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Abstract
By performing whole-genome sequencing in a Swedish cohort of 71 parent-offspring trios, in which the child in each family
is affected by systemic lupus erythematosus (SLE, OMIM 152700), we investigated the contribution of de novo variants to
risk of SLE. We found de novo single nucleotide variants (SNVs) to be significantly enriched in gene promoters in SLE
patients compared with healthy controls at a level corresponding to 26 de novo promoter SNVs more in each patient than
expected. We identified 12 de novo SNVs in promoter regions of genes that have been previously implicated in SLE, or that
have functions that could be of relevance to SLE. Furthermore, we detected three missense de novo SNVs, five de novo
insertion-deletions, and three de novo structural variants with potential to affect the expression of genes that are relevant for
SLE. Based on enrichment analysis, disease-affecting de novo SNVs are expected to occur in one-third of SLE patients. This
study shows that de novo variants in promoters commonly contribute to the genetic risk of SLE. The fact that de novo SNVs
in SLE were enriched to promoter regions highlights the importance of using whole-genome sequencing for identification of
de novo variants.

Introduction

Systemic lupus erythematosus (SLE, OMIM 152700) is a
chronic autoimmune disease that affects multiple organs of
the human body. SLE is ninefold enriched among women
and has an estimated prevalence in the Swedish population of

68 in 100,000 [1] and prevalence estimates vary between 20
and 100 per 100,000 in other European populations [2]. In
the past decade, genome-wide association studies have
identified more than 100 risk loci that are associated with
SLE [3, 4] and account for ~30% of the genetic susceptibility
of SLE [5]. Mutations causing monogenic SLE that con-
tribute to the heritability of the disease have been detected in
1–3% of SLE patients [6]. In an earlier study we have shown
that ultra-rare missense variants in the same genes as those
causing monogenic forms of SLE make an additional con-
tribution to the heritability of SLE [7]. De novo variants
(DNVs) could be an alternative mechanism that increases the
burden of genetic risk in SLE. De novo mutations occur
during the formation of the gametes and are thereby not
inherited from the parents, although they are present in every
cell of the child. On average 70 DNVs are expected to be
introduced per human generation, and out of them one to two
DNVs affect the protein-coding sequence [8]. Using whole-
genome sequencing (WGS) of parent-offspring trios both
inherited mutations and DNVs can be detected.

Most studies on DNVs in complex diseases have focused
on developmental disorders like autism spectrum disorder
and schizophrenia [9], but also congenital heart defects have
been found to be frequently caused by DNMs [10]. A
majority of the sporadic cases that receive a molecular
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diagnosis by clinical sequencing can be fully explained by
de novo variants [11]. It has also been shown that the
genomes of individuals with severe undiagnosed develop-
mental disorders carry an excess of DNVs in devel-
opmentally important genes. Based on exome sequencing it
has been estimated that more than 40% of children with
developmental diseases or syndromes carry deleterious
DNVs in their protein-coding sequences [12]. In addition, an
enrichment of DNVs with incomplete penetrance has been
observed in individuals with milder forms of autism [13].
DNVs have also been implicated in certain sporadic cancers of
young individuals [14].

As there is no selection pressure on non-lethal DNVs, the
probability that the DNVs cause increased disease risk is
higher than for inherited variants in a population. The
contribution of DNVs to genetic risk in complex diseases
like SLE has not been investigated in depth, but as SLE is
typically caused by a combination of multiple genetic risk
factors with small effect sizes, the disease contribution by
SLE can be expected to be lower than for early-onset
developmental disorders.

The investigations of DNVs in autoimmune diseases
have so far focused on individuals with early-onset and
severe cases of the disease [15], where the effects of de
novo variants are presumed to be large and thus easier to
identify than in patients with the more common complex
disease etiology. To identify DNVs in SLE, an early study
used exome sequencing of 30 early-onset SLE patients with
extreme-phenotype, but this study only confirmed one de
novo variant, in addition to 13 potential missense DNV in
genes that are not expected to increase the risk of SLE [16].
An unbiased and comprehensive investigation of the con-
tribution of DNVs to SLE and other autoimmune disease
still remains to be performed.

Results

In this study the goal was to identify de novo single
nucleotide variants (SNVs), de novo insertion-deletions
(INDELs) and de novo structural variants (SVs) in trio
families with a child affected by SLE and to determine the
potential contribution of de novo variants to the genetic risk
of SLE. We investigated the contribution of de novo var-
iants to SLE using WGS of 71 parent-offspring trios.

Frequency and origin of de novo single nucleotide
variants in SLE

By using WGS to generate 30x sequencing coverage of the
genomes of 213 individuals from 71 trio families, followed
by calling of SNVs, stringent filtering, and experimental
validation of a subset of de novo SNVs by the polymerase

chain reaction, followed by Sanger sequencing, we detected
a total of 4157 de novo SNVs that were present in the
genomes of the child, but absent from the parents’ genomes.

The total number of de novo SNVs detected in 71 SLE
patients corresponds to on average 59 de novo SNVs per
SLE patient (range 40–91). This number compares well
with the rate of 73 de novo SNVs detected per healthy
individual in the Danish population using WGS combined
with de novo assembly of the genomes of 25 healthy trio
families [17], and with the data from a large study of 1548
trio families from the Icelandic population, which identified
65 de novo SNVs per trio [8]. Thus we do not find evidence
in our data that the total number of de novo SNVs per
individual would be overrepresented in SLE compared with
controls.

The parent of origin of de novo SNVs in the offspring
was determined and, as expected, due to the continued cell
divisions in sperm cells after puberty, the number of de
novo SNVs originating from the father was almost four
times higher (n= 269) than the number of de novo SNVs
with a maternal origin (n= 73). The effect of the age at
conception of the father in our study was calculated to cause
an increase of 1.56 de novo variants per year in the child
affected with SLE. This value corresponds to a correlation
coefficient of 0.49 (p value= 2.97E–7) between age of the
father and the rate of de novo variants (Supplementary
Fig. S1). When conditioning the linear regression on the age
of the mother, each year in the age of the father adds 1.34 de
novo variants (p value 0.00158).

Enrichment of de novo SNVs to promoter regions in
SLE patients

Next we investigated whether de novo SNVs in SLE were
enriched or depleted in specific genomic contexts. Com-
parison of the genomic distribution of de novo SNVs in the
SLE patients in our study with that of healthy individuals
from an Icelandic study [8] allowed identification of regions
of the genome that are differentially affected by de novo
SNVs in SLE. These regions could potentially be involved
in the pathogenesis of SLE. For SNVs in functionally
inactive regions, an odds ratio of 1.0 is expected, which is in
line with an odds ratio of 1.0 that we observe for the de
novo SNVs in functionally inactive intronic and intergenic
regions (Fig. 1).

Compared with the de novo variants in the data from the
healthy individuals we observed a suggestive enrichment of
de novo SNVs in 5′-untranslated regions (UTR5) and
regions upstream of gene promoters (Table 1, Fig. 1), while
de novo variants in SLE patients were not enriched in exons
and enhancers. By annotation of the variants based on
predicted chromatin states [18] in B lymphocytes, we
observed a significant enrichment of de novo SNVs in
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promoters in the SLE patients compared with healthy
individuals (OR= 1.42, p value 0.0019, Pearson’s chi-
squared test). B cells are of particular interest in SLE as the
disease is characterized by B cell dysfunction [19]. The
signal of enrichment was further strengthened by over-
lapping the DNV annotated to promoter regions with DHS
regions of open chromatin (1.81, p value 0.00014). Small
additional gains in odds ratio were also observed by adding

a filter on variants that overlap more than 10 transcription
factor binding sites (TFBS) (Table 1, Fig. 1, and Supple-
mentary Fig. S2).

De novo SNVs in promoters with potential to affect
risk of SLE

The genes located closest to the de novo SNVs identified in
promoter regions of the SLE genomes were investigated
further regarding their putative roles as risk factors for SLE.
Of the 87 de novo promoter SNVs only two were annotated
to the same genes (ZNF292). Pathway analysis of these
genes using Gene Set Enrichment Analysis and the
Genotype-Tissue Expression dataset revealed no significant
pathways.

Each of 33 of the 87 de novo SNVs annotated to a
promoter region were judged to have large potential to
affect transcription factor binding due its their central
position in relation to a large number of TFBS, its closeness
to a sequence peak of active histone marks and overlap with
a region of open chromatin in B-lymphocytes [20]. Indeed,
among these 33 SNVs, 25 were located close to genes with
differential gene expression between SLE patients and
controls, according to data in the gene expression omnibus
(GEO) database (FDR-corrected p value < 0.01, Supple-
mentary Table S1) [21, 22], which compared with a random
selection of de novo SNVs with matching properties and

Table 1 Enrichment of de novo SNVs in SLE patients to functionally annotated genomic regions.

Feature No of SNVs in
SLE trios

No of SNVs in
healthy trios [10]

Odds
ratio

P value Expected no of potential disease
related SNVs based on the odds ratioa

Identified potential diseaserelated
SNVs reported in Table 2

Gene position

UTR5 11 (0.26%) 165 (0.17%) 1.57 0.20 4 2

Upstream of gene 32 (0.77%) 536 (0.55%) 1.41 0.077 9 4

Exon 69 (1.66%) 1535 (1.57%) 1.06 0.69 – –

Intron 1543 (37.1%) 36,426 (37.2%) 1.00 0.96 – –

Intergenic region 2197 (52.9%) 51,674 (52.8%) 1.00 0.96 – –

Chromatin stateb

Promoter 87 (2.09%) 1442 (1.47%) 1.42 0.0019* 26 12

Enhancer 210 (5.05%) 4724 (4.82%) 1.05 0.55 – –

Other annotations

nsSNV 51 (1.23%) 1122 (1.15%) 1.07 0.69 – –

No of TFBS >= 10 39 (0.94%) 573 (0.59%) 1.61 0.0057 15 8

Promoter +
TFBS >= 10

21 (0.51%) 254 (0.26%) 1.95 0.0047 10 8

DHS 109 (2.62%) 2194 (2.24%) 1.17 0.13 16 12

Promoter + DHS 46 (1.11%) 599 (0.61%) 1.81 0.00014* 21 12

Promoter + DHS+
TFBS >= 10

20 (0.48%) 235 (0.24%) 2.01 0.0040 10 8

*Significant after Bonferroni correction (n= 13).

UTR5 5′-untranslated region, nsSNV non-synonymous single nucleotide variant, TFBS transcription factor binding site, DHS DNase I
hypersensitive site indicating open chromatin.
aExpected number of disease related SNVs=Number of SNVs–(Number of SNVs/odds ratio).
bPrediction of chromatin state based on ChIP-seq histone modification peak data in B cells using ChromHMM).

Fig. 1 Odds ratios and p values. Level of overrepresentation and
significance of de novo SNVs in functionally annotated genomic
regions. Red line indicates significance at a Bonferroni corrected
p value of 0.05 (corrected for 13 tests). DHS=DNAse I hypersensi-
tive site indicating open chromatin, TFBS transcription factor binding
site.
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annotations in the healthy controls, this represents a sig-
nificant enrichment (OR 1.66, p value 0.0157).

By literature search of the genes close to the 33 de novo
SNVs located in central parts of a promoter we found
twelve genes with known functions that could be relevant
for SLE directly or indirectly through involvement in
autoimmunity, apoptosis, or inflammation (Table 2, Sup-
plementary Table S2, Supplementary Fig. S3). None of the
genes reported in Table 2 have any similarly located de
novo SNVs in the Icelandic controls. We also identified 9
additional de novo SNVs with high potential to affect the
expression of a nearby gene, but where a biological

connection to SLE was not obvious (Supplementary
Table S3, Supplementary Fig. S4).

In addition to de novo SNVs in gene promoters, three
nonsynonymous de novo SNVs located in coding regions
of the MAZ, LTB4R2, and ISX genes were identified. None
of these genes had any nonsynonymous de novo SNVs in
the controls. These nsSNVs affect zinc binding to the
protein, truncate the protein or affect the DNA-binding,
respectively, and thereby most likely affect the function of
these proteins (Table 3, Supplementary Table S4).
LTB4R2 is a receptor for the inflammation mediator leu-
kotriene B4 that have been found to be greatly elevated in

Table 2 De novo SNVs with potential to increase the risk of SLE due to their location in promoters overlapping DNAse 1 hypersensitive sites.

Gene SNV position in
genomea

No of TFBS in promotor,
expression in blood cellsb,c,d

FDR p value for
differential expressione

Genes with functional roles potentially relevant
to SLEf

AIDA NC_000001.10:
g.222886101A > G*,m

29 TFBS
High expression

2.28E–12 Inhibitor of JNK activation giving rise to organ
damage in SLE.

CLOCK NC_000004.11:
g.56412867C > T

7 TFBS
High expression

4.28E–13 Daily variation of NF-κB immune response.

SQSTM1 NC_000005.9:
g.179248888T > A*,m

13 TFBS
High expression

6.96E–17 Autophagy receptor involved in TLR7 and
NOTCH1 signaling.

HIST1H1B NC_000006.11:
g.27835216G > A*

19 TFBS
Over-expression

0.000478 Histone protein recognized by SLE autoantibodies.

DOCK8 NC_000009.11:
g.215166C > Tg

29 TFBS
Over-expression

1.56E–11 Affects survival of B cells. Rare SLE-associated
SNPs in gene.

STOM NC_000009.11:
g.124132499C > A

16 TFBS
Over-expression

0.0000115 Marker for distinguishing CD4+ Th1 from Th2
cells. Gene with Inflammatory role.

IFIT1 NC_000010.10:
g.91152143A > C*

5 TFBS
High expression

4.41E–22 Overexpressed in SLE patients.

CAND1 NC_000012.11:
g.67663050G > A*

25 TFBS
Expressed

4.7E–09 Reduces regulatory T cell functions.

SRP54 NC_000014.8:
g.35452295G > A*

20 TFBS
Over-expression

8.35E–10 Increased reactivity of SRP54 autoantigens against
SLE. Associated with increased risk of stroke
in SLE.

DICER NC_000014.8:
g.95623820G > A

20 TFBS
Low expression
(all tissues)

0.00675 Reduced in autoimmune MRL/lpr mouse model.

RNF126 NC_000019.9:
g.661757C > T

2 TFBS
Over-expression

7.96E–08 Class I MHC-mediated antigen presentation.

BAX NC_000019.9:
49458424G > A*

7 TFBS
Over-expression

1.71E–12 BAX is down-regulated in bone marrow cells from
SLE patients and Bcl-2 to BAX ratio elevated in
active SLE.

*Validated by Sanger sequencing.

JNK c-Jun N-terminal kinase.
aSix of the positions are included in the dbSNP, but none has a minor allele frequency >0.0004.
bAll variants are annotated to promoters and DNase I hypersensitive sites.
cTFBS=Number of transcription factor binding sites in B cells.
dExpression levels refer to the highest expression in any blood cell type compared with other tissue types, where over-expression means blood
tissue specific high expression and high expression means high expression in several tissues including blood tissues.
eDifferential expression calculated using published gene expression omnibus (GEO) data from two studies on SLE patients and healthy controls
[25, 26].
fReferences are found in Supplementary Table S2.
gMale patient.
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serum from SLE patients compared with healthy controls
[23]. The other two genes play a role in the immune
system, but have not previously been implicated in the
etiology of SLE.

De novo insertion-deletions and structural variants
in SLE patients

De novo INDELs are more infrequent than SNVs, but could
have larger effects on gene regulation and protein function
than SNVs, for example by introducing frameshifts. The low
frequency of INDELs makes this study underpowered for
detection of INDEL enrichment in regions or genes that are
relevant for SLE. Despite this limitation we detected 5 de
novo INDELs that were located in the vicinity of the TPR,
CFLAR, RACGAP1, ARID3B, GSDMD genes that are rele-
vant for SLE (Supplementary Table S5). Structural variants
have even greater potential than SNVs and INDELs to affect
the function of proteins due to their larger size. However, de
novo SVs are infrequent in the human genome, with an
expected frequency based on the data from the Icelandic
population of ~13 large de novo SVs in our entire trio dataset
[24]. Initially, we identified 97 candidate de novo SVs in the
SLE patients. Based on their genomic annotations and manual
inspection of the sequence reads in the integrated genome
browser (IGV) 10 high confidence variants remained for
further investigation. Of these 10 SVs, three SVs were close
to genes or in genes that could contribute to increased risk of
SLE, see Table 4 and Supplementary Table S6. Two of these
three are involved in IFN-kappaB signaling.

Discussion

As DNMs are not inherited, they do not explain any of the
“missing heritability” in SLE, but they may contribute to the
genetic risk of obtaining SLE in individual patients. We

identified 12 de novo SNVs that may confer risk of SLE
based on their position in active gene promoters and based
on literature searches of the functions of the genes carrying
de novo SNVs. Several of the candidate genes with de novo
SNVs do not have a previously known connection to SLE,
and thus they represent potential novel risk genes for SLE.
However, as our strategy to identify risk genes was based
on their known functions related to SLE, there should be a
number of additional de novo SNVs than those high-lighted
here with potential to increase the genetic risk of SLE.

The enrichment of de novo SNVs in gene promoters in
SLE patients compared with the data from the healthy
individuals in the Icelandic population amounts to 26 de
novo SNVs more than expected by chance, which indicates
that de novo SNVs in promoters are a common factor for
increasing the genetic risk of SLE. The finding of de novo
SNV enrichment in promoters would benefit from replica-
tion in another SLE or autoimmune patient cohort. The 12
most plausible de novo SNVs located close genes that are
relevant for SLE identified here are distributed across 11
patients. As there are no signs of clustering of de novo
SNVs in promoters within individual SLE patients, disease
affecting de novo SNVs can be expected to occur in about
one-third of SLE patients.

In our study, we found 21 de novo SNV more than
expected by chance that are located in promoters over-
lapping DHS in the SLE patients compared with controls.
Assuming a uniform probability distribution of the de novo
SNVs between samples, there are 18 SLE patients that have
at least one potentially risk-contributing de novo SNV,
which correspond to a frequency of 0.26 in our set of SLE
patients and an odds ratio of 1.81 compared with controls.
These numbers are comparable to for example the IRF5
locus which is one of the most strongly associated loci in
SLE [3, 25]. This comparison suggests that de novo SNVs
may contribute significantly to the total burden of risk for
SLE caused by genetic variation.

Table 3 De novo nonsynonymous SNVs with potential to affect SLE risk.

Gene Position (amino acid change,
transcript annotation, and genomic
coordinate)

Potential effect
on protein

Blood cell type with
reported highest
expression

FDR p value
for differential
expressiona

Function potentially relevant
to SLEb

MAZ P56270-1: p.(Cys368Gly)
NM_002383.3: c.1276T > G
NC_000016.9: g.29819609T > G*

Disrupts zinc binding in
C2H2-type zinc finger.

PBMC, NK 9.40E–07 Regulates inflammation-
responsive genes.

LTB4R2 Q9NPC1-1: p.(Gln169*)
NM_019839.4: c.620C > T
NC_000014.8: g.24780375C > T

Truncated protein (4
transmembrane helices
missing).

PBMC 0.301 Reduced mRNA expression in
CD4(+ ) T cells in asthma
patients.

ISX Q2M1V0-1: p.(Arg138Gln)
NM_001303508.1: c.1076G > A
NC_000022.10: g.35480407G > A*

Disrupts DNA binding in
the major DNA groove.

– 0.929 Regulates Vitamin A which is
reduced in SLE patients.

*Validated by Sanger sequencing.
aDifferential expression calculated using published gene expression omnibus (GEO) data from two studies on SLE patients and healthy controls
[25, 26].
bReferences are found in Supplementary Table S4.
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The control data with de novo SNVs in the Islandic
population was a valuable asset for our study. The data are
technically similar to our data in terms of sequencing cov-
erage and methods used for read mapping and SNV calling.
However, the Islandic project used three different sequen-
cing library preparation methods. In order to make the
comparison of the de novo SNV data in healthy individuals
from Iceland with our data from Swedish patients with SLE
as precise as possible, we filtered out de novo SNVs in
overlapping regions with high GC-content in both data sets.
We found that GC-content filtering had only a marginal
effect on the enrichment and significance of de novo SNVs,
even in promoter regions which are GC-rich.

Several SLE associated INDELs and SVs have pre-
viously been reported in SLE, which are exemplified by a 5
bp INDEL close to IRF5 [26], copy number variation of
FCGR3A and FCGR3B [27] in synergy with copy number
variation of ADAM3A [28], and copy number variation of
C4 [29], as well as population specific CNVs in TLR7,
DEFB4, RABGAP1L, and HLA-DRB5 [28]. The CNVs that
span protein-coding regions have a dose effect on the
expressed proteins that correlates with the copy number.
The heterozygous deletion of several exons in RBM10
detected in this study will also have a dose effect as only
one of the chromosomes will produce a functional protein.
Rbm10 deficiency suppresses NF-κB-mediated responses
in vivo in mouse models and in vitro [30], which supports
role for the de novo SVs in increasing SLE risk as NF-κB-
activity in T-cells from SLE patients has been shown to be
greatly decreased [31].

The fact that de novo SNVs are enriched to promoter
regions and not in protein-coding exons highlights the
importance of using WGS for identification of de novo
variants. However, in a larger patient cohort it is probable
that also nonsynonymous de novo SNVs would be statis-
tically significantly enriched. In this study, we found only
three potentially SLE risk contributing de novo SNVs that
were located in protein coding regions, which is in line with
a previous study that identified a small number of de novo
variants with large potential to affect the protein function by

whole-exome sequencing of SLE trio families [16].
Although the missense de novo SNVs are uncommon they
might confer a large risk of SLE for the individual patient
and therefore important for understanding the genetic risk
underlying SLE.

SLE is considered as a model for systemic autoimmune
diseases because the autoimmune process in SLE may affect
most organs of the human body. Thus the finding of de
novo variants in SLE could also be highly relevant for other
systemic autoimmune diseases.

Methods

DNA samples from trio families

DNA was extracted from peripheral whole blood of 71
patients affected by SLE and their biological parents, who
visited the rheumatology clinics in Uppsala (n= 22), Kar-
olinska Hospital (Stockholm) (n= 30), Lund (n= 15), and
Linköping (n= 4). All patients were examined by a rheu-
matologist and their medical records were reviewed. SLE
patients and their parents provided informed consent to
participate in the study, and the study was approved by the
regional ethics committees. Of the patients 85% were
female, and on average 24 years old (range 9–46) at onset of
SLE. Fourteen of the patients were under 18 years old at
SLE onset and could therefore be classified as having
childhood-onset SLE. The patients fulfilled at least four
American College of Rheumatology (ACR) 1982 criteria
for SLE [32], with the exception of five patients who dis-
played three ACR criteria together with a clinical diagnosis
of SLE. For further clinical data, see Supplementary
Table S7. All patents included in the study were of Eur-
opean descent.

Whole-genome sequencing and sequence alignment

Sequencing libraries were prepared from 1 μg DNA using
the TruSeq PCR-free DNA sample preparation kit (Illumina

Table 4 De novo structural variants with potential to affect SLE.

Gene Structural variant position Length (bp) Genomic effect Gene function potentially relevant to SLEa

RBM10 NC_000023.10:g.47017419_47037305del 19,887 Deletion of exons 3–7 Regulates the activity of NF-κB-responsive
promoters and consequently inflammation
development.

SMARCA2 NC_000009.11:g.2194227_2197614del 3388 Deletion 603 bases
downstream

Downregulated in SLE patients with the
MECP2 risk haplotype. The patient has the
protective haplotype and high expression of
SMARCA2.

PPARA NC_000022.10:g.46625870_46626103del 234 Deletion 80 kb from
TSS in intron 6

Regulates differentiation of T cells and
contributes to the regulating of the activity of
NF-KappaB.

TSS transcription start site.
aReferences are found in Supplementary Table S6.
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Inc.) targeting an insert size of 350 bp. 150 bp paired-end
WGS was performed to >30 coverage using an Illumina
HiSeqX sequencer with v2.5 chemistry.

The sequences were aligned with BWA-MEM [33]
version 0.7.12 using default parameters with the addition of
the –M and –R flag, and using the b37 human reference
genome from the GATK file bundle version 2.8. The raw
alignments where then flagged for duplication, realigned,
and recalibrated using GATK version 3.3.0 [34]. Metrics
from the WGS after mapping and variant calling are shown
in Supplementary Table S8.

Calling of single nucleotide variants and insertion-
deletions

SNVs and INDELs in the WGS data were called jointly for all
samples using GATK version 3.5.0 following the GATK best
practice protocol. In the variant recalibration step we used
positive training data from the HapMap project (with phred
quality score prior likelihood of Q15, which is equal to 97%
likelihood that the genotype is correct) and the 1000 Genomes
Omni 2.5M genotyping data (prior Q12, 94% likelihood for
correct genotypes) as well as in-house genotype data on the
samples from the Infinium OmniExpressExome-8 v1.3 SNP
chip (Illumina) with 958,497 SNP markers (prior Q20, 99%
likelihood). As additional training data we used the 1000
Genomes high confidence calls (prior Q10, 90% likelihood)
and for annotation and statistics we used the dbSNP version
138 (prior Q2, 37% likelihood). All data files, except the in-
house OmniExpressExome SNP genotype data, were obtained
from the GATK file bundle version 2.8. Variants were marked
as PASS if the variant quality score log-odds were higher than
that in the 99th percentile in the training data for both SNVs
and INDELs. The variants were then further refined by cal-
culating genotype posterior likelihoods using the data from
parent-offspring trios in GATK. Low quality variants were
discarded if the genotype posterior had a score <Q20.

Calling and filtering of de novo candidate single
nucleotide variants and insertion-deletions

De novo SNV and INDEL candidates were called using
two programs: GATK version 3.5.0 and Triodenovo [35]
version 0.04. By GATK de novo variants were called with
the VariantAnnotator using –annotation PossibleDeNovo
and Triodenovo was run with default parameters. The
program DNMFilter [36] v0.1.1 was used to discern true
de novo SNVs from false ones. DNMFilter assigns a
score to each de novo SNV candidate that correlates with
the probability that the candidate is a true de novo SNV.
The score threshold was set to 0.5. The model used by the
program is based on the training data supplied in the
program package using default features extracted from

264 trio samples. The raw de novo INDEL calls were
filtered and annotated as described in the Supplementary
“Methods and Results”.

Validation of de novo single nucleotide variants and
insertion-deletions

Primers for PCR were designed using Primer 3 v4.0.0 [37],
and the specificity of the primers was confirmed using the
BLAST-like alignment tool [38] and in silico PCR. Whole-
genome amplification of 50–100 ng of DNA was performed
using the REPLI-g Mini Kit (Qiagen), followed by specific
PCRs using reagents from the Phusion Hot Start II kit. After
amplification the PCR products with correct size were
cleaned using Exo/SAP reagents (GE healthcare), and the
concentration and size of the PCR products were deter-
mined using Qubit HS (Invitrogen). Twenty ng of each PCR
product were mixed with 4 pmol of primer and subjected to
Sanger sequencing on a Genetic Analyser (Life Technolo-
gies). The sequencing results for the SNVs were read using
the program Sequence Scanner v2.0, whereas the INDELs
were analysed using Chromas Lite v2.3.

To assess the performance of the de novo variant
calling pipeline, 110 SNVs and 83 INDELs were ran-
domly selected for validation by Sanger sequencing in all
family members. For the SNVs, the primer construction
and the sequencing was successful for 99 of the primer
pairs, out of which 98 were confirmed to be de novo
variants, which corresponds to an FDR of 1%. Sequencing
of the INDELs returned results for 71 of the primer pairs,
out of which 56 were confirmed to be de novo, which
corresponds to an FDR of 21%. The high accuracy of our
data and the pipeline for calling de novo SNVs is
demonstrated by an allele balance between 30 and 70%
for 98% of the called the de novo SNVs after filtering
[17, 39]. Thus the called de novo SNVs contained very
few mosaic variants and few variants were called due to
sequencing errors. Notably, before filtering the majority
of the variant alleles were outside of the 30–70% range,
see Supplementary Fig. S5. In addition to the randomly
selected variants, eight of the variants that could poten-
tially confer risk for SLE (Table 2) were confirmed to be
de novo and none of them failed validation. The single
potential disease related INDEL tested was also confirmed
to be a de novo variant.

Calling and filtering de novo structural variants

Germline SVs in the form of INDELs larger than 10 base
pairs were called by Manta-1.0.3 [40] in samples from
parents and SLE patients using default parameters and
additionally by FermiKit-0.13 [41] in the patients using the
parameter –s3g for genome size and 150 for read-length.
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Because Manta and FermiKit do not inherently support
calling of de novo variants we developed our own calling and
filtering procedure for de novo SVs based on germline variant
calls, with a focus on high specificity for variant calling. To
call de novo variants we first selected variants exceeding 10
base pairs in the SLE patients that were detected by both
FermiKit and Manta using a reciprocal overlap of 50%.
FermiKit and Manta complement each other as they use
different approaches to call SVs. Using only overlapping calls
should therefore greatly reduce the number of false positives.
Structural variants of the same type that remained undetected,
using a reciprocal overlap of 50%, in any of the trio family
samples were kept. The overlap was calculated using both the
actual called SVs and the candidate variants generated by the
programs. The remaining SVs were annotated similarly as for
INDEL filtering, using annotations from blacklisted regions
by ENCODE, mappability scores, segmental duplications,
and RepeatMasker. In addition, structural variant regions were
removed if the coverage in the region flanking the variant
followed a similar pattern between an SLE patient and any of
the two parents. The presence of the de novo SVs was also
confirmed manually in the integrated genome viewer (IGV).

Functional annotation of de novo single nucleotide
variants and insertion-deletions

The variants were annotated functionally using Annovar
version 2016.05.11 [42] with the annotations data described
below supplied to Annovar via the. Chromatin states were
annotated according to ChromHMM [18] predictions based
on the B-lymphocyte cell line GM12878. Relative gene
positions were obtained using RefSeq [43]. TFBS were
annotated using the chromatin-immunoprecipitaion
sequencing (ChIP-seq)-based UCSC genome browser
track wgEncodeRegTfbsClustered from ENCODE. DNase I
hypersensitive site (DHS) annotations were based on the
UCSC genome browser track wgEncodeOpenChromDna-
seGm12878Pk based on the GM12878 cell line from
ENCODE. The effects of de novo nsSNVs on the functions
of the encoded proteins were determined using positional
annotations from the UniProtKB [44], 3-dimensional pro-
tein structures in the protein data bank (PDB) [45] or
structural models in the Protein Model Portal [46]. Gene
expression data of nearby genes was obtained from Gene-
Cards, collected from the Human Integrated Protein
Expression Database (www.genecards.org, [47, 48]). We
also used the USCS genome browser to manually inspected
de novo SNVs in promoter regions in to find de novo SNVs
with large potential to affect transcription factor binding due
to their positions in relation to TFBS, histone marks, and
open chromatin in B-lymphocytes [20].

Parent of origin and age at conception

The parent of origin of de novo SNVs in the offspring was
determined in the genomes of 32 trio family members for
those variants that had an additional informative SNV
within the same sequencing read (n= 342 de novo SNVs).
At least two reads spanning both the additional SNV and
the de novo SNV supporting the same parent was required
to assign the parental origin of a de novo SNV.

The number of expected de novo SNVs in the offspring is
affected by the age at conception of the father and to a lesser
extent the age of the mother [8]. The correlation and
p value of the correlation between age of the father and the
child affected with SLE was calculated using linear
regression in R.

De novo single nucleotide variants in healthy
controls

A set of 97,942 de novo SNV and over 30 million SNVs
found in 1548 trios from a study in Iceland by deCODE
Genetics was downloaded from the European Variation
Archive (www.ebi.ac.uk/eva/), study accession number
PRJEB15197, to be used as healthy control data in our
study [8]. The SNVs in the Icelandic data were then
annotated exactly as the de novo SNVs detected in the
Swedish SLE trios. For the enrichment analysis we also
filtered out de novo SNVs in overlapping regions with high
GC-content in both datasets. The SNVs filtered were loca-
ted in 100 bp regions with at least 75% GC content or
located in any of the 1000 “difficult promoters” defined by
Ross et al. [49].

Among the Icelandic de novo SNVs, 87 were randomly
selected to match the number of SNVs found in the Swedish
SLE patients. The de novo SNVs in Iceland were visually
inspected in the UCSC genome browser in an identical
fashion as the de novo SNVs in the SLE patients to deter-
mine a subset of de novo SNVs most likely to affect the
promoter. Enrichment p values were calculated using the
Pearson’s chi-squared test with Yates’ correction.

Calculation of odds ratios and significance in
selected annotated regions

Odds ratios between de novo SNVs found in our SLE
cohort and the controls were calculated for selected chro-
matin states determined by ChIP-seq annotations in gene
flanking regions and intergenic regions, DHS, number of
TFBS, and combinations of these regions. The significance
of the enrichment was then calculated using Pearson’s chi-
squared test.
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Differential gene expression data sets

We used two publicly available gene expression datasets
deposited in GEO [50] to calculate FDR corrected p values
for differential expression between SLE patients and controls
using the online service GEO2R (https://www.ncbi.nlm.nih.
gov/geo/geo2r/). One of the studies (GEO accession number:
GSE45291) contains expression array data for 54715 probes
from 292 SLE patients and 20 controls [21]. The other study
(GEO accession number: GSE65391) is a longitudinal study
of pediatric SLE patients where the sample taken at the first
visit to the clinic was used to calculate differential gene
expression for 43,798 probes between 134 SLE patients and
36 controls [22]. The lowest probe p value for each gene from
the two studies was used in our study.

Data availability

De novo SNVs and INDELs presented in this paper have been
submitted to dbSNP (https://www.ncbi.nlm.nih.gov/projects/
SNP/) under the submitter ID MOLMED_UU and Submitter
batch ID Denovo_variants_1.0 with the submission SNP IDs
of ss2137544038 and ss3798736965 to ss3798737055.
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