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Objective. Systemic inflammatory autoimmune diseases (SIADs) such as systemic lupus erythematosus (SLE), pri-
mary Sjögren disease (pSS), and idiopathic inflammatory myopathies (myositis) are complex conditions characterized
by shared circulating autoantibodies and clinical manifestations, including skin rashes, among others. This study was
aimed at elucidating the genetics underlying these common features.

Methods. We performed targeted DNA sequencing of coding and regulatory regions from approximately 1,900
immune-related genes in a large cohort of 2,292 well-characterized Scandinavian patients with SIADs with SLE, pSS,
and myositis as well as 1,252 controls. A gene-based functionally weighted genetic score for aggregate testing of all
genetic variants, including rare variants, was complemented by in silico functional analyses and in vitro reporter
experiments.

Results. Case–control association analysis detected known and potentially novel genetic loci in agreement with
previous genetic and transcriptomics findings linked to the SIAD autoimmune background. Intriguingly, case–case
comparisons between patient subgroups with and without specific autoantibodies revealed that the subgroups defined
by antinuclear antibodies and anti–double-stranded DNA antibodies have unique genetic profiles reflecting their het-
erogeneity. When focusing on clinical features, we overall showed that dual-specificity phosphatase 1 (DUSP1) protec-
tive genetic variants lead to increased gene expression and potentially to anti-inflammatory effects on the
SIAD-associated skin phenotype. This is consistent with recent genetic findings on eczema and with the previously
reported down-regulation of the MAPK signaling-related gene DUSP1 in other skin disorders.

Conclusion. Together, this suggests common molecular mechanisms potentially underlying overlapping clinical
manifestations shared among different disorders and informs clinical heterogeneity, which could be translated to
improve disease diagnostic and treatment, also in more generalized disease frameworks.

INTRODUCTION

Systemic inflammatory autoimmune diseases (SIADs)

such as systemic lupus erythematosus (SLE), primary Sjögren

disease (pSS), and idiopathic inflammatory myopathies (myosi-

tis) are chronic heterogeneous rare conditions in which inflam-

mation and the primary pathogenic events can be restricted

to different organ systems and co-occur with specific
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serological profiles.1–3 Patients with SIADs show remarkable

similarities, such as overexpression of type I interferon (IFN)–

regulated genes (ie, IFN signature), identical circulating autoan-

tibodies mainly targeting nuclear antigens (eg, antinuclear anti-

bodies [ANA], SSA-Ro, SSB-La), and analogous clinical

manifestations and comorbidities, including skin rashes, arthri-

tis, different types of malignancies, and renal and lung involve-

ment, which develop regardless of the primary disease

diagnosis.4 In addition, a number of shared genetic loci

encompassing genes involved in innate and adaptive immune

responses have been identified as disease risk factors, thus

overall highlighting a partially shared genetic etiology in

patients with SIADs.5–8

The genetic background of patients with SIADs has been
primarily explored via genome-wide association and targeted
genotyping studies, as well as meta-analyses, unraveling dis-
ease associations mainly driven by common genetic varia-
tion.5,6,8 Conversely, the contribution of the full spectrum of
genetic variation has not been comprehensively evaluated in
patients with SIADs, especially when considering their shared
serological and clinical features. For this purpose, the detec-
tion of those genetic variants rarer in the population is required,
as well as large and inclusive datasets in which different patient
cohorts are combined.9 This has to be ideally complemented
by the implementation of algorithms testing the cumulative
effect of different genetic variants, especially of those in the
lower range of allele frequency in sizable genetic regions.10 In
fact, it has been shown that multiple causal variants underlie
genetic associations in complex diseases11 and that rare vari-
ants also contribute to disease heritability.12 Using next-
generation targeted DNA sequencing of regulatory and coding
regions in a large cross-disease sample cohort including Scan-
dinavian patients with SLE, pSS, and myositis as well as
healthy controls, the objective of the present study was to
examine the contribution of the whole spectrum of genetic var-
iants in defining the genetic background underlying these
patients with SIADs and potentially also their secondary shared
serological and clinical manifestations, thus allowing the

identification of genetic profiles conceivably relevant for patient
stratification in the clinic.

PATIENTS AND METHODS

For detailed materials and methods description, see Supple-
mentary Materials and Methods. Members of the DISSECT and
ImmunoArray consortia can be found in Appendixes A and B,
respectively.

Study participants. The study cohort consisted of healthy
controls as well as patients diagnosed with SLE, pSS, and myosi-
tis, from whom blood specimens and detailed clinical and sero-
logical information were collected at Scandinavian rheumatology
clinics (ie, Sweden, Denmark, and Norway) in compliance with
individual consent and regional ethical permits. Patient character-
istics, as well as their clinical and serological profiles, have been
previously described in details.13–15 Serological and clinical
patient subgroups were defined based on the occurrence of the
same circulating autoantibodies in the former and to inclusively
combine clinical manifestations and comorbidities into collective
features related to the same organ/tissue or comprising the same
diagnosis in the latter (Table 1).

Targeted DNA sequencing and bioinformatics
analysis. A comprehensive description of the capture array
design and implementation, as well as the targeted sequencing
of the samples included in this study, has been previously
provided.13–16 Briefly, the targeted array included 1,853 genes
involved in immune function, inflammation, and autoimmunity for
which both coding and potentially regulatory regions were cap-
tured. After mapping the sequencing reads to the human
GRCh37 reference genome and initial data quality control (QC),
variant discovery, and joint genotyping of the whole study cohort
of patients and healthy controls was performed under the GATK
Best Practices framework (GATK version 3.3.0), followed by vari-
ant and individual QC, including relatedness, population stratifica-
tion, and ancestry assessment.
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Single-marker and gene-based aggregate
association analyses. Logistic regression was implemented in
PLINK version 1.90 to perform single-marker case–control analy-
sis of common single-nucleotide variants (SNVs; minor allele fre-
quency [MAF] ≥ 0.01) comparing all patients with SIADs with all
control individuals. Gene-based aggregate association testing of
all SNVs, including rare variants, was performed using a method
that was inspired by the simplest type of genetic burden test, which
sums up all detectedmutations in each individual.17 In our study, we
assigned a genetic score (GS) to each individual and gene. For
every SNV, the corresponding Combined Annotation Dependent
Depletion (CADD) score18 was multiplied by the number of variant
(ie, alternate) alleles in each individual. The sum of all products of all
SNVs for each gene and for each individual was then defined as
the GS. The differential distribution of GSs between patients with
SIADs and the control group, as well as their statistical significance,
was tested using logistic regression in R. GS-based aggregate test-
ing was also extended to the serological and clinical patient sub-
groups via case–control analysis and case–case analysis. In order
to provide additional support to our GS-based approach, the
results for the analysis contrasting all patients with SIADs and con-
trols were also evaluated in comparison to those generated by the
optimized sequence kernel association test (SKAT-O). In addition
to including sex as a covariate based on its well-established status
of risk factor for SIADs, all association analyses and models
included the four most significant population principal components
(PCs) as covariates. Four PCs significantly capture the intrinsic vari-
ation present in our cohort, which subsequently results in a system
with homogenous structure and without any apparent stratification,
cluster, or batch effect (Supplementary Figure 1). Statistical signifi-
cance was evaluated after Bonferroni and Benjamini and Hochberg
(false discovery rate [FDR]) correction (α = 0.05).

In silico variant functional annotation and reporter
assays for dual-specificity phosphatase 1 genetic
variants. Using publicly available databases, catalogs, and com-
putational tools, we prioritized genes of interest and in silico func-
tionally annotated SNVs. For dual-specificity phosphatase 1
(DUSP1), reporter constructs were generated for SNVs or haplo-
types as described by Roy et al19 (Supplementary Data 1), trans-
fected in HeLa cells and analyzed by quantitative real-time
polymerase chain reaction (qRT-PCR) or the dual-luciferase
reporter assay. Experiments were repeated three times with five
replicates for each construct, and statistical analyses were per-
formed with unpaired Student’s t-test and one-way analysis of var-
iance. The endogenous DUSP1 gene expression was analyzed by
qRT-PCR after stimulation of HeLa cells with prednisolone.

All participants provided informed consent to participate in the
study, and the study was approved by the regional ethics board in
Uppsala (Dnr 2015/450 and 2016/155). Sequencing and genotype
data at the individual level are not publicly available due to them con-
taining information that could compromise research participant

privacy and consent. However, they are available from the corre-
sponding author upon reasonable request and on a collaborative
basis, protecting the participants’ personal information. The bioinfor-
matics scripts used to perform all the analyses described in this study
are available at https://github.com/teone182/Dissect_CrossDisease.

RESULTS

The primary dataset with a total of 2,292 Scandinavian
patients with SIADs with SLE (n = 935), pSS (n = 906), and myo-
sitis (n = 451), as well as 1,252 control individuals, was character-
ized by call rates >98% and included 400,491 SNVs. Of these,
294,001 were rare variants (MAF < 0.01).

Cross-disease single-variant and gene-based
aggregate association analysis. To test whether we could
detect novel SIAD risk loci, we performed both single-variant asso-
ciation analysis and gene-based aggregate association testing.
Comparing all patients with SIADs and the control individuals using
106,490 common markers, single-variant analysis confirmed the
major histocompatibility complex (MHC), IRF5, and NCF2 loci as
key players in systemic inflammatory autoimmunity. The strongest
association was observed for an upstream variant of HLA-DRB1
(rs7775984-G, adjusted P = 2.92 × 10−48; odds ratio [OR] 3.5,
95% confidence interval [CI] 3.0–4.1; Supplementary Figures 2
and 3; Supplementary Tables 1 and 2).

We further extended the comparison of the patient and control
groups by implementing gene-based aggregate testing (results
summarized in Supplementary Table 3). When comparing all
patients (n = 2,292) and the control individuals (n = 1,252), the GS-
based aggregate analysis identified Bonferroni-significant associa-
tions mainly in the MHC region (20 genes, top hits C2, HLA-C,
MSH5, TNXB, Bonferroni P < 3.59 × 10−13). The other non-MHC
significant aggregate associations hit IRF5 (Bonferroni P = 4.94 ×
10−6) and YDJC (Bonferroni P = 0.029), both known as SIAD-
associated genes, as well as the novel MAP3K6, SLC5A6, and
CGREF1 (Bonferroni P = 0.0051, 0.011, and 0.037, respectively).
At the FDR statistical threshold, several non-MHC genes showed
aggregate associations, including those previously implicated in
SIAD PHRF1 (FDR P = 0.0048), ETS1 (FDR P = 0.0052), and
UBE2L3 (FDR P = 0.031), as well as the novelMX1 (FDR P = 0.049).

Our GS-based analysis detected both previously known and
novel potential loci, thus confirming the validity of the test and its note-
worthy performance. The comparison of the results obtained for all
the genes analyzed with the GS-based method and SKAT-O indi-
cated a marked correlation (Spearman rho 0.53, P < 2.2 × 10−16;
Supplementary Figure 4). Out of the 1,795 genes tested, 2.6% (n =
46) and 3.4% (n = 61) were FDR significant in the GS and SKAT-O
analysis (Supplementary Tables 3 and 4), respectively, with 35 show-
ing overlap. Among these 35 overlapping genes, 12 were non-MHC
genes. When only the set of 46 FDR-significant genes in the GS-
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based analysis was considered, the GS- and SKAT-O–derived
P values had a substantially stronger correlation (Spearman rho
0.69, P < 4.34 × 10−9; Supplementary Figure 5). Overall, this sug-
gests that the twomethods appear to be equivalent in terms of asso-
ciation outcomes. However, we note that in the context of our study,
the GS-based approach might compare favorably with SKAT-O in
interpretation and translational potential, providing additional informa-
tion on the size and direction of effect for each tested gene in relation
to any phenotype or set of individuals considered.

Aggregate testing of the cross-SIADs major
serological patient subgroups. Because a hallmark of SLE,

pSS, and myositis is represented by shared circulating autoanti-
bodies directed against nuclear antigens and immunoglobulins,
we extended the GS-based test to those subsets of patients pre-
senting with a specific autoantibody regardless of their primary
SIAD (Table 1; Figure 1). GS-based case–control aggregate anal-
ysis of the major serological subgroups with SIADs mainly
revealed strong Bonferroni-significant associations with MHC
genes (Figure 2; Supplementary Tables 5 and 6). To more accu-
rately dissect the genetic background underlying the occurrence
of shared autoantibodies, we sought to control for the contribu-
tion of generalized SIAD genetic components, among which the
MHC locus represents the strongest factor. For each defined

Table 1. Basic characteristics of the study participants*

SLE pSS Myositis Control Total

Individuals 935 906 451 1,252 3,544
Females, n (%) 806 (86) 845 (93) 300 (67) 1,080 (86) –

Mean age at diagnosis (min to max), y 39 (3–85) 47 (14–90) 51 (7–88) NA –

Mean age (min to max), y NA NA NA 54 (19–88) –

Origin, n (%)
Sweden 935 (100) 687 (76) 256 (57) 1,043 (83) 2,921
Denmark 0 (0) 0 (0) 68 (15) 0 (0) 68
Norway 0 (0) 219 (24) 127 (28) 209 (17) 555

Serological subgroup, n (%)
ANAa 920 (98) 681 (75) 178 (39) ND 1,779
dsDNAb 438 (47) 29 (3) ND ND 467
SSA 343 (37) 644 (71) 120 (27) ND 1,107
Ro52 244 (26) 155 (17) 101 (22) ND 500
Ro60 313 (33) 273 (30) 27 (6) ND 613

SSB 200 (21) 388 (43) 11 (2) ND 599
RNP 177 (19) 43 (5) 21 (5) ND 241
RF 125 (13) 297 (33) 10 (2) ND 432
SMc 92 (10) 9 (1) 1 (0) ND 102

Clinical subgroup, n (%)
Arthritisd 732 (78) 168 (19) 153 (34) NA 1,053
Cancere 77 (8) 41 (5) 91 (20) NA 209
Cardiac involvementf 176 (19) 0 (0) 57 (13) NA 233
Hematologic disorderg 600 (64) 341 (38) 0 (0) NA 941
Lung involvementh 23 (2) 41 (5) 183 (41) NA 247
Raynaud phenomenon 153 (16) 253 (28) 124 (27) NA 530
Renal disorderi 331 (35) 19 (2) 0 (0) NA 350
Skin involvementj 794 (85) 94 (10) 208 (46) NA 1,096

* Percentages were calculated on the total number of patients with each of the three diseases considered (ie, SLE,
pSS, and myositis) and the control group. ACR, American College of Rheumatology; ANA, antinuclear antibodies;
dsDNA, double-stranded DNA; max, maximum; min, minimum; NA, not applicable; ND, not determined; pSS, pri-
mary Sjögren disease; RF, rheumatoid factor; SIAD, systemic inflammatory autoimmune disease; SLE, systemic
lupus erythematosus; SM, Smith.
a ANA positivity refers to the ACR-1152,53 classification criterion for patients with SLE.
b dsDNA positivity refers to the ACR-10B52,53 classification criterion for patients with SLE.
c SM positivity refers to the ACR-10C52,53 classification criterion for patients with SLE.
d Arthritis positivity refers to the ACR-552,53 classification criterion for patients with SLE.
e Cancer included any malignancy or lymphoma in patients with SLE, lymphoma in patients with pSS, and any
malignancy in patients with myositis. A total of 41% of these patients developed the malignancy after SIAD diag-
nosis, 21% before SIAD diagnosis, and 38% were lacking data.
f Cardiac involvement included pericarditis (ACR-6B)52,53 or myocardial infarction in patients with SLE, any heart
dysfunction due to myositis in patients with myositis.
g Hematologic disorder included hematologic disorder (ACR-9)52,53 in patients with SLE and anemia, leucopenia,
lymphopenia, or thrombocytopenia in patients with pSS.
h Lung involvement included interstitial lung disease in patients with SLE, pSS, and myositis.
i Renal disorder included lupus nephritis (ACR-7)52,53 in patients with SLE and interstitial nephritis in patients with pSS.
j Skin involvement includedmalar rash (ACR-1)52,53, discoid rash (ACR-2)52,53, photosensitivity (ACR-3)52,53, oral ulcer
(ACR-4)52,53, or alopecia in patients with SLE; dermal vasculitis in patients with pSS; and heliotrope rash, Gottron
papules or sign, erythroderma, periungual erythema, mechanics hands, calcinosis, ulceration, or vasculitis in
patients with myositis.
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serological subgroup, we therefore performed GS-based case–
case aggregate association analysis by contrasting patients who
were autoantibody positive against those who were autoantibody
negative (Figure 2; Supplementary Tables 5 and 6). Although the
RF, SSA, SSA-Ro52, SSA-Ro60, and SSB subgroups showed
Bonferroni-corrected significant associations with the MHC
region and no associations outside this locus, the subgroup of
patients who were double-stranded DNA (dsDNA) positive dis-
played the opposite pattern, with a few associations emerging
only in non-MHC genes (eight genes, top hit RXRA, Bonferroni
P = 7.39 × 10−5). Interestingly, the association signals for the
subgroup of patients who were ANA positive were weak and
approximately in the same range of magnitude as in both MHC
and non-MHC genes (median Bonferroni P = 0.011 and 0.0063,
respectively), with ISG15 (Bonferroni P = 0.0063) being the only
gene detected outside MHC (Figure 2). Finally, no association with
either MHC or non-MHC genes was detected in the subgroup of
patients who were RNP and SM positive, presumably due to their
small sample size (Figure 2).

Characterization of clinical features shared among
patients with SIADs. To better understand the etiology of
those clinical manifestations and comorbidities shared among
SIADs, we performed the same GS-based case–control and
case–case aggregate association analyses but this time
focused on those subsets of patients presenting with aggre-
gate clinical conditions regardless of their primary SIAD diag-
nosis (Figure 1; Table 1; Supplementary Tables 7 and 8).
Besides a few weak associations with non-MHC genes, GS-
based case–control analysis revealed pervasive associations
with the MHC region (Figure 3), reflecting the typical immuno-
genetic background of such disorders. In contrast, case–case
analysis completely abolished MHC associations and detected
genetic signals exclusively located in non-MHC loci. Apart from
a few potentially pleiotropic genes associated with more than
one aggregate clinical and/or serological feature across the
case–control and/or case–case analyses (ie, CEP131,
COL61A, CXCL5, GNA13, IL17REL, ISG15, JUN, LSP1,
PRM3, RXRA, TH, and TOGARAM2), the case–case analysis also

Figure 1. Bar plot showing the stratification of the different serological and clinical patient subgroups defined by the occurrence of autoanti-
bodies and clinical features shared among patients with SIADs. Every subgroup is further categorized based on the prevalence of patients with
SLE, pSS, or myositis. For additional numerical information, see Table 1 and Supplementary Table 1. ANA, antinuclear antibodies; dsDNA, dou-
ble-stranded DNA; pSS, primary Sjögren disease; RF, rheumatoid factor; SIAD, systemic inflammatory autoimmune disease; SLE, systemic lupus
erythematosus; SM, Smith.
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highlighted genetic signals that were exclusively associated to
unique subsets of patients with a particular clinical aggregate
subphenotype (ie, signals not detected in additional aggregate
clinical and/or serological subgroups in any of the case–
control and case–case comparisons). This potentially indi-
cates genetic contributions restricted to the clinically defined
patient subgroups, as well as presumably independent on
the genetic background of patients with SIADs (Figure 3). Pro-
tein kinase C zeta (PRKCZ; Bonferroni P = 0.015) and
transcription factor 7 (TCF7) (Bonferroni P = 0.0020) were
detected as uniquely associated with arthritis and cancer,
respectively. After examining patients with SIADs with skin
involvement in contrast to those without such manifestation,
exclusive associations were detected in three genes (top hit
DUSP1, Bonferroni P = 0.00022; CDKN2A, Bonferroni P =
0.0076; BRDT, Bonferroni P = 0.035). The analysis consider-
ing patients with cardiac or lung involvement, Raynaud phe-
nomenon, and renal disorder did not show any aggregate
significant associations.

The gene DUSP1 as a candidate for protection
against skin lesions. Although the detected case–case aggre-
gate associations reflected functionally weighted burdens of all
variants in the considered gene spaces, we investigated whether
we could further pinpoint genes and variants of particular interest
in the context of the etiology of each clinical subphenotype. To
overcome the inherent difficulties linked to the prospective inter-
pretation of pleiotropy and to pragmatically prioritize candidate
genes and variants, we focused on DUSP1, which was the stron-
gest genetic signal exclusively associated to a unique clinical sub-
phenotype (ie, skin involvement) in the case–case analyses,
despite PRKCZ and TCF7 being also uniquely associated with
arthritis and cancer, respectively. DUSP1 emerged as the most
remarkable candidate for further in-depth analysis given that (i) it
has recently been implicated in another skin-related disease—
eczema,20 (ii) the genetic variation pattern and the protective
genetic effect against the SIAD-associated clinical skin phenotype
observed in our study (OR 0.53, 95% CI 0.42–0.68; Supplemen-
tary Table 8) are consistent with the results by Grosche et al,20

Figure 2. Heatmap showing the results of the genetic score–based aggregate case–control and case–case association testing for the sub-
groups of patients with SIAD defined based on the presence of shared autoantibodies. For each autoantibody indicated at the top, the results
of the case–control analysis derive from the contrast between the patients with SIADs who were autoantibody positive and the control individuals,
whereas the results of the case–case analysis derive from the contrast between the patients with SIADs who were autoantibody positive and those
who were autoantibody negative (patients with missing data were not considered in the analysis). The number of samples of each group con-
trasted is shown under the autoantibody at the top. The results are further categorized into those pertaining genes located in the MHC locus
and those located outside this region. The Bonferroni-corrected P values were obtained after correcting the association raw P values from the
logistic regression model for the 1,795 genes tested. ANA, antinuclear antibody; dsDNA, double-stranded DNA; MHC, major histocompatibility
complex; RF, rheumatoid factor; SIAD, systemic inflammatory autoimmune disease; SM, Smith.
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and (iii) the DUSP1 SNVs detected in our study (n = 32) overlap
with predicted or experimentally validated regulatory elements
as well as with evolutionary constrained positions, thus indicat-
ing a likely functional role (Figures 4A–C and 5; Supplementary
Tables 9 and 10). Of these 32 variants, 12 showed a protective
genetic effect, 12 a risk effect, and 8 showed neutrality
(Figure 4B). Furthermore, haplotype analysis identified a pre-
sumably protective haplotype block spanning the entire
DUSP1 gene (Supplementary Figure 6).

Confirmation of the regulatory function of DUSP1
variants. To experimentally evaluate the regulatory potential of
the 32 DUSP1 variants detected in this study, we generated
49 reporter constructs carrying haplotypes identified in the
patients and constituting 18 test regions in total (Figure 4D and
E) and assessed them in HeLa cells normally expressing DUSP1

(Supplementary Figure 7). We examined the expression levels of
the reporters in unstimulated cells and cells stimulated with pred-
nisolone, known to up-regulate DUSP1.21 For all variants, except
for those immediately downstream of the DUSP1 3’UTR
(3’UTR-SNVs, region 5; Supplementary Figure 8; Supplementary
Table 11), we observed a substantial up-regulation of the

reporters’ transcription compared to the control, indicating strong
enhancer potential of all regions in HeLa cells (Supplementary Fig-
ure 9; Supplementary Table 11), thereby confirming their regula-
tory potential suggested by the in silico functional annotations.
Notably, treatment with prednisolone resulted in either negative
or neutral effect on the transcription levels of the majority of the
reporter regions compared to the unstimulated conditions
(Supplementary Figures 10 and 11; Supplementary Table 11).

A total of 11 of the 18 tested enhancer regions (61%)
showed statistically significant differences in expression levels
between allelic or haplotypic constructs in unstimulated cells.
The effect alleles of regions 2 and 9 increased transcription of
the reporter, whereas those of regions 4, 6, 10, 11, and 14 led
to down-regulation. Three regions (ie, 15, 16, and 17) with haplo-
types harboring two or more variants showed a complex out-
come in which some effect alleles were associated with
expression up-regulation and some others with down-regulation.
Despite not reaching statistical significance, the effect alleles of
regions 1, 3, 8, 12, and 13 led to stable expression up-regulation.
Finally, regions 7 and 18 overlap with SINE and Alu repeat ele-
ments, respectively, and consistently did not show allelic differ-
ences in expression levels.

Figure 3. Heatmap showing the results of the genetic score–based aggregate case–control and case–case association testing for the sub-
groups of patients with SIAD defined based on the presence of shared clinical manifestations and comorbidities. For each clinical feature indicated
at the top, the results of the case–control analysis derive from the contrast between the patients with SIADs who were positive for the feature and
the control individuals, whereas the results of the case–case analysis derive from the contrast between the patients with SIADs who were positive
and negative for the feature (patients with missing data are not considered in the analysis). The number of samples of each group contrasted is
shown under the feature at the top. The results are further categorized into those pertaining genes located in the MHC locus and those located
outside this region. The Bonferroni-corrected P values were obtained after correcting the association raw P values from the logistic regression
model for the 1,795 genes tested. MHC, major histocompatibility complex; SIAD, systemic inflammatory autoimmune disease.
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Figure 4. Genetic effects, in silico annotations, and reporter assay results for each DUSP1 variant detected in our study. (A) Zoonomia Project
evolutionary constraint metric.26 (B) Delta allele frequency obtained as the minor (ie, effect) allele frequency difference between the patients with
systemic inflammatory autoimmune diseases with and without skin involvement. (C) “Gene annotation”: regional annotation (pale green,
upstream/downstream; green, intronic; dark green, exonic); “MAF group”: brown, common; yellow, rare; and “ORegAnno” and “cCREs”: gray,
overlap with ORegAnno/ENCODE cCREs; white, no overlap. (D) The DUSP1 variants included in each of 18 enhancer regions tested with reporter
assay are depicted with horizontal black lines and connected with dashed arrows to the corresponding region. (E) Expression levels of all
49 reporter allelic constructs constituting the 18 total tested enhancer regions. Reporter constructs are shown on the x-axis and identified as
SNV ID (only numerical) and allele for single-variant construct or multiple SNV IDs (only numerical) and alleles for haplotype constructs. Alleles
and construct orientation refer to the negative strand and are relative to the transcription start site, respectively. Noneffect and effect alleles refer
to the major and minor alleles, respectively. For details, see Supplementary Materials and Methods. Unpaired Student’s t-test and one-way anal-
ysis of variance were used for single-variant and haplotype constructs, respectively. *P < 0.05, **P < 0.01, ***P < 0.001. cCRE, candidate cis-reg-
ulatory element; DUSP1, dual-specificity phosphatase 1; ENCODE, Encyclopedia of DNA Elements; ID, identifier; MAF, minor allele frequency; ns,
nonsignificant; ORegAnno, Open Regulatory Annotation database; SNV, single-nucleotide variant.
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Bridging DUSP1 genetic variation and reporters’
transcriptional activity. Having available genetic and tran-
scriptional activity data on DUSP1 variants and the corresponding
reporter regions, respectively, we further sought to explore their
potential functional links. Considering the known anti-
inflammatory effect of DUSP1 overexpression,22–26 we reasoned
that genetic variants with a protective effect on skin involvement
would theoretically enhance DUSP1 expression in the tested
enhancer regions, whereas those categorized as risk variants
would consequently down-regulate DUSP1 gene expression.
When comparing the genetic variant effect (in the case of a haplo-
typic construct, the variant with the greatest genetic effect was
used as index) and the corresponding reporter allelic effect (ie,
direction of DUSP1 expression), we observed positive correlation
in 11 regions (61%), including two protective exonic variants—
SNV11 (rs2431663) and SNV12 (rs34471628)—identified previ-
ously20 (Figure 4E; Supplementary Tables 11 and 12). Differently
from the highly protective genetic effect of SNV15 correlating well
with the statistically significant increase of reporter expression of
the corresponding region 9, SNV28 in region 16 showed the
greatest protective genetic effect but was individually associated
to a decreased expression of the reporter. Region 16 showed

the most complex effect on transcription, with variable levels of
expression depending on the tested haplotype. Interestingly, in
foreskin fibroblast cells, this region appeared to be located in a
separate topologically associated domain (TAD) comprising
regions 14 to 18 (ie, from SNV21 to SNV32) and distinct from
the one overlapping the locus extending from region 1 to region
13 (ie, from SNV1 to SNV20; Figure 5). The former also overlaps
with several flanking CCCTC-binding factor (CTCF) binding sites
as well as different GeneHancer interaction domains (Figure 5).
Although SNV8 (region 6) was not an index variant in our analysis,
this SNV and SNV18 (region 11) are evolutionarily constrained21

nonsynonymous risk variants and were also consistently associ-
ated to a marked down-regulation of the corresponding
reporter’s expression.

DISCUSSION

Here, we exploited the power of next-generation sequencing
coupled with a large and detailed collection of the clinical and
serological data from patients with SIADs to investigate how
genetic variation from the full allele frequency spectrum contrib-
utes to disease susceptibility and shared subphenotypes.

Figure 5. UCSC Genome Browser view (Hg38) of the DUSP1 locus. DUSP1 variants were detected and tested in this study (“DUSP1 variants
detected in this study”). Nonsynonymous and synonymous variants are indicated in red and blue, respectively. The same color labels apply for
the DUSP1 variants detected in the study by Grosche et al20 (“DUSP1 variants detected in Grosche study”). “Conserved TFBS (from Hg19)”
are conserved TFBSs lifted over to GRCh38. “TFBSs (Andrews et al)” are TFBSs sourced from the Zoonomia project21. CTCF TFBSs are colored
in red. “JASPAR 2022 TFBSs” are experimentally defined TFBSs for eukaryotes. “ENCODE cCREs” are ENCODE Registry of cCREs in the human
genome. “ORegAnno” is the open regulatory region associated with active gene expression. “GeneHancer (double elite) interactions” are highly
filtered interactions between regulatory elements and genes. The light blue interactions are associations between DUSP1 and cis-regulatory ele-
ments. “GeneHancer (double elite) regulatory elements” are highly filtered regulatory elements. “In situ Hi-C chromatin structure on HFFc6” is a
zoomed-in heatmap of chromatin folding data from in situ HFFc6 cell lines. “Zoonomia mammalian constraint” consists of mammalian evolutionary
constraint phyloP scores (Christmas et al21). cCRE, candidate cis-regulatory element; e; ENCODE, Encyclopedia of DNA Elements; ORegAnno,
Open Regulatory Annotation database; SNV, single-nucleotide variant; TFBS, transcription factor binding site.
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Although to a different extent and significance level, the single-
variant and gene-based case–control association design con-
trasting all patients with SIADs and healthy individuals largely rep-
licated known associations with shared loci controlling antigen
processing and presentation (MHC), type I IFN– and proinflam-
matory cytokine gene–related signaling (IRF5, UBE2L3/YDJC,
PHRF1, SH2B3), lymphocytes functional differentiation (ETS1),
and reactive oxygen species metabolism (NCF2), all in the context
of perturbed innate and adaptive immune response background
typical of SIADs. Among the potentially novel loci identified via
gene-based analysis, MAP3K6, CGREF1, and MX1 are related
to the type I IFN pathway activation,27–29 supporting a role in
the pathophysiology of this pathway in all three SIADs. Although
the type I IFN–mediated immune response has been widely
observed and convincingly demonstrated at the transcriptomic
level,30–32 these results further support a multilevel genetic dys-
regulation of this pathway in the three SIADs in our study.

Consistent with previous research indicating strong associa-
tions between HLA alleles and the occurrence of nuclear autoan-
tibodies in patients with SLE, pSS, and myositis,33–36 our study
indicated the MHC as the major susceptibility locus associated
with autoantibody positivity. Differently from the subgroup of
patients who were SSA/SSB positive in whom MHC appeared
as the key and strongest genetic locus associated with both gen-
eralized autoimmune predisposition (ie, from case–control analy-
sis) and specific autoantibody positivity (ie, from case–case
analysis), the subgroups of patients who were ANA positive and
dsDNA positive showed distinct association profiles in which
MHC associations were weakened and abolished in the corre-
sponding case–case analysis, respectively. The molecular hetero-
geneity of ANA together with the small sample size of the subset
of patients who were ANA negative might explain the weak and
diluted MHC associations in the case–case analysis of this sero-
logical subgroup. Outside the MHC locus, the case–case analysis
identified an association with ISG15, a key IFN-stimulated gene,
with the IFN signature previously linked to ANA positivity in individ-
uals lacking an SIAD diagnosis.37 In agreement with previous
research in patients with SLE,38 heterogeneity of MHC associa-
tions might also explain the lack of statistically significant signals
within this locus when comparing the subgroups of patients who
were dsDNA positive (dominated by patients with SLE) and those
who were dsDNA negative. However, several statistically signifi-
cant associations were detected outside the MHC region. From
these observations, it is tempting to speculate that the production
of dsDNA autoantibodies in patients with SIADs could at least in
part be linked to environmental factors, such as previous bacterial
infections, exerting their disease-triggering effects across a range
of genetic susceptibility backgrounds. It has been demonstrated
that antibodies targeting the highly immunogenic bacterial
Z-DNA cross-react with self B-DNA, present in the serum.39

Demonstrating the likely independence of the signals from
the shared SIAD autoimmune background, the absence of

associations with the MHC locus from the comparison between
patients with and without clinical subphenotypes suggested the
possibility to pinpoint genetic factors and genes related to pro-
cesses exclusively associated with each clinical subgroup of
patients with SIADs. PRKCZ, exclusively associated with arthritis
in the present study, has been implicated in patients with rheuma-
toid arthritis.40,41 TCF7, here uniquely linked to cancer, encodes
TCF1, a key molecular player in different types of
malignancies.42–45

Finally, the strongest exclusive association was between
DUSP1 and skin involvement. Besides negatively regulating pro-
inflammatory and T cell–mediated immune responses,46,47 this
gene has recently been described as having a protective effect
against eczema in a meta-analysis of approximately 20,000
patients and 380,000 controls from 21 different populations.20

Consistently, here, we detected a gene-based aggregate nega-
tive association between DUSP1 and skin manifestations in
patients with SIADs. Using reporter assays, we confirmed that
DUSP1 variants were indeed functional and exerted cis-
regulatory effects on gene expression.

Moreover, we found that the majority of the variants comply
with the hypothesis that protective and risk variants would be
linked to DUSP1 higher and lower expression, respectively. Strik-
ingly, two variants identified also in the study by Grosche et al20

(ie, SNV11 and SNV12) followed our hypothesis, together with
two evolutionary constrained nonsynonymous risk variants, one
of which (ie, SNV8; p.Val338Met) introduces a predicted detri-
mental change at the end of the highly conserved C-terminal pro-
tein tyrosine phosphatase domain of DUSP1.48 A mismatch
between a specific genetic effect and reporter expression
observed for some of the variants might be partly due to the dis-
ruption of the optimal local architecture of the cis-regulatory
sequence in short but variant-rich cloned DNA fragments. This is
presumably the case of the variant with the greatest protective
effect (ie, SNV28) and its corresponding reporter region that is
characterized by an extremely complex expression pattern. In this
region, cell-type specific alternative regulation and functional
rewiring mechanisms could also underlie such discrepancies, as
suggested by the presence of distinct TADs, CTCF-binding sites,
and different functional interaction domains.

In our study, we did not detect any notable induction of the
reporters’ expression upon prednisolone treatment despite
the two-fold up-regulation of DUSP1 in HeLa cells. This might be
due to the lack of high-affinity glucocorticoid-response elements
(GREs) for direct binding of glucocorticoid receptors in the cloned
fragments or, alternatively, the GRE cell–specific mode of
action.26 Besides cross-replicating each other, the independently
identified associations of DUSP1 with SIAD-associated skin phe-
notype and eczema suggest the implication of this gene in skin
lesions, regardless of the primary disease etiology. This is also
confirmed by other reports describing DUSP1 down-regulation
in lesional psoriatic skin compared to paired nonlesional psoriatic
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skin24 and in dermal mesenchymal stem cells from patients with
psoriasis compared to healthy controls23 as well as the correlation
between DUSP1 overexpression and protection against inflam-
matory skin fibrosis in a mouse model with scleroderma25 and
better overall survival in skin cutaneous melanoma.49 Intriguingly,
a recent machine learning analysis of gene expression from
patients with cutaneous SLE, psoriasis, eczema, and systemic
sclerosis revealed that skin biopsies from all these conditions dis-
played, compared to controls, shared features positively corre-
lated with their characteristic inflammatory processes.50

Consequently, the hypothesis of DUSP1 high expression as hav-
ing a generalized protective effect against nonspecific skin condi-
tions seems plausible.

In the context of our study, the known association of DUSP1
with C-reactive protein (CRP) levels is of note. The supplementary
analysis of a subset of our cohort of patients with SIADs indicated
genetically supported higher levels of CRP in patients without skin
phenotype. Additionally, this showed consistency with the sub-
stantial contribution of type I IFN activation to skin clinical manifes-
tations, which is also accompanied by a decrease in CRP levels
(for details, see Supplementary Figure 12).51

Despite overall replicating the DUSP1 findings of a previous
independent megastudy20 and therefore demonstrating the valid-
ity of our analysis, the present work is primarily limited by the lack
of a direct replication cohort. However, our cohort represents, to
the best of our knowledge, the largest and most unique resource
combination of patients with SLE, pSS, and myositis and homo-
genously integration of coding and regulatory genetic variation
from the full spectrum of allele frequency. Nonetheless, further
research is warranted to validate these results in larger and more
diverse cohorts and to explore the functional significance of the
identified genetic variants in disease pathogenesis, as well as
the shared and unique features of patients with SIADs. Moreover,
we acknowledge that the DUSP1 findings should be functionally
validated with reporter assays in additional and more relevant
in vitro models, such as skin-derived cell lines. At the same time,
it is worth considering that such experiments might also be ham-
pered by inherent technical difficulties (eg, cells refractory to trans-
fection and/or exogenous reporter expression). In this study,
discovery power might also be limited by the intrinsic design of
our targeted array and GS-based method, which assays only a
fraction of the genome and assumes the same variant direction
of effect, respectively.

In summary, we detected known and potentially novel
genetic loci associated with patients with SIADs that are congru-
ent with previous genetic and transcriptomics analyses of such
disorders. In parallel, we delineated unified and differential genetic
signatures and profiles associated with subsets of patients with
SIADs with shared serological and clinical features. This might
partially explain the clinical heterogeneity found in patients who
fulfilled the same disease classification criteria, thus being relevant
for their molecular stratification. Moreover, in keeping with

previous findings on other skin disorders, we highlighted a poten-
tially functional role of DUSP1 genetic variants in the context of
SIAD-related cutaneous manifestations. Together, this suggests
that common molecular mechanisms may underlie pathogenic
conditions that are shared among different inflammatory disor-
ders, which could possibly be translated to effectively improve
treatment, also in more generalized disease frameworks.
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