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Abstract
Environmental factors like the pathogenicity island polyketide synthase positive (pks+) Escherichia coli (E. coli)
could have potential for risk stratification in colorectal cancer (CRC) screening. The association between pks+
E. coli measured in fecal immunochemical test (FIT) samples and the detection of advanced neoplasia (AN) at
colonoscopy was investigated. Biobanked FIT samples were analyzed for both presence of E. coli and pks+ E. coli
and correlated with colonoscopy findings; 5020 CRC screening participants were included. Controls were
participants in which no relevant lesion was detected because of FIT-negative results (cut-off ≥15 μg Hb/g
feces), a negative colonoscopy, or a colonoscopy during which only a nonadvanced polyp was detected. Cases
were participants with AN [CRC, advanced adenoma (AA), or advanced serrated polyp (ASP)]. Existing DNA
isolation and quantitative polymerase chain reaction (qPCR) procedures were used for the detection of E. coli
and pks+ E. coli in stool. A total of 4542 (90.2%) individuals were E. coli positive, and 1322 (26.2%) were pks+
E. coli positive. The prevalence of E. coli in FIT samples from individuals with AN was 92.9% compared to 89.7%
in FIT samples of controls (p = 0.010). The prevalence of pks+ E. coli in FIT samples from individuals with AN
(28.6%) and controls (25.9%) was not significantly different (p = 0.13). The prevalences of pks+ E. coli in FIT
samples from individuals with CRC, AA, or ASP were 29.6%, 28.3%, and 32.1%, respectively. In conclusion, the
prevalence of pks+ E. coli in a screening population was 26.2% and did not differ significantly between
individuals with AN and controls. These findings disqualify the straightforward option of using a snapshot
measurement of pks+ E. coli in FIT samples as a stratification biomarker for CRC risk.
© 2024 The Authors. The Journal of Pathology published by JohnWiley & Sons Ltd on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

The risk of developing colorectal cancer (CRC) is
determined by genetic and environmental factors, the
latter including human gut microbiota and their
metabolites [1–5]. Multiple bacterial species have
been associated with CRC, but demonstrating causal
relationships has remained challenging [6]. A particular
strain of the common gut bacterium Escherichia coli
(E. coli) can be regarded as an exception, however [7].
The genome of this strain contains the pathogenicity
island polyketide synthase (pks), a gene cluster that
encodes for colibactin biosynthetic enzymes [7,8].
Colibactin can induce interstrand DNA cross-linking,
which can lead to double-strand DNA breaks, chromo-
some aberrations, and cell-cycle arrest [8–17]. Repeated
exposure of normal human colonic epithelial
organoids to pks+ E. coli caused a specific pks+muta-
tional signature, as measured by whole genome
sequencing (WGS) [7]. This signature is present in
genes commonly mutated in CRC, like the adenomatous
polyposis coli (APC) gene [6,7,18]. In addition, the
signature has been found in�8% of 496 CRCs analyzed
by WGS that are present in the Hartwig Medical
Foundation database, which stores genetic and clinical
data ofmetastatic cancers diagnosed in the Netherlands [7].
These findings provided important arguments for con-
sidering pks+ E. coli as an environmental risk factor
for CRC.
Early detection of CRC is the most effective approach

to reduce CRC-related morbidity and mortality, and
CRC screening in average-risk populations has been
demonstrated to be successful in many countries [19,20].
Yet, there is a persisting need to optimize the benefit-
to-harm ratio of CRC screening, in particular to prevent
overdiagnosis [21,22].
Many ongoing CRC screening programs use the fecal

immunochemical test (FIT), which measures human
hemoglobin (Hb) in stool, to identify individuals at risk
of CRC and refer them for colonoscopy. The predictive
value of FIT-based CRC screening depends on the test
features sensitivity and specificity, but also on the pretest
likelihood of presence of the disease, that is, the prev-
alence of advanced neoplasia [advanced neoplasia
(AN), CRC, and/or advanced precursor lesions] in the
population screened. To increase the positive predictive
value of FIT, most CRC screening programs only use
age as CRC risk factor by screening individuals in
specific age categories [23]. However, better identifi-
cation of individuals at risk of CRC could be useful to
improve the benefit-to-harm ratio of CRC screening.
Therefore, there is an evident need for objective and
quantifiable risk factors to personalize CRC early

detection. This study therefore aimed to explore the
potential clinical utility of pks+ E. coli status as an
environmental risk factor for CRC to optimize the pre-
dictive value of FIT-based CRC screening. To this end,
the association between pks+ E. coli measured in FIT
samples and the detection of AN at colonoscopy was
evaluated.

Materials and methods

Study population

Biobanked FIT samples from individuals participating in
one of two previously performed CRC screening trials,
i.e. the COlonoscopy or COlonography for Screening
(COCOS) trial and the Fecal Immunochemical Test
comparison (FIT comparison) trial, were used [24,25].
The COCOS trial was executed before the start of the
Dutch national CRC screening program, between 2009 and
2010. In this trial, colonoscopy and noncathartic computed
tomography (CT) colonographywere evaluated as primary
screening tests, while FIT samples (OC sensor, Eiken
Chemical Co., Tokyo, Japan) were collected. FIT samples
were included only from participants that underwent
colonoscopy. Individuals with AN were included as
cases and individuals without AN/any neoplasia at
colonoscopy as controls. The FIT comparison trial,
which was conducted in the context of the Dutch
national CRC screening program between 2016 and
2017, compared the diagnostic performance of two
different FIT brands (OC Sensor, Eiken Chemical
Co., Tokyo, Japan, and FOB Gold, Sentinel, Milan,
Italy). Both FIT samples were collected from the same
bowel movement, and if one or both FITs were posi-
tive (cut-off ≥15 μg/g feces), individuals were referred
for colonoscopy. Individuals with AN were included
as cases and individuals without AN/any neoplasia at
colonoscopy or who did not undergo a colonoscopy due to
two negative FITs were included as controls. Written
informed consentwas obtained from all participants in both
trials. Ethical approval, including biobanking for further
research, for the COCOS trial was obtained from theDutch
Minister of Health, Welfare and Sport (2009/03WBO, The
Hague, The Netherlands), and the study was registered in
the Dutch Trial Registry: NTR1829. Ethical approval for
the FIT comparison trial, including biobanking for further
research, was also obtained from the Dutch Minister of
Health, Welfare and Sport (Population Screening Act;
no. 769500-1357 16-PG), and the trial was also registered
in theDutch Trial Registry: NTR5874. Ethical approval for
reuse of the fecal samples for this study was obtained from
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the Institutional Review Board of the Netherlands Cancer
Institute (IRBdm20-096) in 2020.

Public and patient representatives were involved
through the Dutch Digestive Foundation and the Dutch
Cancer Society.

Stool samples consisted of leftover material in FIT
collection devices. All colonoscopies were performed by
gastroenterologists with a lifetime experience of 500 or
more colonoscopies. All lesions detected and resected
were evaluated by experienced pathologists. Individuals
were classified based on their most advanced lesion. An
advanced adenoma (AA) was defined as an adenoma
≥10 mm, and/or with a ≥25% villous component, and/or
with high-grade dysplasia. An advanced serrated polyp
(ASP) was defined as a serrated polyp ≥10 mm and/or
with any grade of dysplasia. The category AN included
CRC, AA, and ASP. Controls were defined as individuals
in which no relevant lesion was detected, i.e. individuals
without AN at colonoscopy (COCOS and FIT comparison
trials) and individuals that did not undergo colonoscopy
because of two negative FITs (cut-off ≥15 μg Hb/g feces)
(FIT comparison trial).

To determine the prevalence of pks+ E. coli in the
average-risk population a series of samples of adequate
size were randomly selected, with both FIT positive as
well as negative test results. In cross-sectional studies
of patient populations, it was found that prevalence of
pks+ E. coli bacterium can reach up to 20%. Therefore,
we performed a sample size calculation under the
assumption of a prevalence of 20% in the population
and the requirement to reach an accuracy of this prevalence
estimate of 2.25% for the width of the 95% confidence
interval (CI). Using the normal approximation for CI
determination for proportions, this resulted in the
requirement to include 5000 individuals in this study.

OC-Sensor FIT samples from 1040 participants of the
COCOS trial were used. All participants were screening
naïve and between 50 and 75 years of age. The most
advanced lesions in this population were CRC (n = 8),
AA (n = 93), ASP (n = 28), nonadvanced adenoma
(n = 202), and nonadvanced serrated polyp (n = 129).
In total, 580 participants had a negative colonoscopy
(no colorectal neoplasia was detected).

FOB-Gold FIT samples from 3980 participants of the
FIT comparison trial were used, unless these were not
available, in which case OC Sensor FIT samples were
used. All participants were screening naïve and between
59 and 75 years of age. The most advanced lesions in
this population were CRC (n = 73), AA (n = 486),
nonadvanced adenoma (n = 394), and serrated polyp
unspecified (n = 74). In total 412 participants had a
negative colonoscopy (no colorectal neoplasia was
detected), and 2541 participants did not undergo colo-
noscopy because they were FIT-negative.

FIT analysis for CRC screening and storage
At the time of the COCOS trial, FIT samples were first
collected and stored at �80 �C before they were analyzed
in batches, within a number of weeks, to obtain a

quantitative FIT result. At the time of the FIT compar-
ison trial, FIT samples were analyzed upon arrival in
the laboratory to obtain a quantitative FIT result. The OC
Sensor samples were analyzed using the OC Sensor
DIANA automated analyzer (Eiken Chemical), and the
FOB-Gold samples were analyzed using the BioMajesty
JCA-BM6010/C analyzer (Jeol Diagnostic Systems,
Beijing, PR China). After analysis, FIT collection tubes
with leftover material were stored at �80 �C in a well-
annotated biobank.

Characteristics of study individuals
In total, 5020 biobanked FIT samples were used for
this study. Of those, 1056 (21.0%) were OC Sensor
and 3964 (79.0%)were FOBGold. The 5020 individuals
had the following characteristics: 2702 (53.8%) were
male, median age was 60 years (IQR 58–63), and 1150
individuals (22.9%) were FIT-positive (cut-off ≥15 μg
Hb/g feces) based on the FIT sample used for the E. coli
and pks+ E. coli analysis. Of all individuals,
688 (13.7%) had AN, and in 4258 (84.8%) individuals
no relevant lesion was detected, of whom 992 (19.8%)
had a negative colonoscopy during which no colorectal
neoplasia was detected, and 2541 (50.6%) had two
negative FIT results (cut-off ≥15 μg Hb/g feces) and
did not undergo colonoscopy (Table 1).

DNA extraction from FIT samples
For this study, DNAwas extracted from a 200-μl aliquot of
leftover FIT samples using the ZymoBIOMICS 96 DNA
kit using Lysis Tubes (Zymo Research, Irvine, CA, USA)
following the manufacturer’s instructions. This kit allows
for high-throughput DNA isolation using 96-well
plates. The isolated DNA was immediately used for
quantitative polymerase chain reaction (qPCR) analysis.

Detection of (pks+) E. coli in FIT samples by qPCR
First, an evaluation was conducted to determine whether
pks+ E. coli could be reliably measured in FIT samples.
A qPCR targeting clbB was performed to detect pks+
bacteria [26–28]. E. coli was used to demonstrate the
presence of E. coli bacteria (Table 2). Existing qPCR
protocols for pks+ E. coli detection in (whole) stool
samples were used, but to cope with the lesser input
material in FIT samples, the input DNA was maximized
(5 μl undiluted FIT DNA) [27,28]. qPCR reactions were
run in duplicate by performing a multiplex PCR on 5 μl
isolated DNA using the Taqman Gene Expression
Mastermix (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with BSA (0.1 μg/μl) on a Quantstudio 6 Flex
System (Thermo Fisher Scientific). The cycling condi-
tions for E. coli and clbBwere as follows: 2 min at 50 �C
for optimal removal of carryover contaminants, an initial
denaturation step of 10 min at 95 �C, followed by
40 cycles of 15 s at 95 �C and 1 min at 60 �C. A pks+
bacterial DNA sample (CCR20, kindly provided by the
Hubrecht Institute, Utrecht, the Netherlands) was taken
along as positive control. In every qPCR plate, a standard
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curve, using this pks+ bacterial DNA, was incorporated in
order to quantify the number of pks+ bacteria detected [29].
The mean of the duplicates was calculated and used as
quantitative E. coli and pks+ E. coli results. The threshold
used for detection was 10 copies/5 μl of DNA template. A
pks� E. coli bacterial DNA sample (CFF22-1D5, also
kindly provided by the Hubrecht Institute, Utrecht, the
Netherlands) was used as a negative control [13]. The oper-
ators in the laboratory who performed the DNA isolations
and qPCRs to obtain quantitative E. coli and pks+ E. coli
results were blinded for the colonoscopy findings.

Statistical analysis
Qualitative data were reported as percentages, and
nonnormally distributed data were reported as medians
with interquartile ranges (IQRs). A Mann–Whitney U-test
was used to compare continuous variables between groups
for nonnormally distributed data. The χ2 test was used for
comparison of dichotomous variables between groups.
Odds ratios (ORs) with a 95% CI were calculated for the

associations between E. coli and pks+ E. coli, respectively,
with the presence of AN. P values of <0.05 were consid-
ered statistically significant. All statistical analyses were
performed in IBM SPSS Statistics (version 27; https://
www.ibm.com/support/pages/downloading-ibm-spss-
statistics-27). GraphPad Prism (version 9; Graphpad Inc,
San Diego, CA, USA) was used for all graphs.

Results

Detection of (pks+) E. coli in FIT samples by qPCR
Detection of E. coli and pks+ E. coli using qPCR was
feasible even in the minute amounts of stool present in
FIT samples after performing the original FIT analysis.
Of the 5020 individuals tested, 4526 (90.2%, 95% CI:
89.3–91.0) tested positive for E. coli (at a cut-off of ≥10
copies/5 μl of DNA template). Of all individuals positive
for E. coli, 1313 (29.0%) were also positive for pks
(cut-off of ≥10 copies/5 μl of DNA template). Thus, in

Table 1. Baseline characteristics of the study population.
Total population

(n = 5020, 100.0%)
COCOS trial population
(n = 1040, 20.7%)

FIT comparison trial
population (n = 3980, 79.3%)

Demographics
Male, n (%) 2702 (53.8%) 532 (51.2%) 2170 (54.5%)
Age, years (IQR) 60 (58–63) 60 (55–65) 60 (59–63)

Fecal immunochemical test screening
OC Sensor 1056 (21.0%) 1040 (100.0%) 16 (0.4%)
FOB Gold 3964 (79.0%) - 3964 (99.6%)
FIT-positive result (cut-off ≥15 μg Hb/g feces) 1150 (22.9%) 74 (7.1%) 1076 (27.0%)

Findings at screening colonoscopy
Advanced neoplasia, n (%) 688 (13.7%) 129 (12.4%) 559 (14.0%)

Colorectal cancer 81 (1.6%) 8 (0.8%) 73 (1.8%)
Advanced adenoma 579 (11.5%) 93 (8.9%) 486 (12.2%)
Advanced serrated polyp 28 (0.6%) 28 (2.7%) -

Nonadvanced adenoma, n (%) 596 (11.9%) 202 (19.4%) 394 (9.9%)
Serrated polyp, n (%) 203 (4.0%) 129 (12.4%) 74 (1.9%)

Nonadvanced serrated polyp 129 (2.6%) 129 (12.4%) -
Serrated polyp unspecified* 74 (1.5%) - 74 (1.9%)

Control groups, n (%)
No relevant lesion detected† 4258 (84.8%) 911 (87.6%) 3347 (84.1%)
Negative colonoscopy‡ 992 (19.8%) 580 (55.8%) 412 (10.4%)
FIT-negative result (cut-off ≥ 15 μg Hb/g feces)§ 2541 (50.6%) - 2541 (63.8%)

COCOS, COlonoscopy versus COlonography Screening; FIT, fecal immunochemical test; Hb, hemoglobin; IQR, interquartile range; -, not applicable.
*Serrated polyp unspecified = a serrated polyp whose size and in which the presence of dysplasia are unknown.
†No relevant lesion detected = a negative FIT result, a negative colonoscopy, or a colonoscopy during which only nonadvanced adenoma or nonadvanced serrated polyp
were detected.
‡Negative colonoscopy = a colonoscopy during which no colorectal neoplasia was detected.
§FIT-negative result = no colonoscopy, but two fecal immunochemical tests (OC Sensor and FOB Gold) performed in the same bowel movement were both negative
(cut-off ≥ 15 μg Hb/g feces).

Table 2. qPCR primers and probes.
Target Sequence (5’–3’) Product size Reference

Pks (clbB) Forward GCGCATCCTCAAGAGTAAATA 280 bp [27]
Reverse GCGCTCTATGCTCATCAACC
Probe 5’FAM-TATTCGACACAGAACAACGCCGGT-3’BHQ1 [28]

E. coli Forward CATGCCGCGTGTATGAAGAA 96 bp [27]
Reverse CGGGTAACGTCAATGAGCAAA
Probe 5’HEX-TCGGGTTGTAAAGTACTTTCAGCGGG-3’BHQ1 [28]

Bp, base pairs; E. coli, Escherichia coli; pks, polyketide synthase; qPCR, quantitative polymerase chain reaction.
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26.2% (95% CI: 24.9–27.4) of all average-risk screening
participants (n = 5020), pks+ E. coli was detected in their
FIT sample (Table 3). Of the 494 participants negative for
E. coli, only six (1.2%) were positive for pks. The
prevalence of E. coli and pks+ E. coliwas not significantly
different in the COCOS trial population compared to the
FIT comparison trial population (supplementary material,
Table S1). The prevalence of E. coli and pks+ E. coli
presented by sex and age at FIT can be found in supple-
mentary material, Table S2, where for sex, no statistically
significant differences were found.

The prevalence of E. coli in individuals with AN and
controls was 92.9% (95% CI: 90.7–94.7) and 89.7% (95%
CI: 88.8–90.6) (p = 0.010), respectively. The prevalence
of E. coli in individuals with CRC, AA, or ASPwas 96.3%
(95% CI: 89.6–99.2), 92.4% (95% CI: 89.9–94.4), and
92.9% (95% CI: 76.5–99.1), respectively. However, of
all individuals with AN, only individuals with AA had a
significantly different prevalence of E. coli compared to
controls (p = 0.043). The prevalence of pks+ E. coli in
individuals with AN, CRC, AA, or ASP or controls was
28.6% (95% CI: 25.3–32.2), 29.6% (95% CI: 20.0–
40.8), 28.3% (95% CI: 24.7–32.2), 32.1% (95% CI:
15.9–52.4%), and 25.9% (95% CI: 24.6–27.3), respec-
tively. There was no significant difference between the
prevalence of pks+ E. coli in individuals with AN and
controls (p = 0.131). Moreover, none of the differences
observed in pks+ E. coli prevalence between individuals
with CRC, AA, or ASP and controls were statistically
significant (Table 4).

For individuals with nonadvanced adenomas, non-
advanced serrated polyps, and serrated polyps unspecified,
the prevalence of E. coli was 89.6% (95% CI: 86.9–91.9),
88.4% (95% CI: 81.6–93.3), and 90.5% (95% CI:
81.5–96.1), respectively. The prevalence of pks+ E. coli
for the same lesions was 25.8% (95% CI: 22.4–29.6),
27.1% (95% CI: 19.7–35.7), and 17.6% (95% CI:
9.79–28.2), respectively. Comparison of the prevalence
of E. coli and pks+ E. coli for all lesion types to different
control groups and age categories did not result in sub-
stantially different observations (supplementary mate-
rial, Tables S3 and S4), nor was there a statistically
significant difference in E. coli and pks+ E. coli prev-
alence for distally or proximally located AN (supple-
mentary material, Table S5) [18].

In addition to identifying samples as positive or
negative, using a fixed threshold (10 copies/5 μl of
DNA template), we also quantified the E. coli and pks

Table 3. Prevalence of E. coli and pks+ E. coli in a screening
population.
Most advanced lesion Total population (n = 5020)

E. coli status*
Positive, n (%) 4526 (90.2%)
Negative, n (%) 494 (9.8%)

Pks E. coli status*
Positive, n (%) 1313 (26.2%)
Negative, n (%) 3707 (73.8%)

E. coli, Escherichia coli; pks, polyketide synthase.
*Positivity cut-off was ≥10 copies/5 μl of DNA template.
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+ E. coli results, i.e. the number of copies/5 μl of DNA
template and evaluated this for individuals with AN,
CRC, AA, and ASP and for controls. Again, a difference
of the number of E. coli copies (mean rank) was

observed for individuals with AN (p < 0.01), compared
to controls. The number of pks+ E. coli copies (mean
rank) did not differ significantly between individuals
with AN and controls (Figure 1). Comparing the number
of E. coli and pks+ E. coli copies in individuals with
CRC,AA, andASP to different control groups did not result
in substantially different observations (supplementary mate-
rial, Figure S1).

Discussion

Demonstrating causal relationships between bacterial
species and CRC is challenging, especially due to the
multifactorial nature of cancer development (1–6). pks+
E. coli is an exception in this respect as it was shown to
induce specific DNA mutations that may lead to CRC.
This study aimed to evaluate the most straightforward
approach to using pks+ E. coli as an environmental risk
factor in the context of FIT-based CRC screening, i.e. a
snapshot-in-time approach. If the presence of pks+
E. coli were measured directly in FIT samples, the
approach would be scalable and implementable in
population-based CRC screening programs.

Indeed, E. coli and pks+ E. coli could be detected
reliably in FIT samples using qPCR. Moreover, in the
large average-risk CRC screening population of themore
than 5000 individuals studied, 90.2% of individuals were
E. coli positive and 26.2% were pks+ E. coli positive.
These data provide the most precise estimate of pks+
E. coli prevalence in a CRC screening population available
today. Earlier reports on the prevalence of pks+ E. coli are
discordant and frequently based on small sample sizes
[13,27,30–35]. In addition, most studies reporting on
the prevalence of pks+ E. coli used mucosa-associated
samples, e.g. fresh frozen tissue or formalin-fixed, paraf-
fin-embedded samples, which may yield different results
compared to stool samples, and this sampling approach is
not scalable for routine use in CRC screening programs
[13,27,34,35]. Importantly, in this study, the risk of finding
AN during colonoscopy in a single screening round was
not associated with the presence of pks+ E. coli in FIT
samples. Consequently, these findings convincingly dis-
qualify the straightforward option of using a snapshot
measurement of pks+ E. coli in FIT samples as a stratifi-
cation biomarker for CRC risk in CRC early detection.

Our findings are in line with those of two previously
published Japanese studies that looked at the prevalence
of pks+ E. coli in stool (n = 968) and colonic lavage
(n = 98) samples [30,31]. However, a Swedish study
(n = 240) and a Chinese study (n = 139) that also
evaluated the prevalence of pks+ E. coli in stool both
found a significant difference in pks+ E. coli prevalence
in individuals with CRC compared to controls [32,33].
In addition, a recent meta-analysis on the association of
pks+ E. coli and the development of CRC included
12 articles of which only two focused on pks+ E. coli
detection in stool. The meta-analysis showed that indi-
viduals with pks+ E. coli seemed to have an increased

Figure 1. Quantitative E. coli and pks+ E. coli result per lesion type.
(A) Quantification of E. coli in individuals with AN (CRC, AA, or ASP)
versus individuals with no relevant lesion detected. (B) Quantification
of pks+ E. coli in individuals with AN (CRC, AA, or ASP) versus individ-
uals with no relevant lesion detected. A Mann–Whitney U-test was
used to compare the continuous variables between groups. Figure
created with GraphPad Prism.
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risk of developing CRC; however, these results were
based mainly on studies that evaluated tissue samples,
and at least four of the included articles used non-Western
study populations [36]. As the studies published to date
were small, used selected series, and showed inconsistent
results, a large study within the intended-use population,
like the present one, is essential for generating conclusive
data for pks+ E. coli prevalence in the average-risk CRC
screening population and for identifying an association of
presence of pks+ E. coli with AN.

Interestingly, the prevalence of E. coli in individuals
with AN (92.9%) was slightly, but significantly, higher
(p = 0.010) than that in individuals in whom no relevant
lesions were detected (89.7%). While the absence of
an association between pks+ E. coli in stool and
AN in the colon is somewhat disappointing from a
clinical biomarker perspective, it does provide additional
insights into the apparently complex interaction between
pks+ E. coli and CRC. While the observations in a
well-controlled organoid setting are evident, their trans-
lation to the clinical setting appears less straightforward.
For pks+ E. coli to impose CRC risk, it likely must exert
its effects on the colorectal epithelium over a long period
of time, as do most environmental risk factors. Much
remains unknown in terms of longitudinal infestation
or interaction with other risk factors with this micro-
organism. One option is that an extrinsic and regionally
acting mutagenic agent would colonize crypts in healthy
individuals, causing mutations that might, later in life,
result in disease [7,37–40]. In line with this, a prevalence
of pks+ E. coli of 15–18% in newborns at 3 days of life
has been observed, whereas the present study shows a
prevalence of 26.2% in the CRC screening age range
[39,40]. Yet little is known about the pattern of infesta-
tion in between these age ranges or about any variation
in susceptibility to acquiring pks+ E. coli-induced
mutations in the colon. Data from longitudinal birth
cohorts may provide answers on this issue. In addition,
pks+ E. coli has been shown to induce mutations in
specific driver genes (e.g. APC) early in carcinogene-
sis [7]. Based on these findings, we hypothesized that
cells carrying these mutations were primed for malignant
transformation later in life, thereby requiring fewer addi-
tional (age-related) mutations to develop into CRC.

A strength of this large-scale study is that all FIT
samples were retrieved from an average-risk screening
population. In addition, stool samples were collected at
the moment of intended use, prior to bowel preparation
and colonoscopy, using a routine FIT collection device.
Taken together, this study has high external validity.
Nevertheless, some limitations should be addressed.

While this study had a large sample size of an average-
risk screening-age population, the findings still represent a
single geographic population. Whether the prevalence of
pks+ E. coli and the lack of association with cancer risk are
uniform across countries when analyzed at this scale
remains to be determined. Furthermore, pks has also been
shown to be present in other gut bacteria like Klebsiella
pneumoniae, Klebsiella aerogenes, and Citrobacter koseri
[16,41]. Indeed, 0.5% of pks-positive cases were E. coli-

negative, while the approach used did not allow us to
further determine which species would host pks in these
cases. Assuming that pks in other bacteria species would
also produce colibactin and yield the minute number of
such cases observed, this is unlikely to have a significant
impact on the findings of this study. In addition, ideally the
load and duration of the pks+ E. coli exposure should be
known to estimate the risk imposed. However, as individ-
uals are unaware of their pks+ E. coli status over time and
longitudinal measurements of this variable are not readily
available, such data are not available. Alternatively, the
impact of pks+ E. coli infestation could be deduced from
the accumulation of pks-specific mutations, i.e. the pks+
mutational signature, in colonic normal or adenoma epithe-
lium. Yet, so far, this signature can only reliably be deter-
mined by WGS of DNA from fresh frozen tissue samples,
while from the adenomas in this study only formalin-fixed,
paraffin-embedded tissue samples are available. Moreover,
such aWGS-based approach is unlikely to be cost effective,
a crucial condition for adoption in population-based screen-
ing programs.
This study did not set out to determine the technically

best approach for estimating the risk of CRC attributable
to exposure to pks+ E. coli but rather aimed to investi-
gate the pragmatic approach—whether measuring pks+
E. coli in routinely collected FIT samples could be
informative of such a risk, which clearly was not the
case. This does not preclude the possibility that gut
microbiota, either fecal or mucosa-associated, may carry
such a risk. However, sampling, for example, mucosa-
associated bacteria from the large intestine is more
complex than taking a FIT sample and likely less feasible
from a population-based cancer screening perspective.
In addition to pks+ E. coli, several other gram-

negative bacterial toxins (e.g. cytolethal distending
toxin, cytotoxic necrotizing factor, cycle inhibiting fac-
tor, and bacteroides fragilis toxin) have been associated
with CRC. Nevertheless, larger studies based on samples
fromCRC screening populations should be performed to
evaluate their potential for risk stratification in CRC
screening. Moreover, the challenges associated with
using bacterial status in stool at a single point in time
as a stratification biomarker for CRC riskmaywell apply
to bacterial toxins in general [42,43].
In conclusion, pks+ E. coli is common in adults at

screening age. No association was found between pks+
E. coli status in stool at a single point in time and findings
at colonoscopy, rendering this approach infeasible for the
risk stratification of participants in FIT-based CRC screen-
ing programs. Longitudinal studies will be required to
further elucidate the impact of timing, frequency, and
duration of pks+ E. coli exposure on future CRC-risk.
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