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BACKGROUND & AIMS: Evidence supports a carcinogenic role
of Escherichia coli carrying the pks island that encodes enzymes
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for colibactin biosynthesis. We hypothesized that the associa-
tion of the Western-style diet (rich in red and processed meat)
with colorectal cancer incidence might be stronger for tumors
containing higher amounts of pksþ E coli. METHODS: Western
diet score was calculated using food frequency questionnaire
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

The Western-style diet has been weakly associated with
colorectal cancer risk; however, whether the association
of a Western-style diet with colorectal cancer incidence
varies by gut microbe remains unclear.

NEW FINDINGS

This analysis of 2 United States longitudinal prospective
cohort studies showed that the association of a
Western-style diet with colorectal cancer incidence was
stronger for tumors containing higher amounts of pks
island-carrying Escherichia coli.

LIMITATIONS

Our cohorts consisted predominantly of non-Hispanic
Whites. Therefore, further studies using other
populations are needed, as well as experimental
confirmation to investigate the mechanisms.

IMPACT

These findings provide evidence supporting the role of the
specific bacterium in mediating a pathogenic link between
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data obtained every 4 years during follow-up of 134,775 par-
ticipants in 2 United States-wide prospective cohort studies.
Using quantitative polymerase chain reaction, we measured
pksþ E coli DNA in 1175 tumors among 3200 incident colorectal
cancer cases that had occurred during the follow-up. We used
the 3200 cases and inverse probability weighting (to adjust for
selection bias due to tissue availability), integrated in
multivariable-adjusted duplication-method Cox proportional
hazards regression analyses. RESULTS: The association of the
Western diet score with colorectal cancer incidence was
stronger for tumors containing higher levels of pksþ E coli
(Pheterogeneity ¼ .014). Multivariable-adjusted hazard ratios
(with 95% confidence interval) for the highest (vs lowest)
tertile of the Western diet score were 3.45 (1.53–7.78) (Ptrend ¼
0.001) for pksþ E coli-high tumors, 1.22 (0.57–2.63) for pksþ E
coli-low tumors, and 1.10 (0.85–1.42) for pksþ E coli-negative
tumors. The pksþ E coli level was associated with lower disease
stage but not with tumor location, microsatellite instability, or
BRAF, KRAS, or PIK3CA mutations. CONCLUSIONS: The
Western-style diet is associated with a higher incidence of
colorectal cancer containing abundant pksþ E coli, supporting a
potential link between diet, the intestinal microbiota, and
colorectal carcinogenesis.
diet and colorectal cancer and the importance of diet for
cancer prevention.
Keywords: Immunology; Microbiome; Molecular Pathological
Epidemiology.

ccumulating evidence indicates that certain intesti-
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fessionals Follow-up Study; IPW, inverse probability weighting; MSI, mi-
crosatellite instability; NHS, Nurses’ Health Study; PCR, polymerase chain
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Anal microorganisms influence colorectal tumor
development through DNA damage, inflammation, and other
mechanisms.1–5 Among intestinal bacteria, Escherichia coli
(E coli) strains of the B2 phylotype commonly harbor the
54-kilobase pks pathogenicity island that encodes enzymes
for colibactin biosynthesis.1,3,6 Experimental studies have
shown that colibactin can alkylate DNA, induce DNA double-
strand breaks, and cause a specific somatic mutational
pattern in human cells.7–9 However, human population
studies are needed to better understand the role of pks
island-carrying E coli (hereafter referred to as pksþ E coli) in
colorectal cancer.

Diet and nutrition are considered crucial factors for
colorectal cancer development. A meta-analysis has shown a
weak-to-modest relationship between Western dietary pat-
terns and colorectal cancer risk.10 An experimental study
indicates that a Western-style diet (characterized by a high
intake of red and processed meat, sugar, and refined grains
and low intake of vegetables and legumes) can induce sys-
temic and intestinal inflammation.11 Considering the
possible interplay between diet and pathogenic bacteria,
studying the Western-style diet in relation to pksþ E coli
within colorectal tumor tissue is of particular interest. Such
analyses may contribute to the development of cancer-
prevention strategies targeting diet and microbiota.

In this study, we tested the hypothesis that the associ-
ation of the Western-style diet with colorectal cancer inci-
dence might be stronger for tumors containing higher
amounts of pksþ E coli. We used a molecular pathologic
epidemiology database of 2 United States (US)-wide
Downloaded for Anonymous User (n/a) at Harvard Universit
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longitudinal prospective cohort studies with incident colo-
rectal cancer cases. This comprehensive data set offered a
unique opportunity to examine the long-term dietary pat-
terns of individuals (who had not known whether they
would develop cancers or not) in relation to colorectal
cancer incidence subclassified by pksþ E coli levels, while
adjusting for potential confounders and selection bias due to
tissue availability. In addition, we comprehensively assessed
clinical, pathologic, molecular, and prognostic features ac-
cording to the amount of pksþ E coli in colorectal carcinoma
tissue.
Materials and Methods
Study Population and Dietary Assessment

We used 2 prospective cohort studies in the US, namely, the
Nurses’ Health Study (NHS; 121,700 women aged 30–55 years
at enrollment in 1976)12,13 and the Health Professionals
Follow-up Study (HPFS; 51,529 men aged 40–75 years at
enrollment in 1986)13,14 (Figure 1). Study participants had
been monitored by use of questionnaires every 2 years on
lifestyle and diagnoses of major diseases. The response rate has
y from ClinicalKey.com by Elsevier on August 04, 2023. 
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Figure 1. Flow diagram of the study population in the Nurses’
Health Study and the Health Professionals Follow-up Study.
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exceeded 90% for each follow-up questionnaire cycle in both
cohorts. Dietary data were collected using self-administrated
semiquantitative food frequency questionnaires in 1984,
1986, and every 4 years thereafter in the NHS, and every
4 years since 1986 in the HPFS. Validity of semiquantitative
food frequency questionnaires in the assessment of dietary
intake was extensively assessed and documented in studies by
using diet records and plasma nutrients.15–17 Total nutrient
intakes were calculated by summing intakes from all foods and
adjusted for total energy intake by the residual method. In this
study, we used data from 134,775 participants who provided
sufficient longitudinal dietary information.

The participants had been monitored since the baseline
questionnaire return until colorectal cancer diagnosis, loss to
follow-up, end of follow-up (June 1, 2014, for the NHS; January
1, 2014, for the HPFS), or death, whichever came first. Partic-
ipants who had major illnesses, including colorectal cancer,
reported those through questionnaires. Unreported lethal
colorectal cancer cases were ascertained through use of the
National Death Index. Clinical information, such as tumor
location and disease stage based on the American Joint Com-
mittee on Cancer classification, was extracted from medical
record by a study physician.18 We included both colon and
rectal carcinomas based on the colorectal continuum model.19

We gathered formalin-fixed paraffin-embedded (FFPE) tis-
sue blocks from pathology files of hospitals throughout the US
where the patients’ tumors were resected. Histopathologic
Downloaded for Anonymous User (n/a) at Harvard Universit
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features, including tumor differentiation, extracellular mucin,
and signet ring cells, were evaluated by the study pathologist
(S.O.).20 In this study, the inverse probability weighting (IPW)
method using cases with available tissue bacterial data (n ¼
1175) and those without tissue bacterial data (n ¼ 2025) was
integrated into duplication method Cox proportional hazards
regression analysis to adjust for selection bias due to tissue
bacterial data availability (Figure 1). Characteristics of the cases
with tissue bacterial data were similar to those without tissue
bacterial data (Supplementary Table 1). In addition, during an
assay validation step, we used tissues from 21 anonymized
colorectal cancer patients who underwent surgical resections at
the Brigham and Women’s Hospital or Kumamoto University.

Informed consent was obtained from all participants at
enrollment and consent for tissue specimen use was addition-
ally obtained before tissue collection. This study protocol was
approved by the Institutional Review Boards of the Brigham
and Women’s Hospital (Boston, MA) and Kumamoto University
(Kumamoto, Japan), and those of participating registries as
required.

Tumor Tissue Analyses
Genomic DNA was extracted from archival FFPE tissue

sections of colorectal carcinoma using the QIAamp DNA FFPE
Tissue Kit and GeneRead DNA FFPE Kit (Qiagen, Hilden, Ger-
many). We used custom TaqMan primer-probe sets (Applied
Biosystems, Foster City, CA) for the clbB gene DNA sequence of
pksþ E coli4 and for the reference human gene SLCO2A1 that has
been used in other bacterial assays on FFPE tissue-derived
DNA21 (the names used follow the recommendations for stan-
dardized nomenclature of genes and their products by an
expert panel22). Genomic DNA concentration derived from
samples was measured by Qubit Fluorometer (Thermo Fisher
Scientific, Waltham, MA). Each reaction contained 20 ng of
genomic DNA and was assayed in 20 mL reactions containing
1� final concentration TaqMan Environmental Master Mix 2.0
(Applied Biosystems) in a 96-well optical polymerase chain
reaction (PCR) plate. Amplification and detection of DNA were
performed with a QuantStudio 3 Real-time PCR System
(Thermo Fisher Scientific) using the following reaction condi-
tions: 10 minutes at 95�C and 45 cycles of 15 seconds at 95�C,
30 seconds at 57�C, and 30 seconds at 72�C. The primer and
probe sequences for each TaqMan Gene Expression Assay were
as follows: pksþ E coli forward primer, 50-GCAACA-
TACTCGCCCAGACT-30; pksþ E coli reverse primer, 50-
TCTCAAGGCGTTGTTGTTTG-30; pksþ E coli FAM probe,
50-CAAGGTGCGCGCTAGGCTGT-30; SLCO2A1 forward primer, 50-
ATCCCCAAAGCACCTGGTTT-30; SLCO2A1 reverse primer, 50-
AGAGGCCAAGATAGTCCTGGTAA-30; and SLCO2A1 VIC probe,
50-CCATCCATGTCCTCATCTC-30.

To validate our PCR assay, Sanger dideoxy sequencing was
performed on the PCR product from 3 anonymized patients
with colorectal carcinoma in which the PCR assay detected pksþ

E coli DNA. The PCR product (165 base pairs) using the forward
and reverse primer sets was isolated by agarose gel electro-
phoresis. The isolated PCR product was amplified by subclon-
ing and sequenced by Sanger dideoxy sequencing using the
BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher
Scientific). We used Competent Quick DH5a (Toyobo, Osaka,
Japan) and QIAprep Spin Miniprep Kit (Qiagen) in the trans-
formation and extraction.
y from ClinicalKey.com by Elsevier on August 04, 2023. 
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Figure 2. Assessment of linearity in quantitative real-time PCR assay. (A) Quantitative real-time PCR assay for pksþ E coli DNA
and the human reference gene SLCO2A1 using 2-fold dilution series (10, 20, 40, and 80 ng) from the same DNA specimen from
FFPE tissue. (B) Quantitative real-time PCR assay for pksþ E coli DNA using 10-fold dilution series (0.0001, 0.001, 0.01, 0.1,
and 1 ng) from DNA from cultured pksþ E coli. Symbols indicate mean and the error bars show the standard deviation of CT
values of quadruplicate runs. The coefficient of determination (r2) in the assays for pksþ E coli DNA and SLCO2A1 is shown.
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We confirmed that the PCR product had sequence of the
clbB gene of pksþ E coli in all 3 patients. In 2 patients with
colorectal carcinoma with detectable pksþ E coli, the cycle
threshold (Ct) values for pksþ E coli and SLCO2A1 decreased
linearly with the amount of input DNA (in a log scale) from the
same specimens (r2 > 0.95) (Figure 2A). We also confirmed
that the Ct values (for pksþ E coli) decreased linearly (r2 >
0.99) with the amount of input DNA (in a log scale) from pksþ

E coli DNA (American Type Culture Collection, Manassas, VA)
(Figure 2B) and that there was no amplification of DNA from
E coli without the pks island (DH10B) (Thermo Fisher Scienti-
fic) as a negative control. These positive and negative controls
were used in each PCR run on the HPFS and the NHS speci-
mens. Furthermore, in 6 patients with colorectal carcinoma (3
positive and 3 negative for pksþ E coli DNA), the interassay
coefficient of variation of Ct values from each specimen was
<1% for both targets in repeated assays of 5 different batches
(Supplementary Table 2).

In the cohort cases, each specimen was analyzed in dupli-
cate for each target in a single batch, and we used the mean of
the 2 Ct values for each target. The amount of pksþ E coli was
calculated as a relative unit-less value normalized with
SLCO2A1 using the 2�DCt method (where DCt ¼ the average Ct
value of pksþ E coli � the average Ct value of SLCO2A1), as
previously described.23 Cases with detectable pksþ E coli were
dichotomized into high level vs low level based on the median
cutoff point. Microsatellite instability (MSI) status was deter-
mined based on PCR of 10 microsatellite markers (D2S123,
D5S346, D17S250, BAT25, BAT26, BAT40, D18S55, D18S56,
D18S67, and D18S487), as previously described.18 CpG island
methylator phenotype was determined using MethyLight as-
says24 of the 8 promoter CpG islands (CACNA1G, CDKN2A,
CRABP1, IGF2, MLH1, NEUROG1, RUNX3, and SOCS1).25

Methylation level of long-interspersed nucleotide element 1
was measured using bisulfite PCR and pyrosequencing, as
previously described.26 PCR and pyrosequencing were
Downloaded for Anonymous User (n/a) at Harvard Universit
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performed for KRAS (codons 12, 13, 61, and 146),27,28 BRAF
(codon 600), and PIK3CA (exons 9 and 20), as previously
described.29
Statistical Analysis
Detailed statistical analysis methods are described in the

Supplementary Methods. All statistical analyses were per-
formed using SAS 9.4 software (SAS Institute, Inc, Cary, NC),
and all P values were 2-sided. We adjusted the 2-sided a level
to 0.012 (w0.05/4) for multiple hypothesis testing by Bon-
ferroni correction, considering our use of 1 heterogeneity trend
test (for levels of pksþ E coli) and 3 stratum-specific (high, low,
and negative pksþ E coli) statistical trend tests.

The Western-style diet was derived by principal component
analyses of the extensive diet data, as previously described and
validated.12,14 Each participant was assigned a factor score,
determined by adding the reported frequencies of food item
intakes weighted by the factor loadings (Table 1). To capture
long-term habitual consumption, we calculated the cumulative
mean of the Western diet scores from all data-available pre-
ceding food frequency questionnaires up to each questionnaire
cycle. Table 1 reports the distribution of the Western diet
score in each cohort.

To limit the number of primary hypotheses, our pri-
mary hypothesis testing was the assessment of heteroge-
neity of the association of the Western diet score with the
incidence of colorectal cancer subclassified by tissue bac-
terial amount. We examined heterogeneity across the
ordinal tumor subtypes (by the 1 degree-of-freedom sta-
tistical trend test for negative vs low vs high) in the
multivariable-adjusted duplication-method Cox proportional
hazards model using the meta-regression method with a
subtype-specific random effect term.30 For statistical trend
tests, the diet score was used as a continuous variable with
cohort-specific ceilings at the 10th and 90th percentiles to
y from ClinicalKey.com by Elsevier on August 04, 2023. 
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Table 1.Distribution of Western Diet Scores and Factor
Loading Matrix for Western-Style Diet in Each
Cohort

Variable

Health
Professionals

Follow-up Study

Nurses’
Health
Study

Distribution (percentile)
Minimum �3.58 �3.98
1% �1.51 �1.45
5% �1.17 �1.06
10% �0.97 �0.85
25% �0.60 �0.47
50% �0.10 0.015
75% 0.49 0.56
90% 1.14 1.12
95% 1.59 1.50
99% 2.52 2.31

Maximum 10.0 9.66

Food itema

Unprocessed red meat 0.66 0.61
Processed meat 0.61 0.58
High fat dairy food 0.51 0.50
French fries 0.49 0.46
Eggs 0.47 0.41
Dessertsb 0.43 0.45
Condimentsc 0.39 0.36
Refined grains 0.38 0.38
Butter 0.38 0.50
Mayonnaise 0.36 0.34
Margarine 0.34 0.32
Snacksd 0.34
Pizza 0.33 0.36
Creamy soups 0.31 0.32
Sugar-sweetened beverages 0.31 0.33
Potatoes 0.34

aOnly items with correlation coefficients >0.30 are presented.
With the orthogonal rotation used, correlations are identical
to factor loading matrix.
bDesserts includes chocolate, candy bars, cookies, brownies,
cake, pie, and pastries.
cCondiments includes soy sauce, nondairy creamer, Wor-
cestershire sauce, red chili sauce, and pepper.
dSnacks includes chips, popcorn, and crackers.
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eliminate outlier effects. We also examined hazard ratios
for each cancer subgroup by comparing dietary score ter-
tiles as secondary analyses.

To control for selection bias due to tissue bacterial data
availability in the 1175 cases, we used the 3200 incident
colorectal cancer cases and the IPW method31 combined with
Cox proportional hazards regression models. Multivariable Cox
regression models were stratified by age, sex (cohort), and
questionnaire year and additionally adjusted for body mass
index (continuous, with 35 kg/m2 ceiling), pack-years smoked
(continuous, with 50 pack-years ceiling), first-degree relative
family history of colorectal cancer (yes vs no), previous colo-
noscopy/sigmoidoscopy (yes vs no), physical activity (contin-
uous, with 50 metabolic equivalent task score h/wk ceiling),
aspirin or nonsteroidal anti-inflammatory drug use (�2 tab-
lets/wk: yes vs no), multivitamin use (yes vs no), and alcohol
Downloaded for Anonymous User (n/a) at Harvard Universit
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consumption (continuous, with 30 g/d ceiling). In the NHS
(female)-only analyses, we additionally adjusted for post-
menopausal hormone use (yes vs no). For individuals with
missing data in one questionnaire, data from preceding ques-
tionnaires were used.

In secondary analyses to assess clinical, pathologic, and
molecular features according to pksþ E coli status (negative,
low, and high), we used the c2 test for categorical variables,
an analysis of variance for continuous variables, or Spearman
correlation analysis for ordinal variables. In secondary ana-
lyses to assess patient survival, we used IPW-adjusted
Kaplan-Meier analysis and multivariable Cox proportional
hazards regression models (see details in the Supplementary
Methods). In secondary analyses of the association of red
meat variables (total, unprocessed, and processed red meat
intake) with the incidence of colorectal cancer subclassified
by pksþ E coli status, we examined heterogeneity across the
ordinal tumor subtypes (by the 1 degree-of-freedom statisti-
cal trend test for pksþ E coli negative vs low vs high) in the
multivariable-adjusted duplication-method Cox proportional
hazards model using the meta-regression method with a
subtype-specific random effect term.
Results
We used data from 134,775 participants of the HPFS and

the NHS (Table 2 and Figure 1). During 3,766,179 person-
years of follow-up, we documented 3200 incident colorectal
cancer cases. In multivariable analyses using each cohort, the
Western diet score was weakly associated with colorectal
cancer incidence (Supplementary Table 3). Because the
results were similar in the 2 cohorts (Pheterogeneity >.6),
we combined the 2 cohorts for further analyses to maximize
statistical power while adjusting for cohort (ie, sex).

We developed and validated the assay to quantify pksþ

E coli DNA in tumor tissue. The assay, which was success-
fully conducted in duplicate in 1175 patients among the
3200 patients with colorectal cancer, detected pksþ E coli in
111 patients, whereas 1064 patients were negative for this
bacterium. Clinical, pathologic, and molecular features ac-
cording to the amount of pksþ E coli in colorectal carcinoma
tissue are summarized in Table 3. The amount of pksþ E coli
DNA was inversely associated with American Joint Com-
mittee on Cancer stage (P ¼ .008) but not with the other
features examined.

We examined the association of the Western diet score
with colorectal cancer incidence, using all 3200 incident
cases, the 1175 cases with bacterial data, and the remaining
2025 cases without bacterial data (Supplementary Table 4).
There was no substantial difference in the results from
these 3 analyses. To adjust for selection bias due to bacterial
data availability, we used the IPW method31 on the 3200
patients for further analyses.

Our analysis showed that the association of Western diet
scores with colorectal cancer incidence differed by tissue
pksþ E coli levels (Pheterogeneity ¼ .014) (Table 4), and was
stronger for tumors containing higher-level pksþ E coli.
Multivariable hazard ratios in individuals with scores in the
highest (vs the lowest) tertile of Western diet scores were
3.45 (95% confidence interval [CI], 1.53–7.78; Ptrend ¼ .001
y from ClinicalKey.com by Elsevier on August 04, 2023. 
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Table 2.Age-Standardized Characteristics According to Western Diet Score Tertiles in the Health Professionals Follow-up
Study (Men, 1986–2014) and the Nurses’ Health Study (Women, 1980–2014)

Characteristica

Health Professionals Follow-up Study Nurses’ Health Study

Western diet score Western diet score

Tertile 1 Tertile 2 Tertile 3 Tertile 1 Tertile 2 Tertile 3

Participants, No. 17,429 14,217 15,803 27,645 27,702 31,979

Mean age, y 65.1 64.7 63.3 62.8 61.3 60.0

Mean body mass index, kg/m2 25.3 25.9 26.3 24.9 25.3 25.9

Mean physical activity, METS h/wkb 29.6 27.2 26.2 12.4 10.5 9.3

Mean pack-years smoked 9.0 11.3 15.2 11.6 12.5 13.8

Family history of colorectal cancer 15.1 14.7 14.5 19.1 18.8 18.9

Previous endoscopy 25.1 24.9 22.6 28.6 27.6 26.3

Current multivitamin use 48.5 47.8 44.3 55.1 52.3 48.2

Regular aspirin or NSAID usec 43.7 48.4 49.4 57.7 60.6 60.8

Postmenopausal . . . 74.8 74.0 72.7

Current hormone used . . . 47.1 44.8 42.4

Dietary intake, mean
Total calorie intake, kcal/d 1,610 1,900 2,420 1,430 1,620 1,990
Unprocessed red meat, servings/d 0.30 0.56 0.88 0.45 0.63 0.82
Processed red meat, servings/d 0.12 0.28 0.56 0.15 0.28 0.47
Poultry, servings/d 0.40 0.39 0.39 0.34 0.31 0.31
Fruit, servings/d 2.82 2.39 2.25 2.49 2.18 2.07
Vegetable, servings/d 3.31 3.15 3.26 2.88 2.62 2.63
Alcohol, g/d 8.0 11.2 13.9 6.5 6.1 5.5
Folate, mg/d 619 545 481 494 424 371
Calcium, mg/d 1,030 928 860 1,070 927 819
Vitamin D, IU/d 515 428 368 429 355 299
Dietary fiber, g/d 25.7 21.5 19.1 18.9 16.1 14.3

NOTE. Data are shown as percentages unless indicated otherwise.
METS, metabolic equivalent task score; NSAID, nonsteroidal anti-inflammatory drug.
aUpdated information throughout follow-up was used to calculate the mean for continuous variables and the percentage for
categorical variables. All variables are age-standardized except age.
bPhysical activity is represented by the product sum of the METS of each specific recreational activity and hours spent on that
activity per week.
cRegular users are defined as �2 standard (325-mg) tablets of aspirin or �2 tablets of NSAIDs per week.
dProportion of current menopausal hormone use is calculated among postmenopausal women only.
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across the tertiles) for colorectal cancer with high-level pksþ

E coli, 1.22 (95% CI, 0.57–2.63) for cancer with low-level
pksþ E coli, and 1.10 (95% CI, 0.85–1.42) for cancer
without detectable pksþ E coli. In a sensitivity analysis, we
confirmed that the analysis without IPW yielded results
(Supplementary Table 5) similar to the IPW-adjusted
analysis.

In secondary subgroup analyses, we found similar dif-
ferential associations by pksþ E coli status in men and
women (Table 5). In analyses using patients stratified by
tumor MSI status (Supplementary Table 6), the differential
association by pksþ E coli status was apparent for the non–
MSI-high subtype, whereas statistical power was limited for
the MSI-high subtype.
Downloaded for Anonymous User (n/a) at Harvard Universit
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In secondary analyses to assess the prognostic associa-
tion of the amount of pksþ E coli, we conducted survival
analysis using the Kaplan-Meier method and Cox propor-
tional hazard regression (Supplementary Figure 1 and
Supplementary Table 7). In univariable analyses of colo-
rectal cancer–specific survival, there was a statistically
insignificant favorable prognostic association of the amount
of pksþ E coli (Ptrend ¼ .028, with the a level of 0.012), which
did not persist in multivariable analyses (Ptrend > .16).

We further examined whether red meat variables (total,
unprocessed, and processed red meat intake amounts),
which was the largest component of the Western diet score,
might be differentially associated with colorectal cancer by
pksþ E coli status (Supplementary Table 8). We found that
y from ClinicalKey.com by Elsevier on August 04, 2023. 
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Table 3.Clinical, Pathologic, and Molecular Characteristics of Colorectal Cancer Cases According to the Amount of pksþ

Escherichia coli DNA in Colorectal Cancer Tissue

Characteristica

All cases

Amount of pksþ E coli DNA in colorectal cancer tissue

P valueb

Negative Low High

(n ¼ 1175) (n ¼ 1064) (n ¼ 55) (n ¼ 56)

Sex .28
Female (NHS) 656 (56) 588 (55) 31 (56) 37 (66)
Male (HPFS) 519 (44) 476 (45) 24 (44) 19 (34)

Age, y 69.0 ± 8.8 68.9 ± 8.8 69.6 ± 10.0 69.9 ± 8.1 .61

Year of diagnosis .09
�1995 399 (34) 371 (35) 12 (22) 16 (29)
1996–2000 375 (32) 333 (31) 18 (33) 24 (43)
2001–2008 401 (34) 360 (34) 25 (45) 16 (29)

Family history of colorectal cancer in first-degree relative(s) .17
Absent 935 (80) 854 (81) 42 (76) 39 (71)
Present 235 (20) 206 (19) 13 (24) 16 (29)

Tumor location .70
Cecum 202 (17) 182 (17) 11 (20) 9 (16)
Ascending to transverse 364 (31) 334 (32) 16 (29) 14 (25)
Descending to sigmoid 355 (30) 314 (30) 19 (35) 22 (39)
Rectum 249 (21) 229 (22) 9 (16) 11 (20)

AJCC disease stage .008
I 262 (24) 230 (23) 12 (24) 20 (42)
II 354 (33) 319 (32) 19 (37) 16 (33)
III 311 (29) 288 (29) 14 (27) 9 (19)
IV 157 (14) 148 (15) 6 (12) 3 (6.3)

Tumor size, cm 4.4 ± 2.0 4.4 ± 2.0 4.7 ± 2.0 4.5 ± 2.1 .39

Tumor differentiation .42
Well to moderate 1053 (90) 954 (90) 47 (85) 52 (93)
Poor 118 (10) 106 (10) 8 (15) 4 (7.1)

MSI status .49
Non-MSI high 947 (83) 860 (83) 40 (78) 47 (87)
MSI high 188 (17) 170 (17) 11 (22) 7 (13)

CIMP status .63
Low/negative 885 (82) 803 (82) 36 (82) 46 (87)
High 197 (18) 182 (18) 8 (18) 7 (13)

LINE-1 methylation level 63.0 ± 9.8 63.0 ± 9.8 63.4 ± 11.5 63.5 ± 7.2 .88

KRAS mutation .50
Wild-type 645 (59) 586 (59) 30 (64) 29 (53)
Mutant 443 (41) 400 (41) 17 (36) 26 (47)

BRAF mutation .55
Wild-type 942 (84) 852 (84) 41 (82) 49 (89)
Mutant 177 (16) 162 (16) 9 (18) 6 (11)

PIK3CA mutation 0.51
Wild-type 878 (84) 795 (84) 39 (85) 44 (90)
Mutant 168 (16) 156 (16) 7 (15) 5 (10)

NOTE. Data are presented as number (%) or as the mean ± standard deviation.
AJCC, American Joint Committee on Cancer; CIMP, CpG island methylator phenotype; LINE-1, long-interspersed nucleotide
element 1.
aPercentage indicates the proportion of patients with a specific clinical, pathologic, or molecular characteristic among all
patients or in strata of the amount of pksþ E coli DNA in colorectal cancer tissue.
bTo assess associations between the categories (negative, low, and high) of pksþ E coli DNA in colorectal cancer tissue and
categorical data, the c2 test was performed. To compare age, and LINE-1 methylation level, an analysis of variance was
performed. To compare AJCC disease stage, Spearman analysis was performed.
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Table 4. Incidence of Colorectal Cancer by pksþ Escherichia coli Status in Relation to Cumulative Average Western Diet Score
in the Combined Cohorts of the Health Professionals Follow-up Study (1986–2014) and the Nurses’ Health Study
(1980–2014)

Variable

Western diet score

P for trenda
P for

heterogeneitybTertile 1 Tertile 2 Tertile 3

Person-years 1,255,030 1,254,558 1,256,591

Overall colorectal cancer
Cases, No. (total n ¼ 1175) 392 391 392
Age-adjusted HR (95% CI)c 1 [Referent] 1.04 (0.93–1.15) 1.28 (1.14–1.44) <.001
Multivariable HR (95% CI)d 1 [Referent] 0.98 (0.88–1.09) 1.14 (1.01–1.29) .010

pksþ E coli status .014
pksþ E coli negative
Cases, No. (total n ¼ 1064) 364 354 346
Age-adjusted HR (95% CI)c 1 [Referent] 1.00 (0.82–1.21) 1.23 (0.96–1.58) .068
Multivariable HR (95% CI)d 1 [Referent] 0.95 (0.78–1.15) 1.10 (0.85–1.42) .40

pksþ E coli low
Cases, No. (total n ¼ 55) 18 15 22
Age-adjusted HR (95% CI)c 1 [Referent] 0.82 (0.36–1.83) 1.37 (0.64–2.97) .51
Multivariable HR (95% CI)d 1 [Referent] 0.77 (0.35–1.73) 1.22 (0.57–2.63) .76

pksþ E coli high
Cases, No. (total n ¼ 56) 10 22 24
Age-adjusted HR (95% CI)c 1 [Referent] 2.24 (1.00–5.04) 3.83 (1.69–8.66) <.001
Multivariable HR (95% CI)d 1 [Referent] 2.11 (0.94–4.73) 3.45 (1.53–7.78) .001

HR, hazard ratio.
aThe trend test was performed using the Western diet score as a continuous variable with cohort-specific ceilings at 10th and
90th percentiles in the regression model. The 90th and 10th percentile values were used for scores >90th percentile and those
<10th percentile, respectively, to eliminate outlier effects.
bThe meta-regression method with a subtype-specific random effect term was used to test whether the association has a
trend across the ordinal subtypes in the multivariable-adjusted model, where the Western diet score was used as a continuous
variable with cohort-specific ceilings at 10th and 90th percentiles.
cDuplication-method Cox proportional hazards model weighted by inverse probabilities based on tissue bacterial data
availability for competing risks data was used with total caloric intake adjusted and stratification by age (in months), sex (ie,
cohort), and year of questionnaire return.
dAdditionally adjusted for body mass index (continuous, with 35 kg/m2 ceiling), cumulative pack-years smoked (continuous,
with 50 pack-years ceiling), family history of colorectal cancer in any first-degree relative (yes vs no), previous lower
gastrointestinal endoscopy (yes vs no), physical activity (continuous, with a ceiling at 50 metabolic equivalent task score
hours/wk), regular use of aspirin or nonsteroidal anti-inflammatory drugs (>2 tablets/wk: yes vs no), multivitamin use (yes vs
no), and alcohol consumption (continuous, with 30 g/d ceiling).
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the differential association by the amount of pksþ E coli was
not statistically significant for any of these red meat vari-
ables (Pheterogeneity > .05).
Discussion
Colorectal cancer is a heterogeneous group of

neoplastic diseases influenced by many factors, including
diet, lifestyle, and intestinal microbiota.32–37 Using 2 pro-
spective cohort studies in the US with 3 decades of follow-
up, we discovered a stronger association of the Western-
style diet with the incidence of colorectal carcinoma con-
taining higher amounts of pksþ E coli. Our findings provide
evidence for a Western-style diet characterized by high
intake of red and processed meat, sugar, and refined grains
as a risk factor for colorectal cancer, especially its subtype
containing a high amount of pksþ E coli. Our novel data can
inform research efforts devoted to developing cancer
prevention strategies that modify diet and the intestinal
microbiome.
Downloaded for Anonymous User (n/a) at Harvard Universit
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Previous metagenomic studies have cast light on the role
of the intestinal microbiome in colorectal carcinogenesis.38–40

Molecular pathologic analyses of colorectal cancer have also
supported the role of specific intestinal microbes, such as
colibactin-producing pksþ E coli, in tumor development.41,42

A recent study has elucidated the structure of colibactin
and enabled the synthesis of colibactin.6 Experimental
studies indicate that the genotoxic colibactin can alkylate
DNA on adenine residues7 and induce double-strand breaks,
leading to a specific mutational signature.8,9 Another study
showed that organoids that recovered from short-term
infection with pksþ E coli reveal characteristics of colorectal
carcinoma cells, such as enhanced proliferation, WNT-inde-
pendence, and impaired differentiation, at least in part
through alterations in TP53-signaling.43 In addition, evidence
suggests that pksþ E coli suppresses the host immune
response in the tumor microenvironment.44 Taken together,
although pksþ E coli likely plays a role in colorectal carci-
nogenesis, it currently remains uncertain when and how pksþ

E coli exerts an effect on tumor development. Investigating
y from ClinicalKey.com by Elsevier on August 04, 2023. 
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Table 5. Incidence of Colorectal Cancer by pksþ Escherichia coli Status in Relation to Cumulative Average Western Diet Score
in the Health Professionals Follow-up Study (1986–2014) and the Nurses’ Health Study (1980–2014)

Variable

Western diet score

P for trenda
P for

heterogeneitybTertile 1 Tertile 2 Tertile 3

HPFS (men)
Person-years 365,506 365,602 365,680
pksþ E coli status 0.71
pksþ E coli negative

Cases, No. (total n ¼ 476) 156 158 162
Age-adjusted HR (95% CI)c 1 [Referent] 1.19 (0.95–1.50) 1.41 (1.09–1.82) <.001
Multivariable HR (95% CI)d 1 [Referent] 1.12 (0.89–1.42) 1.26 (0.96–1.65) .015

pksþ E coli positive
Cases, No. (total n ¼ 43) 10 15 18
Age-adjusted HR (95% CI)c 1 [Referent] 1.77 (0.80–3.95) 2.33 (1.05–5.14) .042
Multivariable HR (95% CI)d 1 [Referent] 1.62 (0.72–3.61) 2.05 (0.93–4.50) .10

NHS (women)
Person-years 889,524 888,957 890,911
pksþ E coli status .018
pksþ E coli negative

Cases, No. (total n ¼ 588) 208 196 184
Age-adjusted HR (95% CI)c 1 [Referent] 0.95 (0.75–1.20) 1.18 (0.87–1.61) .28
Multivariable HR (95% CI)d 1 [Referent] 0.89 (0.70–1.13) 1.03 (0.75–1.41) .90

pksþ E coli positive
Cases, No. (total n ¼ 68) 18 22 28
Age-adjusted HR (95% CI)c 1 [Referent] 1.17 (0.59–2.31) 2.09 (1.07–4.09) .019
Multivariable HR (95% CI)d 1 [Referent] 1.10 (0.55–2.18) 1.81 (0.92–3.54) .058

HR, hazard ratio.
aThe trend test was performed using the Western diet score as a continuous variable with cohort-specific ceilings at 10th and
90th percentiles in the regression model. The 90th and 10th percentile values were used for scores >90th percentile and those
<10th percentile, respectively, to eliminate outlier effects.
bThe meta-regression method with a subtype-specific random effect term was used to test whether the association has a
trend across the ordinal subtypes (negative vs low vs high) in the multivariable-adjusted model, where the Western diet score
was used as a continuous variable with cohort-specific ceilings at 10th and 90th percentiles.
cDuplication-method Cox proportional hazards model weighted by inverse probabilities based on tissue bacterial data
availability for competing risks data was used with total caloric intake adjusted and stratification by age (in months) and year of
questionnaire return.
dAdditionally adjusted for body mass index (continuous, with 35 kg/m2 ceiling), cumulative pack-years smoked (continuous,
with 50 pack-years ceiling), family history of colorectal cancer in any first-degree relative (yes vs no), previous lower
gastrointestinal endoscopy (yes vs no), physical activity (continuous, with a ceiling at 50 metabolic equivalent task score h/wk),
regular use of aspirin or nonsteroidal anti-inflammatory drugs (>2 tablets/week: yes vs no), multivitamin use (yes vs. no), and
alcohol consumption (continuous, with 30 g/day ceiling). We additionally adjusted for postmenopausal hormone use (yes vs
no) for the NHS analysis.
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the detailed mechanism and the associations of this bacte-
rium with lifestyle and dietary risk factors is of particular
interest.

Dietary influences on the microbiome in stool and
colonic tissue have been investigated. Experimental studies
have shown that daily microbiome variation is related to
food group choices45 and that a high-fat diet can alter in-
testinal bacterial composition11 and lead to the develop-
ment of systemic inflammation.46,47 Observational studies
have found relationships between a low-quality diet and an
inflammatory diet with intestinal dysbiosis48,49 as well as
between a Western-style diet and a high level of plasma-
soluble CD14, a biomarker of mucosal barrier dysfunc-
tion.50 These lines of evidence suggest that dietary factors
can influence intestinal microbial composition and inflam-
matory status.
Downloaded for Anonymous User (n/a) at Harvard Universit
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The prior principal component analysis on diet data in
the population revealed 2 dominant dietary patterns,;
namely, the Western-style pattern and the prudent dietary
pattern.51 A meta-analysis indicates a weak-to-moderate
association between the Western-style diet and colorectal
cancer risk.10 In contrast, the prudent dietary pattern,
characterized by high intake of fruits, vegetables, fish,
poultry, and whole grains, has been inversely associated
with colorectal cancer risk.10 Nonetheless, the strength of
the association remains uncertain due to residual or un-
measured confounding by other healthy or unhealthy be-
haviors associated with the dietary patterns.

Using the molecular pathologic epidemiology
approach,33,52–54 we found a strong association between the
Western diet and the colorectal cancer subgroup containing
high levels of pksþ E coli. This specific link between the
y from ClinicalKey.com by Elsevier on August 04, 2023. 
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Western diet and pksþ E coli suggests potentially interactive
carcinogenic effects. In further analysis of the red meat
variable, we did not observe a statistically significant asso-
ciation of any red meat variable with the incidence of
colorectal cancer by pksþ E coli status. Our data suggest that
red meat intake by itself is unlikely the sole factor that
contributed to the differential association of the Western
diet with colorectal cancer by pksþ E coli status. One pos-
sibility is that the Western diet may promote the prolifer-
ation and activity of pksþ E coli or strengthen the
carcinogenic effects of pksþ E coli, or both, through alter-
ation of the local tissue microenvironment. It is evident that
the molecular pathologic epidemiology approach allows for
the generation of intriguing hypotheses based on human
population data. Although our analyses showed the corre-
lation between the Western diet and the incidence of colo-
rectal cancer containing high abundance of pksþ E coli, a
replication using additional independent cohorts and
experimental research is necessary.

In addition, we found that the association of the Western
diet with colorectal cancer incidence according to pksþ E coli
might be different by sex (Table 5). Although intriguing,
those results were obtained by our secondary subgroup
analyses, and as such, generalizability needs to be tested in
independent data sets. If replicated, our findings may inform
differential interactive influences of the Western diet and
pksþ E coli in men vs women. While the mechanisms un-
derlying these sex-specific effects remain to be elucidated,
differences in biological features of colorectal cancer be-
tween men and women have been demonstrated.55–57

Additional studies are warranted to investigate how the
Western diet and pksþ E coli may exert interactive carci-
nogenic effects and which specific food items might
contribute to the observed differential associations between
the Western diet and colorectal cancer incidence according
to pksþ E coli status.

We acknowledge limitations in the current study. First,
unmeasured or residual confounding, or both, might have
substantially influenced our findings. We included most
established risk factors in our analysis models, with little ev-
idence for substantial confounding by the included variables.

Second, tissue bacterial data were unavailable for some
incident cancer cases within the cohorts, which might have
caused selection bias. However, by using all 3200 incident
colorectal cancers and the IPW method,31 we were able to
adjust for selection bias with the available covariates. Ana-
lyses with and without the IPW adjustment yielded similar
results.

Third, measurement errors were inherently present in
the assessments of diet and tissue bacterial amounts,
particularly with the use of FFPE tissue specimens. We used
repeated assessments of diet every 4 years, which allowed
us to estimate the effects of long-term dietary patterns. For
bacterial analyses, we carefully optimized and validated our
quantitative PCR assay for FFPE tissue specimens to ensure
high analytical sensitivity and specificity. Our validation
study also demonstrated a high linearity (r2 > 0.95) and
high precision (with <1% interassay coefficient of varia-
tion) of the assay.
Downloaded for Anonymous User (n/a) at Harvard Universit
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Fourth, our cohort populations mainly consisted of non-
Hispanic Whites, and thus, our findings need to be repli-
cated in independent populations.

Fifth, we used information on microbial contents in tu-
mor tissue, which was not prospectively collected, unlike
dietary data. Therefore, establishing a cause-and-effect
relationship between the microbial species and colorectal
cancer requires additional studies.

Finally, our findings were based on the observational
cohort studies, which had certain inherent limitations in
data collections. Hence, additional epidemiologic studies
and experimental confirmation are ultimately needed.

There exist notable strengths in the current study. First,
our dietary data were prospectively and repeatedly
collected for >30 years through validated food frequency
questionnaires.58

Second, our prospective cohort design enabled the
collection of diet and other lifestyle data without knowing
who would develop colorectal cancer later, thereby elimi-
nating differential recall bias between patients with cancer
and individuals who were free of cancer.

Third, the prospective study design also enabled us to
leverage all 3200 incident colorectal cancer cases with the
IPW method to adjust for selection bias caused by tissue
bacterial data availability.

Fourth, we used molecular pathologic epidemiology
methods, which can provide novel etiologic insights into diet
and bacterial species, thereby augmenting causal inference.

Fifth, the cancer patient group was assembled from
hundreds of hospitals located throughout the US, which
increases the generalizability of our findings in contrast to
studies based on only 1 or a few hospitals. Nonetheless, our
findings should be replicated in independent populations.
Conclusion
We have found that the association of the Western diet

with colorectal cancer incidence is stronger for tumors
containing higher amounts of pksþ E coli. Our findings
provide evidence supporting the role of the gut microbiota
in mediating the pathogenic link between diet and colorectal
cancer. This study also underscores the importance of diet
as a modifiable factor that may contribute to cancer
prevention.
Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://dx.doi.org/10.1053/
j.gastro.2022.06.054.
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