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We have mapped a locus on chromosome 7p22.3-7p15.3 spanning a 22.4 Mb region for ulcerative colitis (UC) by whole genome
linkage analyses of a large Danish family. The family represent three generations with UC segregating as an autosomal dominant
trait with variable expressivity. The whole-genome scan resulted in a logarithm of odds score (LOD score) of Z=3.31, and a whole
genome sequencing (WGS) of two affected excluded disease-causing mutations in the protein coding genes. Two rare
heterozygote variants, rs182281985:G>A and rs541426369:G>A, both with low allele frequencies (MAF A:0.0001, gnomAD ver3.1.2),
were found in clusters of ChiP-seq transcription factors binding sites close to the AHR (aryl hydrocarbon receptor) gene and the UC
associated SNP rs1077773:G>A. Testing the two SNPs in a promoter reporter assay for regulatory activity revealed that
rs182281985:G>A influenced the AHR promoter. These results suggest a regulatory region that include rs182281985:G>A close to
the UC GWAS SNP rs1077773:G>A and further demonstrate evidence that the AHR gene on the 7p-tel region is a candidate

susceptible gene for UC.
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INTRODUCTION

Inflammatory Bowel Disease (IBD) is a chronic idiopathic
inflammatory disease that includes Crohn’s disease (CD) and
ulcerative colitis (UC). CD can affect any part of the gastrointestinal
tract, but the terminal ileum and colon are the most commonly
affected, while UC only affects the colon and rectum [1-3].

The incidence rate of IBD were increasing in the western
countries in the second half of the twentieth century and is now
stabilizing, whereas the incidence rate in newly industrialized
countries is accelerating, and IBD has become a worldwide
disease. This emphasizes the need for more research into IBD
prevention and treatment [4]. IBD is a multifactorial common
disease and the pathogenesis involves a complex interaction
between genetic and environmental factors that is not well
understood [5, 6]. In up to 25% to 30% of the cases there is a
positive family history [7, 8], furthermore first-degree relatives of
patients with UC or CD have a tenfold increase in the risk of
developing the same disease [9]. A large meta-analysis of
monozygotic and dizygotic twin pairs found CD rates of 30.3%
versus 3.6% and UC rates of 15.4% versus 3.9%, demonstrating the
importance of genetics in both CD and UC risk [10].

Genome-wide association studies (GWAS) have identified more
than 240 loci, mostly polymorphic SNPs that show a significant
association with UC/IBD [11-15]. In 2014, Ellinghaus et al.,
discovered that 67.5% of the identified IBD loci were shared

between CD and UC, suggesting a heterogeneous and continuous
disease spectrum [5], and in OMIM (OMIM 266600) 31 loci have
been confirmed or proposed for IBD. The genes involved serve a
variety of functions including innate immune response, adaptive
immune response activation and regulation [16-21].

In this study we report a large Danish family where UC
segregate as an autosomal dominant inherited trait with variable
expressivity. A region of 22 Mb on chromosome 7p22.3-7p15.3
was mapped by whole genome linkage analysis, and two affected
family members were Whole Genome Sequenced (WGS). GWAS
data for UC in the linkage region combined with the WGS data
suggested AHR (the aryl hydrocarbon receptor gene, OMIM
600253) and a rare SNPs close to the GWAS SNP, rs1077773:G>A,
to be involved in UC.

MATERIALS AND METHODS

Family data

The study protocols adhered to the tenets of the Declaration of Helsinki and
the ARVO statement on human subjects and approved by the Danish National
Committee on Health Research Ethics in 2019 (H-19019167). All participants
were informed orally and provided written consent. The family was recruited
from Copenhagen Family Bank [22] and represent five individuals with
diagnosed UC, two undiagnosed individuals with UC symptoms and seven
healthy individuals (Fig. 1A). The family was sampled in the period 1982-2022
and clinical data was from their medical doctor and hospital.
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Fig.1 The pedigree of the large Danish family and plot of the chromosome 7 LOD scores. A The pedigree represents the three generation’s
family and the UC haplotype for the DNA markers in the mapped linkage region. The SNP markers are spanning from 2.7 Mb to 24,5 Mb
telomeric on 7p; recombination events are marked by arrows for Ill:2 and Ill:3, males are shown by squares, females as circles, healthy
individuals as open symbols, affected as filled symbols, and undiagnosed individuals with UC symptoms are shown with a dot in an open
symbol. Individuals WG sequenced (II:3 and llI:2) are denoted WGS, individuals where the haplotypes are from Sanger sequencing of SNPs are
denoted *. The following individuals were genotyped by SNP array: I:1, 1:1-3,5,7-9, 1ll:1,24,5, four different SNPs (rs7783760:A>C,
rs79207267:dup, rs182281985:G>A, rs2078928:A>G) were genotyped by Sanger sequencing for all individuals in the family. B Graphic
presentation of the LOD scores revealed one segment on chr7p-tel with Z > 2.0 as a continuous region. The plot shows the initial mapping of
the linkage region done by SNP array data with a LOD score of Z = 2.26. The negative LOD scores (single lines) seen in the linkage regions are

genotyping errors likely due to DNA degradation.

Whole genome linkage analyses

DNA was extracted using EDTA (ethylenediamine tetra-acetic acid) blood
by standard phenol/chloroform extraction protocols and genotyping was
carried out by genome-wide SNP microarray (CytoScan™ HD, Affymetrix)
for 12 family members (I:1, II:1, 1I:2, 1I:3, II:5, 11:7, 11:8, 1I:9, 1lI:1, 112, ll:4 and
lIIl:5). The CytoScan™ HD genotyping resulted in approximately 800.000
markers. An initial two-point parametric LOD score calculation for the
microarray data was done using the linkage program LIPED [23] with an
allele frequency of 0.01 for the disease gene and a haplotype frequency of
0.5, and both I:1 and I1:9 were set as affected. The Birdseed text files were
converted to a single input file and analyzed by LIPED. Calculated LOD
scores were sorted by chromosome and position using the SNP6-LINK

European Journal of Human Genetics (2023) 31:1440 - 1446

program package and analyzed by graphic presentation. The resulting 24
chromosome files were analyzed for contiguous regions with LOD scores
>2.0 excluding all other regions in the genome (Fig. 1B). Subsequently, the
two additional family members (111:3 and 111:6) were included in the analysis
and additional four informative SNPs (rs7783760:A>C, rs79207267:dup,
rs182281985:G>A and rs2078928:A>G) were genotyped in all family
members by Sanger sequencing (ABlI Big Dye verl.l and
ABI3100 sequenator, Applied Biosystems) for further fine mapping of the
candidate region. The following calculations of LOD score after inclusion of
two new family members and four new SNPs was done with a disease
haplotype frequency of 0.001 that rs182281985:G>A is rare (MAF = 0.0001,
European (non-Finnish), gnomAD v3.1.2).
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Table 1. Data for the UC family.

Individual Phenotype Age of first symptoms®
1:2 UC-symptoms -

111 uc 22

11:3 uc 45

II:5 uc 13

11:9 UC-symptoms 40

|| uc 16

1:3 uc 25

Age with bloody stool Age and action of surgery

39 54 yrs., hemicolectomy

45 =

13 16 yrs., colectomy with ileostomy
23 -

35 -

®Frequent and/or urgent bowel movements, abdominal pain, and cramping, but without bloody stool.

Whole genome sequencing and data analysis

WGS was done by BGI Europe (BGl, Copenhagen Denmark). Briefly
a < 800 bp insert normal library was created for the affected individuals II:3
and Ill:2 and reads were aligned to human reference sequence hg19,
GRCh37 using the BWA (0.7.15) aligner [24]. Variant calling was done
employing GATK (4.0.11.0) [25], and variant annotation and filtration was
done using VarSeq (Golden Helix, USA) and a minimum coverage of 20
reads. The WGS data were analyzed employing the Variant Effect Predictor
(VEP, Ensembl) and Provean for Genomic Variants [26], and heterozygous
SNPs with MAF (minor allele frequency) values <0.01 were selected and
analyzed for affecting coding regions or putative regulatory elements
employing GeneHancer [27] and ENCODE Chip-seq data embedded in the
UCSC browser [28, 29].

Cell culture and promoter reporter assays

Caco-2 cells were used for transient transfection analyzing the AHR
promoter and regulatory activity of two selected SNPs (rs182281985:G>A
and rs541426369:G>A). The cells were grown in Dulbecco’s modified
essential medium (DMEM) with L-Glutamine (Sigma), 10% FBS (HyClone)
and 1% PS (Lonza) and sub-cultivated twice a week incubated at 37 °C, 5%
CO2. The human AHR promoter region was PCR amplified using gDNA
from I1:1 and cloned into the HinDIll site of the luciferase reporter plasmid
pGL4.10 (Promega) using the In-Fusion Cloning strategy [30] generating
the plasmid pAHRprom. Subsequently, the putative regulatory regions
(reg1) including rs182281985:G>A and (reg2) rs541426369:G>A from II:1
were cloned into the BamHIl site of pAHRprom. All clones were
bidirectional Sanger sequenced and plamids representing the reference
and the alternative alleles were selected. The resulting plamids were
named pAHRprom, pAHRprom_reg1(G)/(A) and pAHRprom_reg2(G)/(A).
Primer sequences, PCR conditions and genomic positions can be found
in Supplementary data.

Caco2 cells were seeded in 24 well plates at a density of 5-10* cells per
well and transfected with the plasmid constructs and replicated 4 times
with a total DNA concentration of 1.2 ug: 0.2 ug AHR promoter construct,
0.1 ug CMV LacZ, and 0.9 ug pSK+ diluted in 150 mM NaCl. Transfection
was done using 2 uM PEl in 150 mM NaCl. The luminescence ratio was
calculated by dividing the luciferase data by the (-galactosidase data to
account for the efficiency of transfection. The promoter reporter assay was
performed according to [31], and Graphpad Prism 9 was used to analyze
the promoter assay data and statistical significance was determined using
One-way ANOVA.

RESULTS

The family

The Copenhagen Family Bank [22] included a three-generations
Danish family where UC segregates as an autosomal dominant
trait over three generations. Inclusion criteria was an UC diagnosis
or as undiagnosed but with UC symptoms. Five individuals (lI:1,
I1:3, 11:5, 1:2, 1:3) had an UC diagnosis from their own medical
doctors and hospitals and clinical date was achieved be
interviewing the family. Two members (1 and I:9) were
undiagnosed but had UC like symptoms and all were considered
as affected in the analysis (Fig. 1A). The grandmother (I:1) was
deceased but by the family reported with UC symptoms, 11:9 was
reported with UC symptoms by his own medical doctor. The
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disease for all affected starts with frequent and/or urgent bowel
movements, abdominal pain, and cramping (UC like symptoms).
Both I:1 and II:5 was under hospital treatments, Il:1 got a
hemicolectomy surgery at age of 54 years, and for II:5 the first sign
of UC came at age 13 years followed by colectomy with ileostomy
tree years later (Table 1). None of the family members were
diagnosed for colon cancer. Based on the clinical data, the family
was analyzed as a family with UC segregating as autosomal
dominant with variable expressivity.

The whole genome-scan

The genome-scan included 12 of the family members and
additional 2 individuals were later genotyped for informative
markers by Sanger sequencing. The initial linkage analysis included
all 12 individuals genotyped by SNP microarray assuming I:1 having
the UC phenotype and the LOD score calculations were done for all
chromosomes with an allele frequency of 0.01 for the disease gene
and a allele frequency of 0.5 for the SNPs. The initial linkage analysis
resulted in a 24 Mb large telomeric region on chromosome 7p
(7p22.3-7p15.3) having a LOD score of Z = 2.26 and the 7p-tel locus
was the only continuous region with positive LOD scores (Fig. 1B)
excluding the remaining part of the genome. Fine-mapping
of the region included genotyping of four informative
SNPs (rs7783760:A>C, rs79207267:.dup, rs182281985:G>A and
rs2078928:A>@) in all family members including 1ll:3 and IlI:6, and
resulted a final LOD score of Z=3.31 between the disease and the
segregating haplotype.

The final genotyping defined a region between rs7783760:A>C
and rs2521230:T>A corresponding to 22.4 Mb having the coordi-
nates chr7:2,668,188-24,494,451 (hg38) due to recombination
between rs7783760:A>C and rs79207267:dup in llIl:3 and between
rs2078928:A>G and rs2521230:T>A in Ill:2 (Fig. 1A).

GWAS loci and WGS variants

Data mining the GWAS catalog resulted in seven GWAS studies
reporting SNPs associated with UC or IBD in the linkage region
(Table 2). The SNP positions were at 2.8 Mb (rs798502:A>C and
rs1182188:T>C) [11-13, 32, 33] at 6.5 Mb (rs11768365) [13] and in
a region at 17-20Mb (rs1077773:G>A and rs11764116:G>A)
[11, 13, 34, 35].

Two individuals, II:3 and [ll:2, that represent two distant
branches in the family were chosen for WG sequencing, and the
following analyses revealed more than 45,000 variants in the
linkage region. The data were analyzed for heterozygous variants
having MAF values <0.01 found in both individuals. The initial
analyses excluded all protein coding regions leaving variants in
introns and intergenic regions as candidates. The variants were
therefor analyzed for position in putative regulatory regions
employing ENCODE Chip-seq data, DNasel hypersensitivity data
and GeneHancer data from the UCSC browser. Regions in the
proximity of published UC GWAS SNPs were selected as candidate
regions for variants and two candidates, rs182281985:G>A and
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Table 2. Published GWAS SNP’s associated with UC in 7p22.3-7p21.1.
SNP Trait 11:3 11:2 Allele
frequency?®

rs798502 (A/C) UG, IBD A/A A/C A:0.7088
rs1182188 (A/G) UG, IBD A/A A/G A:0.7031
rs11768365 (A/G) UG, IBD A/A A/A A:0.7780
rs1077773 (G/A) UG, IBD G/A G/A A:0.5237
rs11764116 (G/T) ucC G/G G/G G:0.7893

®European (non-Finnish) population, gnomAG v3.1.2, common allele.

Haplotype in
the family

A

Gb

G

Reference (risk
allele)

Reported / mapped genes

AMZ1, GNA12, CARDI11, [13] (not reported)

TTYH3 [32] (A)
[33] (A)
GNAT12 [11] (A)
[12] (not reported)
FLJ20306, DAGLB, KDELR2, [13] (A)
GRID2IP
AHR [11] (A)
[13] (A)
[35] (G)
HDAC9 [34] (A)

PThe G allele for rs1077773 was identified cis to rs182281985 A by sequence analyses of PCR products for regulatory region 1.
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Fig. 2 Schematic presentation of vector constructs uses for the AHR promoter assays and expression results. A Plasmid maps of the five
pGL4.10 constructs used in the promoter expression assay showing position of the AHR promoter and orientation of the two putative
regulatory segments. B Bar chart of results from promoter reporter assay of AHR constructs. The mean tstandard deviation and the data
points are shown for the five different constructs and the pGL4.10 vector. pAHRprom_Reg1(G)/(A) is the vector with the AHR promoter and
the segment harboring rs182281985:G>A and pAHRprom_Reg2(G)/(A) is the vector with the AHR promoter and the segment with
rs541426369:G>A. The data is normalized to pAHRprom. N =4, significance levels: *P < 0.05, **P < 0.01 and ns not significant.

rs541426369:G>A, were selected for further study as the only
variants in the WGS data that adhered to the filtration criteria and
were in the vicinity of a GWAS locus. These two SNPs were located
close to the UC SNP rs1077773:G>A, rs182281985:G>A separated
by 638 bp and rs541426369:G>A separated by 2,836 bp. Both SNPs
were in clusters of transcription factor binding sited predicted by
Chip-seq data and in DNasel hypersensitivity regions, and both
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had a MAF value of A:0.0001 (European (non-Finnish), gnomAD
ver3.1.2) and are approximately 40 kb downstream for the IBD
susceptibility candidate gene AHR [11, 13, 35]. The WGS did not
reveal any candidates close to other UC GWAS SNPs in the region.

One interesting question is, if the risk alleles from the seven
GWA studies were found in the mapped linkage region.
Combining the WGS data for II;3 and Ill:2 and the mapped disease
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haplotype made it possible to predict the haplotype for the five
GWAS SNPs. Risk alleles were reported for all five UC GWAS SNPs
represented by an A-allele for rs798502, rs1182188, rs11768365
and rs11764116 [11, 13, 32-34], and both an A and a G-allele for
rs1077773 [11, 35]. All risk alleles represent common variants
(Table 2) and could be found in the mapped disease haplotype
with the exception of rs11764116:A. The significance of finding
the risk alleles in the disease haplotype is limited that they mainly
represent the common allele.

AHR promoter constructs and activities

A possible regulatory effect on the AHR gene of the two SNPs was
analyzed in a promoter expression assay using the luciferase
expression vector pGL4.10 and Caco2 human epithelial colon cells.
Five vector constructs in total were made comprising a 1,032 bp
segment of the AHR promoter, two constructs with a 1,338 bp
fragment carrying the two alleles of rs182281985:G>A and two
constructs with a 618bp fragment for the two alleles of
rs541426369:G>A, respectively, all cloned after the reported gene
in the AHR promoter construct (Fig. 2A). The promoter segment
covered a region of 467 bp upstream for transcription start of AHR
and 565 bp of the 5'UTR, the segment carrying the two alleles of
rs182281985:G>A included rs1077773:G>A. The five constructs
and the empty pGL4.10 vector was transfected in Coca2 cells and
each assay was replicated 4 times and normalized to the AHR
promoter construct.

The results from the promoter reporter assays are shown in
Fig. 2B. The analyses demonstrated the AHR promoter (pAHR-
prom) to be highly active in Caco2 cells. The constructs for
rs541426369:G>A (pAHRprom_Reg2(G) and (A)) and the A allele of
rs182281985:G>A, (pAHRprom_Reg1(A)) had similar expression
corresponding to 75% of the AHR promoter. The construct for the
G allele of rs182281985:G>A (pAHRprom_Reg1(G)) had expression
corresponding to 50% of the AHR promoter suggesting the G
allele to serve a regulatory function on the AHR promoter. It is
notable that the G-allele is the major allele of rs182281985:G>A
that seems to be involved in regulation of the AHR gene, and the
outcome of the expression assay suggests a regulatory element
including rs182281985:G>A approximately 40 kb downstream for
AHR and close to rs1077773:G>A.

DISCUSSION

We have in the present study analyzed a Danish family where UC
segregates as a Mendelian autosomal dominant trait. The grand-
mother (I:1) was reported with undiagnosed bowel problems, and
the UC phenotype segregates in both branches in two genera-
tions originating with the grandmother. The UC trait demonstrate
variable expressivity that two individual (I:1 and 1I:9) are reported
with uncharacterized UC symptoms and the disease has different
debut age for symptoms, severness and colectomy recognized as
early as age 13 and 16 years (II:5 and lll:2) and colectomy at age 16
years (II:5) and age 54 years (lI:1). The data summerized in Table 1
suggeted inheritable UC segregating in the family.

The genome-wide scan, done by micro-arrays genotype
analysis of 12 family members, resulted in a 24 Mb linkage
region with a LOD score of Z=2.26 on chromosome 7p21.1
(Fig. 1A, B). Including two additional family members in the
analysis by Sanger sequencing four informative SNPs, a LOD
score of Z=3.31 was obtained for a defined linkage region of
22.4 Mb. Setting the two undiagnosed individuals I:2 and 11:9 as
unknown with respect to the disease, the LOD scores is still
significant (Z = 3.01). WGS of two affected excluded mutations in
the gene coding regions and made a mutation in a regulatory
element most likely. Two rare SNPs proximate to the UC GWAS
SNP rs1077773:G>A were tested for regulatory impact on the
AHR gene and suggested a putative regulatory element
including the SNP rs182281985:G>A.
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UC and IBD is characterized as a multifactorial common disease
which is polygenic and involves more than one gene in
progression of the disorder [36]. Several studies have found
linkage of UC and CD to specific chromosomal regions as
reviewed by Mathew and Lewis 2004 [37] and these studies
suggested and support that single genetic components are
involved development of IBD and UC, but only the NOD2 gene
on chromosome 16 has been reported as a susceptibility locus
with identified mutations [38-43].

A serie of GWA studies of large cohorts with IBD, UC or CD has
expanded the number susceptible candidate loci to more than
200 with different burden. The AHR gene in the 7p-tel linkage
region has been suggested as a candidate by Liu et al. in a large
study including both UC and IBD study groups and both Liu et al.
and de Lange et al. have found association between UC and the
SNP rs1077773 close to AHR [11, 13]. The association between the
SNP rs1077773:G>A, AHR and UC made us investigate rare variants
in the vicinity of the GWAS SNP.

The two SNPs rs182281985:G>A and rs541426369:G>A fulfilled
our criteria as possible candidates for further investigation. Both
SNPs are rare variants in regions with clusters of transcription
factor binding sites approxoimately 40 Kb downstream for AHR.
The promoter expression assay done in Coco2 cells revealed a
reduction of transcriptional activity for the G-allele of
rs182281985:G>A, an effect not observed for the A allele or for
alleles of rs541426369:G>A. The result suggested a AHR regulatory
element close to the UC associated SNP rs1077773:G>A and the A
allele segragating in the family seems to repeal repression of AHR.

As suggested by GWAS data, AHR is a candidate susceptible
gene for UC. AHR is a cytosolic transcription factor that is ligand-
activated and binds a wide range of synthetic and natural
molecules [44-46] and is highly expressed on Th17 cells where
ligand binding triggers the Th17 cells to produce more cytokines,
including IL-22 [11, 47]. It is shown in a clinical trial that activation
of the IL-22 pathway through AHR results in effective remission in
UC patients [48]. Low AHR activity, caused by a deficiency in the
receptor or the receptor’s ligand, causes the intestine to be in a
state of increased immune activation [44] and disrupts intrae-
pithelial lymphocyte homeostasis. Inadequate control of intestinal
microbial load and composition, as well as increased immune
activation, will result in epithelial damage [11]. Metidji et al.
demonstrated in 2018 that AHR was a highly important factor in
the regeneration of the intestinal epithelial cells [49], furthermore,
Benson and Shephard demonstrated that activating AHR resulted
in the generation of regulatory immune cells, resulting in a
decrease in colonic inflammation [44]. Finally, AHR is involved in
the regulation of intestinal homeostasis, particularly in terms of
immune aspects, according to data from animal models [46] and
suggests that AHR is a promising target gene for diagnosing and
treatment of patients with UC in the future [50].

Combining 7p-tel linkage region with AHR and a variant
segregating in the family that may be involved in AHR regulation
further confirm a locus for UC in the region. These findings are in
line with several GWA studies that find association with UC in the
7p-tel region and further suggest AHR as a candidate gene
(Table 2). In addition, all risk alleles reported in the GWAS except
for one could be found in the UC haplotype. More studies
combining genetic data and the role of AHR in development of
IBD/UC and treatment of inflammatory bowel are needed to clarify
this role of the AHR.

In summary, we have mapped a 224 Mb region on 7p22.3-
7p15.3 in a large family with a LOD score Z=3.31 for an
autosomal dominant UC form. Combination of WGS data and
promoter expression analysis of the SNP rs182281985:G>A
revealed a putative regulatory element for AHR. The location of
the putative regulatory element close to the UC GWA SNP
rs1077773 further emphasize AHR as candidate for a UC
susceptibility gene.
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Web resources
GWAS catalog, https://www.ebi.ac.uk/gwas/

GnomAD, https://gnomad.broadinstitute.org/
SNP6-LINK

package,  https://icmm.ku.dk/english/research-

groups/eiberg-group/snp6-link/index.html

UCSC Genome

Browser, http://genome.ucsc.edu/cgi-bin/

hgGateway
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