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Abstract: Associations of energy balance components, including physical activity and obesity, with colorectal cancer
risk and mortality are well established. However, the gut microbiome has not been investigated as underlying mech-
anism. We investigated associations of physical activity, BMI, and combinations of physical activity/BMI with gut
microbiome diversity and differential abundances among colorectal cancer patients. N=179 patients with colorectal
cancer (stages I-IV) were included in the study. Pre-surgery stool samples were used to perform 16S rRNA gene se-
quencing (Illumina). Physical activity (MET hrs/wk) during the year before diagnosis was assessed by questionnaire
and participants were classified as being active vs. inactive based on guidelines. BMI at baseline was abstracted
from medical records. Patients were classified into four combinations of physical activity levels/BMI. Lower gut mi-
crobial diversity was observed among ‘inactive’ vs. ‘active’ patients (Shannon: P=0.01, Simpson: P=0.03), ‘obese’
vs. ‘normal weight’ patients (Shannon, Simpson, and Observed species: P=0.02, respectively), and ‘overweight/
obese/inactive’ vs. ‘normal weight/active’ patients (Shannon: P=0.02, Observed species: P=0.04). Results differed
by sex and tumor site. Two phyla and 12 genera (Actinobacteria and Fusobacteria, Adlercreutzia, Anaerococcus,
Clostridium, Eubacterium, Mogibacteriaceae, Olsenella, Peptinophilus, Pyramidobacter, RFN20, Ruminococcus,
Succinivibrio, Succiniclasticum) were differentially abundant across physical activity and BMI groups. This is the
first evidence for associations of physical activity with gut microbiome diversity and abundances, directly among
colorectal cancer patients. Our results indicate that physical activity may offset gut microbiome dysbiosis due to
obesity. Alterations in gut microbiota may contribute mechanistically to the energy balance-colorectal cancer link
and impact clinical outcomes.
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Introduction

Components of energy balance, such as physi-
cal activity and obesity, have been associated
both with colorectal cancer risk and outcomes.
The underlying biological mechanisms and
opportunities for intervention remain under
investigation. A possible factor, the gut microbi-
ome, is emerging as a critical area of interest.

Physical activity and BMI have emerged as pre-
dictive components of cancer prevention and
control [1-4]. Increased physical activity levels
throughout the cancer care continuum may
reduce the mortality risk by up to 38% among
colorectal cancer survivors [1, 2]. In contrast,
such a linear relationship has not been con-
firmed with BMI and colorectal cancer survival
showing superior survival outcomes for over-
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weight and class | obese patients compared to
other BMI categories [3, 5]. An emerging ques-
tion is whether overweight and obese individu-
als may offset some of their adverse metabolic
profile by greater exercise. “Metabolically
healthy obese” patients do not present the
phenotype characterized by obesity including
chronic systemic inflammation and insulin
resistance [6, 7]. A complete picture of meta-
bolic changes defining metabolically healthy
obesity has yet to be established [6, 7].

Although multiple biological explanations in-
cluding inflammation, angiogenesis, oxidative
stress, and immune function have been identi-
fied as possible mechanistic underpinnings of
the energy balance-cancer link [4, 8], a possi-
ble pathway through the gut microbiome is just
at the verge of investigation. Alterations in gut
microbial composition have been individually
associated with energy balance components
and colorectal cancer. As such, Fusobacterium
nucleatum, certain strains of Escherichia coli
and Bacteroides fragilis have been identified
as driver microorganisms residing in the gut
that are involved in colorectal cancer promo-
tion [9-11]. Gut microbial characteristics, such
as low diversity and increased abundances of
Fusobacterium nucleatum and others, have
been associated with the efficacy of cancer
therapies and colorectal cancer survival [12-
15]. In contrast, potential protective effects on
colorectal cancer development and progres-
sion have been associated with Faecalibacte-
rium prausnitzii and strains of Roseburia [16].

Although physical activity may beneficially
impact gut microbial health, studies are sparse
and have only been performed in healthy indi-
viduals and athletes [17-19]. With respect to
obesity, clinical and pre-clinical studies have
revealed alterations of gut microbiome diversi-
ty and abundances comparing obese vs. lean
individuals [8, 19-21]. The directionality of the
obesity-gut microbiome association remains
unclear. Overall, we and others have reported
initial associations of energy balance compo-
nents with the gut microbiome [11, 17, 22-26].
Yet, it is still unclear whether the gut microbi-
ome is an interface of physical activity, obesity,
and colorectal cancer. No one to date has
investigated combinations of physical activity
and obesity to discern possible differences and
risk patterns in gut microbial profiles.
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We are addressing this gap, by investigating for
the first time alterations in the gut microbiome
as mechanistic underpinning of the energy bal-
ance-colorectal cancer link in colorectal cancer
patients. We further test whether physical
activity may prevent or counteract dysbiosis of
the gut microbiome due to obesity using com-
bined physical activity and BMI groups.

Methods
Study population

The present study is conducted as part of the
prospective ColoCare Study (ClinicalTrials.gov
NCT02328677), an international cohort of
newly diagnosed stage I-IV colorectal cancer
patients (ICD-10 C18-C20) [27]. The ColoCare
Study design has previously been described
[27]. All analyses in this manuscript are based
on data collected from n=179 patients with
stage I-IV colorectal cancer enrolled between
October 2010 and March 2018 at the study
sites at the National Center for Tumor Diseases
and University of Heidelberg (Heidelberg,
Germany) (n=51) and the Huntsman Cancer
Institute (HCI) (Utah, USA) (n=128) with avail-
able stool samples. The study was approved by
the institutional review boards of the respective
institutions and all patients provided written
informed consent.

Processing and sequencing of fecal samples

Stool samples were collected by patients prior
to surgery, suspended directly in RNAlater, and
immediately frozen [28]. The samples were
then processed and stored at -80°C. If patients
received neoadjuvant treatment, stool samples
were collected at least 2 weeks after comple-
tion of treatment. Standardized biospecimen
collection questionnaires were used to collect
specific quality control data and covariates,
including date and time of stool specimen col-
lection, and prior use of antibiotics and NSAIDs
[27, 28]. Stool samples were excluded if antibi-
otic use was reported within 4 weeks of bio-
specimen collection.

Total fecal microbial community DNA and RNA
were extracted from stool samples using the
PowerViral DNA/RNA Kit (Qiagen) according to
the manufacturer’s instructions and included 2
minutes of bead-beating at 4°C with a Mini-
Beadbeater-16 (BioSpec Products, Bartlesville,
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OK). Barcoded Illumina 16S rRNA gene se-
quencing libraries were then prepared by PCR
(in triplicate for each sample) that contained
primers with Illumina adapter sequences, bar-
codes on each primer and sequences targeting
the V3 and V4 regions of the 16S rRNA gene.
The full oligonucleotide sequences used are
shown in Supplementary Table 1. Triplicate
PCRs from each sample were then combined,
cleaned up with AxyPrep MAG PCR beads
(Axygen), quantified and evenly multiplexed
with other samples as we have previously
described [29]. Multiplexed libraries were then
sequenced across 2 lanes using an lllumina
MiSeq platform at the HCI Genomic and
Bioinformatics Shared Resource. Individual
sample libraries that did not have enough reads
for analysis (due to random sampling of highly
multiplexed libraries) were re-sequenced in a
second MiSeq run using the previously pre-
pared sample’s library. Sample controls, mock
microbial community DNA, and randomization
of samples before extraction, preparation, and
sequencing were applied as part of quality con-
trol. All extractions, library preparation, and
sequencing were performed at a single labora-
tory (Round Lab, University of Utah) to prevent
variabilities across different laboratories.

Raw sequences were processed to ASVs (ampli-
con sequence variants) and taxonomy was
assigned as previously described using the
QIIME2 (2020.2) framework [30]. Briefly,
paired-end sequences were trimmed of prim-
ers, joined, then trimmed to 392 nucleotides
and denoised with deblur. Taxonomy was
assigned to representative sequences of each
ASV using the Greengenes reference set (13_8)
trimmed to the amplified region. ASVs with less
than 0.1% abundance in >50% of samples
were excluded from the analyses. Abundances
were used to calculate alpha diversity metrics
(Shannon index, Simpson index, Observed spe-
cies) and Bray Cutis dissimilarity.

Physical activity and body mass index (BMl)
assessments

Physical activity assessment: Recreational
physical activity within the year before surgery
was assessed using an adapted version of the
International Physical Activity Questionnaire
(IPAQ) questionnaire [31]. The summation of
duration (hours) and frequency (per week) of
moderate to vigorous activity was calculated in
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metabolic equivalent tasks hours per week
(MET hrs/wk). The assignment of MET values
follows the most recent Compendium of
Physical Activities [32] and the questionnaire
has previously been validated in a large inter-
national cohort [33].

Body mass index (BMI): BMI (kg/m?) at base-
line (pre-surgery) was abstracted from medical
charts. We conducted a blinded review of a
subset of charts (10%, n=250) across sites to
ensure quality of the data abstraction.

Statistical analyses

Moderate activity was defined as 3.5 to 6 MET
hrs/wk and vigorous activities as =6 MET
hrs/wk [34]. Thus, at least 8.75 MET hrs/wk
meet the guidelines of at least 150 minutes
(=2.5 hrs) of moderate to vigorous activity as
recommended for cancer survivors [35, 36].
Accordingly, patients were categorized into
either ‘inactive’ (<8.75 MET hrs/wk) or ‘active’
(=8.75 MET hrs/wk) based on physical activity
levels and into either ‘normal weight’ (BMI:
>18.5 and <25 kg/m?), ‘overweight (BMI: 225
and <30 kg/m?), or obese’ (BMI: =230 kg/m?)
based on BMI [37]. Combining physical activity
and BMI information, patients were further
grouped into: 1) ‘normal weight/active’ (=18.5
and <25 kg/m?, 28.75 MET hrs/wk), 2) ‘normal
weight/inactive’ (218.5 and <25 kg/m?, <8.75
MET hrs/wk), 3) ‘overweight/obese/active’
(=25 kg/m?, 28.75 MET hrs/wk), and 4) ‘over-
weight/obese/inactive’ (225 kg/m?, <8.75 MET
hrs/wk).

Mean values and standard deviations for nor-
mally distributed continuous variables and
interquartile range (IQR) for skewed continuous
variables (physical activity and CRP levels), as
well as frequencies and percentages for cate-
gorical variables to describe patient character-
istics were computed. Alpha- and beta-diversity
metrics were compared by physical activity and
BMI groups using ANCOVA and post-hoc Tukey’s
Honest Significance Difference test. Diversity
metrics were also compared by clinical charac-
teristics including stage at diagnosis and tumor
site. Differential abundances by physical activ-
ity and BMI groups were tested using Wald-test.
False Discovery Rate (FDR) correction was
used to rank and correct raw and adjusted
p-values for multiple testing using the Benjamin-
Hochberg method [38]. Baseline characteris-
tics were tested for potential confounding (sex,
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Table 1. Study population characteristics [n (%) unless
stated otherwise]

N (%)

Age, mean (SD) 62 (12)
Sex

Female 69 (39)

Male 110 (61)
Race

White 168 (94)

Non-White 11 (6)
Ethnicity

Non-Hispanic 176 (98)

Hispanic 3(2)
Stage at diagnosis

| 44 (24)

Il 48 (27)

I 73 (41)

v 15(8)
Tumor site

Colon 86 (48)

Rectum 93 (52)
Neoadjuvant treatment

Yes 50 (28)

No 127 (72)
Physical activity (MET hrs/wk)

Active (<8.75 MET hrs/wk) 72 (40)

Inactive (=8.75 MET hrs/wk) 107 (60)

Mean (IQR) 11.2 (16.23)
BMI (kg/m?)

Normal weight (>18.5 and <25 kg/m?) 59 (32)

Overweight (=25 and <30 kg/m?) 76 (43)

Obese (>30 kg/m?) 44 (25)

Mean (SD) 27.3 (5.43)
Smoking status

Never smoker 73 (43)

Former smoker 54 (32)

Current smoker 43 (25)
Regular NSAID/Aspirin use

Yes 50 (32)

No 106 (68)
Systemic inflammation
C-reactive protein (CRP), mg/L, mean (IQR) 11.5 (9.20)

Data are not yet abstracted on n=2 patients for neoadjuvant
treatment, and data is missing for n=9 on smoking status, n=23
for NSAID/aspirin use; SD - standard deviation; IQR - interquartile
range; MET - metabolic equivalent per tasks.

age, race, tumor stage and site), neoadjuvant
treatment, antibiotic, aspirin and/or NSAID
use, study site, and systemic inflammation
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[C-reactive Protein (CRP) levels, measured
in blood samples collected 2-4 weeks prior
to surgery, using Meso-Scale Discovery
assays] and effect modification (sex, tumor
stage and site). Sensitivity analyses were
conducted excluding patients who re-
ceived neoadjuvant treatment (n=50) or
who were diagnosed with stage IV (n=15).
Robustness of the model and confounding
effects were assessed using standard
methods, including an evaluation whether
risk estimates changed >10% after in-
clusion of a covariate. The final models
included sex, tumor stage, neoadjuvant
treatment, and study site. All analyses
were conducted in SAS (version 9.4) and
RStudio (version 1.4.1717) using the
‘Phyloseq’ and ‘DESeq2’ packages [39,
40].

Results

Table 1 summarizes demographic and clin-
ical characteristics of the study popula-
tion. Patients were on average 62 years
old, 61% were male, and 6% Non-White.
Most patients were diagnosed with stage
Il (27%) or stage Il (41%) colorectal cancer
and 52% of tumors were located in the rec-
tum. Patients reported an average physi-
cal activity level of 11.2 MET hrs/wk and
40% were categorized as ‘active’. Most
patients were overweight or obese (67%,
n=120) and had an average BMI of 27.3
kg/m?2. Distributions within the combined
physical activity and BMI groups were as
follows: n=26 (15%) ‘normal weight/
active’, n=33 (18%) ‘normal weight/inac-
tive’, n=46 (26%) ‘overweight/obese/
active’, n=74 (41%) ‘overweight/obese/
inactive’. Demographic and clinical charac-
teristics by sex and tumor site are present-
ed in Supplementary Tables 4 and 5.

The gut microbiome of active and normal
weight patients is more diverse than that
of inactive patients

‘Inactive’ patients had a statistically sig-
nificantly lower alpha diversity as com-
pared to ‘active’ patients (Shannon index:
P=0.01, Simpson index: P=0.03, Figure
1A). Associations were slightly stronger

among patients diagnosed with stage Ill can-
cer, yet effect modification was not statistically
significant. Alpha diversity metrics differed sig-
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Figure 1. Alpha diversity metrics by physical activity and BMI groups. Comparison of alpha diversity indices across:
(A) Physical activity groups: active (=8.75 METs hrs/wk) and inactive (<8.75 METs hrs/wk). (B) BMI groups: normal
weight (>18.5 and <25 kg/m?) and overweight/obese (=25 kg/m?). (C) Combined physical activity and BMI groups.
Alpha metrics are presented from left to right in the following order: Shannon index, Simpson index, Observed spe-
cies. ANCOVA was used to test overall differences between combined physical activity and BMI groups. Post-hoc
Tukey’s HSD test was used to adjusted for multiple testing and to test differences between each group. The statisti-
cally significant (P<0.05) group comparisons are shown.

nificantly by BMI groups (P=0.02, respectively
for each metric). Post-hoc analyses revealed
that ‘obese’ patients had lower alpha diversity
compared to ‘normal weight’ patients (Shan-
non index: P=0.02, Simpson index: P=0.03,
Observed species: P=0.01, Figure 1B). In com-
bination, the gut microbiome of ‘normal weight/
active’ patients was more diverse compared
with ‘overweight/obese/inactive’ patients (Sh-
annon index: P=0.02, Observed species:
P=0.04, Figure 1C). We investigated associa-
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tions between clinical characteristics, including
stage at diagnosis, tumor site, and neoadjuvant
treatment, to ensure that these alterations are
specifically associated with energy balance
components, and exclude confounding. Alpha
diversity was not statistically significantly
associated with either clinical characteristic
(P=0.15-.80). No statistically significant differ-
ences were observed with Bray Cutis dissimi-
larity and physical activity and BMI groups
(Supplementary Figure 1).
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Figure 2. The relative abundance (%) of genera by physical activity and BMI groups. A. Physical activity groups: active
(>8.75 METs hrs/wk) and inactive (<8.75 METs hrs/wk). B. BMI groups: normal weight (>18.5 and <25 kg/m?) and

overweight/obese (=25 kg/m?). C. Combined physical activity and BMI groups.

Differences were observed by sex and tumor
site (Supplementary Figures 2 and 3). Asso-
ciations of gut microbiome diversity with physi-
cal activity were stronger among men. Alpha
diversity was higher among ‘active’ vs. ‘inac-
tive’ men (Supplementary Figure 2). In contrast,
associations with BMI were stronger among
women. ‘Normal weight’ female patients had
a significantly lower observed species alpha
diversity as compared to ‘obese’ female
patients. In combination, physical activity and
BMI groups were stronger associated alpha
diversity among men. ‘Normal weight/active’
male patients had a more diverse microbiome
as compared to ‘overweight/obese/inactive’
male patients. Significantly higher Shannon
and observed species alpha diversity metrics
were also observed among ‘overweight/obese/
active’ as compared to ‘overweight/obese/
inactive’ male patients.

Associations between energy balance compo-
nents and gut microbiome diversity were
stronger and statistically significant only in
colon cancer patients (Supplementary Figure
3). ‘Normal weight’ patients had a more diverse
gut microbiome than ‘obese’ patients among
colon cancer patients. Among colon cancer
patients, ‘normal weight/active’ patients had
an increased alpha diversity as compared to
‘overweight/obese/inactive’ patients. No differ-
ences by individual or combined physical activ-
ity and BMI groups were observed for patients
with rectal cancer. Excluding patients who
received neoadjuvant treatment or were diag-
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nosed with stage IV did not substantially impact
the results.

Relative abundances of several taxa differ by
physical activity and BMI groups

A median of 13,342 reads were generated per
sample. The number of reads by individual and
combined physical activity and BMI groups are
referred to in the respective tables. Overall,
3,072 individual taxa including 9 phyla and 152
genera were identified. Taxonomic classifica-
tions of the most dominant phyla and genera

are visualized in Supplementary Figure 4.

We observed several differences comparing
‘active’ and ‘inactive’ patients. At the phylum
level, ‘inactive’ patients had a 0.59 log2-fold
change in mean normalized counts of Actino-
bacteria (P=0.02) (Supplementary Table 2).
At the genus level, higher relative abundances
of Blautia (43%) and Faecalibacterium (29%)
emerged among ‘active’ patients compared to
‘inactive’ patients (38% and 19%, respectively)
(Figure 2). Among less dominant genera,
decreased abundances of Succinivibrio and
Succiniclasticum were observed in ‘inactive’
vs. ‘active’ patients (P=0.05 and P=2.05e-20,
respectively) (Table 2).

No statistically significant differences by BMI
groups were observed at the phylum level
(Supplementary Table 2). At the genus level,
Blautia (48% vs. 38%) and Faecalibacterium
(28% vs. 21%) were enriched, while Roseburia
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Table 2. Differential abundance (mean normalized counts) at genus level by individual BMI and physi-

cal activity groups

Physical activity [inactive (n=107) vs. active (n=72)]

Mean of normalized

Log?2 fold change Wald test BH adjusted

Genus counts for all samples (SE) p-value p-value
Succiniclasticum 30.4 -10.2 (2.99) 0.0006 0.05
Succinivibrio 0.38 -29.3 (3.00) 1.31e-22 2.05e-20

Body mass index (BMI)

Overweight (n=76) vs. normal weight (n=59)

Mean of normalized

Log?2 fold change Wald test BH adjusted

Genus counts for all samples (SE) p-value p-value
Olsenella 0.45 -24.1 (3.51) -6.22e-12 1.97e-10
Unclassified Mogibacteriaceae 6.83 -1.19 (0.36) 0.0008 0.01
Anaerococcus 0.60 -29.8 (3.35) 5.65e-19 5.37e-17
Eubacterium 0.58 -7.00 (2.29) 0.002 0.03
Clostridium 0.37 -25.3 (3.51) 5.79e-13 2.75e-11
Succiniclasticum 0.32 -14.1 (2.51) 0.00006 0.001
Succinivibrio 0.38 -22.4 (3.51) 1.71e-10 4.07e-9

Obese (n=44) vs. normal weight (n=59)

Mean of normalized

Log?2 fold change Wald test BH adjusted

Genus counts for all samples (SE) p-value p-value
Adlercreutzia 0.72 -2.01 (0.58) 0.0006 0.03
Ruminococcus 44.2 1.16 (0.36) 0.001 0.05
Clostridium 0.37 -27.2 (4.12) 4.10e-11 6.40e-9
Succinivibrio 0.38 -22.7 (4.11) 3.25e-8 0.000003

All tests were adjusted for sex, stage at diagnosis, neoadjuvant treatment, and study site; SE - Standard error; BH - Benjamin
Hochberg; statistically significant: P<0.05. Note: A median of 15,097 reads were generated per sample from ‘active’ patients
as compared to a median of 11,252 reads per sample from ‘inactive’ patients. A median of 12,263, 10,229, and 17,491
reads were generated per sample from ‘normal weight’, ‘overweight’, and ‘obese’, respectively. Only statistically significant

genera are shown.

(9% vs. 18%) was diminished in ‘normal weight’
patients compared to ‘overweight/obese’ pa-
tients (Figure 2). Clostridium and Succinivibrio
abundances were lower among both ‘over-
weight' [25.3 (+3.51), P=2.75e-11; -22.4
(£3.51), P=4.07e-9; respectively] and ‘obese’
patients [-27.3 (¥4.12), P=6.40e-9; -22.7
(#4.11), P=0.000003; respectively] compared
to ‘normal weight’ patients (Table 2). ‘Over-
weight’ patients had further diminished abun-
dances of Olsenella, unclassified Mogibac-
teriaceae, Anaerococcus, Eubacterium, Clo-
stridium, and Succiniclasticum (Table 2).
Aldercreutzia abundances was decreased,
while Rumminococcus abundance was de-
creased among ‘obese’ patients compared to
‘normal weight’ patients (Table 2).

The investigation of combined physical activity/
BMI groups revealed several differentially
abundant phyla and genera. At the phylum
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level, ‘overweight/obese/active’ patients had a
lower abundance of Fusobacteria as compared
to ‘normal weight/active’ patients (P=0.04,
Supplementary Table 3). Conversely, ‘over-
weight/obese/inactive’ patients had enriched
Actinobacteria compared to ‘normal weight/
active’ patients (P=0.03, Supplementary Table
3).

At the genus level, ‘normal weight/active’ and
‘overweight/obese/active’ had higher abun-
dances of Faecalibacterium (38% and 23%,
respectively) compared to their inactive coun-
terparts (‘normal weight/inactive’: 19%, ‘over-
weight/obese/inactive’: 19%) (Figure 2). Bifi-
dobacterium was only present among ‘over-
weight/obese/active’ (7%) and ‘inactive’ (5%)
patients. ‘Normal weight/inactive’ and ‘over-
weight/obese/inactive’ patients had dimin-
ished Succiniclasticum and Succinivibrio abun-
dances as compared to their ‘active’ counter-

Am J Cancer Res 2022;12(10):4789-4801
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Table 3. Differential abundance (mean normalized counts) at genus level by combined BMI and physi-

cal activity groups

Normal weight/inactive (n=33) vs. normal weight/active (n=26)

Mean of normalized counts

Log?2 fold change Wald test BH adjusted

Genus for all samples (SE) p-value p-value
Succiniclasticum 0.26 -30.0 (5.24) 1.01le-8 0.000002
Succinivibrio 0.38 -21.0 (5.24) 0.00006 0.005
Pyramidobacter 0.21 18.8 (5.24) 0.0003 0.02

Overweight/obese/active (n=46) vs. normal weight/active (n=26)

Mean of normalized counts

Log?2 fold change Wald test BH adjusted

Genus for all samples (SE) p-value p-value
Peptoniphilus 0.12 -29.0 (5.01) 6.52e-9 0.000001
Succiniclasticum 0.26 -18.3 (5.01) 0.0003 0.01
Succinivibrio 0.38 -21.7 (5.01) 0.00001 0.0004
Pyramidobacter 0.21 18.2 (5.01) 0.0003 0.01

Overweight/obese/inactive (n=74) vs. normal weight/active (n=26)

Mean of normalized counts

Log?2 fold change Wald test BH adjusted

Genus for all samples (SE) p-value p-value
RFN20 0.10 -29.1 (4.50) 6.36e-9 9.92e-7
Succinivibrio 0.38 -24.7 (4.50) 4.02e-8 0.000003
Overweight/obese/inactive (n=74) vs. overweight/obese/active (n=46)

Succiniclasticum 0.26 -30.0 (5.22) 9.05e-9 0.000001
Succinivibrio 0.38 -21.2 (5.22) 0.00005 0.004

All tests were adjusted for sex, stage at diagnosis, neoadjuvant treatment, and study site; BMI - body mass index; SE - Stan-
dard error; BH - Benjamin Hochberg. Note: A median of 14,675 reads was generated per sample from ‘nomal weight/active’
patients compared to 10,692 reads from ‘normal weight/inactive’ patients, 15,615 reads from ‘overweight/obese/active’, and
11,808 reads from ‘overweight/obese/inactive’ patients. Only statistically significant genera are shown.

parts (Table 3). ‘Normal weight/inactive’ and
‘overweight/obese/active’ patients had dimin-
ished Succiniclasticum abundance, while hav-
ing enriched Pyramidobacter abundance com-
pared to their ‘normal weight/active’ counter-
part. Succinivibrio abundance was also lower
among ‘overweight/obese/active’ compared to
‘normal weight/active’ patients [-24.7 (+4.50),
P=0.000003]. In comparison with ‘normal
weight/active’ patients, ‘overweight/obese/
active’ patients showed differential abundance
of Peptoniphilus [-29.0 (+5.01), P=0.000001]
and ‘overweight/obese/inactive’ patients had
differentially abundant RFN20 [-29.1 (+4.50),
P=9.92e-7]. Excluding patients who received
neoadjuvant treatment or were diagnosed with
stage IV did not substantially impact the results.

Discussion

Here, we provide the first evidence for an asso-
ciation between higher physical activity levels
and greater gut microbiome diversity and dif-
ferential abundances among colorectal cancer
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patients. Our results indicate that physical
activity may independently be associated with
gut microbiome health in colorectal cancer
patients. These results underscore the need to
further investigate the gut microbiome and its
secreted metabolites as molecular mechanism
of the energy balance-colorectal cancer link.

Our data indicate that physical activity may
beneficially modulate the gut microbiome in
colorectal cancer patients. First, we observed
that alpha diversity was lower among ‘inactive’
patients and lowest among ‘overweight/obese/
inactive'. Alpha diversity describes the number
of microbial species relative to its abundance
within one sample and has been identified as
an indicator of heathy state with higher diversi-
ty indicating improved health [41]. As such,
lower microbial diversity has been previously
identified among colorectal cancer patients
compared to healthy controls [10]. Studies in
athletes have identified increased alpha diver-
sity among athletes compared to healthy con-
trols (P<0.01) [18, 42].
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Second, we identified differences in microbial
abundances by physical activity. ‘Active’ pa-
tients had enriched abundances of multiple
dominant genera including Faecalibacterium
and Blautia and less dominant genera includ-
ing Succiniclasticum and Succinivibrio. At the
phylum level, ‘active’ patients had lower
Actinobacteria abundance. These findings are
consistent with studies showing higher abun-
dances of Succinivibrio, Faecalibacterium prau-
snitztii, Roseburia hominis, and Akkermansia
muciniphila in healthy individuals and athletes
[19, 42]. Faecalibacterium and Succinivibrio
have been linked to health-promoting attri-
butes including decreased risk for colorectal
cancer [10, 43]. Although lower abundance of
Actinobacteria has been associated with
increased colorectal cancer risk [44], other
studies reported cancer-promoting associa-
tions of some Actinobacteria-related species
[10]. Altered gut microbiome diversity and
abundances in ‘active’ patients may, therefore,
partially explain the complex biological mecha-
nisms underlying the health benefits of physi-
cal activity on colorectal cancer patients.
Observed changes in both ‘normal weight/
active’ and ‘overweight/obese/active’ patients
pointing to physical activity independently
being associated with gut microbial composi-
tions. Due to the cross-sectional nature of our
study, assumptions about the directionality of
the association between physical activity and
the gut microbiome cannot be made. However,
a recently published longitudinal study testing
the effect of a 6 week supervised exercise
intervention supports our assumption of physi-
cal activity impacting changes in the gut micro-
biome composition and functionality [17, 19].

We report that ‘overweight’ and ‘obese’ patients
have lower microbial diversity, reduced abun-
dances of Faecalibacterium, Olsenella, Mogi-
bacteriaceae, Eubacterium, Adlercreutzia, Su-
ccinivibrio, Succiniclasticum, and higher abun-
dance of Ruminococcus as compared to ‘nor-
mal weight/active’ patients. Consistent with
our findings, lower gut microbiome diversity,
greater abundances of Firmicutes, Fusobac-
teria, Proteobacteria, Mollicutes and Lacto-
bacillus and lower abundances of Faecali-
bacterium, Succinivibrio, and Bacteroidetes
have been observed in pre- and clinical studies
comparing overweight/obese vs. healthy state
[43, 45-47]. A recent meta-analysis assessing
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the mitigating effect of the gut microbiome on
the obesity-colorectal cancer link yielded incon-
clusive results suggesting a weak mitigation
by cancer-associated taxa [22]. Overall, our
results support the existing evidence indicating
negative effects of BMI on gut microbiome
among colorectal cancer patients indicating
alterations in the gut microbiome as an inter-
face of the obesity-colorectal cancer link.

A key question of energy balance research is
the investigation of “metabolically healthy
obese” and combinations of activity and obesi-
ty. A proportion of obese individuals do not rep-
resent the obesity-characterized phenotype of
chronic systemic inflammation and insulin
resistance [6, 7]. Our results indicate that
increased physical activity may counteract
obesity-induced dysbiosis of the gut microbi-
ome in colorectal cancer patients. For example,
gut microbiome diversity was lowest among
‘overweight/obese/inactive’ as compared to
‘normal weight/active’ patients. In addition,
Faecalibacterium was enriched in ‘active’
patients regardless of BMI and Succinivibrio
abundance was diminished among ‘over-
weight/obese’ patients, but, even lower in
‘inactive/overweight/obese’ patients. Taken
together, physical activity may benefit obese
patients by counteracting obesity-induced met-
abolic effects in colorectal cancer patients.

We observed differences in gut microbiome
diversity by individual physical activity groups
and combined physical activity and BMI groups
among male patients. In contrast, alpha diver-
sity metrics by individual BMI groups were sig-
nificantly different among female, but not
among male patients. Sex-dependent differ-
ences in the gut microbiome have previously
been reported [48-50]. Higher diversity has
been detected in females as compared to male
individuals [49]. Other results indicate an asso-
ciation between the gut microbiome and the
regulation of sex hormones through the control
of signaling pathways such as the toll-like
receptor and flavin monooxygenase signaling
[48, 50]. Our results indicate that physical
activity may have stronger associations with
gut microbiome diversity among males, per-
haps attributable to their lower baseline diver-
sity. On the other hand, differences in body
composition by sex including adipose tissue
and muscle mass distributions may explain the
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observed difference in gut microbiome diversi-
ty by BMI groups in female, but not male
patients.

We further observed different effect sizes by
tumor site. Among colon cancer patients, micro-
biome diversity significantly differed by individ-
ual and combined physical activity and BMI
groups [47, 48, 51, 52]. This is consistent with
the prior literature demonstrating that physical
activity and BMI are more strongly associated
with colon than rectum cancer risk and survival
[51, 52]. Further, microbial composition and
diversity differ by anatomical location in healthy
individuals, as well as colorectal cancer
patients [10, 53].

This study has several strengths and limita-
tions. To date, this is the first study investigat-
ing the gut microbiome in the physical activity-
colorectal cancer link. It is further the first
investigation testing whether greater recre-
ational physical activity levels may counteract
some of the negative effects of excess body
weight on gut microbiome dysbiosis in colorec-
tal cancer patients. Gut microbiome abundanc-
es and diversities were measured following
state-of-the-art standardized protocols for bio-
specimen collection, processing, storage, and
analyses. Quality controls were implemented
in our laboratory protocols and methods to
account for measurement errors such as batch-
effects and multiple testing were applied at the
analyses stage. Factors including antibiotic use
and systemic inflammation that may influence
the composition of the gut microbiome were
assessed at the time of the stool collection.
Another strength is the geographical variability
in our study population which broadens the
range of exposures. To account for potential
systematic differences by geography (e.g., diet),
all analyses were adjusted for study site (with-
out substantial impact on results).

16S rRNA gene sequencing provides a valu-
able, yet limited, microbiome assessment, as it
may lack accuracy in classifying taxa on the
species-level and has a low detection rate for
low abundant species. For example, colorectal
cancer-specific species such as Fusobacterium
nucleatum and Escherichia coli could not be
identified. However, 16S rRNA gene sequencing
has been a valuable method for detecting initial
targets that can be further explored in metage-
nomic sequencing studies. Although metabolic
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pathways can be imputed and inferred [54].
they cannot be measured directly using 16S
rRNA gene sequencing. Future studies should
expand on our findings by using more compre-
hensive assessments including metagenomics
and metatranscriptomics sequencing to elabo-
rate on the observed association on the spe-
cies level, as well as the functionality and
dynamic changes within microbial communi-
ties. Further, a future study among cancer-free
individuals would add further information on
generalizability of the associations observed
beyond colorectal cancer patients. Mediation
analyses on the association between energy
balance components and colorectal cancer
survival have to be conducted to identify the
gut microbiome as an underlying mechanism.
The self-reported nature of the physical activity
assessment may have resulted in misclassifi-
cation. Any misclassification would be non-dif-
ferential and, therefore, any observed effects
can be assumed to be lower than the actual
effect. Future studies should further in-
corporate measurements of other microbiome-
associated factors such as detailed dietary
assessments.

In conclusion, our study reveals the gut microbi-
ome associated with the energy balance-
colorectal cancer link, with strongest differenc-
es observed for patients who are physically
active vs. inactive. Our results further suggest
that increased physical activity may prevent or
counteract dysbiosis of the gut microbiome due
to obesity. Intervention studies testing the
effect of exercise on the gut microbiome in can-
cer patients will be critical to provide further
mechanistic insights. Studies should further
investigate different effect sizes by exercise
type, intensity, and body composition using
more comprehensive measurements.
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Supplementary Table 1. Oligonucleotide sequences used for 16S rRNA gene sequencing

Prok16SV34_For: 5’-AATGATACGGCGACCACCGAGATCTACACXXXXXXXXACAC TCTTTCCCTACACGACGCTCTTCCGATCTT
GCCTACGGGNBGCASCAG-3’
Prok16SV34_Rev: 5’-CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTGACTG GAGTTCAGACGTGTGCTCTTCCGATCTGCG
ACTACNVGGGTATCTAATCC-3’

XXXXXXXX - refer to sample-specific barcodes.

Supplementary Table 2. Differential abundances (mean normalized counts) at phylum level by indi-
vidual BMI and physical activity groups

Physical activity

Inactive (n=107) vs. active (n=72)

Phylum Mean of normalized Log2 fold change Wald test BH adjusted

counts for all samples (SE) p-value p-value
Actinobacteria 65.64 0.59 (0.19) 0.002 0.02*
Bacteroidetes 153.9 -0.08 (0.17) 0.63 0.94
Cyanobacteria 0.856 -0.05 (0.70) 0.94 0.94
Firmicutes 939.6 0.13(0.11) 0.26 0.58
Fusobacteria 1.168 0.58 (0.99) 0.56 0.94
Proteobacteria 24.25 0.35(0.23) 0.13 0.34
Synergistetes 0.223 0.43 (1.94) 0.82 0.94
Tenericutes 0.810 -0.16 (0.83) 0.85 0.94
Verrucomicrobia 11.64 -0.92 (0.50) 0.06 0.28
BMI
Overweight (n=76) vs. normal weight (n=59)

Mean of normalized Log?2 fold change Wald test BH adjusted

Phylum counts for all samples (SE) p-value p-value
Actinobacteria 65.64 0.31(0.22) 0.16 0.47
Bacteroidetes 153.9 0.33(0.19) 0.09 0.40
Cyanobacteria 0.856 -0.69 (0.81) 0.40 0.52
Firmicutes 939.6 0.15 (0.13) 0.25 0.52
Fusobacteria 1.168 -2.76 (1.12) 0.01 0.13
Proteobacteria 24.25 -0.24 (0.26) 0.35 0.52
Synergistetes 0.223 -0.16 (2.43) 0.95 0.95
Tenericutes 0.810 -0.66 (0.99) 0.50 0.45
Verrucomicrobia 11.64 0.52 (0.59) 0.38 0.52
Obese (n=44) vs. normal weight (n=59)
Phylum Mean of normalized Log2 fold change Wald test BH adjusted

counts for all samples (SE) p-value p-value
Actinobacteria 65.64 0.15 (0.26) 0.58 0.87
Bacteroidetes 153.9 0.27 (0.23) 0.23 0.82
Cyanobacteria 0.856 -0.21 (0.96) 0.82 0.92
Firmicutes 939.6 -0.15 (0.15) 0.33 0.82
Fusobacteria 1.168 1.57 (1.31) 0.23 0.82
Proteobacteria 24.25 0.04 (0.31) 0.91 0.92
Synergistetes 0.223 -0.30 (2.85) 0.92 0.92
Tenericutes 0.810 -1.06 (1.17) 0.36 0.82
Verrucomicrobia 11.64 -0.41 (0.69) 0.55 0.87

All tests were adjusted for sex, stage at diagnosis, neoadjuvant treatment, and study site; BMI - body mass index; SE - Standard
error; BH - Benjamin Hochberg; *statistically significant: P<0.05.
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Supplementary Table 3. Differential abundances (mean normalized counts) at phylum level by com-
bined BMI and physical activity groups

Normal weight/inactive (n=33) vs. normal weight/active (n=26)

Mean of normalized Log?2 fold change Wald test BH adjusted
Phylum
counts for all samples (SE) p-value p-value
Actinobacteria 65.64 0.64 (0.33) 0.05 0.40
Bacteroidetes 153.9 -0.25 (0.29) 0.39 0.58
Cyanobacteria 0.856 -0.03 (1.22) 0.98 0.98
Firmicutes 939.6 0.17 (0.19) 0.38 0.58
Fusobacteria 1.168 -3.12 (1.71) 0.07 0.40
Proteobacteria 24.25 0.47 (0.41) 0.25 0.56
Synergistetes 0.223 1.35(3.61) 0.71 0.80
Tenericutes 0.810 0.89 (1.46) 0.54 0.69
Verrucomicrobia 11.64 1.19 (0.86) 0.16 0.49
Overweight/obese/active (n=46) vs. normal weight/active (n=26)
Mean of normalized Log2 fold change Wald test BH adjusted
Phylum
counts for all samples (SE) p-value p-value
Actinobacteria 65.64 0.31(0.31) 0.34 0.89
Bacteroidetes 153.9 0.13 (0.28) 0.64 0.89
Cyanobacteria 0.856 -0.54 (1.17) 0.64 0.89
Firmicutes 939.6 0.08 (0.19) 0.69 0.89
Fusobacteria 1.168 -4.67 (1.63) 0.004 0.04*
Proteobacteria 24.25 -0.15 (0.39) 0.69 0.89
Synergistetes 0.223 0.71(3.46) 0.83 0.90
Tenericutes 0.810 0.18 (1.40) 0.89 0.90
Verrucomicrobia 11.64 1.94 (0.82) 0.02 0.08
Overweight/obese/inactive (n=74) vs. normal weight/active (n=26)
Mean of normalized Log?2 fold change Wald test BH adjusted
Phylum
counts for all samples (SE) p-value p-value
Actinobacteria 65.64 0.84 (0.28) 0.003 0.03*
Bacteroidetes 153.9 0.09 (0.25) 0.72 0.92
Cyanobacteria 0.856 -0.57 (1.05) 0.58 0.92
Firmicutes 939.6 0.17 (0.17) 0.30 0.92
Fusobacteria 1.168 -1.31 (1.45) 0.37 0.92
Proteobacteria 24.25 0.16 (0.35) 0.65 0.92
Synergistetes 0.223 0.61(3.11) 0.84 0.95
Tenericutes 0.810 -0.59 (1.27) 0.64 0.92
Verrucomicrobia 11.64 0.01 (0.74) 0.99 0.99
Overweight/obese/inactive (n=74) vs. overweight/obese/active
Mean of normalized Log2 fold change Wald test BH adjusted
Phylum
counts for all samples (SE) p-value p-value
Actinobacteria 65.64 0.55(0.33) 0.10 0.29
Bacteroidetes 153.9 -0.26 (0.29) 0.37 0.55
Cyanobacteria 0.856 -0.17 (1.21) 0.89 0.89
Firmicutes 939.6 0.18 (0.19) 0.36 0.55
Fusobacteria 1.168 -1.70 (1.74) 0.33 0.55
Proteobacteria 24.25 0.74 (0.41) 0.07 0.29
Synergistetes 0.223 1.37 (3.47) 0.69 0.78
Tenericutes 0.810 0.80 (1.46) 0.58 0.75
Verrucomicrobia 11.64 1.43 (0.86) 0.10 0.29

All tests were adjusted for sex, stage at diagnosis, neoadjuvant treatment, and study site; BMI - body mass index; SE - Stan-
dard error; BH - Benjamin Hochberg; *statistically significant: P<0.05.
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Supplementary Table 4. Study population characteristics by sex [n (%) unless stated otherwise]

Total Sex
Female Male

Total, n (%) 179 (100) 69 (39) 110 (61)
Age, mean (SD) 62 (12) 61 (11) 63 (12)
Race

White 168 (94) 65 (94) 103 (94)

Non-White 11 (6) 4 (6) 7 (6)
Ethnicity

Non-Hispanic 176 (98) 69 (100) 107 (97)

Hispanic 3(2) 0 (0) 3(3)
Stage at diagnosis

| 44 (24) 17 (25) 26 (24)

Il 48 (27) 22 (32) 26 (24)

I 73 (41) 25(36) 48 (43)

% 15 (8) 5(7) 10 (9)
Tumor site

Colon 86 (48) 38 (55) 48 (44)

Rectum 93 (52) 31 (45) 62 (56)
Neoadjuvant treatment

Yes 50 (28) 16 (23) 34 (35)

No 127 (72) 53 (77) 74 (71)
Physical activity (MET hrs/wk)

Active (<8.75 MET hrs/wk) 72 (40) 26 (37) 46 (42)

Inactive (>8.75 MET hrs/wk) 107 (60) 43 (73) 64 (58)

Mean (IQR) 11.2 (16.2) 10.4 (14.0) 11.8 (16.6)
BMI (kg/m?)

Normal weight (>18.5 and <25 kg/m?) 59 (32) 31 (44) 28 (25)

Overweight (>25 and <30 kg/m?) 76 (43) 19 (28) 57 (52)

Obese (=30 kg/m?) 44 (25) 19 (28) 25 (23)

Mean (SD) 27.3 (5.43) 26.8 (6.63) 27.6 (4.52)
Smoking status

Never smoker 73 (43) 30 (44) 43 (42)

Former smoker 54 (32) 19 28) 35 (34)

Current smoker 43 (25) 19 (28) 24 (24)
Regular NSAID/Aspirin use

Yes 50 (32) 16 (30) 34 (37)

No 106 (68) 44 (70) 62 (63)
Systemic inflammation

C-reactive protein (CRP), mg/L, mean (IQR) 11.5 (9.20) 15.0 (14.5) 9.28 (5.99)

Data are not yet abstracted on n=2 patients for neoadjuvant treatment, and data is missing for n=9 on smoking status, n=23
for NSAID/aspirin use; SD - standard deviation; IQR - interquartile range; MET - metabolic equivalent per tasks.
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Supplementary Table 5. Study population characteristics by tumor site [n (%) unless stated otherwise]

Tumor Site
Total
Colon Rectum

Total, n (%) 179 (100) 86 (48) 93 (52)
Age, mean (SD) 62 (12) 65 (12) 59 (10)
Sex

Female 69 (39) 38 (565) 31 (45)

Male 110 (61) 48 (44) 62 (56)
Race

White 168 (94) 79 (92) 90 (97)

Non-White 11 (6) 7(8) 3(3)
Ethnicity

Non-Hispanic 176 (98) 83 (97) 93 (100)

Hispanic 3(2) 3(3) 0 (0)
Stage at diagnosis

| 44 (24) 25 (29) 18 (19)

Il 48 (27) 25 (29) 23 (25)

] 73 (41) 28 (33) 45 (48)

IV 15 (8) 8(9) 7 (8)
Neoadjuvant treatment

Yes 50 (28) 5(7) 45 (48)

No 127 (72) 80 (93) 47 (52)
Physical activity (MET hrs/wk)

Active (<8.75 MET hrs/wk) 72 (40) 35 (41) 37 (40)

Inactive (=8.75 MET hrs/wk) 107 (60) 51 (59) 56 (60)

Mean (IQR) 11.2 (16.2) 12.0 (16.8) 10.5 (13.0)
BMI (kg/m?)

Normal weight (>18.5 and <25 kg/m?) 59 (32) 24 (28) 35 (38)

Overweight (>25 and <30 kg/m?) 76 (43) 36 (42) 40 (43)

Obese (=30 kg/m?) 44 (25) 26 (30) 18 (19)

Mean (SD) 27.3 (5.43)
Smoking status

Never smoker 73 (43) 35 (44) 38 (42)

Former smoker 54 (32) 24 (30) 30 (33)

Current smoker 43 (25) 21 (26) 22 (25)
Regular NSAID/Aspirin use

Yes 50 (32) 34 (44) 16 (21)

No 106 (68) 44 (56) 62 (79)
Systemic inflammation

C-reactive protein (CRP), mg/L, mean (IQR) 11.5 (9.20) 14.6 (14.0) 8.50 (5.33)

Data are not yet abstracted on n=2 patients for neoadjuvant treatment, and data is missing for n=9 on smoking status, n=23
for NSAID/aspirin use; SD - standard deviation; IQR - interquartile range; MET - metabolic equivalent per tasks.
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Supplementary Figure 1. Bray Cutis dissimilarity by physical activity and BMI groups. A. Physical activity groups: ac-
tive (=8.75 METs hrs/wk) and inactive (<8.75 METs hrs/wk). B. BMI groups: normal weight (=18.5 and <25 kg/m?)
and overweight/obese (>25 kg/m?). C. Combined physical activity and BMI groups.
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Supplementary Figure 2. Alpha diversity metrics by physical activity and BMI groups stratified by sex. Comparison of alpha diversity indices by sex (female: A-C;
male: D-F) across: (A and D) Physical activity groups: active (=8.75 METs hrs/wk) and inactive (<8.75 METs hrs/wk). (B and E) BMI groups: normal weight (=18.5 and
<25 kg/m?) and overweight/obese (=25 kg/m?). (C and F) Combined physical activity and BMI groups. Alpha metrics are presented from left to right in the following
order: Shannon index, Simpson index, Observed species. ANCOVA was used to test overall differences between combined physical activity and BMI groups. Post-hoc
Tukey’s HSD test was used to adjusted for multiple testing and to test differences between each group. The statistically significant (P<0.05) group comparisons are
shown.
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Supplementary Figure 3. Alpha diversity metrics by physical activity and BMI groups stratified by tumor site. Comparison of alpha diversity indices by tumor site
(colon: A-C; rectum: D-F) across: (A and D) Physical activity groups: active (>8.75 METs hrs/wk) and inactive (<8.75 METs hrs/wk). (B and E) BMI groups: normal

weight (218.5 and <25 kg/m?) and overweight/obese (=25 kg/m?3).

(C and F) Combined physical activity and BMI groups. Alpha metrics are presented from left to

right in the following order: Shannon index, Simpson index, Observed species. ANCOVA was used to test overall differences between combined physical activity and
BMI groups. Post-hoc Tukey’s HSD test was used to adjusted for multiple testing and to test differences between each group. The statistically significant (P<0.05)

group comparisons are shown.
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Supplementary Figure 4. Relative abundance (%) on phylum level by physical activity and BMI groups. (A) Visualizes
most dominant identified bacteria at phylum, class, order, family and genus level. (B and C) Graphs visualize the
relative abundance at phylum level by: (B) left: physical activity groups: active (>8.75 METs hrs/wk) and inactive
(<8.75 METs hrs/wk), and right: BMI groups: normal weight (>18.5 and <25 kg/m?) and overweight/obese (=25 kg/
m?); and (C) Combined physical activity and BMI groups.

8



