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Abstract

Background Inflammatory bowel disease (IBD), which includes Crohn's disease (CD) and ulcerative colitis (UC),

has been associated with several cancer risks in observational studies, but the observed associations have been incon-
sistent and may face the bias of confounding and reverse causality. The potential causal relationships between IBD
and the risk of cancers remain largely unclear.

Methods We performed genome-wide linkage disequilibrium score regression (LDSC), standard two-sample Men-
delian randomization (MR), and colocalization analyses using summary genome-wide association study (GWAS) data
across East Asian and European populations to evaluate the causal relationships between IBD and cancers. Sensitivity
analyses for the MR approach were additionally performed to explore the stability of the results.

Results There were no significant genetic correlations between IBD, CD, or UC and cancers (all P values>0.05) in East
Asian or European populations. According to the main MR analysis, no significant causal relationship was observed
between IBD and cancers in the East Asian population. There were significant associations between CD and ovarian
cancer (odds ratio [OR] =0.898, 95% Cl=0.844-0.955) and between UC and nonmelanoma skin cancer (OR=1.002,
95% Cl=1.000-1.004, P=0.019) in the European population. The multivariable MR analysis did not find any

of the above significant associations. There was no shared causal variant to prove the associations of IBD, CD, or UC
with cancers in East Asian or European populations using colocalization analysis.

Conclusions We did not provide robust genetic evidence of causal associations between IBD and cancer risk.
Exposure to IBD might not independently contribute to the risk of cancers, and the increased risk of cancers observed
in observational studies might be attributed to factors accompanying the diagnosis of IBD.
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Background

Cancers, which are important causes of morbidity and
mortality and carry an enormous disease burden, remain
a formidable challenge [1]. An increasing number of
studies have shown that the incidence of cancer in vari-
ous organs diagnosed in adults younger than 50 years old
has been increasing globally [2—4]. Therefore, identify-
ing risk factors in young people is crucial for preventing
early-stage cancer.

Inflammatory bowel disease (IBD), which includes
Crohn’s disease (CD) and ulcerative colitis (UC) and
is more common in young people, is a debilitating and
progressive disorder of the gastrointestinal tract [5]. The
symptoms of IBD patients, such as abdominal pain, diar-
rhea, bloody stool, and frequent bowel movements, seri-
ously affect quality of life, affecting millions of people
worldwide and increasing in prevalence [5-7]. IBD is a
chronic disorder characterized by intestinal inflamma-
tion that can induce adverse outcomes [8].

Because IBD is difficult to treat, there is an increased
risk of cancer without formal treatment [9]. The well-
established connection between IBD and intestinal can-
cer, particularly colorectal cancer (CRC), is supported by
numerous observational studies [10—12]. This heightened
risk of intestinal cancer may be attributed to long-term
chronic inflammation [13]. Observational studies have
also identified associations between IBD and extraintes-
tinal cancer, such as skin, hepatobiliary, and lung cancer
[12, 14]. However, traditional observational studies have
found it challenging to mitigate the biases caused by con-
founding and reverse causation. In addition, an umbrella
review and reanalysis of meta-analyses of observational
studies have indicated that associations between IBD and
different cancers are inconsistent [15]. Despite several
studies that have examined the potential causal associa-
tions between IBD and cancer risk by using the Mende-
lian randomization (MR) approach [16-20], which can
overcome the limitations of traditional observational
study designs by using Mendel’s law, most of the MR
studies were based on European population, and only
one MR study explored the association between IBD and
hepatobiliary pancreatic cancer in the East Asian popula-
tion [18]. However, whether lifelong exposure to IBD has
a causal association with cancers is still largely unknown.

Summarized data derived from genome-wide associa-
tion studies (GWAS) are widely reported to make two-
sample MR studies easy and popular to implement [21,
22]. A recent GWAS with a larger sample size reported
loci associated with IBD in East Asian populations [23],
which allowed us to explore the associations between
IBD and cancers in the East Asian population. Although
the MR approach utilizes the random allocation of
genotypes during meiosis to yield natural randomized
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controlled trials, effectively mitigating potential unmeas-
ured confounding and reverse causation [24, 25], this
approach still faces some challenges.

Recently, increasing attention has been given to com-
bining genetic correlation with MR analyses [26, 27] or
combining MR with colocalization analyses [28, 29] as
analytical frameworks to illuminate causal associations.
Linkage disequilibrium score regression (LDSC) enables
the assessment of genetic correlation between two traits,
offering a broad range of genetic insights without being
affected by sample overlap; its principal limitation lies in
its incapacity to infer causality [30]. MR analysis provides
evidence similar to randomized controlled trial [24], but
the drawback is the need to satisfy certain assumptions
and susceptibility to pleiotropy and weak instrumen-
tal variable bias. Colocalization analysis can ascertain
whether two or more traits or diseases share the same
genetic variants as their potential causal variants, offering
specific genetic variant information and assessing poten-
tial pleiotropy; however, this approach is limited by its
statistical power [31].

Therefore, we integrated genetic correlation, MR, and
colocalization approaches to investigate the causal rela-
tionship between IBD and cancer risk. This is the first
study using such a comprehensive approach, balancing
the genetic evidence from these three methods to pro-
vide a robust understanding of the causal association
between IBD and cancer risk across East Asian and Euro-
pean populations.

Methods

Study design

Our study was based on summary-level GWAS data
available for East Asian and European populations to
explore the potential causal associations between IBD
(including UC and CD) and the risk of cancers. In the
East Asian population, eight site-specific cancers were
included in the analysis: colorectal, esophageal, stomach,
liver cell, cervical, prostate, lung, and breast cancers. In
the European population, 27 site-specific cancers were
selected, including oropharynx, esophageal, stomach,
small bowel, colorectal, anus, liver, bile duct, liver cell,
pancreatic, Hodgkin lymphoma, non-Hodgkin lym-
phoma, leukemia, multiple myeloma, skin melanoma,
nonmelanoma skin, squamous cell, kidney, bladder, pros-
tate, cervical, corpus uteri, ovarian, lung, breast, thyroid,
and brain cancers. Genome-wide LDSC was used to
assess the genetic association between IBD and cancer.
A standard two-sample MR analysis was performed to
clarify the causal relationship between IBD and cancer.
Colocalization analysis was used to investigate the local
genetic structure shared between IBD and cancer and to
assess whether the causal association was due to chance.
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Figure 1 provides an overview of the design and process
of our analysis.

Our study followed the STROBE-MR guidelines [22].
The STROBE-MR checklist is available in Additional
file 1: Table S1.

Data sources

GWAS data for IBD

The GWAS summary-level data for IBD/UC/CD patients
based on East Asian and European populations were
released in the published study [23, 32]. The meta-GWAS
for the East Asian population included 14,393 patients
with IBD and 15,456 controls, 7372 patients with CD and
14,946 controls, and 6862 patients with UC and 15,456
controls [23]. The meta-GWAS for the European popu-
lation included 25,042 patients with IBD and 34,915
healthy controls, 12,194 with CD and 28,072 healthy con-
trols, and 12,366 with UC and 33,609 healthy controls
[32]. More detailed information can be found in Addi-
tional file 1: Table S2.

GWAS data for cancers

GWAS summary statistics of eight cancers for the East
Asian population were obtained from a large-scale
GWAS conducted by Kazuyoshi Ishigaki et al. [33] from
the Biobank Japan. The samples were collected from 12
medical institutions across Japan and included approxi-
mately 200,000 participants. The sample size of the
GWAS data for cancers ranged from 90,336 to 212,453,
and the number of cases ranged from 605 to 7062. More
details of the GWAS data for cancers are listed in Addi-
tional file 1: Table S2.
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With respect to the European population, we used data
from the latest available GWAS data, which had the larg-
est sample size or the largest sample size of patients for
the outcome under investigation. The GWAS summary
statistics for 27 cancers were obtained mainly from the
following sources: (i) Rashkin SR et al. conducted GWAS
across 18 types of cancer within two population-based
cohorts: the UK Biobank and the Kaiser Permanente
Genetic Epidemiology Research on Adult Health and
Aging cohorts [34]; (ii) Jiang L et al. utilized fastGWA-
GLMM to the UK Biobank data and subsequently
procured full summary statistics [35]; (iii) A study con-
ducted by Kimberley Burrows et al. presented detailed
information on the GWAS focusing on pan-cancer and
site-specific cancers among participants from the UK
Biobank [36]; (iv) Meta-analysis with Transdisciplinary
Research of Cancer in Lung of the International Lung
Cancer Consortium and Lung Cancer Cohort Consor-
tium, performed by McKay JD et al. [37]; and (v) Seviiri
M et al. executed a multitrait genetic analysis of more
than 300,000 participants from Europe, Australia, and
the USA [38]. The sample size of the GWAS data ranged
from 85,716 to 456,348, and the number of cases ranged
from 104 to 29,266. More details of the GWAS data for
cancers are listed in Additional file 1: Table S2.

Data analysis

Linkage disequilibrium score regression

Genome-wide LDSC [30] was used to assess the genetic
association between IBD and cancer (https://github.
com/bulik/ldsc). The LDSC calculates genetic correla-
tion by considering the impact of all single nucleotide
polymorphisms (SNPs), even those that do not achieve
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Fig. 1 An overview of the study design and process. LD, linkage disequilibrium; MAF, minor allele frequency; MR, Mendelian randomization
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genome-wide significance. We removed SNPs that did
not merge with HapMap3 SNPs and those with a minor
allele frequency less than 0.01. The findings are presented
as genetic correlation (r,) with standard error (SE). The
results of LDSC analysis could not be available if either
one or both traits exhibited too low heritability [39, 40].

P values less than 0.05 were considered suggestive of
evidence for a potential genetic correlation. Statistical
analysis was performed using LDSC v1.0.1.

Mendelian randomization analysis

MR analysis is an instrumental variable analysis that uses
genetic variants as instrumental variables (IVs) to study
causality. Additional file 2: Fig. S1 provides an overview
of our MR design. MR analysis is based on three main
assumptions: (i) genetic instruments are associated with
exposure, (ii) genetic instruments are independent of any
confounder, and (iii) genetic instruments affect outcome
only through exposure.

Conditionally uncorrelated variants strongly (P<5x107%)
and independently (linkage disequilibrium [LD] *<0.001,
window size=10,000 kb) associated with IBD/UC/CD
were extracted as IVs. The LD proxies were defined using
1000 genomes from East Asian and European samples.
We calculated the overall R* and F-statistics by summing
the estimated R* [R*=2XEAFx(1-EAF)xbeta’] and
F-statistics [F=beta?/se?] for each SNP. The F-statistics
for all traits under consideration exceeded 10 [41], indi-
cating no potential weak instrument bias. In addition, the
mRnd website tool (https://shiny.cnsgenomics.com/mRnd/)
was used to calculate the statistical power of the MR
analysis.

We selected the random-effects inverse-variance
weighted (IVW) method as the primary analysis, and
sensitivity analyses, including the weighted median
(WM), penalized weighted median (PWM), MR-Egger,
MR pleiotropy residual sum and outlier (PRESSO), and
MR-robust adjusted profile score (RAPS) analyses, were
performed to further explore the stability of the results.
In addition, the intercepts of the MR-Egger analysis and
MR-PRESSO global test were calculated to evaluate plei-
otropy. When the global test P values in the MR-PRESSO
analysis were less than 0.05, the MR-PRESSO estimates
were the results after outlier removal. We conducted a
Steiger directionality test to rule out potential reverse
causality.

In addition, to further avoid potential pleiotropy, we
scanned PhenoScanner (on February 6th, 2024; http://
www.phenoscanner.medschl.cam.ac.uk) for identifying
traits associated with instrumental variables (R?>0.8,
P values <5x107%), and performed MR after removing
SNPs associated with confounding factors (body mass
index, waist circumference, hip circumference, waist-hip
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ratio, percentage of body fat, smoking, alcohol consump-
tion, insomnia, depression, and physical activity). For
significant MR findings, we also conducted multivariable
MR (MVMR) analysis to obtain estimates independent of
these confounding factors.

Pleiotropy poses a challenge to interpreting MR results.
Therefore, we reported the primary IVW results, com-
bined with methods for detecting and correcting for plei-
otropy, to fully account for the bias from pleiotropy.

P values less than 0.05 were considered suggestive
of evidence for a potential causal association. The IVW
method, sensitivity analyses (excluding MR-RAPS),
Steiger directionality test, and MVMR were implemented
using the “TwoSampleMR” (version 0.5.7) package in
R version 4.3.1. The MR-RAPS analysis was performed
using the “mr.raps” (version 0.2) package in R version
4.3.1.

Bayesian colocalization analysis

We used this method to assess whether two associ-
ated traits were consistent with shared causal variant(s)
according to the included IVs. Five mutually exclusive
hypotheses were tested: (1) there is no causal genetic
variant for either trait (H); (2) there is one causal genetic
variant for trait 1 only (H,); (3) there is one causal genetic
variant for trait 2 only (H,); (4) there are two distinct
causal genetic variants, one for each trait (H;); and (5)
there is a causal genetic variant for both traits (H,). The
posterior probability (PP) is used to quantify the sup-
port of each hypothesis and is expressed as PPH,, PPH;,
PPH,, PPH;, and PPH, [31]. We selected regions that
had 500 kb windows upstream and downstream of each
instrumental variable in MR for analysis, and the aver-
age value of PPH, across all regions was taken as the final
colocalization result.

A PPH, level greater than 75% was considered sug-
gestive of evidence for a causal genetic variant for both
traits. These PPs were calculated using the “coloc (version
5.2.3)” package in R version 4.3.1.

Possible results and explanations
As shown in Fig. 2, we summarized ten possible results
and nine explanations combining the results from genetic
correlation, MR, and colocalization analyses based on
the effects and levels of statistical significance/direction.
The results from genetic correlation and MR analyses
performed both statistically significant and direct, while
colocalization analysis had only statistically significant.
The results of MR comprehensively considered the pri-
mary analysis of the IVW method and excluded the
potential bias of pleiotropy.

The specific results and explanations used were as
follows: (Explanation i) when all three results were
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Fig. 2 Summarize possible results and explanations. P values less than 0.05 in the LDSC and MR analyses were considered suggestive of evidence
for a potential association, and a PPH, level greater than 75% was considered suggestive of evidence for a causal genetic variant for both traits. Co*,
colocalization; LDSC, linkage disequilibrium score regression; MR, Mendelian randomization

significant and in the same direction, it was interpreted as
strong genetic evidence for the causal association; (Expla-
nation ii) when all three results were significant and in
the opposite direction, it was interpreted that the genetic
evidence remains controversial; (Explanation iii) when
the results from genetic correlation and MR analyses
were significant and in the same direction, it was inter-
preted as the causal association without shared causal
genetic variants; (Explanation iv) when the results from
genetic correlation and MR analyses were significant and

in the opposite direction or when only the result from
MR analysis was significant, it might be a false positive
causal association; (Explanation v) when the results from
genetic correlation and colocalization analyses were sig-
nificant, it might be a false negative causal association;
(Explanation vi) when only the result from LDSC analysis
was significant, it was interpreted as pleiotropy without
shared causal genetic variants; (Explanation vii) when
the results from MR and colocalization analyses were
significant, it was interpreted as weak genetic evidence
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for causal association; (Explanation viii) when only the
result from colocalization analysis was significant, it was
interpreted as no enough causality but with shared causal
genetic variants; (Explanation ix) when all three results
were insignificant, it was interpreted as no genetic evi-
dence for the causal association.

Risk of bias assessment

To assess the quality of the MR studies, we considered 8
potential biases: (1) weak instrument bias, (2) pleiotropy
bias, (3) bias from sample overlap, (4) bias from crowd
stratification, (5) bias from inconsistency with sensitivity
analyses, (6) bias from lack of repeatability, (7) bias from
inconsistency with other study design evidence, and (8)
reporting bias. Each domain was judged as having a low,
moderate (no information was classified as moderate
bias), or high risk of bias. The detailed risk bias assess-
ment criteria used in the Mendelian randomization stud-
ies can be found in Additional file 1: Table S3.

Results

Genetic correlation between IBD and cancers

As shown in Table 1, the genetic correlations of IBD, UC,
and CD with cancer in the East Asian population ranged
from 0.009 to 0.202. There were no significant genetic
correlations between IBD, CD, or UC and cancer (all P
values > 0.05).

As shown in Table 2, the genetic correlations of IBD,
UC, and CD with cancer ranged from 0.0004 to 0.133
in the European population. There were no significant
genetic correlations between IBD, CD, or UC and cancer
(all P values>0.05).

The causal association between IBD and cancers according
to Mendelian randomization analysis

In the East Asian population, the number of IVs for all
considered traits ranged from 28 to 56, the R* varied
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from 55.06 to 122.39%, the F-statistics varied from 1860
to 4217, and the statistical power varied from 6 to 53%
(Additional file 1: Table S4). In the European population,
the IVs ranged from 44 to 116, the R? varied from 41.04
to 85.37%, the F-statistics for all traits under considera-
tion varied between 3226 and 8196, and the statistical
power varied from 5 to 91% (Additional file 1: Table S5).
All F-statistics were greater than 10, suggesting no poten-
tial weak instrument bias.

According to our primary analysis of IVW data, IBD,
including CD and UC, had no significant associations
with any cancer in the East Asian population (all P val-
ues >0.05; Fig. 3). There were some suggestive associa-
tions between CD and CRC (odds ratio [OR] =1.036, 95%
confidence interval [CI] =1.000-1.074, P=0.048) accord-
ing to the WM method; between IBD and stomach can-
cer (OR=1.050, 95% CI=1.001-1.101, P=0.044), CD
and liver cell cancer (OR=1.071, 95% CI=1.001-1.145,
P=0.048), and between CD and lung cancer (OR=1.048,
95% CI=1.000-1.097, P=0.049; Additional file 1:
Table S6) according to the PWM method. The MR-Egger
intercept and MR-PRESSO test did not reveal evidence of
horizontal pleiotropy (all P values >0.05; Additional file 1:
Table S6). Steiger directionality test results indicated
that all causal directions were correct (Additional file 1:
Table S6). There were pleiotropic instrumental variables
for IBD and CD, but no pleiotropic instrumental vari-
ables were identified for UC (Additional file 1: Table S7).
After removing pleiotropic instrumental variables, no
significant association between IBD and cancer was
found using any of the MR methods (all P values>0.05;
Additional file 1: Table S8).

The primary analysis of the IVW data revealed sig-
nificant associations between CD and ovarian cancer
(OR=0.898, 95% CI=0.844—0.955, P=0.0007) and
between UC and nonmelanoma skin cancer (OR=1.002,
95% CI=1.000-1.004, P=0.019; Fig. 4) in the European

Table 1 The genetic correlations between IBD and cancers caused by LDSC in the East Asian population

Outcomes IBD cD uc
rg se P ry se P rg se P

Colorectal cancer —-0.082 0.080 0.305 —0.151 0.078 0.052 -0.022 0.099 0.820
Esophageal cancer —0.040 0.069 0.565 -0.099 0.071 0.161 -0.013 0.084 0.879
Stomach cancer 0.073 0.075 0334 0.069 0.073 0.340 0.025 0.089 0.778
Liver cell cancer NA NA NA NA NA NA NA NA NA
Cervical cancer —-0.140 0.112 0214 —-0.202 0.122 0.096 —-0.069 0.126 0.586
Prostate cancer —0.062 0.072 0.388 —0.084 0.078 0.283 -0.022 0.087 0.804
Lung cancer —0.009 0.120 0.941 —-0.051 0.125 0.683 —-0.025 0.146 0.864
Breast cancer —0.049 0.066 0452 —0.088 0.068 0.194 —-0.022 0.078 0.776

CD Crohn’s disease, IBD inflammatory bowel disease, LDSC linkage disequilibrium score regression, NA not available, UC ulcerative colitis
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Table 2 The genetic correlations between IBD and cancers caused by LDSC in the European population
Outcomes IBD cD uc
ry se P ry se P ry se P
Oropharynx cancer NA NA NA NA NA NA NA NA NA
Esophageal cancer 0.057 0.036 0.110 0.042 0.034 0217 0.054 0.043 0214
Stomach cancer NA NA NA NA NA NA NA NA NA
Small bowel cancer —0.066 0.138 0.636 —-0.092 0.166 0.579 0.022 0.119 0.855
Colorectal cancer -0.032 0.045 0476 -0.017 0.043 0.685 -0.030 0.053 0.566
Anus cancer 0.011 0.035 0.748 0.043 0.037 0.244 —0.003 0.043 0.954
Liver cancer 0.035 0.100 0.727 —0.008 0.089 0.925 0.133 0316 0.673
Bile duct cancer 0.011 0.052 0.830 0.042 0.063 0510 0.026 0.069 0.702
Liver cell cancer —-0.026 0.031 0.397 —0.031 0.030 0310 —-0.029 0.038 0452
Pancreatic cancer 0.038 0.045 0.395 0.002 0.044 0.974 0.052 0.050 0.299
Hodgkin lymphoma NA NA NA NA NA NA NA NA NA
Non-Hodgkin lymphoma —-0.026 0.033 0417 -0.017 0.033 0612 —0.044 0.038 0.250
Leukemia —-0.056 0.046 0.225 —-0.040 0.043 0.353 —-0.020 0.053 0.714
Multiple myeloma 0.004 0.030 0.898 -0.024 0.030 0434 0.037 0.039 0.338
Skin melanoma cancer 0.002 0.020 0.939 0.006 0.019 0.772 0.003 0.026 0.909
Nonmelanoma skin cancer —0.001 0.012 0.935 0.006 0.013 0.657 —0.004 0.016 0.790
Squamous cell cancer 0.005 0.009 0.527 0.0004 0.009 0.961 0.014 0011 0.204
Kidney cancer NA NA NA NA NA NA NA NA NA
Bladder cancer 0.060 0.036 0.092 0.047 0.035 0.175 0.055 0.040 0.163
Prostate cancer -0.024 0.016 0.135 -0.012 0.015 0429 —-0.030 0.019 0.126
Cervical cancer 0.002 0.029 0.944 —0.005 0.028 0.846 0.015 0.032 0.645
Corpus uteri cancer —0.064 0.062 0.306 —0.038 0.056 0.504 —0.088 0.080 0.270
Ovarian cancer NA NA NA NA NA NA NA NA NA
Lung cancer —0.006 0.015 0.676 —0.002 0.014 0.877 —0.001 0.019 0.966
Breast cancer 0.003 0.016 0.825 —0.006 0.016 0.698 0.010 0.018 0.586
Thyroid cancer 0.010 0.035 0.779 0.037 0.037 0.321 —0.004 0.044 0932
Brain cancer -0.011 0.044 0.808 -0.017 0.041 0.682 -0.010 0.056 0.858
CD Crohn’s disease, IBD inflammatory bowel disease, LDSC linkage disequilibrium score regression, NA not available, UC ulcerative colitis
IBD CcD uc
vw Co* vw Co* vw Co*

Outcomes SNPs (n) OR (95% CI) P PPH4 SNPs (n) OR (95% Cl) P PPH4 SNPs (n) OR (95% CI) P PPH4

S:Z:::It::r:::l e 54 1.016 (0.986-1.046) 0.298 - 0.084 56 1.022 (0.999-1.044) 0.058 re 0.042 28 0.994 (0.961-1.028) 0.733 - 0.056

Esophageal cancer 54 1.036 (0.969-1.107) 0.296 —— 0.047 56 1.050 (0.999-1.104) 0.057 —— 0.047 28 0.987 (0.914-1.065) 0.733 —eo— 0.030

Stomach cancer 54 1.016 (0.986-1.048) 0.297 H— 0.024 56 1.023 (0.999-1.046) 0.057 fo- 0.028 28 0.994 (0.960-1.029) 0.732 —- 0.065

Digestive cancers (Extraintestinal)

Liver cell cancer 54 1.030 (0.974-1.089) 0.297 - 0.077 56 1.042 (0.999-1.087) 0.057 o 0.027 28 0.989 (0.928-1.054) 0.732 —a 0.055

zr;:::::cl:rcancer 54 1.053 (0.955-1.161) 0.299 ——— 0037 56 1.074 (0.998-1.157) 0.058 —e— 0041 28 0.981(0.876-1.097) 0.733 <—ef— 0.083

Prostate cancer 54 1.018 (0.977-1.060) 0.406 1 0.035 56 0.997 (0.963-1.031) 0.847 -+ 0.039 28 1.011(0.970-1.053) 0.605 - 0.031

Respiratory cancer

Lung cancer 54 1.020 (0.982-1.060) 0.298 T 0.088 56 1.028 (0.999-1.058) 0.057 e 0.029 28 0.992 (0.950-1.037) 0.732 —.— 0.044

Other site-specific cancer

Breast cancer 54 1.018 (0.984-1.053) 0.298 . 1 . 0.044 56 1.025 (0.999-1.051) 0.058 . [ . 0.049 28 0.993 (0.956-1.032) 0.733 . —. 0.038

08 1 11 12
OR (95% Cl)

09 1 11 12
OR (95% CI)

09 1 11 12
OR (95% CI)

Fig. 3 Forest plot of the results of IVW analysis and colocalization analysis for the association of IBD with cancers in the East Asian population. Co¥,
colocalization analysis; the average value of PPH, across all regions was taken as the final colocalization result. CD, Crohn'’s disease; Cl, confidence
interval; IBD, inflammatory bowel disease; IVW, inverse-variance-weighted; OR, odds ratio; SNPs, single nucleotide polymorphisms; UC, ulcerative

colitis
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IBD cb uc
vw Co* vw 0% vw Co*
[o] SNPs (n) OR (95% CI) P PPH4 SNPs (n) OR (95% CI) P PPH4 SNPs (n) OR (95% CI) P PPH4
Gastrointestinal cancer
Oropharynx cancer 13 0.932 (0.867-1.002) 0.058 — 0.043 86 0.972 (0.906-1.042) 0.426 - 0.052 58 0.943 (0.870-1.023) 0.156 - 0.034
Esophageal cancer 116 1.021(0.933-1.116) 0.654 - 0.039 83 1.018 (0.941-1.102) 0.655 - 0.040 58 1.027 (0.930-1.135) 0.595 - 0.037
Stomach cancer 116 1.035 (0.934-1.147) 0.515 -T— 0.043 83 0.962 (0.879-1.053) 0.400 - 0.042 58 1.074 (0.958-1.205) 0.219 = 0.041
Small bowel cancer 116 1.054 (0.890-1.250) 0.541 —— 0.063 83 1.009 (0.861-1.184) 0.908 —+— 0068 58 0.994 (0.798-1.239) 0.961 —— 0059
Colorectal cancer 116 0.924 (0.838-1.018) 0.110 — 0.048 83 0.953 (0.867-1.047) 0.318 —t 0.048 58 0.972 (0.872-1.083) 0.605 —r 0.040
Anus cancer 116 0.943 (0.744-1.195) 0.626 —1— 0.064 83 1.018 (0.827-1.254) 0.864 —— 0064 58 0.778 (0.598-1.013) 0.062 +——7 0.069
Digestive cancers (Extraintestinal)
Liver cancer 116 0.879 (0.744-1.040) 0.132 —_—T 0.064 83 1.068 (0.913-1.248) 0.411 —— 0.066 58 0.879 (0.730-1.059) 0.175 —_— 0.059
Bile duct cancer 116 0.992 (0.780-1.261) 0.948 —— 0.065 83 1.085 (0.878-1.340) 0.451 ——— 0.068 58 1.017 (0.778-1.328) 0.903 —— 0.069
Liver cell cancer 116 0.883 (0.730-1.069) 0.203 —_— 0.065 83 1.076 (0.904-1.281) 0.409 = 0072 58 0.825 (0.667-1 Ogg) 0.075 —_— 0.070
Pancreatic cancer 116 1.020 (0.918-1.133) 0.717 -1 0.060 83 1.054 (0.959-1.159) 0.273 T— 0073 58 0.881(0.771-1.007) 0.063 — 0.081
Hematological cancer
Hodgkin lymphoma 116 0.920 (0.815-1.039) 0.181 —T 0.060 83 0.936 (0.831-1.054) 0.274 — 0.074 58 1.120 (0.951-1.320) 0.175 -T— 0076
Non-Hodgkin lymphoma 13 1.043 (0.981-1.109) 0.175 0.032 86 0.995 (0.941-1.052) 0.857 -+ 0.039 58 1.024 (0.965-1.086) 0.435 T 0.031
Leukemia 105 1.000 (1.000-1.000) 0.612 0.043 80 1.000 (1.000-1.000) 0.165 0.058 56 1.000 (1.000-1.000) 0.615 0.051
Multiple myeloma 116 1.087 (0.978-1.208) 0.123 ——  0.052 83 0.961(0.877-1.052) 0.387 — 0.045 58 1.088 (0.970-1.221) 0.149 +—— 0.051
Skin cancer
Skin melanoma cancer 113 0.982 (0.945-1.020) 0.350 0.027 86 0.985 (0.951-1.021) 0.410 - 0.028 58 1.012 (0.966-1.061) 0.607 T 0.037
Nonmelanoma skin cancer 106 1.000 (0.999-1.002) 0.678 0.074 80 1.000 (0.998-1.002) 0.810 0.107 56 1.002 (1.000-1.004) 0.020 0.067
Squamous cell cancer 79 0.981 (0.959-1.004) 0.103 - 0.107 66 0.994 (0.975-1.014) 0.565 0.163 44 0.985 (0.965-1.005) 0.134 “ 0.083
Genitourinary cancer
Kidney cancer 116 0.992 (0.917-1.073) 0.834 -+ 0.051 83 1.015 (0.939-1.098) 0.705 -+ 0.063 58 1.062 (0.978-1.153) 0.152 — 0033
Bladder cancer 116 0.965 (0.911-1.023) 0.233 -1 0.046 83 0.997 (0.948-1.047) 0.892 -+ 0.044 58 0.976 (0.912-1.044) 0.472 el 0.055
Prostate cancer 13 0.989 (0.960-1.018) 0.444 0.022 86 0.999 (0.974-1.025) 0.952 0.033 58 0.991(0.961-1.022) 0.548 1 0.018
Gynecologic cancer
Cervical cancer 13 0.985 (0.944-1.028) 0.483 0.041 86 0.976 (0.940-1.014) 0.216 - 0.047 58 0.979 (0.929-1.032) 0.432 -t 0.045
Corpus uteri cancer 116 0.998 (0.929-1.071) 0.946 — 0.041 83 1.034 (0.970-1.103) 0.301 f—  0.043 58 1.025 (0.940-1.118) 0.581 ——  0.059
Ovarian cancer 13 0.976 (0.905-1.053) 0.534 - 0.043 85 0.898 (0.844-0.955) 0.001 - 0.044 58 1.040 (0.960-1.127) 0.337 T 0.029
Respiratory cancer
Lung cancer 107 0.982 (0.956-1.009) 0.193 - 0.029 78 0.998 (0.971-1.025) 0.864 0.041 54 0.999 (0.972-1.028) 0.957 0.012
Other site-specific cancer
Breast cancer 13 0.996 (0.973-1.020) 0.730 0.030 86 0.995 (0.974-1.017) 0.654 0.037 58 0.990 (0.967-1.014) 0.400 R 0.010
Thyroid cancer 13 1.001(0.912-1.099) 0.980 e 0.055 86 0.956 (0.880-1.039) 0.293 —r 0.052 58 0.945 (0.845-1.057) 0.322 — 0.055
Brain cancer 116 0979 (0877-1.093) 0701 —«— _ 0047 83 1.046 (0.950-1.152) 0362 —p—  0.049 58 1050(0.930-1187) 0430 _  —p— 0039
08 1 12 06 08 1 12 6 08 1 12
OR (95% Cl) OR (95% Cl) OR (95% C)

Fig. 4 Forest plot of results from VW analysis for the association of IBD with cancers in the European population. Co*, colocalization analysis;
the average value of PPH, across all regions was taken as the final colocalization result. CD, Crohn’s disease; Cl, confidence interval; IBD,
inflammatory bowel disease; IVW, inverse variance weighted; OR, odds ratio; SNP, single nucleotide polymorphism; UC, ulcerative colitis

population. These findings were also found in several
sensitivity analyses (Additional file 1: Table S9). The MR-
Egger intercept test did not reveal evidence of horizontal
pleiotropy between CD and ovarian cancer (P=0.739) or
between UC and nonmelanoma skin cancer (P=0.115).
The global test P values from the MR-PRESSO analysis
did not indicate potential pleiotropy between CD and
ovarian cancer (P=0.812); however, it revealed evidence
of potential pleiotropy between UC and nonmelanoma
skin cancer (P<0.001). After removing outliers, the MR-
PRESSO results still suggested a significant association
between UC and nonmelanoma skin cancer (OR=1.001,
95% CI=1.000-1.003, P=0.037). Additionally, the global
test P values of the MR-PRESSO analysis for IBD and
squamous cell cancer, as well as for UC and squamous
cell cancer, were less than 0.001. After outlier exclusion,
the MR-PRESSO results revealed a suggestive associa-
tion between IBD and squamous cell cancer (OR=0.970,
95% CI=0.955-0.984, P=0.0002) and between UC and
squamous cell cancer (OR=0.972, 95% CI=0.959-0.986,
P=0.0003; Additional file 1: Table S9). The results of the
Steiger directionality test indicated that all causal direc-
tions were correct (Additional file 1: Table S9). After
removing pleiotropic instrumental variables (Additional
file 1: Table S10), the MR results revealed a significant
association between CD and ovarian cancer (OR=0.890,
95% CI1=0.835-0.949, P=0.0003), whereas there was no
significant association between UC and nonmelanoma
skin cancer (OR=1.001, 95% CI1=0.999-1.002, P=0.424;
Additional file 1: Table S11). The MVMR analysis was
further performed to show a lack of significant asso-
ciation between CD and ovarian cancer (OR=0.940,
95% CI=0.856-1.033, P=0.201) or between UC and

nonmelanoma skin cancer (OR=0.983, 95% CI=0.903—
1.070, P=0.693; Additional file 1: Table S12-13) after
adjusting for confounding factors.

Colocalization analysis for IBD and cancers

There was no shared causal variant to prove the asso-
ciations of IBD, CD, or UC with cancers in East Asian
or European populations using colocalization analysis
based on the average value of PPH, across all regions
(PPH,<75%; Figs. 3 and 4). In addition, the values of
PPH, across each region are presented in Additional
file 1: Tables S14—15. The colocalization results suggested
that there may be no common biological mechanism
between IBD and cancer.

Evaluation of evidence from the MR approach

Overall, the potential biases were rated high due to plei-
otropy bias, inconsistency with the sensitivity analyses,
and lack of repeatability (Additional file 1: Table S3).
However, we performed analyses to avoid potential
pleiotropy with the use of PhenoScanner tools and the
MVMR approach. In addition, we comprehensively con-
sidered the results of genetic correlation and MR and
colocalization analyses and different populations.

Discussion

After fully balancing the genetic evidence from genetic
correlation, MR and colocalization analyses, we used the
latest and largest datasets to investigate the causal associ-
ations of genetically determined IBD with the risk of can-
cers across East Asian and European populations. In the
East Asian population, neither of the three approaches
provided genetic evidence for the associations of IBD
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with eight common cancers. In the European popula-
tion, we found evidence for associations between CD
and ovarian cancer and between UC and nonmelanoma
skin cancer via the MR method. However, these findings
were not supported by the results of LDSC and colo-
calization analyses. Genetic backgrounds vary between
different ethnicities, which might lead to differences in
the results of MR analysis. However, we did not provide
robust genetic evidence showing the causal associations
between IBD and cancer risk in either East Asian or
European populations.

Our findings were somewhat inconsistent with previ-
ous MR study results. Previous MR studies have focused
on examining the association of genetically predicted
IBD with intestinal cancers, including CRC, oral cancer,
and pharyngeal cancer; hepatobiliary pancreatic cancer
[16, 18-20]; and only one of the extraintestinal cancers,
prostate cancer [17]. In addition, a recent comprehensive
MR analysis exploring the associations between IBD and
32 cancers in the European population showed causal
associations of predicted IBD with the oral cavity and
breast cancer [42]. The different findings in these studies
may be due to the use of different populations and dif-
ferent summary-level GWAS data for exposure and out-
come. Compared to other studies, we utilized the latest
and largest GWAS summary data across East Asian and
European populations. In addition, we combined the
genetic evidence from different methods.

To the best of our knowledge, no previous studies
have systematically and comprehensively investigated
the genetic association between IBD and various can-
cer sites, balancing genetic evidence from genetic cor-
relation, MR, and colocalization analyses. Our study
presented one result and explanation: MR analysis was
significant, whereas LDSC and colocalization analyses
were not, which suggested that the findings in MR may
be prone to false positive bias. When the proportion of
heritability explained by genome-wide significant SNPs,
as determined by MR approaches, is low, the accuracy
of MR results may be inferior to LDSC [30]. MR analysis
is more liberal than colocalization analysis, and signifi-
cant MR findings without evidence of colocalization may
suggest distinct causal variants for exposure and out-
come that are in linkage disequilibrium, indicating that
the assumption of MR may have been violated and that
the results are unreliable [29]. In addition, we evaluated
and corrected pleiotropy using several methods, includ-
ing MR-Egger analysis, the MR-PRESSO global test, the
removal of instrumental variables associated with con-
founding factors, and MVMR analysis, to comprehen-
sively assess the MR results. Overall, our findings suggest
that the associations between CD and ovarian cancer and
between UC and nonmelanoma skin cancer according
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to MR analysis may be false. Our study summarized ten
possible results and explained them, filling the gap in this
area by combining the evidence from genetic correlation,
MR, and colocalization analyses.

Considering the pathogenesis of chronic systemic
inflammation and immune dysregulation, the disorders
associated with IBD extend beyond intestinal diseases,
leading to an increased risk of extraintestinal mani-
festations in IBD patients [43]. Our results are mostly
contrary to the hypothesis of pathogenesis and the find-
ings of umbrella reviews based on observational studies
[15]. The previously reported observational associations
between IBD and cancer risk might be affected by detec-
tion bias, unobserved confounding factors, and plei-
otropy. First, the excess diagnosis due to endoscopic
screening and surveillance in patients with IBD might
contribute to the rising risk of common cancers in obser-
vational studies. A Scandinavian register-based cohort
study from 1969 to 2017 recently showed that the inci-
dence of CRC increased during the first year after IBD
diagnosis but significantly decreased after the first year of
follow-up [44]. A greater extent of medical examinations,
particularly a higher frequency of colonoscopy/sigmoi-
doscopy, in IBD patients than in the control population
induces detection bias [45] and results in a false associa-
tion between IBD and CRC. During long-term follow-
up after IBD diagnosis, it is possible that the decrease
in CRC incidence could be related to changes in lifestyle
or medical management during the treatment of IBD. In
addition, treatment following the diagnosis of IBD might
contribute to the increased risk of common cancers in
observational studies. A systematic review summarized
the protective and risk factors for CRC in IBD patients
and showed that primary sclerosing cholangitis, postin-
flammatory polyps, and colon segment resection were
risk factors for the incidence of CRC in IBD patients [46].
Because genetically predicted IBD was also associated
with a higher probability of taking anti-IBD medication,
it could be that exposure to such drugs, rather than hav-
ing IBD, was associated with the risk of cancer. Increas-
ing evidence has shown that common treatments for
IBD patients, such as glucocorticoids, thiopurines, and
immunomodulatory agents, promote the development
of cancer [47-51]. Moreover, our MR findings suggest
an association between CD and a reduced risk of ovar-
ian cancer, which could be attributed to pleiotropy. Our
MVMR analysis showed an insignificant causal associa-
tion between CD and ovarian cancer.

Overall, our findings suggest that IBD might not be a
trigger for developing cancers, and the observed asso-
ciation between IBD and cancer needs to be interpreted
very cautiously in clinical practice. Future studies are
warranted to investigate the common risk factors or
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confounding factors underlying the association between
IBD and cancer risk. In addition, the increased risk of
cancer in observational studies might be attributed to
factors accompanying the diagnosis of IBD, especially
treatments for IBD patients. A full understanding of
cancer as an adverse consequence of IBD is necessary to
ensure appropriate vigilance against cancer. These find-
ings should be confirmed by better-designed epidemio-
logic studies.

Strengths and limitations

Our study has notable strengths. The genetic correlation,
MR, and colocalization analyses have specific strengths
and limitations that can complement each other to some
extent to mitigate some false negative and false positive
results. Our work is a landmark study in that it provides
guidance on how to integrate evidence from genetics-
driven studies accumulated to date to enable a more reli-
able interpretation of the epidemiological relationship
between IBD and cancer. In addition, we used data from
the latest available GWAS data with the largest sample
size or the largest sample size of patients for exposure
and outcome under investigation, and we repeated our
findings using different methods and different ancestries.
The objective estimates of the association between IBD
and cancer may be more precise than previous estimates
and are less prone to bias.

We acknowledge the limitations of this study. First,
because either one or both traits had too low heritabil-
ity, some results from LDSC analysis were not available.
Second, a key assumption of MR is that SNPs are not
associated with any confounders of the exposure or the
outcome. Even if we considered the pleiotropic bias, any
MR study could not completely rule out pleiotropic bias.
Third, we investigated three exposed phenotypes and
used different sets of IVs, but the power of our analyses
with the different instruments varied, which could have
induced weak instrumental variable bias. Furthermore,
the colocalization analysis of genes and proteins is widely
used but is still in the development stage for determining
the optimal dichotomy. We included all IVs in the colo-
calization analysis and chose a cut-off value of 0.75 for
PPH,. Besides, we used multiple data sources to increase
the statistical power, but the relatively small number of
cancer patients reduced the power of the MR analyses.
In addition, despite leveraging data from genetic studies
with very large sample sizes, our study was insufficient to
detect very small effects. Moreover, we could not further
adjust for potential confounders due to a lack of individ-
ual-level data. Finally, due to the limited cancer GWAS
data on Asians, the results for more than half of the can-
cers could not be validated in the Asian population. We
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should carefully utilize our findings in racially and ethni-
cally diverse populations.

Conclusions

In summary, according to comprehensive genetic cor-
relation, MR, and colocalization analyses, inherited life-
time exposure to IBD was not strongly associated with
the risk of cancer. Exposure to IBD might not indepen-
dently contribute to the risk of cancers, underlying that
the increased risk of cancers observed in observational
studies might be attributed to factors accompanying the
diagnosis of IBD, especially treatments for IBD patients.
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Additional file 2: Fig. S1. Mendelian randomization model. Solid

arrows = causal effects; dashed arrows = causal effects prohibited by MR
assumptions Il and lll. Assumption I: Genetic instruments are associated
with exposures; Assumption II: Genetic instruments are independent of

confounding factors; Assumption Ill: Genetic instruments affect outcomes

only through exposures. IVW: inverse-variance-weighted.
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