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Abstract

Background Irritable bowel syndrome (IBS) is a chronic disorder of gut-brain interaction frequently accompanied
by mental conditions, including depression and anxiety. Despite showing substantial heritability and being partly
determined by a genetic component, the genetic underpinnings explaining the high rates of comorbidity remain
largely unclear and there are no conclusive data on the temporal relationship between them. Exploring the overlap-
ping genetic architecture between IBS and mental conditions may help to identify novel genetic loci and biological
mechanisms underlying IBS and causal relationships between them.

Methods We quantified the genetic overlap between IBS, neuroticism, depression and anxiety, conducted a multi-
trait genome-wide association study (GWAS) considering these traits and investigated causal relationships between
them by using the largest GWAS to date.

Results IBS showed to be a highly polygenic disorder with extensive genetic sharing with mental conditions. Multi-
trait analysis of IBS and neuroticism, depression and anxiety identified 42 genome-wide significant variants for IBS, of
which 38 are novel. Fine-mapping risk loci highlighted 289 genes enriched in genes upregulated during early embry-
onic brain development and gene-sets related with psychiatric, digestive and autoimmune disorders. IBS-associated
genes were enriched for target genes of anti-inflammatory and antirheumatic drugs, anesthetics and opioid depend-
ence pharmacological treatment. Mendelian-randomization analysis accounting for correlated pleiotropy identified
bidirectional causal effects between IBS and neuroticism and depression and causal effects of the genetic liability of
IBS on anxiety.

Conclusions These findings provide evidence of the polygenic architecture of IBS, identify novel genome-wide
significant variants for IBS and extend previous knowledge on the genetic overlap and relationship between gastroin-
testinal and mental disorders.
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Introduction

Irritable bowel syndrome (IBS) is one of the most preva-
lent disorders of gut-brain interaction with a population
lifetime risk of 11% [1] and a point prevalence of 4.1%
according to the strict Rome IV criteria [2]. IBS research
is extremely challenging due to the multifactorial etiology
of the disease and the heterogeneity of patients, who pre-
sent high comorbidity rates for mental disorders, particu-
larly, anxiety and depression, which impacts negatively
on the patients’ quality of life [1, 3, 4].

A recent systematic review revealed that the prevalence
of anxiety and depression symptoms among IBS patients
is 39.1% and 28.8%, respectively [5]. In addition, IBS has
been associated with more severe depressive symptoms
compared to healthy controls and, when co-existing with
psychiatric disorders, gastrointestinal symptoms are
more severe and disabling [6—11]. This close association
between IBS, anxiety and depression is also supported
by neuroimaging studies and might be related to the bi-
directional communication between the brain and the
digestive system, termed the brain-gut-axis, which occurs
through microbiota, neural, neuroimmune and neuroen-
docrine pathways [12—14]. This idea agrees with evidence
indicating that psychiatric interventions, including anti-
depressants or cognitive-behavioral therapy, improve IBS
patients functioning and suggests that common patho-
physiological mechanisms may be underlying these con-
ditions [15].

IBS, anxiety and depression are partly determined by
a genetic component and show substantial heritabil-
ity ranging from 6% for IBS to 30%-50% for anxiety and
depression [16—18]. The largest genome-wide association
study (GWAS) on IBS conducted to date included 53,400
cases and 433,201 controls and identified six genome-
wide significant single nucleotide polymorphisms (SNPs)
[18] which represents an improvement over the previ-
ous study, identifying four independent genome-wide

Table 1 Summary of the GWAS datasets used in the current study
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significant SNPs [19]. Interestingly, among 173 traits,
three mental conditions (neuroticism, depression and
anxiety) were the most genetically correlated traits
with IBS [18]. Despite these strong genetic correlations,
the genetic underpinnings explaining the high rates of
comorbidity between IBS and mental conditions remain
largely unclear and there are no conclusive data on the
temporal and causal relationship between them [18, 19].

In the present study we investigated the shared genetic
architecture and the nature of the relationship between
IBS and three highly genetically correlated conditions
(neuroticism, depression and anxiety) using summary
statistics of the largest GWAS datasets available so far
by (i) estimating the genetic correlation and overlap
between them, (ii) conducting a Multi-Trait Analysis of
GWAS (MTAG) to identify novel genetic loci for IBS and
(iil) performing downstream analyses to explore the over-
laping genetic basis with other disorders and traits as well
as causal relationships between them.

Materials and methods

Samples

We used publicly available SNP-level GWAS summary
statistics for IBS [18], neuroticism [20], depression [21]
and anxiety (Table 1). For further details see Additional
file 1: Note 1.

SNP-based heritability, genetic correlation and overlap

SNP heritability (#%gp) and pair-wise genetic correla-
tion between IBS and each mental condition was cal-
culated using linkage disequilibrium score regression
(LDSC) analysis [22]. Conversion of k% estimates
from observed to liability scale was done using a popu-
lation prevalence of 11%, 25%, 30% and 14% for IBS,
neuroticism, depression and anxiety, respectively. Poly-
genic overlap between IBS and each mental condition
was quantified using MiXeR [23]. MiXeR caclulates the

Phenotype N cases N controls N total N effective ? GWAS genome-wide References
significant SNPs®

IBS 53,400 433,201 486,001 190,159 6 [18]

Neuroticism - - 390,278°¢ 390,278 1364 [20]

Depression 170,756 329,443 500,199° 449,856 1024 [21]

Anxiety nerves or GAD 16,730 101,021 117,751 57412 1 UKBB phe-
notype code:
20544_15

GAD generalized anxiety disorder; UKBB UK Biobank

2N effective sample sizes were calculated following the equation: Neff=4/(1/Ncases + 1/Ncontrols)

b Number of genome-wide significant independent SNPs
€ Sample size excluding the 23andMe cohort
4 Genome-wide significant SNPs including the 23andMe cohort
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number of trait-influencing SNPs for each trait (uni-
variate model) and for both traits (bivariate model) and
the proportion of variants with concordant direction of
effects for both traits. The proportion of SNPs shared
by two traits is indicated by the Dice coefficient. Model
fit was assessed using the Akaike Information Criterion
(AIC). For further details see Additional file 1: Note 2.

Multi-trait analysis of GWAS (MTAG)

To identify new loci for IBS, SNP-level GWAS for IBS,
neuroticism, depression and anxiety were meta-analyzed
using MTAG [24]. MTAG estimates trait-specific effects
from GWAS summary statistics of several traits geneti-
cally correlated while accounting for sample overlap
across the discovery samples [24]. To discard inflation
in our results we calculated the max-false discovery rate
(max-FDR) using default settings as previously described
[24, 25]. The LDSC intercept was used to quantify infla-
tion resulting from confounding bias [22].

Independent SNPs from  MTAG-IBS results
(P-value<5E-08) were identified through clumping
(r*=0.05, kb=5000) using the 1000 Genomes Project
Phase 3 European reference panel (http://www.inter
nationalgenome.org/) and PLINK1.09 as described by
Eijsbouts et al. [18]. We defined loci as a 1Mb region
centered around the most significant variant (lead vari-
ant) and we carried out conditional analyses to confirm
independence between lead and any other variant iden-
tified in the clumping step (secondary variants) within
each locus (i.e. within 1IMb and r’><0.05) using COJO
implemented in Genome-wide Complex Trait Analysis
(GCTA) [26]. For further details on conditional analysis
see Additional file 1: Note 3.

Credible variants and functional annotation

Sets of credible variants (credible-sets) were identified by
fine-mapping the independent lead SNPs of MTAG-IBS
using three different tools, FINEMAP 1.3.1 [27], PAIN-
TOR v3.0 [28] and CAVIARBF v.0.2.1 [29] following the
pipeline available elsewhere [30]. Variants located in a
region of 1Mb around the lead SNPs were included in the
analysis and we assumed that there was only one causal
variant per locus. We used the recommended param-
eters of each tool and only variants identified by all three
methods were considered. Functional annotation of the
credible variants was conducted using FUMA [31]. For
further details see Additional file 1: Note 4.

Gene-based and gene-set analyses of MTAG-IBS results

Gene-based and gene-set analyses of MTAG-IBS asso-
ciated SNPs were performed using MAGMA v1.08 [32]
implemented in FUMA [31]. Tissue specific gene expres-
sion was explored using MAGMA gene-property analysis

Page 3 of 16

of expression data from GTEx v8 and BrainSpan avail-
able in FUMA (databases detailed in Additional file 1:
Note 5). All gene sets were obtained from the Molecular
Signatures Database (MSigDB v6.2) and included GO,
KEGG, BIOCARTA and Reactome representing a total
of 11,960 gene sets. The Bonferroni-corrected signifi-
cance threshold for gene-based analysis was 0.05/18135
genes=2.7571E-06 and for gene-set analysis was
0.05/11960 gene sets =4.18E-06.

Drug target identification

To explore whether finemapped genes related with IBS
were enriched for target genes of drugs (druggable genes)
we performed enrichment analysis based on information
from the PharmGKB using WebGestAlt [33]. Identified
drugs were classified according to available information
from the Anatomical Therapeutic Chemical (ATC) clas-
sification system.

Partitioned heritability and genetic correlations

We partitioned 42 p of MTAG-IBS results by functional
annotation categories using stratified LDSC [34]. We cal-
culated whether any of the 28 specific genomic catego-
ries included in the analysis was enriched for variants
that contribute to #%gp. Annotations for these functional
genomic categories (e.g. coding or regulatory regions)
were obtained from LDSC website (https://github.com/
bulik/ldsc/wiki/Partitioned-Heritability) and included
coding; intron; promoter; 3'5’ untranslated region; digi-
tal genomic footprint; transcription factor binding site;
chromHMM and Segway annotations for six cell lines;
DNase I hypersensitivity sites; H3K4mel, H3K4me3
and H3K9ac marks; two sets of H3K27ac marks; super-
enhancers; conserved regions in mammals; and FAN-
TOMS5 enhancers (further details in Additional file 1:
Note 6). We focused on categories extended by 500 bp in
either direction. Enrichment/depletion of heritability in
each category is calculated as the proportion of heritabil-
ity attributable to SNPs in the specified category divided
by the proportion of total SNPs annotated to that cat-
egory. The Bonferroni-corrected significance threshold
was 0.05/28 annotations =0.0018.

We explored genetic correlations between our MTAG-
IBS results and gastrointestinal, immunological and
psychiatric disorders using LDSC analysis [22]. We
selected all GWAS summary statistics of gastrointesti-
nal/abdominal, immunological/systemic (UK Biobank:
21 phenotypes) and psychiatric disorders (PGC: 7 phe-
notypes) available in the MR-Base database (Additional
file 3: Table S14) [35]. We used GWAS summary statistics
including both males and females of European ancestry.
If several GWAS were available for the same disorder,
we chose the study with the largest effective sample size
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(N effective=4/(1/Ncases+ 1/Ncontrols)). The Bonfer-
roni-corrected significance threshold used was 0.05/28
traits =0.0018.

Causal analysis using summary effect estimates (CAUSE)
Causal relationships between IBS and correlated
traits were assessed considering independent variants
(r?=0.05; kb=5000) associated with the exposure with
P<1.0E-03 using CAUSE [36]. Bidirectional relationships
were tested considering IBS as exposure and depression,
anxiety or neuroticism as outcomes and vice-versa. Given
that standard errors, required by CAUSE, were not availa-
ble from the largest study on neuroticism to date [37], we
used the GWAS dataset on neuroticism by Luciano et al.
in 329,821 subjects as an alternative [38]. The strengths
of CAUSE involve accounting for correlated horizontal
pleiotropic effects (i.e. when a variant affects the outcome
and the mediator through shared heritable factors) and
using a less stringent significance threshold (P <1.0E-3)
allowing the incorporation of more variants to the analy-
ses. CAUSE compares two nested models, a sharing and
a causal model. Both models allow for horizontal plei-
otropy (correlated pleiotropy (eta)) but only the casual
model includes a causal effect parameter (gamma). The
sharing and the causal model are compared against a null
model and against each other. Model comparisons are
carried out using the expected log pointwise posterior
density (ELPD), a Bayesian model comparison approach
that estimates how well the posterior distributions of a
particular model are expected to predict a new set data.
When P <0.05 the second model fits the data better than
the first model. There is evidence of causal effects when
the causal model represents a significant improvement in
the model fit of the sharing model.
For further details see Additional file 1: Note 7.

Results

SNP-based heritability, genetic correlation and overlap
The latest GWAS on IBS [18], neuroticism [20], depres-
sion [21] and anxiety used herein are summarized in
Table 1 and Additional file 1: Note 1. The estimated
SNP heritability (#%gp) was 6.9% (SE=0.004) for IBS,
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14.6% (SE=0.005) for neuroticism, 9.9% (SE =0.004) for
depression and 8.3% (SE=0.011) for anxiety (Table 2).
We found evidence of strong genetic correlation between
IBS and all three mental conditions, ranging from 53 to
68% (Table 2). Univariate MiXeR analysis revealed that
IBS and neuroticism were highly polygenic, with around
twelve thousand variants explaining 90% of SNP herita-
bility (12,438 variants for IBS and 12,308 for neuroticism;
Additional file 3:Table Sla). Bivariate MiXeR analysis
showed that the majority of the variants influencing IBS
were shared with neuroticism (10,793 (SE=1094) out of
12,438 (SE =1305) variants, Dice coefficient =0.87), with
a high proportion of variants being concordant (71%)
(Additional file 3: Table Sla and Additional file 2: Fig-
ure S1). Unfortunately, MiXeR was unable to accurately
quantify the genetic overlap between IBS and depression
or anxiety according to the Akaike Information Criterion
(AIC; Additional file 3: Table S1b).

Multi-trait analysis of GWAS (MTAG)

To identify novel loci for IBS, we combined the summary
statistics from the GWAS on IBS, neuroticism, depres-
sion and anxiety using MTAG, increasing the estimated
effective sample size from 486,601 in the original IBS
dataset to 887,490. The max-FDR of MTAG-IBS analy-
sis was low (0.020) suggesting no inflation, consistent
with the similar mean chi-square values for the different
GWAS, ranging from 1.08 for anxiety to 1.69 for neuroti-
cism. There was no evidence of residual stratification or
confounding leading to an inflation of test statistics (LD
Score regression intercept=0.857, SE=0.009, See Addi-
tional file 2: Figure S2).

After MTAG analysis, the number of genome-wide
significant SNPs for IBS increased from six in the origi-
nal GWAS to 42 independent SNPs in 37 loci (r*<0.05
between variants within each locus defined as regions of
1Mb) in the current study (Fig. 1, Additional file 2: Figure
S3, Additional file 3: Table S2, S3). Five loci in chromo-
somes 5, 6, 11 and 18 (there were 2 loci in chromosome
18) had one or more secondary variants (i.e. in each locus
there were more than one independent genome-wide sig-
nificant variants). After conditional analysis to confirm

Table 2 Genetic correlation estimates for IBS and neuroticism, depression and anxiety using Linkage Disequilibrium Score Regression

(LDSC)

Trait 1 Trait 2 Genetic SE Z P-value Intercept (SE) Trait 1 Trait 2
Correlation H (SE) 2 (SE)

IBS Neuroticism 0.526 0.027 19.298 5.54E-83 1.013(0.013) 0.069 (0.004) 0.146 (0.005)

IBS Depression 0.587 0.026 22.714 3.23E-114 0.992 (0.01) 0.069 (0.004) 0.099 (0.004)

IBS Anxiety 0.677 0.065 10.360 3.75E-25 0.999 (0.74) 0.068 (0.004) 0.083 (0.011)

SE, standard error; h? heritability
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independence, secondary variants remained significant
in the loci in chromosome 6 (4 secondary variants), 5
(1 secondary variant) and 18 (1 secondary lead variant).
The secondary variant in chromosome 11 was no longer
significant after conditional analysis leaving only the
lead variant in this locus (Table 3 and Additional file 3:
Table S2).

Comparing these results with the ones originally
described for IBS [18], 38 out of the 42 SNPs identified
herein were novel for IBS and all of them showed consist-
ent direction of the association (Fig. 1a and Additional
file 3: Table S3). Of them, 11 were not previously asso-
ciated with neuroticism, depression or anxiety (Fig. 1d).
The remaining signals, 27 in total, were novel associated
SNPs for IBS but previously reported for neuroticism
and/or depression (Table 3, Fig. 1d) and overall showed
consistent direction of association with that reported in
the original studies (Fig. 1a). Of the six SNPs previously
identified in IBS [18], four of them, on chromosome 3,
6, 9 and 11, were among the significant SNPs for IBS in
the current study and the two additional ones, in chro-
mosome 13, showed suggestive evidence of association
(P<5E-07; Table 3). Among top findings, we found lead
SNPs nearby genes involved in transcriptional regulation,
including non-coding RNAs (RP11-629G13.1 and MSHS5-
SAPCD1), RNA splicing (CELF4), chromatin remodeling
(EP300 and HIST1H3J), mRNA transport (FAMI120A) or
nucleic acid binding (TCF4 and ELAVL2), as well as in
brain development (TMEM161B) or presynaptic activity
(PCLO).

Credible variants and functional annotation

We identified a total of 1,818 Bayesian credible vari-
ants in the 37 independent loci for IBS (Additional
file 3: Table S4). Their functional annotation revealed
over-presentation of SNPs in introns (64.6%), intergenic
regions (21.7%) or located in non-coding RNA (9.4%)
(Fig. 2 and Additional file 3: Table S5). A total of 75% of
the variants within credible sets were located in open
chromatin regions (minimum chromatin state <7), 3%
were likely to affect the binding of transcription factors
(RegulomeDB scores from 1b to 2c) and 0.05% may be
deleterious (Combined Annotation Dependent Deple-
tion (CADD) score>12.37) (Fig. 2 and Additional file 3:
Table S5). Forty-eight variants were previously related by
GWAS (P<5E-07) to digestive-related phenotypes (e.g.
inflammatory bowel disease, gastroesophageal reflux or
gut microbiota relative abundance), lifestyle factors (e.g.
alcohol consumption, lifetime smoking, coffee consump-
tion or moderate to vigorous physical activity levels) and
brain and neuropsychiatric phenotypes (e.g. neuroti-
cism, depression, anxiety, cognition or brain morphol-
ogy) (Additional file 3: Table S6). In addition, we found
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that more that half of the credible variants (n =953; 52%)
were expression quantitative trait loci (eQTL) for at least
one gene in one brain area (n=2895; 49%) and/or diges-
tive tissue (n =690; 38%; Additional file 3: Table S7).

Credible variants were mapped to 289 unique genes
(Additional file 3: Table S8 and Additional file 2: Figure
S4) that were significantly enriched in genes upregulated
during early embryonic brain development (8th post con-
ceptual week; Additional file 2: Figure S5) and in several
gene-sets (Additional file 3: Table S9). Among the most
significant ones, we found psychiatric disorders (GWAS
catalog: autism spectrum disorder or schizophrenia,
P-adjusted =5.0E-193), digestive disorders (GWAS
catalog: ulcerative colitis, P-adjusted=1.1E-57 and
inflammatory bowel disease, P-adjusted =7.1E-40), auto-
immune disease (KEGG: Systemic lupus erythematosus,
P-adjusted=7.9E-61) and histone deacetylases (Reac-
tome: HDACS deacetylate histones, P-adjusted=3.1E-
46) (Additional file 3: Table S9).

Gene-based and gene-set analyses of MTAG-IBS risk loci
The gene-based analysis identified 76 significant genes,
which were associated with expression changes in the
cerebellum (P=5.2E-09), frontal cortex (P=9.8E-07),
anterior cingulate cortex (P=1.8E-05), basal gan-
glia nuclei (nucleus accumbens: P=6.9E-05; caudate:
P=9.7E-04) and hypothalamus (P=4.3E-04) (Additional
file 3: Table S10, Additional file 2: Figure S6-S7) as well
as with gene expression during the 21st post conceptual
week (P=8.5E-04) (Additional file 2: Figure S7). Among
top findings, we found genes with a role in brain devel-
opment and synaptic function, including CADM?2 and
NCAM1, previously identified in the latest GWAS on
IBS, and also genes involved in transcriptional regulation
through mRNA transport or chromatin structure, includ-
ing FAM120A, PHF?2 and different histone coding genes.
When we conducted the gene-set analysis we found the
branching morphogenesis of a nerve pathway significantly
associated with IBS (gene-set size=10 genes; P=1.7E-
06) (Additional file 3: Table S11).

Drug target identification

The enrichment analysis on druggable genes showed
enrichment of MTAG-IBS-finemapped credible genes
in druggable genes for 21 drugs (Additional file 3:
Table S12), being I-lysine (P<2.2E-16), belinostat
(P=8.6E-10), s-adenosylmethionine (P=7.0E-09) and
allopurinol (P=1.5E-07), the top ones (Additional file 3:
Table S12). They also included drugs related to musculo-
skeletal system, such as anti-inflammatory and antirheu-
matic drugs, or related to the nervous system, such as
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anesthetics and drugs used in opioid dependence (Addi-
tional file 3: Table S12).

Partitioned heritability and genetic correlations

When we partitioned the 4%, of IBS, we observed sig-
nificant heritability enrichment in ten functional cat-
egories (Fig. 2 and Additional file 3: Table S13), with the
strongest enrichment of variants in conserved regions
(enrichment=2.01; P=4.0E-09), DNase I hypersensitive
sites (DHSs) regions (enrichment =1.66; P=9.1E-08) and
histone H3 lysine 9 acetylation (H3K9ac) peaks (enrich-
ment=6.88; P=1.1E-07).

We found significant genetic correlations between
IBS and 13 gastrointestinal, immunological or psychi-
atric disorders using GWAS summary statistics avail-
able in the MR-Base database [35], including gastric
reflux (rg=0.51; P=2.6E-36), the cross-disorder GWAS
from the PGC involving schizophrenia, bipolar disorder,
major depressive disorder, autism spectrum disorders
and attention-deficit/hyperactivity disorder (ADHD)
(rg=0.44, P=9.7E-46), diverticulitis (rg=0.44, P="74E-
22), hiatus hernia (rg=0.43; P=4.7E-20) and chronic
fatigue syndrome (rg=0.39, P=2.0E-04), among others
(Fig. 2 and Additional file 3: Table S14).

Causal analysis using summary effect estimates (CAUSE)
CAUSE [36] showed consistent evidence for a causal
effect of the genetic liability of IBS on neuroti-
cism (AELPD=-3.6, SE=1.9, P=0.031), depression
(AELPD=-5.9, SE=1.8, P=54E-03) and anxiety
(AELPD=-2.9, SE=1.7, P=0.049). We also found evi-
dence for reverse causality with a causal effect of the
genetic liability of neuroticism and depression on IBS
(AELPD=-7.3, SE=1.4, P=1.5E-07 and AELPD=-6.3,
SE=1.4, P=1.8E-06 respectively) but there was no evi-
dence for a causal relationship when anxiety was consid-
ered as exposure and IBS as outcome (Fig. 2, Additional
file 3: Table S15a, b and Additional file 2: Figure S8).

(See figure on next page.)
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Discussion

In the present study we found extensive genetic sharing
between IBS, neuroticism, depression and anxiety, and
identified 42 genome-wide significant SNPs for IBS, of
which 38 are novel. Our findings confirm the polygenic
architecture of the disorder, with more than 12,000 var-
iants explaining 90% of the h”q;, and represent a great
advance over the previously reported six genome-wide
associated SNPs [18]. Significant signal enrichment was
found in genes showing heightened expression in the
brain during early embryonic development and play-
ing prominent roles in mental and digestive disorders,
autoimmune diseases and transcription regulation.

Our results confirm a role on IBS of genes involved
in brain development and synaptic function as well as
genes previously associated with psychiatric conditions
[18]. We detected 27 SNPs for IBS also associated with
at least one of the three mental conditions under study,
and found evidence supporting that IBS and neuroti-
cism, which is genetically correlated with many psychi-
atric disorders [39], share a considerable proportion
of their genetic background. The widespread common
genetic risk sharing with mental conditions was further
supported by the positive genetic correlation found
between IBS and many psychiatric disorders (i.e. schiz-
ophrenia, ADHD, autism or depression) and by the IBS
associated variants being located within genes signifi-
cantly expressed in the brain. These results are in agree-
ment with the higher burden of mental disorders often
co-existing in IBS patients, add further evidence of sub-
stantial pleiotropy of contributing loci and underscore
that genetic influences on IBS may transcend diagnos-
tic boundaries.

Among top findings we identified genes associated
with IBS in previous GWAS, such as CADM2 and
NCAMI, members of the synaptic cell adhesion mol-
ecules that play a role in synapse organization and
plasticity [40, 41]. Interestingly, NCAM peptide mimet-
ics have been proven to have both antidepressant and
anti-inflammatory effects [42, 43], pointing them as a
potential therapeutic target for IBS. Novel loci for IBS
include interesting genes previously associated with

Fig. 2 Follow-up analysis of MTAG-IBS results and causal analysis. a Functional annotation of the credible variants associated with MTAG-IBS. b
RegulomeDB scores of the credible variants associated with MTAG-IBS. Low scores indicate increasing likelihood of having regulatory function.

c Distribution of the credible variants associated with MTAG-IBS across 15 categories of minimum chromatin state. Lower state indicating higher
accessibility and states from 1 to 7 refer to open chromatin states. d Genetic correlations (rg) between MTAG-IBS results and 17 phenotypes
involving digestive, immunological and psychiatric disorders. Only significant correlations after Bonferroni correction are displayed. e Bar graphs
depicting the size of the genomic locus (left), number of candidate SNPs in the locus (center) and number of mapped genes in the genomic
locus (right). Genomic loci are displayed by “chromosome: start position-end position”. f Partitioning of the SNP heritability of the MTAG-IBS results
using LD Score regression. Enrichment was calculated by dividing the partial heritability of a category by the proportion of SNPs in that category
(proportion indicated by color). Only significant enrichments are displayed. g Causal relationships between IBS and neuroticism, depression

and anxiety assessed using Causal Analysis Using Summary Effect estimates (CAUSE). Only associations with evidence of causal relationship are

displayed
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depression and other mental disorders, such as RERE,
that regulates retinoic acid signaling during devel-
opment [44—46], PCLO, involved in synaptic vesicle
trafficking, TMEM161B [47], a brain-expressed trans-
membrane protein [48], RBFOX1, a splicing regulator
mainly expressed in neurons, that is one of the most
pleiotropic genes among psychiatric disorders [49] or
DRD2, encoding the dopamine receptor D2R and one
of the strongest candidates for psychiatric disorders
and traits [50]. Interestingly, several studies in ani-
mal models suggested an important role for dopamine
signaling both in the development and progression of
inflammatory bowel disease [51] and treatment with
D2R agonists decreased the severity of ulcerative colitis
in mice and rats [52].

Interestingly, three of the identified genome-wide sig-
nificant SNPs had been tested for association with psy-
chiatric and neurological phenotypes, which contributes
to clarify their potential functional role. One of these
SNPs is the rs301806 (MTAG-IBS P-value=1.7E-09)
located in chromosome 1 in the RERE gene and previ-
ously associated with neuroticism. A neuroimaging study
of drug-naive individuals with MDD found that reduc-
tions in cortical thickness among patients (n=47) com-
pared to controls (n=42) were significantly larger among
those with the T/T genotype of this SNP compared to C
carriers [53]. Another SNP, the rs4481363 (MTAG-IBS
P-value =1.0E-09) located in chromosome 5 in the CTC-
340A15.2 gene, previously associated with neuroticism
and depression, has been examined in a study testing
associations between genetic variants associated with
subjective well-being and depressive symptoms and
these, and metabolic phenotypes in a Chinese elderly
sample (n=1788). However, this SNP did not show asso-
ciation with any of the phenotypes studied [54]. The third
SNP is the rs2024568 (MTAG-IBS P-value=1.5E-10) in
chromosome 20 (nearest gene was the RPL13P2) previ-
ously associated with neuroticism and depression. This
variant was identified as likely affecting DNA methyla-
tion patterns in multiple sclerosis (MS) in a gene-regula-
tory network integrating GWAS summary statistics and
DNA methylation profiles from 140 cases of MS and 139
controls [55].

We also provide new insights underlying IBS, show-
ing strong evidence of transcriptional regulation mecha-
nisms playing a role in the disorder, including non-coding
RNAs and histone modification. The over-representation
of credible variants in non-coding regions is a common
finding when investigating the genetic basis of complex
traits [56]. Although the role of non-coding variants is
still unclear, it has been suggested that non-coding vari-
ants may impact the phenotype by alteration of regula-
tory elements such as enhancers, transcription factor
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binding sites or chromatin state [56]. Indeed, we found
75% of the variants within credible sets were located in
open chromatin regions (minimum chromatin state <7),
3% were likely to affect the binding of transcription fac-
tors (RegulomeDB scores from 1b to 2c) and 0.05%
may be deleterious (CADD score>12.37). These results
point towards a potential role for IBS associated non-
coding variants in gene regulation. More specifically,
we found genes encoding histones and histone modify-
ing enzymes among top findings, and enrichment of IBS
associations in histone acetylation and methylation peaks
and in target genes for the histone deacetylase inhibi-
tor belinostat [57]. These findings are in agreement with
previous results involving chromatin modifications in
maintenance of anxiety behavior and nociception and in
visceral hypersensitivity induced by early-life stress [58,
59]. Additionally, top findings also include non-coding
RNAs, an epigenetic mechanism that has been involved
in regulation of genes related with visceral pain response
and intestinal permeability [60—62]. These results add
additional evidence towards the role of epigenetic pro-
gramming in inflammation, visceral pain as well as in
intestinal permeability, sensibility and motility in both
humans and animal models of IBS [58, 59, 63, 64].

Despite many of the findings pointing out neurobio-
logical processes and mental disorders, we also detected
links between IBS and gastrointestinal-related pheno-
types. Fine mapping showed that 38% of the credible
variants were eQTLs for at least one digestive tissue and
that credible sets were located in genes enriched in dif-
ferent digestive disorders, including ulcerative colitis and
inflammatory bowel disease. In addition, positive genetic
correlations were found between IBS and gastric reflux,
diverticulitis, hiatus hernia, cholelithiasis/gallstones and
gastric/stomach ulcers, among others, which adds evi-
dence on the overlap between the genetic risk for IBS
and for other digestive-related disorders and traits. These
findings may reflect the multi-factorial etiology proposed
for IBS involving psychological factors, abnormal brain
functioning and dysregulation of brain-gut interactions
[15, 65—67], as previously proposed in different psychiat-
ric disorders such as depression [68].

IBS-associated signals were also enriched in target
genes of relevant drugs, including l-lysine or S-adeno-
sylmethionine. L-lysine acts as partial serotonin 5-HT4
receptor antagonist and inhibits serotonin-mediated
intestinal pathologies in rats, including anxiety and
stress-induced fecal excretion and severity of diarrhea
[69]. Interestingly, l-lysine, and other 5-HT4 receptor
antagonists, are promising targets for the treatment of
diarrhea-predominant IBS [70, 71] and may aminorate
serotonin disturbances in gut and brain that account for
part of intestinal and mental disorders [69]. Additional
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drugs of interest include S-adenosylmethionine, involved
in neurotransmission signaling that has a putative anti-
depressant effect [72, 73] or allopurinol that improves
inflammatory bowel disease clinical outcomes [74],
among others.

Despite the high prevalence of psychiatric comorbidi-
ties reported in patients with IBS, particularly anxiety
and depression, a clear temporal relationship between
them has not been well established. We found evidence
for a bidirectional causal effect between IBS and neu-
roticism or depression when accounting for correlated
pleiotropy, which strengthens previous evidence [18].
In addition, we found evidence for a causal effect of the
genetic liability of IBS on anxiety. These findings sup-
port that IBS increases the risk of subsequent depressive
and anxiety disorders described in longitudinal study
designs [75] and also previous evidence supporting that
prior depression raises the risk of developing IBS [76,
77]. We found, however, no evidence for a causal effect
of the genetic liability of anxiety on IBS when account-
ing for correlated pleiotropy, in line with previous results
[18]. Although the sample size for anxiety was more lim-
ited and these results may also reflect lack of statistical
power. Long term follow-up studies as well as larger data-
sets and sensitivity analyses are required to confirm the
robustness of these results and to better understand the
temporal relationship between IBS and comorbid mental
conditions.

A major strength of our study is the substantial larger
sample size compared with previous studies. By con-
ducting meta-analysis of GWAS summary statistics for
IBS and comorbid mental conditions with MTAG we
increased the effective sample size from 486,601 in the
original IBS dataset to 887,490 individuals and the num-
ber of IBS genome-wide significant associated SNPs from
six in the single-trait analysis to 42. Thirty-eight of them
were novel for IBS and 11 were not associated with any
of the mental conditions under study, which highlight
that MTAG combining GWAS on IBS and mental condi-
tions is a robust strategy to identify trait specific genetic
associations. In addition, four of the previously six iden-
tified SNPs were also significant in the present study
[18]. Even though two identified SNPs demonstrated less
association here, their associations were still suggestive
(P<5E-07) and in concordance in the direction of the
effect with the original GWAS study on IBS, which sup-
ports validity of the findings across studies.

The study, however, should be considered in the con-
text of some limitations: (i) We did not account for
phenotypic overlap and cannot discard that comorbid
conditions may have biased the observed results. Also,
IBS is considered a highly heterogenous disorder with
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pathophysiological differences observed among clini-
cal subtypes, between genders, and across age groups
and geographic locations [1]. Accounting for such fac-
tors may contribute to better characterize the disorder,
capture its genetic background and identify overlap with
other comorbid disorders that may impact on IBS risk,
prognosis and clinical outcome [6]; (ii) Despite the strong
genetic correlation between IBS and the three men-
tal conditions under study, MiXeR was unable to assess
the genetic overlap between IBS, depression and anxiety
probably due to the high polygenicity and low SNP herit-
ability estimates for these traits (0.083 and 0.099, respec-
tively) and the limited sample size of the original GWAS
on anxiety. We cannot discard, either, that due to lack of
power we did not detect IBS signals previously reported
for anxiety in the original GWAS or evidence for anxi-
ety increasing the risk for IBS in the causality analyses;
(iii) gene-based analyses may be inflated as suggested by
the lambda over 1, although given the increased power
of gene-based over single SNP analyses and the lack of
residual stratification or confounding inflation in the
MTAG-IBS results, this inflation may just reflect high
polygenicity; (iv) Combining GWAS that differ a great
deal in power may lead to inflation of FDR, accord-
ing to MTAG authors [24]. In this study we combined
GWAS with different sample sizes, however their mean
chi-squared was similar and accordingly the max-FDR
estimated in our IBS analysis was 0.02, which suggested
no inflation of our results. Moreover, despite increasing
considerably the effective sample size for IBS through the
addition of multiple mental conditions, a number of out-
comes were gastrointestinal-related phenotypes, which
further supports this approach.

In summary, we identified novel risk loci for IBS, reveal
new insights of its polygenic architecture and extended
previous knowledge on the genetic overlap and causal
relationships between IBS, neuroticism, depression and
anxiety. Overall, we advance our understanding of the
biological mechanisms underlying IBS, highlighted can-
didate genes related to brain development and function
as well as transcriptional regulation and provide insight
into the association between IBS and comorbid mental
disorders.

Abbreviations

ADHD Attention-deficit/hyperactivity disorder

AIC Akaike information criterion

ATC Anatomical therapeutic chemical

CAUSE Causal analysis using summary effect estimates
IBS Irritable bowel syndrome

FDR False discovery rate

ELPD Expected log pointwise posterior density
FUMA Functional Mapping and Annotation of GWAS
GCTA Genome-wide complex trait analysis
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GWAS Genome-wide association study
hp SNP heritability
LDSC Linkage disequilibrium score regression

MAGMA  Generalized gene-set analysis of GWAS data
MTAG Multi-trait analysis of GWAS
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Additional file 1. Supplementary materials.

Additional file 2: Figure S1. MiXeR results for IBS and neuroticism. A)
Venn diagram depicting the estimated number of trait-influencing vari-
ants shared (gray) between IBS and neuroticism. Unique variants for each
trait are depicted in blue for IBS and orange for neuroticism. The number
of trait-influencing variants in thousands is shown, with the standard
error in thousands provided in parentheses. The size of the circles reflects
the polygenicity of each phenotype, with larger circles corresponding to
greater polygenicity. The estimated genetic correlation (rg) is shown in
the bar. Red color indicates positive genetic correlation. B) and C) depict
conditional Q-Q plots of observed versus expected —log10 p-values

in the primary trait as a function of significance of association with a
secondary trait at the level of p < 0.1 (orange lines), p < 0.01 (green lines),
p < 0.007 (red lines). Blue line indicates all SNPs. Dotted lines in blue,
orange, green, and red indicate model predictions for each stratum. Black
dotted line is the expected Q—Q plot under null (no SNPs associated with
the phenotype). D) Log-likelihood curves highlighting the goodness of
model fit. The minimum point indicates the best-fitting model estimate of
the number of influencing variants shared between two traits (Supple-
mentary Table 1). Figure S2. LD Score regression plot with the MTAG-IBS
results. Each point represents an LD score quantile. The x-axis represents
the mean LD score for the variants included in the quantile and the y-axis
represents the mean 2 of variants in that quantile. The black line is the LD
score regression line fitted by a linear regression model with mean x2 as
the outcome variable and mean LD score for each bin as the independent
variable (Coefficient=0.011, p=2E-16). Figure S3. Regional Plots of the
42 lead SNPs identified in the MTAG-IBS analysis. In red, genes mapped by
SNPs in the credible sets based on physical proximity, chromatin interac-
tion and/or eQTLs using FUMA. Figure S4. Gene-based test QQ plot.
Observed versus expected gene-based test p-values on the-log10 scale
are shown. Lambda: 1.6855. Figure S5. Enrichment of genes mapped to
MTAG-IBS variants with credible sets on Differentially Expressed Genes
(DEG) in brain tissue. Results from hypergeometric test evaluating enrich-
ment of the 289 mapped genes by credible variants in DEG in brain tissue
representing different brain developmental stages in BrainSpan. Signifi-
cant enrichment at Bonferroni corrected P-value < 0.05 are coloured in
red. Figure S6. MAGMA tissue expression analysis using GTEx v.8. Results
from MAGMA gene-property analysis between gene-based MTAG-IBS
associations and tissue specific gene expression profiles. (A) GTEx v.8 54
tissues. (B) GTEx v.8 30 general tissues. Red bars indicate significant results.
Figure S7. MAGMA tissue expression analysis using Brainspan. Results
from MAGMA gene-property analysis between gene-based MTAG-IBS
results and tissue specific gene expression profiles in Brainspan. (A) Brain-
Span 29 ages. (B) Brainspan 11 developmental stages. Red bars indicate
significant results. Figure S8. Scatter plots of the causal analysis. Scatter
plots of exposure versus outcome effect sizes for: the sharing model (left)
illustrating the pattern induced by a shared factor (correlated pleiotropy,
eta) without a causal effect; the causal model (middle) illustrating the
pattern induced when including also a causal effect (gamma); and the
expected log pointwise posterior density (DEPLD) contribution from each
variant for each causal relationship tested.

Additional file 3: Table S1. a Univariate and bivariate MiXeR output

for IBS vs. neuroticism. Table S2. Results from association analyses of
lead and secondary lead variants conditioned on the lead variant using
COJO. For locus with more than two secondary variants, we further check
independency of the secondary variants among each other. P-value of
the secondary variants in MTAG-IBS and P-value after conditional analysis
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using COJO are given. The last column in the right indicates whether the
secondary variant was considered as an independent signal. Table S3.
Results in the original GWAS on IBS of the lead SNPs from MTAG-IBS.
Table S4. Credible variants for each of the 37 independent loci or IBS
identified in the cross-trait analysis using MTAG. Variants included herein
were identified by all three fine-mapping methods (PAINTOR, CAVIARBF
and FINEMAP). The prosterior probability of the variant being causal
estimated by PAINTOR, CAVIARBF and FINEMAP is indicated in the last
three columns. Chromosome (CHR), base position (BP), and SNP of the
index variants. Effect alle (A1) and non-effect allele (A2) with respect to
the beta (BETA). The standard error of the beta (SE) and the association
P-value. Table S5. Functional annotation of the credible variants for each
of the 42 lead variants identified in the cross-trait analysis of IBS using
MTAG. Chromosome (CHR), SNP of the index variants, base position (BP),
combined Annotation Dependent Depletion score (CADD), RegulomeDB
score (RDB) and chromatin state (minChrState) are indicated. Table S6.
GWAS Catalog results for MTAG-IBS credible set variants associated with
other traits in previous GWAS. Table S7. Variants in credible sets mapped
to genes associated with eQTLs. Table S8. Genes mapped to sets of credi-
able variants in FUMA. Table S9. Enrichment of genes mapped to variants
in credible sets. Table S10. Results of the gene-based asociation analysis
on MTAG-IBS using MAGMA. Only gene-wide signficant genes are shown.
The p-value for gene-wide significance after Bonferroni correction was
0.05/18,135=2.757x10-6. Table S11. Results of the gene-set analysis on
MTAG-IBS using MAGMA. Table S12. Enrichment analysis on druggable
genes for MTAG-IBS genes using data from PharmaKG.Categories accord-
ing to the Anatomical Therapeutic Chemical (ATC) classification system
are provided. Table S13. Results of the partitioned heritability analysis
using LDSC. Table S14. Genetic correlations between MTAG-IBS and 28
phenotypes inlcuding digestive, immnological and psychiatric disorders
from MR-Base. Table S15. a CAUSE model comparison.
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