestingly, Van der Kroef et al.
[40•] evaluated epigenomics changes at the level of histone
modifications in monocyte cells from SSc patients by chro-
matin immunoprecipitation followed by sequencing
(ChIPseq) assay. In addition, RNA sequencing was per-
formed to correlate altered gene expression with the levels
of histone methylations and acetylations. The authors were
able to identify altered chromatin marks correlated with
IFN signature in monocytes. In addition, enzymes that are
able to modulate these epigenetic marks may constitute po-
tential therapeutic targets to restore monocyte homeostasis
in SSc. It is worth mentioning that interferon regulatory
factors (IRFs) constitute a family of transcription factors
consistently associated with SSc, namely IRF4, IRF5,
IRF7, and IRF8 [8].

In addition, in order to link the functional consequence
of a specific association to a causal gene, its correlation
with gene expression or gene methylation could be

evaluated, i.e., if they are an expression or methylation
quantitative trait loci (eQTLs and meQTLs). Moreover, un-
til now, the results from GWAS have been assigned to the
closest or most compelling local gene; however, these re-
sults are known to be enriched in cell-type-specific enhanc-
er regions [8, 41]. These enhancers can modulate gene ex-
pression by physical interactions with their target genes and
these can occur over large genetic distances due to the
three-dimensional disposition of the chromatin [42].
Recent advances in nuclear dynamic technologies allow
the design of experiments to unravel the functional conse-
quences of associated loci. Chromosome conformation cap-
ture (Capture Hi-C) has been successfully used to detect
these long-distance interactions in other autoimmune dis-
eases like RA, T1D, psoriatic arthritis (PsA), and juvenile
idiopathic arthritis (JIA) [43], and therefore an effective
approach to associate non-coding genetic variation with
target genes, an important challenge in the genomic land-
scape of complex diseases like SSc [44••,45•,46].

As mentioned before, genetic studies will shed light in
our understanding of the molecular pathways involved in
SSc; based on these results, we will be able to predict the
susceptibility of each individual to develop the disease and
stratify patients at risk based on polygenic risk scores (PRS)
[47••,48–50]. These analyses have been conducted for oth-
er phenotypes with remarkable findings in the clinical arena

Fig. 2 Shared genetics in
systemic seropositive immune-
mediated inflammatory diseases
and its implication for drug
repurposing. Depicted in black
boldface are the drugs indicated
for each disease. The outer circle
shows the drugs currently
indicated for non-immune-
mediated diseases. All of them
could be repurposed in
genetically related orphan
conditions such as systemic
sclerosis
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[51•]. Moreover, parallel PRS calculation on related dis-
eases, such as IMIDs, could reflect shared and opposite
mechanisms among them.

Conclusion

In spite of the great advances that have been achieved in the
genetics of SSc, larger population studies are essential, which
will require great collaborative efforts among research groups
in the field. In addition, the integration of multi-omics will
improve our knowledge of disease pathophysiology. At pres-
ent, we might be on the way of influencing the treatment of
patients through the identification of new drugs or by drug
repurposing, which will eventually lead to personalized med-
icine in SSc.
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