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Integrating genetics and transcriptomics
to characterize shared mechanisms in
digestive diseases and psychiatric
disorders
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Digestive and psychiatric disorders tend to co-occur, yet mechanisms remain unclear. Leveraging
genetic and transcriptomic data integration, we conduct multi-trait analysis of GWAS (MTAG) and
weighted gene co-expression network analysis (WGCNA) to explore shared mechanism between
psychiatric and gastrointestinal disorders. Significant genetic correlations were found between these
disorders, especially in irritable bowel syndrome (IBS), gastroesophageal reflux disease (GERD),
depression (DEP), and neuroticism (NE). MTAG identify 60 novel pleiotropic loci for IBS and 14 for
GERD, predominantly located near genes associated with neurological pathways. Further WGCNA
identifies multiple co-expression modules enriched with genes involved in neurological pathways in
digestive tissues, with some modules strongly preserved across brain and digestive tissues.
Moreover, our network analysis suggestsBSN,CELF4, andNRXN1 as central players in the regulation
of the gut-brain axis (GBA). This study enhances our understanding of theGBA and underscoresBSN,
CELF4, and NRXN1 as crucial targets for future research.

The intricate interplay of genetics, lifestyle factors, and environ-
mental influences contributes to the prevalence and diversity of
gastrointestinal tract diseases, making them a notable concern in
global public health1–4. Patients with psychiatric disorders, like
depression (DEP) and anxiety (ANX), often manifest a higher pre-
valence of digestive symptoms5,6. Similarly, individuals with digestive
diseases are more prone to experiencing psychiatric comorbidities7,8.
In line with these observations, a Mendelian randomization study has
provided compelling evidence for the genetic predisposition of DEP
to an elevated risk of a spectrum of digestive tract diseases9, sug-
gesting the presence of shared genetic risk factors underlying these
two disease categories.

With increasing sample sizes across phenotypes, genome-wide asso-
ciation studies (GWAS) have become an invaluable tool for uncovering the
genetic basis of digestive and psychiatric disorders10–13. However, conven-
tional GWAS approaches only concentrate on individual traits in isolation.
In recent years, there has been a growing focus on investigating the genetic
overlap between psychiatric disorders and digestive diseases using genome-
wide cross-trait analyses14–16. The study by Markos Tesfaye et al. used
bivariate MiXeR analysis to find extensive polygenic overlap between irri-
table bowel syndrome (IBS) and psychiatric disorders, and will apply con-
ditional FDR (condFDR) to identify 70 unique loci shared between IBS and
psychiatric disorders. Genome-wide pleiotropy analyses of four gastro-
intestinal disorders (IBS etc.) and six psychiatric disorders (major depressive

1Department ofGeneral Surgery, TheFirst AffiliatedHospital of ShandongFirstMedicalUniversity &ShandongProvincial QianfoshanHospital, Jinan, Shandong,P.
R. China. 2Medical Center for Digestive Diseases, The First Affiliated Hospital of Shandong First Medical University & Shandong Provincial Qianfoshan Hospital,
Jinan, Shandong, P. R. China. 3Laboratory of Metabolism and Gastrointestinal Tumor, The First Affiliated Hospital of Shandong First Medical University &
Shandong Provincial Qianfoshan Hospital, Jinan, Shandong, P. R. China. 4Shandong Provincial Engineering Research Center of Minimally Invasive Diagnosis and
Treatment for Digestive Diseases, Jinan, Shandong, P. R. China. 5College of Medical Information and Artificial Intelligence, Shandong First Medical University &
Shandong Academy of Medical Sciences, Jinan, Shandong, P. R. China. 6Department of Gastroentero-Anorectal Surgery, Zhuji People’s Hospital of Zhejiang
Province, Shaoxing City, Zhejiang Province, P. R. China. 7Department of General Surgery, Qilu Hospital of Shandong University, Jinan, Shandong, P. R. China.
8These authors contributed equally: Huanxin Ding, Yue Jiang, Qing Sun. e-mail: guangyongzhang@hotmail.com; changxiao@sdfmu.edu.cn

Communications Biology |            (2025) 8:47 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-07481-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-07481-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-07481-6&domain=pdf
http://orcid.org/0000-0001-5308-0129
http://orcid.org/0000-0001-5308-0129
http://orcid.org/0000-0001-5308-0129
http://orcid.org/0000-0001-5308-0129
http://orcid.org/0000-0001-5308-0129
http://orcid.org/0000-0002-0230-0416
http://orcid.org/0000-0002-0230-0416
http://orcid.org/0000-0002-0230-0416
http://orcid.org/0000-0002-0230-0416
http://orcid.org/0000-0002-0230-0416
mailto:guangyongzhang@hotmail.com
mailto:changxiao@sdfmu.edu.cn
www.nature.com/commsbio


disorder etc.) identified a total of 2910 unique loci under the composite null
hypothesis (PLACO), with 83 pleiotropic loci and 24 co-localized loci.
Although the above studies were only at the genomic level, these advanced
statistical methods enhance the ability of GWAS to identify pleiotropic
genetic variants that commonly influence both digestive and psychiatric
disorders. Furthermore, despite consistent findings that the gut–brain axis
(GBA) plays a crucial role in the etiology of digestive disorders, its under-
lyingmechanisms remain elusive. Further investigation is needed to address
critical questions such as: (1) Is the presence of GBA-associated genes a
primary and determining factor influencing the development of digestive
tract diseases? (2) Does the impact of GBA genes on these disorders remain
consistent across various digestive tract diseases? (3) In addition to GBA
genes, what other genetic factors play an important role in digestive tract
diseases? Identifying these factors is crucial for constructing a compre-
hensive picture of diseases development. (4) Is there a mutual connection
between GBA genes at the transcriptional level in both brain and intestinal
tissue? Investigating this aspect can shed light on potential gene expression
interactions that bridge the gap between the gut and the brain.

To uncover shared genetic underpinnings among digestive tract dis-
eases and psychiatric disorders, we collected GWAS summary statistics for
14 digestive conditions and ten psychiatric disorders. Through multi-trait
GWASanalyses, we uncoverednumerous pleiotropic genetic loci associated
with digestive and psychiatric conditions. In addition, we employed Tissue
co-regulation score regression (TCSC) to identify tissue-specific contribu-
tions to digestive diseases. Furthermore, a comprehensive gene co-
expression network analysis was conducted to pinpoint key genes poten-
tially linked to themechanisms ofGBAunderlying digestive and psychiatric
diseases.

Results
The overview for our study is provided in Supplementary Fig. 1.

Global genetic correlations among psychiatric disorders and
digestive conditions
We observed substantial variability in SNP-based heritability for digestive
tract diseases, spanning from less than 1–44.42%. Psychiatric disorders also
demonstrate a similar pattern, ranging from63.76 to 3.77% (Supplementary
Table 1). We next studied the genetic correlation between psychiatric dis-
orders and digestive diseases. As previously reported9, DEP and major
depressive disorder (MDD) exhibit robust correlations with most digestive
diseases. The most significant correlation (Rg = 0.57, P = 2.07 × 10−206) was
observed between DEP and gastroesophageal reflux disease (GERD)
(Supplementary Table 2 and Fig. 1a). In addition, neuroticism (NE),
attention-deficit hyperactivity disorder (ADHD), post-traumatic stress
disorder (PTSD) and ANX are also associated with multiple digestive dis-
eases (Supplementary Table 2 and Fig. 1a). Among digestive disorders,
irritable bowel syndrome (IBS) displayed a notably high degree of correla-
tion with all psychiatric disorders, with the most substantial correlation
(Rg = 0.56, P = 3.79 × 10−131) observed with DEP. Additionally, GERD,
gastritis–duodenitis (GD), peptic ulcer (PU), acute pancreatitis (AP),
diverticular disease (DD) and non-alcoholic fatty liver disease (NAFLD)
also demonstrated strong associations with multiple psychiatric disorders
(Supplementary Table 2 and Fig. 1a).

To further explore the complex relationships among all the examined
diseases, we constructed a correlation network based on the pairwise genetic
correlations between them (Supplementary Tables 2–4 and Fig. 1b). In the
network, the proximity between related phenotypes is determined by the
weight of their correlation17. Our observations revealed that psychiatric
disorders, includingMDD,DEP, andNEwere tightly interconnected.These
psychiatric disorders further extended their links to other psychiatric con-
ditions including ANX, PTSD, and ADHD as well as digestive diseases like
IBS and GERD. For digestive diseases, IBS, GERD, GD, DD, PU, AP,
NAFLD and “cholelithiasis and cholecystitis” (CL&CC) were clustered
together, while inflammatory bowel disease (IBD), crohn’s disease (CD),

ulcerative colitis (UC), appendicitis (APP) and colorectal cancer (CRC)
appeared to be separated from the primary cluster.

Local genetic correlations among psychiatric disorders and
digestive conditions
Wenext conducted a comprehensive genome-wide scan to explore whether
specific genomic regions play a role in the shared heritability of genetically
related traits. Following correction for multiple testing, we identified a sig-
nificant correlation between GERD and MDD within the major histo-
compatibility complex (MHC) region (Fig. 2a). This discovery mirrors the
local genetic correlation observed between GERD and DEP (Fig. 2b).
Similarly, the local genetic correlation region between IBS and MDD was
also identified at MHC region (Fig. 2c). It’s worth noting that in pairs of
digestive diseases such as GERD and IBS, which exhibited significant global
genetic correlations, no specific genomic region was detected to contribute
to heritability (Supplementary Fig. 2a–c).

Cell-type-specific enrichment of SNP heritability
We further investigated the correlated psychiatric disorders and digestive
diseases by dividing the SNP heritability based on six chromatin marks
and nine cell types (Supplementary Figs. 3–8). GERD, IBS, stool fre-
quency (SF), and psychiatric disorders exhibited similar patterns on the
six chromatin marks and are all enriched in the central nervous system
(CNS) related tissues or cell types (Supplementary Figs. 3–8). In contrast,
IBD, UC, and CD displayed significant enrichment in blood/immune-
related tissues or cell types across the six chromatin marks (Supple-
mentary Figs. 3–8). Almost all chromatin marks showed significant
enrichment of CRC, CL&CC, DD, and PU in digestive-related tissues or
cell types, particularly in tissues from the stomach, small intestine, and
large intestine (Supplementary Figs. 3–8). In addition, DD and SF
exhibited genetic enrichment in musculoskeletal/connective tissues.
CL&CC and AP exhibited different levels of enrichment in liver
(H3K9ac, H3K27ac, H3K4me3, Supplementary Figs. 5–7) and pancreas
(H3K4me1, H3K4me3, H3K9ac, H3K27ac, Supplementary Figs. 4–7).
Furthermore, NAFLD was characterized by an abundance of chromatin
marks in adipose tissues, including H3K4me1, H3K9ac, H3K27ac, and
H3K36me3 (Supplementary Figs. 4 and 6–8).

Tissue-specific contributions to 14 digestive diseases/traits
We next employed TCSC to examine the role of specific tissues in the
heritability of 14 digestive diseases/traits at the transcriptome level18. This
method primarily focuses on uncovering the proportion of disease herit-
ability explained by the cis-genetic component of tissue-specific gene
expression. TCSC analysis identified 27 significant causal tissue-trait pairs
that made positive contributions to the heritability of diseases/traits (Sup-
plementary Data 1 and Fig. 3a). For instance, whole blood exhibited asso-
ciations with several digestive diseases, including DD, PU, UC, CD, and
IBD, underlining its role in these conditions (Supplementary Data 1 and
Fig. 3a). Sigmoid colon, a clinical indicator in various digestive diseases, was
associated with SF, while transverse colon and skeletal muscle showed
associations with CRC (Supplementary Data 1 and Fig. 3a). In addition,
subcutaneous adipose tissue emerged as a causal tissue for DD, in line with
clinical observations linking adipose tissue ratios to diverticulitis severity
and the impact of obesity on diverticular disease risk (SupplementaryData 1
and Fig. 3a)19,20.

To enhance TCSC’s power for exploring brain-related digestive dis-
eases/traits, we conducted a brain-specific analysis, focusing on 13 brain
tissues from the Genotype-Tissue Expression (GTEx) dataset. This analysis
revealed a total of 14 causal tissue-trait pairs, with four pairs showing sig-
nificant associations (FDR ≤ 0.05). Notably, the cerebellum played a central
role inmultiple digestive diseases, including GERD, CRC, DD, IBD, and SF
(SupplementaryTable 5 and Fig. 3b). The cerebral cortexwas also identified
as the causal tissue for UC, IBD, GERD, and CRC (Supplementary Table 5
and Fig. 3b).
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Fig. 1 | Global genetic correlations amongdigestivediseases andpsychiatric disorders.
aHeatmap of genetic correlation estimates between digestive diseases and psychiatric
disorders. Positive genetic correlations are depicted in blue, while negative correlations are
represented in red. Larger squares denote more significant FDR values, and asterisks
indicate correlations that are statistically significant (FDR < 0.05). ∗FDR < 0.05,
∗∗FDR < 0.01, ∗∗∗FDR < 0.001.bGenetic correlationnetworks acrossdigestivediseases and
psychiatricdisorders.Eachcirclewithin thenetwork represents adiseaseor trait, andedges
depict significant genetic correlations (FDR < 0.05), with positive correlations in blue and

negative correlations in red. Thicker edges on the network correspond to a lower false
discovery rate (FDR). IBS irritable bowel syndrome, GERD gastroesophageal reflux dis-
ease, PUpeptic ulcer,AP acute pancreatitis,NAFLDnon-alcoholic fatty liver disease,APP
appendicitis,CRCcolorectal cancer, IBDinflammatoryboweldisease,CDCrohn’sdisease,
UCulcerative colitis, SF stool frequency,DDdiverticular disease, GDgastritis–duodenitis,
ANX anxiety, NE neuroticism, MDDmajor depressive disorder, DEP depression, SCZ
schizophrenia, ADHD attention-deficit hyperactivity disorder, BIP bipolar disorder,
PTSD post-traumatic stress disorder.
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Multi-trait meta-analysis of psychiatric disorders and digestive
conditions
The evidence obtained from genetic correlation analyses between digestive
diseases andpsychiatric disorders promptedus to further identify the shared

pleiotropic loci among them. Given the well-established strong association
between IBS and central nervous system (Fig. 1), we initially conducted
multi-trait analysis usingmulti-trait analysis of GWAS (MTAG) to pair IBS
with psychiatric disorders that showed significant correlations with IBS, as

Fig. 2 | Local genetic correlations among digestive diseases and psychiatric dis-
orders. aManhattan plot showing the estimates of local genetic correlation, genetic
covariance, and SNP heritability between GERD and MDD in Europeans.
bManhattan plot showing the estimates of local genetic correlation, genetic cov-
ariance, and SNP heritability between GERD and DEP in Europeans. c Manhattan

plot showing the estimates of local genetic correlation, genetic covariance, and SNP
heritability between IBS and MDD in Europeans. Red bars represent loci showing
significant local genetic correlation after multiple testing adjustment. GERD gas-
troesophageal reflux disease, IBS irritable bowel syndrome, MDD major depressive
disorder, DEP depression.
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determined by linkage disequilibrium score regression (LDSC) (Fig. 4a). In
total, we identified 94 independent loci, of which 60 were previously
unreported in IBS (Supplementary Table 6). As anticipated, most novel loci
were discovered in the analysis of IBS and psychiatric conditions showing
strong associationwith IBS, includingDEP,MDD, andNE (Supplementary
Table 6 and Fig. 4a). Notably, many of the identified loci are situated near
genes involved in brain development and synaptic function, such as

CAMD2 (3p12.1) and NACM1 (11q23.2), which were also reported in the
latest GWAS on IBS21. However, the MTAG analysis revealed more loci
potentially linked to neuron development that were previously unknown,
such as NRXN1 (2p16.3), NLGN1 (3q26.31), FOXP1 (3p13), and FOXP2
(7q31.1) (Supplementary Table 7 and Fig. 4a). In addition, certain novel
pleiotropic loci consistently emerged from the MTAG analysis of IBS and
various psychiatric disorders, including CELF4, CIBAR1, DCC, LRFN5,

Fig. 3 | Estimates of tissue-specific contributions
to 14 digestive diseases/traits by TCSC. TCSC
estimates πt′, which denotes the proportion of dis-
ease heritability explained by the cis-genetic com-
ponent of gene expression in tissue t′. a Analyses of
all GTEx tissues. bBrain-specific analyses restricting
to GTEx brain tissues. Asterisks denotes tissue-trait
pairs with an P < 0.05, while red boxes denote tissue-
trait pairs with a significant adjusted P (FDR <5%).
Tissues are ordered alphabetically. IBS irritable
bowel syndrome, GERD gastroesophageal reflux
disease, PU peptic ulcer, AP acute pancreatitis,
NAFLD non-alcoholic fatty liver disease, APP
appendicitis, CRC colorectal cancer, IBD inflam-
matory bowel disease, CD Crohn’s disease, UC
ulcerative colitis, SF stool frequency, DD diverti-
cular disease, GD gastritis–duodenitis.
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Fig. 4 |Overview of the identified pleiotropic loci frommulti-trait analyses in IBS
and GERD. a The left circle with dark hues presents the results of MTAG analyses
between IBS and psychiatric disorders, while the right circle with light hues displays
the results of MTAG analyses between IBS and digestive diseases. b The left circle
with dark hues shows the results of MTAG analyses between GERD and psychiatric
disorders, and the right circle with light hues illustrates the results for GERD with
digestive diseases. Yellow lines indicate novel pleiotropic loci. The color of each dot
on the lines corresponds to different diseases analyzed in the meta-analysis. IBS

irritable bowel syndrome, GERD gastroesophageal reflux disease, PU peptic ulcer,
AP acute pancreatitis, NAFLD non-alcoholic fatty liver disease, CRC colorectal
cancer, IBD inflammatory bowel disease, CD Crohn’s disease, UC ulcerative colitis,
DD diverticular disease, GD gastritis–duodenitis, CL&CC cholelithiasis and cho-
lecystitis, ANX anxiety, NE neuroticism, MDD major depressive disorder, DEP
depression, ADHD attention-deficit hyperactivity disorder, BIP bipolar disorder,
PTSD post-traumatic stress disorder.
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MAT2B, SLC45A1, and TCF4 (Supplementary Table 7). It also worth
mentioning that two independent loci (rs2111530 and rs8106322) close to
the TSHZ3 were detected from the MTAG analysis of IBS and depression
(MDDandDEP) (Supplementary Figs. 9 and 10). In the analysis comparing
IBS to other digestive diseases, we found a total of 24 independent signals,
with six of thembeing new discoveries (Supplementary Table 7 and Fig. 4a).
In addition to IBS, GERD exhibited strong correlations with multiple psy-
chiatric disorders, as illustrated in Fig. 1. Our MTAG analysis of the asso-
ciation between GERD and psychiatric disorders revealed a total of 93
independent signals,with 14 signals beingnoveldiscoveries (Supplementary
Table 8 and Fig. 4b). Similar to IBS, certain novel signals were identified in
proximity to genes involved in neuron development, such as PAX6 and
GRM5 (Supplementary Table 8 and Fig. 4b). Through the analysis of GERD
and other digestive diseases, we identified 56 independent signals, 12 of
which are novel (Supplementary Table 9 and Fig. 4b). In contrast, MTAG
analysesof otherdigestivedisorderswith similar genetic correlationpatterns
yielded far fewer significant loci, particularly those linked to psychiatric
traits. These results are included in Supplementary Tables 10–31.

Weighted gene co-expression network analysis across tissues
involved in the gut–brain axis
To explore the potential risk genes underlying the detected genetic variants,
we performed gene-based analyses usingmulti-marker analysis of genomic
annotation (MAGMA) on the studied psychiatric and digestive system
disorders (Supplementary Table 32). We next conducted gene enrichment
analyses using Fisher’s Exact test to assess the significance of gene overlap
between psychiatric diseases and digestive diseases. Consistent with results
of the genetic correlation analysis, we also observed a significant mutual
enrichment of risk genes between psychiatric disorders and digestive dis-
eases (Supplementary Fig. 11).

To prioritize risk genes that may play a crucial role in GBA, we next
constructed gene co-expression networks using weighted gene co-
expression network analysis (WGCNA) with RNA-Seq data obtained
fromsevenbrain tissues and sevendigestive tract tissues from theGTEx (v8)
database. Based on existing literature, the seven brain tissues were selected
due to their potential involvement in psychiatric disorders analyzed in this
study, such as DEP, MDD, and NE22. Similarly, the seven digestive tract
tissues were chosen for their relevance to the development and progression
of GERD and IBS23,24. A total of 4196 tissue samples, including 1426 brain
samples, were included in the analysis (Supplementary Table 33). It is
important tonote that thenumberof samples (ranging from152 to555) and
genes (ranging from 16,429 to 18,789) varied across different tissues
(Supplementary Table 33).Within each gene network, we observed varying
numbers of gene co-expression modules. For instance, the sigmoid colon
had 17modules, while the stomach only had fourmodules (Supplementary
Table 33). The number of genes within each module also displayed con-
siderable variation, ranging from 101 genes (0.06% of total genes) in the
amygdala to 11,209 genes (68% of total genes) in the stomach. Gene func-
tional enrichment analysis further revealed that these co-expression net-
works were significantly enriched in specific biological processes, such as
oxidative phosphorylation and immune system process (Supplementary
Data 2). These results suggest that the gene co-expression modules within
the networks can be viewed as biologically coherent and functionally related
units. In addition, we observed an enrichment of risk genes for specific
diseases within gene co-expression network modules, as illustrated in the
Supplementary Fig. (Supplementary Fig. 12).

To investigate the relationships between modules across different tis-
sues, we built a Sankey diagram based on the sequential arrangement of
digestive tissues in the gastrointestinal tract. Notably, we noted the presence
of a sizable module enriched with genes related to nervous system devel-
opment in both the small intestine (M3 [Small_Intestine]) and transverse
colon (M2 [Colon Transverse]), which are contiguous in the digestive tract.
Moreover, modules associated with nervous system development exhibited
remarkable similarity in their gene compositions between the small intestine
and transverse colon (Fig. 5). In stomach, another organ adjacent to the

small intestine, we detected a larger module (M1 [Stomach]), which is also
linked to nervous system development (Fig. 5). Notably, several potential
risk genes identified through MTAG analysis consistently served as hub
genes within thesemodules, such as PBX3,COL6A1, andTSHZ3 (Fig. 5). In
contrast to the stomach, small intestine, and transverse colon, there is a
significant rise in the number of identified modules in the esophageal and
sigmoid colon tissues, indicating more complicated patterns of gene co-
expression within these tissues (Fig. 5).

We next selected highly correlated psychiatric disorders (DEP, MDD,
and NE) and gastrointestinal diseases (IBS, GERD) according to LDSC,
which are potentially influenced by genes involved in GBA. We first con-
ducted a preservation analysis on co-expression modules identified in
various brain and digestive tissues, which are enriched with genes related to
nervous system development and the aforementioned five disorders (Sup-
plementary Table 34). Our goal was to systematically assess the consistency
and reproducibility of these modules across different tissue types. For
modules identified in brain tissues, a strong preservation was almost
observed (Z > 10) across all brain regions, while a weak to moderate pre-
servation (2 < Z score < 10)was detected inmost digestive tissues. It isworth
mentioning that modules M2 [Amygdala] and M4 [Cerebellum Hemi-
sphere] not only demonstrated strong preservation within brain tissues but
also exhibited comparable conservation in esophageal and sigmoid colon
tissues (Fig. 6a). In contrast, while most modules identified in digestive
tissues exhibited robust preservation within the digestive system, a pre-
dominantly weak to moderate preservation was observed in most brain
tissues (Fig. 6a). Notably, modules M17 [Esophagus Muscularis] and M13
[Colon Sigmoid] displayed remarkably high preservation strength within
brain tissues (Z > 20), surpassing even their levels observed in digestive
tissues (Fig. 6a). These findings provide compelling evidence suggesting
substantial regulatory influence from the brain on these gastrointestinal
regions and imply the active involvement of these modules in GBA. Fur-
thermore, we observed a significant overlap in the genes within modules
(M17 [Esophagus Muscularis] and M13 [Colon Sigmoid]), and both
modules exhibited a notable convergence with M2 [Amygdala]. Interest-
ingly, two genes, BSN and CELF4, identified through our MTAG analysis
consistently served as intramodular hubs in these threemodules (Fig. 6b). In
addition, we identified a substantial overlap between M4 [Cerebellum
Hemisphere] and two overlapping intestinal modules (ME 14 [Esophagus
Gastroesophageal Junction] andM8 [ColonSigmoid] (Fig. 6c).Remarkably,
these modules are primarily interconnected through the NRXN1 gene
(ranking second in intramodular connectivity in both modules) (Fig. 6c).
Moreover, NRXN1 was found to play a crucial hub role in modules across
various brain tissues, as illustrated in Supplementary Table 35.

Discussion
To uncover the shared genetic mechanism contributing to psychiatric and
gastrointestinal disorders, recent studies have detected multiple pleiotropic
loci at the genomics level, suggesting an important role of GBA in these
conditions15,16,25. Despite these advancements, the specific genes partici-
pating in GBA and their regulatory mechanisms remain elusive. Here, we
broaden our investigations by integrating multi-omics data from various
sources, enabling the identification of pivotal genes actively participating in
GBA and revealing their potential regulatory mechanisms at both genomic
and transcriptomic levels.

By leveraging LDSC, we explored a wide range of psychiatric disorders
and digestive conditions. Our investigation unveiled widespread genetic
correlations across the majority of these two categories of disorders, sug-
gesting the potentially pervasive influence of GBA in both psychiatric and
digestive conditions. In consistent with previous findings25, IBS was most
profoundly affected by psychiatric conditions, particularly in its correlation
with depression and neuroticism. In addition, we observed a strong asso-
ciationbetweenGERDand IBS, alongwith their correlationwith depression
andneuroticism, indicating the crucial role ofGBA in these disorders and its
significant impact on their sharedmechanisms. These findings were further
validated through our cell-specific analysis using S-LDSC. We observed
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similar patterns of SNP heritability across the six chromatin marks for IBS,
GERD and psychiatric disorders with all showing enrichment in CNS-
related tissues or cell types. In contrast, other digestive diseases were
influenced by tissues/cells involved in different functional pathways other
than CNS. For instance, IBD was markedly affected by cells participating
immune responses, while DD exhibited significant impacts from muscu-
loskeletal/connective tissues. Moreover, we uncovered additional evidence
at the transcriptomic level using the TCSC method, which differentiates
causal tissues fromtagging tissues anddividesdisease heritability into tissue-
specific components.

To identify candidate genes implicated in GBA underlying digestive
and psychiatric disorders, we conducted MTAG analyses for genetically
correlated psychiatric and digestive diseases. This approach led to the
identification of numerous shared genetic loci between digestive and psy-
chiatric disorders. Specifically, our analyses revealed more shared loci
between psychiatric disorders and IBS or GERD than other digestive dis-
orders. In addition, many genes situated near these loci are recognized for
their associations with mental disorders, potentially participating in shared

biological pathways, such asNRXN1,NLGN1, FOXP1, FOXP2,GRM5, and
GRM8. In addition, several pleiotropic loci consistently emerged inMTAG
analyses conducted across various digestive diseases and psychiatric dis-
orders. This not only supports our earlier findings but also enhances the
body of evidence pointing to shared genetic mechanisms underlying the
interconnectedness of these diseases.

To further pinpoint key genes at the transcriptome level, we con-
structed gene co-expression networks using WGCNA with RNA-Seq data
from digestive tract tissues and brain tissues. Tissues with more complex
biological roles or those involved in multiple physiological processes may
exhibit a greater number of co-expression modules. It suggests that each
tissue’s gene co-expression network is tailored to its specific biological
functions and regulatory needs. In addition, due to the increased statistical
power, tissues with larger sample sizes may exhibit moremodules. Notably,
we identified a primary co-expression module in the stomach containing
over 9000 genes, predominantly enriched with genes associated with ner-
vous system development, immune system processes, and nitrogen com-
pound metabolic processes. Genes of this module involved in nervous

Fig. 5 | Co-expression transitions of neurological pathways across digestive tis-
sues. The Sankey diagram displays the co-expression transitions of genes (or co-
expression modules) associated with neurological pathways across digestive tissues.
Each rectangle represents a gene co-expression module, with the size corresponding
to the number of genes, and different colors indicating distinct functional enrich-
ments. The connection degree of each module is visualized based on the number of

shared genes between twomodules. Neurologicalmodules and their connections are
colored in coral. Hub genes identified by MTAG are highlighted in each module,
with red denoting genes ranking within the top 5%of themodule, yellow indicating a
rank between 5 and 10%, green for a rank between 10 and 20%, and black repre-
senting a rank greater than 20%.
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Fig. 6 | Preservation of co-expression modules across brain and digestive tissues.
a Co-expression modules enriched in nervous system development and five closely
correlated disorders (DEP, MDD, NE, IBS and GERD) are analyzed. Colors of the
heatmap indicate module preservation, with Z values > 20 representing the strongest
evidence, >10 denoting strong evidence, 2–10 suggesting weak to moderate pre-
servation, and <2 indicating no preservation. Modules with labels colored in bule are
further visulized in (b), while modules with labels colored in purple are visulized in (c).

b The PPI network shows the shared genes from modules M2 [Amygdala], M17
[Esophagus Muscularis] and M13 [Colon Sigmoid] and c displays the shared genes
from modules M4 [Cerebellum Hemisphere], M14 [Esophagus Gastroesophageal
Junction], and M8 [Colon Sigmoid], with the size of the circles reflecting the gene’s
rank in at least one of the three modules. The surrounding color shows if the gene is
presented in each module.
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systemdevelopment also forma co-expressionmodule in the small intestine
and transverse colon tissues near the stomach, indicating their coordinated
activity in these tissues. Moreover, specific genes like PBX3, COL6A1, and
TSHZ3 consistently acted as hub genes within modules related to nervous
system development in the stomach, small intestine, and transverse colon.
TSHZ3 also emerged as a hub gene in a module linked to nervous system
development in the mucosa, and two independent loci (rs2111530 and
rs8106322) in close proximity to TSHZ3 were detected through MTAG
analyses. Indeed, multiple lines of evidence suggest that TSHZ3 encodes a
transcription factor regulating neuronal development, and disruptions in
TSHZ3 may lead to neurodevelopmental disorders26–28. These findings
provide support for the convergence of genetic and transcriptomic aspects,
emphasizing the critical role of TSHZ3 in GBA and its involvement in
psychiatric and digestive disorders. In contrast, the esophageal and sigmoid
colon tissues exhibit a notable increase in the number of identifiedmodules,
suggesting more intricate patterns of gene co-expression within these tis-
sues. Interestingly, we also found genes identified by MTAG analyses, such
as NRXN1 and EP300, function as hub genes across the esophageal and
sigmoid colon tissues.NRXN1 encodes a protein from the neurexin family,
crucial for the proper formation and maintenance of synapses. It has been
widely implicated in diverse psychiatric disorders, including autism spec-
trum disorder (ASD), schizophrenia (SCZ), and intellectual disabilities29–31.
EP300 encodes a histone acetyltransferase, playing a vital role in chromatin
modification and gene expression regulation. EP300 has also been asso-
ciated with various neurological and psychiatric disorders32,33. In addition to
the aforementioned genes potentially involved in GBA regulation, our
WGCNA also supports the crucial roles of certain genes independent of
GBA within the gastrointestinal tract, such as FUT2 and ABO. FUT2
encodes fucosyltransferase 2, a protein controlling the secretion of ABO
blood group antigens in the gastrointestinal mucosa and secretory glands34.
Recent reports suggest that ABO blood type and FUT2 secretor status may
indirectly influence gastrointestinal health anddisease states by affecting the
expression of gastrointestinal proteins35. Moreover, both ABO and FUT2
have been previously associatedwith the risk of PU and gastric cancer36,37. In
our analysis, FUT2 and ABO were identified as hub genes in the module
associated with lipid metabolic processes in the sigmoid colon. However,
only FUT2 was recognized as a hub gene in the stomach, indicating varia-
tions in the regulatory roles of FUT2 and ABO across different gastro-
intestinal tissues.

To gain deeper insights into the mechanisms of GBA in digestive and
psychiatric disorders, weperformed apreservation analysis of co-expression
modules enriched in nervous system development and five closely corre-
lated disorders (DEP, MDD, NE, IBS and GERD) across diverse brain and
digestive tissues. Strong conservation was observed across all brain regions
formodules identified in brain tissues, while weak tomoderate preservation
was still evident in digestive tissues. Notably, modules M2 [Amygdala] and
M4 [Cerebellum Hemisphere] displayed robust preservation in both brain
and digestive tissues. Similarly, most modules identified in digestive tissues
exhibited strong preservation within the digestive system, while weak to
moderate preservation in brain tissues, including the pivotal modules
associated with nervous system process M3 [Small_Intestine] and M2
[Colon Transverse]. Nonetheless, modules M17 [Esophagus Muscularis]
and M13 [Colon Sigmoid] exhibited exceptional preservation strength in
brain tissues. Interestingly, genes within these two modules and M2
[Amygdala] overlapped significantly, and genes BSN and CELF4, detected
through our MTAG analysis, consistently served as intramodular hubs in
these three modules. The BSN gene encodes the Bassoon protein, a crucial
component of the presynaptic cytomatrix at the active zone that facilitates
synaptic vesicle trafficking. It is prominently expressed in the cerebral cortex
and hippocampus regions of the mammalian brain and linked to multiple
psychiatric disorders38. CELF4 encodes an mRNA-binding protein that
regulates excitatory neurotransmission39. It is primarily expressed in glu-
tamatergic neurons and associated with psychiatric disorders such as neu-
roticism and depression21,39. In addition, a substantial overlap between M4
[Cerebellum Hemisphere] and two overlapping intestinal modules (M14

[Esophagus Gastroesophageal Junction] and M8 [Colon Sigmoid]) was
detected with NRXN1 acting as a pivotal hub. These results indicated the
intricate mechanisms underlying GBA and suggest BSN, CELF4 and
NRXN1 as a central player in the regulatory networks connecting the brain
and gastrointestinal system.

This study has several limitations. First, while we identified novel
pleiotropic loci and key genes such as BSN, CELF4, andNRXN1, which are
implicated in the gut–brain axis, their regulatory mechanisms still require
further validation through functional experiments. Second, the use of
publicly available GWAS data introduces the possibility of sample overlap
between cohorts. To mitigate this, we employed the MTAG framework,
which accounts for and reduces potential biases from overlapping samples.
Finally, our analysis is predominantly based on individuals of European
ancestry, potentially limiting its generalizability to other populations or the
exploration of population-specific environmental interactions.

In conclusion, our integrative approach provides a comprehensive
understanding of the shared genetic mechanisms linking digestive condi-
tions and psychiatric disorders. Through this integration, our analyses
revealed novel genetic associations, and offered additional support from
gene co-expression network perspectives. Future functional studies are
warranted to validate the key gene targets identified in this study, whichwill
facilitate a deeper understanding of the complex interplay between gut and
brain, and potentially improve health outcomes for individuals with
digestive disorders influenced by GBA.

Methods
GWAS data
The detailed information of the GWAS datasets analyzed in this study is
presented in Supplementary Table 36.

Digestive diseases
GWAS summary statistics were collected frompublicly available data sources.
Data for IBSwereobtained froma largemeta-analysiswith486,601 individuals
(53,400 cases and 433,201 controls)12. ForGERD, datawere collected from the
UKBiobank(UKBB) study,which included71,522casesand261,079controls.
This dataset was defined based on ICD10 codes, self-reported GERD, and the
use of GERD medication. In addition, data from the QSkin study, involving
heartburn and GERD medication use as recorded in the Pharmaceutical
Benefits Scheme (PBS)medical records,were included40.Anadditional dataset
for PU, involving 16,666 cases, were sourced from the same gastrointestinal
tract GWAS conducted on a cohort of 456,327 individuals from the UKBB36.
GWAS summary statistics for IBD (25,042 cases, 34,915 controls),UC (12,366
cases, 33,609 controls), and CD (12,194 cases, 28,072 controls) were derived
from the same IBD GWAS dataset. GWAS summary statistics for GD and
CL&CC were derived from the full European data subset from the Lee Lab
(https://www.leelabsg.org/resources). In addition, GWAS summary statistics
for AP (10,630 cases, 844,679 controls), APP (4089 cases, 480,509 controls),
CRC (78,473 cases, 107,143 controls), DD (31,964 cases, 419,135 controls), SF
(167,875 participants) and NAFLD (12,194 cases, 28,072 controls) were
sourced from the GWAS catalog.

Psychiatric disorders
GWAS summary statistics for NE (523,783 participants) and ANX (6514
cases, 478,084 controls) were obtained from the GWAS Catalog. GWAS
data for eight additional psychiatric disorders were obtained from the
Psychiatric Genomics Consortium (PGC), including DEP (294,322 cases,
741,438 controls)13, MDD (170,756 cases, 500,199 controls)41, SCZ (76,755
cases, 243,649 controls)42, bipolar disorder (BIP, 41,917 cases, 371,549
controls)43, ADHD (38,691 cases, 186,843 controls)44, ASD (18,381 cases,
27,969 controls)45, PTSD (32,428 cases, 174,227 controls)46 and anorexia
nervosa (AN, 16,992 cases, 55,525 controls)47.

Global genetic correlation analysis
Genetic correlation (rg) between each pair of diseases or traits was assessed
usingLDSCwithGWASsummary statistics48. The equationused inLDSC is
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as follows: E½βjγj� ¼
ffiffiffiffiffiffiffiffiffiffiffi

N1N2rg
p

M lj þ Nsr
ffiffiffiffiffiffiffiffiffi

N1N2

p , where βj and γj represent the

effect sizes of SNP j on the two traits being tested,N1 andN2 are the sample
sizes for the two traits,Ns is the number of overlapping samples between the
two traits, r is the phenotypic correlation in the overlapping samples, rg is a
calculated parameter for the genomic annotation value of the associated risk
allele, and lj is the LD score.

In this analysis, pre-calculated linkage disequilibrium scores for Hap-
Map3 SNPs were utilized. These scores were derived from individuals of
European ancestry from the 1000 Genomes Project. SNP markers with an
imputation INFO score below 0.9 were excluded from the analysis. LDSC
was also employed to estimate the SNP-based heritability of the examined
traits48.

Cell-type-specific enrichment of SNP heritability
The Stratified LDSC (S-LDSC) method was employed in this study to
identify specific functional categories or cell types that have a significant
impact on the heritability of the traits under investigation49,50. The anno-
tation data used in this analysiswas obtained from theRoadmapproject and
included information on six chromatin marks (DHS, H3K27ac,
H3K36me3, H3K4me1, H3K4me3, and H3K9ac) across a diverse set of 88
cell types or tissues. These annotations were utilized to partition the SNP
heritability of each trait. Additionally, the cell-type annotations were
grouped into nine categories, namely adipose, central nervous system
(CNS), digestive system, cardiovascular, musculoskeletal and connective
tissue, immune and blood, liver, pancreas, and others. The enrichment
values specific to each annotation are converted into a color scale and
visualized using hierarchical clustering techniques in the ComplexHeatmap
package in R 4.2.3. Specifically, hierarchical clustering is performed using
Euclidean distance as the distance metric and complete linkage as the
clustering method, which are the default settings in the ComplexHeatmap
package (internally relying on the hclust function from base R).

Local genetic correlation analysis
Given that genetic correlation estimated by LDSC aggregates information
across all variants in the genome, we performed an additional analysis using
ρ-HESS (heritability estimation from summary statistics) to evaluate pair-
wise local genetic correlations51. ρ-HESS is specifically tailored to evaluate
the local genetic correlation between pairs of traits within each of the 1703
predefined LD-independent segments, which have an average length of
1.6Mb. To ascertain statistical significance, we applied a Bonferroni cor-
rection, consideringap-value lower than0.05/1703 as indicativeof statistical
significance.

Multi-trait analysis of GWAS (MTAG)
MTAG was employed to explore genetic associations between psychiatric
disorders and digestive diseases by leveraging combined GWAS summary
statistics14. This approach enhances the ability to detect loci from related
traits by jointly analyzing GWAS summary statistics. Compared to tradi-
tional inverse-variance weighted meta-analysis, it also accounts for sample
overlap and incomplete genetic correlation. In the initial step of MTAG,
variants werefiltered by excluding non-common SNPs, duplicated SNPs, or
those with strand ambiguity. Subsequently, the pairwise genetic correlation
between traits were estimatedusing LDSC, and these estimates were utilized
to calibrate the variance-covariance matrix of the random-effect compo-
nent. Following calibration, a random-effect meta-analysis was performed
by MTAG to generate SNP-level summary statistics. Pleiotropic SNPs
achieving genome-wide significance (P < 5 × 10–8) in multi-trait analysis
and suggestive significance (P < 0.01) in single-traitGWASwere prioritized.
The MHC region was treated as one locus due to its complex LD structure.
The results were visualized using Circos52.

Tissue co-regulation score regression (TCSC)
The TCSC method was used to differentiate between causal tissues and
annotated tissues, as well as to dissect the heritability of diseases into tissue-

specific components18. GWAS summary statistics and gene expression
prediction models for each tissue were used as input data. Initially, disease-
specific Transcriptome-Wide Association Study (TWAS) summary statis-
tics were computed for gene expression prediction models of 48 GTEx
tissues. Subsequently, the tissue co-regulation score was calculated for each
gene-tissue pair, which reflects the correlation between gene expression
prediction and tissue. The TWAS χ2 statistics (or the product of z-scores for
two diseases/traits) were then regressed on the tissue co-regulation scores in
order to estimate the tissue-specific contributions to the disease. Finally, a
joint modeling approach was employed to estimate the contributions of
each tissue and identify the causal tissues.

Multi-marker analysis of genomic annotation (MAGMA)
Toassess the genetic overlap betweenpsychiatric anddigestive disorders,we
usedMAGMA v1.0653 to conduct gene-level analyses on GWAS data for10
psychiatric disorders and 14 digestive system disorders, respectively. In
addition, in the subsequent preservation analysis, we conducted gene-level
analyses on the MTAG results between IBS, GERD, and psychiatric dis-
orders (DEP, MDD, NE) separately. This method assigned SNPs to their
nearest gene within a predefined genomic window, specifically 35 kb
upstream or 10 kb downstream of a gene body. The gene-based statistic was
calculated by summing the log-transformed P values of the assigned SNPs,
taking into account the correlation (linkage disequilibrium) between adja-
cent SNPs. Multiple testing correction was implemented using Bonferroni
correction within the MAGMA framework.

Weighted gene co-expression network analysis (WGCNA)
RNA sequencing data (read count) for seven brain tissues and seven digestive
tract tissueswereobtained fromtheGenotype-TissueExpressionprojectportal
(version 8). Initially, unexpressed genes (with a read count value of 0) were
removed from the analysis. For normalization, the DESeq2 package was uti-
lized to create a DESeq dataset for subsequent differential expression analysis.
Variance stability transformation (VST) was applied to achieve approximate
homoscedasticity by fitting the dispersion-mean relationship of the dataset,
and read counts were normalized by dividing by the size factor.

Gene co-expression modules for the seven brain tissues and seven
digestive tract tissues were independently constructed using the WGCNA
package in R. A signed pairwise correlation matrix was calculated using
Pearson’s product-moment correlation coefficient, emphasizing strong
gene–gene correlations with a selected “soft-thresholding” value. This cor-
relationmatrixwas transformed into anadjacencymatrix, normalizedusing
a topological overlap function. Hierarchical clustering and module seg-
mentation were executed using average linkage and the dynamic tree cut
algorithm, respectively. Genes with the highest intramodular connectivity
(top 10% highest intramodular connectivity) were considered as hub genes.
Gene ontology analysis for each identified co-expressed module was con-
ducted using g:Profiler, with significance for enrichment set at false dis-
covery rate (FDR) < 0.0554.

Module preservation
Preservation of network modules across GTEx tissues was analyzed using
the “modulePreservation”R function inWGCNA55. Thismethod, involving
“reference” and “test” network modules, calculates statistics for three pre-
servation classes: (i) density-based, assessing gene–gene connectivity pat-
tern similarity; (ii) separability-based, examining if test network modules
remain distinct in reference network modules; and (iii) connectivity-based,
relying on connectivity pattern similarity between genes in reference and
test networks. Four complementary statistics, including median rank,
Zdensity, Zconnectivity, and Zsummary, were used to module preservation
determination. Zdensity and Zconnectivity are standardized statistics for density
and connectivity, respectively, while Zsummary is their average. Preservation
was established through Zsummary measure. The use of the Zsummary metric
allows us to quantify the extent of module preservation and infer the
potential biological significance of the gene co-expression networks across
different tissues. Understanding these preservation patterns can provide
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insights into the robustness and variability of biological processes in dif-
ferent tissue contexts. Zsummary > 20: This threshold indicates the strongest
evidenceofmodule preservation.ModuleswithZsummary values above20are
considered highly preserved, suggesting that the gene–gene connectivity
patterns within these modules are consistently maintained across different
tissues. This strong preservation implies that the biological processes
represented by these modules are robust and potentially critical across
multiple tissue types. Zsummary > 10: A Zsummary value greater than 10
denotes strong evidence of module preservation. Modules in this range are
still well-preserved, indicating that the underlying biological processes are
likely important and conserved across the tissues being compared. Zsummary

between 2 and 10: This range suggests weak to moderate preservation.
Modules with Zsummary values in this range may have some degree of con-
servation, but the gene–gene connectivity patterns are not as consistently
maintained as thosewithhigherZsummary values. This could indicate that the
biological processes are somewhat variable or context-dependent across
different tissues. Zsummary < 2: A Zsummary value below 2 indicates no
preservation. Modules with such low values are not preserved across the
tissues, suggesting that the gene–gene connectivity patterns are highly
variable or specific to certain conditions. This lack of preservation may
reflect tissue-specific biological processes or regulatory mechanisms.

Protein–protein interaction (PPI) network analysis
PPI analysis was conducted on genes (MAGMA for MTAG results between
IBS, GERD, and psychiatric disorders) that exhibited overlap across co-
expression modules related to nervous system development from distinct
tissues. The shared genes from modules M17 [Esophagus Muscularis], M13
[Colon Sigmoid], andM2 [Amygdala], along with shard genes frommodules
M4 [CerebellumHemisphere],M14 [EsophagusGastroesophageal Junction],
and M8 [Colon Sigmoid], were subjected to analysis. The PPI network was
constructed by retrieving protein interaction data from the STRINGdatabase.
The Cytoscape software (version 3.9.1) was utilized to generate a compre-
hensive visual representation of the PPInetwork. The size of the circles reflects
the ranking of the genes in at least one of the threemodules. The surrounding
color indicates whether the gene appears in each module.

Statistical analysis and reproducibility
The study outlined the use of several publicly accessible software tools to
conduct statistical analyses across different programming environments,
ensuring the reproducibility and robustness of the research. In the Python
2.7.18 environment, LDSC version 1.0.1 was used to compute genetic cor-
relations and facilitate cell-type-specific investigations. For Multi-Trait
Analysis ofGWAS,MTAGversion 1.0.8was employed,whileHESS version
0.5.4-betawasused forHeritability Estimation fromSummary Statistics. Per
l5.16.3 was utilized to generate Manhattan plots using the CIRCOS tool
version 0.69-9. In R 4.2.3, the TCSC package version 1.0.0 was applied for
identifying causal tissues in disease and complex trait research, and the
WGCNA package version 1.72-5 was used for gene co-expression network
analysis. Java 17.0.5 facilitated PPI network analysis through Cytoscape
version 3.10.1, alongside the string App plugin version 2.0.1. Additionally,
MAGMA software version 1.10 was used for gene analysis and generalized
gene-set analysis of GWAS data, capable of processing both raw genotype
information and summary SNP P values from previous GWAS or meta-
analyses. These tools collectively enhance the reproducibility of the research
andhighlight the significance of accessible andwell-documented software in
scientific studies. To address the issue of multiple testing, we applied the
Bonferroni method in LDSC, TCSC, and WGCNA.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The GWAS summary statistics for ten digestive diseases/traits analyses used
in this study are deposited in the GWAS Catalog (https://www.ebi.ac.uk/

gwas/) and the accession codes are as follows: irritable bowel syndrome
(GCST90016564), acute pancreatitis (GCST90255375), non-alcoholic fatty
liver disease (GCST90091033), appendicitis (GCST90038695), colorectal
cancer (GCST90255675), inflammatory bowel disease (GCST004131),
crohn’s disease (GCST004132), ulcerative colitis (GCST004133), stool fre-
quency (GCST90002250) and diverticular disease (GCST008105). The
GWAS summary statistics for the gastritis–duodenitis and cholelithiasis-
cholecystitis are publicly available at https://www.leelabsg.org/resources. The
GWAS summary statistics for peptic ulcer used in this study are available at
https://cnsgenomics.com/content/data, and the GWAS summary statistics
for Gastroesophageal reflux disease are available at https://doi.org/10.6084/
m9.figshare.8986589. The anxiety and neuroticism GWAS summary sta-
tistics used in this study are publicly available in the GWAS Catalog under
accession code GCST90038651 and GCST007339. The summary statistics
for depression are deposited in: https://ipsych.dk/en/research/downloads/.
The GWAS summary statistics for seven other psychiatric disorders,
including major depressive disorder, schizophrenia, attention-deficit
hyperactivity disorder, autism spectrum disorder, bipolar disorder, post-
traumatic stress disorder, and anorexia nervosa, are available for download at
https://pgc.unc.edu/for-researchers/download-results/. GTEx project v.8
data were publicly available at https://gtexportal.org/home/.

Code availability
Our manuscript details the use of various publicly accessible software tools
for conducting our analyses, as described in the Methods section. We per-
formed statistical analyses across multiple programming environments,
including Python 2.7.18, Perl 5.16.3, R 4.2.3, and Java 17.0.5. In this study,
we utilized publicly available software for our analyses. Below, we provide a
list of URLs where some online resources can be found, offering detailed
information about the software tools, including computer code where
applicable: LDSC version 1.0.1 (available at https://github.com/bulik/ldsc),
MTAG version 1.0.8 (accessible at https://github.com/JonJala/mtag), HESS
version 0.5.4-beta (found at https://github.com/huwenboshi/hess), CIR-
COS tool version 0.69-9 (https://circos.ca/software/installation/), TCSC
package version 1.0.0 (https://github.com/TiffanyAmariuta/TCSC/),
WGCNA package version 1.72-5 (available at https://cran.r-project.org/
web/packages/WGCNA/index.html), Cytoscape version 3.10.1 (down-
loadable from https://cytoscape.org/download.html), string App plugin
version 2.0.1 (https://apps.cytoscape.org/apps/stringapp), MAGMA soft-
ware version 1.10 (https://ctg.cncr.nl/software/magma), ComplexHeatmap
package version 2.13.1 (https://github.com/jokergoo/ComplexHeatmap).
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