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BACKGROUND & AIMS: Genome-wide association studies in
primary biliary cholangitis (PBC) have failed to find X chro-
mosome (chrX) variants associated with the disease. Here, we
specifically explore the chrX contribution to PBC, a sexually
dimorphic complex autoimmune disease. METHODS: We per-
formed a chrX-wide association study, including genotype data
from 5 genome-wide association studies (from Italy, United
Kingdom, Canada, China, and Japan; 5244 case patients and
11,875 control individuals). RESULTS: Single-marker associa-
tion analyses found approximately 100 loci displaying P < 5 x
10™*, with the most significant being a signal within the OTUD5
gene (rs3027490; P = 4.80 x 107%; odds ratio [OR], 1.39; 95%
confidence interval [CI], 1.028-1.88; Japanese cohort). Although
the transethnic meta-analysis evidenced only a suggestive
signal (rs2239452, mapping within the PIMZ gene; OR, 1.17;
95% CI, 1.09-1.26; P = 9.93 x 107®), the population-specific
meta-analysis showed a genome-wide significant locus in East
Asian individuals pointing to the same region (rs7059064,
mapping within the GRIPAPI gene; P = 6.2 X 10’9; OR, 1.33;
95% CI, 1.21-1.46). Indeed, rs7059064 tags a unique linkage
disequilibrium block including 7 genes: TIMM17B, PQBPI,
PIM2, SLC35A2, OTUD5, KCND1, and GRIPAP1, as well as a
superenhancer (GH0XJ048933 within OTUDS5) targeting all
these genes. GHOX]J048933 is also predicted to target FOXP3,
the main T-regulatory cell lineage specification factor. Consis-
tently, OTUD5 and FOXP3 RNA levels were up-regulated in
PBC case patients (1.75- and 1.64-fold, respectively).
CONCLUSIONS: This work represents the first comprehensive
study, to our knowledge, of the chrX contribution to the ge-
netics of an autoimmune liver disease and shows a novel PBC-
related genome-wide significant locus.

Keywords:  X-Wide
Superenhancer.

Association  Study;  Meta-analysis;

P rimary biliary cholangitis (PBC) is a complex disease
in which an inappropriately activated immune
response, characterized by high-titer serum anti-
mitochondrial autoantibodies (AMAs) and disease-specific
antinuclear autoantibodies, leads to progressive damage of
the intrahepatic bile ducts, which may eventually cause liver
failure."* The disease is characterized by a striking female
predominance (female-to-male prevalence ratio of up to
8:1), with evidence of a significant contribution of X chro-
mosome (chrX) defects to PBC pathogenesis: in fact, women
with PBC show a significantly higher frequency of X
monosomy in peripheral leukocytes compared to age-
matched healthy women.>* However, there is a substantial
lack of explanation for female predominance, which is also
emphasized by the absence of risk loci mapping on chrX.”
PBC is characterized by a strong genetic predisposition,
with the major histocompatibility complex (MHC) class II
haplotypes (primarily HLA-DRB1, DQB1, and DPB1) showing
the strongest association with the disease.°”'" In addition,
genome-wide association studies (GWASs) have identified
more than 40 non-MHC loci contributing to the disease risk.
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Primary biliary cholangitis (PBC) is an autoimmune liver
disease showing a relevant female preponderance;
however, genetic studies have failed to find X
chromosome variants associated with the disease.

NEW FINDINGS

Using a chromosome X-specific meta-analysis (>5000
case patients and >11,500 control individuals), we
identified a novel genome-wide significant locus,
characterized by a superenhancer targeting all the
genes of the region, including FOXP3.

LIMITATIONS

Further studies will be necessary to replicate the identified
signal in independent PBC cohorts and unravel the

molecular mechanisms linking the superenhancer,
FOXP3, and PBC.
IMPACT

Considering the genetic overlap among autoimmune liver
diseases, as well as other autoimmune disorders with a
female preponderance, our study suggests that focused
studies of the role of FOXP3 may be useful.

Most of these non-MHC loci implicate genes that contribute
to cell-mediated immune mechanisms.'’"'” These GWAS
studies show an overlap in susceptibility loci between Eu-
ropean and East Asian populations, albeit with some degree
of locus heterogeneity.'*~"”

Notwithstanding these efforts, only a modest fraction of
PBC heritability (approximately 15%) has been explained.'®
Of note, the role of chrX in PBC still remains largely un-
known, with no association signal reported at a genome-wide
threshold of significance. This could also be explained by the
fact that chrX polymorphisms have not been included in
GWAS analysis and, especially in the past, also by the lack of
chrX-specific bioinformatics pipelines to be used in the ana-
lytic steps.’® These limitations have, indeed, a more general
impact on the genetics of complex diseases: chrX constitutes
5% of the nuclear genome, and mutations in genes mapping
on this chromosome account for approximately 10% of
mendelian disorders®’; nevertheless, only 114 chrX suscep-
tibility loci (0.8%) at P < 5 x 102 have been described on a
total of approximately 15,000 signals identified by GWASs for
more than 300 traits.”’

Abbreviations used in this paper: A, genomic inflation factor; AMA, anti-
mitochondrial antibodies; ChrX, X chromosome; Cl, confidence interval;
eRNA, enhancer RNA; GWAS, genome-wide association studies; IFN,
interferon; kb, kilo base pairs; LD, linkage disequilibrium; MAF, minor
allele frequency; MHC, major histocompatibility complex; NFAT, nuclear
factor of activated T-cells; OR, odds ratio; PBC, primary biliary cholangitis;
PBMC, peripheral blood mononuclear cell; PCR, polymerase chain reac-
tion; QC, quality check; QQ, quantile-quantile; RT, reverse transcriptase;
SE, superenhancer; SNP, single-nucleotide polymorphism; TAD, topo-
logically associating domain; Treg, T regulatory cell; XWAS, X
chromosome-wide association study.
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Figure 1. SNP association analysis results. (A) Manhattan plots showing the associations of chrX SNPs with PBC in the
analyzed cohorts for the Stouffer analysis (test 2). The blue line represents the P = 1 x 10~° significance level. SNPs showing
the lowest P values are indicated by an arrow. (B) Venn diagrams show the number of genes mapping in correspondence/
proximity of SNPs at P < .0005 for each population. Chinese and Japanese populations show the major number of overlapping
signals (genes are listed); the only gene shared by 3 populations is also highlighted. CA, Canadians; CH, Chinese; ITA, ltalians;

JP, Japanese; UK, British.

Here, we examine the chrX contribution to the genetic
architecture of PBC by applying an analysis pipeline ac-
counting for X-specific quality check (QC), imputation, and
association tests.”**?

Materials and Methods

Study Design and Participants

This study included genotype data on chrX principally
derived from 5 previously performed GWASs (Supplementary
Table 1).'%'215-17 A]l participants gave written informed
consent for genetic studies. Local institutional review boards
approved the respective study protocols.

All case patients met internationally accepted criteria for
PBC.** Most individuals were positive for serum AMA. Never-
theless, AMA positivity was not used as an inclusion criterion,
considering previous data suggesting no effect of AMA status on
the profile of disease-associated loci.”

Quality Check of Genotype Data

QC steps were applied with a stepwise procedure separately
for each data set. First, we removed individuals (1) showing
cryptic relatedness based on identity-by-state status (PI_Hat >
0.10), (2) having >10% missing genotypes, (3) with reported sex
not matching the heterozygosity rates observed on chrX, and (4)
with significant differences in the call rate between case patients
and control individuals.>® Next, we excluded single-nucleotide
polymorphisms (SNPs) having (1) >10% missingness
throughout the data set, (2) a minor allele frequency (MAF) of
<0.005, (3) a departure from the Hardy-Weinberg equilibrium in
control females (P < 1 x 107, (4) significant differences in MAF
between male and female control individuals (P < .05/number
of SNPs), and (5) a location in pseudoautosomal regions. Finally,

we also removed SNPs exhibiting differential missingness be-
tween males and females (P < 1 x 107%).

Correction for Population Stratification

We corrected for possible population stratification using
chrX-derived principal components, which have been shown to
provide a more accurate population stratification correction for
chrX-wide association study (XWAS) in admixed populations.”?
This procedure was performed using the principal component
analysis method implemented in the EIGENSOFT program
(https://genetics.med.harvard.edu/reich/Reich_Lab/Software.
html)*®?” after pruning for linkage disequilibrium (LD) and
removing large LD blocks.?® For assessment and correction for
population stratification, we used the first 10 principal com-
ponents of each data set®” and excluded all individuals inferred
to be of an ancestry different from that of the specific data set.

Imputation

Prephasing was performed using SHAPEIT software,
version 217 (https://mathgen.stats.ox.ac.uk/genetics_
software/shapeit/shapeithtml),*® using the parameters sug-
gested for chrX. Data sets were imputed using IMPUTE2 soft-
ware, version 2.3.2 (https://mathgen.stats.ox.ac.uk/impute/
impute_v2.html#reference_5),°° based on 1000 Genomes Proj-
ect whole-genome and whole-exome haplotype data (reference
panel: 1000Genome Phase3).>' IMPUTE2 has improved the
imputation accuracy on chrX by taking into account the reduced
effective population size available for this chromosome by
assuming that it is 25% less than that of the autosomes. As
recommended by the IMPUTE2 authors,?’ the effective popu-
lation size was set to 20,000 and the k value to 1000. Variants
with an MAF of <0.005 or with informativeness of <0.7 were
considered of low confidence and, hence, were not considered
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Figure 2. Manhattan plots of meta-analyses. Manhattan plots summarizing the results of (A-C) transethnic, (D-/) population-
specific, and (B, C, E, F, H, ) sex-stratified meta-analyses. The horizontal lines represent the suggestive P = 5 x 10~° and the
genome-wide Bonferroni-corrected P = 5 x 1072 significance levels. SNPs showing the lowest P values are indicated by an
arrow (if intragenic, the relevant gene is also indicated); those reported in red survive to the Bonferroni correction for multiple

testing.

in further analyses. Imputed data sets were finally submitted to
QC steps with PLINK-XWAS, version 1.1, software (http://
keinanlab.ch.bscb.cornell.edu/content/xwas)*®  using  the
described criteria.

Single-Nucleotide Polymorphism Association
Analyses

SNP association tests were performed using PLINK-XWAS,
version 1.1.%

We assumed uniform and complete chrX inactivation in
females and a similar effect size between males and females.
Hence, females are considered to have 0, 1, or 2 copies of an
allele (as in autosomal analyses), whereas males are considered
to have 0 or 2 copies of the same allele (ie, male hemizygotes
are considered equivalent to female homozygotes). This test
was implemented in PLINK under the Model-2 option.

We then performed a second test by analyzing each sex
separately (case patients vs control individuals), with males

coded as having either 0 or 2 copies of an allele, as described.
The female-only and male-only P values were then combined
using the weighted Stouffer method,?? which allows the com-
bination of P values not only accounting for potential effect size
and direction between males and females but also weighting
the 2 test statistics (by using the square root of the male/fe-
male sample size).

All samples recruited in China were processed and analyzed
as described on a Chinese server to comply with the Regulation
of the People’s Republic of China on the Administration of
Human Genetic Resources. The summary statistics, with no
individual-level data, were used for all subsequent analyses (eg,
meta-analysis with other panels).

Quantile-quantile (QQ) plots, genomic inflation factor (1)
calculations, and Manhattan plots were obtained using the R
program (https://www.r-project.org/).>> SNP association re-
sults were clumped by PLINK 1.9 software (https://www.cog-
genomics.org/plink/1.9/), adopting P < .001, r* > 0.5, and
250 kilo base pairs (kb) as parameters.
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Figure 3. The GRIPAP1/PIM2 locus. (A) Plot of the regional association signals surrounding the rs7059064 top hit in East Asian
individuals. The plot was built using the LocusTrack site (https://gump.qgimr.edu.au/general/gabrieC/LocusTrack/).*® (B)
Screenshot from the UCSC Genome browser (http://genome.ucsc.edu/; GRCh37/hg19) highlighting the PBC-associated LD
region (coordinates chrX: 48,750,000-48,865,000). The following tracks are shown: (1) the ruler with the scale at the genomic
level; (2) chrX nucleotide numbering; (3) the UCSC RefSeq track; (4) ENCODE data (https://www.encodeproject.org/) for the
H3K4Me1, H3K4Me3, and H3K27Ac histone marks, derived from 7 cell lines; (5) enhancers (gray bars) and promoters (red bars)
from GeneHancer*' with the GHOXJ048933 enhancer targets; (6) interactions (curved lines) connecting GeneHancer regulatory
elements/genes; and (7) the basewise conservation track. (C) Expression panel across tissues of the genes depicted in A
(GTEx data; https://gtexportal.org/home/). UCSC, University of California—Santa Cruz. cM/MB, centi Morgan per Mega base.
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Table 2.Association Data for the Lead rs7059064 Polymorphism in All Analyzed Populations

Minor
Allele/Major  MAF MAF Transethnic
Position? Allele Cases Controls OR (95% CI) P Value Population Peta Prneta

rs7059064 48837087 G/A 0.114 0.119 0.99 (0.77-1.25) .908 Canadian .350 9.93e-08

0.111 0.0935 1.21(0.92-1.59) .174 Italian

0.0973 0.116 0.89 (0.78-1.02)  .0942 British

0.162 0.119 1.38 (1.20-1.59) 8.14e-06 Japanese 6.2e-09

0.160 0.123 1.28 (1.13-1.46) 1.75e-04 Chinese

NOTE. Minor allele frequencies (MAF) and P values of association tests are given for all populations (model 2 analysis). P
values are presented for both the population-specific and transethnic meta-analyses.
@According to human genome release Feb. 2009, GRCh37/hg19

5 GWAS cohorts by imputing nonpseudoautosomal regions
in a total of approximately 17,000 individuals. For the an-
alyses, we obtained up to 240,385 high-quality SNPs
(Supplementary Table 1).

Single-Nucleotide Polymorphism Association
Analysis Within Individual Cohorts

We performed 2 different tests: within each cohort, the
associations were studied considering males and females
together (test 1) or separately. For the separate analysis,
males and females were combined using the Stouffer
method (test 2). QQ plots for each test, along with the cor-
responding A calculations, showed well-calibrated test sta-
tistic distributions (Supplementary Figure 1).

Association analyses did not show any genome-wide
significant signal (Figure 1A4), with the most significant be-
ing a signal within the OTUDS5 gene (rs3027490, P = 4.80 x
107% odds ratio [OR], 1.39; 95% confidence interval [CI],
1.028-1.88; Japanese cohort, test 1) (Supplementary
Table 2). The association signals were consistent between
the 2 used association methods within each population
(Supplementary Tables 2 and 3). In particular, a total of 115
and 104 SNPs in the 5 cohorts displayed a nominal P of
<.0005 for test 1 and test 2 analysis, respectively, with 79
overlapping signals; >40% of signals were within gene-
desert regions (Supplementary Table 4). Genes pinpointed
by these signals showed few overlaps among populations
(Figure 1B).

Transethnic Meta-analysis

Based on SNP association results, we performed trans-
ethnic meta-analyses including all 5 of the cohorts by using
2 approaches: (1) results from the test 1 analysis were
directly combined, and (2) results from the test 2 analysis
were used in a sex-differentiated meta-analysis. The
genomic inflation factors for these meta-analyses were be-
tween 0.979 and 1.114 (Supplementary Figure 2), indicating
only a minimal residual bias.

Adopting the genome-wide significance threshold, the
transethnic meta-analysis showed the presence of only 1

interesting signal: the region tagged by the rs2239452
variant, which maps in the PIM2 gene (suggestive
Pieta = 9.93 x 107%) (Figure 24 and Table 1). This signal
was found considering all 5 cohorts together, and it
seems to be sustained by the female component of the
cohorts (suggestive Ppetafemales = 1.34 X 10'5)
(Figure 2B and Table 1).

Population-Specific Meta-analysis Evidenced a
Novel Primary Biliary Cholangitis Locus

Because of the evidence for locus heterogeneity in PBC
susceptibility among different ethnicities,'°™*” we also per-
formed separate European and East Asian-specific meta-
analyses, as well as sex-specific meta-analyses, using the
same strategy described; genomic inflation factors for these
meta-analyses were well calibrated (Supplementary
Figure 3).

The population-specific meta-analysis evidenced 1 locus
with an association signal at genome-wide significance, that
is, the region tagged by the rs7059064 polymorphism,
which maps within the GRIPAP1 gene (Ppeta = 6.17 % 107%
OR, 1.33; 95% CI, 1.21-1.46) (Figures 2 and 3, Table 1, and
Supplementary Tables 5 and 6). This signal was found in
East Asian individuals and corresponds to the top region
evidenced by the transethnic meta-analysis (the GRIPAP1
and PIM2 genes are only 53 kb apart).

In European individuals, there were only suggestive as-
sociations, 1 in an intergenic region (rs62604490; Pyeta =
2.98 x 107®) (Table 1 and Supplementary Figure 4) and a
second mapping within the FGFI13 gene (rs73241097;
Preta = 6.77 x 107%) (Table 1 and Supplementary Figure 5).

The sex-stratified analysis found a novel suggestive
signal among East Asian males (ie, rs113885580 mapping
within the OTC gene; Ppetamales = 1.06 X 10'5) (Figure 2,
Table 1, and Supplementary Figure 6) and evidenced that
both the signal in the GRIPAP1 region and the intergenic
region pinpointed by the rs62604490 SNP are sustained by
the female component (P eta-femates = 4-64 X 1078 and Pea.
females = 424 x 1076, respectively). The strongest signal
among East Asian females corresponded to rs2283734, an
SNP mapping in the PIM2 gene (Figure 2), the same gene
highlighted by the transethnic meta-analysis.
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Dissecting the Genome-Wide Significant summary statistics for the lead SNP (rs7059064) in each of
GRIPAP1/PIM2 Locus the analyzed cohorts, including the European ones: there
are indeed differences between the frequencies of the

The strongest signal evidenced by the meta-analysis was
rs7059064-G minor allele in European patients (9.7%-

further investigated. Table 2 shows the association
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Figure 5. OTUD5 and FOXP3 are overexpressed in PBC. Boxplots show expression levels of (A) OTUD5 and (B) FOXP3
measured by semiquantitative real-time RT-PCR in PBMCs of a PBC case-control cohort. Boxes define the interquartile range;
thick lines refer to the median. Results were normalized to expression levels of the HMBS housekeeping gene and are pre-
sented as rescaled values. The number of individuals is indicated (N). Significance levels of t tests: *P < .05, P < .005.

11.4%) vs those observed in East Asian patients (16%- characterized by a unique LD block including 7 genes

16.2%), thus possibly explaining the lack of association
observed among European individuals. The effect of the
rs7059064-G allele among East Asian individuals was
comparable between males and females (females: OR, 1.50;
95% CI, 1.24-1.81; OR, 1.53; males: 95% CI, 0.99-2.38),
thus indicating that the apparent major contribution of fe-
males to the association signal simply stems from the higher
number of analyzed female patients (Supplementary
Table 1).

Within a +200-kb window centered on the rs7059064
polymorphism, there were 25 SNPs with association signals
at Ppera of < .01. However, after conditional analysis, none
of them remained significant, indicating that rs7059064
tagged a single haplotype that could account for the asso-
ciation signal in this region. Indeed, this region is

(Figure 34 and B***'): TIMM17B, PQBP1, PIM2, SLC35A2,
OTUDS, KCND1, and GRIPAP1. Among these genes, only
PQBP1 was previously associated at the genome-wide level
with a phenotype (ie, type 2 diabetes mellitus; https://
www.ebi.ac.uk/gwas/).

With the exception of KCND1, each of these genes shows
expression in most tissues, including liver and whole blood
(Figure 3C). Although this region does not contain signifi-
cant expression quantitative trait loci (GTEx portal and
Expression Quantitative Trait Locus Catalogue at The Eu-
ropean Bioinformatics Institute), it is characterized by the
presence of a strong epigenetic signature (the activating
H3K27Ac histone mark) within OTUD5 intron 2, associated
with the presence of a superenhancer (SE) (element ID:
GHO0X]J048933) (Figure 3B and 4A). Two SNPs, in perfect LD

P

Figure 4. The GHOXJ048933 SE codes for an eRNA and coregulates the genes of the GRIPAP1/PIM2 locus. (A) Screenshot
from the UCSC Genome browser showing the GH0XJ048933 SE region (chrX: 48,791,000-48,802,000). Listed tracks are (1)
the ruler with the scale at the genomic level; (2) chrX nucleotide numbering; (3) the track for eRNAs from the FANTOMS Human
Enhancers project (http://slidebase.binf.ku.dk/human_enhancers/); (4) the UCSC RefSeq track; (5) ENCODE data for the
H3K4Me1, H3K4Me3, and H3K27Ac histone marks, derived from 7 cell lines; (6) the enhancers/promoters track from Gen-
eHancer*' (the gray bar indicates the GHOXJ048933 enhancer); (7) interactions connecting GeneHancer regulatory elements
and genes (interactions with OTUD5, PIM2, PQBP1, and FOXP3 are depicted); (8) the basewise conservation track; and (9) the
dbSNP(151) track for common polymorphisms. (B) Integration of gene expression (GE), protein expression (PE), copy humber
(CN) and methylation (ME) relative to the 13 genes regulated by the GH0XJ048933 SE. Data come from The Cancer Genome
Atlas portal (https://tcga-data.nci.nih.gov/docs/publications/tcga/?). The circle plot was built by using the Zodiac tool (http://
www.compgenome.org/zodiac/).*> Only significant intergenic interactions are shown (FDR < 0.1). Green lines indicate positive
interactions. (C) The tables show expression data (>1%) in organs/cells for the eRNA gene mapping within GHOXJ048933.
Red bars indicate a significant overrepresentation of the transcript (FANTOMS data). (D) TAD structure of the chrX:
47,480,000-50,440,000 region. The central TAD contains all genes of the PBC-associated region tagged by rs7059064. Image
produced though the 3D-Genome Browser (http://3dgenome.org),*® using Hi-C data produced in HepG2 cells (hepatocytes)
and generated by the Dekker Laboratory (resolution: 40 kb). (E) FOXP3 interactome. The best 10 interactions are shown
(highest confidence = 90%). Evidence is based on text mining, experiments, databases, coexpression data, gene fusions, and
co-occurrences. Image produced using the STRING tool (https://string-db.org/). (F) Violin plots show FOXP3 RNA expression
levels in whole blood and liver, obtained through the GTEx portal, stratified by sex (265 males, 142 females). FDR, false
discovery rate.
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with the top-hit rs7059064, fall within this SE
(Supplementary Table 5). GH0X]J048933 is known to target
13 genes, including 6 out of 7 mapping in the PBC-
associated region; KCND1 is the only one not targeted by
the SE (Figure 4B****) (data from the FANTOM5 Human
Enhancers project’*). Among these 13 genes, we found the
immunologically relevant transcription factor FOXP3 (fork-
head box P3). Hence, to further study the potential impact of
the identified haplotype, we evaluated the expression levels
of both OTUD5 and FOXP3 by semiquantitative real-time RT-
PCR comparing PBMCs from 16 female patients with PBC
and 18 healthy female control individuals. Only females
were examined because of the possibility of confounding sex
effects (especially for FOXP3; see “Discussion” section). We
found a significant 1.75- and 1.64-fold up-regulation in pa-
tients with PBC of OTUDS5 (P = .0013) and FOXP3 (P = .046),
respectively (Figure 5).

For the other top loci (the intergenic rs62604490 poly-
morphism, the FGF13 locus, and the OTC gene), the main
features are illustrated in Supplementary Figures 4-6.

Discussion

GWASs have been a fruitful method for disclosing genes/
regions involved in the predisposition to complex diseases;
however, chrX is notable for the paucity of associated loci."’
For example, the most recent meta-analysis on multiple
sclerosis, another complex disorder with an autoimmune
etiology and a marked female preponderance, identified 233
loci associated with the disease at the genome-wide level,
but just 1 locus was reported on chrX.” In our study, we
adopted an analysis pipeline specifically designed for chrX
to search for novel potential contributors to PBC heritability
and, possibly, to its female preponderance.

Indeed, the best association signal observed both in the
transethnic and in the population-specific meta-analyses
points to a unique LD region characterized by the presence
of 7 genes (TIMM17B, PQBP1, PIM2, SLC35A2, OTUDS,
KCND1, and GRIPAP1) and an SE, GH0XJ048933 (within
OTUDS5), which presents features with a potential impact on
PBC pathogenesis.

First, the enhancer is the site of active transcription of an
enhancer RNA (eRNA), which has been described as signif-
icantly expressed in blood, thymus, and spleen, as well as in
blood cells such as neutrophils and natural killer, T, and B
cells (Figure 44 and C; FANTOMS data). This type of non-
coding RNA usually contributes to the enhancer activity and
to the in-cis regulation of nearby genes.*®

Second, the enhancer is enriched in binding sites for
immune-related nuclear factor of activated T-cells (NFAT)
transcription factors (particularly, NFATC1 and NFATC3),
thus stressing its possible involvement in an immune-
mediated regulation of target genes.

Third, the enhancer targets 13 genes that, by integrating
gene expression, protein expression, and methylation data,
seem to be strongly coregulated (Figure 4C), which could be
predicted for an enhancer having its cognate promoters
located in the same topologically associating domain (TAD)
(Figure 4D).

Gastroenterology Vol. 160, No. 7

Fourth, GHO0X]J048933 also targets the FOXP3 gene.
FOXP3 is a specific marker of T regulatory cells (Tregs),
which are critical for the correct maintenance of immune
tolerance (especially self-tolerance) and have been
implicated in the pathogenesis of many autoimmune dis-
eases.”” "9

Fifth, FOXP3 interacts with important determinants of
the immune response (Figure 4E), and the transcript is
among the few mapping on chrX to show a significant dif-
ferential expression between males and females (in blood,
P = .0082) (Figure 4F).”°

Last, but not least, different Foxp3 transgenic mouse
models have been developed®' **; particularly interesting
are (1) Foxp3™”~ knockout mice, which developed an intense
multiorgan inflammatory response and loss of CD4"CD25"
Treg cells”’; (2) Foxp3 conditional-knockout mice (Foxp3-
floxp26Cre®R™), which showed increased levels of IgE and
autoantibodies”?; and, more importantly, (3) the so-called
Scurfy mice (Foxp3*' mutant), that is, animals that have a
mutation in Foxp3 that results in the complete abolition of
Foxp3™ Tregs, which are all characterized, at 3-4 weeks of
age, by the presence of high-titer serum AMA of all isotypes,
by moderate to severe lymphocytic infiltrates surrounding
portal areas, and by evidence of biliary duct damage.”®

Together with FOXP3, at least 3 additional genes with
potential implications in PBC—PIM2, OTUD5, and GRI-
PAP1—could be regulated by the GH0X]J048933 SE
(Figures 3 and 4). The proviral integration site for Moloney
murine leukemia virus 2 (PIM2) is a serine/threonine kinase
belonging to the PIM family, playing fundamental roles in
proliferation/differentiation processes and with known
implications in cancer.”* A growing number of studies have
also implicated PIM2 in regulating the immune response, in
particular with the description of a circuit linking the PIM2
protein with FOXP3: PIM2, induced by FOXP3, was shown to
be essential for the expansion of Tregs and, contrariwise,
PIM2 was also described as being able to inhibit the sup-
pressive function of Tregs by phosphorylating FOXP3.>
Concerning the OTUDS5 gene, it codes for a member of the
OTU (ovarian tumor) domain-containing cysteine protease
superfamily. Also known as DUBA (deubiquitinating enzyme
A), the OTUDS protein was shown to suppress the type 1
interferon (IFN)-dependent innate immune response by
cleaving the polyubiquitin chain from the IFN-1 adaptor
protein, thus causing the disassociation of the adaptor from
the downstream signaling complex and, ultimately, the
interruption of the IFN-1 signaling cascade.”® As for GRI-
PAP1 (GRIP1-associated protein 1), this gene codes for a
guanine nucleotide exchange factor for the Ras family of
small G proteins.”” Indeed, in a study aimed at identifying
autoantibodies in PBC directed against GWBs (glycine-
tryptophan-containing bodies, ie, cytoplasmic domains that
are involved in mRNA processing), Stinton et al°® were able
to demonstrate that GRIPAP1 is one of the most common
GWB autoantigen targets, being present in 17% of analyzed
patients. Although we showed that OTUD5 and FOXP3 are
differentially expressed in patients with PBC, a major limi-
tation of our study is the lack of functional studies—from,
on one hand, unraveling the molecular mechanisms linking
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SE GHO0XJ048933 and its molecular targets to, on the other
hand, explaining how genetic variants in this region could
influence these mechanisms.

In conclusion, from the extensive analysis of chrX, it
emerges that a number of genes possibly contribute to PBC,
each with a modest effect. This is not trivial, especially
considering that chrX can be regarded as an immunologic
chromosome. (It contains the largest number of immune-
related genes compared to other chromosomes®?). Our
major finding is, however, the identification of a genome-
wide significantly associated locus, that is, the one tagged
by the rs7059064 polymorphism. This locus is characterized
by the presence of different genes and of an SE possibly
involved in their coregulation, as well as in the regulation of
FOXP3 (which located in the same TAD). Future studies are
mandatory for explaining the role of SE GH0X]J048933 and
its targets in PBC.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j-gastro.2021.02.061.
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Supplementary Figure 1. QQ plots
for single marker association tests of
observed vs expected P values
resulting from the application of the
2 association tests (model 2 and
Stouffer tests; see “Materials and
Methods” section) in the 5 analyzed
cohorts. P values are reported as
—logyo transformed. The genomic
inflation factor (2) is also shown.
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Supplementary Figure 2.
Transethnic meta-analyses: QQ
plots of the observed vs expected P
values resulting from the application
of the different meta-analyses
(model 2 association analyses
combined for all ethnicities; Stouffer
analyses combined for females or
males). P values are reported as
—logqo transformed. The genomic
inflation factor (2) is also shown.
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Supplementary Figure 3. Population-specific meta-analyses: QQ-plots of observed vs expected P values resulting from the
application of the different meta-analyses (model 2 association analyses combined for White and East Asian individuals;
Stouffer analyses combined for females or males, subdivided as Caucasian and East Asian). P values are reported as —log+q
transformed. The genomic inflation factor (1) is also shown.
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Supplementary Figure 4. The intergenic locus rs62604490. (A) Plot of the regional association signals surrounding the
rs62604490 top hit in White individuals. The plot was built using the LocusTrack web site (https://gump.qgimr.edu.au/general/
gabrieC/LocusTrack/).! The locus does not present any particular feature. (B) Screenshot from the UCSC Genome browser
(http://genome.ucsc.edu/; release February 2009, GRCh37/hg19) specifically highlighting the region surrounding the
rs62604490 polymorphism (coordinates chrX: 116,085,000-116,125,000). Shown, in order, are the following tracks: (1) the
ruler with the scale at the genomic level; (2) chrX nucleotide numbering; (3) the UCSC RefSeq track; (4) ENCODE data (https://
www.encodeproject.org/) for the H3K4Me1, H3K4Me3, and H3K27Ac histone modifications marks, all derived from 7 cell lines;
(5) the GeneHancer regulatory elements track®; and (6) the basewise conservation track. (C) TAD structure of the genomic
region corresponding to coordinates chrX: 114,500,000-119,500,000. The central TAD contains the region tagged by
rs62604490 and contains only a few noncoding genes (eg, the pseudogene SETPS8) and the protein-coding KLHL13 and
TUBB4BP3 genes. Image produced though the 3D Genome Browser (http://3dgenome.org),® using Hi-C data produced in
HepG2 cells (hepatocytes) and generated by the Dekker Laboratory (at a resolution of 40 kb).
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Supplementary Figure 5. The FGF13 locus. The strongest intragenic signal evidenced by the meta-analysis in White in-
dividuals maps within the FGF13 (fibroblast growth factor 13) gene.* This is a large gene (573 kb) characterized by the
presence of 2 well-defined LD blocks. This locus also shows the presence of a micro-RNA (miR), hsa-miR-504, which is
significantly up-regulated (1.35-fold increase) in the serum of patients with PBC.° The enhancer GHOXJ138710, located in
FGF13intron 3, is described as targeting FGF13 itself, its antisense transcript FGF13-AS, and the MIR504 gene. (A) Plot of the
regional association signals surrounding the rs73241097 top hit in White individuals. The plot was built using the LocusTrack
website (https://gump.gimr.edu.au/general/gabrieC/LocusTrack/).! (B) Screenshot from the UCSC Genome browser (http://
genome.ucsc.edu/; release February 2009, GRCh37/hg19) highlighting the entire FGF13 gene (coordinates chrX:
137,710,000-138,300,000). The image shows, in order, the following tracks: (1) the ruler with the scale at the genomic level; (2)
chrX nucleotide numbering; (3) the UCSC RefSeq track; (4) ENCODE data (https://www.encodeproject.org/) for the H3K4Me1,
H3K4Me3, H3K27Ac histone modifications marks, derived from 7 cell lines; (5) enhancers (gray bars) and promoters (red bars)
from GeneHancer?; the GHOXJ138710 element targets FGF13-AS1, FGF13, MIR504, GCOXM138741, and GCOXP138598; and
(7) the basewise conservation track. (C) FGF13 LD structure and position of significant expression quantitative trait loci
(eQTLs). The panel was obtained through the GTEx portal (https://gtexportal.org/home/). TSS and TES indicate the tran-
scriptional starting and ending points, respectively, for the FGF13 gene, which is characterized by 2 LD blocks. Significant
eQTLs are plotted (all showing -log P value of >5). The vast majority of significant eQTLs were found in liver and whole blood;
the most significant eQTL in liver corresponds to SNP rs58004267. (Inset) Violin plots for FGF13 levels in the liver stratified
according the rs58004267 genotypes (data based on 153 donors).
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Supplementary Figure 6. The OTC locus. (A) Plot of the regional association signals surrounding the rs113885580 top hit in
East Asian males. The plot was built using the LocusTrack website (https://gump.qgimr.edu.au/general/gabrieC/LocusTrack/)."
The rs113885580 polymorphism maps within intron 3 of the OTC gene, which codes for the ornithine carbamoyltransferase
mitochondrial matrix enzyme. Mutations in this gene are known to cause OTC enzyme deficiency, leading to hyperammonemia
(Online Mendelian Inheritance in Man no. 311250). (B) Screenshot from the UCSC Genome browser (http://genome.ucsc.edu/;
release February 2009, GRCh37/hg19) specifically highlighting the OTC region (coordinates chrX: 38,210,000-38,270,000).
The panel shows, in order, the following tracks: (1) the ruler with the scale at the genomic level; (2) chrX nucleotide numbering;
(3) the UCSC RefSeq track; (4) ENCODE data (https://www.encodeproject.org/) for the H3K4Me1, H3K4Me3, H3K27Ac his-
tone modifications marks, all derived from 7 cell lines; (5) promoters (red bar) from GeneHancer”; the GHOXJ038350 regulatory
element targets the OTC, RPGR, SRPX, and TDGF1P1 genes; (6) interactions connecting GeneHancer regulatory elements
and genes; and (7) the basewise conservation track. (C) Violin plots show OTC RNA expression levels in liver, small intestine
(the only tissues in which OTC is expressed), and whole blood (for comparison), obtained through the GTEx portal (https://
gtexportal.org/home/). Data are stratified according to gender.
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Supplementary Table 1.Characteristics of the Analyzed Cohorts and SNP Data

Case Control Female Case  Control SNPs After
Patients,” Individuals,? Patients, Females, Imputation
Cohort n n n (%) n (%) Genotyping Platform and QC, n Reference
Canadian 503 1503 470 (93.4) 799 (53.2) lllumina HumanHap370 219,134 Hirschfield et al®
BeadChip
Italian 446 928 412 (92.4) 446 (41.4) lllumina 610K array or 1Mb 219,677 Liu et al”
array
British 1816 5161 1663 (91.6) 2552 (49.4)  lllumina 660W-Quad array 240,385 Mells et al®
or Human1M-Duo
Japanese 1361 1495 1196 (87.9) 840 (56.2) Affymetrix Axiom Genome- 208,364 Nakamura et al’
wide ASI 1 array and Kawashima et al'°
Chinese 1118 2788 974 (87.1) 2113 (75.8) lllumina 207,728 Qiu et al"’

HumanOmniZhongHua-8

Total 5244 11,875 4715 (89.9) 6750 (56.8) = — =

@After QC filtering.

Supplementary Table 2.Best Association Signals (P < .0005) in the XWAS Model 2 Association Analysis (Test 1)

MAF Model 2 Analysis
Cohort SNP ChrX Position® Variant

Case Control

Patients Individuals OR (95% CI) P Gene(s)
Canada rs183870982 69129411 G>A 0.01791 0.006165 3.537 (1.092-11.46) 9.18e-06 EDA
rs2285577 9558968 G>A 0.3467 0.2856 1.409 (1.016-1.955) 2.52e-05 TBL1X
rs112801406 71510071 C>G 0.01927 0.007293 3.134 (1.050-9.354) 2.77e-05 PIN4, ERCC6L
Italy rs73556360 126797765 A>T 0.02342 0.006569 4.045 (1.133-14.44) 3.60e-06 Desert
rs73549132 126495213 A>G 0.02113 0.005831 3.88 (1.071-14.056) 2.02e-05 Desert
rs10126824 152108084 C>T 0.1054 0.06984 1.781 (1.014-3.128) 5.50e-05 ZNF185
UK rs192961663 38579456 G>T 0.01158 0.006772 2.192 (1.056-4.551) 9.21e-06 TSPAN7
rs79313454 22920071 A>C 0.04318 0.02669 1.549 (1.023-1.955) 1.95e-05 LOC100873065
rs71777981 30558898 TAA>T 0.292 0.3322 0.8369 (0.7031-0.9962) 6.05e-05 Desert
Japan rs3027490 48799318 C>T 0.1677 0.1224 1.39 (1.028-1.88) 4.80e-06 OTUD5
rs199498815 7461987 GT>G 0.043 0.06499 0.603 (0.367-0.99) 6.44e-05 Desert
rs11092966 86811338 C>T 0.3031 0.2598 1.26 (1.004-1.581) 6.56e-05 KLHL4
China rs141281542 80999222 G>A 0.181 0.146 1.31 (1.16-1.488) 1.75e-05 Desert
rs376902940 100749576 G>T 0.013 0.004 2.856 (1.76-4.64) 2.25e-05 ARMCX4
rs184774753 100593280 C>G 0.012 0.004 2.78 (1.71-4.53) 3.84e-05 TAFT7L,
NANOGNBP3,
RPL21P132,
TIMMS8A, BTK,

Y-RNA, RNU6-934P

NOTE. ORs and Cls refer to the model 2 association analysis. SNPs are defined as intragenic (in yellow), in proximity to genes
(within a range of +50 kb), or mapping within a gene desert (no genes in a range of +50 kb).
@According to human genome release February 2009, GRCh37/hg19.
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Supplementary Table 5.Characteristics of the Top-Hit rs7059064 Polymorphism

XWAS in PBC 2495.e26

Frequency of the G

Polymorphism Database Allele (Number of Alleles) URL
rs7059064 TOPMED 0.279 (125568) https://www.nhlbiwgs.org/
GnomAD 0.259 (20380) https://gnomad.broadinstitute.org/

European (Finnish)
East Asian
European (non-Finnish)
Other
Ashkenazi Jewish
Latino
African

1000Genomes

TwinsUK

ALSPAC

Vietnamese Genomes

0.0994 (2486)
0.125 (911)
0.128 (9970)
0.160 (752)
0.160 (162)
0.175 (600)
0.615 (5499)
0.327 (3775)
0.115 (3708)
0.123 (2889)

0.100 (48)

https://www.internationalgenome.org/
https://twinsuk.ac.uk/
http://www.bristol.ac.uk/alspac/

https://genomes.vn/

NOTE. Shown are the frequencies of the rs7059064 polymorphism across different populations, as retrieved from different
publicly available databases. Data were accessed through the dbSNP database on September 13, 2019 (https://www.ncbi.
nlm.nih.gov/snp/rs7059064#seq_hash). Alleles were sequenced in the vast majority of cases by next-generation whole-
genome sequencing. (The rs7059064 polymorphism maps within intron 21 of the GRIPAP1 gene.)

Supplementary Table 6.Association Data for 2 SNPs
Mapping Within the GH0XJ048933
Superenhancer in Perfect LD With
the rs7059064 Polymorphism

(Chinese and Japanese

Populations)

2 Value (Referred

SNP Position”  to rs7059064)  Pjapanese Pchinese
rs201894148 48791182 1 5.25e-06 .000514
rs3027490 48799318 1 4.80e-06 .000833

@According to human genome release February 2009,

GRCh37/hg19.
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