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Abstract

Background: Genome-wide association studies (GWAS) have uncovered many genetic risk loci for psoriasis, yet many
remain uncharacterised in terms of the causal gene and their biological mechanism in disease. This is largely a result of
the findings that over 90% of GWAS variants map outside of protein-coding DNA and instead are enriched in cell type-
and stimulation-specific gene regulatory regions.

Results: Here, we use a disease-focused Capture Hi-C (CHi-C) experiment to link psoriasis-associated variants with their
target genes in psoriasis-relevant cell lines (HaCaT keratinocytes and My-La CD8+ T cells). We confirm previously assigned
genes, suggest novel candidates and provide evidence for complexity at psoriasis GWAS loci. For one locus, uniquely, we
combine further epigenomic evidence to demonstrate how a psoriasis-associated region forms a functional interaction
with the distant (> 500 kb) KLF4 gene. This interaction occurs between the gene and active enhancers in HaCaT cells, but
not in My-La cells. We go on to investigate this long-distance interaction further with Cas9 fusion protein-mediated
chromatin modification (CRISPR activation) coupled with RNA-seq, demonstrating how activation of the psoriasis-
associated enhancer upregulates KLF4 and its downstream targets, relevant to skin cells and apoptosis.

Conclusions: This approach utilises multiple functional genomic techniques to follow up GWAS-associated variants
implicating relevant cell types and causal genes in each locus; these are vital next steps for the translation of genetic
findings into clinical benefit.
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Background
Psoriasis is a common immune-mediated disease that
causes the formation of red, scaly plaques on the skin.
On a cellular basis, psoriasis is thought to be driven by a
complex interplay between the immune system, such as
T cells and dendritic cells, and the resident cells of the

epidermis. Keratinocytes are the most abundant cell type
in the epidermis [1] and are highly dysregulated in psor-
iasis, undergoing accelerated differentiation and migra-
tion to the surface of the skin where they create the
characteristic plaques [2]. T lymphocytes, such as CD4+
and CD8+, infiltrate the epidermis and release pro-
inflammatory cytokines such as IL-17, IFN-γ and IL-22
[3–5]. Keratinocytes respond to immune signals and re-
lease chemokines that can in turn recruit T cells and
dendritic cells; this feedback loop leads to prolonged in-
flammation [4, 6].
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Genetic predisposition is the largest risk factor for
psoriasis. Genome-wide association studies (GWAS)
have so far identified 63 loci associated with susceptibil-
ity in individuals of European ancestry [7] and more
than 20 further unique signals in the Han Chinese popu-
lation [8, 9]. The majority of single nucleotide polymor-
phisms (SNPs) associated with psoriasis and other
immune-mediated conditions do not map within gene
coding regions; rather, they are enriched in non-coding
enhancer elements [10], with approximately 60% of pre-
dicted causal SNPs lying within cell type-specific im-
mune enhancers relevant to the disease of interest and
approximately 8% in promoters [11, 12]. Historically,
gene candidates were assigned to GWAS loci based
on proximity or biological function; however, this can
lead to incorrect interpretation of results since it is
now well established that enhancers can regulate
genes over very large genomic distances through
chromatin looping [13, 14].
The challenge now is to link disease-associated en-

hancers with the true genes that they regulate in order
to determine the relevant cell types and the mechanism
of regulation. Advances in sequencing, molecular biology
and genome editing are now enabling us to answer these
pivotal, “post-GWAS” questions [15]. Hi-C is a tech-
nique used to map interactions between distant DNA el-
ements [14, 16]. Its more recent derivative, Capture Hi-
C (CHi-C), allows for high-depth characterisation of
DNA interactions in loci of interest [17]. CHi-C has
been applied to gene promoters in multiple blood cell
types [13] and to GWAS loci in diseases such as cancer
[17–19] and autoimmune conditions [20]. HiChIP builds
on Hi-C by enriching for interactions that colocalise
with an immunoprecipitated chromatin fraction (such as
that marked by histone 3 lysine 27 acetylation, a hall-
mark of active chromatin) [21]. HiChIP was recently ap-
plied in primary T cells [22] and B cells, in the context
of systemic lupus erythematosus (SLE) [23]. To empiric-
ally determine the function of GWAS SNPs, direct per-
turbation is now widely carried out using the CRISPR-
Cas9 system, either through genome editing or chroma-
tin activation/interference (CRISPRa/CRISPRi) of pro-
moters and enhancers [24].
Here, we apply these technologies to annotate gene

targets within known psoriasis GWAS loci utilising two
relevant human cell lines: HaCaT (keratinocytes) and
My-La (CD8+ T cells). We go on to experimentally
characterise an intergenic psoriasis risk locus where the
gene candidate, Krüppel-like factor 4 (KLF4), encodes a
transcription factor with a range of relevant functions
including skin barrier formation and immune signalling,
but is situated more than 500 kb from the lead GWAS
SNP. This study provides further evidence that KLF4 is a
distal gene target in 9q31.2.

Results
Capture Hi-C identified novel gene targets in psoriasis
susceptibility loci
We generated sequencing data for region CHi-C experi-
ments in duplicate in three conditions: (i) HaCaT un-
stimulated, (ii) HaCaT stimulated with IFN-γ to represent
the inflammatory psoriatic environment and (iii) My-La
cells. Our overarching design targeted genetic regions as-
sociated with several immune-mediated diseases including
psoriasis SNPs from multiple GWAS (see the “Methods”
and Additional file 1, Table S1). We aimed for 10,000 and
obtained an average of 8580 mapped Hi-C fragments (di-
tags) per bait fragment with a mean capture efficiency of
71% (Additional file 1, Table S2). Capture Hi-C Analysis
of Genomic Organisation (CHiCAGO) was used to iden-
tify significant interactions for each cell type. Reproduci-
bility was assessed firstly by observing the number of
shared interactions between replicates and secondly
through HiCRep [25] (Additional file 2, Fig. S1). The
stratum-adjusted correlation coefficient (SCC) produced
by HiCRep showed that all HaCaT samples were highly
similar and were slightly more correlated by replicate ra-
ther than by condition. My-La samples were also highly
correlated with each other, and less so with HaCaT cells
(Additional file 2, Fig. S1B).
By integrating published ChIP-seq data, we found that

other-end fragments interacting with the GWAS bait frag-
ments were enriched in H3K27ac and H3K4me3 in related
cell types NHEK and CD8+ naive T cells (Additional file 3,
Fig. S2), suggesting that the GWAS loci preferentially
interact with active regions such as enhancers and pro-
moters. Other-end fragments in HaCaT cells were also
enriched for the chromatin structural regulator CTCF,
based on ChIP-seq in NHEK (Additional file 3, Fig. S2).
For the My-La cell line, we noted a large number of sig-

nificant trans-interactions (CHiCAGO score ≥ 5) spanning
different chromosomes (3392/42,928 total interactions
from all captured immune-mediated disease loci), and the
majority of these (~ 59%) mapped to interactions between
two known translocated loci in My-La cells [26]. In light
of this, the interactions were filtered to only include same-
chromosome interactions. We then filtered the CHi-C in-
teractions to include only those involving psoriasis GWAS
loci; we had successfully targeted 104 lead GWAS SNPs at
genome-wide significance and their associated proxy SNPs
at r2 > 0.8, corresponding to 907 HindIII bait fragments.
Across the three capture experiments, we obtained an
average of 6593 interactions (CHiCAGO score ≥ 5) origin-
ating from targeted psoriasis fragments (Additional file 1,
Table S2). The data were enriched for long-range interac-
tions, with more than 75% of the significant interactions
in the psoriasis loci spanning > 100 kb (Additional file 4,
Fig. S3). The median interaction distances were 227 kb
(HaCaT unstimulated), 234 kb (HaCaT stimulated) and
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259 kb (My-La). The interaction distances in psoriasis loci
were found to be significantly greater in My-La cells than
in HaCaT cells (Kruskal-Wallis with Dunn’s multiple
comparisons test; P < 0.0001 and P = 0.0011 for HaCaT
unstimulated and stimulated, respectively), suggesting
cell-specific chromatin architecture.
To validate our CHi-C data, we overlaid the interac-

tions with a published expression quantitative trail locus
(eQTL) dataset, in which the lead psoriasis SNP had
been colocalised with the lead eQTL SNP in CD4+ T
cells and monocytes [27]. We hypothesised that long-
distance eQTL-gene promoter pairings would often impli-
cate chromatin looping. The study reported 15 lead
GWAS SNPs with 26 corresponding lead eQTL proxy
SNPs, of which 16 proxies, representing 9 lead GWAS
SNPs, overlapped baited fragments in our study. Eight of
these proxies were captured within a HindIII fragment
that contained, or was within 20 kb of, the eQTL gene it-
self. A further seven proxies were within, or adjacent to,
fragments that showed evidence of interacting with the
distal eQTL gene in our cell line CHi-C data (CHiCAGO
score ≥ 5) (Additional file 5, Table S3). Only the most dis-
tant proxy, rs8060857, did not show any evidence of inter-
acting with the eQTL gene (ZNF750, 720 kb). Therefore,
this is a strong evidence that our CHi-C data can show
links between distal functional GWAS SNPs and their tar-
get gene, even across non-matched cell types.
In all the cell lines, approximately 30% of the interac-

tions occurred between the psoriasis bait fragment and a
transcription start site (Ensembl 75). The total number of
interacting gene targets was 442 in unstimulated HaCaT
cells (Additional file 5, Table S4), 461 in stimulated HaCaT
cells (Additional file 5, Table S5) and 650 in My-La cells
(Additional file 5, Table S6), comprising a set of 839 genes.
Of these, 288 gene targets (34.3%) were shared between all
cell types, whilst 58, 64 and 291 targets were unique in un-
stimulated HaCaT, IFN-γ-stimulated HaCaT and My-La
cells, respectively. Unstimulated and stimulated HaCaT
cells shared a large proportion of their gene targets (355
targets; 77–80%). Bait fragments that interacted with genes
tended to interact with multiple promoter-containing frag-
ments corresponding to different genes, a median of 2
fragments in HaCaT cells (unstimulated or stimulated)
and 3 fragments in My-La cells, implicating between 2 and
3 genes (Additional file 6, Fig. S4), which is in line with
previously reported findings [20, 22, 28].
We reasoned that gene targets with detectable expres-

sion in the same cell type would be more biologically
relevant than those not expressed, so we performed
RNA-seq (Additional file 7, Table S7) and determined
the relative expression of genes interacting with psoriasis
GWAS SNPs in each cell type (Additional file 5, Tables
S4-S6) or overlapping GWAS bait fragments (Add-
itional file 7, Table S8). Expressed genes interacting with

GWAS fragments included compelling psoriasis candi-
dates such as IL23A, PTGER4, STAT3 and NFKBIZ. Im-
portantly, we found that other-end fragments of CHi-C
interactions were significantly enriched for transcription
start sites of expressed genes in the corresponding cell
type (Additional file 3, Fig. S2). We searched for tran-
scription factor binding motifs intersected by psoriasis
SNPs interacting with active gene promoters using the
tool SNP2TFBS [29] and discovered several significantly
enriched factors, with the greatest enrichment found for
REL, which is itself a candidate gene in the 2p16.1 locus
[30] (Additional file 7, Table S9).
Stimulating HaCaT cells with IFN-γ caused the differ-

ential expression of 535 genes (adjusted P < 0.10): 88
downregulated and 447 upregulated (Additional file 7,
Table S10). Whilst the downregulated genes were not
enriched for any biological pathways, the upregulated
genes were enriched for 196 biological processes that in-
cluded psoriasis-relevant GO terms such as “GO:
0045087 innate immune response” (P = 9.39 × 10−20),
“GO:0034097 response to cytokine stimulus” (P = 7.32 ×
10−15) and “GO:0034340 response to type I interferon”
(P = 1.08 × 10−10) (Additional file 7, Table S11). Twelve
of the differentially expressed genes overlapped a psoria-
sis capture bait fragment (Additional file 3, Table S11)
and included ERAP1, ERAP2, IFIH1, RNF114, SOCS1
and STAT2. In addition, 12 differentially expressed genes
were involved in bait-promoter interactions (Add-
itional file 7, Table S12) and included candidates such as
ICAM1, KLF4 and STAT3. However, the vast majority of
these differentially expressed genes interacted similarly
with the psoriasis-associated baits in both unstimulated
and stimulated cells (CHiCAGO score ≥ 5).

Examples of CHi-C interactions implicating target genes
for psoriasis
At the intergenic locus 9q31.2, the psoriasis association
falls between two distant gene clusters where the sug-
gested gene candidate was Krüppel-like factor 4 (KLF4)
due to its relevant biological functions in differentiation
and innate immunity [30]. Our CHi-C data showed signifi-
cant interactions (CHiCAGO score ≥ 5) between the psor-
iasis association and the promoter of KLF4 in both
unstimulated and stimulated HaCaT cells, over a distance
of approximately 560 kb (Fig. 1a). In both conditions, the
bait fragment chr9:110810592-110816598 interacted with
KLF4 (CHiCAGO score = 6.75 and 5.29 for unstimulated
and stimulated cells, respectively) whilst in stimulated cells
alone, a second bait fragment (chr9:110798319-110798738)
also interacted, coinciding with a more than fivefold in-
crease in the KLF4 expression (FC = 5.78; adj. P = 4.26 ×
10−8). In My-La cells, a similar conformation was observed;
however, the interactions did not coincide with the frag-
ment containing the gene itself. Furthermore, the KLF4
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