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Abstract

reanalysis of public data.

Background: Psoriasis is a chronic inflammatory skin disease, for which genome-wide association studies (GWAS)
have identified many genetic variants as risk markers. However, the details of underlying molecular mechanisms,
especially which variants are functional, are poorly understood.

Methods: We utilized a computational approach to survey psoriasis-associated functional variants that might affect
protein functions or gene expression levels. We developed a pipeline by integrating publicly available datasets
provided by GWAS Catalog, FANTOMS, GTEx, SNP2TFBS, and DeepBlue. To identify functional variants on exons or
splice sites, we used a web-based annotation tool in the Ensembl database. To search for noncoding functional
variants within promoters or enhancers, we used eQTL data calculated by GTEx. The data of variants lying on
transcription factor binding sites provided by SNP2TFBS were used to predict detailed functions of the variants.

Results: We discovered 22 functional variant candidates, of which 8 were in noncoding regions. We focused on the
enhancer variant rs72635708 (T > Q) in the 1p36.23 region; this variant is within the enhancer region of the ERRFI1
gene, which regulates lipid metabolism in the liver and skin morphogenesis via EGF signaling. Further analysis
showed that the ERRFIT promoter spatially contacts with the enhancer, despite the 170 kb distance between them.
We found that this variant lies on the AP-1 complex binding motif and may modulate binding levels.

Conclusions: The minor allele rs72635708 (rs72635708-C) might affect the ERRFIT promoter activity, which results in
unstable expression of ERRFI1, enhancing the risk of psoriasis via disruption of lipid metabolism and skin cell
proliferation. Our study represents a successful example of predicting molecular pathogenesis by integration and
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Background

Genome-wide association studies (GWAS) are useful means
for identifying trait- or disease-associated single nucleotide
polymorphisms (SNPs) [1]. Many GWAS have been con-
ducted for various phenotypes, with a large number of trait-
associated SNPs accumulated in public databases, such as
the GWAS Catalog [2]. However, understanding why these
SNPs are associated with diseases has been difficult because
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they usually lie within noncoding regions. Such variants are
predicted to affect gene expression via cis-regulatory ele-
ments, such as enhancers or repressors. If the responsible el-
ements and target genes can be identified, noncoding
variants may be useful not only as diagnostic markers but
also to further shed light on the molecular pathogenesis of
diseases. Thus, elucidating the mechanisms of how noncod-
ing variants are associated with diseases is critical.

In recent years, various genomic and epigenetic data
have accumulated due to next-generation sequencing
(NGS). Epigenetics is the study of heritable changes
without changes in the DNA sequence, including DNA
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methylation, histone modifications, and chromatin re-
modeling [3]. Advanced epigenetic studies have made it
possible to predict the location of cis-regulatory elements,
such as promoters, enhancers, and repressors in noncoding
regions. Furthermore, over the past decade, many experi-
mental methods to discern the higher-order genomic struc-
ture have been developed [4]. Hi-C, which is the NGS-based
method of capturing genome-wide DNA-DNA interactions,
has revealed that the genome is partitioned into megabase-
scale structural domains called topologically associating do-
mains (TADs) [5-7]. These data have also been used to
detect locality and contact between gene promoters and dis-
tant cis-regulatory elements in various living tissues and cells.
Recent studies have shown that noncoding variants associ-
ated with diseases affect the regulation of distant genes, even
at megabase distances [8—17]. Therefore, integrated analysis
of various epigenetic data, including Hi-C data, can help in
the functional annotation of noncoding sequences involved
in the long-range regulation of gene expression, disruptions
of which lead to various diseases.

In this study, we focused on psoriasis, an autoimmune
and chronic inflammatory skin disease characterized by
overproliferation of keratinocytes. This is one of the most
common diseases in the European population, and the in-
volvement of genetic factors has been strongly suggested,
with many susceptibility loci identified by GWAS [18-31].
Several risk markers have been reported to have potential
regulatory functions, especially in immune cells [30]. How-
ever, the detailed mechanisms governing the onset of psor-
iasis via cis-regulatory elements, in particular which are
true causal variants, have not been thoroughly investigated.
To understand the molecular pathology of psoriasis and de-
velop therapeutic strategies, we used public data regarding
psoriasis risk variants and constructed a computational ana-
lysis pipeline to further discover functional variants. We
collected variants in high linkage disequilibrium with risk
variants and searched for those with changed amino acids,
modulated splicing, or variants located in transcriptional
regulatory sequences. In particular, for variants of regula-
tory sequences, we identified target genes using expression
quantitative trait loci (eQTL) data and enhancer—promoter
correlations. Physical interactions were then validated using
Hi-C and ChIA-PET data. Additionally, we searched for
transcription factors (TFs) affected by the variants. Through
this analysis, we reported several previously unknown func-
tional variants of psoriasis and have shown that long dis-
tance transcriptional regulation may be affected by one
noncoding variant. This study revealed a new aspect of the
molecular pathogenesis of psoriasis.

Methods

Psoriasis GWAS SNPs and LD variants

We obtained a summary of tag SNPs associated with
psoriasis risk from the GWAS Catalog [2], which is a
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curated database of published GWAS. The data of vari-
ants reported to be associated with “Psoriasis”, “Cutane-
ous psoriasis”, and “Psoriasis vulgaris” from 2008 to
2018 were used for the following analysis. LDlink [32]
was programmatically used to obtain data about variants
strongly linked (+*>0.8) with psoriasis risk SNPs in the
European population, of which genotype data originated
from Phase 3 (Version 5) of the 1000 Genomes Project
(Utah Residents from North and West Europe, Toscani
in Italia, Finnish in Finland, British in England and
Scotland, Iberian population in Spain) [33].

Exonic and splice site variant annotation

We performed annotation of exonic or splice site vari-
ants linked with psoriasis risk SNPs using the Ensembl
Variant Effect Predictor [34]. For exonic variants, we ex-
tracted deleterious ones, such as missense variants anno-
tated as “probably damaging” or “possibly damaging” per
the PolyPhen-2 score [35], frameshift, start lost, and/or
stop gained variants. For variants in splice acceptor or
donor sites, we defined those, of which differences of the
MaxEntScan scores [36] between protective and risk al-
leles are more than 5, as deleterious splice site variants.
The effect on gene expression was assessed using eQTL
data provided by GTEx Analysis V7 [37, 38]. The statis-
tical significance was ascertained by GTEx project
(https://storage.googleapis.com/gtex-public-data/Portal _
Analysis_Methods_v7_09052017.pdf).

Noncoding variant annotation

For variants in the promoter regions, those located 2 kb
upstream of the transcription start site as defined by
NCBI RefSeq were used for further analysis. The BED
format file of promoter regions was downloaded using
the UCSC Table Browser and intersected with the BED
format file of variants using BEDTools [39]. For identify-
ing enhancer variants and their targets, we used enhan-
cer—promoter correlation data across a broad panel of
cells from the FANTOMS5 project [40]. We integrated
the promoter or enhancer variant data with eQTL data
to obtain variants that affected expression levels of their
target genes. Next, we used data regarding variants on
TEBSs as analyzed by SNP2TEBS [41] to discover those
that affect binding levels of TFs. To verify that the
TFBSs were indeed functional, peak files of the corre-
sponding TF ChIP-seq were obtained using DeepBlue
API access [42].

Enrichment analysis

Using ChIP-Atlas [43], we performed the enrichment
analysis of histone marks for 104 promoter regions in-
cluding LD variants and 119 promoter regions associated
with enhancers including LD variants. 36,069 promoter
regions defined by NCBI RefSeq were used as control.
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The parameters were set as follows: “Antigen class’-
“Histone”, “Cell type Class” — “All cell types”, “Threshold
for Significance” — “50”.

Functional analysis of genomic elements

ChIP-seq signals of six cell lines (GM12878, H1-hESC,
HSMM, HUVEC, K562, NHEK, and NHLF) for H3K4me3,
H3K4mel, and H3K27ac were displayed by a transparent
overlay method. For identifying chromatin states of gen-
omic regions of interest across various tissues and cells, we
used the imputed 25-STATE MODEL characterized by
ChromHMM software, which can integrate multiple data-
sets, such as ChIP-seq data of various histone modifica-
tions. All tissues or cells we used for the analysis (Liver,
Foreskin Fibroblasts, Foreskin Keratinocytes, Foreskin Me-
lanocytes, Adipose Nuclei, Lung, Ovary, Skeletal Muscle Fe-
male, Skeletal Muscle Male, Thymus, Pancreatic Islets,
Spleen, Stomach Mucosa, Small Intestine, Sigmoid Colon,
Hematopoietic stem cells, T helper memory cells from per-
ipheral blood, T CD8+ naive cells from peripheral blood, T
cells from cord blood, T cells from peripheral blood,
Hematopoietic stem cells G-CSF-mobilized Female,
Hematopoietic stem cells G-CSF-mobilized Male, T helper
naive cells from peripheral blood, B cells from cord blood,
B cells from peripheral blood, Neutrophils from peripheral
blood, T helper cells from peripheral blood, Monocytes
from peripheral blood, T CD8+ memory cells from periph-
eral blood) were processed by the Roadmap Epigenomics
Project [44]. ChIP-seq data of various proteins (p300, MAFK,
MAFF, JUND, MAX, MAZ, MXI1, BHLHE40, CEBPB, COR-
EST, ARID3A, C-JUN, CHD2, BRCA1, SMC3, REX5, NRF1,
Pol2, Pol2 S2, RAD21, TBP, USF2, CEBPZ, and IRF3) for
HepG2 cells were visualized using annotation tracks in the
UCSC Genome Browser (ENCODE Transcription Factor
Binding Tracks, SYDH TFBS). BHLHE40 ChIP-seq signals
and peaks for K562, HepG2, GM12878, and A549 cells were
also visualized using annotation tracks in the UCSC Genome
Browser (ENCODE Transcription Factor Binding Tracks,
SYDH TEBS). The logos of the searched motifs, Bach1:Mafk,
FOS, JUND, Arnt, and BHLHE40 were generated using
WebLogo [45] based on a position frequency matrix provided
by the JASPAR CORE database [46] (MA0591.1, MA0476.1,
MAO0491.1, MA0004.1, and MA0464.2, respectively).

Quantitation of enhancer and promoter activities

Data of enhancer and promoter activities quantified based
on CAGE were obtained using FANTOM Human Pro-
moters (http://slidebase.binf.ku.dk/human_promoters) and
FANTOM Human Enhancers (http://slidebase.binfku.dk/
human_enhancers).

Visualization of chromatin interactions
Contact profiles of chromosomes in the liver and IMR90
cells were generated from Hi-C data using the 3D
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Genome Browser [47], and each was visualized with CTCF
ChlIP-seq signals (ENCODE accession number of Liver CTCF
ChIP-seq: ENCFF555SBI and table name of IMR90 CTCF
ChIP-seq in the UCSC Genome Browser: wgEncodeSydhTtb-
sImr90CtctblggrabSig). 4C-like outputs of Hi-C data were
generated using 3DIV [48]. Pol II ChIA-PET signals and inter-
action data of K562 cells (wgEncodeGisChiaPetK562Pol2Si-
gRepl, wgEncodeGisChiaPetKK562Pol2InteractionsRepl) and
MCE-7 cells (wgEncodeGisChiaPetMcf7Pol2SigRep3, wgEn-
codeGisChiaPetMcf7Pol2InteractionsRep3) were visualized in
the UCSC Genome Browser along with the enhancer—pro-
moter correlations data from the FANTOMS5 project. The in-
tensity of the lines of ChIA-PET interactions indicated signal
strength. CTCF binding motif and their orientations were
searched using the JASPAR CORE database.

Genomic sequence alignments

For comparing multiple species’ genomic sequences, we
used the UCSC Genome Browser and GenomeCons [49]
to confirm the evolutionary conservation of searched mo-
tifs. We used the following species’ genomic sequences
(assembly): Human (GRCh37/hgl9), Chimp (WUGSC
Pan_troglodytes-2.1.4/panTro4), Gorilla (gorGor3.1/gor-
Gor3), Orangutan (WUGSC 2.0.2/ponAbe2), Gibbon
(GGSC Nleu3.0/nomLeu3), Rhesus (BGI CR_1.0/rhe-
Mac3), Crab-eating macaque (Macaca_fascicularis_5.0/
macFas5), Baboon (Baylor Pham_1.0/papHaml), Green
monkey  (Chlorocebus_sabeus  1.0/chlSabl), Mouse
(GRCm38/mm10), Rabbit (Broad/oryCun2), Cow (Baylor
Btau_4.6.1/bosTau?), Cat (ICGSC Felis_catus 6.2/felCat5),
Dog (Broad/canFam3), Elephant (Broad/loxAfr3), Chicken
(ICGSC Gallus_gallus-4.0/galGal4), X. tropicalis (JGI 7.0/
xenTro7), Zebrafish (Zv9/danRer7), Lamprey (WUGSC
7.0/petMar2).

Analysis of TF binding levels

We downloaded mapped read data of JUND ChIP-seq
(ENCFF263ZV]) and input (ENCFF235CCD) in bam for-
mat from the ENCODE database and used MACS2 [50]
for peak calling (Q<0.01). The called peaks that con-
tained “TGAGTCAT” or “TGAGTCAC” sequences were
used to compare signal strengths. Peaks containing both
motifs were excluded from the analysis. We used the
GGGenome (https://gggenome.dbcls.jp/ja/) to obtain
BED format files of the sequences of interest, and BED-
Tools was used to extract peaks containing the motifs.
We used the Mann—Whitney U test to compare their
signal strengths (P < 0.05).

Statistical tests, visualization, and tools used
Development of an analysis pipeline and all statistical
tests were done in the Python 3.7 and the GNU Bash 3.2
environment. All graphs except for the GTEx violin
plots were made using the seaborn Python package.
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Results

A computational genome-wide survey of functional
variants by integrating multiple public datasets

Using a variety of public genomic datasets, we constructed
a pipeline to comprehensively identify functional variants
(Fig. 1a). First, SNPs reported to be associated with psoria-
sis were extracted from GWAS Catalog-registered data,
and then variants with high linkage disequilibrium were
obtained and used in subsequent analysis. As for the gene
regions, we surveyed genetic variants that lead to amino
acid substitutions expected to affect protein structure and
function; in addition, variants at splice sites were also ex-
plored. As for regulatory variants, we looked for those lo-
cated in active enhancers that disrupted binding motifs for
TFs and were expected to affect binding affinities. Al-
though few previous studies have been conducted, the
bindings of TFs were confirmed by comprehensively
obtaining peak files of corresponding ChIP-seq data using
the DeepBlue web server [42]. Through this analysis, we
attempted to identify functional variants, TFs, and verified
target genes (Fig. 1b).

Candidate functional variants newly identified in gene
regions

We identified 14 deleterious variants in the gene regions
(Table 1) and some of them affected their own gene
expression (Additional file 1: Figure S1). Most variants
were previously reported to be associated with auto-
immune diseases, but some were newly identified. An
identified variant, rs2549797, was highly linked with
psoriasis risk SNP rs2910686 [25] (**=0.8051) and
located near the 5 canonical splice site of ERAP2 gene
exon 15, forming a new splice site (Additional file 1:
Figure S2a). This variant remarkably altered the signal
strength of the splice site from - 1.440 (for risk allele A)
to 5.463 (for protective allele G) (Additional file 1: Fig-
ure S2b). The transcript derived from the risk allele
(rs2549797-A) encodes for the full-length ERAP2 pro-
tein. The transcript derived from the protective allele
(rs2549797-G) contains a premature stop codon that
might cause nonsense-mediated decay (NMD) [51]. In
addition, we found that rs2549797 is completely linked
with rs2248374 (+* = 1.0000) located on the 5’ canonical
splice site of ERAP2 gene exon 10, which was previously
reported to alter the signal strength of the canonical
splice site and a noncanonical transcript containing a
premature stop codon, leading to NMD [52]. Referring
to the GTEx eQTL data, these completely linked
variants that might cause NMD (rs2549797-G and
rs2248374-G) markedly decreased ERAP2 gene expres-
sion in all analyzed tissues and cells (Additional file 1:
Figure S1). ERAP2 encodes for endoplasmic reticulum
aminopeptidase 2, which is responsible for trimming
peptides to optimal sizes for antigen presentation by
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MHC class I [53]. ERAP2 variants are associated with
various immune diseases, including psoriasis [54, 55].
Together, these results showed that the protective haplo-
type (rs2549797-G and rs2248374-G) almost certainly
caused NMD to decrease ERAP2 gene expression, which
appeared to reduce the risk of psoriasis.

We also identified the rs60542959 variant in the
COQI10A gene region. The protective allele rs60542959-
T changes the first codon ATG (methionine) to ATT
(isoleucine), causing a start lost mutation. This variant is
highly linked with three psoriasis risk SNPs (rs2066807,
rs2066808, and rs2066819; r*=0.9523, 0.9388, and
0.9517, respectively) [21, 24—27, 29] located within the
STAT2 gene region (Additional file 1: Figure S3a). The
COQI10A gene has two transcript variants (NM_
144576.3, NM_001099337.1) (Additional file 1: Figure
S3b), and the transcript NM_144576.3 that has a start
lost mutation by rs60542959 is highly transcribed in nat-
ural killer cells, T cells, and lymphocytes of B cell
lineage, whereas another transcript NM_001099337.1 is
not (Additional file 1: Figure S3c—d). This suggested that
rs60542959 may have a significant effect on COQ10A ex-
pression in immune cells. The start codon is widely con-
served among mammals, indicating the functional
importance of this transcript (Additional file 1: Figure
S3e). The GTEx eQTL data showed that the rs60542959-
T allele significantly reduces COQI10A gene expression in
one tissue type (esophagus mucosa) (Additional file 1:
Figure S1, S3f). COQIO0A encodes for coenzyme Q-binding
protein homolog A, which is required for coenzyme Q
function in the respiratory chain [56]. Several associations
of coenzyme Q10 with immune function have been
reported [57, 58]. The association between COQI0A and
psoriasis is unclear, but it may have some impact on risk.

Candidate functional variants in promoters and enhancers
For regulatory sequence variants, we looked for those lo-
cated within promoters or enhancers and changed the ex-
pression level of target genes. Previous studies reported
that GWAS-identified noncoding SNPs are enriched
among enhancers in several types of immune cells (e.g.,
CD8+ T cells and CD4+ T cells) [30]. We also performed
the enrichment analysis using ChIP-Atlas function [43].
The results showed that H3K27ac ChIP-seq peaks were
enriched among promoter regions including LD variants
and promoter regions associated with enhancers including
LD variants in several types of blood cells, including T
cells (Additional file 1: Figure S4). This indicated that our
pipeline reproduced previous findings for noncoding
variants on enhancers in immune cells.

We identified 6 variants in promoters and the associ-
ated TFs whose binding sites were disrupted by these
variants (Table 2, Additional file 1: Figure S5-S6). We
found that rs3132089, a promoter variant of the HCP5
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Fig. 1 An overview of this study. a Schematic diagram of the analysis pipeline integrating multiple public datasets. b Functional variants to be
searched in this analysis pipeline. For gene regions, we searched for deleterious missense, frameshift, stop gain, start lost, and splice site variants.
For promoters and enhancers, we looked for variants called eQTLs and those that alter the binding sequences of TFs. The binding of the TFs
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gene, is highly linked with psoriasis risk SNP rs3134792
(r*=0.9253) [18] (Additional file 1: Figure S7a) and
located on the binding motif of ARNT and BHLHE40
proteins, which is predicted to result in decreased bind-
ing (Additional file 1: Figure S7b). ChIP-seq data showed
that BHLHE40 binds to the motif in K562 and HepG2
cells (Additional file 1: Figure S6, S7c). Its minor allele
(rs3132089-A) decreases HCPS5 expression in the thyroid
and sun exposed skin of lower leg (Additional file 1: Figure

S5, S7d). HCPS5 encodes for a long noncoding RNA, which is
highly expressed in immune cells (Additional file 1: Figure
S7e) and involved in inflammatory, adaptive, and innate
immune responses [59, 60]. A variant rs2395029, located on
HCPS gene body, were previously reported to be associated
with psoriasis [19]. Although the molecular mechanism of
how HCP5 transcript controls immune responses remains
unclear, these findings provided evidence that the differential
expression of HCPS depending on rs3132089 genotype in
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Table 1 Candidate functional variants in exons or splice sites associated with psoriasis risk

Chr. Position Variant Alleles  RAF Gene AA InterPro annotation Marker (P-value, Study) r
(P/R)
Known functional variants
Splice site
6 31,380,000 1199503730  G/- 00447  MICA 5'ss - rs2395029 (2.00E-26, [19]) 0.8860
Exon
1 25,291,010 156672420 AT 04791 RUNX3 I/N - 157536201 (2.00E-12, [25]; 0.9046
2.00E-08, [29))
1 67,705,958 rs11209026 A/G 0.9384 IL23R Q/R - 1511209026 (7.00E-07, [24]) 1.0000
rs9988642 (1.00E-26 [25]; 0.8520
7.00E-14, [29])
6 31,473,957 rs3134900 (C/G)?  NR MICB I/M MHC class I-like antigen rs3134792 (1.00E-09, [18]) 0.8008
recognition-like, MHC
classes I/1l-like antigen
recognition protein
6 111,913,262 1533980500 T 00855  TRAF3IP2  D/N - rs33980500 (1.00E-16, [23]; 1.0000
4.00E-45, [25]; 1.00E-23, [29])
17 78,178,893 1511652075 T/C 0.5099  CARD14 WR - 1511652075 (3.00E-08, [25]) 1.0000
19 10,463,118 rs34536443 /G 09712  TYK2 A/P Protein kinase domain, 134536443 (9.00E-31, [25]) 1.0000

19 10,469,975 1512720356 C/A 09076  TYK2

19 49,206,674 601338 G/A 04414 FUT2
19 49,206,985 1$602662 G/A 04682  FUT2
22 21,982,892 152298428 T 0.1769  YDJC

Newly identified functional variants
Splice site
5 96,245,518 152549797 G/A 05199  ERAP2
Exon

12 5,660,905 1s60542959 T/G 09344  COQIO0A

17 73874071 rs4600514 G/A 0.1650  TRIM47

Protein kinase-like domain,
Serine-threonine/tyrosine—
protein kinase, catalytic
domain, Tyrosine—protein
kinase

S/l Protein kinase domain, 112720356 (4.00E-11, [25]) 1.0000
Protein kinase-like domain,
Serine-threonine/tyrosine—
protein kinase, catalytic
domain, Tyrosine—protein

kinase
wrx o - rs492602 (7.00E-13, [30]) 0.9920
G/S - rs492602 (7.00E-13, [30]) 0.8822
A/T Glycoside hydrolase/ rs181359 (2.00E-07, [29]) 0.8941
deacetylase, beta/alpha-
barrel
rs4821124 (4.00E-08, [25]) 0.9477
5'ss - 152910686 (2.00E-08, [25]) 0.8051
I/M - 152066807 (5.00E-12, [27]) 09523
rs2066808 (6.00E-10, [26]) 0.9388
152066819 (5.00E-17, [25]) 09517
R/W  B-box-type zinc finger, rs55823223 (1.00E-08, [30]) 0.9075
Zinc finger RING/FYVE/
PHD-type

An asterisk in “AA” column indicates a stop codon. As for rs3134792 and its functional variants, the direction of effects is unknown
P/R protective/risk, RAF risk allele frequency, NR not reported, AA amino acids, 5" ss 5 prime splice site, * r-squared value between functional

variants and GWAS variants

the skin alters the immune response level, leading to the
increased/decreased risk of developing psoriasis.

We identified two candidate functional variants in en-
hancers and associated TFs whose binding sites were
disrupted by the variants (Table 3). To identify target

genes of enhancers that contain functional variants of
psoriasis risk, we analyzed enhancer—promoter correla-
tions using CAGE datasets provided by the FANTOM5
project [40]. In the FANTOMS5 project, CAGE technol-
ogy was used for quantitative detection of transcribed
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Table 2 Candidate functional variants in promoters associated with psoriasis risk

2

Chr. Position Variant Alleles (P/R) RAF Gene TF Marker (P-value, Study) r
6 31,371,100 rs6906175 G/C 0.2952 MICA REST rs13437088 (3.00E-40, [25]) 1.0000
6 31,430,009 rs3132089 (G/A)? NR HCP5 ARNT, BHLHE40 rs3134792 (1.00E-09, [18]) 0.9253
6 31,462,134 rs3130923 (G/A)? NR MICB TCF3 rs3134792 (1.00E-09, [18]) 0.8762
12 56,728,257 rs11358218 A/— 0.9304 PAN2 SPI rs2066807 (5.00E-12, [27]) 0.9541
rs2066808 (6.00E-10, [26]) 1.0000
rs2066819 (5.00E-17, [25]) 0.8933
16 30,968,588 14889599 /T 0.3658 SETD1A EGR1 rs10782001 (9.00E-10, [22]) 0.9703
rs12445568 (1.00E-16, [25]) 0.8876
rs13708 (2.00E-08, [27]) 09915
20 43,989,513 152741432 G/A 0.7744 SYS1 CEBPB rs1008953 (1.00E-07, [22]) 0.9943

As for rs3134792 and its functional variants, the direction of effects is unknown

P/R protective/risk, RAF risk allele frequency, NR not reported, TF transcription factor, I r-squared value between functional variants and GWAS variants

enhancers (eRNA) in high nucleotide resolution. The
CAGE-defined transcripts dataset enables direct pairwise
correlation between enhancers and putative target genes.
The identified enhancer variants were rs72635708 and
rs11231770, which target the ERRFII and PPPIRI4B
genes, respectively. Based on eRNA expression levels, we
found that the enhancer element in which rs72635708 is
located was highly active in the hepatocytes, fibroblasts,
and various epithelial cells, and the enhancer element in
which rs11231770 is located was highly active in various
epithelial cells, especially in the intestinal epithelial cells
(Fig. 2). Although the identified variants might be in-
volved in psoriasis risk, we focused on rs72635708 and
the ERRFII gene for further analyses for ease of inter-
pretation of the association with psoriasis risk.

A candidate functional variant rs72635708 and the ERRFI1
gene are within the same spatial regulatory unit

A candidate variant rs72635708, which is in the 1p36.23
region, is located within an enhancer element targeting
the ERRFII gene, despite the 170kb distance between
them. This variant is highly linked with two risk SNPs
(rs417065 and rs11121129; r*=0.9832 and 0.6547, re-
spectively) identified by two independent GWAS [25, 27],
strongly supporting that this is a susceptibility locus of
psoriasis. To further confirm the functional interaction
between the enhancer element and the ERRFII promoter,
we analyzed Hi-C and ChIA-PET data to detect the spatial
structure of chromosomes. The higher-order structure of
chromosomes and gene function are closely related; thus,
it is very important to use chromosome conformation data

to confirm physical contact in order to detect enhancer—
promoter interactions. We tested spatial contacts between
this enhancer and the ERRFII promoter using Hi-C data
for the liver and IMR90, which is an immortalized cell line
derived from fibroblasts. The Hi-C contact map showed
that the ERRFII promoter and a candidate functional va-
riant rs72635708 are located on the same TAD, which is a
spatial functional unit of chromosomes [6, 7, 61], in both
the liver and IMR90 (Additional file 1: Figure S8). The
prominent peaks of CTCF ChIP-seq signals—CTCF is
well known as an insulator protein that defines TADs, and
its polarity determines the genome looping [62]—were
found at distinct boundary regions of the TAD struc-
ture. 4C-like representation of Hi-C data by anchoring the
ERRFII promoter also supported the long-range contact
between the candidate functional variant and ERRFII pro-
moter in the liver and IMR90 (Fig. 3). Focusing on RNA
polymerase II ChIA-PET signals in this region, there was
no enhancer—promoter contact in K562, an immortalized
cell line derived from blood cells, but there was a strong
contact signal in MCF-7, an immortalized cell line derived
from mammary epithelial cells (Additional file 1: Figure
S9). Combined with enhancer—promoter correlation data
defined by eRNA and mRNA expression profiles, we
observed that there was a strong functional interaction be-
tween the ERRFII promoter and the enhancer that con-
tains rs72635708. In addition to these results, binding
regions and motif orientations of CTCF were also ex-
plored, and we found distinct boundary regions of TAD
structure with convergent orientations of the CTCF bind-
ing motifs (Additional file 1: Figure S9). Taken together,

Table 3 Candidate functional variants in enhancers associated with psoriasis risk

Chr. Position Variant Alleles (P/R) RAF Gene TF Marker (P-value, Study) r?
1 8,257,959 1572635708 T/C 0.2286 ERRFI ARNT, BACH1, FOS, MAFK, NFE2 rs417065 (8.00E-07, [27]) 0.9832
11 64,140,624 1511231770  A/G 06292  PPP1R14B  SP1, SP2, ZNF263 rs645078 (2.00E-06, [25]) 1.0000

P/R protective/risk, RAF risk allele frequency, NR not reported, TF transcription factor, r* r-squared value between functional variants and GWAS variants
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defined enhancer (hg19: chr11: 64,140,304-64,140,795) in which rs11231770 is located
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these results strongly suggested that the enhancer in
which the predicted functional variant rs72635708 is lo-
cated belongs to the same regulatory unit as the ERRFII
gene and may directly regulate its expression level, despite
the long distance between them, especially in the liver,
fibroblasts, and epithelial cells, but not in blood cells.

rs72635708 may affect ERRFI1 expression by modulating
the binding level of the AP-1 complex

Next, we examined the genomic and epigenetic features
of the enhancer element in which rs72635708 is located
in order to understand its effects on the enhancer. We
used chromatin state data as defined by ChromHMM
[63], and high enhancer activity was found in many tis-
sues, including the liver and skin fibroblasts, but not in
various blood cells (Fig. 4a). ChIP-seq data from HepG2,
an immortalized cell line derived from hepatocytes,

showed binding of many proteins, including p300, which
is an active element marker that functions as histone
acetyltransferase, and MAFK, MAFF, and JUND, which
are members of the AP-1 complex family. As shown in
Table 3, when combined with TFBS logos based on the
position frequency matrix, we found that the rs72635708
risk allele (rs72635708-C) disrupts the binding motif of
the AP-1 complex (Fig. 4b). This binding motif was
strongly conserved among primates, indicating its import-
ant role retained through evolution (Additional file 1:
Figure S10a). To investigate the effect of the risk allele
1s72635708-C on enhancer activity, we analyzed the bind-
ing level of JUND by using ChIP-seq peak data. We se-
lected MACS2 peaks containing “TGAGTCAT” (protective
form) or “TGAGTCAC” (risk form) from all genomic re-
gions and compared the signal strength between the motifs
(excluded peaks containing both motifs). The result showed
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that the signal strength of peaks with motifs in the risk
form was significantly lower than that with motifs in the
protective form (P < 0.001, Mann—Whitney U test) (Add-
itional file 1: Figure S10b), suggesting that at this locus,
JUND binding to the enhancer element might be affected
by the rs72635708 risk allele. Furthermore, referring to the
results of previously reported allele-specific mapping of
DNase-seq [64], this variant was strongly predicted to affect

TFs occupancy. This result was consistent with previous re-
ports stating that the AP-1 complex recruits chromatin re-
modeling factors and alters chromatin accessibility of
regulatory sequences [65, 66]. Taken together, we suggested
that rs72635708-C may decrease enhancer activity by alter-
ing the binding affinity of the AP-1 complex and reducing
chromatin accessibility. Regarding the effect of rs72635708
on ERRFII expression, no significant difference but a
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decreasing trend was observed in the liver, and a significant
effect was observed in fibroblasts (Fig. 4c).

Discussion

Many trait-associated SNPs have been identified by GWAS.
However, the roles of these SNPs in molecular pathogenesis
have not been clearly interpreted because they lie within
noncoding sequences. Herein, we constructed a pipeline in-
tegrating different types of public datasets to survey func-
tional variants from GWAS SNPs. As a result, we identified
several functional variants involved in psoriasis risk present

in both gene and regulatory regions. Although GWAS Cata-
log contains many suggestive SNPs that do not satisfy
genome-wide significant threshold, we confirmed that all
psoriasis risk markers linked with identified functional vari-
ants have strong signals with significant p-values in each
GWAS (Tables 1, 2 and 3). These results are predictions, so
the validation using independent cohorts or functional
experiments will be needed to make a new aspect of the
molecular pathogenesis of psoriasis more convincing.

In particular, we proposed a model for the genetic
mechanism of psoriasis risk SNP rs417065 and
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functional variant rs72635708 via a long-range ERRFII
enhancer in the 1p36.23 region. In cells with a protective
allele (rs72635708-T), the AP-1 complex binds to the
enhancer element and leads to chromatin remodeling
and other protein binding, resulting in stable expression
of the ERRFII gene (Fig. 5a). However, in cells with a
risk allele (rs72635708-C), the AP-1 complex may not
access the enhancer element, and chromatin accessibility
might not be enough to be activated by other proteins,
which causes unstable expression of the ERRFII gene
(Fig. 5b). Thus, we concluded that ERRFII is a novel
target gene for psoriasis risk SNPs and involved in the
pathogenesis in hepatocytes and fibroblasts. Many stud-
ies have focused on immune cells since psoriasis is an
autoimmune disease, but our analysis highlighted the
importance of functional variants in other cells, such as
hepatocytes and fibroblasts. For further support for our
hypothesis, the AP-1 complex ChIA-PET data gleaned
from hepatocytes and fibroblasts would be required for
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validating the predicted interaction between the enhan-
cer and ERRFII promoter.

ERRFI1, also known as Mig-6, is a ubiquitously
expressed gene and well known as an EGF and Erbb sig-
naling inhibitor that binds directly to EGFR and HER2
[67-69]. A previous study reported that Errfil gene
knockout in mice caused the hyperactivation of EGF sig-
naling, leading to overproliferation and impaired differ-
entiation of skin cells [70]. In human tissues, ERRFII
expression is downregulated in various cancers and in
skin with chronic inflammation [70], supporting a role
for negative regulation of cell proliferation. Thus, we
speculated that the functional variant rs72635708 might
target ERRFII. Moreover, it has been reported that
ERRFII regulates cholesterol and glucose metabolism in
the liver. Errfil liver-specific knockout in mice altered
expression of lipid and glucose metabolism-related genes,
resulting in increased blood cholesterol and fasting glu-
cose levels and leading to insulin resistance [71-73]. In

a

Protective rs72635708

Risk rs72635708

AP-1 complex

~

Fig. 5 A model for the regulation of ERRFIT promoter activity by a long-range enhancer. Chromatin illustrations were obtained from the
TogoPictureGallery (https://togotv.dbclsjp/togopic.2017.10.html). a With a protective allele (rs72635708-T), the AP-1 complex can bind to the
enhancer element. This leads to chromatin remodeling around the element, resulting in the stable expression of ERRFI1. b With a risk allele
(rs72635708-C), the binding levels of the AP-1 complex to the enhancer element are reduced so that chromatin accessibility might not be
enough to be activated by other TFs. This results in the unstable expression of ERRFI1
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recent years, psoriasis has been strongly suggested for
clinical association with nonalcoholic fatty liver disease
(NAFLD) [74], type 2 diabetes (T2D) [75, 76], and meta-
bolic syndrome [77]. Thus, it is assumed that decreased
ERRFII expression levels, attributed to the distant enhan-
cer containing the risk variant (rs72635708-C) that re-
duces transcriptional activity, might lead to the acquisition
of insulin resistance and overproliferation of epithelial
cells, recapitulating a condition that is clinically con-
sidered to induce a high risk for psoriasis.

Additionally, ERRFII is deeply involved in various
physiological and pathogenic events, such as lung de-
velopment [78], endometrial epithelial cell proliferation
[79], lung tumorigenesis [80—82], gliomagenesis [83, 84],
hepatocellular carcinoma [85, 86], and neointimal hyper-
plasia in vascular smooth muscle cells [87]. Unveiling
the regulatory landscape of ERRFII could contribute to
further understanding of the molecular basis of these
events. Notably, it has been reported that upregulation
of ERRFII is associated with acquired resistance to the
EGER tyrosine kinase inhibitor (TKI) in a cancer cell line
[88]. Therefore, rs726365708 might be a useful genetic
marker to detect ERRFII activity and the level of EGFR-
TKI resistance, enabling personalized clinical application
of EGFR-TKIs for patients with cancer or psoriasis.

Although HLA gene variants have been reported as a
risk factor for psoriasis in previous studies [89], we were
unable to identify exonic functional variants of HLA
genes in our analysis pipeline. Since the LDlink, which is
a software used in the present analysis, could detect only
linkage disequilibrium of biallelic variants, it seemed that
the variants of HLA genes, which usually have more
than 2 alleles, could not be detected. By developing new
software for calculating linkage disequilibrium for vari-
ants with more than 2 alleles, we will be able to search
for functional variants that we missed in this study. In
addition, some of the functional variants identified in
the present analysis were concentrated in the nearby
chromosomal regions. For example, we identified 1
splice site variants, 2 exonic variants, and 3 promoter
variants on chromosome 6, and whether they are
independent is not clear. Thus, in future, prioritization
procedure will be needed in our pipeline for identifying
true causal variants.

Conclusions

In this study, we investigated the genetic mechanism of
psoriasis, especially detailing how noncoding SNPs influ-
ence enhancer activity and target genes via a computa-
tional approach. We would like to emphasize that it is
important to integrate and reanalyze public data to study
genetic diseases. This study showed that such analyses
can reveal molecular pathogenesis. Although this study
focused on one disease, our approach can be applied to
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other disease-associated SNPs and phenotypes of which
pathogenesis remains unclear.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512920-020-0662-9.

Additional file 1: Figure S1 A heat map of the normalized effect size
of GTEx eQTLs for functional variants in exons and splice sites. Figure S2
152549797 is a candidate functional variant located on a splice site of the
ERAP2 gene. Figure S3 1560542959 is a deleterious variant that causes a
start lost mutation in the COQT0A gene. Figure S4 H3K27ac ChIP-seq
peaks of immune cells are enriched among psoriasis-associated promoter
regions. Figure S5 A heat map of the normalized effect size of GTEx
eQTLs for functional variants in promoters and enhancers. Figure S6 A
Table of bindings of transcription factors (TFs) to functional variants in
promoters and enhancers in various cells. Figure S7 The rs3132089 is a
candidate functional variant located in the HCP5 gene promoter. Figure
S8 Hi-C contact maps for the liver and IMR90 cell line in the 1p36 region.
Figure S9 An overview of the 1p36.23 region that contains the ERRFI1
gene and rs72635708. Figure S10 The effect of rs72635708 on AP-1
complex binding.

Abbreviations

eQTL: Expression quantitative trait locus; eRNA: Enhancer RNA;

GWAS: Genome-wide association study; LD: Linkage disequilibrium;
NGS: Next-generation sequencing; NMD: Nonsense-mediated decay;
SNP: Single nucleotide polymorphism; TAD: Topologically associating
domain; TF: Transcription factor; TFBS: Transcription factor binding site

Acknowledgements

We thank Felipe Albrecht for assistance with APl access to the DeepBlue
server. We thank Chie Kikutake for assistance with statistical analysis. We
thank Daisuke Saito, Minako Yoshihara, Hyeon-jeong Kim, and Narumi Saka-
guchi for valuable discussions.

Authors’ contributions

NK analyzed and interpreted the data and contributed majorly in writing the
manuscript. MS edited the final manuscript and supervised the project. Both
authors read and approved the final manuscript.

Funding

This work was supported by a Grant-in-Aid JSPS Research Fellowship to NK
(JP18J11775) from the Japan Society for the Promotion of Science and by a
Grant-in-Aid for Scientific Research on Innovative Areas to MS (JP18H04717)
from the Ministry of Education, Culture, Sports, Science, and Technology of
Japan. The funding bodies played no role in the design of the study and col-
lection, analysis, and interpretation of data and in writing the manuscript.

Availability of data and materials

All data used in this study are publically available. A summary file of GWAS
Catalog is available at https://www.ebi.ac.uk/gwas/docs/file-downloads and
the file name used in this study is “gwas_catalog_v1.0.2-
associations_e93_r2019-01-11.tsv". GTEx single-tissue cis-eQTL data is avail-
able at https:/storage.googleapis.com/gtex_analysis_v7/single_tissue_eqt|_
data/GTEx_Analysis_v7_eQTLtar.gz and the dbGaP accession number is
“phs000424.v7.p2". Enhancer-promoter correlation data across a broad panel
of cells from the FANTOM5 project is available at http:/slidebase binf.ku.dk/
human_enhancers/presets/serve/hg19_enhancer_promoter_correlations_dis-
tances_cell_type.txt.gz . All ChiP-seq data used in this study is available at
https://www.encodeproject.org/ and http://www.roadmapepigenomics.org/ .
The data in DeepBlue is available at https://deepblue.mpi-inf.mpg.de/dash-
board.php#ajax/dashboard.php.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.


https://doi.org/10.1186/s12920-020-0662-9
https://doi.org/10.1186/s12920-020-0662-9
https://www.ebi.ac.uk/gwas/docs/file-downloads
https://storage.googleapis.com/gtex_analysis_v7/single_tissue_eqtl_data/GTEx_Analysis_v7_eQTL.tar.gz
https://storage.googleapis.com/gtex_analysis_v7/single_tissue_eqtl_data/GTEx_Analysis_v7_eQTL.tar.gz
http://slidebase.binf.ku.dk/human_enhancers/presets/serve/hg19_enhancer_promoter_correlations_distances_cell_type.txt.gz
http://slidebase.binf.ku.dk/human_enhancers/presets/serve/hg19_enhancer_promoter_correlations_distances_cell_type.txt.gz
http://slidebase.binf.ku.dk/human_enhancers/presets/serve/hg19_enhancer_promoter_correlations_distances_cell_type.txt.gz
https://www.encodeproject.org/
http://www.roadmapepigenomics.org/
https://deepblue.mpi-inf.mpg.de/dashboard.php#ajax/dashboard.php
https://deepblue.mpi-inf.mpg.de/dashboard.php#ajax/dashboard.php

Kubota and Suyama BMC Medical Genomics (2020) 13:8

Competing interests
The authors declare that they have no competing interests.

Author details

'Division of Bioinformatics, Medical Institute of Bioregulation, Kyushu
University, Fukuoka 812-8582, Japan. “Research Fellow of Japan Society for
the Promotion of Science, Tokyo 102-0083, Japan.

Received: 20 August 2019 Accepted: 15 January 2020
Published online: 22 January 2020

References

1. Altshuler D, Daly MJ, Lander ES. Genetic mapping in human disease.
Science. 2008;322:881-8.

2. MacArthur J, Bowler E, Cerezo M, Gil L, Hall P, Hastings E, et al. The new
NHGRI-EBI catalog of published genome-wide association studies (GWAS
catalog). Nucleic Acids Res. 2017;45:D896-901.

3. Bernstein BE, Meissner A, Lander ES. The mammalian epigenome. Cell. 2007;
128:669-81.

4. Dekker J, Marti-Renom MA, Mirny LA. Exploring the three-dimensional
organization of genomes: interpreting chromatin interaction data. Nat Rev
Genet. 2013;14:390-403.

5. Lieberman-Aiden E, van Berkum NL, Williams L, Imakaev M, Ragoczy T,
Telling A, et al. Comprehensive mapping of long-range interactions reveals
folding principles of the human genome. Science. 2009,326:289-93.

6. Dixon JR, Selvaraj S, Yue F, Kim A, Li Y, Shen Y, et al. Topological domains in
mammalian genomes identified by analysis of chromatin interactions.
Nature. 2012;485:376-80.

7. Rao SSP, Huntley MH, Durand NC, Stamenova EK, Bochkov ID, Robinson JT,
et al. A 3D map of the human genome at kilobase resolution reveals
principles of chromatin looping. Cell. 2014;159:1665-80.

8. Pomerantz MM, Ahmadiyeh N, Jia L, Herman P, Verzi MP, Doddapaneni H,
et al. The 8924 cancer risk variant rs6983267 shows long-range interaction
with MYC in colorectal cancer. Nat Genet. 2009;41:882-4.

9. Tuupanen S, Turunen M, Lehtonen R, Hallikas O, Vanharanta S, Kivioja T,
et al. The common colorectal cancer predisposition SNP rs6983267 at
chromosome 8q24 confers potential to enhanced Wnt signaling. Nat Genet.
2009;41:885-90.

10.  Musunuru K, Strong A, Frank-Kamenetsky M, Lee NE, Ahfeldt T, Sachs KV,
et al. From noncoding variant to phenotype via SORT1 at the 1p13
cholesterol locus. Nature. 2010;466:714-9.

11. Wright JB, Brown SJ, Cole MD. Upregulation of c-MYC in cis through a large
chromatin loop linked to a cancer risk-associated single-nucleotide
polymorphism in colorectal cancer cells. Mol Cell Biol. 2010;30:1411-20.

12. Harismendy O, Notani D, Song X, Rahim NG, Tanasa B, Heintzman N, et al.
9p21 DNA variants associated with coronary artery disease impair
interferon-y signalling response. Nature. 2011;470:264-8.

13. Visser M, Kayser M, Palstra RJ. HERC2 rs12913832 modulates human
pigmentation by attenuating chromatin-loop formation between a long-
range enhancer and the OCA2 promoter. Genome Res. 2012;22:446-55.

14.  Praetorius C, Grill C, Stacey SN, Metcalf AM, Gorkin DU, Robinson KC, et al. A
polymorphism in IRF4 affects human pigmentation through a tyrosinase-
dependent MITF/TFAP2A pathway. Cell. 2013;155:1022-33.

15. Guenther CA, Tasic B, Luo L, Bedell MA, Kingsley DM. A molecular basis for
classic blond hair color in Europeans. Nat Genet. 2014;46:748-52.

16.  Smemo S, Tena JJ, Kim KH, Gamazon ER, Sakabe NJ, Gémez-Marin C, et al.
Obesity-associated variants within FTO form long-range functional
connections with IRX3. Nature. 2014;507:371-5.

17. Zhang Y, Manjunath M, Zhang S, Chasman D, Roy S. Integrative genomic
analysis predicts causative cis-regulatory mechanisms of the breast cancer-
associated genetic variant rs4415084. Cancer Res. 2018;78:1579-91.

18. Capon F, Bijlmakers MJ, Wolf N, Quaranta M, Huffmeier U, Allen M, et al.
Identification of ZNF313/RNF114 as a novel psoriasis susceptibility gene.
Hum Mol Genet. 2008;17:1938-45.

19. Liu'Y, Helms C, Liao W, Zaba LC, Duan S, Gardner J, et al. A genome-wide
association study of psoriasis and psoriatic arthritis identifies new disease
loci. PLoS Genet. 2008:4:21000041.

20. Zhang XJ, Huang W, Yang S, Sun LD, Zhang FY, Zhu QX, et al. Psoriasis
genome-wide association study identifies susceptibility variants within LCE
gene cluster at 1g21. Nat Genet. 200941:205-10.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

Page 13 of 14

Nair RP, Duffin KC, Helms C, Ding J, Stuart PE, Goldgar D, et al. Genome-
wide scan reveals association of psoriasis with IL-23 and NF-kappaB
pathways. Nat Genet. 2009;41:199-204.

Stuart PE, Nair RP, Ellinghaus E, Ding J, Tejasvi T, Gudjonsson JE, et al.
Genome-wide association analysis identifies three psoriasis susceptibility
loci. Nat Genet. 2010;42:1000-4.

Ellinghaus E, Ellinghaus D, Stuart PE, Nair RP, Debrus S, Raelson JV, et al.
Genome-wide association study identifies a psoriasis susceptibility locus at
TRAF3IP2. Nat Genet. 2010;42:991-5.

Genetic Analysis of Psoriasis Consortium & the Wellcome Trust Case Control
Consortium 2, Strange A, Capon F, Spencer CCA, Knight J, Weale ME, et al.
A genome-wide association study identifies new psoriasis susceptibility loci
and an interaction between HLA-C and ERAP1. Nat Genet. 2010;42:985-90.
Tsoi LG, Spain SL, Knight J, Ellinghaus E, Stuart PE, Capon F, et al.
Identification of 15 new psoriasis susceptibility loci highlights the role of
innate immunity. Nat Genet. 2012,44:1341-8.

Baurecht H, Hotze M, Brand S, Buining C, Cormican P, Corvin A, et al. Genome-
wide comparative analysis of atopic dermatitis and psoriasis gives insight into
opposing genetic mechanisms. Am J Hum Genet. 2015,96:104-20.

Yin X, Low H, Wang L, Li Y, Ellinghaus E, Han J, et al. Genome-wide meta-
analysis identifies multiple novel associations and ethnic heterogeneity of
psoriasis susceptibility. Nat Commun. 2015;6:6916.

Tsoi LC, Spain SL, Ellinghaus E, Stuart PE, Capon F, Knight J, et al. Enhanced
meta-analysis and replication studies identify five new psoriasis
susceptibility loci. Nat Commun. 2015,6:7001.

Stuart PE, Nair RP, Tsoi LC, Tejasvi T, Das S, Kang HM, et al. Genome-wide
association analysis of psoriatic arthritis and cutaneous psoriasis reveals
differences in their genetic architecture. Am J Hum Genet. 2015,97:816-36.
Tsoi LG, Stuart PE, Tian C, Gudjonsson JE, Das S, Zawistowski M, et al. Large
scale meta-analysis characterizes genetic architecture for common psoriasis
associated variants. Nat Commun. 2017;8:15382.

Hirata J, Hirota T, Ozeki T, Kanai M, Sudo T, Tanaka T, et al. Variants at HLA-A,
HLA-C, and HLA-DQB1 confer risk of psoriasis vulgaris in Japanese. J Invest
Dermatol. 2018;138:542-8.

Machiela JM, Chanock SJ. LDlink: a web-based application for exploring
population-specific haplotype structure and linking correlated alleles of
possible functional variants. Bioinformatics. 2015;31:3555-7.

1000 Genomes Project Consortium, Auton A, Brooks LD, Durbin RM,
Garrison EP, Kang HM, et al. A global reference for human genetic variation.
Nature. 2015;526:68-74.

McLaren W, Gil L, Hunt SE, Riat HS, Ritchie GRS, Thormann A, et al. The
Ensembl variant effect predictor. Genome Biol. 2016;17:122.

Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P,

et al. A method and server for predicting damaging missense mutations.
Nat Methods. 2010;7:248.

Yeo G, Burge CB. Maximum entropy modeling of short sequence
motifs with applications to RNA splicing signals. J Comput Biol.
2004;11:377-94.

Lonsdale J, Thomas J, Salvatore M, Phillips R, Lo E, Shad S, et al. The
genotype-tissue expression (GTEx) project. Nat Genet. 2013;45:580-5.

GTEx Consortium. Genetic effects on gene expression across human tissues.
Nature. 2017;550:204.

Aaron R, Quinlan IMH. BEDTools: a flexible suite of utilities for comparing
genomic features. Bioinformatics. 2010;26:841-2.

Andersson R, Gebhard C, Miguel-Escalada I, Hoof |, Bornholdt J, Boyd M,

et al. An atlas of active enhancers across human cell types and tissues.
Nature. 2014;507:455-61.

Kumar S, Ambrosini G, Bucher P. SNP2TFBS - a database of regulatory SNPs
affecting predicted transcription factor binding site affinity. Nucleic Acids
Res. 2017,45:D139-D44.

Albrecht F, List M, Bock C, Lengauer T. DeepBlue epigenomic data server:
programmatic data retrieval and analysis of epigenome region sets. Nucleic
Acids Res. 2016;44:W581-W6.

Oki S, Ohta T, Shioi G, Hatanaka H, Ogasawara O, Okuda VY, et al. ChiP-atlas: a
data-mining suite powered by full integration of public ChIP-seq data.
EMBO Rep. 2018;19:246255.

Roadmap Epigenomics Consortium, Kundaje A, Meuleman W, Ernst J,
Bilenky M, Yen A, et al. Integrative analysis of 111 reference human
epigenomes. Nature. 2015;518:317-30.

Crooks GE, Hon G, Chandonia JM, Brenner SE. WebLogo: A sequence logo
generator. Genome Res. 2004;14:1188-90.



Kubota and Suyama BMC Medical Genomics

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

(2020) 13:8

Khan A, Fornes O, Stigliani A, Gheorghe M, Castro-Mondragon JA, van der
Lee R, et al. JASPAR 2018: update of the open-access database of
transcription factor binding profiles and its web framework. Nucleic Acids
Res. 2018;46:0260-Dé6.

Wang Y, Song F, Zhang B, Zhang L, Xu J, Kuang D, et al. The 3D genome
browser: a web-based browser for visualizing 3D genome organization and
long-range chromatin interactions. Genome Biol. 2018;19:151.

Yang D, Jang |, Choi J, Kim MS, Lee AJ, Kim H, et al. 3DIV: a 3D-genome
interaction viewer and database. Nucleic Acids Res. 2018;46:052-D7.

Sato T, Suyama M. GenomeCons: a web server for manipulating multiple
genome sequence alignments and their consensus sequences.
Bioinformatics. 2015;31:1293-5.

Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, et al.
Model-based analysis of ChIP-Seq (MACS). Genome Biol. 2008,9:R137.
Lykke-Andersen S, Jensen TH. Nonsense-mediated mRNA decay: an intricate
machinery that shapes transcriptomes. Nat Rev Mol Cell Biol. 2015;16:665-7.
Andrés AM, Dennis MY, Kretzschmar WW, Cannons JL, Lee-Lin SQ, Hurle B, et al.
Balancing selection maintains a form of ERAP2 that undergoes nonsense-mediated
decay and affects antigen presentation. PLoS Genet. 20106:21001157.

Saveanu L, Carroll O, Lindo V, Val MD, Lopez D, Lepelletier Y, et al.
Concerted peptide trimming by human ERAPT and ERAP2 aminopeptidase
complexes in the endoplasmic reticulum. Nat Immunol. 2005;6:689-97.
Gabrielsen ISM, Viken MK, Amundsen SS, Helgeland H, Holm K, Fldm ST,

et al. Autoimmune risk variants in ERAP2 are associated with gene-
expression levels in thymus. Genes Immun. 2016;17:406.

Hanson AL, Cuddihy T, Haynes K, Loo D, Morton CJ, Oppermann U, et al.
Genetic variants in ERAPT and ERAP2 associated with immune-mediated
diseases influence protein expression and the isoform profile. Arthritis
Rheumatol. 2018;70:255-65.

Tsui HS, Pham NVB, Amer BR, Bradley MC, Gosschalk JE, Gallagher-Jones M,
et al. Human COQ10A and COQ10B are distinct lipid-binding START domain
proteins required for coenzyme Q function. J Lipid Res. 2019. https://doi.
0rg/10.1194/jlr.m093534.

Folkers K, Morita M, Mcree J. The activities of coenzyme Q10 and vitamin B6
for immune responses. Biochem Biophys Res Commun. 1993;193:88-92.
Farough S, Karaa A, Walker MA, Slate N, Dasu T, Verbsky J, et al. Coenzyme
Q10 and immunity: a case report and new implications for treatment of
recurrent infections in metabolic diseases. Clin Immunol. 2014;155:209-12.
Kulski JK Long noncoding RNA HCPS, a hybrid HLA class | endogenous
retroviral gene: structure, expression, and disease associations. Cells. 2019,8:480.
Kulski JK, Dawkins RL. The P5 multicopy gene family in the MHC is related
in sequence to human endogenous retroviruses HERV-L and HERV-16.
Immunogenetics. 1999;49:404-12.

Splinter E, Heath H, Kooren J, Palstra RJ, Klous P, Grosveld F, et al. CTCF
mediates long-range chromatin looping and local histone modification in
the B-globin locus. Genes Dev. 2006;20:2349-54.

de Wit E, Vos E, Holwerda S, Valdes-Quezada C, Verstegen M, Teunissen H,
et al. CTCF binding polarity determines chromatin looping. Mol Cell. 2015;
60:676-84.

Ernst J, Kellis M. Chromatin-state discovery and genome annotation with
ChromHMM. Nat Protoc. 2017;12:2478.

Maurano MT, Haugen E, Sandstrom R, Vierstra J, Shafer A, Kaul R, et al.
Large-scale identification of sequence variants influencing human
transcription factor occupancy in vivo. Nat Genet. 2015;47:1393-401.

[to T, Yamauchi M, Nishina M, Yamamichi N, Mizutani T, Ui M, et al.
Identification of SWI-SNF complex subunit BAF60a as a determinant of
the transactivation potential of Fos/Jun dimers. J Biol Chem.
2001,276:2852-7.

Vierbuchen T, Ling E, Cowley CJ, Couch CH, Wang X, Harmin DA, et al. AP-1
Transcription factors and the BAF complex mediate signal-dependent
enhancer selection. Mol Cell. 2017;68:1067-82 e12.

Zhang X, Pickin KA, Bose R, Jura N, Cole PA, Kuriyan J. Inhibition of the EGF
receptor by binding of MIG6 to an activating kinase domain interface.
Nature. 2007;450:741-4.

Hopkins S, Linderoth E, Hantschel O, Suarez-Henriques P, Pilia G,
Kendrick H, et al. Mig6 is a sensor of EGF receptor inactivation that
directly activates c-Abl to induce apoptosis during epithelial
homeostasis. Dev Cell. 2012,23:547-59.

Park E, Kim N, Ficarro SB, Zhang Y, Lee Bl, Cho A, et al. Structure and
mechanism of activity-based inhibition of the EGF receptor by Mig6. Nat
Struct Mol Biol. 2015;22:703-11.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

Page 14 of 14

Ferby I, Reschke M, Kudlacek O, Knyazev P, Pante G, Amann K, et al. Mig6 is
a negative regulator of EGF receptor-mediated skin morphogenesis and
tumor formation. Nat Med. 2006;12:568-73.

Ku BJ, Kim TH, Lee JH, Buras ED, White LD, Stevens RD, et al. Mig-6 plays a
critical role in the regulation of cholesterol homeostasis and bile acid
synthesis. PLoS One. 2012,7:¢42915.

Park B, Lee EA, Kim HY, Lee J, Kim K, Jeong W, et al. Fatty liver and insulin
resistance in the liver-specific knockout mice of mitogen inducible gene-6. J
Diabetes Res. 2016:1632061. https;//doi.org/10.1155/2016/1632061.

Yoo JY, Kim T, Kong S, Lee J, Choi W, Kim K; et al. Role of Mig-6 in hepatic
glucose metabolism. J Diabetes. 2016,8:36-97.

Mantovani A, Gisondi P, Lonardo A, Targher G. Relationship between non-
alcoholic fatty liver disease and psoriasis: a novel hepato-dermal axis? Int J
Mol Sci. 2016;17:217.

Li W, Han J, Hu FB, Curhan GC, Qureshi AA. Psoriasis and risk of type 2
diabetes among women and men in the United States: a population-based
cohort study. J Invest Dermatol. 2011;132:291-8.

Schwandt A, Bergis D, Dapp A, Ebner S, Jehle PM, Képpen S, et al. Psoriasis
and diabetes: a multicenter study in 222078 type 2 diabetes patients reveals
high levels of depression. J Diabetes Res. 2015:792968. https://doi.org/10.
1155/2015/792968.

Stefanadi EC, Dimitrakakis G, Antoniou CK, Challoumas D, Punjabi N,
Dimitrakaki A, et al. Metabolic syndrome and the skin: a more than
superficial association. Reviewing the association between skin diseases and
metabolic syndrome and a clinical decision algorithm for high risk patients.
Diabetol Metab Syndr. 2018;10:9.

Jin N, Cho SN, Raso GM, Wistuba I, Smith Y, Yang Y, et al. Mig-6 is required
for appropriate lung development and to ensure normal adult lung
homeostasis. Development. 2009;136:3347-56.

Yoo JY, Kang HB, Broaddus RR, Risinger JI, Choi KC, Kim T. MIG-6 suppresses
endometrial epithelial cell proliferation by inhibiting phospho-AKT. BMC
Cancer. 2018;18:605.

Li Z, Dong Q, Wang Y, Qu L, Qiu X, Wang E. Downregulation of Mig-6 in
nonsmall-cell lung cancer is associated with EGFR signaling. Mol Carcinog.
2012,51:522-34.

Maity TK, Venugopalan A, Linnoila |, Cultraro CM, Giannakou A, Nemati R,
et al. Loss of MIG6 accelerates initiation and progression of mutant
epidermal growth factor receptor-driven lung adenocarcinoma. Cancer
Discov. 2015;5:534-49.

Liu J, Cho SN, Wu SP, Jin N, Moghaddam S, Gilbert JL, et al. Mig-6
deficiency cooperates with oncogenic Kras to promote mouse lung
tumorigenesis. Lung Cancer. 2017;112:47-56.

Duncan CG, Killela PJ, Payne CA, Lampson B, Chen WC, Liu J, et al.
Integrated genomic analyses identify ERRFIT and TACC3 as glioblastoma-
targeted genes. Oncotarget. 2010;1:265-77.

Ying H, Zheng H, Scott K, Wiedemeyer R, Yan H, Lim C, et al. Mig-6 controls EGFR
trafficking and suppresses gliomagenesis. Proc Natl Acad Sci. 2010;107:6912-7.
Reschke M, Ferby |, Stepniak E, Seitzer N, Horst D, Wagner EF, et al.
Mitogen-inducible gene-6 is a negative regulator of epidermal growth
factor receptor signaling in hepatocytes and human hepatocellular
carcinoma. Hepatology. 2010;51:1383-90.

Li Z Qu L, Luo W, Tian Y, Zhai H, Xu K; et al. Mig-6 is down-regulated in
HCC and inhibits the proliferation of HCC cells via the P-ERK/Cyclin D1
pathway. Exp Mol Pathol. 2017;102:492-9.

Lee J, Choung S, Kim J, Lee J, Kim K, Kim H, et al. Mig-6 gene knockout
induces neointimal hyperplasia in the vascular smooth muscle cell. Dis
Markers. 2014:549054. https://doi.org/10.1155/2014/549054.

Chang X, lzumchenko E, Solis LM, Kim MS, Chatterjee A, Ling S, et al. The
relative expression of Mig6 and EGFR is associated with resistance to EGFR
kinase inhibitors. PLoS One. 2013;8:268966.

Okada Y, Han B, Tsoi LC, Stuart PE, Ellinghaus E, Tejasvi T, et al. Fine
mapping major histocompatibility complex associations in psoriasis and its
clinical subtypes. Am J Hum Genet. 2014,95:162-72.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1194/jlr.m093534
https://doi.org/10.1194/jlr.m093534
https://doi.org/10.1155/2016/1632061
https://doi.org/10.1155/2015/792968
https://doi.org/10.1155/2015/792968
https://doi.org/10.1155/2014/549054

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Psoriasis GWAS SNPs and LD variants
	Exonic and splice site variant annotation
	Noncoding variant annotation
	Enrichment analysis
	Functional analysis of genomic elements
	Quantitation of enhancer and promoter activities
	Visualization of chromatin interactions
	Genomic sequence alignments
	Analysis of TF binding levels
	Statistical tests, visualization, and tools used

	Results
	A computational genome-wide survey of functional variants by integrating multiple public datasets
	Candidate functional variants newly identified in gene regions
	Candidate functional variants in promoters and enhancers
	A candidate functional variant rs72635708 and the ERRFI1 gene are within the same spatial regulatory unit
	rs72635708 may affect ERRFI1 expression by modulating the binding level of the AP-1 complex

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

