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Background: Leisure sedentary behaviors (LSB) are widespread, and observational
studies have provided emerging evidence that LSB play a role in the development of
lung cancer (LC). However, the causal inference between LSB and LC remains unknown.
Methods: We utilized univariable (UVMR) and multivariable two-sample Mendelian
randomization (MVMR) analysis to disentangle the effects of LSB on the risk of LC. MR
analysis was conducted with genetic variants from genome-wide association studies of
LSB (408,815 persons from UK Biobank), containing 152 single-nucleotide
polymorphisms (SNPs) for television (TV) watching, 37 SNPs for computer use, and
four SNPs for driving, and LC from the International Lung Cancer Consortium (11,348
cases and 15,861 controls). Multiple sensitivity analyses were further performed to verify
the causality.

Results: UVMR demonstrated that genetically predisposed 1.5-h increase in LSB spent
on watching TV increased the odds of LC by 90% [odds ratio (OR), 1.90; 95% confidence
interval (Cl), 1.44-2.50; p < 0.001]. Similar trends were observed for squamous cell lung
cancer (OR, 1.97; 95%Cl, 1.31-2.94; p = 0.0010) and lung adenocarcinoma (OR, 1.64;
95%Cl 1.12-2.39; p = 0.0110). The causal effects remained significant after adjusting for
education (OR, 1.97; 95%Cl, 1.44-2.68; p < 0.001) and body mass index (OR, 1.86; 95%
Cl, 1.36-2.54; p < 0.001) through MVMR approach. No association was found between
prolonged LSB spent on computer use and driving and LC risk. Genetically predisposed

Abbreviations: BMI, body mass index; CI, confidence interval; CRP, c-reactive protein; GWASs, genome-wide association
studies; HR, hazard ratio; ILCCO, international lung cancer consortium; IV, instrumental variable; IVW, inverse variance-
weighted; LC, lung cancer; LD, linkage disequilibrium; LSB, leisure sedentary behavior; LUAD, lung adenocarcinoma; LUSC,
squamous cell lung cancer; MR, mendelian randomization; MR-PRESSO, MR pleiotropy residual sum and outlier; METs,
metabolic equivalents; MVMR, multivariable mendelian randomization; NSCLC, non-small cell lung cancer; NOME, no
measurement error; OR, odds ratio; OSB, occupational sedentary behavior; PA, physical activity; ROS, reactive oxygen species;
RCT, randomized controlled trial; SB, sedentary behavior; SD, standard deviation; SNP, single-nucleotide polymorphism; TV,
television; UVMR, univariable mendelian randomization.
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prolonged LSB was additionally correlated with smoking (OR,

Sedentary Behaviors and Lung Cancer

1.857; 95%Cl,

1.287-1.884; p < 0.001) and alcohol consumption (OR, 1.010; 95%ClI, 1.004-1.016;
p =0.0016). Consistency of results across complementary sensitivity MR methods further

Conclusion: Robust evidence was demonstrated for an independent, causal effect of LSB
spent on watching TV in increasing the risk of LC. Further work is necessary to investigate

Keywords: leisure sedentary behaviors, lung cancer, Mendelian randomization, cancer prevention, single-

Peng et al.
strengthened the causality.
the potential mechanisms.
neucleotide polymorphism
INTRODUCTION

Lung cancer (LC) is a leading health problem worldwide and
accounts for nearly a quarter of cancer deaths in the
United States. Regarding sex, LC ranks as the second most
common cancer for both males and females (Siegel et al.,
2021). To decrease the disease burden of LC, examining the
potential risk factors is of vital importance. Taking cigarette
smoking, a well-established risk factor for LC, as an example,
the publication of tobacco control policies greatly decreased the
cigarette smoking rates, and the morbidity and mortality of LC
have declined subsequently (Carter et al., 2015). In addition to
cigarette smoking, epidemiologists have identified numerous risk
factors for LC in the recent decades, of which lifestyle behavior is
one of the research focuses—for instance, excessive alcohol
consumption has been reported to increase the odds of LC by
94% in a recent study (Larsson et al., 2020). On the contrary,
dietary fiber, yogurt consumption, and physical activity (PA) are
correlated with a lower risk of LC (Schmid et al., 2016; Yang et al.,
2020).

Sedentary behavior (SB) is widespread in all walks of life,
including recreation like watching television (TV) and computer,
occupations like driving and sitting at a counter, and social
activities like a meeting. SB is a broad categorical name
describing various types of human behaviors featuring an
energy expenditure <1.5 metabolic equivalents (METs) while
reclining, sitting, or in a lying posture (van de Vegte et al,
2020). Notably, SB includes behaviors for leisure, that is,
leisure sedentary behaviors (LSB), like watching TV, for
occupation, and so on (Katzmarzyk et al., 2019). SB gradually
comes to be considered a major health problem due to its high
prevalence, and more importantly, it is correlated with increased
risks of cancer and all-cause mortality (Basterra-Gortari et al.,
2014). Possible mechanisms underlying the attribution of SB to
cancers, like increased insulin resistance and chronic
inflammation marked by higher concentrations of C-reactive
protein (CRP), have been proposed in recent years (Kerr et al.,
2017). A large meta-analysis consisting of 43 observational
studies found that prolonged SB spent on TV watching, which
is often used as a proxy of SB since it is easy to recall, was
positively associated with LC, colorectal cancer, and endometrial
cancer (Schmid and Leitzmann, 2014). Nevertheless, the potential
effects of PA and SB might tangle in these observational
studies—for instance, the time spent on SB would be

attenuated in those who are physically active compared with
those who are physically inactive (Jiang et al, 2019).
Consequently, previous studies were unlikely to fully
disentangle the independent effects of SB on the risk of LC.
Moreover, previous studies obtained data on the measurement of
SB through questionnaires and self-reports, making recall bias
unavoidable. Therefore, whether the effect of SB on the risk of LC
is independent and whether the causal inference from SB to LC is
true remains unclear.

Mendelian randomization (MR) is a novel methodological
advance for investigating the causal inference between an
exposure and an outcome utilizing summary genetic data from
genome-wide association studies (GWASs) (Sekula et al., 2016).
The MR approach is based on Mendel’s second law which states
that genetic variants, like single-nucleotide polymorphism (SNP),
are randomly distributed at conception, which are generally
independent of environmental risk factors and satisfy the
chronological order for probing causal inference (Smith and
Ebrahim, 2004). MR was conducted based on three
assumptions (Siegel et al., 2021): the instrumental variable
(IV) is robustly associated with exposure (Carter et al., 2015),
the IV is independent of any confounders, and (Larsson et al.,
2020) the IV does not affect the outcome other than through the
exposure (Emdin et al, 2017). Consequently, the causal effect
from an exposure to an outcome can be estimated by employing
MR analysis, which avoids potential limitations, like confounding
bias, measurement error, and reverse causation, that are common
in conventional observational studies since the nature of SB traits
is complex and various factors are likely to affect SB, like body
mass index (BMI) and educational attainment (van de Vegte
etal., 2020). The SNP, utilized as a proxy of SB, may directly affect
the LC risk via educational attainment/BMI rather than being
mediated via SB. To avoid such pleiotropic effects which may
violate the third MR assumption, the multivariable MR (MVMR)
approach was introduced (Sanderson et al., 2019). The MVMR
method simultaneously evaluates the effects of two or more risk
factors that share a set of overlapping SNPs to ensure that the
direct effect of each exposure on an outcome is not mediated by
other factors (Burgess and Thompson, 2015). MVMR analysis
has been carried out in many studies. Recently, researchers found
that per 1.5-h increase in LSB of watching TV raised the risk of
coronary artery disease by 44%, which was partially independent
of educational attainment and BMI through the MVMR
approach (van de Vegte et al., 2020). However, there are no
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which is equal to Bxoz + axovByz.

FIGURE 1| lllustrative diagram of multivariable Mendelian randomization assumptions. Taking the exposure television watching (X,) as an example, the direct effect
of television watching on lung cancer is the effect television watching has on lung cancer not via any other exposure variables, which is equal to Px.z. The total effect of
television watching on lung cancer is the effect of television watching on lung cancer directly plus the effect of television watching on lung cancer via education and BMI,

BMI &
Education

Z: Lung cancer

* Lung adenocarcinoma
= Squamous cell lung cancer

related studies focusing on the relationship between LSB and
LC risk.

In the present study, we pay particular attention to disentangle
the independent effects of LSB on the risk of LC, overall and by
histotype, including squamous cell lung cancer (LUSC) and lung
adenocarcinoma (LUAD), using univariable MR (UVMR) and
multivariable MR (MVMR) methods.

MATERIALS AND METHODS
GWAS Summary Data

Genetic summary data from large consortia for LCB as well as
International Lung Cancer Consortium (ILCCO) were publicly
available on the MR-Base platform, an analytical platform and
database for MR (http://www.mrbase.org/) (Hemani et al., 2018).

Genetic Instruments for SB

We identified genetic instruments for LSB using outcomes from
the largest and latest available GWASs meta-analysis, including
TV watching, computer use, and driving behaviors, which
combined the summary data from the UK Biobank (van de
Vegte et al.,, 2020). The study included 422,218 individuals of
European ancestry The average age was 57.4 years old [standard
deviation (SD), 8.0 years old] during first assessment, and male
consisted 45.7% of the participants (van de Vegte et al., 2020). In
brief, the mean reported time for daily leisure TV watching was
2.8h (SD, 1.5h), 1.0 h (SD, 1.2 h) for leisure computer use, and
0.9h (SD 1.0 h) for driving. Eventually, 193 variants in 169 loci
correlated with one or more sedentary traits were revealed in the
study, the large majority of which, including 152 independent
variants in 145 loci, were correlated with leisure TV watching, 37
independent variants in 36 loci were for leisure computer use, and
four independent variants in four loci were for leisure driving.

Notably, 15 overlapping loci were shared between TV watching
and computer use. TV watching also had one shared locus with
driving, while driving showed no overlap with computer use
(Figure 1). We also manually searched whether LSB-related SNPs
have secondary phenotypes other than LSB in the NHGRI-EBI
catalog of human genome-wide association studies (https://www.
ebi.ac.uk/gwas/), the PhenoScanner (http://www.phenoscanner.
medschl.cam.ac.uk/), and the National Center for Biotechnology
Information (https://www.ncbi.nlm.nih.gov/) databases
(Swerdlow et al., 2016; Phelan et al., 2017).

The IVs for MR analyses were selected based on the following
criteria: (i) p-value less than the genome-wide significance
threshold of 5 x 107% (i) secondly conjugate linkage
disequilibrium analysis not exceeding the limited R* value of
0.001, and (iii) not being palindromic with intermediate allele
frequencies.

Genetic Associations of SNPs With LC Risk
Summary statistics on LC risk, including effect estimates (beta)
and standard errors for instrumental SNPs, were retrieved based
on 11,348 LC cases and 15,861 controls from the ILCCO
(Table 1) (Wang et al, 2014), which owns considerable
genetic data from ongoing LC case—control and cohort studies.
A subgroup of LC cases was constructed based on the histotypes
of non-small cell lung cancer (NSCLC), including LUAD and
LUSC, to provide more concrete results for the corresponding
populations. The analysis was restricted to participants from
European ancestries, in correspondence with IVs for SB
(Wang et al,, 2014; van de Vegte et al, 2020), to minimize
bias at the chromosome level.

MVMR Analysis

The relationship between LSB (including TV watching, computer
use, and driving) and LC is illustrated in Figure 1. According to
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TABLE 1 | Details of epidemiological individual-level data of lung cancer from the International Lung and Cancer Consortium (ILCCO) included in Mendelian randomization

analyses.

Trait First author Consortium
Lung cancer Y Wang ILCCO

Lung adenocarcinoma Y Wang ILCCO
Squamous cell lung cancer Y Wang ILCCO

the GWAS of LSB assessment and description, high genetic
correlations were observed between SB and other traits,
including BMI and education (van de Vegte et al, 2020).
Thus, the remarkable pleiotropic effect of education and BMI
required close attention. X; represents the exposure phenotype of
computer use, X, represents TV watching, and X; stands for
driving. Several loci were observed to be shared between them.
The direct effect of LSB on LC is the effect that is independent
from BMI and education attainment, which is equal to Bx;7, Pxaz,
and Bxsz. The total effect is the effect of LSB on LC directly plus
the effect of leisure sedentary on LC via BMI and education,
equaling to Bxizexazexsz) + Axivexay+xsy)Pyz (Burgess and
Thompson, 2015). UVMR analysis for LSB with shared loci with
BMI and education was performed to estimate the total causal
effects using a random-effects inverse variance-weighted (IVW)
Wald-type estimator for deriving a MR estimate of multiple IVs
(Lawlor et al., 2008).

To investigate the direct effects of LSB on LC, we performed
MVMR analysis, an extension of UVMR which enables to detect
causal effects of multiple risk factors jointly (Sanderson et al,
2019). MVMR considers that the SNPs used in the MR analyses
are also associated with education attainment and BMI (van de
Vegte et al.,, 2020). The SNPs used to conduct MVMR were
combinations of IVs of each exposure. The exclusion criteria of
SNPs were consistent with UVMR analyses. Summary MR
estimates of the LSB-LC were conducted using the
“TwoSampleMR” package (version 0.5.4) (Hemani et al., 2018)
in R (version 3.6.2).

Sensitivity Analysis

A two-sample conditional F-statistic can test whether the genetic
variants strongly predict each exposure conditional on the other
exposures included in a MVMR model, while the general
F-statistic is incapable (Sanderson et al, 2021). In order to
evaluate the strength of SNP exposure conditional on other
exposures, the two-sample conditional F-statistics were
estimated using the online platform provided by Brion et al
(http://glimmer.rstudio.com/kn3in/mRnd/) (Brion et al., 2013;
Sanderson et al., 2019). By omitting one SNP sequentially and
examining variation in causality and overall IVW estimation,
leave-one-out analysis was employed for evaluating whether MR
estimation was driven or biased by a single SNP. Weighted
median analysis was performed, allowing up to 50% of
information from variants to violate MR assumptions (Sekula
et al, 2016). As a pleiotropy test, MR-Egger regression was also
carried out by accessing the effects of global pleiotropy (Bowden
et al,, 2015). Furthermore, MR pleiotropy residual sum and

Number of Number of Proportion of Population
cases controls cases
11,348 15,861 0.42 European
3,422 14,894 0.23 European
3,275 15,038 0.22 European

outlier (MR-PRESSO) test was used to detect pleiotropy as
well, during which outliers can be identified and pleiotropic
effects can be detected. The association without the outliers
would be re-analyzed to correct possible pleiotropic effects
(Verbanck et al., 2018). To evaluate whether any single IV was
biasing the results and to check for the consistency of MR
assumptions, the heterogeneity estimated by Cochran’s Q test
was utilized (Bowden et al., 2017; Emdin et al., 2017). The I index
in the inverse variance-weighted method was also calculated to
estimate the heterogeneity, which overcomes the problem of
Cochran’s Q test that it may suffer from low statistical power
when the number of estimates to be pooled is small (Greco M
et al, 2015). The P index equals to (Q%W) * 100%, and the
heterogeneity was regarded as significant if I* >25%. Regarding
the formula, “Q” is the quantitative value of Cochran’s Q test, and
“df’ is the degree of freedom which equals to the number of
instrumental variables used minus one.

Besides this, additional MR analyses were also conducted to
further investigate the mediating effects from a genetically
predisposed longer time spent on LSB to LC, including
smoking (ever vs. never smoked; former vs. current smoker;
cigarettes smoked per day) and alcohol consumption (previous
vs. never) (Table 2) (Censin et al., 2019; Larsson et al., 2020). Both
the exposure-mediator effects and the mediator-outcome effects
were estimated in the separate analyses.

RESULTS

Genetic Instruments

In total, 124 independent SNPs were included as IVs for LSB.
Among them, 98 SNPs were related to TV watching, 22 SNPs
were for computer use, and four were for driving
(Supplementary Table S1). In GWASs, the heritability was
measured by the proportion of phenotypic variance explained
by all SNPs (Zhu and Zhou, 2020). The heritability explained for
leisure TV watching, leisure computer use, and leisure driving
was 16.1%, 9.3%, and 4.4%, respectively, as estimated by van de
Vegte et al. using the BOLT-REML analysis, which was available
at https://www.hsph.harvard.edu/alkes-price/software/ (van de
Vegte et al, 2020) (Table 3). Using the F-statistic, the
combined strength of the instruments of the corresponding
LSB was assessed, which ranged from 18,287.46 to 76,260.81
(Table 3), all greatly surpassing the limited value (F > 10) and
further indicating the strong power of our selected genetic
variants. Power calculations for the univariable IVW MR
analyses performed using mRnd power calculator (Brion et al,
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TABLE 2 | Details of studies included in the Mendelian randomization analysis for potential mediators between leisure sedentary behaviors and lung cancer.

Traits First author Consortium Study participants Year PubMed ID
Former vs. current smoker Furberg TAG 41,969 2010 20418890
Ever vs. never smoked Furberg TAG 74,035 2010 20418890
Cigarettes smoked per day Furberg TAG 68,028 2010 20418890
Alcohol drinker status: previous Neale Neale Lab 336,965 2017 10894596
Alcohol drinker status: never Neale Neale Lab 336,965 2017 10894596
TAG, Tobacco and Genetics consortium.
TABLE 3 | Power calculation for Mendelian randomization analysis.
Exposure/genetic R-square (of Number of Number of Proportion of Observational F-statistics Power
instruments variance subjects cases cases OR

in phenotype)
Television watching/152 SNPs 0.161 400,364 12,136 0.030 1.20 76,260.81 1.00
Computer use/37 SNPs 0.093 397,641 12,085 0.030 0.97 40,773.45 0.17
Driving/four SNPs 0.044 397,315 12,081 0.030 1.03 18,287.46 0.10

2013) indicated a 100% statistical power of TV watching.
However, due to the low heritability of sedentary computer
use and driving, the statistical power of computer use and
driving remained scarce (< 80%) (Table 3). As estimated by
van de Vegte et al., using the MR-Egger regression analysis, the
IV of TV watching (I&x = 0.98) and computer use (IZx = 0.98)
suggested a rare chance of weak-instrument bias, whereas
driving (Igx = 0) implied a high chance of weak-instrument
bias. Consequently, the phenotypic between-group differences
caused by genetic variation of driving were small, and the
original confounded positive correlation was more likely to
recover. The weak-instrument bias in the driving subgroup
might influence the reliability of the results, and future GWASs
with a larger sample size, which may explain more heritability
of this phenotype, are warranted. The details of each SNP with
potential pleiotropy for other traits are available in
Supplementary Table S2.

UVMR Analysis

Using 98 SNPs robustly associated with leisure TV watching,
UVMR provided strong evidence that leisure TV watching
increased the risk of LC overall (OR = 1.90, 95% CI =
1.44-2.50, p < 0.001) (Figures 2, 3). Given that our chosen
SNPs for LSB were highly correlated with education, we
excluded 12 pleiotropic education SNPs, and the same effect
was observed in comparison to the gross IVW effect (OR = 1.97,
95% CI = 1.44-2.68, p < 0.001) (Figure 2). Additionally, after
excluding pleiotropic SNPs, the IVW results from the remaining
67 SNPs appeared to be stable (OR = 1.88, 95% CI = 1.32-2.68,
p < 0.001). The subgroup analyses demonstrated the same risky
effects among both NSCLC subtypes, including LUSC (OR = 1.97,
95% CI = 1.31-2.94, p = 0.001) and LUAD (OR = 1.64, 95% CI =
1.12-2.39, p = 0.0110). The MR-Egger analysis did not
demonstrate evidence of pleiotropy. Besides this, after
excluding pleiotropic SNPs, the association between leisure TV
watching and LUSC violated the result of the gross IVW method,
which represented a null significant causation (OR = 1.60, 95% CI

= 0.93-2.75, p = 0.0869), illustrating that the causal relationship
between both phenotypes was not entirely determined by leisure
TV watching itself (Figure 2) (Supplementary Table S3).

Findings of a causal effect of leisure computer use on overall
LC risk using 22 SNPs suggested a null casual effect. In detail, per
one SD increase in leisure time using computer was found to
decrease the risk of LC, while the result remained not statistically
significant (OR = 0.81, 95% CI = 0.47-1.40, p = 0.4610)
(Figure 2). However, a potential increased risk of LC was
shown after excluding pleiotropic SNPs (OR = 1.14, 95% CI =
0.65-2.02, p = 0.6417). In the subgroup analyses, the causal
association between leisure computer use and LUAD remained
the same as LC overall (OR = 0.90, 95% CI = 0.40-2.01, p =
0.7883). Although the result was insignificant, a slightly increased
risk of LUSC was found instead (OR = 1.04, 95% CI = 0.45-2.42,
p = 0.9231). Eventually, utilizing four SNPs independently
associated with leisure driving, UVMR provided weak evidence
that one-SD increase in leisure time driving elevated the risk of
LC (OR =1.02, 95% CI = 0.29-3.62, p = 0.9796) (Figure 2). The
direction of effect was consistent across the subgroup analyses
(OR = 1.02, 95% CI = 0.06-17.06, p = 0.9893 for LUSC, OR =
1.33,95% CI = 0.19-9.11, p = 0.7734 for LUAD) (Figure 2). The
Wald ratio estimate results of individual SNPs are described in
Supplementary Table S4.

MVMR Analysis

In the MVMR analysis controlling for education, there was strong
evidence for a direct causal effect of per-SD increase in leisure
time TV watching on the risk of LC (OR = 1.91, 95% CI =
1.44-2.53, p < 0.001) (Figure 2). In MVMR analysis controlling
for BMI, strong evidence for a direct causal effect was observed
between both phenotypes (OR = 1.86, 95% CI = 1.36-2.54, p <
0.001) (Figure 2). In MVMR analysis stratified by LC subtype, we
found evidence for a causal independent effect of leisure TV
watching in LUSC and LUAD after adjusting for education (OR =
2.00, 95% CI = 1.32-3.01, p < 0.001 for LUSC, OR = 1.68, 95%
CI =1.14-2.46, p = 0.0085 for LUAD) and BMI (OR = 1.76, 95%
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Outcome N snps P-value Odds Ratio(95% Cl)

Lung cancer overall

Inverse variance weighted (random effects) - 98 <0.001 1.90(1.44,2.50)

MR Egger —a—\ 08 0.3735 1.81(0.49,6.61)

Weighted median —— 98 0.0060 1.70(1.17,2.49)

Inverse variance weighted (exlcuding pleiotropic SNPs) —— 67 <0.001 1.88(1.32,2.68)

Inverse variance weighted (exlcuding pleiotropic education SNPs) —_— 86 <0.001 1.97(1.44,2.68)

Multivariable (adjusted for education) i 96 <0.001 1.91(1.44,2.53)

Multivariable (adjusted for BMI) —_— 78 <0.001 1.86(1.36,2.54)

MR-PRESSO L 98 <0.001 1.64(1.38,1.89)

Squamous cell lung cancer

Inverse variance weighted (random effects) —— 98 0.0010 1.97(1.31,2.94)

MR Egger ————+ 08 0.9357 1.08(0.17,6.99)

Weighted median —— 98 0.0851 1.65(0.93,2.92)

Inverse variance weighted (exlcuding pleiotropic SNPs) —— 67 0.0869 1.60(0.93,2.75)

Inverse variance weighted (exlcuding pleiotropic education SNPs) —— 86 0.0045 1.90(1.22,2.97)

Multivariable (adjusted for education) —— 96 <0.001 2.00(1.32,3.01)

Multivariable (adjusted for BMI) —— 78 0.0208 1.76(1.09,2.83)

MR-PRESSO .l 98 <0.001 1.78(1.41,2.15)

Lung adenocarcinoma

Inverse variance weighted (random effects) —— 98 0.0110 1.64(1.12,2.39)

MR Egger ——s—— 98 0.4221 2.07(0.35,12.16)

Weighted median —— 98 0.0487 1.74(1.00,3.01)

Inverse variance weighted (exlcuding pleiotropic SNPs) —— 67 0.0063 1.94(1.21,3.13)

Inverse variance weighted (exlcuding pleiotropic education SNPs) ——— 86 0.0083 1.75(1.16,2.67)

Multivariable (adjusted for education) —— 96 0.0085 1.68(1.14,2.46)

Multivariable (adjusted for BMI) —— 78 0.0065 1.80(1.18,2.76)

MR-PRESSO ol 98 0.0180 1.41(1.07,1.74)
B Odds Rauo
Outcome N snps P-value Odds Ratio(95% Cl)
Lung cancer overall
Inverse variance weighted (random effects) ——— 22 0.4610 0.81(0.47,1.40)
MR Egger 22 0.3409 9.67(0.10,9.23E03)
Weighted median —_— 22 0.8504 0.93(0.44,1.96)
Inverse variance weighted (exlcuding pleiotropic SNPs) —— 19 0.6417 1.14(0.65,2.02)
Inverse variance weighted (exlcuding pleiotropic education SNPs) — 21 0.9866 1.00(0.58,1.70)
Multivariable (adjusted for education) —— 20 0.5345 0.83(0.46,1.50)
MR-PRESSO —— 22 0.4183 0.79(0.29,1.29)
Squamous cell lung cancer
Inverse variance weighted (random effects) —_— 22 0.9231 1.04(0.45,2.42)
MR Egger 22 0.5943 7.16(0.01,8.91E03)
Weighted median 22 0.7251 1.22(0.40,3.76)
Inverse variance weighted (exlcuding pleiotropic SNPs) —_— 19 0.5678 1.30(0.53,3.17)
Inverse variance weighted (exIcuding pleiotropic education SNPs) —_— 21 0.5826 1.26(0.55,2.85)
Multivariable (adjusted for education) —_— 20  0.9322 1.04(0.42,2.59)
MR-PRESSO —— 22 0.8150 1.09(0.31,1.88)
Lung adenocarcinoma
Inverse variance weighted (random effects) —— 22 0.7883 0.90(0.40,2.01)
MR Egger 22 0.2043 98.15(0.1,9.27E04)
Weighted median 22 0.8605 1.11(0.36,3.41)
Inverse variance weighted (exlcuding pleiotropic SNPs) —— 19 0.6022 1.26(0.53,3.03)
Inverse variance weighted (exlcuding pleiotropic education SNPs) —— 21 0.8264 1.10(0.48,2.51)
Multivariable (adjusted for education) — 20  0.6999 0.85(0.37,1.96)
MR-PRESSO —r— 22 0.7331 0.88(0.21,1.55)

o a5 1 s 2 25 3 a5 4 a5 s

c 0dds_Ratio
Outcome N snps P-value Odds Ratio(95% Cl)
Lung cancer overall
Inverse variance weighted (random effects) 4 0.9796 1.02(0.29,3.62)
MR Egger 4 07714  0.13(0.00,1.94E04)
Weighted median 4 0.7607 1.25(0.30,5.20)
Inverse variance weighted (exlcuding pleiotropic SNPs) 2 0.8854 0.81(0.05,13.19)
Inverse variance weighted (exIcuding pleiotropic education SNPs) 3 0.8431 1.20(0.20,7.15)
Multivariable (adjusted for education) 3 0.7298 0.76(0.16,3.64)
MR-PRESSO 4 0.9812 1.02(0.25,2.29)
Squamous cell lung cancer
Inverse variance weighted (random effects) 4 0.9893 1.02(0.06,17.06)
MR Egger 4 08366  26.00(0.00,1.79E13)
Weighted median 4 0.5845 1.91(0.19,19.46)
Inverse variance weighted (exlcuding pleiotropic SNPs) 2 0.8590 0.55(0.00,430.15)
Inverse variance weighted (exIcuding pleiotropic education SNPs) 3 0.9104 0.80(0.01,42.79)
Multivariable (adjusted for education) 3 0.9393 0.86(0.02,42.28)
MR-PRESSO —_— 4 05406 1.28(0.48,2.09)
Lung adenocarcinoma
Inverse variance weighted (random effects) 4 0.7734 1.33(0.19,9.11)
MR Egger 4 08234  7.25(0.00,3.19E07)
Weighted median 4 0.5671 1.90(0.21,17.22)
Inverse variance weighted (exlcuding pleiotropic SNPs) 2 0.9110 0.85(0.05,13.63)
Inverse variance weighted (exicuding pleiotropic education SNPs) 3 0.8969 1.16(0.12,11.19)
Multivariable (adjusted for education) 3 0.9087 1.14(0.12,10.37)
MR-PRESSO 4 0.9900 1.02(0.08,3.84)
(€) 0dds_Ratio

FIGURE 2 | Summary of Mendelian randomization estimates of leisure sedentary behaviors on the risk of lung cancer: (A) is for watching television, (B) is for
computer use, and (C) is for driving.
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FIGURE 3 | Scatter plot of the effect size of each single-nucleotide
polymorphism on leisure television watching (A), leisure computer use (B),
and leisure driving (C) and lung cancer risk using Mendelian randomization
approaches, including inverse variance-weighted, weighted median,

and MR-Egger, respectively.

Sedentary Behaviors and Lung Cancer

CI = 1.09-2.83, p = 0.0208 for LUSC, OR = 1.80, 95% CI =
1.18-2.76, p = 0.0065 for LUAD) (Figure 2).

We also investigated the direct effects between leisure
computer use and LC using MVMR. Similar to the UVMR
analyses, weak evidence for direct effects of leisure computer
use adjusted for education on LC was observed as well as LUSC
and LUAD. There was also no evidence for direct effects of leisure
driving on LC, including LUAD and LUSC (Supplementary
Table S3).

Sensitivity Analysis

Regarding the correlations between LSB and risk of LC and
subtypes, the directions of effect were mainly consistent in the
weighted median method and MR-PRESSO test. At the same
time, MR-Egger had wider CI and presented an insignificant
effect, indicating a possible violation of the no measurement error
assumption (Figure 2) (Zhou et al., 2021). Leave-one-out results
indicated that no individual genetic variants appeared to
significantly ~affect the overall results (Supplementary
Figures 1-9).

As mentioned above, despite the casual relationship between
leisure TV watching and risk of LC remaining robust after
excluding pleiotropic SNPs, evidence of heterogeneity existed
through Cochran’s Q test (Table 4; Supplementary Table S5),
while MR-Egger intercepts indicated no evidence for directional
pleiotropy (Table 4; Supplementary Table S6). No SNP effect
outliers were detected from MR-PRESSO (Figure 2). Besides this,
the abovementioned causation between computer use and LC
remained conflicting before and after pleiotropic SNPs exclusion,
potentially suggesting the existence of bias caused by the
pleiotropy effects, while no evidence was supported among the
heterogeneity test (Table 4; Supplementary Table S5), MR-Egger
regression (Table 4; Supplementary Table S6), or MR-PRESSO
outliner test (Supplementary Figure S2). In regard to I’ statistic,
we found that the heterogeneity across all leisure driving
subgroups was significant while not observed in other
subgroup analyses (Table 4).

Mediating Effects

For exposure-mediator effects, we observed that genetically
predisposed prolonged leisure TV watching was associated
with smoking (OR 1.72, 95%CI 1.40-2.12, p < 0.001 for ever
smokers; OR 1.36, 95%CI 1.21-1.52, p < 0.001 for cigarettes
smoked per day; OR 0.71, 95%CI 0.54-0.93, p = 0.0148 for former
smokers) and alcohol consumption (OR 1.02, 95%CI 1.01-1.02,
p < 0.001 for previous drinkers; OR 1.01, 95%CI 1.00-1.02, p =
0.0022 for never drinkers), which was directionally consistent in
the MVMR analyses. No significant causal associations between
prolonged leisure computer use and driving and smoking and
alcohol consumption were implied (Figure 4). For mediator-
outcome effects, genetically predisposed smoking was positively
associated with LC (OR 3.82, 95%CI 1.69-8.61, p = 0.0013 for
ever smokers; OR 2.63, 95%CI 1.88-3.68, p < 0.001 for cigarettes
smoked per day) and subtypes. Combining the above-mentioned
findings, the causal effects from leisure TV watching to LC were
partly mediated by smoking (Table 5).
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TABLE 4 | MR-Egger regression and heterogeneity analysis of the correlations between television watching, computer use, driving, and lung cancer risk.

Exposure Heterogeneity p MR-Egger regression 2 index
MR-Egger Inverse variance-weighted Intercept Intercept p
TV watching 0.0391 0.0453 0.0008 0.9405 20.34%
TV watching (excluding pleiotropic single-nucleotide polymorphisms, SNPs) 0.0528 0.0610 0.0048 0.7217 22.01%
TV watching (excluding pleiotropic education SNPs) 0.0337 0.0394 0.0020 0.8708 22.19%
TV watching (adjusted for education) 0.0295 0.0344 0.0011 0.9238 21.00%
TV watching (adjusted for body mass index) 0.0492 0.0576 0.0010 0.9332 21.85%
Computer use 0.3659 0.3559 -0.0388 0.2968 7.81%
Computer use (excluding pleiotropic SNPs) 0.9439 0.9168 —0.0437 0.2298 0.00%
Computer use (excluding pleiotropic education SNPs) 0.9095 0.8804 —0.0431 0.2322 0.00%
Computer use (adjusted for education) 0.2623 0.2549 —0.0403 0.3154 156.97%
Driving 0.2274 0.3720 0.0307 0.7679 4.17%
Driving (excluding pleiotropic SNPs) NA 0.1200 NA NA 58.64%
Driving (excluding pleiotropic education SNPs) NA 0.2274 NA NA 32.47%
Driving (adjusted for education) 0.1200 0.2961 0.0102 0.9476 17.84%

DISCUSSION

In the present study, we utilized both UVMR and MVMR
approaches to estimate a causal and independent effect of LSB
on LC risk. We observed that genetically predisposed 1.5-h
increase in LSB spent on watching TV was causally associated
with increased risks of LC overall and among specific subtypes,
including LUSC and LUAD, highlighting an important potential
detrimental factor for public health. The causal effects remained
to be significant after controlling for educational attainment and
BMI. Similar magnitudes were not observed for prolonged LSB
spent on computer use and driving. Genetically predisposed
prolonged LSB was additionally associated with alcohol
consumption and smoking. Moreover, our results were largely
robust to several sensitivity analyses.

Our findings are in alignment with most of the previous
observational studies. Indeed, the association between SB and
risk of LC has been investigated across five large-scale cohort
studies during the last decade. S Ukawa et al. found that the
hazard ratio of LC for people who watched TV for more than 4 h
per day increased by 36% compared with 2 h daily through the
Japan Collaborative Cohort Study consisting of 54,258 adults,
whereas the effect was only restricted to male rather than female
individuals (Ukawa et al., 2013). Analogously, in 2016, a large-
scale prospective cohort study including 129,401 postmenopausal
women from the Women’s Health Initiative Observational Study
did not support the positive correlation between SB and LC after
adjusting for BMI, age, smoking, education, and so on (Wang
et al., 2016). Moreover, this study also investigated whether SB
would increase the odds of LC mortality, resulting in a null
relationship. In contrast, a retrospective cohort study from Nord-
Trendelag Health Study (HUNT) reported that prolonged SB
(=8 h/day vs. <8 h/day) and low PA (<8.3 MET-h/week vs. >16.6
MET-h/week) together were positively correlated with LC risk
after controlling for age, education, smoking, and alcohol
consumption, implying that the effect of SB on LC risk was
unlikely to be independent of PA (Rangul et al., 2018). Later
findings from HUNT further supported that prolonged SB was
not independently correlated with the incidence of LC, whereas
the combination of prolonged SB and physical inactivity

increased the risk of LC overall, including NSCLC and small
cell lung cancer (Jiang et al., 2019). Concerning occupational SB
(OSB), the latest findings from the Japan Public Health Center-
Based Prospective Study showed that it (=7 h/day vs. 1 to <3 h/
day) was connected with higher odds of LC by 180%; notably, this
result only restricted to females, and it was nonsignificant for
males (Thira et al., 2020).

The limitations of previous observations cannot be ignored.
First, a key shortcoming of all previous studies is that the
measurement of SB was relied on questionnaires and self-
reports rather than using objective quantitative monitors like
accelerometers, which are extremely likely to be affected by the
limitations of recall bias and high random error. Second,
considering that SB traits are complex and a number of factors
can impact SB, confounding bias cannot be fully avoided despite
the fact that previous studies have made efforts in adjusting for
confounders like BMI, smoking, and so on. Third, the sample size
of LC patients was relatively limited in previous observational
studies, with the largest consisting of 3,807 cases. Hence, it might
be insufficient to provide adequate statistical power to evaluate the
causal nexus. Furthermore, previous findings were likely to be
affected by the intertwined relationship between PA and SB—for
instance, people who have prolong SB tend to be physical inactive,
whereas it does not necessarily mean so. Consequently, they could
not fully disentangle the independent effects of SB on the risk of
LC. Despite these shortcomings, the researchers have done a great
job in probing the causal inference between SB and LC risk, with
the largest cohort consisting of 54,258 participants (Ukawa et al,
2013) and the longest follow-up time being up to 18.3 years (Jiang
et al., 2019).

The mechanisms underlying the attribution of SB to LC are
under active investigation and, in the meantime, incompletely
defined. Some animal studies demonstrated that SB might inhibit
the activity of lipoprotein lipase in skeletal muscles and reduce
glucose uptake, resulting in glucose dysregulation (Bey and
Hamilton, 2003; Hamilton et al, 2004). Reduction in glucose
consumption may subsequently cause hyperinsulinemia due to
the consistently high levels of blood glucose. Meanwhile,
increased concentrations of insulin-like growth factor-1,
considered as the key regulator of energy metabolism and
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FIGURE 4 | Causal effects from genetically predisposed prolonged leisure sedentary behaviors and mediators.

growth, were demonstrated to be modestly correlated with an
increased risk of LC (Ho et al., 2016). Such metabolic disorder is
connected with various cancer development (Wilmot et al., 2012).

Moreover, several pre-clinical studies showed that weight-bearing
skeletal muscles are not highly engaged during inactivity, which
might suppress the anti-cancer responses of myokines themselves.
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TABLE 5 | Causal effects from mediators to lung cancer and subtypes.

Exposures Lung cancer
Causal effect p-value
(95% ClI)
Ever vs. never smoked 3.82 (1.69, 8.61) 0.0013
Cigarettes smoked per day 2.63 (1.88, 3.68) <0.001

The downregulation of anti-cancer responses may be a key activator
for the inflammatory pathways characterized by the elevated
concentrations of CRP, which are important for the development
of several malignancies (Hojman et al,, 2011; Pedersen and Febbraio,
2012; Aot et al, 2013). Moreover, scientists reported that SB may
disrupt the balance between reactive oxygen species (ROS) and
antioxidant defenses, resulting in the accumulation of ROS. ROS is
known to cause DNA damage, chromosomal aberrations, and
mutations, which inhibit the expression of tumor suppressor
genes and increase the expression of oncogenes, attributing to
cellular structure damage and further cancer development (Basu
and Nohmi, 2018). Besides this, SB is often associated with snacking
behaviors and obesity, while obesity has been positively correlated
with a higher LC risk (Zhou et al., 2021). One emerging perspective is
that obesity-related inflammation originating from the intestinal
cavity could facilitate microbiome-producing cancer-promoting
metabolites and afterward leak them into the bloodstream for the
target organ (Mao et al., 2018; Zhuang et al., 2019). Our study also
provided evidence that the prolonged time spent on LSB was
positively correlated with smoking and alcohol consumption,
further elucidating the potential mediating mechanisms from LSB
to LC.

The notable strengths of our study are as follows: First, with the
large-scale summary genetic data from UK Biobank (up to 422,218
individuals) and robustly correlated SNPs as IV (F statistics >10), our
study had adequate statistical power for probing the causal effect
between LSB and risk of LC for the first time; second, using the
MVMR approach adjusted for educational attainment and BMI, we
were more likely to describe a relatively independent causal inference
from LSB to LC. Thirdly, a number of pleiotropy-robust MR
analyses and outlier detection (weighted median, MR-Egger, and
MR-PRESSO) were performed to rigorously investigate whether the
IVW estimates were biased due to pleiotropy, resulting in mostly
unbiased results. Besides this, using MR design, our findings are less
likely to be affected by measurement error than conventional
observational studies, of which the data for SB were subjectively
measured and hence underestimated (Urda et al., 2017). Finally, to
the best of our knowledge, we first explored the associations between
LSB and different histology subtypes of LC, which may be more
generalizable under different conditions.

Understanding the limitations of our study means to interpret
the findings better. First, given that OSB accounts for an
important part of SB in our daily life, our findings cannot be
generalized to total SB for the reason that the GWAS we used did
not include genetic data for OSB. Secondly, the ascertainment of
SB time in the GWAS was evaluated through questionnaires, and
hence recall bias cannot be fully excluded in our study either. In
addition, the SNPs we used and the ILCCO consortia included

Sedentary Behaviors and Lung Cancer

Squamous cell lung cancer Lung adenocarcinoma

4
3

Causal effect p-value Causal effect p-value
(95% ClI) (95% CI)

.93 (1.55, 15.68) 0.0068 5.46 (1.36, 21.96) 0.0168

.10 (2.08, 4.63) <0.001 2.49 (1.82, 3.41) <0.001

were made of European descent. Consequently, whether our
conclusions can be generalized to other ethnicities and regions
remains unclear. Additionally, we observed evidence for
heterogeneity, and hence potential pleiotropy may occur in the
MVMR analysis even controlling for education and BMI,
indicating that unobserved confounders may affect the
association between watching TV and LC. Therefore, we
advocate that researchers interpret our findings with caution,
and further analyses account for pleiotropy should be conducted
when the methods are developed. Moreover, despite that we have
calculated the F-statistic of UVMR analysis, it is currently
impossible to estimate the F-statistic for MVMR considering
that the SNP effect on the other exposure is taken into
account. Therefore, we were unable to analyze the strength of
IV for each exposure. Finally, we were incapable of performing
subgroup analyses stratified by age, socioeconomic status, and
other covariates of interest, which rely on individual-level data
that we did not have access to.

Considering that all of our MR results were in the same
direction, it seems to support that prolonged SB spent on
watching TV is a potential risk factor for LC. Sedentary TV
watching ranks as the most prevalent SB, and almost 90% of
older American adults (age >60 years) watch TV with an average
of 4.7 h per day (Matthews et al., 2008). Regarding young adults
(ages 20-29 years), they tend to spend prolonged time watching
TV at night for an average of 3.6 h, usually followed by OSB at
daytime (Neuhaus et al., 2014). Given the previously identified
incidence risks, all-cause mortality risks of LC, and high
prevalence and the discretionary nature of watching TV,
reducing such behavior may substantially impact public
health. LM Le6n-Muioz et al. have reported that people who
remain non-sedentary (median sedentary time <3 h/day) had
25% lower mortality than the consistently sedentary ones
(median sedentary time >7h/day) on the basis of a
prospective cohort including 2,635 persons (Ledén-muiioz
et al.,, 2013), supported by ] Lee et al. that post-menopausal
women who spent fewer time on sitting were correlated with
48% lower risk of cancer mortality (Lee et al., 2016). In addition
to the lower mortality, reducing TV watching time may
potentially increase the overall PA. A randomized controlled
trial found that a 2.-h/day reduction in watching TV
contributed to an increase in the objectively measured PA of
119 kcal/day (Otten et al., 2009). Meanwhile, consisting of 20
cohort studies and six case—control studies, the latest meta-
analysis also demonstrated that regular leisure time PA was
associated with 24% reduced risk of LC (Brenner et al., 2016).
The Physical Activity Guidelines for Americans also
recommend for people to replace SB with light-intensity or
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moderate-intensity PA, which are beneficial for almost all ages
(Piercy et al., 2018; Ekelund et al., 2020). Interestingly, the latter
MR study did not support the causality between PA and LC
(Xian et al., 2021). In consideration of the tangled relationship
among SB, PA, and LC, further studies should pay more
attention to defining the specific type and intensity of PA
and SB to have a deeper understanding of the mechanisms
underlying these associations.

CONCLUSION

Collectively, our study provided evidence for a causal relationship
between SB as measured by watching TV and the increased risks
of LC overall and among specific subtypes for LUAD and LUSC.
Our findings may provide oncologists and public health
sanitarians with new evidence to support interventions on
behavior to reduce sedentary TV viewing, possibly by lowering
the incidence and mortality of LC at a population level. Further
studies with robust measurements, large-scale sample size,
sufficient genetic data, and more effective MR approaches are
needed to better understand both the behavioral and biological
mechanisms that mediate the associations between domain-
specific SB and risks of LC.
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