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Abstract

Transcription factors are crucial to regulate gene expression in immune cells and in other cell 

types. In lymphocytes, there are a large number of different transcription factors that are known 

to contribute to cell differentiation and the balance between quiescence and activation. One such 

transcription factor is E26 Oncogene Homolog 1 (Ets1). Ets1 expression is high in quiescent B 

and T lymphocytes and its levels are decreased upon activation. The human ETS1 gene has been 

identified as a susceptibility locus for many autoimmune and inflammatory diseases. In accord 

with this, gene knockout of Ets1 in mice leads to development of a lupus-like autoimmune disease, 

with enhanced activation and differentiation of both B cells and T cells. Prior reviews have 

summarized functional roles for Ets1 based on studies of Ets1 knockout mice. In recent years, 

numerous additional studies have been published that further validate ETS1 as a susceptibility 

locus for human diseases where immune dysregulation plays a causative role. In this update, new 

information that further links Ets1 to human autoimmune diseases is organized and collated to 

serve as a resource. This update also describes recent studies that seek to understand molecularly 

how Ets1 regulates immune cell activation, either using human cells and tissues or mouse models. 

This resource is expected to be useful to investigators seeking to understand how Ets1 may 

regulate the human immune response, particularly in terms of its roles in autoimmunity and 

inflammation.

Graphical Abstract

Summary of known roles for Ets1 in regulating B and T cell function. Ets1 regulates B and T 

cell differentiation to limit excessive activation and development of autoimmunity.
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1. INTRODUCTION

The transcription factor Ets1 has emerged as an important regulator of B and T cell activity 

and is essential for maintaining normal differentiation of these cells. In mice, loss of 

Ets1 leads to an autoimmune disease that shares features with human lupus (Mouly et 

al., 2010; Wang et al., 2005). In the absence of Ets1, CD4 T cells undergo enhanced 

differentiation into T follicular helper type 2 (Tfh2) cells that produce high levels of 

IL-4 and drive autoimmune pathology (Kim et al., 2018). Ets1 deficient CD4 T cells 

also give rise to increased numbers of Th17 cells, but reduced numbers and function of 

regulatory T cells (Treg) (Moisan et al., 2007; Mouly et al., 2010). Ets1 also has important 

cell-intrinsic roles in preventing premature B cell activation and differentiation into plasma 

cells (Luo et al., 2014; Sunshine et al., 2019). The levels of Ets1 in B cells are regulated 

by positive and negative signaling pathways, with B cell receptor (BCR) and Toll-like 

receptor (TLR) signaling functioning to downregulate Ets1, while inhibitory signaling 

through CD22-Siglec-G, Lyn and SHP1 maintain Ets1 expression (Luo et al., 2014). Figure 

1 along with Tables I and II summarize the main B and T cell phenotypes identified in Ets1 

knockout mice and indicate the phenotypes that have been shown to be B cell or T cell 

intrinsic.

In addition to studies in mice, Ets1 has been implicated in human autoimmune 

diseases using a variety of different approaches (Sidebar 1). Numerous single-nucleotide 

polymorphisms (SNPs) in the human ETS1 gene locus have previously been associated 

with autoimmune and inflammatory diseases (reviewed in (Garrett-Sinha et al., 2016)). 

Diseases associated with ETS1 SNPs include systemic lupus erythematosus, rheumatoid 

arthritis, multiple sclerosis, psoriasis, uveitis, ankylosing spondylitis, celiac disease, allergy 

and atopic dermatitis. This is complemented by studies showing reduced Ets1 expression 

in PBMCs or T cells of autoimmune patients as compared to healthy controls (Y. Li et al., 

2010; Shan et al., 2014; Wei et al., 2014; Wen et al., 2013; Yang et al., 2010). Together, 

these studies have established Ets1 as an important regulator of the immune response in 

humans. In this review, we focus on studies published in the past five years that further 

support and extend a role for Ets1 in regulation of immune cell function and in controlling 

autoimmune and inflammatory conditions with a focus on roles of Ets1 in human disease.

2. SYSTEMIC LUPUS ERYTHEMATOSUS (LUPUS)

By 2016 there were a large number of studies that linked polymorphisms in the human 

ETS1 gene with susceptibility to lupus (Bentham et al., 2015; Han et al., 2009; He et 

al., 2010; Leng et al., 2012; Lessard et al., 2016; Lu et al., 2015; Molineros et al., 2014; 

Morris et al., 2016; Sullivan et al., 2000; Wang et al., 2013; Yang et al., 2010; Zhang et 

al., 2013; Zhong et al., 2011). The association of ETS1 SNPs with lupus has been most 

thoroughly demonstrated in Asian populations, although there is also evidence that links 

SNPs in ETS1 to lupus susceptibility in European populations (Bentham et al., 2015; Morris 

et al., 2016; Wang et al., 2013). Furthermore, the levels of Ets1 mRNA have been shown 

to be reduced in PBMCs and T cells of lupus patients (He et al., 2010; Wen et al., 2013), 

suggesting that SNPs in ETS1 may lead to lower expression of the gene. Indeed, the risk 

allele of SNP rs6590330 located downstream of ETS1 results in increased binding of STAT1 
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and this is correlated with reduced expression of Ets1 mRNA (Lu et al., 2015). Another 

SNP, rs1128334, is in the 3’UTR of Ets1 and regulates mRNA abundance in PBMCs (Yang 

et al., 2010). Some SNPs are also linked with the occurrence of particular lupus clinical 

manifestations including age, skin rashes, arthritis, vasculitis or renal involvement (He et al., 

2010; Sullivan et al., 2000; Zhong et al., 2011).

More recently, several additional pieces of data have added to the linkage of Ets1 to lupus. 

A meta-analysis combining multiple GWAS studies further confirmed the association of two 

ETS1 autoimmune-associated SNPs (rs1128334 and rs10893872) with lupus (Zhou et al., 

2015). An additional study has also demonstrated that Ets1 expression is low in the lupus T 

cells as compared to T cells from healthy donors (Kim et al., 2018). In this latter study, the 

expression level of Ets1 in CD4+ T cells of lupus patients was shown to inversely correlate 

with SLEDAI scores and serum anti-dsDNA titers. In a Chinese population, Ets1 mRNA 

was found to be decreased more significantly in PBMCs of new onset SLE than in patients 

with inactive SLE (Sun et al., 2016). The large body of work associating ETS1 SNPs with 

lupus in many different populations around the world and from various ethnic groups makes 

a strong case that this gene is essential for control of human immune responses.

2.2 Roles for Ets1 in B cells and antibody production

While the prior studies described above had shown Ets1 mRNA levels to be low in total 

PBMCs and in T cells of lupus patients, new data show that Ets1 is also low in B cells 

of lupus patients (Jin et al., 2019; Zhang et al., 2019). B cells derived from patients with 

active SLE express the lowest levels of Ets1 mRNA, while those with inactive disease show 

significantly higher Ets1 mRNA expression (Jin et al., 2019). A variety of microRNAs 

are known to regulate Ets1 expression by binding to its mRNA transcript, resulting in 

degradation of the mRNA and/or impaired translation (Sidebar 2). One such miRNA is 

miRNA-5003 and binding of miRNA-5003 to the 3’UTR of the Ets1 transcript is increased 

by the presence of the “T” allele of the rs4937333 SNP. The presence of “T” at rs4937333 

is associated with reduced levels of Ets1 and with development of SLE (Zhang et al., 2019). 

Infection of primary human B cells with lentiviruses carrying the Ets1 mRNA with either 

the “T” or “A” alleles of rs4937333 showed that Ets1 expression can block human B cell 

differentiation to plasmablasts in response to stimulation with CpG containing DNA oligos 

(Zhang et al., 2019). The “A” allele of the Ets1 mRNA was more effective at blocking 

differentiation than the “T” allele, presumably because it is less susceptible to miRNA-5003-

induced effects. The Zhang et al study also showed that miR-5003 levels are higher in B 

cells from SLE patients than in B cells from controls. Interestingly, miR-5003 levels are 

higher in B cells than in T cells in SLE patients, but equivalent in B cells and T cells of 

controls.

The levels of Ets1 mRNA were inversely correlated with the percent of CD19+CD138+ 

plasmablasts among total CD19+ cells (Jin et al., 2019). The level of Ets1 mRNA was also 

inversely correlated with the SLEDAI score, a measure of lupus disease activity. On the 

other hand, Ets1 mRNA levels were negatively correlated with anti-nuclear autoantibody 

titers and erythrocyte sedimentation rate (ESR) (Jin et al., 2019). Ets1 levels were positively 
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correlated with the levels of white and red blood cells, hemoglobin and complement C3 and 

C4.

A subset of human B cells that are CD11c+ and lack expression of CD27, IgD and CXCR5 

(referred to as DN2 B cells) are expanded in lupus, particularly in African American lupus 

patients, and this subset has been shown to be enriched for autoreactive cells (Jenks et al., 

2018). DN2 B cells are poised to differentiate into plasma cells, which can be triggered by 

stimulation by incubation with TLR7 ligand, IL-21 and IFNγ. DN2 cells yield increased 

numbers of antibody-secreting plasma cells as compared to other B cell subsets cultured 

under the same conditions. The DN2 subset of B cells is characterized by low expression 

of Ets1 as compared to activated naïve B cells (Jenks et al., 2018), which is consistent with 

their being primed for plasma cell differentiation. Together, these studies show important 

roles for Ets1 in regulating B cell activity in lupus.

2.3 Roles for Ets1 in type I interferon responses

Plasmacytoid dendritic cells are a specialized type of lymphoid dendritic cells and are the 

main cell type that produce type I interferons, which are known to be pathogenic in lupus 

(Obermoser & Pascual, 2010). As has been seen in other patient populations, Ets1 mRNA 

levels are low in PBMCs of Japanese lupus patients (Suzuki et al., 2022). Furthermore, 

the level of Ets1 mRNA was inversely correlated with the level of prednisolone treatment, 

suggesting that patients with low Ets1 had more severe disease requiring higher doses of 

immunosuppression. In this Japanese cohort, Ets1 levels were not significantly correlated 

with the numbers of plasmacytoid dendritic cells (pDCs) in the peripheral blood, but there 

was a significant positive correlation between the levels of Ets1 mRNA and the levels 

of mRNA for interferon-inducible genes (IFIT1, IFI44 and EIF2AK2). Since Ets1 is a 

transcription factor, it may play a role in regulation of interferon-inducible genes. Type I 

interferons activate Stat 1 signaling and Ets1 has been shown to cooperate with Stat1 to 

regulate gene expression (Nguyen et al., 2012; Yockell-Lelievre et al., 2009). Thus, Ets1 

seems to not directly affect pDC development or survival, but may play a role in responses 

of target cells to type I interferons that are produced by pDC.

2.4 Roles for Ets1 in T cells and cytokine production

Ets1 has previously been implicated in regulating the differentiation programs of T cells. In 

humans, Sun et al showed that Tregs of SLE patients have reduced levels of Ets1, possibly 

due to increased expression of miR-326 (Sun et al., 2016). In another study, lupus patients 

that had lower levels of Ets1 in CD4 T cells had increased percentages of T follicular helper 

type 2 (Tfh2) cells (Kim et al., 2018), suggesting that Ets1 inhibits Tfh2 cell differentiation. 

Tfh2 cells are found in germinal centers, where they function to secrete IL-4, which is 

known to stimulate B cell proliferation and class-switching (Tangye et al., 2002).

The SNPs that have been previously linked to autoimmune diseases are relatively common 

variants, since genome-wide association studies (GWAS) tend to assess SNPs present at 

a reasonably high rate in the population. Many of these disease-associated SNPs may not 

be causal variants, but rather be in linkage disequilibrium with the important variants. In 

order to identify potential causal variants, a study by Jones et al combined analysis of DNA 
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regulatory regions (promoters, enhancers, etc identified using Regulome DB scores) with 

analysis of disease-associated SNPs to identify SNPs that might be in linkage disequilibrium 

with causative variants in the nearby promoters and enhancers (Jones et al., 2019). Novel 

SNPs in these potential regulatory regions were then identified using high resolution melt 

(HRM) analysis. Using this technique, the authors identified a novel and rare SNP in linkage 

disequilibrium with lupus-associated SNP rs1128334 (Jones et al., 2019). While deletion 

of Ets1 from all T cells drove autoimmune responses, restricting the deletion of Ets1 to 

regulatory T cells by using a FoxP3-Cre line did not result in development of autoimmunity 

(Kim et al., 2018). This implies that Ets1 has a more important role in regulating proper 

effector T cell differentiation than in promoting development or function of Tregs.The 

rare variant identified at this locus was included within a potential FOXP3 binding motif, 

suggesting it might directly affect Ets1 gene regulation in Treg cells. In a luciferase reporter 

assay, the presence of a sequence containing the novel disease-associated variant was found 

to increase luciferase expression over the presence of the wild-type sequence (Jones et al., 

2019). The association studies described in the sections above suggest the likely importance 

of Ets1 in regulating T cell responses in the context of lupus.

3. RHEUMATOID ARTHRITIS

3.1 Recent studies on SNPs and Ets1 expression in Rheumatoid Arthritis

Similar to what has been described above for lupus, SNPs in the human ETS1 locus have 

been associated with susceptibility to rheumatoid arthritis (RA) and with certain clinical 

phenotypes in RA including the disease activity score (DAS28) and the level of serum 

C-reactive protein level (Chatzikyriakidou et al., 2013; Chen et al., 2015; Freudenberg et 

al., 2011; Kim et al., 2015; Okada et al., 2012; Okada et al., 2014; Zhang et al., 2014). 

Many of these earlier studies have defined RA-associated SNPs in Asian or European 

populations. Extending the association of ETS1 and RA to other populations, Danila et al 

used high density genotyping to identify SNPs associated with RA in African American 

populations in the United States and correlate their presence with disease severity on 

radiographic images (Danila et al., 2017). This analysis identified SNP rs4362159 located 

at approximately 23 kb downstream of the ETS1 gene as being associated with severity of 

joint damage on radiographic images in African American subjects (Danila et al., 2017). 

A second linked ETS1 SNP rs7108537, about 28 kb downstream of ETS1 and located in 

a region rich in transcription factor binding sites, was also associated with radiographic 

severity (Danila et al., 2017). A third ETS1 SNP (rs73013527) was identified in a later study 

comparing susceptibility loci for African American subjects to those of Asian and European 

populations (Laufer et al., 2019). In a study of Chinese populations, another SNP in ETS1 
(rs73013527) was shown to be positively correlated with serum RANKL levels (Yang et al., 

2021). Elevated RANKL contributes to RA by promoting differentiation of osteoclasts that 

can break down bone (Komatsu & Takayanagi, 2022).

While SNPs in ETS1 have been linked to RA susceptibility and clinical phenotypes, until 

recently there was no direct evidence that Ets1 mRNA levels were altered in immune cells 

of RA patients. A recent study of Japanese patients confirmed that expression of Ets1 is 

decreased in PBMCs of RA patients when compared to healthy donors (Suzuki et al., 2022). 
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Interestingly, expression of the FLI1 gene, which is located immediately adjacent to ETS1 
and oriented in a head-to-head manner, also showed a decrease in PBMCs of RA patients. 

This suggests that these two genes may be coordinately regulated (Suzuki et al., 2022).

One of the SNPs previously associated with development of RA is rs1128334 (Zhang et al., 

2014), located in the 3’UTR of Ets1. This SNP is also associated with other autoimmune 

diseases including lupus and ankylosing spondylitis (Lessard et al., 2016; Mansouri et al., 

2016; Shan et al., 2014; Zhang et al., 2013). In silico tools were used to predict the potential 

effects of 152 SNPs associated with RA, including SNP rs1128334. This analysis identified 

rs1128334 as a potentially damaging SNP, since the risk allele is predicted to create a 

BRD-BOX site in the 3’ UTR (Akhtar et al., 2021). The presence of a BRD-BOX motif 

in a UTR is associated with reduced mRNA and protein levels (Lai & Posakony, 1997), 

because the BRD-BOX serves as a miRNA seed sequence binding region (Lai, 2002; Lai et 

al., 2005). The BRD-BOX motif generated by the “A” allele of rs1128334 is predicted to 

change binding sites for several miRNAs and this is predicted to potentially result in reduced 

stability or translation of Ets1 mRNA (Akhtar et al., 2021). Indeed, reduced levels of Ets1 

mRNA containing the “A” allele at rs1128334 than Ets1 mRNA containing the “G” allele 

at rs1128334 in individuals heterozygous for the SNP has been noted (Yang et al., 2010). 

Another study has also identified rs1128334 as a SNP that might interfere with miRNA 

binding (Richardson et al., 2011).

3.2 Ets1 as a transcription factor relevant to RA pathogenesis

When studying CD19+ B cells from RA patients, cells from patients with a high interferon 

gene signature (IGS), implying high levels of type I interferon exposure, showed altered 

CpG methylation of DNA (Cooles et al., 2022). Examining sites of differential methylation 

for potential transcription factor binding indicated that Ets1 binding motifs were enriched in 

the methylated CpG regions of CD19+ B cells from patients with high IGS. Binding of Ets1 

to DNA is known to be inhibited by methylation of its consensus binding motif (Polansky 

et al., 2010; Stephens & Poon, 2016). Therefore, hypermethylation of Ets1 binding sites in 

promoters and enhancers of target genes could lead to inhibited activation by Ets1 protein. 

This result suggests that Ets1 functional activity in binding to DNA may be altered in RA 

via changes in DNA methylation, even in patients where there may be no SNPs that affect 

ETS1 gene regulation.

4. INFLAMMATORY BOWEL DISEASE

Inflammatory bowel disease (IBD) is a generic term describing chronic inflammatory 

conditions of the gut and includes both ulcerative colitis (UC) and Crohn’s disease 

(CD). Supporting a possible role for Ets1 in inflammatory syndromes of the gut is the 

identification of SNPs in the human ETS1 gene locus as a susceptibility alleles for celiac 

disease (Dubois et al., 2010; Trynka et al., 2011). An analysis of gastrointestinal biopsy 

samples from patients with IBD found significantly increased protein levels of Ets1 in 

the colonic tissue in active ulcerative colitis compared to active Crohn’s disease, patients 

with non-IBD colitis or healthy controls (Konno et al., 2004). Another study comparing 

gene expression patterns in two bowel locations (ileum and colon) and in three disease 
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states (control, CD or UC), also found Ets1 to be downregulated in CD as compared to 

control samples (Hughes, 2005). However, two more recent studies have found Ets1 to be 

upregulated in both CD and UC and its levels were highest in the inflamed regions of the gut 

as compared to less affected areas and positively correlated with disease severity (Ge et al., 

2019; He et al., 2022). This is consistent with the high expression of Ets1 in lymphocytes, 

which are enriched at sites of inflammation. Ets1 mRNA was also found to be elevated in 

the peripheral blood T cells of UC and CD patients as compared to healthy donors (He 

et al., 2022). The relevance of this finding is unclear, since Ets1 is typically reduced in T 

cells upon their activation. However, it may be that peripheral blood T cells in IBD patients 

are not particularly activated and that only gut-resident T cells might show decreased Ets1 

levels.

Treatment of healthy donor CD4 T cells with IL-1β or TNF-α increases Ets1 mRNA levels 

(He et al., 2022). In contrast, IBD patients that respond clinically to the anti-TNF-α drug 

infliximab (IFX) show a reduced expression of Ets1 mRNA in CD4 T cells after the same 

treatment. In another study, the Ets1 DNA binding motif was found to be enriched in the 

promoters and enhancers of genes that were over-expressed in intestinal biopsies of patients 

with active Crohn’s disease or active ulcerative colitis as compared to controls (Boyd et al., 

2018). Altogether, accumulating evidence is reinforcing the link between alterations in Ets1 

levels and function with development of IBD.

5. MULTIPLE SCLEROSIS

Ets1 has also been implicated in the pathogenesis of multiple sclerosis (MS). ETS1 SNPs 

were identified that were associated with susceptibility to multiple sclerosis development 

(Du et al., 2009; Lill et al., 2015). The levels of Ets1 mRNA were reported to be reduced in 

CD4+ T cells from multiple sclerosis patients (Du et al., 2009). A new study has confirmed 

reduced Ets1 mRNA expression in PBMCs of MS patients and further demonstrated that 

Ets1 is particularly low in patients undergoing a relapse of the disease (Li et al., 2020). The 

same study also showed increased levels of the miRNA miR-1–3p in PBMCs and CD4+ 

Th17 cells of MS patients (Li et al., 2020). miR1–3-p levels are positively correlated with 

expression of Th17 transcription factor RORγt and with the levels of IL-17A in serum and 

cerebrospinal fluid. Ets1 is known to suppress the differentiation of Th17 cells (Moisan et 

al., 2007) and miR1–3-p targets the 3’ UTR of Ets1 leading to degradation of the Ets1 

mRNA. In keeping with this, miR1–3-p levels are inversely correlated with Ets1 levels in 

MS patients’ PBMCs. Further studies on the roles of Ets1 in MS would be valuable to 

further define the role of this gene in regulating autoimmunity in the central nervous system.

6. PSORIASIS

Psoriasis is an autoimmune disease affecting the skin and, in the case of psoriatic 

arthritis, also the joints. Prior GWAS studies have identified SNPs in ETS1 associated 

with development of psoriasis (Tsoi et al., 2012; Yin et al., 2015). Anti-TNFα therapies 

used in the treatment of inflammatory bowel disease (IBD) can trigger development therapy-

associated psoriasis as a side effect (Vedak et al., 2016). In order to identify genetic factors 

that might result in susceptibility to psoriasis upon anti-TNF treatment, GWAS analysis was 
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done for loci that have been associated with inflammatory or immune-mediated diseases 

(Cortes & Brown, 2011; Vedak et al., 2016). This analysis showed that the minor G 

allele for SNP rs3802826 in the human ETS1 gene was found at lower frequency in IBD 

patients who developed anti-TNF associated psoriasis than in control patients (Vedak et al., 

2016). This suggests that SNP rs3802826 has a protective effect against the development of 

TNF-associated psoriasis. While studies in psoriasis are still at a relatively early stage, the 

available data indicate a likely association of Ets1 to the pathogenesis of this disease.

7. ATOPIC DERMATITIS

Atopic dermatitis (AD) is an inflammatory condition of the skin characterized by 

inflammation, redness, and irritation of the skin. Prior studies have linked SNPs in ETS1 
to development of AD (Hinds et al., 2013; Paternoster et al., 2015). More recently, SNP 

rs7127307 in ETS1 has been further validated to be linked to atopic dermatitis using a 

bioinformatics pipeline that correlates numerous molecular properties (expression patterns 

and protein and DNA methylation QTL datasets in skin or immune-relevant tissues) to 

prioritize candidate causal variants of that disease (Sobczyk et al., 2021). In a meta-analysis 

of a Japanese population along with samples in the UK Biobank, SNP rs73018933 located 

150 kb downstream of ETS1 was found to be associated with atopic dermatitis (Tanaka 

et al., 2021). The cytokine IL-22 is over-expressed in AD skin and thought to contribute 

to disease pathogenesis. Anti–IL22 antibody (fezakinumab) is a potential therapy for AD. 

To understand the genetic contributions that regulate patient outcomes in response to 

fezakinumab treatment, clinical disease scores were correlated with differences in gene 

expression between lesional and non-lesional skin of patients with AD (Brunner et al., 

2019). This analysis sought to detect genes whose baseline expression levels were correlated 

to the outcome of fezakinumab treatment and ETS1 was one such gene. These studies 

implicate Ets1 as an important player in AD pathogenesis.

8. OTHER AUTOIMMUNE AND INFLAMMATORY DISEASES

8.1 Further linkage of ETS1 SNPs to autoimmune and inflammatory diseases

As described above, there are already many studies linking Ets1 to a variety of 

autoimmune and inflammatory conditions. Several new associations have been detected 

recently in additional disease states. ETS1 SNP rs1128334, previously associated with 

lupus and ankylosing spondylitis, is also associated with the development granulomatosis 

with polyangiitis (GPA, previously known as Wegener’s granulomatosis), particularly the 

PR3–ANCA positive sub-type of vasculitis (Kawasaki et al., 2018). A SNP previously 

associated with lupus (rs4937333) has recently been linked to susceptibility in primary 

biliary cholangitis (Xu et al., 2019). In addition, a novel ETS1 SNP rs7117932 and 

a SNP previously associated with lupus rs6590330 were linked with development of 

dermatomyositis and idiopathic inflammatory myopathies (Chen et al., 2017). Altogether, 

SNPs in the ETS1 locus have been linked to susceptibility to at least 12 different 

autoimmune and inflammatory conditions (Table III).
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7.2 Additional regulatory pathways involved in controlling Ets1 in autoimmune and 
inflammatory conditions

In patients with the autoimmune disease Behçet’s syndrome CD4+ T cells show increased 

differentiation into Th17 cells producing the cytokine IL-17 (Na et al., 2016). This was 

associated with reduced expression of Ets1 protein and higher expression of microRNA 

miR-155, which is known to target the Ets1 mRNA for degradation (Burocchi et al., 2015; 

Hu et al., 2013; Wen et al., 2013). Another microRNA implicated in regulating Ets1 levels 

is miR-451a. PBMCs isolated from asthmatic children showed increased expression of 

miR-451a and decreased expression of Ets1 as compared to controls (Wang et al., 2021). 

Naïve human CD4+ T cells cultured under Th2 cell polarizing conditions showed decreased 

expression of miR-451a and increased expression of Ets1. An additional mechanism 

implicated in controlling Ets1 expression is CpG methylation. The human ETS1 gene 

was shown to be hypomethylated in the DNA of neutrophils of patients with primary 

anti-phospholipid syndrome (APS) compared to normal controls (Weeding et al., 2018). The 

hypomethylation of the ETS1 gene suggests that it may be over-expressed in neutrophils of 

APS patients, although this was not directly tested. In summary, many different experimental 

approaches have linked Ets1 to a panoply of human diseases where there is excessive 

activation of immune responses, indicating that Ets1 is a major regulator of the human 

immune system.

8. MOUSE STUDIES THAT SUPPORT RESULTS IN HUMANS

The information discussed above focuses on roles for Ets1 in regulating immune function 

in the context of human autoimmune and inflammatory diseases. The functions of Ets1 

have also been extensively analyzed using mouse models, particularly knockout mice 

lacking Ets1. These animal studies support many of the observations in humans and hence 

strengthen the link of Ets1 to autoimmune phenomena. In addition, certain mechanistic 

studies can be done in mice that are not possible in human patients and these studies can 

provide additional insight into the functions of Ets1 in regulating immunity.

8.1 Ets1 control of immune cell differentiation

Deletion of the mouse Ets1 gene leads to development of autoimmune disease, with 

similarities to human SLE (Kim et al., 2018; Mouly et al., 2010; Sunshine et al., 2019; 

Wang et al., 2005). Both B cells and T cells in Ets1 knockout mice show evidence of 

hyper-activation and indeed Ets1 has cell-type intrinsic functions in both B cells and T cells 

(Kim et al., 2018; Sunshine et al., 2019). In B cells, Ets1 is able to block differentiation 

into plasma cells and the secretion of antibodies (John et al., 2014; John et al., 2008; Luo 

et al., 2014). Ets1-deficient mice lack marginal zone B cells and B-1a B cells (Eyquem 

et al., 2004; Wang et al., 2005). These two types of B cells are poised to become plasma 

cells and differentiate more readily than conventional follicular B cells (Genestier et al., 

2007; Martin et al., 2001). Thus, their loss in Ets1−/− mice could potentially be due to 

their rapid differentiation into antibody-secreting cells. Using transgenic mouse models, Ets1 

was shown to be essential for peripheral B cell tolerance to self-antigens, although it is 

dispensable for clonal deletion of highly autoreactive clones in the bone marrow (Russell et 

al., 2015).
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Within the T cell compartment, Ets1 regulates T cell differentiation into different CD4+ T 

helper (Th) subsets. In particular, Ets1-deficient CD4 T cells isolated from mice failed to 

properly differentiate into Th1 cells when cultured under appropriate skewing conditions, 

but showed enhanced differentiation into Th17 cells (Grenningloh et al., 2005; Moisan et al., 

2007; Strempel et al., 2010). Ets1 knockout mice also show alterations in the numbers and 

functions of Tregs (Mouly et al., 2010). In terms of Th2 cells, prior studies were confusing 

in that naïve CD4+ T cells isolated from Ets1 knockout mice failed to differentiate into 

IL-4 secreting cells when cultured in vitro under standard Th2 conditions (Grenningloh et 

al., 2005; Strempel et al., 2010), while freshly isolated CD4+ T cells from Ets1 knockout 

mice showed strongly enhanced production of IL-4 and other Th2 cytokines (Mouly et al., 

2010). This discrepancy was resolved when it was shown that T cells lacking Ets1 (from 

T cell-specific Ets1 knockout mice) differentiate robustly to T follicular helper cells that 

secrete IL-4 (Tfh2 cells) (Kim et al., 2018). Hence, Tfh2 but not Th2 cells seem to be 

the main source of IL-4 in vivo in Ets1-deficient mice. Transfer of Tfh2 cells from Ets1 

knockout mice to wild-type hosts drives development of autoimmune disease in the host 

mice (Kim et al., 2018). While deletion of Ets1 from all T cells resulted in autoimmune 

disease, restricting the deletion of Ets1 to regulatory T cells by using a FoxP3-Cre line did 

not result in development of autoimmunity (Kim et al., 2018). This implies that Ets1 has 

a more important role in regulating proper effector T cell differentiation than in promoting 

development or function of Tregs.

8.2 Molecular mechanisms of Ets1 action in B and T cell differentiation

There are several proposed mechanisms for Ets1 action in regulating immune cell 

differentiation. In B cells, Ets1 has been shown to block differentiation to antibody-secreting 

cells by interfering with the activity of plasma cell transcription factor Blimp1, while 

maintaining expression of the B cell transcription factor Pax-5 (John et al., 2014; John et al., 

2008). In addition, Ets1 also binds to regulatory regions of a panoply of target genes that 

function in B cell differentiation and regulates their expression levels (Saelee et al., 2017). 

Ets1-deficient B cells have a defect in switching to IgG2a and this is due to a role for Ets1 in 

inducing expression of the transcription factor T-bet (Nguyen et al., 2012). T-bet is induced 

by interferon-gamma signaling and is required in B cells for switching to IgG2a. Together, 

these data show that Ets1 functions both by directly binding to and regulating target genes, 

but also by forming protein-protein interactions with other transcription factors to modulate 

their activity.

In T cells, Ets1 also regulates important target genes involved in T cell differentiation 

and function. Th1 differentiation is impaired in Ets1 knockout mice and this is due for a 

role of Ets1 in cooperating with T-bet to induce expression of the interferon-gamma gene 

(Grenningloh et al., 2005). Ets1 also seems to play a role in regulating expression of Th2 

family cytokines. Naïve CD4 cells lacking Ets1 that are cultured in Th2 conditions fail to 

express IL-4, IL-5 or IL-13 (Grenningloh et al., 2005; Strempel et al., 2010). These three 

cytokine genes are clustered in a Th2-cytokine gene locus (Lee et al., 2006) and Ets1 was 

shown to bind to multiple sites scattered in this locus suggesting Ets1 may directly regulate 

their expression (Strempel et al., 2010). In contrast to impaired generation of Th1 and Th2 

cells, generation of Th17 cells is enhanced in the absence of Ets1 (Moisan et al., 2007). 
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IL-2 is known to inhibit Th17 development (Laurence et al., 2007) and Ets1-deficient T cells 

have reduced production of IL-2. In addition, Th cells from Ets1 knockout mice show a 

defect in the ability of IL-2 to suppress Th17 differentiation (Moisan et al., 2007). In terms 

of understanding how Ets1 controls IL-2 production, Tsao et al showed that Ets1 functions 

to help release the transcription factor NFAT from repressors the cytoplasm allowing it to 

enter the nucleus upon calcium signaling (Tsao et al., 2013). Another potential mechanism 

influencing Th17 differentiation in the absence of Ets1 is the observation that Ets1 knockout 

CD4 T cells express increased levels of gp130, a signaling component of the IL-6 receptor, 

and have increased phospho-STAT3 (Lee et al., 2019). Indeed, Ets1 binds to the promoter 

of the gp130 gene and can presumably directly induce gp130 expression. Enhanced IL-6 

signaling in Ets1 knockout T cells seems to promote Th17 differentiation since inhibiting 

gp130 signaling with a specific inhibitor results in reduced IL-17A and IL-22 production 

(Lee et al., 2019).

In regulatory T cells, Ets1 has been shown to induce FoxP3 expression by binding to the 

CNS2 regulatory enhancer element of the gene (Mouly et al., 2010; Polansky et al., 2010). 

T follicular helper (Tfh) cells are also increased in mice with a T cell-specific knockout of 

Ets1 and in particular there is an increase in Tfh cells that secrete IL-4 (Thf2 cells) (Kim et 

al., 2018). This is associated with enhanced expression of the IL-4 receptor alpha chain and 

upregulated downstream signaling as shown by increased phospho-Stat6. Blocking IL-4 in 

these knockout mice led to reduced Tfh2 generation.

More recently, genome-wide epigenetic and transcriptomic studies have been used to refine 

mechanisms of Ets1 action in T cells. When studying the functions of transcription factor 

Batf in Th17 and Tfh differentiation, Pham et al showed that Batf controls the binding of the 

architectural protein CTCF to regulatory sites in the genome (Pham et al., 2019). CTCF is 

involved in generating chromatin loops that divide the genome into topologically-associating 

domains (TADs) and these TADs are important for proper cell-type and differentiation stage 

specific expression of genes. Unexpectedly, it was found that the effects of Batf on CTCF 

binding were dependent on Ets1, which is required for Batf to recruit CTCF to particular 

genomic sites.

Ets1 function in CD8 T cells is less well-studied than Ets1 function in CD4 subsets. 

However, some data has been obtained that help to understand how Ets1 may regulate the 

development of function of these cells. During CD8 T cell development in the thymus, Ets1 

is required for normal maturation from CD4+CD8+ double-positive (DP) thymocytes to 

CD8+ single-positive (CD8 SP) thymocytes. In the absence of Ets1, MHC-I restricted cells 

developing to the CD8 lineage inefficiently downregulate CD4, leading to the occurrence of 

a subset of late-stage thymocytes and peripheral CD8 T cells that still retain CD4 expression 

(Zamisch et al., 2009). The failure to downregulate CD4 efficiently is due to a role for 

Ets1 in stimulating expression of the transcription factor Runx3, which is required for this 

process (Ehlers et al., 2003; Taniuchi et al., 2002; Woolf et al., 2003). In peripheral CD8 

T cells, Ets1 was shown to be required for expression of the β2 subunit of the IL-12 

receptor (IL-12Rβ2) (Q. Li et al., 2010). IL-12 signaling in CD8 T cells during the process 

of antigen stimulation promotes differentiation to IFN-gamma secreting effectors and thus 

loss of expression of IL-12Rβ2 impairs effector differentiation. In Ets1 knockout CD8 T 
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cells, where IL-12Rβ2 expression is reduced, T cells fail to upregulate interferon-gamma, 

perforin or granzyme B upon in vitro stimulation (Q. Li et al., 2010). Furthermore, there 

is a decrease in cell recovery from in vitro stimulated cultures of Ets1 knockout CD8 T 

cells as compared with wild-type T cells. In summary, similar to the situation described in 

B cells, the evidence gathered from studies of Ets1 functions in T cell populations support 

the idea that Ets1 both directly regulates important target genes by binding to promoters and 

enhancers and also regulates cellular responses by engaging in protein-protein interactions 

with other transcription factors to modulate their activity.

8.2 Autoimmune and inflammatory phenotypes in Ets1 knockout mice

In terms of autoimmune disease, Ets1 knockout mice share certain features with human 

lupus patients, including high titers of anti-DNA autoantibodies and the deposition of 

immune complexes in the kidney glomeruli (Mouly et al., 2010; Wang et al., 2005). Immune 

complexes in the kidney lead to fixation and deposition of complement C3, however despite 

this mice lacking Ets1 do not develop proteinuria (Wang et al., 2005). On the other hand, 

when T follicular helper cells (Tfh) isolated from mice with a T cell-specific deletion 

of Ets1 are transferred into Rag1 knockout hosts, the resulting mice develop proteinuria 

(Kim et al., 2018). This result implies that Ets1 is required in cells other than T cells 

for proteinuria to develop. One possibility is that Ets1 is needed in kidney cells, such as 

mesangial cells, for the pathological changes that occur during glomerulonephritis. In a 

rat models of glomerulonephritis, Ets1 has been shown to be strongly induced in kidney 

cells, though the exact cell type expressing seems to depend on the model used (Naito et 

al., 2000; Raffetseder et al., 2004). This induction of Ets1 in resident kidney cells may be 

required for the proliferative and differentiation changes seen during glomerulonephritis and 

these changes may be required for development of proteinuria. Such a model would explain 

why mice lacking Ets1 in all tissues, including kidney cells, fail to develop proteinuria 

despite having significant deposition of immune complexes in the glomeruli coupled with 

complement fixation.

SNPs in human ETS1 have been linked to development of atopic dermatitis, as described 

above. Mice lacking Ets1 specifically in T cells develop skin dermatitis, which has 

similarities to human atopic dermatitis (Lee et al., 2019). This phenotype was linked to 

enhanced expression of gp130 on Ets1-deficient CD4 T cells, leading to enhanced IL-6 

signaling in the T cells and increased differentiation into Th17 cells. Functional blocking 

of gp130 by an inhibitor called SC144 lead to reduced AD symptoms (Lee et al., 2019). 

Recently, a super-enhancer region located approximately 250 kb downstream of the mouse 

Ets1 gene has been identified (Chandra et al., 2023). A homologous region of the human 

genome contains numerous SNPs associated with allergy, asthma, and atopic dermatitis 

(Hinds et al., 2013; Paternoster et al., 2015), suggesting that these SNPs may affect 

expression of Ets1 in T cells of patients with AD and related conditions.

Ets1 is also associated with IBD in humans, as detailed above. In a mouse model of IBD 

involving the transfer of CD45RBhigh effector CD4+ cells into immunodeficient SCID mice, 

the transferred effector T cells drive an interferon-γ dependent induction of colitis in the 

immunodeficient hosts (Powrie et al., 1994). Transferring Ets1-deficient CD45RBhigh CD4+ 
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cells to SCID mice failed to induce colitis, likely due to their impaired ability to produce 

interferon-γ (Grenningloh et al., 2005). In a transgenic mouse model that over-expresses 

Ets1 under the control of the CMV promoter and enhancer, IBD severity was enhanced as 

compared to non-transgenic controls (He et al., 2022). This was particularly dramatic in 

terms of inflammatory infiltration into the gut in response to dextran sodium sulfate (DSS) 

administration. Furthermore, these Ets1 transgenic mice developed more tumors and larger 

tumors in the intestine when exposed to a azomethane and DSS protocol (He et al., 2022). 

Bone marrow chimeras confirmed that expression of the transgenic Ets1 in bone-marrow-

derived cells was required for the phenotype. The cold-inducible RNA-binding protein 

(CIRBP) was identified as a gene regulated by Ets1 which is involved in Th1 cell-driven 

immune responses in IBD (He et al., 2022). The super-enhancer described above that is 

located downstream of the Ets1 gene is needed for differentiation of Th1 cells (Chandra 

et al., 2023). As expected based on its role in Th1 cells, CD4+CD45RBhigh T cells from 

mice lacking this super-enhancer sequence (Ets1-SE−/− mice) cannot induce colitis when 

transferred to Rag1 knockout mice (Chandra et al., 2023). Together, these various studies 

provide substantial evidence that corroborates an important role for Ets1 in IBD.

Conclusion

There is accumulating evidence suggestive of a crucial role for transcription factor 

Ets1 in regulating the human immune response. Polymorphisms in the human ETS1 
gene had previously been associated with susceptibility to quite a few autoimmune and 

inflammatory diseases, namely SLE, rheumatoid arthritis, multiple sclerosis, psoriasis, 

ankylosing spondylitis, uveitis, celiac disease, allergy and atopic dermatitis. New evidence 

suggests there are also associations with additional human diseases such as inflammatory 

bowel disease, idiopathic inflammatory myopathy, Behçet’s disease, granulomatosis with 

polyangiitis, primary biliary cirrhosis and anti-phospholipid syndrome. Furthermore, 

evidence has continued to accumulate indicating reduced expression of the Ets1 mRNA 

in immune cells from patients with these autoimmune and inflammatory conditions. To date, 

reduced Ets1 expression has been documented in one or more diseases, using either total 

PBMCs or purified subpopulations such as total B cells, total T cells and regulatory T cells. 

This decrease of Ets1 expression in human immune cells in autoimmune and inflammatory 

conditions is consistent with the known phenotype of Ets1 knockout mice that develop a 

lupus-like autoimmune condition, with increased B and T cell activation, increased germinal 

center and plasma cell responses and increased autoantibody titers. Mouse studies have 

demonstrated that Ets1 has both B cell-intrinsic and T cell-intrinsic roles important for 

normal immune regulation.

While many studies have described associations of the ETS1 gene with human autoimmune 

diseases, functional studies of the roles of Ets1 in humans remain fairly sparse. Much of 

our understanding of how Ets1 regulates immune cell responses comes from studies with 

Ets1 knockout mice. While these studies are valuable in understanding Ets1 functional 

roles, there is the complication that human and mouse immune cells do not always behave 

similarly (Mestas & Hughes, 2004).
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Sidebar 1:

Approaches used to link Ets1 to human autoimmune and inflammatory 
diseases

Numerous approaches have been used to link Ets1 to human autoimmune and 

inflammatory diseases (summarized in Table III). These studies may associate particular 

single-nucleotide polymorphisms (SNPs) in the ETS1 gene with disease (GWAS studies 

or meta-analyses of GWAS data that combine results from multiple GWAS studies). 

Other studies may show alterations in Ets1 gene expression in patients versus controls 

(gene expression microarrays and RNA-sequencing). Part of this change in gene 

expression may be due to targeting of the Ets1 mRNA by a variety of micro-RNAs 

(miRNAs), whose expression is changed in disease. Changes in epigenetic marks in 

the ETS1 locus have also been identified (CpG DNA methylation studies). In silico 

approaches take advantage of the large amounts of DNA genotyping, DNA sequencing, 

gene expression data, epigenetic data, patient clinical data and other similar information 

to correlate the presence of particular genetic variants to disease presence or clinical 

features. Given the large amount of data tying Ets1 to regulation of immune function and 

to aberrant immune responses, candidate gene approaches have also been used that focus 

on Ets1 alone or as a part of a small group of potentially-relevant genes. These candidate 

gene approaches can take many forms, but in general seek to further link Ets1 to disease 

susceptibility or clinical phenotypes or to understand the molecular function of Ets1 in 

regulating human immune responses.
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Sidebar 2:

MicroRNAs and Ets1

The mouse and human Ets1 genes both have very long 3’ UTRs of approximately 3.6 kb 

(Figure 2). When comparing the sequence of the mouse and human mRNAs, it is evident 

that there are two regions in the 3’UTR that show very strong sequence conservation, 

indicating that they likely play important roles in regulating the stability, transport or 

translation of the mRNA. When compared to the closely related gene Ets2, the Ets1 3’ 

UTR is longer and has a significantly larger percentage of the sequence that is highly 

conserved between mouse and human (Figure 2). There are two SNPs located in the 3’ 

UTR that have been associated with autoimmune diseases (rs1128334 and rs4937333). 

In addition, the CA repeat polymorphisms described in the Sullivan et al paper are also 

in the 3’ UTR (Sullivan et al., 2000). There are many microRNAs (miRNAs) that have 

been shown to regulate the stability and translation of the Ets1 mRNA by binding to the 

3’ UTR. Five different miRNAs that regulate Ets1 in the context of autoimmunity were 

studied in these papers (Du et al., 2009; Ge et al., 2019; Jin et al., 2019; Li et al., 2020; 

Na et al., 2016; Sun et al., 2016; Wen et al., 2013). Five different miRNAs were studied 

in these papers, miR-1–3p, miR-125a, miR-155, miR-326 and miR-451a, which were 

shown to have roles in regulating Ets1 levels in various immune cell populations (total 

PBMC, CD4+ T cells, CD19+ B cells, Th17 cells or Treg cells). miR-1–3p, miR-125a 

and miR-326 are all located in the regions that are highly conserved between mouse and 

human. miR-155 has two potential binding sites, one of which is located in the highly 

conserved region. On the other hand, miR-451a does not have a binding site in the Ets1 

3’UTR based on the TargetScan software prediction, so its effects on Ets1 expression 

would seem to be indirect.
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Figure 1. Summary of known roles for Ets1 in regulating B and T cell function.
Ets1 is highly expressed in naïve quiescent B and T cells, but is downregulated upon 

activation. Using mouse models, the role of Ets1 in regulating the differentiation of B and 

T cells has been extensively studied. The figure summarizes major roles for Ets1 in these 

processes. In brief, Ets1 functions to inhibit T cell differentiation into T helper 17 (Th17) 

cells that secrete IL-17 and T follicular helper type 2 (Tfh2) cells that secrete IL-4. Ets1 also 

functions to inhibit B cell differentiation to antibody-secreting plasma cells. On the other 

hand, Ets1 promotes the development of regulatory T cells (Tregs) and T helper 1 (Th1) 

subsets of T cells. The combined actions of Ets1 in these different lineages is important to 

prevent development of autoimmune disease in Ets1 knockout mice. The functions of Ets1 in 

human lymphocytes is less well-studied, but current evidence suggests it has roles similar to 

those described in mice and summarized in the figure.
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Figure 2. Comparison of 3’ untranslated regions (3’UTR) of Ets1 and Ets2.
Ets1 has a very long 3’ UTR of approximately 3.6 kb and shows high levels of homology 

between the mouse and human mRNAs in two regions (shown in the red and pink colored 

boxes) that together compose almost half of the Ets1 3’ UTR. Ets2 has a shorter 3’ UTR 

of approximately 2 kb and shows only one region of high homology between the mouse 

and human mRNAs. The region of strong homology in the 3’ UTR of Ets2 comprises 

approximately 25% of the total UTR.

Garrett-Sinha Page 24

WIREs Mech Dis. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Garrett-Sinha Page 25

Table I –

Described Roles of Ets1 in Mature B cells

B Cell Roles of Ets1 Described in vivo in Mice Reference(s)

Loss of marginal zone type B cells* (Eyquem et al., 2004; Sunshine et al., 2019; Wang et al., 2005)

Increased expression of activation markers (Sunshine et al., 2019; Wang et al., 2005)

Increased differentiation to germinal center B cells (Russell et al., 2015)

Increased differentiation to memory B cells* (Sunshine et al., 2019)

Increased differentiation to plasmablasts/plasma cells* (Barton et al., 1998; Bories et al., 1995; John et al., 2014; Luo et al., 2014; 
Sunshine et al., 2019)

Increased secretion of autoantibodies* (Mouly et al., 2010; Sunshine et al., 2019; Wang et al., 2005)

Loss of peripheral tolerance to self-antigens (Russell et al., 2015)

Increased secretion of IgM* (Barton et al., 1998; Bories et al., 1995; Mouly et al., 2010; Nguyen et al., 2012; 
Sunshine et al., 2019)

Increased class-switching to IgG1 and IgE (Mouly et al., 2010; Nguyen et al., 2012; Sunshine et al., 2019)

Decreased class-switching to IgG2a (Nguyen et al., 2012)

*
Functions marked by asterisks are known to be (at least in part) B cell-intrinsic
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Table II –

Described Roles of Ets1 in Mature CD4+ T cells

T Cell Roles of Ets1 Described in vivo in Mice Reference(s)

Reduced numbers of peripheral T cells (Bories et al., 1995; Clements et al., 2006)

Reduced expression of CD5, Thy1 and CD127 (Bories et al., 1995; Clements et al., 2006; Mouly et al., 2010)

Reduced numbers of Tregs and reduced FoxP3 levels (Mouly et al., 2010)

Skewing towards memory phenotype (CD44+)* (Clements et al., 2006; Kim et al., 2018)

Decreased production of IL-2 (Grenningloh et al., 2005; Nagaleekar et al., 2008)

Decreased differentiation to Th1 and Th2 cells (Grenningloh et al., 2005)

Increased differentiation to Tfh2 cells* (Kim et al., 2018)

Increased differentiation to Th17 cells (Moisan et al., 2007)

*
Functions marked by asterisks are known to be T cell-intrinsic
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Table III –

Summary of Studies Linking Ets1 to Human Autoimmune and Inflammatory Diseases

Study Disease Type of Analysis Population(s)

(Sullivan et al., 2000) Systemic Lupus Erythematosus Candidate gene approach U.S. population

(Konno et al., 2004) Inflammatory Bowel Disease Candidate gene approach Japanese population

(Hughes, 2005) Crohn’s Disease Microarray for RNA expression European population

(Du et al., 2009) Multiple Sclerosis Target of miRNA Chinese population

(Han et al., 2009) Systemic Lupus Erythematosus GWAS Chinese population

(Dubois et al., 2010) Celiac Disease GWAS European population

(He et al., 2010) Systemic Lupus Erythematosus Candidate gene approach Chinese population

(Y. Li et al., 2010) Systemic Lupus Erythematosus Candidate gene approach Chinese population

(Yang et al., 2010) Systemic Lupus Erythematosus GWAS Chinese and Thai populations

(Trynka et al., 2011) Celiac Disease GWAS European and Indian 
populations

(Zhong et al., 2011) Systemic Lupus Erythematosus Candidate gene approach Chinese population

(Freudenberg et al., 2011) Rheumatoid Arthritis GWAS Korean population

(Leng et al., 2012) Systemic Lupus Erythematosus Candidate gene approach Chinese population

(Okada et al., 2012) Rheumatoid arthritis Meta-analysis of multiple 
GWAS

Japanese population

(Tsoi et al., 2012) Psoriasis Meta-analysis of multiple 
GWAS

U.S. and European populations

(Chatzikyriakidou et al., 2013) Rheumatoid Arthritis Candidate gene approach European population

(Wang et al., 2013) Systemic Lupus Erythematosus Candidate gene approach U.S. and European populations

(Wen et al., 2013) Systemic Lupus Erythematosus Target of miRNA Chinese population

(Hinds et al., 2013) Atopic Dermatitis GWAS U.S. and UK populations

(Zhang et al., 2013) Systemic Lupus Erythematosus Candidate gene approach Chinese population

(Molineros et al., 2014) Systemic Lupus Erythematosus GWAS Malaysian population

(Okada et al., 2014) Rheumatoid Arthritis Meta-analysis of multiple 
GWAS

European and Asian populations

(Shan et al., 2014) Ankylosing Spondylitis Candidate gene approach Chinese population

(Wei et al., 2014) Pediatric Uveitis Candidate gene approach Chinese population

(Zhang et al., 2014) Rheumatoid Arthritis Candidate gene approach Chinese population

(Bentham et al., 2015) Systemic Lupus Erythematosus GWAS European and US populations

(Chen et al., 2015) Rheumatoid Arthritis Candidate gene approach Chinese population

(Kim et al., 2015) Rheumatoid Arthritis GWAS Korean population

(Lill et al., 2015) Multiple Sclerosis Candidate gene approach European population

(Lu et al., 2015) Systemic Lupus Erythematosus Candidate gene approach United States, Asian, and 
European populations

(Paternoster et al., 2015) Atopic Dermatitis Meta-analysis of multiple 
GWAS

European, African, Japanese 
and Latino populations

(Yin et al., 2015) Psoriasis Meta-analysis of multiple 
GWAS

Chinese and Caucasian 
populations

(Lessard et al., 2016) Systemic Lupus Erythematosus GWAS Korean population
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Study Disease Type of Analysis Population(s)

(Mansouri et al., 2016) Systemic Lupus Erythematosus Candidate gene approach Iranian population

(Morris et al., 2016) Systemic Lupus Erythematosus GWAS Chinese and European 
populations

(Na et al., 2016) Behçet’s disease Target of miRNA Korean population

(Sun et al., 2016) Systemic Lupus Erythematosus Target of miRNA Chinese population

(Vedak et al., 2016) TNF-α Antagonist Associated 
Psoriasis in Inflammatory Bowel 

Diseases

GWAS U.S. population

(Chen et al., 2017) Idiopathic Inflammatory 
Myopathies

Candidate gene approach Chinese population

(Danila et al., 2017) Rheumatoid Arthritis GWAS U.S. population

(Boyd et al., 2018) Inflammatory Bowel Disease In silico predictions N/A

(Jenks et al., 2018) Systemic Lupus Erythematosus RNA-seq U.S. population

(Kawasaki et al., 2018) Granulomatosis with Polyangiitis Candidate gene approach Japanese population

(Kim et al., 2018) Systemic Lupus Erythematosus Candidate gene approach Korean population

(Weeding et al., 2018) Anti-phospholipid Syndrome CpG Methylation Assay U.S. population

(Ge et al., 2019) Inflammatory Bowel Disease Target of miRNA Chinese population

(Jin et al., 2019) Systemic Lupus Erythematosus Target of miRNA Chinese population

(Jones et al., 2019) Systemic Lupus Erythematosus In silico predictions N/A

(Laufer et al., 2019) Rheumatoid Arthritis Meta-analysis of multiple 
GWAS

Multiple populations

(Xu et al., 2019) Primary Biliary Cholangitis Candidate gene approach Chinese population

(Zhang et al., 2019) Systemic Lupus Erythematosus Candidate gene approach Chinese population

(Li et al., 2020) Multiple Sclerosis Target of miRNA Chinese

(Akhtar et al., 2021) Systemic Lupus Erythematosus In silico predictions N/A

(Sobczyk et al., 2021) Atopic Dermatitis In silico predictions N/A

(Tanaka et al., 2021) Atopic Dermatitis GWAS Japanese population

(Wang et al., 2021) Asthma Microarray for RNA expression Chinese population

(Yang et al., 2021) Rheumatoid Arthritis Candidate gene approach Chinese population

(Cooles et al., 2022) Rheumatoid Arthritis In silico predictions European population

(He et al., 2022) Inflammatory Bowel Disease Candidate gene approach Chinese population

(Suzuki et al., 2022) Systemic Lupus Erythematosus Candidate gene approach Japanese population
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