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Abstract

Introduction: Whether and to what extent the relationship between physical ac-
tivity (PA) and colorectal cancer (CRC) differs according to CRC-related genetic
risk remains to be determined, and no studies to date have quantified how much
genetically determined risk could be compensated for with active exercise.
Methods: Genetic risk was quantified by a polygenic risk score (PRS) summa-
rizing the estimated effect of 140 CRC-associated genetic variants. Associations
of PA with CRC risk were estimated by multivariable logistic regression across
PRS levels. We also compared the impact of PA and specific PA types to the PRS
using “genetic risk equivalent (GRE)”, a novel approach to enhance effective risk
communication.

Results: Among 5058 CRC patients and 4134 controls, we observed no signifi-
cant association between overall PA level in quartiles and CRC risk. However,
the highest versus lowest lifetime leisure time physical activity (LTPA) was as-
sociated with a 13% lower CRC risk [odds ratio 0.87, 95% confidence interval (CI)
0.77-1.00] independent of PRS levels (adjusted p value for interaction = 0.18).
This effect was equivalent to the effect of having 11 percentiles lower PRS (GRE
—10.6, 95% CI —20.7 to —0.6). The GRE (95% CI) for the highest lifetime sports
tertile was —23.0 (—33.9 to —12.0).

Conclusions: LTPA was inversely associated with CRC risk irrespective of poly-
genic risk for CRC, which reinforces the importance of LTPA in CRC preven-
tion among the general population. Adequate sports activity can compensate for
a large share of polygenic risk for CRC.
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1 | INTRODUCTION

Despite various potential opportunities for prevention,
colorectal cancer (CRC) remains one of the most severe
public health issues worldwide, accounting for more than
1.9 million new cases and 0.9 million deaths in 2020."
Both environmental and genetic factors contribute to the
etiology and progression of CRC.> Hence, it is import-
ant to have a better understanding of their relationship in
order to develop targeted prevention strategies.

Substantial evidence has accumulated that adequate
physical activity (PA) can serve as an efficient means of
preventing CRC development®® and improving survival
of CRC patients.'"" Studies have tried to explore the inter-
action between single genetic variants and PA on CRC risk
to provide insights into biological mechanisms through
which PA might exert its protective effect.'*'® Lack of
statistically significant interactions in some studies can
be partly due to the weak effect of single loci and mul-
tiple testing problems.'*'® A polygenic risk score (PRS),
integrating information across disease-related genes, may
enable more powerful assessment of interactions of PA
with genetic predisposition by considering a broad range
of genetic susceptibility.'”'®* Whether and to what extent
the association of PA with CRC risk differs by personal
genetic backgrounds remains to be determined, and no
studies to date have quantified how much higher genetic
risk could be compensated for with PA.

Thus, this study was aimed to explore the relationship be-
tween PA and CRC risk at different levels of PRS to CRC and
to estimate how much increased genetic CRC risk could be
compensated for by PA using the recently developed metric
“Genetic Risk Equivalent (GRE)”, which may help compare
effects of environmental and genetic factors and support
effective communication of the potential of prevention.'**°

2 | MATERIALS AND METHODS

2.1 | Study design and study population

Our analysis is based on data from the DACHS (Darmkrebs:
Chancen der Verhiitung durch Screening [German]) study
initiated in 2003 and carried out in the Rhine-Neckar region
in southwest Germany. Details of the study design have
been described elsewhere.”** Briefly, German-speaking
patients (>30years) with the first diagnosis of CRC are re-
cruited from more than 20 hospitals providing CRC surgery
in this study region. Controls are randomly drawn from
population registries and are frequency matched to cases
by age (5-year age groups), sex, and county of residence.
Controls are excluded if they have a history of CRC. The
current study was based on cases and controls recruited

from 2003 to 2017. During this period, approximately 50%
of all eligible cases and 51% of all eligible controls agreed to
participate in this study.

Ethical approval for the DACHS study was obtained
from the Ethics Committee of the Heidelberg Medical
Faculty of Heidelberg University and the state med-
ical boards of Baden-Wuerttemberg and Rhineland-
Palatinate. Written informed consent was obtained from
all participants.

2.2 | Data collection

Data on sociodemographic characteristics, lifestyles,
and medical and family history were collected in an ap-
proximately one-hour personal interview conducted by
trained interviewers using a standardized questionnaire.
Medical data were extracted for all cases from hospital
charts. Interviews for patients were scheduled in hospital
during their first hospitalization due to CRC if possible or
shortly after discharge and were scheduled at homes for
controls. In addition, blood and buccal swab samples were
collected. Controls opting out of the interview only pro-
vided some key information in a short self-administered
questionnaire, and thus were not included in this analysis.

2.3 | Assessment of physical activity

Participants were interviewed concerning how much time
(hour/week) they spent with hard work, light work, walk-
ing, cycling, or doing sports at each decade of life from 20
to 80years. Participants with missing information from all
decades were excluded from our analysis. We calculated spe-
cific activity level at each decennial age for each participant
according to the task-specific metabolic equivalent of task
(MET) values® (8, 2.5, 3.3, 6, and 8 MET-hour/week were as-
sumed for each hour per week spent doing hard work, light
work, walking, cycling, and sports, respectively). Average
lifetime PA was calculated using information from all ages.
Information from the most recent decennial age preceding
the participants’ age was used to derive the latest PA. For
example, information from age 50 was used for participants
aged 50-59. Data on the activity-specific MET-hour/week for
walking, cycling, and doing sports were used to create the var-
iables lifetime and latest leisure time physical activity (LTPA).

2.4 | Derivation of the polygenic
risk score

Table S1 provides information about genotyping and im-
putation of missing genotypes that have been reported
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elsewhere.'*?* The PRS in the current analysis aggregates
information from 140 CRC-related loci identified in a re-
cent genome-wide association study (Table $2).* It was
calculated by summing risk alleles of the respective vari-
ants (0, 1, or 2 copies per risk allele for genotyped loci;
imputed dosages for imputed loci).*

2.5 | Statistical analysis
Descriptive analyses were used to characterize the distri-
bution of physical activity domains from age 20 to 80years
in the whole population and the distribution of sociode-
mographic and clinical characteristics of the study popu-
lation according to disease status.

Then, the association between PA and CRC risk
was assessed using multivariable logistic regression.
In these analyses, PA and LTPA were categorized ac-
cording to quartiles among controls. Model 1 was ad-
justed for the matching factors age and sex. Model 2
was additionally adjusted for school education, body
mass index (kg/m? 5-14years before enrollment),
smoking, alcohol consumption, red meat consump-
tion in the previous 12 months, history of colonos-
copy, history of diabetes, family history of CRC
(history of CRC in a first-degree relative), current
use of statins >1 time per week, regular use of non-
steroidal anti-inflammatory drugs (NSAIDs) >2 times
per week for more than 1 year, and PRS (continuous
variable). Alcohol consumption was categorized ac-
cording to the recommended maximum limits of 12
and 24 g ethanol daily for women and men, respec-
tively, in Germany.*® Detail categories for each vari-
able are presented in Table 1.

Accounting for potential variations by sex, we tested
for the interactions between PA/LTPA or PRS and sex
on CRC risk on model 2. The interaction between PRS
and PA on CRC risk was tested by including an addi-
tional cross-product term of these variables. P values
for interaction analyses were reported with and without
adjustment for multiple testing using the FDR (False
Discovery Rate) method. Besides, we conducted a strat-
ified analysis by age (<55years, >55years). We also as-
sessed the individual associations of PRS categories
(low, medium, and high levels according to tertiles of
PRS among controls) with CRC risk, and estimated odds
ratios (ORs) and 95% confidence intervals (CIs) of PA
for CRC in participants by PRS categories. Joint associa-
tions of PA and PRS with CRC risk were evaluated using
participants with a low PRS and the lowest level of PA
as reference group.

We then assessed the association between LTPA
and CRC risk using the same methods described above.
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Furthermore, the association of specific types of LTPA
(walking, cycling, or sports) with CRC risk was explored.
In these analyses, we categorized participants into three
groups only, due to large proportions of people not engag-
ing in specific types of LTPA (in particular sports).

2.6 | Calculation of genetic risk
equivalent for PA categories

Details of derivation of GRESs (95% CIs) have recently been
published elsewhere and are described specifically for this
study in Method S1."” The concept of GRE was derived
in analogy with the well-established concept of risk and
rate advancement periods.*® Here, GREs for PA categories
were calculated as ratios of coefficients for PA and PRS
percentiles from logistic regression models. Using this ap-
proach, we can directly compare effect estimates of PA
with effect estimates for increase in PRS by 1 percentile.
For example, a GRE of —20 for the effect conveyed by
adopting a certain level of physical activity would corre-
spond to an effect that is equivalent to having a 20 percen-
tile lower PRS.

All statistical analyses were carried out using R
software, version 4.0.3 (R Foundation for Statistical
Computing, Vienna, Austria). Statistically significance
was defined as two-sided p values less than 0.05.

3 | RESULTS

3.1 | Study population

A total of 5058 CRC cases and 4134 controls were in-
cluded in this analysis after excluding the participants
(66 cases and 14 controls) with missing values of PA in-
formation from all decades (Figure S1). Overall PA level
decreased from age 20 to 80years mainly due to the de-
cline in hard work activity level (Figure 1). LTPA level
was lower, but the proportion of LTPA to the total level
of PA was higher among participants at older ages when
compared to the younger ages. 60.5% of cases and 61.5%
of controls were men (Table 1). The median age was
69years for cases and 70years for controls. Generally,
CRC cases tended to be less educated and to have a
higher level of average lifetime PA and a lower level of
LTPA, and more often drank alcohol or consumed red
meat. CRC cases included a higher proportion of cur-
rent smokers, overweight or obese participants, and par-
ticipants with a history of diabetes or a family history
of CRC than controls. Controls used NSAIDs or statins
more often and had more often had a colonoscopy ex-
amination before diagnosis.
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TABLE 1 Baseline characteristics of the study population

Characteristics

Total
Sex
Female
Male
Age (year)
Median (Q1, Q3)
School education (year)
<9
9-10
>10
Average lifetime PA (MET-hour/week)
Q1 (<121.5)
Q2 (121.6-178.4)
Q3 (178.5-244.8)
Q4 (>244.8)
Average lifetime LTPA (MET-hour/week)
Q1 (£27.7)
Q2 (27.8-44.5)
Q3 (44.6-67.6)
Q4 (>67.6)
Latest PA (MET-hour/week)
Q1 (<63.2)
Q2 (63.3-109.5)
Q3 (109.6-163.9)
Q4 (>163.9)
Latest LTPA (MET-hour/week)
Q1 (<15.9)
Q2 (16.0-33.0)
Q3(33.1-61.1)
Q4 (>61.1)
Smoking status
Never
Former
Current
Alcohol consumption
Above recommended threshold
Red meat intake
<1 time per week
>1 time per week and <1 time per day

1 time per day

BMI (kg/m?, 5-14years before enrollment)

<25
25to <30
30+

CHEN ET AL.
CRC cases Controls
N (%) N (%) p-value®
5058 4134
1999 (39.5) 1593 (38.5)
3059 (60.5) 2541 (61.5)
69 (61, 76) 70 (62, 76)
3296 (65.2) 2281 (55.2)
898 (17.8) 876 (21.2) <0.0001
855 (16.9) 970 (23.5)
1145 (22.6) 1034 (25.0)
1254 (24.8) 1034 (25.0)
1238 (24.5) 1033 (25.0) 0.0030
1421 (28.1) 1033 (25.0)
1466 (29.0) 1037 (25.1)
1265 (25.0) 1031 (24.9)
1203 (23.8) 1035 (25.0) <0.0001
1124 (22.2) 1031 (24.9)
1284 (25.4) 1035 (25.0)
1316 (26.0) 1034 (25.0)
1167 (23.1) 1032 (25.0) 0.20
1291 (25.5) 1033 (25.0)
1514 (29.9) 1061 (25.7)
1435 (28.4) 1025 (24.8)
1062 (21.0) 1016 (24.6) <0.0001
1047 (20.7) 1032 (25.0)
2247 (44.4) 2088 (50.5)
2032 (40.2) 1587 (38.4) <0.0001
759 (15.0) 448 (10.8)
1319 (26.1) 938 (22.7) <0.001
231 (4.6) 143 (3.5)
4418 (87.3) 3516 (85.1) <0.0001
401 (7.9) 472 (11.4)
1526 (30.2) 1573 (38.1)
2345 (46.4) 1879 (45.5) <0.0001
1129 (22.3) 650 (15.7)
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TABLE 1 (Continued)

CRC cases
Characteristics N (%)
History of diabetes 958 (18.9)
Family history of colorectal cancer 737 (14.6)
Use of NSAIDs 1443 (28.5)
Use of statins 867 (17.1)
History of colonoscopy 1342 (26.5)
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Controls

N (%) p-value®
559 (13.5) <0.0001
451 (10.9) <0.0001
1574 (38.1) <0.0001
929 (22.5) <0.0001
2495 (60.4) <0.0001

Note: Missing values for cases/controls: school education 9/7, smoking status 20/11, alcohol consumption 11/14, red meat intake 8/3, BMI 58/32, history of

diabetes 7/5, family history of colorectal cancer 3/3, use of statins 2/5.

Abbreviations: BMI, body mass index; CRC, colorectal cancer; LTPA, leisure time physical activity; MET, metabolic equivalent of task; NSAID, nonsteroidal

anti-inflammatory drug; PA, physical activity; Q, quartile.
p values were not reported for the matching factors age and sex.

250

Physical activity (MET-h/week)

100

Physical activity (%)

20 30 40 50

Age (year)

Sports
Walking
Cycling
Light work
Hard work

60 70 80

FIGURE 1 Mean physical activity level from age 20 to 80years. MET, metabolic equivalent of task.

3.2 | PA/LTPA and CRC risk

Associations of overall and recreational physical activity
or PRS with CRC risk were independent of sex (p values for
interactions between lifetime PA and LTPA with sex were
0.10 and 0.79, respectively; p value for interaction between
PRS and sex was 0.90), and therefore, we conducted the
association analyses in both sexes. We also did not observe

variations of associations between PA and CRC risk by age
(Table S3). Although high average lifetime PA was asso-
ciated with increased CRC risk in age- and sex-adjusted
analyses, no significant association between lifetime or
latest total PA and CRC risk was observed after adjusting
for multiple covariates (Table 2). Further exploratory anal-
yses (results not shown) by adding one covariate at a time
into model 1 revealed that the change in the OR of average
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TABLE 2 Association of physical activity with colorectal cancer risk

CRC cases Controls Model 1* Model 2° p-interaction/q-value®
Variable N (%) N (%) OR (95% CI) OR (95% CI) PA/LTPA*PRS
Average lifetime PA 0.53/0.53
Q1 1124 (22.7) 1017 (25.1) Ref. Ref.
Q2 1212 (24.5) 1014 (25.0) 1.08 (0.95, 1.21) 0.99 (0.87, 1.13)
Q3 1210 (24.5) 1011 (24.9) 1.08 (0.96, 1.21) 1.00 (0.87, 1.14)
Q4 1395 (28.2) 1014 (25.0) 1.25(1.11, 1.40) 0.98 (0.85,1.12)
p-trend <0.001 0.78
Average lifetime LTPA 0.044/0.18
Q1 1427 (28.9) 1014 (25.0) Ref. Ref.
Q2 1244 (25.2) 1012 (25.0) 0.87 (0.78, 0.98) 0.91 (0.80, 1.03)
Q3 1171 (23.7) 1014 (25.0) 0.82 (0.73, 0.92) 0.90 (0.79, 1.02)
Q4 1099 (22.2) 1016 (25.0) 0.76 (0.68, 0.86) 0.87 (0.77, 1.00)
p-trend <0.0001 0.047
Latest PA 0.23/0.32
Q1 1248 (25.3) 1016 (25.0) Ref. Ref.
Q2 1279 (25.9) 1013 (25.0) 1.02(0.91, 1.15) 1.09 (0.95, 1.24)
Q3 1149 (23.3) 1014 (25.0) 0.90 (0.80, 1.02) 1.00 (0.88, 1.15)
Q4 1265 (25.6) 1013 (25.0) 0.98 (0.86, 1.10) 1.03 (0.90, 1.19)
p-trend 0.33 0.90
Latest LTPA 0.24/0.32
Q1 1470 (29.8) 1035 (25.5) Ref. Ref.
Q2 1403 (28.4) 1011 (24.9) 0.96 (0.86, 1.08) 1.02 (0.90, 1.16)
Q3 1037 (21.0) 998 (24.6) 0.71 (0.63, 0.80) 0.82 (0.72, 0.94)
Q4 1031 (20.9) 1012 (25.0) 0.69 (0.61, 0.78) 0.89 (0.78, 1.02)
p-trend <0.0001 0.0084

Abbreviations: CI, confidence interval; CRC, colorectal cancer; LTPA, leisure time physical activity; OR, odds ratio; PA, physical activity; PRS, polygenic risk

score; Q, quartile; Ref., reference.
*Adjusted for age and sex.

®Additionally adjusted for school education, body mass index, smoking status, alcohol consumption, red meat intake, history of colonoscopy, history of
diabetes, family history of colorectal cancer, use of statins, use of non-steroidal anti-inflammatory drugs, and polygenic risk score (continuous variable).

“Tested by additionally including a cross-term of PRS and physical activity in model 2; The g-values are the FDR-adjusted p values.

lifetime PA was mainly driven by adjusting for schooling
education, suggesting this factor as the most influential
confounder. However, lifetime LTPA was negatively as-
sociated with CRC risk. Participants in the fourth quartile
of lifetime LTPA levels had a 13% (95% CI, 0%-23%) lower
CRC risk, when compared to participants in the first quar-
tile. The interactions of lifetime LTPA with PRS did not
reach statistical significance after multiple testing correc-
tion (adjusted p value for interaction = 0.18).

Participants who had a high or medium level of PRS
had a 2.3- or 1.6-fold increased risk of CRC, respectively,
when compared to those with a low PRS level (Table 3).
The OR (95% CI) for per 10 percentiles increase in PRS
was 1.14 (1.12, 1.16). Participants with the highest level of
lifetime LTPA had a GRE of —10.6 (95% CI, —20.7 to 0.6),

which can be interpreted that high lifetime LTPA could
compensate for about 11 percentiles of less favorable ge-
netic predisposition to CRC. Similar results were obtained
for the latest LTPA. In addition, ORs showed similar pat-
terns of variation across different categories of PA for peo-
ple with low, medium, and high levels of PRS (Table S4
and Figure 2).

3.3 | Specific LTPA and CRC risk

Table 4 shows the associations between specific LTPA
and CRC risk. Cases tended to engage in less LTPA during
their lifetime when compared to controls. No significant
associations were observed between lifetime cycling or
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TABLE 3 Genetic risk equivalent for comparisons between physical activity categories
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Variable OR (95% CI)* GRE (95% CI)
PRS
Low Ref.
Medium 1.56 (1.39, 1.76)
High 2.26 (2.02, 2.54)
per 10 percentiles 1.14 (1.12,1.16)
Average lifetime PA
Q1 Ref. Ref.
Q2 0.99(0.87,1.13)  —0.8(—10.9, 9.4)
Q3 1.00(0.87,1.14)  0(—10.3,10.3)
Q4 0.98(0.85,1.12)  —1.5(—12.0,9.0)
PRS
Low Ref.
Medium 1.56 (1.39, 1.76)
High 2.26 (2.02, 2.54)
per 10 percentiles 1.14 (1.12,1.16)
Average lifetime LTPA
Q1 Ref. Ref.
Q2 0.91(0.80,1.03)  —7.2(=17.0, 2.6)
Q3 0.90 (0.79, 1.02) —8.0(-18.0,1.9)
Q4 0.87(0.77,0.99)  —10.6 (—20.7, —0.6)

Variable OR (95% CI)* GRE (95% CI)
PRS
Low Ref.
Medium 1.56 (1.39, 1.76)
High 2.26 (2.02, 2.54)
per 10 percentiles 1.14 (1.12,1.16)
Latest PA
Q1 Ref. Ref.
Q2 1.08(0.95,1.23)  5.9(—4.1,15.9)
Q3 1.00(0.87,1.14)  0(—10.3,10.3)
Q4 1.03(0.90,1.19)  2.3(—8.3,12.8)
PRS
Low Ref.
Medium 1.57(1.39, 1.77)
High 2.27 (2.02, 2.54)
per 10 percentiles 1.14 (1.12,1.16)
Latest LTPA
Q1 Ref. Ref.
Q2 1.02 (0.90, 1.16) 1.5(=8.1,11.1)
Q3 0.82(0.72,0.94)  —15.1(=25.5, —4.8)
Q4 0.88 (0.77, 1.01) —9.8(—20.1, 0.6)

Abbreviations: CI, confidence interval; GRE, genetic risk equivalent; LTPA, leisure time physical activity; OR, odds ratio; PA, physical activity; PRS, polygenic

risk score; Q, quartile; Ref., reference.

*Variables in models included age, sex, school education, body mass index, smoking status, alcohol consumption, red meat intake, history of colonoscopy,

history of diabetes, family history of colorectal cancer, use of statins, use of non-steroidal anti-inflammatory drugs, PA/LTPA, and PRS (per 10 percentiles,
continuous variable, for the analysis of PA/LTPA)/PRS (categorical variable, categorized according to tertiles of PRS among controls).

walking and CRC risk, and results for trend analyses did
not reach statistical significance. A high level of lifetime
sports was associated with a strong risk reduction of CRC
by 26% (95% CI, 16%-36%) when compared to those with a
low level. The corresponding GRE was —23 (95% CI, —34
to —12). Similar activity-specific associations with CRC
risk were seen for the latest LTPA.

4 | DISCUSSION
Higher leisure time activity was associated with reduced
CRC risk, and the association was most pronounced for
sports activity in our study. These associations were inde-
pendent of PRS levels, which underscore the importance
of promoting active LTPA in the general population re-
gardless of their predetermined polygenic risk for CRC.
The high GRE for sports activity implies that a large share
of predetermined genetic risk can be compensated for by
vigorous-intensity PA.

Consistent with previous studies®®® underscoring the
difference in the association of PA domains (such as oc-
cupational domain, recreational domain, and household

domain) with CRC risk, our study shows that LTPA was
associated with reduced CRC risk. Participants with av-
erage lifetime LTPA in the fourth quartile (>67.6 MET-
hours/week) had a 13% lower CRC risk when compared to
the group in the first quartile in this study, which is in line
with the finding from the World Cancer Research Fund
Network in 2018 (highest versus lowest: pooled relative
risk 0.84, 95% CI 0.78, 0.91).27 LTPA levels of most par-
ticipants in our study were higher than the World Health
Organization (WHO) recommended PA level (10 MET-
hours/week®®) to reduce non-communicable diseases.
According to a recent dose-response meta-analysis by Liu
et al,” reduction of CRC risk dropped dramatically with
less than 20 MET-hours/week, and only 7% risk reduction
of CRC could be observed with the relatively low level
recommended by WHO. In line with previous studies, our
findings, therefore, indicate that a more substantial reduc-
tion of CRC risk might be possible with LTPA levels well
above those recommended by WHO.

Although adequate moderate- or vigorous-intensity
PA is recommended to improve public health,® there is
still a lack of evidence based on which to recommend
specific PA, in particular the dose of specific types of
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PA. We observed a stronger association of CRC risk with
the total volume of sports activity (>6 METs) than with
cycling or walking. These most important types of LTPA
were specifically addressed in our study to facilitate trans-
lation of results in potential implications for prevention.
Several commonly hypothesized mechanistic pathways
of exercise effects (sex hormones, metabolic hormones,
immune function, et al) have been proposed,29 while the
effects and effect size might vary depending on training
intensity.’** For example, vigorous-intensity exercise
might have an additional positive effect by producing
an antioxidant response in tumors that will result in an

antiproliferative effect, which mainly depends on the
chosen modality and intensity of training.** Our results
support suggestions that type-specific effects of LTPA
should be taken into consideration when analyzing the
effects of LTPA on CRC, given that recreational activity
varies in terms of its frequency, intensity, and physiolog-
ical effects.

Recent studies have shown that healthy lifestyles in-
cluding PA are associated with a substantially reduced
risk of CRC regardless of individuals' genetic risk.****
However, evidence on the joint relationship of single
components of healthy lifestyles like PA and integrative
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measures of genetic risk such as PRS with CRC risk has
remained limited. A recent study by Yang et al exam-
ined the interaction between overall PA level and PRS in
the UK Biobank and a case-control study of CRC from
Scotland, but they did not find any significant results.*
We likewise did not observe a significant interaction
between PRS and overall PA or for any of the specific
types of LTPA, despite the very large sample size of our
study. Both the study by Yang et al and our study exam-
ined multiplicative interactions that can be directly esti-
mated from logistic regressions and are more suitable for
causal assessment.>® It should be noted, however, that
the absence of interaction on the multiplicative scale
does not imply the absence of interaction with respect
to absolute risk. In fact, comparable relative risk at var-
ious levels of PRS implies that absolute risk reduction
by LTPA would even be higher and most important for
those in the highest genetic risk group. Nevertheless, it
is important to note that our results also point to major
beneficial effects of LTPA for those with low PRS. They
therefore should not be misinterpreted as LTPA being
relevant for those at high PRS only.

The interplay between lifestyle and genetic factors in
the development of CRC has resulted in a complex risk
communication, an important aspect in cancer preven-
tion. A novel component of this study is that we applied
our recently developed metric GRE to directly compare
the effect estimates of PA to the effect estimates of PRS.
This metric might be easier to comprehend and more
useful for risk communication when compared to the
traditional metrics like odds ratios. The large GRE im-
plies that a substantial share of background polygenic
risk for CRC could be compensated for with reduction
of risk factors or preventive measures, which might be
helpful to communicate risk estimates and the potential
for prevention.

Major strengths of the current study include the
large sample size and detailed data of the DACHS study,
making it possible to investigate the relationship be-
tween different PA measures and CRC risk with thor-
ough adjustments. Furthermore, this study for the first
time comprehensively explores the interaction of PA/
LTPA with the predetermined polygenic risk for CRC
and compares their effects using the novel approach
of GRE recently developed to enhance effective risk
communication.

There are also some limitations that merit attention.
First, we cannot draw any causal conclusions because of
the observational study design. Second, like in most other
epidemiological studies, all PA measures were derived
from self-reports yielding the potential for recall or other
information bias. For example, it might be quite hard for
elder participants to recall their PA levels at early ages

and the recalled PA levels might be related to their cur-
rent interests, which could have led to misclassification.
Use of objective methods to measure PA might reduce bias
and measurement error but is limited by cost, time, and
complexity of data processing in a large population-based
sample and essentially unfeasible for retrospective collec-
tions of relevant lifetime and recent exposure information
in case—control studies. Third, despite a most detailed
ascertainment of various types of PA throughout adult-
hood, further potentially relevant domains of PA, such
as household activity, were not included in our study,23
which partly limits comparability of our results with those
of other studies that had specifically focused on such do-
mains.*® Fourth, residual confounding by less than per-
fect and incomplete information cannot be excluded. For
example, although we have adjusted for multiple factors
that are associated with CRC risk and also PA levels, such
as diabetes, there may be other health conditions such as
respiratory health that might have affected both PA and
CRC risk. Fifth, all analyses were based on a Caucasian
population, thus more research on other ethnic groups is
warranted to validate our results.

In conclusion, our study suggests that LTPA, in partic-
ular sports, may make a major contribution in preventing
CRC. Absence of interaction with PRS on the multipli-
cative scale suggests a similar inverse association with
CRC at different levels of genetic risk, although absolute
risk reduction would be expected to be more pronounced
for those with a high PRS. The high GREs reinforce the
importance of LTPA, especially sports activity, in CRC
prevention and may be helpful in communicating this
important message to the general population. Further
research is warranted to more precisely estimate the pre-
ventive potential of specific types of PA and to clarify the
mechanism behind the observed associations.

AUTHOR CONTRIBUTION

Conceptualization and design: H.B.; Acquisition of data:
J.C.-C., M.H., H.B.; Analysis and interpretation of data:
X.C,, F.G., M.H., H.B.; Writing-original draft: X.C., H.B.;
Writing-review & editing: all authors; Study supervision:
J.C.-C.,, M.H., H.B. All authors read and approved the final
manuscript.

FUNDING INFORMATION

The DACHS study was funded by the German Research
Council (BR 1704/6-1, BR1704/6-3, BR 1704/6-4, BR
1704/6-6, CH 117/1-1, BR 1704/17-1, HO 5117/2-1) and
the German Federal Ministry of Education and Research
(01KHO0404, 01ER0814, 01ER0815, 01GL1712). The spon-
sors had no role in the study design, in the collection,
analysis, and interpretation of data and preparation, re-
view or approval of the manuscript.



.. 4665
Cancer Medicine “WI LEYJ—

Open Access.

Friedenreich CM, Stone CR, Cheung WY, Hayes SC. Physical
activity and mortality in cancer survivors: a systematic review
and meta-analysis. JNCI Cancer Spectr. 2020;4:pkz080.

Morimoto LM. Insulin-like growth factor polymorphisms
and colorectal cancer risk. Cancer Epidemiol Biomark Prev.

Slattery ML, Murtaugh M, Caan B, Ma KN, Neuhausen S,
Samowitz W. Energy balance, insulin-related genes and risk of
colon and rectal cancer. Int J Cancer. 2005;115:148-154.
Khoury-Shakour S, Gruber SB, Lejbkowicz F, et al. Recreational
physical activity modifies the association between a com-
mon GH1 polymorphism and colorectal cancer risk. Cancer
Epidemiol Biomark Prev. 2008;17:3314-3318.

Figueiredo JC, Lewinger JP, Song C, et al. Genotype - en-
interactions in microsatellite stable/micro-
satellite instability-low colorectal cancer: results from a
genome-wide association study. Cancer Epidemiol Biomark
Prev. 2011;20:758-766.

Simons CCJM, Schouten LJ, Godschalk R, et al. Body size,
physical activity, genetic variants in the insulin-like growth
factor pathway and colorectal cancer risk. Carcinogenesis.

Stenzel SL, Ahn J, Boonstra PS, Gruber SB, Mukherjee B. The
impact of exposure-biased sampling designs on detection
of gene-environment interactions in case-control studies
with potential exposure misclassification. Eur J Epidemiol.

Kraft P, Aschard H. Finding the missing gene-environment in-
teractions. Eur J Epidemiol. 2015;30:353-355.

Chen X, Jansen L, Guo F, Hoffmeister M, Chang-Claude J,
Brenner H. Smoking, genetic predisposition, and colorectal
cancer risk. Clin Transl Gastroenterol. 2021;12:€00317.

Chen X, Guo F, Hoffmeister M, Chang-Claude J, Brenner
H. Non-steroidal anti-inflammatory drugs, polygenic risk
score and colorectal cancer risk. Aliment Pharmacol Ther.

Brenner H, Chang-Claude J, Seiler CM, Rickert A, Hoffmeister
M. Protection from colorectal cancer after colonoscopy:
a population-based, case-control study. Ann Intern Med.

Brenner H, Chang-Claude J, Jansen L, Knebel P, Stock C,
Hoffmeister M. Reduced risk of colorectal cancer up to 10years
after screening, surveillance, or diagnostic colonoscopy.
Gastroenterology. 2014;146:709-717.

Craig CL, Marshall AL, Sjostrom M, et al. International phys-
ical activity questionnaire: 12-country reliability and validity.
Med Sci Sports Exerc. 2003;35:1381-1395.

Guo F, Chen X, Chang-Claude J, Hoffmeister M, Brenner
H. Colorectal cancer risk by genetic variants in populations
with and without colonoscopy history. JNCI Cancer Spectr.

Bundeszentrale fiir gesundheitliche Aufklirung. Alkohol?
Kenn dein Limit. Accessed september 7, 2021. https://www.
kenn-dein-limit.info/risikoarmer-konsum.html
Brenner H, Gefeller O, Greenland S. Risk and rate advancement
periods as measures of exposure impact on the occurrence of
chronic diseases. Epidemiology. 1993;4:229-236.

CHEN ET AL.
ACKNOWLEDGEMENT e
Open Access funding enabled and organized by Projekt
DEAL. 12.
CONFLICT OF INTEREST 2005;14:1204-1211.
The authors declare no conflict of interest. 13.
DATA AVAILABILITY STATEMENT 14
Data are available from the corresponding author upon '
reasonable request.
ETHICS APPROVAL 15.
Ethical approval for the DACHS study was obtained from vironment
the Ethics Committee of the Heidelberg Medical Faculty
of Heidelberg University and the state medical boards of
Baden-Wuerttemberg and Rhineland-Palatinate. 16
ORCID
Feng Guo © https://orcid.org/0000-0002-5026-7024 2015;36:971-981.
17.
REFERENCES
1. Brenner H, Chen C. The colorectal cancer epidemic: challenges
and opportunities for primary, secondary and tertiary preven-
tion. BrJ Cancer. 2018;119:785-792. 2015;30:413-423.
2. Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 18.
2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 19.
2021;71:209-249.
3. Valle L, de Voer RM, Goldberg Y, et al. Update on genetic pre-
disposition to colorectal cancer and polyposis. Mol Asp Med. 20.
2019;69:10-26.
4. Thomas M, Sakoda LC, Hoffmeister M, et al. Genome-wide
modeling of polygenic risk score in colorectal cancer risk. Am J 2021;54:167-175.
Hum Genet. 2020;107:432-444. 21
5. Song M, Chan AT, Sun J. Influence of the gut microbiome, diet,
and environment on risk of colorectal cancer. Gastroenterology.
2020;158:322-340. 2011;154:22-30.
6. Samad AKA, Taylor RS, Marshall T, Chapman MAS. A meta- 22.
analysis of the association of physical activity with reduced risk
of colorectal cancer. Color Dis. 2005;7:204-213.
7. LiuL, ShiY, Li T, et al. Leisure time physical activity and can-
cer risk: evaluation of the WHO’ s recommendation based 23.
on 126 high-quality epidemiological studies. Br J Sports Med.
2016;50:372-378.
8. Mahmood S, Maclnnis RJ, English DR, Karahalios A, 24.
Lynch BM. Domain-specific physical activity and seden-
tary behaviour in relation to colon and rectal cancer risk:
a systematic review and meta-analysis. Int J Epidemiol. 2021;5:pkab008.
2017;46:1797-1813. 25
9. Mahmood S, English DR, MacInnis RJ, et al. Domain-specific
physical activity and the risk of colorectal cancer: results
from the Melbourne collaborative cohort study. BMC Cancer. 26.
2018;18:1063.
10. Walter V, Jansen L, Knebel P, Chang-Claude J, Hoffmeister M, -

Brenner H. Physical activity and survival of colorectal cancer
patients: population-based study from Germany. Int J Cancer.
2017;140:1985-1997.

World Cancer Research Fund/American Institute for Cancer
Research. Continuous Update Project Expert Report 2018. Diet,
nutrition, physical activity and colorectal cancer. Accessed


https://orcid.org/0000-0002-5026-7024
https://orcid.org/0000-0002-5026-7024
https://www.kenn-dein-limit.info/risikoarmer-konsum.html
https://www.kenn-dein-limit.info/risikoarmer-konsum.html

4666 ..
—I—Wl LEY_Cancer Medicine _

28.

29.

30.
31.
32.
33.

34.

CHEN ET AL.

september 7, 2021. https://www.wcrf.org/sites/default/files/
Colorectal-cancer-report.pdf

World Health Organization. WHO guidelines on physical ac-
tivity and sedentary behaviour. Accessed september 7, 2021.
https://www.who.int/publications/i/item/9789240015128
Brown JC, Winters-Stone K, Lee A, Schmitz KH. Cancer, phys-
ical activity, and exercise. Compr Physiol. 2012;2:2775-2809.
Howard B, EAH W, Sethi P, et al. Associations of low- and high-
intensity light activity with cardiometabolic biomarkers. Med
Sci Sports Exerc. 2015;47:2093-2101.

Morelli C, Avolio E, Galluccio A, et al. Impact of vigorous-
intensity physical activity on body composition parameters,
lipid profile markers, and irisin levels in adolescents: a cross-
sectional study. Nutrients. 2020;12:742.

Assi M, Dufresne S, Rébillard A. Exercise shapes redox signal-
ing in cancer. Redox Biol. 2020;35:101439.

Cho YA, Lee J, Oh JH, et al. Genetic risk score, combined life-
style factors and risk of colorectal cancer. Cancer Res Treat.
2019;51:1033-1040.

Carr PR, Weigl K, Jansen L, et al. Healthy lifestyle factors as-
sociated with lower risk of colorectal cancer irrespective of ge-
netic risk. Gastroenterology. 2018;155:1805-1815.e5.

35.

36.

Yang T, Li X, Farrington SM, et al. A systematic analysis of in-
teractions between environmental risk factors and genetic vari-
ation in susceptibility to colorectal cancer. Cancer Epidemiol
Biomark Prev. 2020;29:1145-1153.

Vander Weele TJ, Knol MJ. A tutorial on interaction. Epidemiol
Methods. 2014;3:33-72.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Chen X, Guo F, Chang-
Claude J, Hoffmeister M, Brenner H. Physical

activity, polygenic risk score, and colorectal cancer
risk. Cancer Med. 2023;12:4655-4666. doi: 10.1002/

cam4.5072


https://www.wcrf.org/sites/default/files/Colorectal-cancer-report.pdf
https://www.wcrf.org/sites/default/files/Colorectal-cancer-report.pdf
https://www.who.int/publications/i/item/9789240015128
https://doi.org/10.1002/cam4.5072
https://doi.org/10.1002/cam4.5072

	Physical activity, polygenic risk score, and colorectal cancer risk
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study design and study population
	2.2|Data collection
	2.3|Assessment of physical activity
	2.4|Derivation of the polygenic risk score
	2.5|Statistical analysis
	2.6|Calculation of genetic risk equivalent for PA categories

	3|RESULTS
	3.1|Study population
	3.2|PA/LTPA and CRC risk
	3.3|Specific LTPA and CRC risk

	4|DISCUSSION
	AUTHOR CONTRIBUTION
	FUNDING INFORMATION
	ACKNOWLEDGEMENT
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	ETHICS APPROVAL
	REFERENCES


