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Background: Energy balance-related factors [body mass index
(BMI), waist circumference, physical activity] have been associated
with colorectal cancer risk. Warburg effect activation via PI3K/Akt
signaling is one of the proposed mechanisms. We investigated
whether energy balance-related factors were associated with risk
of Warburg subtypes in colorectal cancer.

Methods: We investigated this using immunohistochemistry for
six proteins involved in the Warburg effect (LDHA, GLUT1, MCT4,
PKM2, P53, PTEN) on tissue microarrays of 2,399 incident colo-
rectal cancer cases from the prospective Netherlands Cohort Study
(Myota1 = 120,852; Mgybeohort = 5,000; aged 55-69 in 1986; 20.3 years
follow-up). Data analyses included 3,911 subcohort members and
1,972 colorectal cancer cases with complete covariate data. Expres-
sion levels of all proteins were combined into a pathway-based sum
score and categorized into three “Warburg subtypes” (Warburg-low/
moderate/high). Multivariable Cox regression analyses were used to
estimate associations of BMI, clothing size (waist circumference

Introduction

Energy balance-related factors are known to influence risk of
colorectal cancer. Measures of adiposity, such as body mass index
(BMI) and waist circumference, have been associated with increased
risk of colorectal cancer (1, 2), whereas physical activity is inversely
associated with colorectal cancer risk (2—4). Up till now, the underlying
biological mechanisms are not fully understood. Several reviews
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proxy), and physical activity with Warburg subtypes in colorectal
cancer.

Results: BMI and clothing size were positively associated with
Warburg-moderate and Warburg-high colon cancer risk in men
(Pheterogencity = 0.192). In women, clothing size was positively
associated with Warburg-low and Warburg-high colon cancer
(Pheterogencity = 0.005). Nonoccupational physical activity was
inversely associated with Warburg-low and Warburg-moderate
colon cancer in women (Pyeterogencity = 0.045), but positively associated
with Warburg-high rectal cancer in men (Ppeterogencity = 0.089).

Conclusions: The Warburg effect might be involved in associa-
tions between adiposity and colon cancer risk, though additional
mechanisms could be at play in women as well. The inverse
association between physical activity and colon cancer might be
explained by mechanisms other than the Warburg effect.

Impact: Further research is needed to reproduce these results and
investigate possible additional mechanisms.

published on this subject (5-7) implied three main factors: adipo-
cyte-derived cytokines (adipokines), insulin and insulin-like growth
factor 1 (IGF-1) signaling, and sex hormones.

Circulating levels of adipokines are influenced by the quantity of
adipose tissue, with a larger number of adipocytes leading to higher
circulating leptin and lower adiponectin levels (8). Conversely,
physical activity has been linked to lower circulating leptin and
higher adiponectin levels, even independent of weight loss (9, 10).
Similarly, increased serum levels of insulin and free IGF-1 have
been reported for overweight and obese individuals (11), whereas
reduced levels were observed in more physically active indivi-
duals (9). High levels of leptin, insulin, and IGF-1 have all been
associated with increased colorectal cancer risk (12-15), whereas
high adiponectin levels have been associated with a decreased
risk (14, 15).

Adipokine, insulin, and IGF-1 signaling share a common down-
stream effect, namely activation of the PI3K/Akt signaling path-
way (16). Apart from its well-known properties like cell survival
and growth, the PI3K/Akt signaling pathway has been associated with
the so-called metabolic switch (17, 18). Upon activation, the expres-
sion of glucose transporters and enzymes involved in glycolysis
increases (19, 20). Upregulation of aerobic glycolysis in cancer cells
was first observed in the 1920s by Warburg and colleagues, hence the
term “Warburg effect” (21). While it was initially thought that the
Warburg effect was an effect rather than a cause of cancer, it is
increasingly being considered a carcinogenic step (22). This is further
supported by the addition of "Reprogramming Energy Metabolism" as
an Emerging Hallmark of Cancer in 2011 (23).

Previous studies investigated the suggested link between energy
balance-related factors and colorectal cancer mainly using circulating
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biomarkers (e.g., leptin or insulin; refs. 12-15). However, differen-
tiating between cause and effect is difficult with circulating bio-
markers, especially when they are measured at the time of cancer
diagnosis, as the biomarker status may be influenced by the tumor.
In the current study, we aimed to investigate whether this suggested
link could be captured in the primary tumor itself by upregulation
of the Warburg effect.

We aimed to capture the Warburg effect by ensuring that the
different steps of the pathway were represented by at least one protein
(Supplementary Table S1). These steps include: upstream regulation of
the Warburg effect (PTEN, P53), glucose import (GLUT1), glycolysis
(PKM2), conversion of pyruvate into lactate (LDHA), and lactate
secretion (MCT4). The expression levels of these six proteins (PTEN,
P53, GLUT1, PKM2, LDHA, MCT4) were combined into a sum score,
which was divided into three subgroups, representing tumors with a
low, moderate, or high likelihood of presence of the Warburg effect,
hereafter referred to as the Warburg subtypes (Warburg-low, War-
burg-moderate, Warburg-high, respectively).

We hypothesized that associations between energy balance-related
factors (BMI; lower body clothing size, as a proxy for waist circum-
ference; physical activity) and risk of colorectal cancer differ across
Warburg subtypes.

Materials and Methods

Study design and study population

The Netherlands Cohort Study (NLCS) was initiated in 1986 and
included 120,852 subjects ages 55-69 years at baseline. All participants
completed a mailed, self-administered questionnaire on diet, smoking
habits, anthropometry, history of selected diseases, physical activity,
and other cancer risk factors (24). The NLCS was approved by
Institutional Review Boards from Maastricht University (Maastricht,
the Netherlands) and the Netherlands Organization for Applied
Scientific Research. Ethical approval was obtained from the Medical
Ethical Committee of Maastricht University Medical Center+ (Maas-
tricht, the Netherlands). The NLCS was conducted in accordance with
the Declaration of Helsinki. All cohort members consented to par-
ticipate in the NLCS by completing the questionnaire. For data
processing and analysis, the case-cohort method was used (25).
Accumulated person-years in the cohort were estimated from a
subcohort (n = 5,000), randomly sampled from the whole cohort
immediately after baseline. These subcohort members were actively
followed up biennially for vital status information and by linkage to
municipal population registries. Only one male subcohort member
was lost to follow-up.

Follow-up for cancer incidence was established by annual record
linkage with the Netherlands Cancer Registry and PALGA, the
nationwide Dutch Pathology Registry (26), covering 20.3 years of
follow-up (September 17, 1986 until January 1,2007). Completeness of
cancer incidence follow-up by the Netherlands Cancer Registry and
PALGA was estimated to be over 96% (27). After excluding cases and
subcohort members who reported a history of cancer (except skin
cancer) at baseline, a total of 4,597 incident colorectal cancer cases and
4,774 subcohort members were available (Fig. 1).

Formalin-fixed paraffin-embedded (FFPE) tissue blocks from pri-
mary tumor and matched normal colon tissue from 3,872 colorectal
cancer cases were requested from participating laboratories as part of
the Rainbow-TMA (tissue microarray) project during 2012-2017 (28).
Colorectal cancer cases were selected on the basis of available linkage to
a PALGA-record (which provides access to pathology labs) and
surgical specimen with pathology report, or coloscopic resection.
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Cases treated with neoadjuvant therapy were excluded. Tissue
blocks from 3,021 colorectal cancer cases were successfully collected
from 43 pathology laboratories throughout the Netherlands (78%
retrieval rate).

For TMA construction, pathologists reviewed scanned hematoxylin
& eosin (H&E)-stained sections and identified areas with the highest
tumor density, from which three 0.6-mm-diameter cores were sam-
pled per case along with three normal tissue cores (TMA-Grand-
master, 3D-Histech). In total, tumor tissue of 2,694 colorectal cancer
cases was successfully assembled in 78 TMA blocks (Fig. 1).

Immunohistochemistry

Five-pum-thick sections were cut from all 78 TMA blocks, H&E
stained according to standard protocol, and subjected to immunohis-
tochemistry (IHC). IHC was performed using an automated immu-
nostainer (DAKO Autostainer Link 48) for GLUT1, P53, and PTEN,
and manually for LDHA, MCT4, and PKM2. Details of the primary
antibodies and staining protocols are shown in Supplementary
Table S2. All TMA sections were scanned using an Aperio scanner
(Leica Microsystems) at 40X magnification at the University of Leeds
(Leeds, United Kingdom) Scanning Facility or at the Department of
Pathology, Aachen University Hospital (Aachen, Germany).

Three non-pathologists (G.E. Fazzi: histology technician; K. Offer-
mans: PhD student; J.C.A. Jenniskens: PhD student) were trained by a
senior histopathologist (H.I. Grabsch) in recognizing adenocarcinoma
and THC scoring (29). Presence of adenocarcinoma was confirmed for
every individual core by reviewing H&E-stained TMA sections, in
combination with pan-cytokeratin stained sections if necessary.
Requiring at least one core per case, 2,497 cases passed quality control
(Fig. 1).

After quality control, all cores were scored by at least two assessors
(Supplementary Table S3 shows contribution of each assessor), inde-
pendently and blinded for case characteristics. IHC scoring protocols for
all markers are described in the Supplementary Materials and Methods
and shown in Supplementary Fig. S1. Kappa values on interobserver and
intraobserver scoring agreement are shown in Supplementary Table S4.

Figure 2 illustrates the stepwise process of combining multiple core-
level scores into case-level Warburg subtypes. If at least two assessors
assigned the same score to a core, this score became the “combination
score.” Remaining discrepancies were resolved by consensus agree-
ment of two non-pathologist assessors or by an experienced pathol-
ogist, resulting in a final score for each core. Case-level protein
expression was determined by taking the average of the final scores
of available cores (range: 1-3 cores per case) and rounding it to the
nearest scoring category. The average score per case was subdivided
into three subgroups, representing low, moderate, or high expression.
Cutoffs for PTEN and P53 were based on previous literature (30, 31),
cutoffs for other proteins were determined on the basis of distribution
of cases (Supplementary Table S4 shows cutoffs per protein).

Creating Warburg subtypes

To create Warburg subtypes, we used a pathway-based sum score of
case-level protein expression levels of LDHA, GLUT1, MCT4, PKM2,
P53,and PTEN (Fig. 2). Cases with incomplete protein expression data
were excluded (Fig. 1). Expression of LDHA, GLUT1, MCT4, PKM2,
and P53 are positively associated with the Warburg effect (18, 32),
whereas PTEN expression is inversely associated with the Warburg
effect (32). Therefore, for all proteins, except PTEN, high protein
expression was given a score of 2, moderate expression a score of 1,and
low expression a score of 0. For PTEN, this score was reversed; high
PTEN expression was given a score of 0, moderate expression a score of
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‘ Netherlands Cohort Study on diet and cancer (n = 120,852) ‘

A4

A4

I Random subcohort (n = 5,000) | |

CRC incidence after 20.3 years of follow-up l

v A 4 Vv

Colon | ‘ Rectosigmoid | ‘ Rectum ‘

I Exclusion of prevalent cases at baseline l

l |

4,774 4,597

| ! |

3,144 427 1,026

’ Exclusion of cases without PALGA-linkage, surgical specimen, colonoscopic resection, or with neoadjuvant therapy ‘

! |

NA 3,872

! ! !

2,690 376 806

I Exclusion of cases without donor lab approval, pathology report, or available FFPE block l

! |

NA 3,021

| ! !

2,118 308 595

I Exclusion of cases with unusable tumor block, or without tumor tissue cores on TMA blocks l

l |

NA 2,694

! ! !

1,897 274 523

‘ Exclusion of cases who did not pass QC of TMA-slides based on H&E/pan-CK ‘

l !

NA 2,497

| ! !

1,770 251 476

I Exclusion of cases with incomplete data on immunohistochemical expression of LDHA, GLUT1, MCT4, PKM2, P53, PTEN l

| |

NA 2,399

! ! |

1,688 233 454

‘ Exclusion of participants with incomplete or inconsistent exposure/covariate data ‘

| |

3,911 1,972

Figure 1.

! ! l

1,427 191 354

Flow diagram of the number of colorectal cancer cases and subcohort members; NLCS, 1986-2006. CRC, colorectal cancer; NA, not applicable; PALGA, Dutch
Pathology Registry; FFPE, formalin-fixed paraffin-embedded; TMA, tissue microarray; QC, quality control; H&E, hematoxylin & eosin; pan-CK, pan-cytokerin.

1, and low expression a score of 2. The sum score is the sum of scores of
all proteins (range: 0-12), whereby a higher score indicates a higher
likeliness of presence of the Warburg effect. For statistical efficiency,
cases were then divided into tertiles based on the sum score to establish
Warburg subtypes. Distribution of the sum score did not differ
according to sex or tumor location, leading to the following cutoffs
for all cases: cases with sum scores 0-3 were classed as “Warburg-low”
(n = 698, 29.1%), sum scores 4-5 as “Warburg-moderate” (n = 859,
35.8%), and sum scores 6-12 as “Warburg-high” (n = 842,
35.1%; Fig. 2). Clinical characteristics of the cases stratified on War-
burg subtypes are shown in Supplementary Table S5.

AACRJournals.org

Energy balance-related factors

All NLCS participants returned a mailed, self-administered
questionnaire on anthropometry, physical activity, diet, and other
risk factors at baseline in 1986 (24). BMI at baseline (kg/mz) was
calculated using baseline weight (kg) divided by height squared
(m?). Participants were asked to report their lower body clothing
size (trouser/skirt) from their clothing label (Dutch sizes). This has
previously been shown to be an adequate proxy for waist circum-
ference when predicting cancer risk in the NLCS (33). To estimate
levels of nonoccupational physical activity, participants were asked
to report the average daily time spent on activities like walking,

Cancer Epidemiol Biomarkers Prev; 31(3) March 2022
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Cores scored by 2 or 3 non-pathologist assessors l
| Same score given by 22 non-pathologist assessors l ’ Different scores given by all assessors ‘
5 ‘ Combination score = unanimous score ‘ ‘ Combination score = ‘discordant score’ ‘
>
Q
= v
Q
© | Consensus between assessors or assessment by pathologist l
‘ Final score ‘
Score core 1 ‘ | Score core 2 ‘ | Score core 3 ‘
Average score l
LDHA GLUT1 MCT4 PKM2 P53 PTEN reversed
Ny =846 Nigw = 1,001 Now = 1,234 Niow = 1,138 Mow =1,178 Nigw = 941
Nmog = 1,133 Nmod = 830 Nmod = 668 Nmod = 624 Nmod = 270 Nmod = 1,266
nhigh =420 nhigh =568 nhigh =497 Mhigh = 637 nhigh =951 nhigh =192
- J J J J J J
>
é Sum score = LDHA + GLUT1 + MCT4 + PKM2 + P53 + reversed PTEN
8 Low expression: score 0; Moderate expression: score 1; High expression: score 2
Warburg-low (sumscores 0-3) Warburg-moderate (sumscores 4-5) Warburg-high (sumscores 6-12)
n =698 n=2859 n=2842
0:n=30 4:n =433 6:n=337 10:n=21
1:n=126 5:n=426 7-n=272 11:n=5
2:n=201 8:n=149 12:n=1
3:n=341 9:n=57
Figure 2.

Flow diagram of getting from multiple core-level scores to case-level Warburg subtypes. i, = humber of people with low expression; n,oq = number of people with
moderate protein expression; nnign = Number of people with high protein expression.

cycling, or doing sports, as described in more detail previously (34).
For occupational physical activity, energy expenditure and sitting
time were estimated for the longest held job, which was self-
reported at baseline. Jobs were classified as low, moderate, or high
activity, as described previously (34). Energy expenditure was
classified as <8, 8-12, and >12 kJ/minute, and sitting time as sitting
for >6, 2-6, and <2 working hours/day. Data on occupational
physical activity were only available for the subcohort and for cases
until 17.3 years of follow-up, because funding for later data entry
and classification of occupations was unavailable. Furthermore, we
did not analyze occupational physical activity measures in women
because many did not have paid jobs (34).

Cox regression models

After excluding participants with incomplete or inconsistent data
on exposure variables or confounders, 3,911 subcohort members
and 1,972 colorectal cancer cases were available for analyses (Fig. 1).

636 Cancer Epidemiol Biomarkers Prev; 31(3) March 2022

Associations between energy balance-related factors and colorectal
cancer risk were investigated stratified on sex, tumor location, and
Warburg subtypes. Cox proportional hazards models were used to
estimate hazard ratios (HR) and 95% confidence intervals (CI) for
the association between colorectal cancer and BMI (according to
sex-specific quartiles, and per 5 kg/m* increase), clothing size
(according to sex-specific quartiles, and per two sizes increase),
nonoccupational physical activity (in categories of <30, 30-60,
60-90, >90 minutes per day, and per 30 minutes/day increase),
and, for men, occupational physical activity (energy expenditure in
categories of <8, 8-12, >12 kJ/minute; sitting time in categories of
>6, 2-6, and <2 working hours/day). Standard errors of the HRs
were estimated using the Huber-White sandwich estimator to
account for additional variance introduced by sampling the sub-
cohort from the total cohort (35). The proportional hazards
assumption was tested using the scaled Schoenfeld residuals (36)
and by introducing time-covariate interactions into the models.
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All multivariable models were adjusted for age, total energy
intake (kcal/day), family history of colorectal cancer (yes/no), and
alcohol intake (0; 0.1-4; 5-14; >15 g/day). BMI and clothing size
models were additionally adjusted for nonoccupational physical
activity (minutes/day), and BMI models for height (cm). All phys-
ical activity models were additionally adjusted for BMI. Moreover,
clothing size and BMI models were mutually adjusted as an
indication of fat distribution, where clothing size adjusted for BMI
represents a proxy for abdominal fatness, and BMI adjusted for
clothing size as a proxy for subcutaneous fatness (33, 37). Potential
additional confounders were smoking status (never/former/cur-
rent), level of education (primary or lower vocational education;
secondary or medium vocational education; higher vocational
education or university), red meat consumption (g/day), and pro-
cessed meat consumption (g/day). These potential confounders
were included in multivariable models if they introduced a 210%
change in HRs.

Heterogeneity in associations between risk factors and
Warburg subtypes was tested to evaluate differences across tumors
expressing different levels of proteins involved in the Warburg
effect. This was done using an adapted version of the competing
risks procedure in Stata developed for the case-cohort design, as
described previously (38, 39).

Sensitivity analyses were performed by excluding the first 2 years of
follow-up. Furthermore, analyses were performed for two instead of
three Warburg subtypes (Warburg-low: sum score 0-4; Warburg-
high: sum score 5-12) to increase power.

All analyses were conducted in Stata Statistical Software: Release 16
(StataCorp.).

Results

Baseline lifestyle characteristics of subcohort members and
colon and rectal cancer cases, overall and according to Warburg
subtypes, are shown in Table 1. Overweight and obesity were more
often observed in colorectal cancer cases compared with subcohort
members, especially for Warburg-moderate and Warburg-high
colorectal cancer cases in men, and for Warburg-low colorectal
cancer cases in women. Clothing size, as a proxy for waist
circumference, showed similar trends. Male colon cancer cases
showed equal levels of high nonoccupational physical activity as
subcohort members, but slightly lower levels of occupational
energy expenditure and higher levels of occupational sitting time.
In contrast, male rectal cancer cases more often showed high
levels of nonoccupational physical activity and low occupational
sitting time, especially for the Warburg-high subtype. Female cases
less often showed high levels of nonoccupational physical activity
compared with female subcohort members, especially in the
Warburg-low and Warburgh-moderate groups for colon and in
the Warburg-high group for rectal cancer. Warburg-high cases
generally had the lowest level of education compared with
Warburg-low and Warburg-moderate cases, except for men with
colon cancer. Furthermore, a family history of colorectal cancer
occurred less frequently in the Warburg-high subgroup compared
with Warburg-low or Warburg-moderate subgroups for rectal
cancer.

Tables 2-5 show multivariable-adjusted Cox regression models for
energy balance-related factors in Warburg subtypes, stratified on sex
and tumor location. Age-adjusted Cox regression models are shown in
Supplementary Tables S6-S9; results were similar to those of multi-
variable-adjusted models. Age was included as a time-varying covar-
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iate in all models, because of violation of the proportional hazards
assumption.

Adiposity

Both BMI and clothing size showed a positive association with total
colon cancer risk in men (Tables 2 and 3), with HR (95% CI) of 1.24
(1.07-1.44) per 5 kg/m2 increment and of 1.31 (1.14-1.49) per two
sizes increment. HRs for the same increments were enhanced for
Warburg-moderate and Warburg-high subtypes [Warburg-moderate:
HRgyy1 (95% CI): 1.26 (1.01-1.57); HRgomhing: 1.45 (1.18-1.78); War-
burg-high: HRpyp: 1.39 (1.11-1.75); HRuothing: 1.28 (1.06-1.56)],
whereas the Warburg-low subtype showed weaker associations.
After additional adjustment for clothing size, as a proxy for sub-
cutaneous fatness, a similar association was found for Warburg-
high [HRsjg/m, (95% CI): 1.42 (1.07-1.88)], whereas associations for
total and Warburg-moderate colon cancer diminished (Supplemen-
tary Table S10). In contrast, adjustment for BMI in clothing size
models, as a proxy for abdominal fatness, led to similar associations
for Warburg-moderate [HRyyo sizes (95% CI): 1.41 (1.11-1.78)], but
weaker associations for Warburg-high colon cancer [HRewo sizes
(95% CI): 1.15 (0.93-1.42)] (Supplementary Table S11). Neither
BMI nor clothing size models showed statistically significant het-
erogeneity between Warburg subtypes.

For rectal cancer, no associations with BMI or clothing size were
observed in men (Table 2 and 3). After mutual adjustment, neither
BMI nor clothing size showed statistically significant associations
(Supplementary Table S10 and S11).

In women, BMI was not associated with colon cancer risk
(Table 2), whereas clothing size showed a weak positive association
with colon cancer risk [HRyyo sizes (95% CI): 1.09 (0.95-1.24)]
(Table 3). This association was stronger for Warburg-low
and Warburg-high subtypes [per two sizes: HRwarburglow
(95% CI): 1.27 (0.96-1.69); HRyarburghign: 1.20 (1.01-1.42)],
whereas the association for Warburg-moderate seemed
to be inverse [HRyyo sizes (95% CI): 0.84 (0.69-1.02)]. Statistically
significant heterogeneity between Warburg subtypes was observed
for clothing size models per two sizes (continuous Pheterogencity =
0.007), as well as for models on quartiles of clothing size
(categorical Pheterogencity = 0.018). Mutual adjustment, as an indi-
cation of fat distribution, resulted in inverse associations for
BMI (Supplementary Table S10), and stronger associations for
clothing size (Supplementary Table S11). However, BMI and cloth-
ing size showed high correlation in women (Spearman rank
correlation: 0.76).

For rectal cancer, no associations were found for either BMI or
clothing size in women (Table 2 and 3). Neither BMI nor clothing size
showed statistically significant associations after mutual adjustment
(Supplementary Tables S10 and S11).

Physical activity

Nonoccupational physical activity was not associated with
total colon cancer risk in men (Table 4). Stratification on Warburg
subtypes did not lead to different associations. Energy expenditure
at work was associated with a nonsignificant decreased risk
of colon cancer (Table 5), and similar associations were shown
for all Warburg subtypes. Lower occupational sitting time was
associated with a statistically significant decreased risk of colon
cancer (Table 5), with HR (95% CI) for sitting <2 hours/day versus
>6 hours/day of 0.69 (0.53-0.91), and statistically significant trend
over categories (P = 0.007). After stratification on Warburg
subtypes, associations were in the same direction but reached
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statistical significance only for the Warburg-moderate group
[HR (95% CI): 0.64 (0.43-0.94); Pyrendcaregories = 0.025). Tests
for heterogeneity did not reach statistical significance for any of
these exposures.

For rectal cancer, nonoccupational physical activity showed a
positive association in men (Table 4), with HR (95% CI) of 1.05
(0.99-1.10) per 30 minutes/day and a statistically significant trend over
categories (Pirendcategories = 0.004). The association was stronger for the
Warburg-high subtype [HR3omin/day (95% CI): 1.10 (1.02-1.19)], with
a statistically significant trend over categories (Pyendcategories < 0-001).
Heterogeneity between Warburg subtypes was not statistically signif-
icant. For occupational physical activity, no clear associations were
found with rectal cancer risk (Table 5).

In women, nonoccupational physical activity was associated with
decreased colon cancer risk (Table 4), with HR (95% CI) of 0.96 (0.90-
1.02) per 30 minutes/day, and a statistically significant trend
over categories (Pirendcategories = 0-008). After stratification on War-
burg subtypes, a similar association was found for Warburg-low
[HRSOmin/day (95% CI) 0.96 (086_108)’ Plrendcategories = OO42]> a
stronger effect for Warburg-moderate [HR3gmin/day (95% CI): 0.87
(0.78-0.96); Pirendcategories = 0.006), and no effect for Warburg-high. A
statistically significant difference in associations per 30 minutes/day
increase was found between Warburg subtypes (Pheterogeneity = 0.050),
but not for categorical models.

For rectal cancer, no statistically significant associations for non-
occupational physical activity were found in women (Table 4).

Sensitivity analyses

Sensitivity analyses excluding the first 2 years of follow-up did not
lead to essential changes. Furthermore, analyses with two instead of
three Warburg subtypes generally led to similar conclusions. Associa-
tions that were found for the Warburg-moderate subtype (e.g., occu-
pational sitting time with colon cancer in men) when using three
Warburg subtypes, resulted in similar associations for Warburg-low
and Warburg-high subtypes when two Warburg subtypes were used.

Discussion

The role of metabolic reprogramming, in particular the Warburg
effect, in cancer development is becoming increasingly recog-
nized (22, 23). We investigated whether the associations between
energy balance-related factors and colorectal cancer risk differ between
tumors expressing low versus high levels of proteins involved in the
Warburg effect. In this prospective cohort study, we found positive
associations for BMI and clothing size with risk of Warburg-moderate
and Warburg-high colon cancer in men. In women, clothing size
showed positive associations with Warburg-low and Warburg-high
colon cancer. Nonoccupational physical activity was inversely asso-
ciated with Warburg-low and Warburg-moderate colon cancer in
women, and occupational sitting time was inversely associated with
Warburg-moderate colon cancer in men. In contrast, nonoccupational
physical activity was positively associated with Warburg-high rectal
cancer in men. Statistically significant heterogeneity between Warburg
subtypes was found for clothing size and nonoccupational physical
activity and risk of colon cancer in women, whereas differences found
in men did not show statistically significant heterogeneity.

Previous studies classifying colorectal cancer into so-called meta-
bolic subtypes (40) or specifically glycolysis-related subtypes (41)
focused mainly on prognosis. Up to now, there are no studies
relating etiologic research to metabolic/glycolysis/Warburg subtypes
in colorectal cancer. However, studies have investigated the relation-
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ship between proposed precursors (i.e., leptin, adiponectin, insulin,
IGF-1) of the Warburg effect in relation to colorectal cancer
development (12-14). It has been suggested that leptin, adiponectin,
insulin, and IGF-1 can influence PI3K/Akt signaling (16), leading to
the metabolic switch towards the Warburg effect (17, 18). Leptin,
insulin, and IGF-1 have been associated with increased risk of
colorectal cancer (12-14), whereas adiponectin has been associated
with a decreased colorectal cancer risk (14). However, results of
these associations are rather inconsistent, which is likely caused by
differences in study design (12, 14), because it is difficult to
differentiate between cause and effect with circulating biomarkers,
especially when biomarker levels in the serum are measured at the
time of cancer diagnosis (e.g., case—control design). The current
study, however, has a prospective cohort design, where the pro-
posed mechanism is measured in tumor tissue instead of serum,
hereby adding further insights in the link between energy balance
and colorectal cancer risk.

The observed differences in associations between energy balance—
related factors and Warburg subtypes in colorectal cancer, further
varying by sex and tumor location, suggest that various carcinogenic
mechanisms may explain the link between energy balance and colo-
rectal cancer.

Adiposity

The current results suggest a role of the Warburg effect in colon
cancer risk enhancement resulting from increased adiposity in both
men and women (associations Warburg-high), but an additional
mechanism might be involved in women (associations Warburg-
low). A possible explanation for this additional mechanism in
women might be related to sex hormones. Gunter and collea-
gues (42) have previously reported a positive association between
estradiol (an endogenous estrogen) levels and colorectal cancer risk
in postmenopausal women, potentially through promotion of can-
cer cell proliferation by estradiol, as well as for hyperinsulinemia
and IGF-1 with colorectal cancer risk. They proposed that at least
two pathways are related to the obesity-colorectal cancer link in
postmenopausal women, one involving estradiol and one involving
hyperinsulinemia and IGF-1 signaling. These proposed pathways
might support the current results, where the pathway involving
insulin and IGF-1 reflects the associations with the Warburg-high
subtype. The associations we found for the Warburg-low subtype,
which are thus not linked to the Warburg effect, might be explained
by aberrant signaling of sex hormones.

Mutually adjusted BMI and clothing size models might give some
further insight in the associations between adiposity and Warburg
subtypes. Although we do not have data on visceral adipose tissue
(VAT) or subcutaneous adipose tissue (SAT), it has been shown that
waist circumference could be used as a surrogate of VAT, especially
when BMI is added to the model, and that BMI better predicts SAT in
men, especially when adjusting for waist circumference (37). The
difference we found between Warburg-moderate and Warburg-high
subtypes in men with colon cancer in mutually adjusted models of BMI
and clothing size might be explained by differences in fat distribution.
VAT seems to be an indicator of adiponectin levels, whereas SAT
influences leptin levels (43). The role of adiponectin in the enhance-
ment of the Warburg effect is less established compared with that of
leptin (5). This suggests that adiponectin might not be associated with
the Warburg effect, which might possibly explain why clothing size
associations with Warburg-high colon cancer were attenuated after
adjustment for BMI (proxy VAT), whereas BMI associations did not
change after adjustment for clothing size (proxy SAT), and vice versa
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for Warburg-moderate. Though we should be careful with drawing
any conclusions because we only have proxy measures for VAT and
SAT, we believe these differences are interesting and studies with well-
defined data on fat distribution are required to further investigate this.
For women, we refrain from interpreting results from mutually
adjusted BMI and clothing size models, since the changes in HRs
might be caused by multicollinearity (for comparison, the Spearman
rank correlation was 0.53 for men and 0.76 for women).

Physical activity

Interestingly, both higher levels of nonoccupational physical activity
in women and less occupational sitting time in men were inversely
associated with Warburg-low and -moderate colon cancer. These
observations might indicate that the Warburg effect is not involved,
atleast not to a great extent, in the relation between measures of physical
activity and colon cancer. Potentially, some of the proteins of our
Warburg panel are involved in the association, but not all. Very few
studies have investigated whether any of these proteins are involved in
the etiologic link between physical activity and colon cancer. Shirvani
and colleagues (44) found increased levels of the tumor-suppressor P53
in mice after exercise training. However, Slattery and colleagues (45)
did not find a difference in associations of physical activity for
tumors with and without a P53 mutation in a case-control study.
Further research, preferably in large prospective cohorts, is required
to examine which markers might be involved in this link. In women,
inverse associations for nonoccupational physical activity were
found for Warburg-low colon cancer as well, indicating that the
Warburg effect is not involved. A possible explanation for this
association might be the decreased exposure to fecal carcinogens of
the colonical mucosal surface, due to a shorter bowel transit
time (4). This is further underlined by the results of Song and
colleagues (46), who found a reduction in transit time for highly
physically active women, but not men.

We observed a positive association for physical activity and risk of
Warburg-high rectal cancer in men. Positive, though nonsignificant,
associations have previously been reported for rectal cancer within the
NLCS (34), as well as other studies (47-49), but results from meta-
analyses suggest that physical activity is not related to rectal cancer in
men (2, 4). For now, we do not have an explanation for this coun-
terintuitive finding. Further research is necessary to see whether this
relation will be observed in other populations.

Strengths and limitations

A major strength of this study is the large prospective popula-
tion-based cohort design with long follow-up (20.3 years) and
availability of tumor material from a large number of incident
colorectal cancer cases. This enabled us to combine extensive
epidemiologic lifestyle data with molecular pathologic profiling of
tumor tissue for a large number of incident colorectal cancer cases.
However, despite the large sample size, the number of cases in final
statistical analyses was limited for some groups (especially rectal
cancer) due to heterogeneity in sex and tumor location. In partic-
ular, the absence of clear differences in associations between War-
burg subtypes in rectal cancer might be caused by a lack of statistical
power. Other large prospective cohort studies with availability of
tumor specimens might help to further investigate the mechanisms
for rectal cancer, as well as confirming our findings for colon cancer.
Furthermore, due to the heterogeneity based on sex and tumor
location, multiple testing might have been a problem in the current
study. Even though our analyses were hypothesis-driven, this is a
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common issue in MPE studies (50). It is therefore important that
our analyses will be replicated in large (MPE) studies. Another
common problem in MPE studies is selection bias based on referral
hospital (50). However, for the current study, FFPE blocks of
incident cancer cases within the NLCS were collected from 43
hospitals throughout the Netherlands, both academic and periph-
eral, minimizing the risk of selection bias. A third problem with
MPE studies is the usage of TMAs instead of full sections. Even
though the TMA-technique enables large-throughput analyses at
reduced costs (51), it may not provide a full picture of the tumor.
Still, in the construction of TMAs, cores were sampled in different
regions to capture potential tumor heterogeneity. In addition, IHC
scoring on these TMA sections is often performed by non-
pathologists (e.g., PhD students or technicians), because the num-
ber of cores are often very large in MPE studies, making it
impossible for a pathologist to score all available material. However,
we have previously shown that non-pathologists can produce
reproducible IHC-scoring results, similar to those of a pathologist,
after sufficient training by an experienced pathologist (29).

To enable replication of the current results, we used a transparent
way of making subtypes by using a simple sum score of six proteins
involved in the Warburg effect. We acknowledge that this also
entails some disadvantages, as it probably does not reflect all factors
involved in the Warburg effect. For example, a case classified as
Warburg-low might still show high expression for one of the proteins,
whereas a case classified as Warburg-high might show high expres-
sion in only half of the proteins. This might be the reason why
several associations were found for either Warburg-low and War-
burg-moderate, or Warburg-high and Warburg-moderate. By using
a Warburg-moderate group here, we were able to compare the more
extreme cases and reduce misclassification in Warburg-low and
Warburg-high subtypes. In addition, the six proteins used for the
sum score and subsequent Warburg subtypes are a selection of the
total pathway, and might not capture the full picture. However,
capturing the complete pathway is nearly impossible considering
time and budgetary constraints. We aimed to capture the Warburg
effect by incorporating proteins from different levels of the pathway
in this sum score (i.e., from upstream regulators, glucose import,
glycolysis, to lactate secretion), attempting to provide a compre-
hensive view of the Warburg effect.

Because we were the first to study the associations between energy
balance-related factors and risk of Warburg subtypes in colorectal
cancer, our results should be interpreted with caution because vali-
dation of the current findings is needed.

Conclusion

In this large prospective cohort study, we found that associations
of energy balance-related factors and colorectal cancer risk differed
between Warburg subtypes, further varying by sex and tumor
location. The Warburg effect seems to be involved in associations
between adiposity and risk of colon cancer, both in men and
women, though additional mechanisms are probably at play in
women as well. The link between physical activity and colon cancer
is probably explained by mechanisms other than the Warburg
effect. Further research is needed to reproduce these results, and
investigate possible additional mechanisms.
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