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1. Introduction

Systemic Sclerosis (SSc) is an autoimmune disease characterized by fibrosis of skin and 

internal organs, as well as vasculopathy and immune dysregulation. SSc is a clinically 

heterogeneous disease and presents with 3 distinct subphenotypes, limited, diffuse and 

“sine” based on the severity of skin involvement. This classification also reflects internal 

organ involvement which can range from minimal to rapidly progressive disease resulting in 

premature death. Finally, SSc is characterized by the production of mutually exclusive 

antinuclear antibodies (ANA) subtypes that are associated with different clinical 

manifestations, disease phenotypes and prognosis.

SSc is a complex disease that entails abnormalities in several different pathways. Its 

pathogenesis is not well understood but several studies have established that SSc occurs in a 

genetically susceptible host presumably after encountering environmental exposures or other 

external triggers.1-3 Genetic studies performed so far reveal that multiple genetic loci 

contribute to disease susceptibility in SSc.4 The purpose of this review is to discuss the 

current knowledge of SSc genetics by exploring the observational evidence, the different 

genetic studies performed to date as well as the most relevant genes discovered by these. We 

will also explore the concept of gene expression variation and the recently discovered field 

of epigenetics.
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2. Initial Evidence of the Genetic Influence in SSc

SSc is not inherited in a Mendelian fashion and, although its pathogenesis is unclear, it is 

believed that gene variants influence not only disease susceptibility but also differences in 

clinical expression and progression.2 Here we will discuss some of the initial observational 

evidence that supported the role of genetics in SSc.

2.1. Ethnic Associations

Differences in prevalence and clinical manifestations among different ethnic groups are 

evident and support the role of genetics in SSc. Some ethnic groups or subpopulations have 

higher prevalence of SSc compared to the general population. For example, the Choctaw 

tribe in Oklahoma is a population with a high prevalence of SSc (two times higher than the 

expected prevalence) and display a more homogeneous clinical and immunological 

phenotype than is seen in the general population.3, 5

2.2. Shared Genetic Background in Autoimmune Diseases

Several studies have noted that autoimmune diseases (AID) cluster in families (familial 

aggregation) and that there is co-occurrence in the same individual of two or more AIDs 

(individual aggregation or overlap syndromes) supporting the concept of a shared 

autoimmune genetic background among AIDs. In a cross-sectional study including 719 SSc 

patients, 38% had at least one other overlapping AID. The most frequent overlapping AIDs 

were autoimmune thyroid disease (AITD) (38%), rheumatoid arthritis (RA) (21%), and 

Sjogren’s syndrome (SS) (18%). Regarding the familial clustering of autoimmunity, 36% of 

the first-degree relatives had at least one AID of which the most frequent were RA (18%) 

and AITD (9%). 6 This suggested that AIDs and their manifestations share genetic risk 

factors and supported the role of genetic influences in SSc.

3. Genetic Study Modalities

The most frequent type of DNA variation consists of a change in an individual nucleotide, 

known as a single nucleotide polymorphism (SNP). These differences in the DNA sequence 

may or may not produce functional changes due to modification in the gene expression or 

alteration in the resulting protein.7 In general, two basic approaches are used to study 

genetic associations: the candidate gene approach (CGA) and the genome-wide association 

study (GWAS). Both methodologies rely on the identification of SNPs and determine the 

likelihood that the variant occurs more or less frequently in the cases than in the controls 

(communicated in the form of an odds ratio).8

To date, genetic studies have identified SSc susceptibility factors involved in the immune 

system as well as genes in pathways that play a role in vascular damage and fibrotic 

processes.1, 3

3.1. Candidate Gene Association (CGA)

CGA studies aim to determine specific SNPs associated with disease. Candidate genes are 

chosen either because they have been associated with other AIDs or because they make 

biological sense (i.e. are part of pathways hypothesized to be important for the disease 
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pathogenesis). Therefore the major advantage of the CGA is that one can test for a particular 

SNP with known functional consequences.8-10 Using this strategy several novel genetic risk 

factors for SSc and/or its clinical phenotypes have been identified and these polymorphisms 

tend to cluster in specific pathways. However, CGA studies are often limited by small 

cohorts and lack of replication. Genes discovered by CGA are reviewed in tables 1-3.

3.2 Genome Wide Association Studies (GWAS), Meta-GWAS and Pan-Meta-GWAS

GWAS, as opposed to CGA, perform genetic profiling of patients compared to controls by 

screening SNPs across the entire genome without making a priori assumptions about what 

loci are likely to be involved in the disease. Therefore a major advantage to the GWAS 

approach is that it is unbiased and can identify novel genes that were not previously 

suspected to be disease-associated leading to the identification of new pathogenetic 

mechanisms and yielding many new genetic susceptibility loci.11, 12 However, a GWAS is 

limited by the utilized platform as most provide approximately 80% coverage for common 

polymorphisms in the human genome and miss unusual variants. Another limitation is that 

GWASs usually investigate SNPs that are in strong linkage disequilibrium (LD) with other 

SNPs and serve as proxies for them so that the identified SNPs are just a tag for the yet to be 

identified causal allele.13

To date, several GWASs in SSc have confirmed that the major histocompatibility complex 

(MHC) is the strongest susceptibility loci for SSc. Also multiple non-MHC susceptibility 

loci have been identified and the most robust associations are in genes related to innate 

immunity, as well as B- and T-cell activation, which confirmed the concept that SSc is an 

AID. In 2010 the first robust GWAS in SSc was published that included 2,296 SSc patients 

and 5,171 healthy controls from the Netherlands, Germany, Spain, and the United States. It 

revealed that the strongest association was observed at the 6p21 locus corresponding to the 

MHC. The SNP rs6457617, located in HLA*DQB1, showed the strongest association. In 

addition, five non-human leukocyte antigen (HLA) loci reached genome-wide significance: 

TNPO3/IRF5, STAT4, CD247, CDH7, and EXOC2/IRF4 (Tables 1 and 4).14 Subsequent 

GWAS with a high resolution marker revealed associations at PSORS1C1 (HLA region), 

TNIP1, and ras homolog gene family, member B (RHOB) (Tables 2 and 3).15

To increase the statistical power to identify low-frequency variants as well as to perform 

sub-phenotype analysis, it has become popular to merge data from two or more published 

GWASs and perform a meta-analysis also known as meta-GWAS (MGWAS).16

As mentioned before, observational studies support the theory that AIDs share a genetic 

background. Following this hypothesis, some investigators have merged and analyzed 

GWASs performed in different AIDs, a concept known as pan-meta-GWAS (PMGWAS). 16 

For example, a PMGWAS including SLE and SSc cohorts increased the sample size to a 

total of 21,109 (6,835 cases) and found, apart from the already known shared susceptibility 

loci for both diseases, 3 more that were new to SSc (KIAA0319L, PXK and JAZF1, Table 

4).17
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Altogether, these approaches have identified genetic variants T-cell signaling and interferon 

signaling pathways as associated with SSc susceptibility, and revealed roles in apoptosis, 

DNA or RNA degradation and autophagy pathways.10

3.3. Immunochip

The Immunochip (IC) is a custom SNP genotyping array that provides high-density mapping 

of AID-associated loci for large cohorts at reduced costs and that specifically targets rare as 

well as common variants. It can be considered as a hybrid between the CGA and GWAS 

approaches designed specifically for AIDs as only SNPs that are known to be involved in 

AIDs are examined. The IC array platform contains 196,524 variants across 186 known 

autoimmunity risk loci.13 In 2014, the first SSc IC study was published following in the 

footsteps of other AIDs. It validated the importance of the HLA region and found new 

associations including DNASE1L3, the SCHIP1-IL12A locus, and ATG5 as well as a 

suggestive association between the TREH-DDX6 locus and SSc (Table 3 and 4).1

4. Known Genetic Associations with SSc

4.1. Major Histocompatibility Complex (MHC) Region- Human Leukocyte Antigen (HLA) 
Genes

The strongest genetic association observed in SSc is within the MHC region. The MHC 

complex located on chromosome 6p21.31 is characterized by the extraordinarily 

polymorphic HLA alleles and other immunoregulatory genes. Allelic variation in this region 

has been associated with a wide-range of AIDs including SLE, RA, ankylosing spondylitis 

(AS), etc.

Polymorphisms in the HLA region have been extensively linked to SSc susceptibility and 

there are multiple studies that confirm that some HLA types are associated with a general 

susceptibility to SSc whereas others are more strongly related to particular disease 

subtypes.2 Similarly some of these associations are common to several ethnicities whereas 

others are unique to a specific population group.18-20

As previously mentioned, the HLA-DQB1 gene region conferred the strongest susceptibility 

for SSc per GWAS. A large multiethnic GWAS published in 2009 revealed that different 

HLA genotypes not only influence disease susceptibility but are associated with 

autoantibody expression and vary according to ethnicity. The strongest positive class II 

associations with SSc in Whites and Hispanics were the DRB1*1104, DQA1*0501 and 

DQB1*0301 alleles. In Blacks SSc was associated with DRB1*0804, DQA1*0501 and 

DQB1*0301. DPB1*1301 showed the highest odds ratio for anti-topoisomerase (ATA) (OR 

= 14) and anti-centromere (ACA) was associated with DQB1*0501 and DQB1*26.21

4.2. MHC region Non-HLA Genes

NOTCH 4 and PSORS1C1 are two genes associated with SSc that are also located in the 

MHC region but do not code for HLA proteins (Table 2). For example, NOTCH4 encodes a 

transmembrane protein which plays a role in developmental processes by controlling cell 

fate decisions and has been implicated in pathways that induce pulmonary fibrosis via TGF-
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beta The Notch signaling pathway also controls key functions in vascular smooth muscle 

and endothelial cells.22 NOTCH4 polymorphisms have been associated with ACA and ATA 

positive patients.22 Little is known about PSORS1C1 other than it is also associated with 

psoriasis.23

4.3. Non-MHC Genes

Multiple non-MHC loci have been associated with SSc. Here we will review the most 

notable genes discovered to date according to their role in metabolic pathways.

4.3.1. Innate Immunity and IFN Pathway Genes—A growing body of evidence has 

provided a new paradigm for understanding autoimmunity. Type I interferon (IFN) is now 

believed to be a central mediator of innate immunity and therefore key for multiple AIDs, 

SSc included. IFN microarray studies first discovered a key role of the type I IFN in the 

pathogenesis of SLE and Sjogren’s Syndrome (SS) through observation of an IFN 

“signature” in peripheral blood cells (PBC) and salivary glands. Recent data investigating 

immunological alterations occurring in early SSc by transcriptional profiling of PBC 

demonstrated a similar “IFN signature”.24 Type I and II IFN are well known 

immunomodulators which can also regulate collagen production and therefore are believed 

to play a key role in the pathogenesis of SSc.22 Table 1 lists the most notable innate immune 

genes involved in SSc.

4.3.2. Adaptive Immunity—Associations between defects in B and T cell signaling 

components and SSc pathogenesis have also been described. T and B cell related gene 

polymorphisms highlight the importance of these cells and the adaptive immune system in 

SSc susceptibility. Table 1 lists the adaptive immunity genes and their reported associations 

with SSc.

4.3.3. Cell Signaling Pathways, Cytokines and Chemokines—Variants in genes 

that code for several cytokines and cytokine receptors as well as various other signaling 

pathways have been reported to be associated with SSc. They underscore the importance of 

the immune system and other non-immune signaling pathways such as cell fate decisions in 

the pathophysiology of SSc. These genes are summarized in Table 2.

4.3.4. Extracellular Matrix Genes and Others—Several genes involved in 

extracellular matrix (ECM) deposition have been implicated in the pathogenesis of SSc. 

Genetic studies in SSc have also revealed the importance of genes and pathways that were 

previously not considered such as DNASE1L3 (involved in DNA fragmentation) and ATG5 

(involved in autophagy) which implicate two novel pathways not previously considered to 

be important in SSc pathogenesis.1 Three other novel genes with various functions involved 

in SSc were discovered by the PWGWAS (Table 3).17

4.3.5. The X chromosome—To date, there are three genes associated with SSc 

susceptibility which are located on the X chromosome, IRAK1, FOXP3 and MECP2.25, 26 

Considering the strong female predilection of SSc, these genes could be of great importance 

to its pathophysiology. IRAK1 and FOXP3 are vital for T cell function (Table 1). 
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Interestingly, MECP2 has a key role in DNA methylation and therefore is part of the 

epigenetic mechanisms for gene regulation (Table 3).25

5. Other Sources of Genetic Variation

Very few of the SSc-associated SNPs are found in coding (exonic) regions, but instead are 

in intronic areas or intragenic regions. It is now clear that there is a complex network of 

molecular interactions orchestrating gene expression and that these differences are strongly 

heritable. Genetic mutations that alter any step in this genomic regulatory network can affect 

gene expression and contribute to regulatory variation. Abnormal gene expression is 

increasingly recognized as a cause for many disease processes.27, 28

5.1. Intronic and Intergenic Mutations

For many years it was believed that the DNA regions that do not code for proteins (known 

as “non-coding” regions) were not functionally relevant and terms such as “gene deserts” or 

“junk DNA” were coined for them; however, several studies throughout the years have 

challenged this idea. GWAS in various diseases (SSc included) have discovered several 

disease susceptibility loci in these regions and in fact, the vast majority of variants 

discovered to date are found in non-coding regions (88%).28-30 It has therefore become 

increasingly clear that these regions are actually of great importance as they are an integral 

part of a complicated network that regulates gene expression.

These non-coding regions include two types of DNA sequences: introns and intergenic 

regions. Introns are nucleotide sequences within a gene that are removed by RNA splicing 

and eliminated before the final gene product or mature RNA is generated. Intergenic regions 

are stretches of DNA located between genes. Mutations in both have been discovered in SSc 

and various other diseases. Mutations in introns can cause a premature stop codon which can 

generate a truncated (shortened) or abnormally long non-functional or poorly functional 

protein. Mutations in intergenic regions are believed to affect the normal function of silencer 

or enhancer sequences. Altering a gene promoter will lead to abnormal gene expression that 

in turn can cause a disease state.

Multiple polymorphisms of introns located in protein coding genes have been described in 

SSc and a majority of GWAS hits are actually intronic. Mutations in several intergenic 

regions have also been described. One example includes the region between SCHIP1 and 

IL12A that has been strongly associated with SSc, particularly with the limited type and was 

also identified in celiac disease by IC.1 Another suggestive association was identified in the 

11q23 intergenic region between TREH and DDX6. DDX6 is an RNA helicase that is 

important for efficient miRNA-induced gene silencing and has been shown to regulate 

vascular endothelial growth factor (VEGF) under hypoxic conditions, which might provide a 

clue to the vasculopathy and fibrosis characteristic of this disease, as well as support the 

importance of epigenetics in SSc.1 Table 4 lists well known intergenic regions described as 

susceptibility variants in SSc.
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5.2. Splicing Mutations

Recognizing which genomic regions are intronic and which are exonic is key for proper 

gene expression and this is dependent on a process called “splicing”. Splicing entails the 

modification of the pre-mRNA transcript by removing introns and joining the exons. The 

splicing process occurs through a ribonucleoprotein complex known as the spliceosome. 

This complex is formed by highly dynamic associations and dissociations of hundreds of 

particles. Many elements can affect the splicing process and understanding how the 

spliceosome can successfully distinguish exons from introns is vital to decoding gene 

expression. 31, 32 Splicing mutations can occur and when this happens they can induce exon 

skipping, form new exon/intron boundaries or activate new cryptic exons. Mutations in 

introns can also lead to splice mutations. It is estimated that the very high number of 

currently unclassified genetic alterations may be due to unrecognized gene splicing 

abnormalities.31, 32 In SSc we are barely scratching the surface of these intricate 

mechanisms and their implication for the disease. One study found that an enzyme named 

Lysyl hydroxylase 2 (LH2), which is vital to the alternatively splicing in collagen 

biosynthesis might play an important role in SSc. Changes in the pattern of LH2 alternative 

splicing, can favor increased inclusion of an exon that should be excised thereby increasing 

the levels of a long transcript which is linked to SSc.33

5.3. Expression Quantitative Trait Locus (eQTL)

Given that gene expression levels are considered a heritable and quantitative trait, it is 

natural to infer that there are associations between gene expression and genotype that can be 

statistically established and would help identify loci that are associated or linked to gene 

expression levels. This concept would be especially useful for associations observed in non-

coding regions which previously did not have a functional explanation. It was this idea that 

generated a technique called expression quantitative trait locus (eQTL) mapping which is 

used to determine the effects of genetic variants on gene expression levels.27 eQTL studies 

have established convincing relationships between genetic variants and gene expression by 

contrasting mean differences in phenotypes among genotypes.34 The eQTL analyses have 

been successful in mapping variants to gene expression in several cell types providing a 

better understanding of the genetics of gene expression, and revealing functional impacts of 

variants associated with complex traits and diseases.29

Gene variants in regulatory regions were classified by eQTL into two types based on the 

relationship between the genomic location of the mutation and the gene or genes they 

regulate. A cis-regulatory variant alters expression of an associated or nearby gene (local 

effects). These variants lie either in the basal promoter region located near the transcription 

start site or in an enhancer located in non-coding sequences surrounding the transcribed 

region. On the other hand a trans-regulatory change regulates expression of genes that are 

not contiguous and many times are even on different chromosomes (distant effects). eQTL 

studies show that 25–35% of variants are consistent with cis-regulatory effects and the 

remaining are classified as trans acting. Interestingly there is a striking similarity in the 

amount of cis- and trans regulatory variation found in genomes from diverse organisms 

which suggests common gene regulatory mechanisms that were preserved through 

evolution.28 To date, eQTL studies have not been performed in SSc but have been 
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successful for other AIDs such as SLE, making it an attractive future direction in SSc 

genetics research.35

5.4. Epigenetics

Considering that genetics alone is unable to fully account for SSc risk and the 

polymorphisms that were discovered in non-coding regions, SSc research over the past 5 

years has evolved to explore a new field known as epigenetics.103 Epigenetic variants are 

defined as the changes in gene function that are inheritable but do not entail a DNA 

sequence change. Apart from the baseline genomic milieu and the interplay between silencer 

or enhancer sequences, the epigenetic mechanisms help explain genetic variation given their 

vital role in gene expression regulation and can account for part of the missed heritability.10 

Some of the epigenetic mechanisms known to date include DNA methylation, histone 

modification, microRNA (miRNA) and long non-coding RNAs (lnc-RNA) variants. 

Disruption of any step in this complicated chain of regulatory events can lead to pathology. 

Here we will briefly discuss our current knowledge in this field.

5.4.1. miRNA and lncRNA—MiRNAs are small, 19-23 nucleotide long, non-coding 

RNAs that are part of a complicated network which regulates the expression of protein-

coding genes. MiRNAs are predicted to regulate up to one third of all human protein-coding 

genes and most do so by negatively blocking their target mRNA after transcription therefore 

leading to degradation or repression of translation.36 MiRNA regulate multiple key 

pathways that when dysregulated can lead to inflammation, fibrosis, angiogenesis, etc. 

Various miRNA have been described to be either upregulated or downregulated in tissues of 

SSc patients compared to healthy controls (HC) including whole skin, fibroblasts or serum. 

Table 5 depicts the known differentially expressed miRNA in SSc to date. Interestingly 

some of these miRNA are also dysregulated in other fibrotic diseases such as renal fibrosis 

or liver cirrhosis. For example, two miRNAs that are shared by multiple fibrotic diseases 

include the miR-21 and miR-29 families. 37-39

Only miRNA that have been recapitulated by a second method other than microarray are 

listed in this Table. Using biocomputational prediction algorithms, which are well 

established screening tools for miRNA profiling, the miRNAs discovered to date in SSc are 

usually predicted to target fibrotic pathways such as TGF-beta.40 Target validation is an 

important step in miRNA research; it involves proving in vitro that a miRNA truly blocks 

the mRNA that it was predicted to target in silico. Table 5 lists the targets that have been 

validated as opposed to just predicted.

LncRNA as the name depicts are longer RNAs usually >200 nucleotides. LncRNA are also a 

recently recognized genetic expression regulation mechanism. This field is in its infancy but 

so far it appears very promising as several lncRNA are reported to regulate immune 

responses.41 This is therefore a mechanism that needs to be further investigated in SSc.

5.4.2. Other Epigenetic Mechanisms—DNA methylation occurs when a methyl group 

is added to CpG dinucleotides that are concentrated in regions called “CpG islands” usually 

located within promoter regions. This addition promotes a condensed DNA configuration, 

blocking accessibility to transcriptional activators and thereby inhibiting gene transcription. 
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Histone modification occurs when histones are acetylated, phosphorylated or methylated 

influencing the accessibility of chromatin to transcription factors. These mechanisms have 

been explored to some degree in SSc and are vital for gene regulation expression. Advances 

in methylation and histone modification in SSc were recently reviewed in great detail by 

Broen et al.10

5.5. Gene-Gene Interactions

The contribution of individual genes to the genetic risk for SSc is modest. Multiple loci are 

involved and probably interact increasing the risk. It was not until recently that genetic 

research in the field of SSc started to combine genetic data to determine whether some 

variants could have an additive risk for SSc susceptibility when found in the same 

individual. An additional finding that justifies this hypothesis is that many SSc candidate 

genes map to the same biological pathways. The first successful attempt to study gene-gene 

interaction in SSc showed that STAT4 (rs7574865) and IRF5 (rs2004640) variants form an 

additive risk for development of SSc and interstitial lung disease.42 This analysis was then 

repeated including the BANK1 polymorphisms and was able to display an additive effect for 

diffuse SSc susceptibility. In a subsequent analysis, an NLRP1 polymorphism was identified 

as also interacting with STAT4 and IRF5 contributing to disease risk.43 These studies 

underline the importance of gene-gene interaction for development of SSc.

6. Gene Expression Profiling

As mentioned genetics, epigenetics and gene expression go hand in hand. Gene expression 

profiling (GEP) in SSc has provided insights into the molecular basis of the disease and the 

underlying changes that occur during disease progression. Global GEP which can be 

performed with microarrays or high-throughput sequencing allows the simultaneous 

assessment of thousands of RNA transcripts in a given tissue. It allows examination of gene 

product interactions along biological pathways.44 GEP have yielded interesting results that 

broadened our understanding of SSc. For instance, two studies of early diffuse SSc skin 

gene expression observed differentially expressed genes associated with increased collagen 

deposition and ECM synthesis.45-47 One of them analyzed the GEP of affected and 

unaffected skin (from skin biopsies) as well as fibroblasts from four dcSSc patients and 

controls (in cultured cells from skin biopsies). More than 2700 genes were differentially 

expressed between normal and SSc skin biopsies. Interestingly affected and unaffected skin 

samples showed nearly identical, disease-specific patterns of gene expression indicating that 

the genetic expression in SSc is a systemic process irrespective of clinically appreciated 

abnormalities. The differences in gene expression were mapped to fibroblasts, epithelial, 

endothelial, smooth muscle, T and B cells.46 Taking GEP even further, Assassi et al recently 

observed that 82 skin transcripts distinguished patients with more severe interstitial lung 

disease. This list included CCL2 (MCP1) which was also associated with SSc by genetic 

studies (Table 2).48 The future of GEP is therefore quite promising as there seems to be a 

link between gene expression in easily accessible tissues such as skin and internal organ 

involvement which not only offers insight into the systemic process and pathophysiology 

but could someday aid in risk stratification, prognosis and treatment decisions.
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7. Conclusion

The different genetic susceptibility pathways identified so far have offered great insight into 

the pathophysiology of SSc. The information that has been obtained and that will continue to 

emerge will provide better disease prognosis, drug responsiveness classification or even 

predict adverse drug side effects (pharmacogenetics). Discoveries in the field can also lead 

to identification of novel therapeutic targets and guide drug and biomarker development. As 

our knowledge of these mechanisms expands, so does our understanding of the intricate 

pathways necessary to maintain tissue-specific gene expression homeostasis and a healthy 

state. There is still a big part of the story that remains to be told; the field is evolving daily, 

offering new insights just around the corner.
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Synopsis

Systemic sclerosis (SSc) is a complex autoimmune disease that occurs in a genetically 

susceptible host. Genetic studies performed so far reveal that multiple genetic loci 

contribute to disease susceptibility in SSc. The purpose of this review is to discuss the 

current knowledge of genetics in SSc by exploring the observational evidence, the 

different genetic studies and their modalities as well as the most relevant genes 

discovered by these. The importance of gene expression variation and the different 

mechanisms that govern it including the recently discovered field of epigenetics are also 

explored with an emphasis on microRNA (miRNA).
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Key Points

• Multiple genes are associated with susceptibility to systemic sclerosis and can 

lead to alterations in innate and adaptive immunity, cell signaling, extracellular 

matrix, DNA or RNA degradation and apoptosis or autophagy.

• There are several mechanisms (such as epigenetics and splicing mutations) that 

influence gene expression and are important for disease in addition to the 

genetic variants.

• Epigenetic mechanisms govern gene expression at different levels before 

translation. They are just being explored in SSc and may help explain some of 

the missing heritability.
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