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Summary

Background Genetic variants and lifestyle factors have been associated with risk of gastric 

cancer, but the extent to which an increased genetic risk can be offset by a healthy lifestyle 

remains unknown.

Methods We first constructed a PRS for gastric cancer from a meta-analysis of six genome-

wide association studies of 10,254 gastric cancer cases and 10,914 cancer-free controls from 

Chinese populations. Then, we applied this PRS to 100,220 participants from the China 

Kadoorie Biobank cohort with more than ten years follow-up. The reduction in relative and 

absolute risk of incident gastric cancer associated with healthy lifestyles was assessed and 

stratified by genetic risk.

Results A significant increase in risk of incident gastric cancer was observed across the 

quintiles of PRS derived from 112 SNPs (Ptrend <0·0001). Compared with participants at low 

genetic risk, those at intermediate and high genetic risk had a greater risk of gastric cancer, 

with a HR of 1·54 (95% CI, 1·22-1·94) and 2·08 (95% CI, 1·61-2·69), respectively; a similar

increase in relative risk of incident gastric cancer was associated with lifestyle risk levels 

(Ptrend<0·0001), with a 103% increased risk for an unfavorable lifestyle (HR, 2·03 [95% CI, 

1·46-2·83]), compared with those with a favorable lifestyle. Participants at high genetic risk 

with a favorable lifestyle had a 47% lower gastric cancer risk (HR, 0·53 [95% CI, 0·29-

0·99]), compared with those with an unfavorable lifestyle, and had an absolute risk reduction 

of 11·24‰ (95% CI, 6·24‰-15·61‰). 

Interpretation Individuals at an increased risk of incident gastric cancer could be identified 

by a PRS. Individuals having a high genetic risk but a favorable lifestyle had a nearly 50% 

relative risk reduction. 

Funding National Key R&D Program of China, National Natural Science Foundation of 

China, 333 High-Level Talents Cultivation Project of Jiangsu Province, and China 

Postdoctoral Science Foundation. 

3



Research in context

Evidence before this study

We systematically searched PubMed and reviewed research articles published in English 

before Feb. 13th, 2020, with search terms including “polygenic risk score”, “healthy lifestyle” 

and “gastric cancer”. We found no studies that had constructed polygenic risk score (PRS) for

gastric cancer to improve precision prevention of gastric cancer by performing a cohort study.

When we searched “polygenic risk score” and “gastric cancer”, however, we found a study 

that had developed a PRS to determine risk of Barrett's esophagus or esophageal 

adenocarcinoma, which were more prevalent in European and American countries. However, 

whether such a PRS can identify individuals at high risk of gastric cancer remained unclear. 

Moreover, the effectiveness of PRS needed to be evaluated with additional independent large-

scale cohorts.

Added value of this study

In the largest genetic association study of gastric cancer, we constructed a 112-SNP-based 

PRS for gastric cancer and evaluated its effectiveness with an independent large-scale 

prospective cohort in Chinese populations. This PRS successfully predicted incident rates of 

gastric cancer independent from lifestyle factors. Among participants at high genetic risk, a 

favorable lifestyle was associated with a lower gastric cancer risk, compared with an 

unfavorable lifestyle. These findings may facilitate individuals’ awareness of inherited 

susceptibility and participation in having a healthy lifestyle to prevent gastric cancer in high-

risk populations.

Implications of all the available evidence

The 112-SNP-based PRS appears to be a practical and reliable genetic predictor for risk 

stratification of gastric cancer. Moreover, our results support for the benefit of adhering to a 

favorable lifestyle, especially in high genetic risk populations.
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Introduction

Gastric cancer is one of the most common cancers and the third leading cause of cancer death

in the world,1 and more than 40% of new cases and deaths of gastric cancer occur in China.2 

Genetic predisposition, Helicobacter pylori (H. pylori) infection, and unhealthy lifestyles 

may independently and jointly contribute to the heavy burden of gastric cancer in Chinese 

populations.3

Unhealthy lifestyles, including tobacco smoking, alcohol drinking, consumption of salty or 

preserved foods and low intake of fresh vegetables or fruits, have been associated with an 

increased risk for gastric cancer. 4 Having a healthy lifestyle has been reported to reduce 

gastric cancer incidence by up to half in a Singapore Chinese population.5 Much evidence has

also shown that genetic risk may be attenuated by a favorable lifestyle for several common 

diseases, including coronary disease,6 stroke,7 dementia8 and breast cancer9. However, the 

extent to which an increased genetic risk can be offset by a healthy lifestyle is unknown for 

gastric cancer.

A Nordic twins study has estimated that the heritability of gastric cancer is about 22%.10 To 

date, a dozen of genetic variants have been found to be associated with gastric cancer risk, 

mostly in recent genome-wide association studies (GWASs).11 Studies have shown that a 

polygenic risk score (PRS), by aggregating multiple common variants with a small effect into

a risk model, efficiently predicts cancer risk and clinical outcomes.12,13 However, it is critical 

to create a PRS to identify individuals at risk of gastric cancer for precision prevention. 

Here, we constructed a PRS derived from gastric cancer GWASs of 10,254 cases and 10,914 

controls and tested its utility and effectiveness in predicting risk of incident gastric cancer in a

large cohort of 100,220 Chinese participants. We also assessed the extent to which having a 

healthy lifestyle may reduce risk of gastric cancer in Chinese populations, especially among 

those at a high genetic risk defined by the PRS.

Methods

Study design and participants 

As shown in Figure 1, a two stage analysis was included in this study. In the first stage, we 

performed a meta-analysis of six independent GWAS datasets with a case-control study 

design, including two newly genotyped GWASs (the East-GWAS and the North-GWAS) and 
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four existing GWASs (the BJ-GWAS, the NJ-GWAS, the Onco-GWAS and the SX-GWAS). 

Then, we constructed five PRSs for gastric cancer with the summary statistics from the meta-

analysis. In the second stage, we evaluated the effectiveness of PRSs and the impact of 

healthy lifestyle on gastric cancer risk in an independent prospective cohort of the China 

Kadoorie Biobank (CKB).

Cases and controls in each of the six GWAS datasets were all Han Chinese from the same 

geographical area (appendix p 1). For the East-GWAS and the North-GWAS, the cases were 

those who had histopathologically confirmed gastric cancer (aged more than 18 years) 

diagnosed at local hospitals, while cancer-free control subjects were recruited from 

individuals who participated in a community screening program for non-communicable 

diseases in Eastern (Shanghai and Jiangsu province) and Northern China (Shandong, Tianjin 

and Hebei provinces), respectively. Participants of the other four GWASs have been 

described in detail elsewhere.11 All studies were approved by the relevant Institutional Review

Boards (IRB), and all participants provided a written informed consent.

The CKB cohort is a prospective study whose study design, methods, and IRB approval have 

been described previously.14, 15 In brief, a total of 512,714 adults aged 30-79 years were 

recruited from 10 geographically diverse (five urban and five rural) areas in China between 

June 2004 and July 2008 at baseline. Each eligible participant completed a written and IRB-

approved informed consent form, an interviewer-administered electronic questionnaire, 

physical measurements, and a blood draw. The CKB cohort was approved by the Ethical 

Review Committee of the Chinese Center for Disease Control and Prevention (Beijing, 

China) and the Oxford Tropical Research Ethics Committee, University of Oxford (UK). 

Procedures

We conducted quality control procedures on genotyping and imputation with the same 

protocol for all six GWAS datasets (appendix p 2). We performed association analyses 

separately for each GWAS dataset using the SNPTEST software (v.2.5).16 We estimated odds 

ratios (ORs) and 95% confidence intervals (CIs) for genetic variants by using principal 

components of ancestry and demographic characteristics, including age, sex, smoking and 

alcohol drinking status (if available), as covariates in the multivariable logistic regression 

model.17 The inverse variance-weighted fixed effects model was used in the meta-analysis as 

implemented by using the METAL software,18 and the variants were excluded, if substantial 
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heterogeneity was present among studies (P≤110-4 for Cochran’s Q test, or I2>0·75 as 

calculated by 100%(Q-df)/Q). 

We selected patients for inclusion in the calculation of PRS using a clustered random 

selection method from the CKB cohort, and their DNA samples were genotyped using a 

custom-designed Affymetrix Axiom array with approximately 700,000 markers. Individuals 

with cancers diagnosed at baseline were excluded from the analysis. Using summary statistics

from the meta-analysis of GWASs, we derived a PRS by a pruning and thresholding approach

with P-value and linkage disequilibrium (LD)-driven clumping procedure in LDpred.19 In 

brief, summary statistics from the six GWAS meta-analysis were first coordinated with the 

CKB genotype data. We constructed five PRSs over a range of P value (5×10−4, 5×10−5, 

5×10−6, 5×10−7 and 5×10−8) and r2 (0·2) thresholds, which were generated by multiplying the 

dosage of the effect allele for each SNP by its respective weight. We incorporated genotype 

dosages for the uncertainty in the imputation and included the variants with sufficient 

imputation quality (INFO>0·5) for the scoring. 

We adopted four healthy lifestyle factors according to the reported evidence for gastric cancer

risk,4 i.e., no current smoking, no alcohol drinking, low consumption of preserved foods and 

frequent intake of fresh fruits and vegetables. At baseline, participants of the CKB cohort 

attended survey clinics, where lifestyle factors were assessed by interviewers using laptop 

computer-based questionnaires. Participants of non-current smoking were defined as never 

smoker or former smokers who had quit smoking at least 15 years. No alcohol drinking was 

defined as no alcohol use in the past year and never drank in most weeks of the year. Low 

consumption of preserved foods was defined as eating preserved vegetables <4 days per 

week. The frequent intake of fresh fruits and vegetables was defined as eating vegetables very

day and fruits ≥4 days per week or eating fruits very day and vegetables ≥4 days per week. 

Outcomes of CKB gastric cancer cases were ascertained through ongoing electronic linkage 

with the established disease registries, the national health insurance claim database, and local 

death registries semi-annually. Participants who failed to be linked to the local health 

insurance database were actively followed annually for their vital status by the study staff, 

including hospital admission and residence of the study area. The staffs who were trained and

blinded to baseline information coded the outcomes according to the 10th revision of the 
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International Classification of Diseases (ICD-10, http://www.who.int/classifications/icd/en/). 

Medical records were reviewed and necessary clinical information was collected by trained 

staff for diagnosis validation. The outcome in the final analysis was “C16-stomach cancer”. 

Statistical analysis

Participants were considered at risk of gastric cancer from baseline and followed up until the 

date of first diagnosis, death, loss to follow-up, or the last date of hospital admission. Loss to 

follow-up referred to those could not be contacted after at least three times reasonable efforts 

within one year, or their new residence was out of the jurisdiction of the Regional 

Coordinating Center. By 31 December 2016, only about 1% participants were censored due 

to loss to follow-up. Multivariable logistic regression models were used to assess associations

between the PRSs and individual lifestyle factors. A potential nonlinear relationship between 

the PRSs and gastric cancer risk was assessed by using the restricted cubic spline analysis.20 

Cox proportional hazards regression models were used to assess associations of genetic and 

lifestyle factors with gastric cancer incidence and to estimate hazards ratio (HR) and 95% 

confidence interval (CI) with adjustment for age, sex, residential area (urban or rural) and the 

first 10 principal components of ancestry21-23. The assumption of proportional hazards was 

assessed by testing the significance of Schoenfeld residuals. The PRSs were categorized into 

low (the bottom quintile), intermediate (quintiles 2-4) and high (the top quintile) genetic risk, 

as described previously.6,8,24 We compared HRs for participants at high or intermediate genetic

risk with those at low risk. Similarly, we compared favorable lifestyles (four healthy lifestyle 

factors) or intermediate lifestyles (2-3 factors) with unfavorable lifestyles (0 or 1 factor). We 

calculated absolute risk reduction as the difference in gastric cancer incidences among given 

groups, extrapolated the difference in 10-year event rates among given groups, and calculated

the numbers of participates needed to adhere to favorable lifestyles to prevent one case of 

gastric cancer in ten years. The 95% CI of absolute risk reduction were generated by drawing 

1000 bootstrap samples from the estimation dataset. To examine the robustness of the results, 

we conducted several sensitivity analyses: (1) defining genetic risk levels by different PRSs 

derived from a range of P values of the GWAS meta-analysis; (2) reclassifying genetic risk 

levels based on quartiles (low: the bottom quartile; intermediate: quartiles 2-3; and high: the 

top quartile) or tertiles (the lowest tertiles, the mid tertiles, and the highest tertiles) of PRSs; 

(3) reclassifying lifestyles when the frequent intake of fresh fruits and vegetables was defined

as eating vegetables and fruits very day; and (4) excluding incident cases of gastric cancer 

occurring during the first year of follow-up. A two-sided p<0·05 was considered statistically 
8



significant. All analyses were performed with R software, version 3.1 (R Project for 

Statistical Computing). 

Role of the funding source

The funder of the study had no role in study design, data collection, data analysis, data 

interpretation, or writing of the report. The corresponding author had full access to all of the 

data and the final responsibility to submit for publication.

Results

The meta-analysis included 10,254 cases and 10,914 controls from six GWAS datasets 

(appendix p 3) with about seven-million genetic variants at a minor allele frequency no less 

than 0.5% (appendix p 18-22) after imputation. We found that 764 variants within six 

regions (per 1000 kb apart) were significantly associated with gastric cancer risk (P=5×10-8) 

(appendix p 23). Because aggregating more common variants into a single genetic model 

may improve the power of predicting genetic risk,25, 26 we constructed five PRSs in a range of 

significance thresholds (5×10−4, 5×10−5, 5×10−6, 5×10−7 and 5×10−8), including 12, 18, 38, 112,

and 539 independent SNPs (appendix p 4), respectively, on the basis of their LD patterns. 

A total of 100,641 individuals were selected and genotyped from the CKB cohort, and 421 

individuals with cancers diagnosed at baseline were excluded, resulting in 100,220 

participants included in the final analysis. Among these participants, 692 incident gastric 

cancer cases were ascertained during a median follow-up of 10·4 years (IQR 9·34-11·30 

years) (Table 1). We calculated the aforementioned five PRSs for each participant by using 

summary statistics from the GWAS meta-analysis. All five PRSs had an approximate normal 

distribution (appendix p 24) and were significantly associated with gastric cancer risk 

(appendix p 4). Because the PRS derived from 112 SNPs (appendix p 5) with a P value less 

than 5×10-5 showed the strongest association (P=7·56×10-10) and obviously different 

distributions between cases and controls in GWASs (appendix p 25), we used this PRS to 

define genetic risk for subsequent analyses. The other PRSs were used for sensitivity analyses

to evaluate the stability of genetic predictors for risk of gastric cancer in the CKB cohort. 

The PRS derived from 112 SNPs was not associated with any of the lifestyle factors or other 

variables collected at baseline of the CKB cohort (appendix p 8). The participants with 

incident gastric cancer tended to have a higher PRS (genetic risk) than those unaffected 
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(appendix p 26). There was an obvious linear relationship for the positive association 

between PRS and gastric cancer risk, with an HR of 1·27 (95%CI, 1·17-1·37, Poverall <0·0001 

and Pnonlinear=0·777) per SD of PRS increase (appendix p 26). We observed a significantly 

increasing risk for incident gastric cancer across the quintiles of genetic risk (Ptrend <0·0001; 

Figure 2A), which did not change with additional adjustment for lifestyle factors (Ptrend 

<0·0001; appendix p 9). Compared with participants at low genetic risk, participants at 

intermediate and high genetic risk had a significantly higher risk of gastric cancer, with HRs 

of 1·54 (95%CI, 1·22-1·94) and 2·08 (95% CI, 1·61-2·69), respectively (Figure 2B). For 

example, the absolute cumulative risk of a 60-year-old male developing gastric cancer over 

the next 10 years is 7.5‰, 11.5‰, and 15.6‰ for low, intermediate, and high genetic risk 

individuals, respectively, on average. These results also did not change after additional 

adjustment for lifestyle factors (appendix p 10). Similarly, genetic risk reclassified by 

quartiles or tertiles of the PRS or categorized by the other PRSs also showed an association 

with gastric cancer risk independent of lifestyle factors (appendix p 11-12). Furthermore, the

association of genetic risk with incident gastric cancer was unchanged, when we excluded 

incident cases during the first year of follow-up (appendix p 13). 

In the CKB cohort, most participants had two (25,335 [25·28%] of 100,220 participants) or 

three (42,935 [42·84%] of 100,220 participants) of four healthy lifestyles (Table 1 and 

appendix p 14). There was a significant increase in the strength of association with gastric 

cancer risk as the number of healthy lifestyles increased (Ptrend<0·0001; Figure 2C). We then 

divided participants by lifestyle into three levels: favorable (13,576 [13·55%] of 100,220 

participants), intermediate (68,270 [68·12%] of 100,220 participants) and unfavorable 

(18,374 [18·33%] of 100,220 participants). A significantly increasing gastric cancer risk was 

also observed across healthy lifestyle levels (Ptrend<0·0001, Figure 2D). The relative risk of 

incident gastric cancer was 103% greater among participants with an unfavorable lifestyle 

(HR, 2·03 [95%CI, 1·46-2·83]) than among those with a favorable lifestyle, and additional 

adjustment for genetic risk resulted in an HR of 2·02 (95%CI, 1·45-2·82) (appendix p 15). 

Similar results were observed when frequent intake of fresh fruits and vegetables was 

redefined (appendix p 16). 

We also observed a joint effect of genetic and lifestyle factors on risk of incident gastric 

cancer in a dose-response manner; that is, the overall risk of gastric cancer increased as both 

genetic risk and unhealthy lifestyle-related risk increased (Figure 3). Specifically, 
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participants with a high genetic risk and an unfavorable lifestyle had the highest risk of 

incident gastric cancer (HR, 5·14 [95%CI, 2·04-12·93]) than participants with a low genetic 

risk and a favorable lifestyle; however, there was no significant interaction between genetic 

risk and lifestyle factors (P = 0·451). 

In further stratification analyses by genetic risk using unfavorable lifestyles as the reference 

group, we found that there was a significant benefit in the relative risk reduction of gastric 

cancer from having a favorable lifestyle across genetic risk groups (Table 2 and appendix p 

27). Specifically, among participants at high genetic risk, those with a favorable lifestyle had 

a 47% reduced gastric cancer risk (HR, 0·53 [95%CI, 0·29-0·99]), compared with those with 

an unfavorable lifestyle (Table 2). There was a 10-year absolute risk reduction of 11·24‰ 

(95%CI, 6·24‰-15·61‰) or 8.18‰ (95%CI, 4·50‰-11·94‰) associated with a favorable 

lifestyle in participants at high or low genetic risk, respectively (Table 2). Correspondingly, 

the number of participants needed to adhere to favorable lifestyles to prevent one incident 

gastric cancer case in 10 years was 89 and 122 for high and low genetic risk levels, 

respectively (Table 2). We repeated the analyses by reclassifying genetic risk levels 

according to quartiles or tertiles of the PRS and observed a similar risk-reduction benefit 

from having a favorable lifestyle, compared with an unfavorable lifestyle (appendix p 17).

 

Discussion

To date, PRSs derived from genetic variants identified in GWASs, mostly conducted in 

European populations, have reportedly led to significant disparities in prediction accuracy 

across diverse populations.13, 27 Therefore, those findings from European populations may not 

be applied to precision prevention in other ethnic populations. In the present study, we 

integrated the largest GWAS of gastric cancer in Chinese populations to maximize the 

statistical power and provided an example of using the PRS to predict and assess cancer risk 

in Chinese populations. Because the incidence of gastric cancer is high in East Asian 

countries but rare in West developed countries, gastric cancer has been inadequately studied 

in populations of European ancestry.28 Therefore, our findings provided the first evidence, to 

the best of our knowledge, for PRS to be used in predicting genetic risk of gastric cancer in 

Chinese populations. 

A key public health need is to identify individuals at high risk of gastric cancer for primary 

(for example, H. pylori eradication) and secondary preventions (for example, enhanced 
11



endoscopic screening). Recently, a risk prediction score summarizing seven predictors (age, 

sex, serum pepsinogen I/II ratio, gastrin-17 level, H. pylori infection, and pickled food and 

fried food consumption) was used to identify individuals at high risk of gastric cancer for 

endoscopic screening in a Chinese population.29 Our results further indicated that a PRS 

derived from a number of risk-predictive SNPs identified in GWASs could predict individuals

at-risk of incident gastric cancer, independent of lifestyle factors. Our findings are consistent 

with those of previous studies of using PRSs as robust risk predictors for other cancers9, 26 or 

complex diseases.6-8 These studies, including ours, collectively support that genetic risk of 

many common diseases, including cancer, may help facilitate individuals’ awareness of their 

inherited susceptibility to common diseases and their participation in precision prevention. In 

the East Asian countries where the incidence of gastric cancer is remarkably high, the 

personalized prevention measures may be applied to individuals at high-risk, such as test for 

and eradication of H. pylori or more frequent proactive endoscopy screening. 

Healthy lifestyles have been inversely associated with risk of gastric cancer,5 and the present 

study further showed that healthy lifestyles could reduce gastric cancer risk across each level 

of genetic risk as defined by the PRS, and individuals with high genetic risk would also 

benefit from adopting healthy lifestyles. Therefore, our results support the notion that public 

efforts in emphasizing healthy lifestyles for everyone will lead to a reduction of gastric 

cancer risk.

Nevertheless, additional studies are needed to address several concerns in perfecting the 

existing prediction model. First, because we used PRSs derived from many SNPs identified 

in GWASs to assess genetic risk of gastric cancer only in Chinese populations, the results 

may not be generalizable to other ethnic populations. Second, although the eradication of H. 

pylori may reduce risk of gastric cancer,30 some debate continues about what is the optimal 

population for H. pylori eradication.31 Therefore, an evaluation of the benefit from H. pylori 

eradication in populations at different levels of genetic risk could be extremely useful for an 

individualized primary prevention of gastric cancer. Third, an endoscopic screening has been 

recommended to detect gastric cancer at earlier stages that have a more favorable prognosis.32,

33 However, it is unclear whether individuals at a high genetic risk could have a maximized 

benefit from screening than those with a low genetic risk, which could finally improve 

secondary prevention of gastric cancer. 
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The present study has several limitations. First, the status of H. pylori infection at baseline 

was unavailable in the CKB cohort, which precluded us from evaluating the utility and 

effectiveness of PRS stratified by H. pylori status. Second, lifestyle factors were self-reported

with only the frequency of diet recorded, which might result in misclassification of lifestyle 

risk levels. Third, lifestyle factors were assessed at baseline, and changes in behaviors during 

the follow-up might have an effect on risk estimates. Fourth, we only evaluated overall 

gastric cancer risk, but genetic and lifestyle factors might differ by tumor location (cardia or 

non-cardia) or subtype (diffuse or intestinal) of gastric cancer that were unavailable in the 

present study. At last, imputation was used for missing data on genotypes among different 

chips, which might lead to partial deviation of our estimates, even though only variants with 

high quality were kept. 

In conclusion, our results of PRSs derived from the largest GWAS of gastric cancer in 

Chinese populations and subsequent validation in a large Chinese cohort study demonstrated 

that genetic and lifestyle factors were independently associated with risk of incident gastric 

cancer. Among those at high genetic risk, having a favorable lifestyle led to a nearly 50% 

reduction in the relative risk of gastric cancer, compared with those with an unfavorable 

lifestyle, highlighting that genetically susceptible individuals, once identified, could partially 

offset their risk of gastric cancer by being advised to adhere to healthy lifestyles. 
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Figure Legends

Figure 1. Study design and workflow

Figure 2. The relationships of genetic and lifestyle factors with incident gastric cancer in

the China Kadoorie Biobank (CKB) cohort. (A) Participants in the CKB cohort were divided into

five equal groups according to the PRS, and the hazard ratios (HRs) of each group were compared with those in

the bottom quintile of the polygenic risk score (PRS). Error bars are 95% CIs. (B) Standardized rates of gastric

cancer events in low (bottom quintile), intermediate (quintiles 2-4), and high (top quintile) genetic risk groups in

the CKB cohort. (C) Participants in the CKB cohort were divided into five groups according to the numbers of

healthy lifestyle factors and the hazards ratios (HRs) of each group were compared with those having 4 healthy

lifestyle factors. Error bars are 95% CIs. (D) Standardized rates of gastric cancer events in favorable (4 healthy

lifestyle factors), intermediate (2-3 healthy lifestyle factors), and unfavorable (0 or 1 healthy lifestyle factor)

lifestyle groups in the CKB cohort. HRs and 95% CIs were estimated using Cox proportional-hazard models

with adjustment for age, sex, residential area, and the first 10 principal components of ancestry. Shaded areas are

95% CIs. 

Figure 3. Risk of incident gastric cancer according to genetic and lifestyle categories. The

hazard ratios were estimated using Cox proportional-hazard models with adjustment for age at risk, sex, 

residential area, and the top 10 principal components of ancestry.
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