Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Associations between BMI, polygenic risk score for BMI,
lifestyle and the risk of upper gastrointestinal cancer

Yubei Huang

Tianjin Medical University Cancer Institute and Hospital
Zhuowei Feng

Tianjin Medical University Cancer Institute and Hospital
Yuting Ji

Tianjin Medical University Cancer Institute and Hospital
Hongyuan Duan

Tianjin Medical University Cancer Institute and Hospital
Xiaomin Liu

Tianjin Medical University Cancer Institute and Hospital
Yunmeng Zhang

Tianjin Medical University Cancer Institute and Hospital
Yu Zhang

Tianjin Medical University Cancer Institute and Hospital
Zeyu Fan

Tianjin Medical University Cancer Institute and Hospital
Ya Liu

Tianjin Medical University Cancer Institute and Hospital
Ben Liu

Tianjin Medical University Cancer Institute and Hospital
Zhangyan Lyu

Tianjin Medical University Cancer Institute and Hospital
Fangfang Song

Tianjin Medical University Cancer Institute and Hospital
Kexin Chen

Tianjin Medical University Cancer Institute and Hospital
Fengju Song (%= songfengju@163.com)

Tianjin Medical University Cancer Institute and Hospital

Research Article

Keywords: BMI, PRS, Lifestyle, Upper gastrointestinal cancer, Joint associations

Posted Date: December 13th, 2023

DOI: https://doi.org/10.21203/rs.3.rs-3671423/v1

License: @ ® This work is licensed under a Creative Commons Attribution 4.0 International License. Read Full License

Additional Declarations: No competing interests reported.

Page 1/16


https://doi.org/10.21203/rs.3.rs-3671423/v1
mailto:songfengju@163.com
https://doi.org/10.21203/rs.3.rs-3671423/v1
https://creativecommons.org/licenses/by/4.0/

Abstract
Objective

To investigate the risk of upper gastrointestinal (UG) cancer associated with BMI across different polygenic risk score for BMI
(PRSgw), and to investigate whether healthy lifestyles could attenuate this risk.

Methods

The joint association between BMI and PRSg,, [low risk: quintile 1-2; intermediate risk: quintile 3—4; high risk: quintile 5] on
UG cancer risk were evaluated among 386,427 participants from the UK Biobank cohort, and stratified associations were
further investigated according to the scores of lifestyle [favorable lifestyle: 0—-1 score; intermediate lifestyle: 2—3 scores;
unfavorable lifestyle: 4 scores].

Results

UG cancer significantly associated with BMI, PRSg),, and numbers of unfavorable lifestyles in dose-response manners, and
the adjusted hazard ratios [HRs(95%Cl)] were 1.12(0.99-1.27) and 1.39(1.21-1.60) for intermediate and high BMI, 1.15(1.02-
1.29) and 1.20(1.05-1.38) for intermediate and high PRSgy,, and 1.40(1.22-1.60) and 2.17(1.79-2.64) for intermediate and
unfavorable lifestyles, respectively. Moreover, higher risk was observed for high BMI but low PRSg,,, than high PRSg), but low
BMI. After stratifying by lifestyle, there was no obvious interaction and joint association of BMI and PRSgy, with UG cancer
risk among participants with favorable lifestyle, while intermediate and unfavorable lifestyle further increased the risk, with
HRs ranging from 1.37 to 4.95.

Conclusions

Generally, both high BMI and PRSg,, were associated with increased risk of UG cancer. Moreover, favorable lifestyle could

attenuate the increased UG cancer risks associated with high BMI and/or high genetic predisposition of excess BMI. Adopting
healthy lifestyles and keeping healthy weight are recommended to reduce UG cancer risk.

INTRODUCTION

Cancer is the leading cause of death and an important burden of disease affecting human health worldwide. According to the
cancer statistics report of 185 countries worldwide in 2020 [1], a total of 19.3 million new cancer cases and 10 million cancer
deaths occurred in 2020. Gastric cancer (GC) and esophageal cancer (EC) are two common upper gastrointestinal cancers
(UG) worldwide, and both of them are leading causes of cancer-related deaths worldwide [1]. Although GC and EC are different
cancers at two anatomical sites, they not only had connected anatomical locations, but also had many shared features[2],
including shared risk factors [tobacco use, alcohol use, dietary risks, insufficient physical activity, and high body mass index
(BMI)][3-7], shared susceptibility locus|2, 8], and shared endoscopic screening modality[9, 10]. Responding to the increasing
joint burden of GC and EC is one of the major public health problems faced by several countries today, and optimizing primary
and secondary prevention measures are highly and urgently recommended for controlling these malignancies, especially for
Eastern Asia countries [1, 6, 7].

Among the shared risk factors between GC and EC, BMI has been the focus of research. Most previous evidence based on
large sample size and prospective cohort studies showed virtually consistent and significant association between BMI and
risks of GC and EC, though the strength of associations varied across different population and differed between GC, EC, and
subtypes[11-15]. Moreover, mendelian randomization (MR) study also supported that genetically determined BMI with single-
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nucleotide polymorphisms (SNPs) from genome-wide association study (GWAS) had a causal role in increasing risk of UG
cancer [16, 17]. Although several factors could contribute to the inconsistent strength of the association between BMI and UG
cancer in different populations [11-15], genetic heterogeneity would be one of the key factors for this inconsistency. Analyses
of joint association of the actual BMI and genetically predicted BMI measured by polygenic risk score (PRSg,;) may reflect the
interaction of environment and genetic factors with UG cancer [18]. However, few studies had investigated the joint
association of actual BMI and PRSg),, with risk of UG cancer. Additionally, previous studies also suggested that healthy
lifestyles could attenuate the UG cancer risk [19], and fewer studies explored whether adherence to healthy lifestyles could
attenuate the increased risk of UG cancer under the joint interaction between actual BMI and PRSgy,.

Therefore, based on the UK Biobank cohort, we aimed to investigate the independent and joint association of BMI and PRSgy,
with the risk of UG cancer, then to investigate whether theses associations could be modified by comprehensive unhealthy
lifestyles based on four common lifestyle factors [smoking, alcohol consumption, unhealthy diet, and no regular physical
activity], thereby providing potential suggestions for UG cancer prevention.

METHODS
Study population

UK Biobank (https://www.ukbiobank.ac.uk/) is a large prospective cohort study with open access for public health research.
Details of study design and recruitment have been described previously [20]. Briefly, all participants were registered with the
UK National Health Service (NHS) and lived within 40 km of one of the UK Biobank assessment centers. Approximately

9.2 million people were initially invited to participate. Overall, the UK Biobank finally recruited 502,419 participants aged 40 to
69 years between 2006 and 2010 from 22 assessment centers throughout England, Scotland, and Wales, with a participation
rate of 5.5% [20]. After informed consent, a self-administered, touch-screen questionnaire and face-to-face interviews were
provided for all participants to collect detailed baseline information, including sociodemographic characteristics, early-life
factors, health and medical history, sex-specific factors, and so on. Moreover, blood, urine and saliva samples were collected
[21], and health conditions were regularly followed up to better understand the processes over a wide range of complex
diseases and improve public health. Participants who lived within a 35 km radius were invited to attend a repeat assessment
clinic at the UK Biobank Coordinating Centre in Stockport between August 2012 and June 2013. Repeat assessments were
completed in 20 000 participants (9000 men) with a response rate of 21%.

In this study, a total of 386,427 eligible participants were included in the finally analyses after excluding 34,607 participants
with previous cancer, 2,920 participants without baseline BMI, 13,687 participants without PRS for BMI, and 64,778
participants with other cancer at the end of follow-up (Fig.S1). The UK Biobank study was approved by the National Health
Service National Research Ethics Service, and all participants provided written informed consent. Moreover, the present study
was conducted followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting
guidelines [22].

Exposure Assessment

The primary analysis variables in this study were BMI, standard PRS for BMI, and lifestyle. Weight and height were measured
at the assessment center. Standing height was measured by a Seca 202 stadiometer. Body weight was measured by the
Tanita BC-418 MA body composition analyzer, accurate to the nearest 0.1 kg. BMI was calculated as weight in kilograms
divided by height in meters squared, and were divided into five groups according to the quintiles of BMI: quintile 1 (Q1):
<23.51 kg/m? Q2: 23.52-25.66 kg/m?; Q3: 25.67-27.80 kg/m?; Q4: 27.81-30.78 kg/m?; and Q5: =30.79kg/m? [23].

Two sets of PRS scores for 53 disease and quantitative traits were available in the UK Biobank data based on the genomic

data, including the standard PRS set and the enhanced PRS set. The two sets of PRS were calculated with a Bayesian

approach to estimate non-zero weights for multiple diseases for the same individual in ~ 6M SNPs spread throughout the

genome, and these scores were approximately centered on zero across all ancestries [24]. The enhanced PRS set only covered
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21% of the individuals in the UK Biobank cohort, and standard PRS set covered all individuals of the cohort. Therefore, the
standard PRS set was used in this study. The standard PRS was further reclassified into five groups based on the quintiles of
PRSgy, With Q1: <-1.02; Q2: -1.02, -0.45; Q3: -0.44, 0.05; Q4: 0.06, 0.62; and Q5: = 0.63 [23].

Lifestyle composite scores were assessed based on four lifestyle factors, including smoking, alcohol drinking, physical
activity and diet. For smoking status, a score of 1 was assigned to current or former smoker and 0 to never smoker. For
alcohol drinking, a score of 1 was assigned to current or former drinker and 0 to never drinker. For physical activity, a score of
1 was assigned to no regular physical activity and 0 to regular physical activity. According to the World Cancer Research
Fund/American Institute of Cancer Research (WCF/AICR) recommendations [25], regular physical activity was defined as at
least 75 minutes of vigorous activity per week, 150 minutes of moderate activity per week, vigorous activity once per week, or
at least 5 days of moderate activity per week [26]. For diet, total healthy diet score was evaluated based on 7 dietary
recommendations from the WCF/AICR, including cooked/ salad/raw vegetable = 3 per day, fresh/dried fruits = 3 per day,
oily/non-oily fish = 2 per week, processed meat (such as bacon, ham, sausages, meat pies, kebabs, burgers, chicken nuggets)
<1 per week, unprocessed red meat (beef/lamb/pork/poultry) < 1 per week, whole grains = 7 per week, and refined grains <1
per week [25]. If any dietary recommendation was not met, a score of 1 was assigned. To simplify the diet score, total healthy
diet scores were further reclassified into healthy diet (= 7 scores) and unhealthy diet (< 7 scores) according to the median
score [23]. Therefore, a score of 1 was assigned to comprehensive unhealthy diet and 0 to healthy diet. Finally, based on the
above 4 factors, the comprehensive lifestyle scores ranged from 0 to 4.

The covariates initially included age, gender, race, average total household income before tax, qualification education,
diabetes history, and family history of cancer, which were defined based on either physician diagnosis or self-reported medical
conditions.

Primary Outcome

To obtain a relatively stable association between BMI and UG cancer and provide uniform recommendations for the joint
prevention of GC and EC, we combined incident GC and EC as the joint primary outcome, namely incident UG cancer during
follow-up period. We further performed sensitivity analyses to investigate whether the associations of BMI with GC and EC
were relative consistent. Cancer registration data were provided via record linkage to the NHS Central Register and obtained
via NHS Digital and recoded according to the International Classification of Diseases Tenth revision code [ICD-10]. Death data
for England and Wales were obtained from the death certificates in the NHS Digital and for Scotland by the Information and
Statistics Division. At the time of analysis in this study, the full follow-up was updated to 29 February 2020 in England, 28
February 2018 in Wales, and 31 January 2021 in Scotland. Therefore, the endpoint was censored at the first diagnosis of UG
cancer, the end dates of follow-up, or the date of death, whichever came first. Person-years were calculated from the date of
recruitment to the dates of the first UG cancer diagnosis, death or censoring date, whichever occurred first.

Statistical Analysis

Chi-square tests were used to compare the distribution of baseline categorical variables between cases and non-cases. Linear
regression of BMI with PRSg,, was used to investigate the relationship between actual BMI and genetically predicted BMI, and
to preliminarily estimate the percentage of actual BMI variance which could be explained by genetically predicted BMI. Bar
graph based on percent of participants in quintiles (Q1, Q2, Q3, Q4, and Q5) of BMI by PRSg,, was used to visualize whether
there was a separation between actual BMI phenotype and genetically predicted BMI.

To present whether there was a linear or nonlinear relationship between BMI, PRSgy, lifestyle and UG cancer risk, the dot-line
plots with quintiles-based five categories were used to visualize the dose-response relationship of UG cancer risk with index
variables. To further simplify the association and allow for easy-to-use recommendations for cancer prevention, both BMI and
PRSgy were further reclassified into three risk groups: Q1- Q2; intermediate risk: Q3- Q4; high risk: Q5, while lifestyle was also
reclassified into three categories based on lifestyle scores: favorable lifestyle: 0—1 score; intermediate lifestyle: 2—3 scores,
and unfavorable lifestyle: 4 scores [23]. K-M curves were used to graph the survival curves and log-rank test was used to
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compare within-group difference in the crude incidences of UG cancer. Univariate Cox regression models was used to measure
the magnitude of the crude association as hazard ratios and 95% confidence interval [HRs (95%Cl)] between index variable
and the risk of UG cancer. Multivariable Cox regression models were further conducted to investigate the independent
associations of BMI, PRSg,, and lifestyle with UG cancer risk after adjusting all available baseline confounding variables.
Restricted cubic splines of BMI and PRSgy, were nested in the multivariable Cox regression models to preliminarily investigate
the non-linear relationship of BMI and PRSg,, with UG cancer risk. To compare whether there was a significant difference
between quintiles-based BMI classification and WHO recommended BMI classification [six categories: BMI < 18.5, 18.5-24.9,
25-29.9,30-34.9, 35-39.9, and = 40; simplified three categories: BMI < 25 (normal/thinness), 25-29.9 (overweight) and > 30
(obesity)], we re-analyzed the association between BMI and UG cancer risk with the WHO classification.

The subgroup analyses were used to explore the stratified association between actual BMI and UG cancer risk by PRSg,, with
the low BMI as the reference group. Additive interaction term based on BMI and PRSg), was introduced to explore joint
association of actual BMI and PRSg,, with risk of UG cancer, and the level of low BMI and low PRSg, was used as the
uniform reference group for the interaction term (9 levels in total). Similar subgroup and interaction analyses were conducted
to explore the stratified and joint association between BMI and UG cancer risk by lifestyles. Mediation analysis was further
conducted to evaluate the proportion of PRSg, effects on UG cancer risk mediated through BMI. Additive interaction based
on BMI, PRSg,, and lifestyle was further introduced to explore whether adherence to healthy lifestyle could modify the joint
associations of actual BMI and PRSg),, with risk of UG cancer, and the level of low BMI, low PRSg,, and favorable lifestyle
was used as the uniform reference group for the new interaction term (27 levels in total).

All Pvalues were based on two-sided test, statistical significance was set at P< 0.05. All statistical analyses were performed
with R software (version 4.2.1).

RESULTS
Baseline characteristics

As shown in Table S1, higher crude risk of UG cancer was observed among participants with elder age at recruitment, male,
lower average household income, lower education, race of Scotland and Wales, history of diabetes, and family history of
cancer (all P<0.05). Multivariable Cox regression analyses showed that UG cancer risk was independently and significantly
associated age at recruitment, gender, average household income, and history of diabetes, therefore, these factors would be
further adjusted as the final covariates in the subsequent multivariable Cox regression analyses. Moreover, Figure S2a
showed a significant linear relationship between actual BMI and genetically predicted BMI, and PRSg), can explain nearly 7%
of the actual BMI variance. Figure S2b showed a relatively obvious separation between actual BMI and genetically predicted
BMI. For example, 6.57% of participants with highest PRS for BMI (Q5) had highest actual BMI (Q5) concurrently, while 1.91%
of participants with highest PRS for BMI had lowest actual BMI (Q1).

Independent associations of BMI, PRSg),, and lifestyle with UG cancer
risk

During a median follow-up of 11.0 years, a total of 1,522 cases of UG cancer were documented in this cohort. As shown in
Figure S3a, a significant non-linear relationship was observed between UG cancer risk and BMI, but not for PRSg),; and
stratified non-linear relationship between UG cancer risk and BMI was also observed by quintiles of PRSg,,, (Figure S3b).

When these index variables were reclassified into five categories, increased UG cancer risk significantly associated with BMI,
PRSg), and lifestyle in dose-response patterns, and the crude HRs (95%Cl) ranged from 1.22 of quintile 2 to 2.17 of quintile 5

for BMI, 1.02 to 1.35 for PRSgy, and 1.06 to 3.09 for unhealthy lifestyle (Fig. 1). When these index variables were further

simplified into three risk groups, the dose-response relationships were still observed across different risk groups (Fig. 1).
Sensitivity analyses show similar crude associations of BMI and PRSg,,, with risks of GC and EC (Figure S4).
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As shown in Table 1, after further adjusting the baseline confounding factors (Table S1), adjusted HRs (95%Cl) were 1.17
(1.04-1.32) and 1.53 (1.34-1.76) for intermediate and high BMI, 1.19 (1.06-1.33) and 1.29 (1.13-1.48) for intermediate and
high PRSgy, and 1.42 (1.25-1.63) and 2.27 (1.87-2.76) for intermediate and unfavorable lifestyles, respectively. Even after
further mutual adjustment, most associations were still significant, with HRs (95%Cl) of 1.12 (0.99-1.27) and 1.39 (1.21-
1.60) for intermediate and high BMI, 1.15(1.02-1.29) and 1.20(1.05-1.38) for intermediate and high PRSg,,, and 1.40(1.22-
1.60) and 2.17(1.79-2.64) for intermediate and unfavorable lifestyle, respectively. Sensitivity analyses show relatively
consistent associations of BMI and PRSg), with risks of GC and EC after adjusting potential confounders (Table S4). Re-
analyses based on WHO recommended BMI classification showed similar associations based on quintiles-based BMI
classification (Table S2).

Table 1
Independent associations of BMI, PRSg,,, and lifestyle with UG cancer risk.
Characteristics Participants Cases IR, per Crude Adjusted Adjusted
BMI (kg/m?)
Low BMI 154527(39.99) 436(28.65) 28 Ref. Ref. Ref.
Intermediate BMI 154607(40.01) 666(43.76) 43 1.53(1.36— 1.17(1.04~ 1.12(0.99-
1.73) 1.32) 1.27)
High BMI 77293(20.00) 420(27.60) 54 1.95(1.70- 1.53(1.34- 1.39(1.21-
2.23) 1.76) 1.60)
PRS for BMI
Low PRS 154571(40.00) 532(34.95) 34 Ref. Ref. Ref.
Intermediate PRS 154570(40.00) 637(41.85) 41 1.20(1.07- 1.19(1.06— 1.15(1.02—
1.35) 1.33) 1.29)
High PRS 77286(20.00) 353(23.19) 46 1.34(1.17- 1.29(1.13- 1.20(1.05-
1.53) 1.48) 1.38)
Lifestyle
Favorable lifestyle 104732(27.10)  272(17.87) 26 Ref. Ref. Ref.
Intermediate 259275(67.10)  1081(71.03) 42 1.61(1.41- 1.42(1.25- 1.40(1.22-
lifestyle 1.84) 1.63) 1.60)
Unfavorable 22410(5.80) 169(11.10) 75 2.93(2.41- 2.27(1.87- 2.17(1.79-
lifestyle 3.55) 2.76) 2.64)
Note: 1, adjusted age, sex, income, and ever diabetes. Missing data of each variable were coded as another independent
category. 2, further adjusted other index variables. BMI: body mass index; PRSgy;/PRS for BMI: polygenic risk score for
BMI; UG cancer: upper gastrointestinal cancer; IR: incidence rate; PYs: person-years; HR (95% Cl): hazard ratio (95%
confidence interval).

Association between BMI on UG cancer risk by PRSgy, or lifestyle

As shown in Table 2, subgroup analyses showed increased risk of UG cancer associated with intermediate [HR (95%Cl): 1.33
(1.09-1.62)] and high BMI [HR (95%Cl): 1.64 (1.31-2.04)] compared to low BMI within intermediate PRS for BMI, and similar
but non-significant association between BMI and UG cancer risk were observed within high PRSgy,. Interaction analyses
showed significant joint association of actual BMI and PRSg,, with risk of UG cancer (Pjyteraction = 5-28€-08). More
importantly, higher risk of UG cancer was found for high BMI but low PRSg,, compared to high PRSg,,, but low BMI, with
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HRs(95%Cl) of 1.41(1.10-1.80) vs 1.31(1.00-1.71). Mediation analysis showed that 46.5% of PRSg), effects on UG cancer

risk was mediated through BMI (Figure S5a). Even after adjusting potential confounders, the proportion of mediation was
34.4% (Figure S5b).

Table 2
Association between BMI on UG cancer risk by PRSgy;.
Characteristics  Participants Cases IR, per  Stratified Joint association
association
N (%) N (%) 10,000 Adjusted P Adjusted P P
PYs HR (95% HR (95% interaction
cnt cnt
Low PRS for 154571(40.00) 532(34.95) 34
BMI
Low BMI 77686(50.26)  216(40.60) 28 Ref. Ref. 5.28e-
08
Intermediate 57975(37.51) 224(42.11) 39 1.06(0.88- 0.565 1.06(0.88- 0.555
BMI 1.28) 1.28)
High BMI 18910(12.23)  92(17.29) 49 1.41(1.10-  0.006 1.41(1.10-  0.006
1.81) 1.80)
Intermediate 154570(40.00)  637(41.85) 41
PRS for BMI
Low BMI 56849(36.78)  151(23.70) 27 Ref. 0.98§0.80— 0.861
1.21
Intermediate 64744(41.89) 302(47.41) 47 1.33(1.09- 0.004 1.32(1.11- 0.002
BMI 1.62) 1.57)
High BMI 32977(21.34)  184(28.89) 56 1.64(1.31- < 1.63(1.34- <
2.04) 0.001 1.99) 0.001
High PRS for 77286(20.00)  353(23.19) 46
BMI
Low BMI 19992(25.87)  69(19.55) 35 Ref. 1.31 ;1 .00-  0.054
1.71
Intermediate 31888(41.26) 140(39.66) 44 0.98(0.73- 0.892 1.26(1.02- 0.035
BMI 1.31) 1.56)
High BMI 25406(32.87)  144(40.79) 57 1.29(0.96-  0.089 1.65(1.33— <
1.73) 2.04) 0.001

Note: T, adjusted age, sex, income, and ever diabetes. Missing data of each variable were coded as another independent
category. Pjyreraction, P Value for the additive term based on BMI and PRSg,,. BMI: body mass index; PRSg,/PRS for BMI:

polygenic risk score for BMI; UG cancer: upper gastrointestinal cancer; IR: incidence rate; PYs: person-years; HR (95% Cl):
hazard ratio (95% confidence interval).

As shown in Table 3, subgroup analyses showed increased risk of UG cancer associated with intermediate and high BMI
compared to low BMI within both favorable [HR (95%Cl): 1.40 (1.00-1.96)], intermediate [HR (95%Cl): 1.46 (1.24-1.71)] and
unfavorable [HR (95%Cl): 1.49 (0.97-2.30)] lifestyle, but no statistical significance within unfavorable lifestyle. Interaction
analyses showed significant joint association of actual BMI and healthy lifestyle with risk of UG cancer (Pi,ieraction < 2-20€-
16). Moreover, higher risk of UG cancer was observed for unfavorable lifestyle but low BMI compared to high BMI but
favorable lifestyle, with HRs(95%Cl) of 2.07(1.39-3.07) vs 1.43(1.03-1.98).
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Association between BMI on UG cancer risk by lifestyle.

Table 3

Characteristics  Participants Cases IR, per  Stratified Joint association
association
N (%) N (%) 10,000 Adjusted P Adjusted P P
PYs HR (95% HR (95% interaction
cnt cyt
Favorable 104732(27.10)  272(17.87) 26
lifestyle
Low BMI 48341(46.16)  99(36.40) 20 Ref. Ref. <2.20e-
16
Intermediate 39398(37.62) 116(42.65) 29 1.18(0.90- 0.221 1.16(0.89- 0.284
BMI 1.55) 1.51)
High BMI 16993(16.23)  57(20.96) 34 1.40(1.00-  0.047 1.43(1.03- 0.034
1.96) 1.98)
Intermediate 259275(67.10)  1081(71.03) 42
lifestyle
Low BMI 99597(38.41)  304(28.12) 31 Ref. 1.40§1 12— 0.004
1.76
Intermediate 106047(40.90)  474(43.85)) 45 1.11(0.96- 0.160 157(1.26- <
BMI 1.28) 1.96) 0.001
High BMI 53631(20.69)  303(28.03) 56 1.46(1.24- < 2.06(1.64- <
1.71) 0.001 2.59) 0.001
Unfavorable 22420(5.80) 169(11.10) 75
lifestyle
Low BMI 6589(29.39) 33(19.53) 50 Ref. 2.07(1.39- <
3.07) 0.001
Intermediate 9162(40.87) 76(44.97) 83 1.31(0.87- 0.193 2.64(1.96- <
BMI 1.98) 3.57) 0.001
High BMI 6669(29.75) 60(35.50) 90 1.49(0.97-  0.070 297(215- <
2.30) 4.11) 0.001

Note: 1, adjusted age, sex, income, and ever diabetes. Missing data of each variable were coded as another independent
category. Pjyreraction, P Value for the additive term based on BMI and PRSg,,. BMI: body mass index; PRSg,,/PRS for BMI:

polygenic risk score for BMI; UG cancer: upper gastrointestinal cancer; IR: incidence rate; PYs: person-years; HR (95% Cl):
hazard ratio (95% confidence interval).

Joint associations of BMI, PRSgy, on UG cancer risk by lifestyle

As shown in Fig. 2 and Table S3, after stratifying by lifestyle and adjusting the potential confounding factors, significant joint
associations of BMI and PRSg), with risk of UG cancer could still be observed in intermediate lifestyle, with HRs ranging from
1.41 (95%Cl: 1.06-1.88) for low PRSg,; and high BMI to 1.62 (95%Cl: 1.26-2.09) for high PRSg), and high BMI. There was no
significantly increased risk of UG cancer associated with the combination of BMI and PRSg,, in either favorable lifestyle or
unfavorable lifestyles. Moreover, further interaction analyses based on BMI, PRSg; and lifestyle showed more obviously joint
association of the three index variables with the risk of UG cancer (P ipteraction = 3-33€-14). Compared to low PRSg), and low
BMI in favorable lifestyle, HRs ranged from 1.37 (1.00-1.88) for low PRSg), and intermediate BMI in intermediate lifestyle to
4.95 (2.43-10.05) for high PRSg,, and low BMI in unfavorable lifestyle.
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Further analyses (Table S5) on the joint association between BMI, specific lifestyle and UG cancer risk also supported that
specific healthy lifestyle could attenuate the association between BMI and UG cancer, especially for never smoking, followed
by regular physical activity. Compared to current or former smokers with low BMI, HRs (95%Cl) for never smokers with low
and intermediate BMI were 0.56(0.46 to 0.68) and 0.63(0.53-0.76), respectively. Compared to no regular physical activity and
low BMI, the increased risk of UG cancer for no regular physical activity and high BMI [HRs (95%Cl): 1.54(1.20—1.97)], but
decreased to be non-significant for regular physical activity and high BMI.

DISCUSSION

To our knowledge, this is the first study to explore the relationship between BMI and PRSgy, on UG cancer risk, and this is also
the first study to explore the joint associations between BMI, PRSg,, and lifestyle on UG cancer risk. Consistent with some
previous observational and MR studies [15, 27], this study supported that both high BMI and PRSgy,, were associated with
increased UG cancer risk. Importantly, BMI seemed to associate with higher UG cancer risk than PRSg,;. Moreover, as the
number of unfavorable lifestyle factors increased, such as smoking, alcohol consumption, unhealthy diet, and irregular
physical activity, increased risk of UG cancer were observed. Among participants with favorable lifestyle, high BMI, no matter
with or without high PRSgy,, would not be associated with increased risk of UG cancer. All of these findings would bring more
insights to the prevention of UG cancer.

Based on both quintiles-based BMI classification and WHO recommended BMI classification, the current findings supported
that overweight or obesity associated with increased risk of UG cancer. Similar associations were observed for BMI and
PRSgy with risks of GC and EC, respectively, and these were consistent with numerous previous studies [11-15, 17, 28]. Non-
linear Cox regression analyses based on restricted cubic splines suggested a U-shaped association between BMI and UG
cancer risk, which was similar to previous studies [29]. This special global U-shaped association would probably lead to
different subgroup association patterns between BMI and GC, EC, and different subtypes when different subgroup of
population was selected. Only when large sample size of population was selected and sophisticated design was used, a
relatively stable overall association between BMI and UG cancer risk would be observed. The potential reasons for the
increased UG cancer risk associated with low or very low BMI deserved attention. Low or very low BMI could be the results of
smoking [29], and it would co-exist with poor health conditions. All of these would lead to increased risk of UG cancer
associated with low or very low BMI. More studies are needed to investigate the relationship between extreme BMI (including
extreme low or high BMI) and UG cancer risk in the future.

Another important finding was that BMI seemed to be more strongly associated with increased risk of UG cancer than PRSgy;.
This finding primarily support that BMI would deserve more attention than genetic predisposition (for BMI) in preventing UG
cancer. Moreover, the BMI variance explained by the PRS in TRAILS adolescents was 6.47%[30], and the genome-wide
polygenic risk score for BMI accounting for 7.5% of BMI variance based on a clinical cohort of 736,726 adults[31]; both of
them were either lower than or similar to the heritability (7%) of BMI reported in this study. We also observed a relatively
obvious separation between actual BMI and genetically predicted BMI (Figure S2). The potential separation would not only
provide valuable insights into both genetic architecture and potential intervention of complex diseases and traits, but also
deserve more attention in preventing UG cancer. This may well be one of the reasons why the exposure-outcome association
observed in MR studies was relatively lower than that observed in observational studies [17, 32, 33], since MR studies were
more likely to yield only a genetic association between exposure and outcome and ignored the interaction between genetic
predisposition and other modifiable factors beyond index exposure.

More importantly, as observed in this study, favorable lifestyle could attenuate or even offset the increased risk of UG cancer
associated with the interaction between BMI and PRSg),, while unfavorable lifestyle would further exacerbate the increased

risk. Although the combination of PRSgy, and BMI was not associated with increased risk of UG cancer in the favorable

lifestyle group (and it was probably due to small sample size), a relatively obvious dose-response pattern of increased UG
cancer risk with combination of PRS and BMI deserved attentions in favorable lifestyle. More studies are needed in the future
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to validate the current results in the future. Both genetically predicted and actual high BMI are associated with an increased
risk of UG cancer, the current results would suggest that lifestyle may play a more important role than BMI and PRSgy,;. Until
now, although the debate on the contribution of intrinsic and extrinsic risk factors on the cancer development has persisted in
the field of cancer etiology exploration [34, 35], interventions based on modifiable factors are still one of the key strategies to
reducing cancer burden in the view of public health and cancer prevention. Unhealthy lifestyle factors, such as smoking,
alcohol consumption, diet and physical activity, are all modifiable risk factors that directly contribute to the increased risk of
UG cancer [19, 26, 36—40]. Moreover, adherence to favorable lifestyle would lead to healthy weight or BMI, which in turn
reversed the increased UG cancer risk associated with increased BMI [12, 41-45]. Therefore, integrated interventions to keep a
heathy weight and adopt a healthy lifestyle would contribute to a larger reduction of UG cancer incidence.

In addition to the above findings and the strengths based on the prospective cohort design and large sample size, several
limitations also deserved attentions. First, PRS used in this study was calculated based on almost all common SNPs
throughout the genome rather than selected GWAS-identified SNPs associated with BMI, and it would be unaffordable for
resource-limited regions. However, due to its more powerful performance than 81 previously released PRSs and its advantage
on predicting genetic predisposition of other multiple diseases for the same individual [24], this standard PRS would be one of
the key ways to explore the mechanism of multimorbidity during the post-GWAS era. Second, infection of Helicobacter pylori
(HP) was only available in 1-2% of the UK biobank cohort, and detailed information of whether foods were preserved by
salting or preservatives was not available in this study. Nevertheless, both lower HP infection rate and lower proportion of UG
attributed to HP infection were reported in the European compared to the Asian [46—49], and processed meats (such as bacon,
ham, sausages, meat pies, kebabs, burgers, chicken nuggets) had been incorporated into current dietary scores. Therefore,
lack of these information would lead to a relatively limited effect on the current results. Third, the current analysis was not
restricted to individuals of European ancestry. According to the principal components analysis of the genotypes in previous
study [50], the most common genetic ethnic group (88.26%) of the UK Biobank cohort was British within the broader-level
group white ancestry. Therefore, including of the non-European ancestry would inevitably affect the current results. Fourth,
due to the potential low incidences of GC and EC in the UK Biobank cohort, we combined them together as the joint UG cancer
in this study. Although we observed similar independent associations between BMI and PRSgy with risks of GC and EC,
insufficient data could be used to investigate the subgroup associations by subtypes and the interaction between BMI and
PRSgy on risks of GC and EC, especially the stratified interactions by lifestyles, Further studies with large sample size and
sophisticated design are needed to validate the current results in the future.

CONCLUSION

Generally, both high BMI and PRSg), were associated with increased risk of UG cancer, and the former seemed to more
strongly associate with UG cancer risk than the latter. Moreover, favorable lifestyle, including no smoking, no alcohol
consumption, healthy diet, and regular physical activity, would attenuate the increased UG cancer risks associated with high
BMI and/or high genetic predisposition of excess BMI. Not smoking and regular physical activity were even more noticeable.
Therefore, integrated interventions to keep a healthy weight and adopt a healthy lifestyle would be recommended to reduce
the UG cancer burden.
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Figure 1

Dot-line plots and K-M curves of BMI, PRSg,, lifestyle with UG cancer risk

Note: BMI: body mass index; PRSgy,/PRS for BMI: polygenic risk score for BMI; UG cancer: upper gastrointestinal cancer.
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Figure 2

Forest plots of stratified and joint association of BMI, PRSg,, and lifestyle with UG cancer risk

Note: 1, stratified multivariable Cox regression by lifestyle; 2, joint association between BMI, PRSg,, and lifestyle on the risk of
UG cancer. Both analyses adjusted age, sex, income, and ever diabetes. Missing data of each variable were coded as another
independent category. BMI: body mass index; PRSgy,/PRS for BMI: polygenic risk score for BMI; UG cancer: upper
gastrointestinal cancer; HR (95% Cl): hazard ratio (95% confidence interval).
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