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Introduction

Cholangiocarcinoma (CCA) is a rare but highly 
aggressive malignancy of the biliary epithelium, 
accounting for approximately 15% of all primary liver 
cancers and having a poor prognosis because of  late 
diagnosis and limited therapeutic options [1]. Although 
its incidence is relatively low, the global burden of CCA 
is increasing, particularly in East Asia, including Japan, 
where risk factors such as viral hepatitis remain common 
[2].

Viral hepatitis infections, metabolic disorders, 
and gastrointestinal inflammatory conditions are 
prevalent in the Japanese population [3, 4] and multiple 
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epidemiological studies have reported associations 
between these conditions and CCA. Chronic hepatitis B 
and C (CHB and CHC) are among the most consistently 
reported risk factors [5–7]. However, some studies have 
found no significant association between hepatitis C 
virus infection and CCA development [8]. Autoimmune 
liver diseases such as autoimmune hepatitis (AIH), have 
also been linked to CCA in observational studies [9, 10]. 
Metabolic and inflammatory conditions, including type 1 
diabetes (T1D), type 2 diabetes (T2D), chronic gastritis, 
and chronic pancreatitis, have also been implicated in CCA 
and other gastrointestinal cancers [11, 12], but whether 
these associations reflect causality or confounding effects 
remains unclear.
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Several of these conditions are also known or suspected 
risk factors for other gastrointestinal malignancies. 
Hepatocellular carcinoma (HCC) is strongly linked to 
CHB and CHC, with well-established causal roles [13], 
and may also be influenced by diabetes and chronic 
pancreatitis [14, 15]. 

Mendelian Randomization (MR) is an approach 
that addresses this uncertainty, using genetic variants as 
instrumental variables to estimate the causal effects of 
exposures on disease risk [16]. Because genetic variants 
are randomly inherited at conception and remain fixed 
throughout life, MR can minimize confounding effects 
and eliminate reverse causation, approximating certain 
features of randomized controlled trials within an 
observational framework [17].

To date, few MR studies have examined the causal 
determinants of CCA. A recent MR analysis identified 
gallstones and liver fat accumulation as independent risk 
factors [18], but no study has systematically evaluated 
liver diseases, autoimmune conditions, or metabolic 
disorders as potential causal determinants of CCA, within 
a Japanese population using large-scale genetic data.

Here, we performed an MR analysis using GWAS 
summary statistics from the BioBank Japan (BBJ) project 
to assess whether genetic predisposition to CHB, CHC, 
AIH, T1D, T2D, chronic gastritis, and chronic pancreatitis 
causally influences CCA risk. In addition to CCA, we 
examined HCC as a secondary outcome.

Materials and Methods

Data Sources and Study Design
This study used publicly available, de-identified 

GWAS summary statistics from the BBJ project. The 
original BBJ study was approved by the Institutional 
Review Board of the Institute of Medical Science, 
the University of Tokyo, and all participants provided 
informed consent. As only summary-level data were used, 
no additional ethical approval was required.

We conducted an MR analysis using GWAS summary 
statistics from the BBJ Project, with all exposure and 
outcome data obtained from the BBJ. The GWAS summary 
statistics were downloaded from the BBJ website between 
July 2025 and September 2025. The authors did not have 
access to any information that could identify individual 
participants during or after data collection. Partial sample 
overlap could not be excluded. During harmonization, 
effect alleles were aligned, strand inconsistencies were 
corrected, and ambiguous SNPs were removed. SNPs 
failing harmonization quality control were excluded from 
the analysis. The overall study design and analytic pipeline 
are summarized in Figure 1.

Exposures and Outcomes
We evaluated the causal effects of genetic predisposition 

to the following exposures: CHB, CHC, AIH, T1D, 
T2D, chronic gastritis, and chronic pancreatitis. The 
primary outcome was CCA. To explore broader potential 
associations, we also evaluated HCC.

Sample sizes for each trait were as follows: CHB 
comprised 2,234 cases and 169,588 controls, CHC 

comprised 7,110 cases and 169,588 controls, AIH 
comprised 85 cases and 166,529 controls, T1D comprised 
1,219 cases and 132,032 controls, T2D comprised the 
largest sample size with 45,383 cases and 132,032 
controls; chronic gastritis comprised 744 cases and 
177,982 controls, and chronic pancreatitis comprised 457 
cases and 177,471 controls.

For the primary and secondary outcomes, the sample 
sizes were: CCA with 418 cases and 159,201 controls, and 
HCC with 2,122 cases and 159,201 controls.

Instrument Selection
Genetic instruments were selected for each exposure 

using trait-specific p-value thresholds to balance 
instrument strength and the number of available SNPs. 
A conventional genome-wide significance threshold (p < 
5×10⁻⁸) was applied for well-powered traits such as CHB, 
with a stricter threshold (p < 1×10⁻¹⁰) for T2D to minimize 
weak instrument bias. For traits with fewer genome-wide 
significant variants, including CHC, AIH, T1D, chronic 
gastritis, and chronic pancreatitis, more lenient thresholds 
(p < 1×10⁻⁶ to p < 1×10⁻⁵) were used to ensure sufficient 
instrument availability while maintaining validity. This 
approach is consistent with previous MR studies that 
adopted relaxed thresholds for underpowered GWAS to 
retain adequate statistical power [19].

To ensure independence among selected variants, we 
performed linkage disequilibrium clumping in PLINK 
(v1.9) using the 1000 Genomes Project Phase 3 East 

Figure 1. Study Workflow Showing Selection of 
Genetic Instruments, Data Harmonization, Mendelian 
Randomization (IVW, MR-Egger, weighted median), 
and Sensitivity Analyses (MR-PRESSO, Leave-one-out, 
Pleiotropy, Heterogeneity, Steiger filtering).
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earlier reports [8], nor did AIH, T1D, T2D, chronic 
gastritis, or chronic pancreatitis. A suggestive association 
between chronic gastritis and CCA was noted using 
MR-Egger (IVW OR = 0.544, p = 0.037), but this result 
should be interpreted with caution because of potential 
pleiotropy (p = 0.064) and lack of concordance across 
the methods (Table 1).

To assess the consistency and directionality of the 
genetic instruments, a scatter plot was generated showing 
the per-variant effect estimates on CHB (exposure) and 
CCA (outcome) (Figure 3). The plot illustrates that most 

Asian reference panel, with r² < 0.01 and a 10,000 
kb window to prune correlated SNPs. We calculated 
F-statistics to assess instrument strength, with values 
greater than 10 indicating sufficiently strong instruments. 
In addition, only autosomal SNPs (chromosomes 1–22) 
were considered to avoid potential complexities in the 
interpretation of X chromosome variants.

MR Analysis and Sensitivity Testing
Exposure and outcome datasets were harmonized 

to align effect alleles and correct strand ambiguities. 
MR analyses were performed using the TwoSampleMR 
package (v0.6.20) in R. For each exposure–outcome pair, 
inverse variance weighted (IVW)-MR was used as the 
primary method, with weighted median and MR-Egger 
serving as complementary sensitivity methods. 

Several sensitivity analyses were conducted to assess 
robustness and verify key MR assumptions: heterogeneity 
was evaluated using Cochran’s Q statistic, horizontal 
pleiotropy was assessed via the MR-Egger intercept, 
leave-one-out analysis was performed to identify any 
single SNPs disproportionately influencing the causal 
estimates, MR-PRESSO was applied to detect and 
correct for outliers, and Steiger filtering confirmed causal 
direction. Statistical power was estimated using the non-
centrality parameter approach.

Although TwoSampleMR is designed for two-sample 
MR, we applied its functions to harmonize data and run 
MR analyses. Possible partial sample overlap between 
exposure and outcome datasets may bias causal estimates 
toward observational associations.

The STROBE-MR reporting guideline was adhered 
to [20]. This study was not pre-registered. Analyses were 
conducted as part of an exploratory investigation, using 
publicly available summary statistics. For the primary 
outcome (CCA), statistical significance across the seven 
pre-specified exposures was assessed at a Bonferroni-
corrected threshold of α = 0.05/7 ≈ 0.0071 (two-sided). 
The code used to generate the primary MR results is 
available from the corresponding author upon request. 

Results

Cholangiocarcinoma
Among the tested exposures, only CHB showed a 

statistically significant causal association with CCA. 
Using the IVW method, genetic susceptibility to CHB 
was associated with a 24% increased risk of CCA (IVW 
OR = 1.24, 95% CI: 1.08–1.42, p = 0.002) and remained 
significant after Bonferroni correction for seven exposures 
(threshold p<0.0071) (Table 1 and Figure 2). There was 
no evidence of horizontal pleiotropy (MR-Egger intercept 
p = 0.995). Heterogeneity was low, with a Cochran’s Q 
statistic of 9.17 (p = 0.76), supporting the robustness 
of this finding (Table 1 and Figure 3). Additionally, all 
instrumental variables used in the CHB-to-CCA MR 
analysis had F-statistics > 30, indicating strong instrument 
strength and minimizing the risk of weak instrument bias 
(Table S1). 

In contrast, CHC showed no significant causal effect 
on CCA (IVW OR = 1.039, p = 0.912), consistent with 

Figure 2. Forest Plot Showing the Causal Effects of 
Genetic Susceptibility to Liver, Autoimmune, and 
Metabolic Diseases on the Risk of CCA and HCC. Odds 
ratios (ORs) with 95% confidence intervals (CIs) are 
displayed for each exposure–outcome pair, estimated 
using inverse-variance weighted (IVW; primary 
method), weighted median, and MR-Egger approaches. 
The vertical dashed line at OR = 1 represents the null 
effect. 
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Outcomes Exposures Method SNPs 
number

Odds 
Ratio

95% CI MR p-value Pleiotropy 
p-value

Heterogeneity 
p-value

CCA CHB IVW 14 1.24 1.08-1.42 0.002 0.995 0.76
CCA CHB Weighted Median 14 1.213 1.00-1.47 0.037
CCA CHB Egger 14 1.238 0.76-2.01 0.402 0.689
CCA CHC IVW 8 1.039 0.52-2.06 0.912 0.435 0.021
CCA CHC Weighted Median 8 0.888 0.48–1.63 0.702
CCA CHC Egger 8 0.551 0.11–2.85 0.504 0.022
CCA AIH IVW 13 1.008 0.96–1.06 0.74 0.127 0.62
CCA AIH Weighted Median 13 1.011 0.95–1.08 0.737
CCA AIH Egger 13 0.915 0.81–1.0 0.19 0.78
CCA T1D IVW 18 0.935 0.80–1.09 0.389 0.627 0.587
CCA T1D Weighted Median 18 0.936 0.76–1.16 0.544
CCA T1D Egger 18 1.008 0.72–1.41 0.963 0.534
CCA T2D IVW 65 1.02 0.83–1.26 0.852 0.349 0.054
CCA T2D Weighted Median 65 0.999 0.72–1.38 0.993
CCA T2D Egger 65 0.833 0.52–1.33 0.449 0.054
CCA Gastritis IVW 12 0.888 0.72–1.09 0.252 0.064 0.082
CCA Gastritis Weighted Median 12 0.823 0.66–1.02 0.082
CCA Gastritis Egger 12 0.544 0.33–0.89 0.037 0.249
CCA Pancreatitis IVW 11 1.063 0.91–1.25 0.457 0.297 0.086
CCA Pancreatitis Weighted Median 11 1.036 0.87–1.23 0.693
CCA Pancreatitis Egger 11 1.287 0.89–1.87 0.219 0.105

Table 1. Mendelian Randomization Estimates for the Causal Effect of Genetic Susceptibility to Liver, Autoimmune, 
and Metabolic Diseases on the Risk of Cholangiocarcinoma (CCA)

For each exposure–outcome pair, the table shows the MR method, the number of SNPs used, causal estimate (log odds), odds ratio (OR), and 
corresponding p-values for the causal association (IVW), horizontal pleiotropy (MR-Egger intercept), and heterogeneity (Cochran’s Q). Significant 
associations (two-sided p<0.05) are shown in bold. Pleiotropy p-values are derived from the MR-Egger intercept; and heterogeneity p-values are 
derived from Cochran’s Q. IVW, inverse-variance weighted, CI, confidence interval. CCA, cholangiocarcinoma; CHB, chronic hepatitis B; CHC, 
chronic hepatitis C; AIH, autoimmune hepatitis; T1D, type 1 diabetes; T2D, type 2 diabetes. 

Figure 2. Scatter Plot of SNP-Specific Associations between CHB (x-axis) and CCA (y-axis). Axes are labeled 
with per-SD genetic effect estimates; fonts and tick intervals are harmonized across the figures. Lines indicate IVW 
(primary), weighted median, and MR-Egger estimates; shaded areas denote 95% confidence intervals. 
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instruments show a positive association, with the slope 
of the IVW line indicating a significant positive causal 
effect. The MR-Egger and weighted median estimates are 
generally consistent in direction with the IVW estimate, 
suggesting robustness of the observed causal relationship. 
No major outliers were visually apparent (Figure 3).

Leave-one-out analysis, in which each SNP is 
sequentially excluded to assess whether any single 
variant unduly drives the overall result, demonstrated 
that no single SNP disproportionately influenced 
the causal estimate between chronic hepatitis B and 
cholangiocarcinoma (Table S2 and Figure S1). The 
direction and magnitude of the association remained 
consistent across all leave-one-out iterations, supporting 
the robustness of the MR findings.

A funnel plot was generated to visually assess potential 
directional pleiotropy in the MR analysis of CHB on CCA 
(Figure S2). The SNP-specific causal estimates (Wald 
ratios) were symmetrically distributed around the IVW 
estimate, indicated by the red dashed vertical line. This 
symmetry suggests no strong evidence of directional 
pleiotropy affecting the MR results.

The MR-PRESSO (Mendelian Randomization- 
Pleiotropy RESidual Sum and Outlier) test, a method 
that detects and corrects for outlier variants indicative 
of horizontal pleiotropy, did not identify any outliers or 
evidence of horizontal pleiotropy (p = 0.78), supporting 
the robustness of the causal estimate of CHB on CCA risk 
(Table S3). All 14 SNPs used as instruments showed more 
variance in the exposure (CHB) than the outcome (CCA), 
as indicated by Steiger filtering. Steiger p-values ranged 
from 1.8×10⁻¹⁹ to 0.0044, with a median of 7.0×10⁻⁵, 
confirming correct causal direction (see the right-hand 
column of Table S3).

Although only three of the 14 CHB-associated SNPs 
mapped directly to classical HLA class II genes (HLA-
DPB1, HLA-DRA, HLA-DPB2), all but one (rs2116264) 

lies within the extended HLA region (chromosome 
6: 25–34 Mb), a locus densely packed with immune-
related genes and characterized by extensive linkage 
disequilibrium. In a sensitivity analysis excluding all 
instruments in this region, the CHB–CCA association 
could not be reliably estimated because of insufficient 
independent instruments (N = 1), suggesting that the 
observed causal signal is concentrated within this 
immunogenetic hotspot.

Colocalization analysis in the 6p21 region did not 
support a shared causal variant between CHB and CCA 
(posterior probability of H4 = 0.039), suggesting the MR 
association reflects a causal pathway (CHB → chronic 
inflammation → CCA) rather than pleiotropy via a single 
variant influencing both traits, consistent with MR-Egger 
results showing no evidence of directional pleiotropy 
(intercept p = 0.995).

Additionally, we screened all 14 CHB instruments 
for associations with known cholangiocarcinoma risk 
factors, including alcohol consumption, smoking, BMI, 
type 2 diabetes, gallstones, liver enzymes (ALT/AST), 
and chronic biliary diseases, using the GWAS Catalog 
(accessed November 2025). None showed genome-wide 
significant (p < 5×10⁻⁸) associations with these potential 
confounders. The only reported associations were with 
immune-related traits (e.g., complement C4, B2M, 
LY96) and HBV-related outcomes, consistent with the 
immunogenetic role of the HLA region in viral clearance.

Hepatocellular carcinoma
As expected, both CHC and CHB were shown to 

be strongly associated with HCC risk: CHC shows 
an OR = 2.933, p = 1.75×10⁻²⁵ and CHB shows an 
OR = 1.302, p = 5×10⁻⁷ (Table S4). These results serve 
as positive controls, confirming the validity of the MR 
framework for detecting known causal relationships.

SNP Position Mapped gene (Consequences)
rs9277562 chr6:33088985 HLA-DPB1 (3 Prime UTR Variant)
rs9274664 chr6:32668751 -
rs3997848 chr6:32714617 -
rs3129877 chr6:32440820 HLA-DRA (Intron Variant)
rs28891489 chr6:32682585 -
rs6903053 chr6:32203502 NOTCH4 (Intron Variant)
rs2507993 chr6:31352532 -
rs2894295 chr6:32811313 -
rs201417696 chr6:30345185 RPP21 (Missense Variant)

TRIM39-RPP21 (Intron Variant)
rs2116264 chr6:133410467 EYA4 (Intron Variant)
rs12528890 chr6:33121826 HLA-DPB2 (Intron Variant)
rs943465 chr6:33763886 IP6K3 (2KB Upstream Variant)
rs12214820 chr6:27569325 -
rs9259998 chr6:29937583 LOC124901298 (Intron Variant)

Table 2. Instrumental Variables Used in the MR Analysis of Chronic Hepatitis B as Exposure and Cholangiocarcinoma 
as Outcome

Genomic position, nearest gene, and predicted consequences were annotated using NCBI dbSNP (build 157).
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Discussion

This MR study revealed a significant causal relationship 
between genetic susceptibility to CHB and increased risk 
of CCA in a large Japanese cohort. Multiple sensitivity 
analyses confirmed the robustness of this association, 
with no evidence of pleiotropy or heterogeneity. The 
associations of CHB and CHC with HCC further validated 
the analytic framework. In contrast, no causal effects 
were identified for other liver, autoimmune, or metabolic 
diseases examined.

One of the most notable findings of our study is that 
the genetic markers for CHB are concentrated in immune-
regulatory regions, particularly within the HLA class II 
region on chromosome 6p21. Three of the 14 SNPs mapped 
to HLA-DPB1, HLA-DRA, and HLA-DPB2, which present 
viral antigens to helper T cells and influence clearance of 
hepatitis B virus (HBV) [21, 22]. Variants in HLA-DPB1, 
HLA-DQB1, and HLA-DRB1 have been associated with 
HBV persistence and hepatocarcinogenesis [23, 24], while 
HLA-B and NOTCH4 contribute to immune regulation 
and cancer pathways (Table 2) [25]. These data provide 
a plausible molecular mechanism supporting our MR 
findings: individuals with certain genotypes may mount 
less effective immune responses to HBV, leading to 
persistent infection [22, 23]. Persistent HBV infection 
causes chronic hepatic and biliary inflammation, with 
cytokine release and reactive oxygen species, inducing 
DNA damage and genomic instability in cholangiocytes, 
promoting malignant transformation [26]. Power analysis 
suggested that the study had adequate statistical power 
(>80%) to detect the observed effect size (OR = 1.24) at 
the Bonferroni-corrected threshold (α = 0.0071), supported 
by strong instrument strength (NCP = 46.9).

Interestingly, our analyses suggested an inverse 
association between genetic predisposition to T2D and 
the risk of HCC. This finding contrasts with numerous 
observational studies reporting T2D as a risk factor for 
these malignancies [14]. Several explanations could 
account for this discrepancy. First, the confounding 
effect of medication may play a role: antidiabetic drugs, 
particularly metformin, have been reported to reduce 
cancer risk through multiple mechanisms, including 
AMPK activation and inhibition of tumor proliferation 
[27, 28]. Second, survival or selection bias may also 
contribute. For example, individuals with severe diabetes 
may die from cardiovascular or metabolic complications 
before cancer develops, or may be underrepresented in 
biobank cohorts. Such forms of bias can persist, even in a 
large GWAS, despite the substantial case (n = 45,383) and 
control (n =132,032) numbers [29]. Third, MR estimates 
reflect lifelong genetic risk for T2D, which is not identical 
to clinically diagnosed diabetes that develops later in life 
and is influenced by treatment. Finally, sample overlap 
and residual pleiotropy cannot be entirely excluded. Taken 
together, these results should be regarded as exploratory 
and hypothesis-generating rather than definitive evidence 
of a protective effect. 

The strengths of this work include the use of a large, 
ethnically homogeneous dataset that minimizes population 
stratification, and the application of multiple MR methods 

and sensitivity tests (MR-Egger). These collectively 
support the robustness of our findings.

Our MR analyses did not detect a causal effect of 
CHC and AIH on CCA; however, a null result does not 
definitively indicate the absence of causality. The CHC 
analysis relied on only eight SNPs (mean F-statistic = 
38.2, R² ≈ 0.048), limiting the power to detect even large 
causal effects. Given the limited instrument strength for 
CHC, our study had low power (< 10%) to detect an 
odds ratio of 2.0 for CCA at the Bonferroni-corrected 
threshold (α = 0.0071). Thus, the null finding for CHC 
should be interpreted as inconclusive rather than evidence 
of no effect. Additional limitations include partial sample 
overlap between the exposure and outcome datasets, which 
could bias estimates towards observational associations, 
residual pleiotropy, and the need for replication in 
independent and ethnically diverse cohorts. While similar 
GWAS have been carried on European populations, 
validation in independent ancestries is beyond the scope 
of this Japan-focused study and is recommended for future 
work. Despite strong instrument strength (F-statistics > 
10) and sensitivity analyses suggesting robustness, these 
factors indicate that null findings, particularly for CHC, 
should be interpreted with caution.

Our analyses used summary statistics from a single 
large Japanese biobank, which may feature partial sample 
overlap and limit generalizability beyond East Asian 
populations. While such overlap can bias two-sample 
MR towards observational associations, our findings are 
consistent across multiple sensitivity analyses (MR-Egger 
intercept, MR-PRESSO, Cochran’s Q, leave-one-out), and 
the instrument strength exceeded conventional thresholds, 
mitigating weak-instrument concerns. Replication in 
independent East Asian and non-East Asian cohorts will 
be an important next step. However, recent methodological 
evaluations have shown that two-sample MR methods can 
be reliably applied within single large biobank datasets, 
with the exception of MR-Egger which remains sensitive 
to sample overlap [30]. This provides reassurance that 
our analytic framework is robust despite reliance on a 
single cohort. 

European datasets (e.g., UK Biobank, FinnGen) could 
theoretically enable cross-ancestry validation, but they 
face major limitations for this specific analysis: extremely 
low CHB prevalence in European populations, resulting 
in underpowered GWAS, and potential differences in viral 
subtypes, host immune response, and environmental co-
factors that may limit biological comparability. As such, 
while cross-population replication is a valuable future 
direction, it falls beyond the scope of this Japan-focused 
etiological study. We recommend this approach as a 
priority for international consortia with sufficient sample 
sizes and harmonized phenotypes.

Given the rising incidence of intrahepatic 
cholangiocarcinoma in East Asia, our Japanese population–
based MR findings strengthen the rationale for integrating 
HBV vaccination, antiviral treatment access, and 
long-term surveillance into national cancer prevention 
strategies. Prioritizing high-risk groups identified by HBV 
status may yield measurable reductions in CCA burden.

Clinically, these findings emphasize the value of 
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targeted HBV screening and surveillance in high-risk 
populations to improve CCA prevention and early 
detection. Future work should investigate hepatitis B viral 
variants and subtypes, and explore gene–environment 
interactions that may influence bile duct carcinogenesis. 
Overall, our MR analysis provides strong genetic evidence 
for a causal role of HBV in CCA development, while the 
metabolic and autoimmune conditions examined here do 
not seem to contribute substantially.
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