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Abstract: The frequent occurrence of E. coli positive for cyclomodulins such as colibactin (CLB), the
cytotoxic necrotizing factor (CNF), and the cytolethal distending factor (CDT) in colorectal cancer
(CRC) patients published so far provides the opportunity to use them as CRC screening markers.
We examined the practicability and performance of a low-cost detection approach that relied on
culture followed by simplified DNA extraction and PCR in E. coli isolates recovered from 130 CRC
patients and 111 controls. Our results showed a statistically significant association between CRC and
the presence of colibactin genes clbB and cIbN, the cnf gene, and newly, the hemolytic phenotype
of E. coli isolates. We also observed a significant increase in the mean number of morphologically
distinct E. coli isolates per patient in the CRC cohort compared to controls, indicating that the
cyclomodulin-producing E. coli strains may represent potentially preventable harmful newcomers in
CRC patients. A colibactin gene assay showed the highest detection rate (45.4%), and males would
benefit from the screening more than females. However, because of the high number of false positives,
practical use of this marker must be explored. In our opinion, it may serve as an auxiliary marker to
increase the specificity and/or sensitivity of the well-established fecal immunochemical test (FIT) in
CRC screening.
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1. Introduction

Bacteria and their metabolites are an integral part of the human intestine, maintaining
a complex and working biosystem. However, intestinal microbiota are also connected
to various gastrointestinal disorders, even to serious digestive tract diseases including
sporadic colorectal cancer (CRC). The processes leading to the mutagenesis of oncogenes
and tumor suppressor genes of intestinal mucosa have been associated with the bacterial
microbiota composition in many studies [1-3]. There are a number of mechanisms through
which bacteria can contribute to the formation of tumors [4]. One of them is the activity of
cyclomodulins produced by certain microorganisms, E. coli in particular, while another is
the toxigenic action of certain Bacteroides fragilis strains [5,6]. In addition, several associa-
tions of bacterial species with CRC or adenoma have been observed without understanding
the background of such associations. These include individual species such as Fusobac-
terium spp., Peptostreptococcus spp., Parvimonas, or Porphyromonas spp. [5,7-9], complex
bacterial signatures [10-13], or even newly described species (Lachnoclostridium sp. [14]).

In this study, we aimed to explore the possibility of low-cost culture-based detection of
a potential bacterial CRC auxiliary marker suitable to improve the performance of current
CRC screening strategies. With respect to this goal, we decided to explore the potential
of cyclomodulin-producing E. coli because (i) E. coli is abundantly present in the stools
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of most people, (ii) it is easy to culture, and (iii) its DNA can be easily extracted from
colonies and tested for the presence of cyclomodulin genes. To the best of our knowledge,
all clinical studies relying on non-invasive sampling in pre-colonoscopy settings have thus
far been based on solid stool sampling followed by DNA extraction and PCR [15]. Due to
the presence of high amounts of human DNA, non-E. coli bacterial DNA, and potential PCR
inhibitors in this type of sample, costly DNA extraction is required to achieve a satisfactory
quality of template DNA. In addition, our strategy allows the use of a simple rectal swab
for sampling, which can be performed at any time without the need to wait for the moment
of discharge of feces from the body and to catch and handle the feces. Furthermore, a
rectal swab culture can be performed within the standard workflow in any diagnostic
microbiology laboratory. Then, such screening could be offered to all eligible patients not
only as a planned solitary CRC screening test, but also on other occasions when rectal swabs
are taken for any CRC-unrelated conditions. This may allow broad-range high-throughput
screening, with the only extra effort required concerning obtaining informed consent.

1.1. Roles of Cyclomodulins

Cyclomodulins are able to modulate differentiation, proliferation, and apoptosis in
eukaryotic cells, which could directly impact carcinogenesis via the activation of mutated
pathways leading to tumor formation [16]. Three types of such molecules have been
described in E. coli thus far—the colibactin, cytotoxic necrotizing factor, and cytolethal
distending toxin.

1.1.1. Colibactin

The genotoxin colibactin has been described as an inducer of DNA double-strand
breaks (DSBs) in eukaryotic cells in vitro and in vivo leading to incomplete DNA repair,
chromosomal aberrations, and cell cycle inhibition in the G2/M phase [17,18]. This geno-
toxin is spread by horizontal gene transfer, mostly among E. coli strains [19]. Colibactin is
encoded on the 54 kb pks island, which carries clb genes for three non-ribosomal peptide
synthases (NRPS: ClbH, Clb]J, CIbN), three polyketide-synthases (PKSs: CIbC, Clbl, CIbO),
two hybrid synthases of the nonribosomal peptide synthase-polyketide synthase type
(NRPS-PKS: CIbB, CIbK), and nine accessory proteins [17]. All 19 known clb genes are
encoding products necessary for the regulation and activation of colibactin biosynthesis
(namely clbA and cIbR), transport, and even resistance (c/bS) to colibactin itself [20,21].
Although studied since its discovery in 2006, the instability of the isolated toxin impeded
disclosure of its complete structure until a study by Xue et al. in 2019, which was crucial
for understanding its genotoxic mode of action. Pure samples of metabolites obtained
from colibactin-producing E. coli allowed for the characterization of colibactin-DNA cross-
links [22], while another study revealed a mature colibactin compound named colibactin-
645 as the true effector molecule that induces DSBs in DNA via the copper-mediated
oxidative mechanism in vitro [23] through DNA alkylation and interstrand crosslinking,
with an increased probability to create mutations if unrepaired [24]. Unstable interstrand
crosslinks undergo depurination followed by a slow rate of 3’-phosphate elimination,
which could contribute to simultaneous DSB formation [25].

Genotoxicity resulting in potential pro-oncogenic activity of colibactin was suggested
in many studies [18,26,27]. Cuevas-Ramos et al. described the induction of a transient
DNA damage response in mammalian epithelial cells infected by E. coli harboring pks. The
following cell division was accompanied by incomplete DNA repair, resulting in anaphase
bridges and chromosome aberrations; infected cells exhibited increased frequency of gene
mutations, indicating pro-oncogenic activity of colibactin [18]. Moreover, Dalmasso et al.
demonstrated that transient contact of a few malignant cells with colibactin-producing
E. coli results in the production of growth factors, which promote the proliferation of
uninfected cells and hence drive them to tumor growth [26]. Further, a survey of somatic
mutations at colibactin target sites of several thousand cancer genomes revealed the notable
enrichment of a colibactin-specific DNA-damage signature motif in CRC [27]. Another
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recent study described a mutational signature in CRC human organoids as a consequence
of single -base substitutions and deletions, which resulted from previous colibactin ex-
posure [28]. Finally, the transformation of healthy epithelial cells to a premalignant state
upon short-term exposure to colibactin-producing pks+ E. coli was demonstrated in vitro
by generating cells that grew independently of the Wingless/Integrated (Wnt) signaling
pathway. This pathway is strongly associated with colon tumors, and aberrant Wnt sig-
naling was observed in more than 94% of CRC cases [29-31]. Moreover, pks+ E. coli was
detected more frequently in CRC patients than in healthy controls [8,32].

1.1.2. Cytotoxic Necrotizing Factor

Other cyclomodulins with pro-oncogenic activity such as the cytotoxic necrotizing
factor (CNF) and the cytolethal distending toxin (CDT) are also associated with CRC [17,18].
CNF is mostly produced by uropathogenic E. coli (UPEC) as well as by diarrhea-causing E.
coli. However, this cyclomodulin was also detected in E. coli isolated from patients with
neonatal meningitis and oncological patients with bacteremia [33-37]. CNF is a cyclomod-
ulin interfering with cytokinesis leading to morphological changes such as membrane
ruffles, flattening of the cell body, and the formation of enlarged multinucleated cells [38].
Toxic and cell-altering effects were observed in the infected cells, which is in accordance
with in vitro studies that demonstrate the ability of CNF to alter the cytoskeleton of cul-
tured cells [39,40]. The morphological changes observed in infected cells are caused by the
permanent activation of Rho GTPases, which participate in the arrangement of actin stress
fibers [41]. All of these effects could contribute to malignant transformation. Human colon
cancer cells exposed to CNF in vitro showed blockage of cytokinesis, endoreplication, and
polyploidization, resulting in reversible senescence and thus genomic instability [42].

1.1.3. Cytolethal Distending Toxin

Compared to other cyclomodulins, CDT is less frequent in CRC patients. Some E.
coli isolates can produce CDT concurrently with colibactin or CNF [43—45]. Similar to
colibactin, CDT is able to directly induce DSBs [46]. Following the exposure of cells
to CDT, DNA single-strand breaks (SSBs) appear, which are subsequently converted to
DSBs in the S phase [47], resulting in cell cycle arrest in the G2/M phase followed by
cell apoptosis [48-50]. However, the formation of DSBs also leads to the activation of
DNA damage responses, avoiding replication and thus resulting in genetic instability
that favors tumor promotion in both proliferating and non-proliferating cells [51-53].
Another recent study demonstrated an increased number of tumors in mice infected by
CDT+ Campylobacter jejuni. The genotoxic activity of CDT was also observed in rat small
intestine epithelial cells and in human colon cancer cell lines, including chromosomal
aberrations, cell cycle disruption, and more frequent mutations [54,55]. However, normal
human colon epithelial cells exposed to CDT-producing E. coli displayed only modest
changes compared to those induced in precancerous derivatives, suggesting that CDT+ E.
coli is not a potent CRC initiator, but could be a promoter of malignant transformation [56].

2. Materials and Methods
2.1. Patients and Clinical Material

Newly diagnosed CRC patients aged 50 years or older and seeking primary care at
the First Department of Surgery, University Hospital Olomouc were recruited as cases,
whereas patients aged 50+ and seeking care at the same department for non-CRC con-
ditions were recruited as controls, both during the period from July 2015 to May 2019.
To prevent possible bias presumed in some patient groups and conditions, the follow-
ing exclusion criteria were applied to all participants: (i) A personal history of digestive
cancer or inflammatory bowel disease, or a family history of CRC (first-degree relatives);
(ii) antibiotic use within the 2 months before sampling; (iii) diarrhea or other symptoms of
gastrointestinal infection within the 2 weeks before sampling; (iv) bowel-clearing within
1 week before sampling (typically >2 weeks in newly diagnosed CRC patients). Rectal
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swabs were collected using the Transystem™ 116C bacteriology transport swabs (COPAN
Diagnostics Inc., Murrieta, CA, USA) and transported to the laboratory on the same day.

2.2. Samples Processing

Swabs were shaken in 200 uL. of Brain Heart Infusion Broth with 10% serum (Oxoid
CZ, s.r.0., Brno, Czech Republic) and inoculated onto Columbia blood agar (CBA) and Mac-
Conkey agar plates (Trios spol. s r.o., Praha, Czech Republic). The plates were incubated at
37 °C for 2 days. Each colonial morphotype presumptively identified as enterobacterium,
based on characteristic colony appearance as evaluated by an experienced microbiologist,
was subcultured on CBA at 37 °C for 16-24 h and identified by MALDI-ToF MS using the Mi-
croflex LT/SH instrument and Biotyper software (Bruker Corporation, Billerica, MA, USA)
in accordance with the manufacturers’ instructions. Hemolysis was evaluated on the same
plates in isolates identified as E. coli, which were subsequently all stored at —80 °C in a
cryoprotectant until tested further.

2.3. Genetic Analysis of E. coli Isolates

A thermal lysis procedure was used for DNA isolation from all collected E. coli isolates.
Briefly, one 24-h-old bacterial colony was harvested and suspended in 50 pL of sterile
deionized water. The bacterial suspension was incubated at 90 °C with 440 rpm shaking for
10 min and subsequently spun down at 13 000 x g for 2 min. The supernatant was stored as
a thermal lysate at —20 °C until used. For the detection of cyclomodulin genes, 1 uL of the
thermal lysate was added to 20 uL of the reaction mixture consisting of 1x qPCR SYTO-9
Master Mix (Top-Bio s.r.0., Vestec, Czech Republic) and 0.1 uM of the respective forward
and reverse primer (see Table 1 for a list of primers).

Table 1. Primers used in the study.

Target Gene Primer Name Primer Sequence 1L (bp) 2T, (°O) Reference
CIbB clbB—F GAT TTG GAT ACT GGC GAT AAC CG
clbB—R CCA TTT CCC GTT TGA GCA CAC
579 57 [57]
CIbN clbN—F GTT TTG CTC GCC AGA TAG TCA TTC
clb N—R CAG TTC GGG TAT GTG TGG AAG G
cnf 1—F GGCGACAAATGCAGTATTGCTTGG
cnfl 552 63 [58]
cnf 1—R GACGTTGGTTGCGGTAATTTTGGG
CDTs1—F GAAAGTAAATGGAATATAAATGTCCG
CDTas1—R AAATCACCAAGAATCATCCAGTTA
cdtB 466 56 [59]
CDTs2—F GAAAATAAATGGAACACACATGTCCG
CDTas2—R AAATCTCCTGCAATCATCCAGTTA
chuA.1F GACGAACCA ACGGTCAGGAT
huA 279
- chuA 2R TGCCGCCAGTACC AAAGACA
) yjaA.1F TGAAGTGTCAGGAGACGCT G
yjaA ) 211 60 [60]
yjaA.2R ATGGAGAATGCGTTCCTCAAC
TspE4C2.1F GAGTAATGTCGGGGCATTCA
TspE4.C2 152
TspE4C2.2R CGCGCCAACAAAGTATTACG

I L—product size; > Ta—annealing temperature of primers.

Two different primer pairs targeting independent genes present inside the pks ge-
nomic island were used to increase the reliability of detection of an intact pks island needed
for the appropriate encoding of colibactin. PCR amplification was performed in the Light-
Cycler 96 instrument (Roche, Basel, Switzerland) in accordance with protocols previously
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published for colibactin genes [57], the CNF encoding gene [58], the cdtB gene [59], and
E. coli phylotyping [60]. Primers used for this PCR are listed in Table 1. High-resolution
melting analysis was used for product detection with the following conditions: 95 °C for
60s, 40 °C for 60 s, 65 °C for 1 s, followed by melting from 65 to 92 °C ata 2.2 °C/s ramp
rate with 25 readings per 1 °C.

2.4. Statistical Analysis

Except for differences in the number of distinct colonial morphotypes that were
evaluated using the Mann—-Whitney U test, all other associations were evaluated using the
chi-square test or Fisher’s exact test. The statistical package IBM SPSS Statistics version 22
and the MedCalc software were used to analyze the data. The significance level was at 5%
(p <0.05)

3. Results
3.1. E. coli Culture Results

A total of 263 patients aged 50-90 years were recruited to participate in the study
(Supplementary Material Table “Overview patient data”); most rectal swab cultures yielded
E. coli (n = 241; 91.6%). There was no significant difference in E. coli positivity rates between
CRC patients and controls. In many cases, more than one morphologically distinct E.
coli isolate was recovered from one participant; namely, 208 isolates were from 130 CRC
patients and 152 isolates were from 111 controls, a total of 360 isolates to be further studied.
Interestingly, CRC patients harbored significantly more morphologically distinct E. coli
isolates compared to controls (p = 0.007, Mann-Whitney U test). For a detailed analysis
of this difference, see Section 3.4 below. For a breakdown of the underlying conditions in
controls. see Table 2.

Table 2. Distribution of controls by diagnosis.

n %

Hernia 47 42

Gallstones 33 30

Non-CRC malignancy 13 12
Hemorrhoids 10 9
Other 8 7

3.2. Evaluation of the Representativeness of the CRC Cohort

The main characteristics of the study cohort are summarized in Table 3. The mean
ages of CRC patients and controls were 69.4 £ 8.15 and 68.6 & 8.86, respectively, indicating
the absence of any potential age-bias. The proportion of males in the CRC group was 66%
(M/F:93/47), compared to 50% in controls (M/F: 62/61); that is, there were 1.3 times more
male CRC patients than male controls. This corresponds to the higher incidence of CRC
in Czech males; according to the Czech National Cancer Registry, the mean incidence of
CRC was 1.9 times higher in males aged 50+ compared to females in 2014-2018 (211.8 ver-
sus 108.4, respectively). Furthermore, there were no statistically significant differences
in the age distribution (Figure 1) and tumor location distribution (Figure 2) between our
group of CRC patients and a corresponding Czech CRC-positive population (age 50+, time
period of 2014-2018) as retrieved from the Czech National Cancer Registry. The same was
true for sex distribution in our CRC patients when comparing the cumulative incidence of
CRC by sex in the Czech Republic in 20142018 according to the Czech National Cancer
Registry (Figure 3).



Life 2021, 11, 1165

6 of 16

-

Table 3. Main characteristics of the study cohort.

All Participants
All CRC+ Controls

n 263 140 123

Males 155 93 62
Females 108 47 61

Mean age 69.1 69.4 68.6

SD 8.49 8.15 8.86

E. coli-positive participants

n 241 130 111

isolates recovered 360 208 152
Males 141 86 55
isolates recovered 225 147 78
Females 100 44 56
isolates recovered 135 61 74

Mean age 69.2 69.5 68.9

SD 8.43 8.07 8.85

UH ] =

Figure 1. Distribution of CRC patients by age according to the Czech National Cancer Registry compared to CRC patients

included in our study.

3.3. Prevalence of Cyclomodulin Genes and Hemolysis and Implications for Usefulness in
Screening

Results of the detection of cyclomodulin-coding genes, and the occurrence of the
hemolytic phenotype that indicates the production of hemolysins, are summarized in
Table 4. All colibactin-positive E. coli isolates were assigned to phylogroup B2 based on
PCR detection of the chuA and yjaA genes and the DNA fragment Ts5pE4C2 [60]. In the
case that a patient harbored more than one morphologically distinct E. coli isolate, all the
isolates were examined separately, and cyclomodulin-coding genes or hemolysis were
recorded as present in the patient, irrespective of whether they were detected in one or
more of the patient’s distinct isolates. The putative CRC detection rate was calculated as
the percentage of CRC patients that would be correctly identified as having the disease
based on the positive result of a particular test. Because of the character of our study, we
could not establish how long the patients had been positive with any of the tests prior to
the diagnosis of their CRC status. Therefore, this putative detection rate represents the
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maximum detection rate that might be achieved in real life; the true values may be lower.
Except for the cytolethal distending toxin gene, all the others (colibactin gene, cytotoxic
necrotizing factor gene, and hemolysis) were found to be significantly associated with
CRC. We also evaluated the significance and putative CRC detection rate of the combined

detection of two or more potential markers (Table 4).

Figure 2. Distribution of CRC location in the Czech population aged 50+ in 20142018 according to
the Czech National Cancer Registry compared to CRC patients included in our study 2015-2019. C18—
malignant neoplasm of colon, C19—malignant neoplasm of rectosigmoid junction, C20—malignant

neoplasm of rectum and C21—malignant neoplasm of anus and anal canal.

Figure 3. Sex distribution in CRC patients aged 50+. Bars show relative distribution among males
(blue bars) and females (red bars). For the Czech population, relative percentages are based on
cumulative incidence by sex in 2014-2018 according to the Czech National Cancer Registry. For this
study, relative percentages are based on absolute numbers of patients included.

Table 4. Results of the detection of cyclomodulin-coding genes, occurrence of hemolytic phenotype, and evaluation of the

potential of combined testing.

CRC Controls p Detection Rate (%)
E. coli-positive participants 130 111

clb+ 59 34 0.019 454
cnf+ 39 19 0.020 30.3

cdt+ 10 8 0.886 -
Hemolytic 45 23 0.017 34.6

Positive for at least one of the following

clb+, enf+ 61 35 0.015 46.9
clb+, hemolytic 64 37 0.013 49.2
clb+, cnf+, hemolytic 64 37 0.013 49.2
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Unfortunately, the increase in detection rate was rather limited. Apparently, the
non-colibactin cyclomodulins and hemolysins were rarely present in colibactin-negative
participants, or, in other words, they were mainly present in colibactin-positive participants.
This is not surprising for the association of hemolytic phenotype and cnf-positivity, because
of the tight linkage between cnfl and hlyA genes. In addition, we explored the association
of clb-positivity and hemolysis and clb-positivity and cnf-positivity. Both hemolysis and
cnf-positivity were observed much more frequently in clb-positive isolates compared
to those clb-negative (9.2 x more for hemolysis and 21.5x more for cnf-positivity, both
p < 0.001). All of our E. coli clb+ isolates were also phylotyped by triplex PCR assigning all
of them to the B2 phylogroup, which is characterized as the most virulent one.

Surprisingly, although we observed a strong link between the hemolytic phenotype
and cnf-positivity, not all of the enf+ E. coli isolates were also hemolytic, which is in conflict
with the tight linkage between cnfl and hiyA genes. Because we followed the hemolytic
phenotype, not the presence of hlyA in the genotype, lack of hlyA expression may be the
most plausible explanation of this observation. Finally, to be sure about the robustness
of our data, we also looked at the variability of the colibactin detection rate in CRC and
control patients during the time of the study. This should unveil any potential bias that
might influence the data in case the quality of testing varied during the time of the study.
Neither unusual fluctuations nor significant differences in year-on-year comparisons were
observed (Supplementary Material Figure “Colibactin detection rate in CRC and control
patients for each year of the study”).

3.4. Deciphering the Different Burden of Distinct E. coli Isolates in CRC Patient versus Controls

As already stated, CRC patients harbored significantly more morphologically distinct
E. coli isolates compared to controls, namely 208 in 130 CRC patients (1.60 per patient)
compared to 152 isolates in 111 controls (1.37 per patient; p = 0.007, Mann-Whitney U
test). To gain better insight into this difference, we first plotted the counts of participants
harboring different numbers of morphologically distinct E. coli isolates (Figure 4a) with
respect to their status as controls (blue bars) or CRC patients (orange bars). Now, let us
postulate that the distribution of isolates in the control group (blue bars) does represent
the normal distribution in a healthy population. In such a case, Figure 4a clearly shows
that the increased average number of E. coli isolates per patient in the CRC group (orange
bars) mainly occurs as a result of the increased number of patients who carry two distinct
isolates. Thus, a cyclomodulin-producing E. coli isolate might be the newly acquired
“second” isolate added to the populational background of the “first” original harmless E.
coli in CRC patients.

| i i

Figure 4. Different burdens of distinct E. coli isolates with respect to CRC status and colibactin status. X axis represents

number of distinct E. coli isolates; Y axis represents number of participants; (a) burden of all E. coli isolates irrespective of

their colibactin status; (b) burden of colibactin-negative, and (c) colibactin-positive isolates.
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To explore whether we can find any support for this hypothesis, we counted the
number of participants that carry either just one or more than one distinct E. coli iso-
late, separately in the group of colibactin-negative (Figure 4b) and -positive participants
(Figure 4c). A remarkable difference was observed only when participants carried more
than one distinct E. coli isolate and, at the same time, one of these isolates was colibactin-
positive (Figure 4c, right). Among these 50 participants (clb+ and hosting >1 isolate), 38
were CRC patients and only 12 were controls, a 3.2:1 ratio, in contrast to a balanced 1:1 ratio
in those participants who hosted just one isolate, making the difference highly significant
(p = 0.016). Next, we looked at the male-to-female ratio in that deviating subgroup of
38 clb-positive CRC patients hosting >1 distinct E. coli isolate. Intriguingly, 28 of them
were males and only 10 were females (2.8:1 ratio). In contrast, the corresponding group of
22 clb-positive CRC patients hosting just one distinct E. coli isolate consisted of 14 males and
8 females (1.8:1 ratio, i.e., almost identical to the 1.9:1 ratio for CRC incidence in the Czech
population). Altogether, our data show that the presence of a colibactin-positive E. coli
isolate most probably represents new colonization that is typically additional to previous
colibactin-negative E. coli colonization. Furthermore, male sex seems to be associated with
colibactin-positive E. coli colonization.

3.5. Evaluation of Potential Benefit of Toxin Screening in Different Age Groups, in Males versus
Females, and in Different Disease Stages

Further remarkable differences were revealed by a detailed analysis of the data. When
participants were divided into early old age (50-74 years old) and middle old age (75-90),
detection of the potential CRC markers appeared to be markedly more beneficial in those
aged 75-90 compared to those aged 50-74 years. Because colibactin turned out to be the
most sensitive marker, we first summarize the data for colibactin alone and then for all the
potential markers combined (Table 5). Similarly, detection of the markers also appeared
to be more beneficial to males compared to females, irrespective of their age. In the end,
when all combinations of age and sex were evaluated in relation to the potential benefit of
colibactin screening, the results were surprisingly conflicting and will be discussed later.
In males, testing would be more beneficial in middle old age (75-90; Table 6), whereas in
females, the same was true in early old age (50-74; Table 7).

Table 5. Evaluation of potential benefit of cyclomodulin screening in different age groups.

CRC Detection Rate (%)
E. coli-positive participants aged 50-74 91
of those
clb+ 40 44.0
Positive for at least one of the following
clb+, cnf+, hemolytic 44 48.3
E. coli-positive participants aged 75-90 39
of those
clb+ 19 48.7
Positive for at least one of the following
clb+, cnf+, hemolytic 20 51.3

To reveal any relationship between clb+ E. coli status and TNM classification of the
disease, we also evaluated the relative proportion of early versus advanced stages according
to clb+ detection rate. Interestingly, a higher percentage of patients carrying clb+ E. coli
were observed in T1/T2 (24/42 = 57%) compared to T3/T4 (30/88 = 34%; p = 0.012), in
NO (38/75 = 51%) compared to N > 1 (25/51 = 49%; p = 0.018), and in MO (45/98 = 46%)
compared to M > 1 (3/13 = 23%; p = 0.118). Because of the observational character of our
study, with E. coli status being examined at the time of diagnosis only and not earlier or later,
we could only speculate about the background of this difference. Nevertheless, it was found
to be statistically significant in relation to both T and N staging. In addition, the difference
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in M staging showed the same, albeit not significant, tendency. The factors responsible for
this difference remain a puzzle to us and should be explored in future studies.

Table 6. Evaluation of potential benefit of cyclomodulin screening in different age groups in males.

CRC Detection Rate (%)
E. coli-positive males aged 50-90 85
of those
clb+ 42 494
Positive for at least one of the following
clb+, cnf+, hemolytic 44 51.8
E. coli-positive males aged 50-74 59
of those
clb+ 26 441
Positive for at least one of the following
clb+, cnf+, hemolytic 28 47.5
E. coli-positive males aged 75-90 26
of those
clb+ 16 61.5
Positive for at least one of the following
clb+, cnf+, hemolytic 16 61.5

Table 7. Evaluation of potential benefit of cyclomodulin screening in different age groups in females.

CRC Detection Rate (%)
E. coli-positive females aged 50-90 45
of those
clb+ 17 37.8
Positive for at least one of the following
clb+, cnf+, hemolytic 20 444
E. coli-positive females aged 50-74 32
of those
clb+ 14 43.8
Positive for at least one of the following
clb+, cnf+, hemolytic 16 50.0
E. coli-positive females aged 75-90 13
of those
clb+ 3 23.1
Positive for at least one of the following
clb+, cnf+, hemolytic 4 30.8

4. Discussion

Earlier studies that evaluated the usefulness of E. coli toxin gene detection as a potential
marker of CRC relied on direct PCR detection of the respective genes in stool samples,
which requires self-sampling of a solid stool sample and its delivery by the patient. Our
approach may be advantageous because of the possibility to obtain a rectal swab sample
directly and conveniently during a visit of any person eligible for CRC screening to any
healthcare facility. Furthermore, techniques of subsequent E. coli culture from rectal swabs
are widely available. Moreover, colonial DNA extraction and PCR amplification for the
purpose of cyclomodulin gene detection also do not require special expertise and should
therefore be robust for routine screening purposes.

It should also be noted that most of the studies published so far either did not consider
the age of CRC patients and thus also included those younger than 50 years of age, or
they did not specify the age of CRC patients at all. To best explore the usefulness of our
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approach for screening purposes, we focused on patients and controls aged 50-90 years,
which is the population eligible for CRC screening in most countries. One limitation
of this study is that the controls do not represent a truly healthy population. However,
they were recruited among patients who sought care of the First Department of Surgery,
University Hospital Olomouc, for non-CRC related and non-inflammatory conditions,
thereby reducing the possible bias to a minimum (Table 1). In addition, the age, tumor
location, and sex distribution in our cohort of CRC patients correspond very well with
the respective parameters of the population of Czech CRC patients (Figures 1-3). The
focus on E. coli isolates solely might be another limitation of this study, because other
enterobacterial species can harbor cyclomodulin genes as well [61]. In actuality, the fraction
of clb-positive isolates non-E. coli isolates should, however, be very low in the general
population, as described by Ballén V. et al. [62] recently, who detected clb in as few as 2 of
127 K. pneumoniae clinical isolates.

4.1. Colibactin Established as the Most Abundant Potential CRC Marker

Our results showed statistically significant associations between newly diagnosed
CRC and the presence of clb-positive, cnf-positive, and hemolytic E. coli isolates in rectal
swabs (Table 4), whereas no association was observed in the case of the cdt gene. These
findings are in good agreement with previous studies [63,64]. The most abundant potential
marker was the colibactin gene, which was found in 45.4% (59/130) of our E. coli-positive
CRC patients. The cyclomodulin was detected in 55.3% (21/38) of CRC mucosal samples
examined by Buc et al. [63], and in 56.4% (22/39) of stool samples from CRC patients
examined by Eklof et al. [8]. The higher detection rates of the colibactin gene observed by
others highlight one possible limitation of our study, which is based on the subculture and
further examination of typically one colony of each morphotype of E. coli. Therefore, in
our samples, we cannot rule out the presence of more, different strains of E. coli showing
the same morphology, where only some of them might harbor the colibactin gene and
thus might be missed when subculturing and examining one representative colony only.
Therefore, extensive examination of several colonies is recommended for future studies,
possibly also accompanied by an examination of the strain diversity by some of the available
molecular typing techniques. Furthermore, a reduced detection rate cannot be excluded
if a less experienced technician were to perform the selection of colonies for subculture
and MALDI ToF MS identification. However, presumptive identification of enterobacteria
based on colonial morphology is one of the easier tasks in a routine diagnostic laboratory
and can even be simplified when using selective media. In this study, a technician with
>8 years of experience in the field performed this step. Another explanation of the lower
colibactin detection rate achieved in our study might be a possibly higher yield because of
direct sampling of the tumor mucosa in the first published study [63], and a likely higher
sensitivity of QPCR examination of DNA extracted from solid stool samples in the second
published study [8], compared to the recovery of E. coli from rectal swabs in our study.
Therefore, we recommend enrichment of enterobacteria in selective broth prior to plating
to increase the sensitivity in any future culture-based assays of cyclomodulins.

4.2. Other Cyclomodulin Genes Are Detected Less Frequently and Are Mostly Linked to the
Presence of Colibactin

Compared to colibactin abundance, all the other potential markers studied by us
occurred less frequently in CRC. However, it might be beneficial to combine colibactin
detection with the detection of the other three less-sensitive markers to further increase
the screening efficacy. Therefore, we explored this option (Table 4). The rather limited
additive effect of combined detection indicated non-random co-occurrence of the potential
markers, which was confirmed by statistical analysis. This finding can be explained by the
plain fact that cyclomodulin-producing E. coli strains are dominantly recruited from the B2
phylogroup of E. coli [45,63,65], which increases the probability of sharing genetic traits.
In our study, all colibactin-positive isolates belonged to the B2 phylogroup. Moreover,
the hemolytic phenotype and the underlying E. coli hemolysin-coding gene hlyA have
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recently been associated with CRC [66]. Our study is only the second one that reports the
association of this easily observable phenotypic trait with CRC. Nevertheless, based on
our results, we recommend focusing mainly on colibactin detection when developing any
screening assays in the future.

4.3. Males Should Benefit from Toxin Detection in CRC Screening More Than Women

To explore our data in detail, we also evaluated them in relation to sex and age groups
of early old-aged (50-75 years old) and middle old-aged (75-90) participants (Tables 5-7).
Although any such fragmentation of a cohort inevitably leads to a reduction of statistical
power, it can point to tendencies worthy of exploration in the future. Interestingly, whereas
there was no difference in the colibactin detection rate between early old-aged (50-74) men
and women (44.1 and 43.8%, respectively), a puzzling difference was observed in those of
middle old age (61.5% in men and 23.1% in women, respectively; p = 0.041). To the best of
our knowledge, the only distinctive feature of older females versus males in CRC patients
published so far is the progressive shift of the tumor location to the right side (proximal
colon) with increasing age in women, indicating possible oncologic background differences
in the elderly [67].

4.4. Cyclomodulin-Producing E. coli May Represent Harmful and Possibly Preventable
Newcomers to Colon Microbiota

The significant difference between the number of morphologically distinct E. coli
isolates between CRC patients (208 isolates from 130 patients, i.e., 1.6 isolate per patient)
and controls (152 isolates from 111 patients, i.e., 1.35 isolate per patient; p = 0.007, Mann—
Whitney U test) represents another new finding of this study. Intriguingly, increased
occurrence of colibactin-positive isolates in CRC patients may be responsible for this
difference. Let us presuppose that the frequency of colibactin-positive isolates observed in
the control group (30.6%; 34/111) represents their baseline frequency in the population. In
such a case, the same 30.6%, i.e., 40 of the 130 CRC patients, would represent the “healthy
population colibactin-positive background” in the CRC group. Then, the additional 19
colibactin-positive isolates observed in the CRC group should represent CRC-related clb+
newcomers compared to controls. The hypothesis regarding colibactin-positive E. coli as
a harmful newcomer to the colon previously colonized by cyclomodulin-nonproducing
E. coli is further supported by the analysis of multiple E. coli isolates in different subsets
of our cohort as detailed in Section 3.4 in the Results and in Figure 4. Moreover, males
seem to be predisposed to such colonization, which is in accordance with recent data by
Watanabe et al. [68], who reported a positive association of pks+ E. coli with male sex (OR,
2.27 [95% CI 1.05-4.91]) in a healthy Japanese population.

4.5. Open Questions and Perspectives

Obviously, our study cannot clarify whether the supernumerary colibactin-positive
CRC patients are people who were healthy and later developed CRC because of the tumor-
driving role of cyclomodulin-producing E. coli, or whether they are CRC patients who were
excessively colonized by cyclomodulin-producing E. coli as passengers, because their CRC
status favors such colonization, as proposed by Wassenaar [69]. Although unimportant
when used as a biomarker, the search for potential sources of cyclomodulin-positive E.
coli would be highly desirable in the case of their driving role. The very recent study by
Watanabe et al. did not find any such source in diets [66], while Fabian et al. suggested
small mammalian pets as a potential reservoir for cyclomodulin-producing E. coli [70].

Concerning the usefulness as a biomarker of CRC, the numbers of false positives
and false negatives hinder the immediate practical usefulness of any colibactin assay.
In our opinion, colibactin detection may, however, contribute to the performance of the
well-established FIT as an auxiliary marker, namely in two ways. The first way would
be analogous to that already outlined by Malagon et al., who demonstrated that a new
bacterial signature for CRC screening reduced the false-positive rate of FIT in a screening
population, promising to decrease the burden of unnecessary colonoscopies [12]. Secondly,
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anticipated by us when designing this study, colibactin-positive E. coli screening would be
performed within the standard workflow of a diagnostic microbiology laboratory on E. coli
colonies of any eligible patients (aged 50+) who gave informed consent on this testing when
being sampled by rectal swab for any conditions. Of course, in such a setting, the patients
must not be misled that undergoing CRC screening would replace the well-established FIT.
However, they would not have to seek CRC screening actively, rather just give consent to
an extended examination of their sample collected for other purposes. A possibly positive
result should then increase their uptake of FIT or even indicate colonoscopy as the next
step. In the Czech Republic, the uptake of CRC screening reached only 22.7% in 2010,
according to the most recent published data [71], lagging far behind the acceptable (>45%)
and recommended (>65%) levels according to EU guidelines.

5. Conclusions

1. Our data confirm the association of clb+, cnf+ and hemolytic E. coli strains with CRC.

2. Cultures from rectal swab followed by colony PCR may represent a viable and
economical alternative to non-culture detection of toxigenic E. coli in stool samples,
provided that its sensitivity be successfully increased.

3. It needs to be established whether the detection of cyclomodulin-producing E. coli
does increase the sensitivity of current non-invasive CRC screening strategies. Clinical
trials that would encompass simultaneous FIT and cyclomodulin-producing E. coli
detection in the general population are urgently needed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1ife11111165/s1, Figure “Colibactin detection rate in CRC and control patients for each year of
the study”, Table “Overview patient data”.

Author Contributions: Conceptualization, V.R. and L.S.; project administration, L.S., P.Z., LK.,
M.S., PS., and PS,; methodology, KM. and V.R; resources, K.M.; data curation, KM. and VR,
writing—original draft preparation, K.M.; writing—reviewing and editing, V.R,; visualization, K.M.;
supervision; V.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Faculty of Medicine and Dentistry, Palacky University
Olomouc, IGA_LF_2021_022, by the Ministry of Education, Youth and Sports, Czech Republic, DRO
61989592, and by the Ministry of Health, Czech Republic, DROFNOI 00098892, NV19-03-00069.

Institutional Review Board Statement: This study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Joint Institutional Ethics Committee of University
Hospital Olomouc and Faculty of Medicine and Dentistry, Palacky University Olomouc (protocol no.
23/15, approved on 16 June 2015).

Informed Consent Statement: Written informed consent has been obtained from the patients to
publish this paper.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to the protection of privacy of patients
included in the study.

Acknowledgments: The authors are thankful to K. Mikolowitschova for performing patient sampling
and J. Zapletalova for performing statistical analyses.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Schwabe, R.E; Jobin, C. The microbiome and cancer. Nat. Rev. Cancer 2013, 13, 800-812. [CrossRef] [PubMed]

2. Warren, R.L.; Freeman, D.].; Pleasance, S.; Watson, P.; Moore, R.A.; Cochrane, K.; Allen-Vercoe, E.; Holt, R.A. Co-occurrence of
anaerobic bacteria in colorectal carcinomas. Microbiome 2013, 1, 16. [CrossRef]

3.  Compare, D.; Nardone, G. The bacteria-hypothesis of colorectal cancer: Pathogenetic and therapeutic implications. Transl.
Gastrointest. Cancer 2014, 3, 44-53. [CrossRef]

4. Bonnet, M.; Bugc, E.; Sauvanet, P.; Darcha, C.; Dubois, D.; Pereira, B.; Déchelotte, P.; Bonnet, R.; Pezet, D.; Darfeuille-Michaud, A.
Colonization of the human gut by E. coli and colorectal cancer risk. Clin. Cancer Res. 2014, 20, 859-867. [CrossRef]


https://www.mdpi.com/article/10.3390/life11111165/s1
https://www.mdpi.com/article/10.3390/life11111165/s1
http://doi.org/10.1038/nrc3610
http://www.ncbi.nlm.nih.gov/pubmed/24132111
http://doi.org/10.1186/2049-2618-1-16
http://doi.org/10.3978/j.issn.2224-4778.2013.05.37
http://doi.org/10.1158/1078-0432.CCR-13-1343

Life 2021, 11, 1165 14 of 16

10.

11.

12.

13.

14.

15.
16.
17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Viljoen, K.S.; Dakshinamurthy, A.; Goldberg, P.; Blackburn, ].M. Quantitative profiling of colorectal cancer-associated bacteria
reveals associations between Fusobacterium spp., Enterotoxigenic Bacteroides fragilis (ETBF) and clinicopathological features of
colorectal cancer. PLoS ONE 2015, 10, e0119462. [CrossRef] [PubMed]

Zamani, S.; Taslimi, R.; Sarabi, A.; Jasemi, S.; Sechi, L.A.; Feizabadi, M.M. Enterotoxigenic Bacteroides fragilis: A possible etiological
candidate for bacterially-induced colorectal precancerous and cancerous lesions. Front. Cell. Infect. Microbiol. 2020, 9, 449.
[CrossRef] [PubMed]

Ahn, J; Sinha, R.; Pei, Z.; Dominianni, C.; Wu, J.; Shi, J.; Goedert, ].].; Hayes, R.B.; Yang, L. Human gut microbiome and risk for
colorectal cancer. . Natl. Cancer Inst. 2013, 105, 1907-1911. [CrossRef]

Eklof, V.; Lofgren-Burstrom, A.; Zingmark, C.; Edin, S.; Larsson, P.; Karling, P.; Alexeyev, O.; Rutegard, J.; Wikberg, M.L.;
Palmgqvist, R. Cancer-associated fecal microbial markers in colorectal cancer detection. Int. |. Cancer 2017, 141, 2528-2536.
[CrossRef]

Flemer, B.; Warren, R.D.; Barrett, M.P; Cisek, K.; Das, A.; Jeffery, L.B.; Hurley, E.; O'Riordain, M.; Shanahan, E; O'Toole, PW. The
oral microbiota in colorectal cancer is distinctive and predictive. Gut 2018, 67, 1454-1463. [CrossRef]

Wirbel, J.; Pyl, PT,; Kartal, E.; Zych, K.; Kashani, A.; Milanese, A.; Fleck, J.S.; Voigt, A.Y.; Palleja, A.; Ponnudurai, R.; et al.
Meta-analysis of fecal metagenomes reveals global microbial signatures that are specific for colorectal cancer. Nat. Med. 2019, 25,
679-689. [CrossRef]

Thomas, A.M.; Manghi, P.; Asnicar, F; Pasolli, E.; Armanini, F.; Zolfo, M.; Beghini, F.; Manara, S.; Karcher, N.; Pozzi, C.; et al.
Metagenomic analysis of colorectal cancer datasets identifies cross-cohort microbial diagnostic signatures and a link with choline
degradation. Nat. Med. 2019, 25, 667-678. [CrossRef]

Malagon, M.; Ramio-Pujol, S.; Serrano, M.; Amoedo, J.; Oliver, L.; Bahi, A.; Miquel-Cusachs, ].O.; Ramirez, M.; Queralt-Moles, X.;
Gilabert, P; et al. New fecal bacterial signature for colorectal cancer screening reduces the fecal immunochemical test false-positive
rate in a screening population. PLoS ONE 2020, 15, e0243158. [CrossRef] [PubMed]

Wu, Y;; Jiao, N.; Zhu, R.; Zhang, Y.; Wu, D.; Wang, A.].; Fang, S.; Tao, L.; Li, Y,; Cheng, S.; et al. Identification of microbial markers
across populations in early detection of colorectal cancer. Nat. Commun. 2021, 12, 3063. [CrossRef] [PubMed]

Liang, J.Q.; Li, T.; Nakatsu, G.; Chen, Y.-X,; Yau, T.O.; Chu, E.; Wong, S.; Szeto, C.H.; Ng, S.C.; Chan, FK.L.; et al. A novel faecal
Lachnoclostridium marker for the non-invasive diagnosis of colorectal adenoma and cancer. Gut 2020, 69, 1248-1257. [CrossRef]
[PubMed]

Ferrari, A.; Neefs, 1.; Hoeck, S.; Peeters, M.; Van Hal, G. Towards novel non-invasive colorectal cancer screening methods: A
comprehensive review. Cancers 2021, 13, 1820. [CrossRef]

Lax, A.J.; Thomas, W. How bacteria could cause cancer: One step at a time. Trends Microbiol. 2002, 10, 293-299. [CrossRef]
Nougayrede, J.-P. Escherichia coli Induces DNA Double-Strand Breaks in Eukaryotic Cells. Science 2006, 313, 848-851. [CrossRef]
Cuevas-Ramos, G.; Petit, C.R.; Marcq, I; Boury, M.; Oswald, E.; Nougayrede, J.P. Escherichia coli induces DNA damage in vivo
and triggers genomic instability in mammalian cells. Proc. Natl. Acad. Sci. USA 2010, 107, 11537-11542. [CrossRef]

Putze, J.; Hennequin, C.; Nougayréde, J.-P.; Zhang, W.; Homburg, S.; Karch, H.; Bringer, M.-A.; Fayolle, C.; Carniel, E.; Rabsch, W.;
et al. Genetic structure and distribution of the colibactin genomic island among members of the family Enterobacteriaceae. Infect.
Immun. 2009, 77, 4696-4703. [CrossRef] [PubMed]

Bossuet-Greif, N.; Dubois, D.; Petit, C.; Tronnet, S.; Martin, P.; Bonnet, R.; Oswald, E.; Nougayrede, ].P. Escherichia coli ClbS is a
colibactin resistance protein. Mol. Microbiol. 2016, 99, 897-908. [CrossRef]

Wami, H.; Wallenstein, A.; Sauer, D.; Stoll, M.; von Biinau, R.; Oswald, E.; Miiller, R.; Dobrindt, U. Diversity and prevalence
of colibactin- and yersiniabactin encoding mobile genetic elements in enterobacterial populations: Insights into evolution and
co-existence of two bacterial secondary metabolite determinants. bioRxiv 2021, 49. [CrossRef]

Xue, M,; Kim, C.S,; Healy, A.R.; Wernke, K.M.; Wang, Z.; Frischling, M.C.; Shine, E.E.; Wang, W.; Herzon, S.B.; Crawford, ]. M.
Structure elucidation of colibactin and its DNA cross-links. Science 2019, 365, 6457. [CrossRef]

Li, Z.-R; Li, J.; Cai, W.; Lai, ].Y.H.; McKinnie, S.M.K.; Zhang, W.-P.; Moore, B.S.; Zhang, W.; Qian, P.-Y. Macrocyclic colibactin
induces DNA double-strand breaks via copper-mediated oxidative cleavage. Nat. Chem. 2019, 11, 880-889. [CrossRef]

Wilson, M.R,; Jiang, Y.; Villalta, PW.; Stornetta, A.; Boudreau, P.D.; Carrd, A.; Brennan, C.A.; Chun, E.; Ngo, L.; Samson, L.D.; et al.
The human gut bacterial genotoxin colibactin alkylates DNA. Science 2019, 363, eaar7785. [CrossRef]

Xue, M.; Wernke, K.M.; Herzon, S.B. Depurination of colibactin-derived interstrand cross-links. Biochemistry 2020, 59, 892-900.
[CrossRef]

Dalmasso, G.; Cougnoux, A.; Delmas, J.; Darfeuille-Michaud, A.; Bonnet, R. The bacterial genotoxin colibactin promotes colon
tumor growth by modifying the tumor microenvironment. Gut Microbes 2014, 5, 675-680. [CrossRef] [PubMed]

Kusibab, PJ.D.; Berger, H.; Battistini, F.; Bouwman, B.A.M; Iftekhar, A.; Katainen, R.; Crosetto, N.; Orozco, M.; Aaltonen, L.A.
Colibactin DNA-damage signature indicates mutational impact in colorectal cancer. Nat Med. 2020, 26, 1063-1069. [CrossRef]
[PubMed]

Pleguezuelos-Manzano, C.; Puschhof, J.; Rosendahl Huber, A.; van Hoeck, A.; Wood, H.M.; Nomburg, J.; Gurjao, C.; Manders,
E.; Dalmasso, G.; Stege, P.B.; et al. Mutational signature in colorectal cancer caused by genotoxic pks+ E. coli. Nature 2020, 580,
269-273. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0119462
http://www.ncbi.nlm.nih.gov/pubmed/25751261
http://doi.org/10.3389/fcimb.2019.00449
http://www.ncbi.nlm.nih.gov/pubmed/32010637
http://doi.org/10.1093/jnci/djt300
http://doi.org/10.1002/ijc.31011
http://doi.org/10.1136/gutjnl-2017-314814
http://doi.org/10.1038/s41591-019-0406-6
http://doi.org/10.1038/s41591-019-0405-7
http://doi.org/10.1371/journal.pone.0243158
http://www.ncbi.nlm.nih.gov/pubmed/33259546
http://doi.org/10.1038/s41467-021-23265-y
http://www.ncbi.nlm.nih.gov/pubmed/34031391
http://doi.org/10.1136/gutjnl-2019-318532
http://www.ncbi.nlm.nih.gov/pubmed/31776231
http://doi.org/10.3390/cancers13081820
http://doi.org/10.1016/S0966-842X(02)02360-0
http://doi.org/10.1126/science.1127059
http://doi.org/10.1073/pnas.1001261107
http://doi.org/10.1128/IAI.00522-09
http://www.ncbi.nlm.nih.gov/pubmed/19720753
http://doi.org/10.1111/mmi.13272
http://doi.org/10.1101/2021.01.22.427840
http://doi.org/10.1126/science.aax2685
http://doi.org/10.1038/s41557-019-0317-7
http://doi.org/10.1126/science.aar7785
http://doi.org/10.1021/acs.biochem.9b01070
http://doi.org/10.4161/19490976.2014.969989
http://www.ncbi.nlm.nih.gov/pubmed/25483338
http://doi.org/10.1038/s41591-020-0908-2
http://www.ncbi.nlm.nih.gov/pubmed/32483361
http://doi.org/10.1038/s41586-020-2080-8
http://www.ncbi.nlm.nih.gov/pubmed/32106218

Life 2021, 11, 1165 15 of 16

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Muzny, D.M.; Bainbridge, M.N.; Chang, K.; Dinh, H.H.; Drummond, J.A.; Fowler, G.; Kovar, C.L.; Lewis, L.R.; Morgan, M.B.;
Newsham, LF,; et al. Comprehensive molecular characterization of human colon and rectal cancer. Nature 2012, 487, 330-337.
[CrossRef]

Iftekhar, A.; Berger, H.; Bouznad, N.; Heuberger, J.; Boccellato, F.; Dobrindt, U.; Hermeking, H.; Sigal, M.; Meyer, T.F. Genomic
aberrations after short-term exposure to colibactin-producing E. coli transform primary colon epithelial cells. Nat. Commun. 2021,
12,1003. [CrossRef]

Aghabozorgi, A.S.; Ebrahimi, R.; Bahiraee, A.; Tehrani, S.S.; Nabizadeh, F.; Setayesh, L.; Jafarzadeh-Esfehani, R.; Ferns, G.A.;
Avan, A.; Rashidi, Z. The genetic factors associated with Wnt signaling pathway in colorectal cancer. Life Sci. 2020, 256, 118006.
[CrossRef]

Iyadorai, T.; Mariappan, V.; Vellasamy, K.M.; Wanyiri, ].W.; Roslani, A.C.; Lee, G.K,; Sears, C.; Vadivelu, J. Prevalence and
association of pks+ Escherichia coli with colorectal cancer in patients at the University Malaya Medical Centre, Malaysia. PLoS
ONE 2020, 15, €0228217. [CrossRef]

Oswald, E.; De Rycke, J.; Lintermans, P.; Van Muylem, K.; Mainil, J.; Daube, G.; Pohl, P. Virulence factors associated with cytotoxic
necrotizing factor type two in bovine diarrheic and septicemic strains of Escherichia coli. ]. Clin. Microbiol. 1991, 29, 2522-2527.
[CrossRef]

Bouzari, S.; Oloomi, M.; Oswald, E. Detection of the cytolethal distending toxin locus c¢dtB among diarrheagenic Escherichia coli
isolates from humans in Iran. Res. Microbiol. 2005, 156, 137-144. [CrossRef] [PubMed]

Hilali, F.; Ruimy, R.; Saulnier, P.; Barnabé, C.; Lebouguénec, C.; Tibayrenc, M.; Andremont, A. Prevalence of virulence genes
and clonality in Escherichia coli strains that cause bacteremia in cancer patients. Infect. Immun. 2000, 68, 3983-3989. [CrossRef]
[PubMed]

Bisicchia, R.; Ciammarughi, R.; Caprioli, A.; Falbo, V.; Ruggeri, EM. Toxin production and haemagglutination in strains of
Escherichia coli from diarrhoea in Brescia, Italy. J. Hyg. 1985, 95, 353-361. [CrossRef] [PubMed]

Alonso, P,; Blanco, J.; Blanco, M.; Gonzalez, E.A. Frequent production of toxins by Escherichia coli strains isolated from human
urinary tract infections: Relation with haemagglutination. FEMS Microbiol. Lett. 1987, 48, 391-396. [CrossRef]

Falzano, L.; Fiorentini, P.; Boquet, P.; Donelli, G. Interaction of Escherichia coli cytotoxic necrotizing factor type 1 (cnfl) with
cultured cells. . Chem. Inf. Model. 1993, 53, 1689-1699. [CrossRef]

Caprioli, A.; Falbo, V.; Roda, L.G.; Ruggeri, EM.; Zona, C. Partial purification and characterization of an Escherichia coli toxic
factor that induces morphological cell alterations. Infect. Immun. 1983, 39, 1300-1306. [CrossRef]

De Rycke, J.; Phan-Thanh, L.; Bernard, S. Inmunochemical identification and biological characterization of cytotoxic necrotizing
factor from Escherichia coli. ]. Clin. Microbiol. 1989, 27, 983-988. [CrossRef]

Fiorentini, C.; Fabbri, A.; Flatau, G.; Donelli, G.; Matarrese, P.; Lemichez, E.; Falzano, L.; Boquet, P. Escherichia coli cytotoxic
necrotizing factor 1 (CNF1), a toxin that activates the Rho GTPase. |. Biol. Chem. 1997, 272, 19532-19537. [CrossRef] [PubMed]
Zhang, Z.; Aung, KM.; Uhlin, B.E.; Wai, S.N. Reversible senescence of human colon cancer cells after blockage of mito-
sis/cytokinesis caused by the CNF1 cyclomodulin from Escherichia coli. Sci. Rep. 2018, 8, 17780. [CrossRef]

Mehdipour, S.; Doosti, A.; Ghasemi Dehkordi, P. Detection of cytolethal distending toxin (cdt) and cytotoxic necrotizing factor
(enf) genes among Escherichia coli isolates from Iranian sheep carcasses. Comp. Clin. Path. 2012, 21, 1683-1688. [CrossRef]
Pickett, C.L.; Lee, R.B.; Eyigor, A.; Elitzur, B.; Fox, E.M.; Strockbine, N.A. Patterns of Variations in Escherichia coli Strains that
Produce Cytolethal Distending Toxin. Infect. Immun. 2004, 72, 684-690. [CrossRef]

Kurnick, S.A.; Mannion, A.].; Feng, Y.; Madden, C.M.; Chamberlain, P.; Fox, ].G. Genotoxic Escherichia coli Strains Encoding
Colibactin, Cytolethal Distending Toxin, and Cytotoxic Necrotizing Factor in Laboratory Rats. Comp. Med. 2019, 69, 103-113.
[CrossRef]

Elwell, C.A.; Dreyfus, L.A. DNase I homologous residues in CdtB are critical for cytolethal distending toxin-mediated cell cycle
arrest. Mol. Microbiol. 2000, 37, 952-963. [CrossRef]

Fedor, Y.; Vignard, J.; Nicolau-Travers, M.L.; Boutet-Robinet, E.; Watrin, C.; Salles, B.; Mirey, G. From single-strand breaks to
double-strand breaks during S-phase: A new mode of action of the Escherichia coli Cytolethal Distending Toxin. Cell. Microbiol.
2013, 15, 1-15. [CrossRef] [PubMed]

Whitehouse, C.A.; Balbo, P.B.; Pesci, E.C.; Cottle, D.L.; Mirabito, PM.; Pickett, C.L. Campylobacter jejuni cytolethal distending toxin
causes a Gp-phase cell cycle block. Infect. Immun. 1998, 66, 1934-1940. [CrossRef]

Péres, S.Y.; Marches, O.; Daigle, E; Nougayrede, ].P.; Hérault, F,; Tasca, C.; De Rycke, J.; Oswald, E. A new cytolethal distending
toxin (CDT) from Escherichia coli producing CNF2 blocks HeLa cell division in G2/M phase. Mol. Microbiol. 1997, 24, 1095-1107.
[CrossRef]

Jinadasa, R.N.; Bloom, S.E.; Weiss, R.S.; Duhamel, G.E. Cytolethal distending toxin: A conserved bacterial genotoxin that blocks
cell cycle progression, leading to apoptosis of a broad range of mammalian cell lineages. Microbiology 2011, 157, 1851-1875.
[CrossRef] [PubMed]

Fahrer, J.; Huelsenbeck, J.; Jaurich, H.; Dérsam, B.; Frisan, T.; Eich, M.; Roos, W.P; Kaina, B.; Fritz, G. Cytolethal distending toxin
(CDT) is a radiomimetic agent and induces persistent levels of DNA double-strand breaks in human fibroblasts. DNA Repair
2014, 18, 31-43. [CrossRef] [PubMed]

Shiloh, Y. ATM and ATR: Networking cellular responses to DNA damage. Curr. Opin. Genet. Dev. 2001, 11, 71-77. [CrossRef]


http://doi.org/10.1038/nature11252
http://doi.org/10.1038/s41467-021-21162-y
http://doi.org/10.1016/j.lfs.2020.118006
http://doi.org/10.1371/journal.pone.0228217
http://doi.org/10.1128/jcm.29.11.2522-2527.1991
http://doi.org/10.1016/j.resmic.2004.09.011
http://www.ncbi.nlm.nih.gov/pubmed/15748977
http://doi.org/10.1128/IAI.68.7.3983-3989.2000
http://www.ncbi.nlm.nih.gov/pubmed/10858212
http://doi.org/10.1017/S002217240006277X
http://www.ncbi.nlm.nih.gov/pubmed/3905955
http://doi.org/10.1111/j.1574-6968.1987.tb02630.x
http://doi.org/10.1017/CBO9781107415324.004
http://doi.org/10.1128/iai.39.3.1300-1306.1983
http://doi.org/10.1128/jcm.27.5.983-988.1989
http://doi.org/10.1074/jbc.272.31.19532
http://www.ncbi.nlm.nih.gov/pubmed/9235957
http://doi.org/10.1038/s41598-018-36036-5
http://doi.org/10.1007/s00580-011-1349-6
http://doi.org/10.1128/IAI.72.2.684-690.2004
http://doi.org/10.30802/AALAS-CM-18-000099
http://doi.org/10.1046/j.1365-2958.2000.02070.x
http://doi.org/10.1111/cmi.12028
http://www.ncbi.nlm.nih.gov/pubmed/22978660
http://doi.org/10.1128/IAI.66.5.1934-1940.1998
http://doi.org/10.1046/j.1365-2958.1997.4181785.x
http://doi.org/10.1099/mic.0.049536-0
http://www.ncbi.nlm.nih.gov/pubmed/21565933
http://doi.org/10.1016/j.dnarep.2014.03.002
http://www.ncbi.nlm.nih.gov/pubmed/24680221
http://doi.org/10.1016/S0959-437X(00)00159-3

Life 2021, 11, 1165 16 of 16

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Li, L.Q.; Sharipo, A.; Chaves-Olarte, E.; Masucci, M.G.; Levitsky, V.; Thelestam, M.; Frisan, T. The Haemophilus ducreyi cytolethal
distending toxin activates sensors of DNA damage and repair complexes in proliferating and non-proliferating cells. Cell.
Microbiol. 2002, 4, 87-99. [CrossRef]

He, Z.; Gharaibeh, R.Z.; Newsome, R.C.; Pope, ].L.; Dougherty, M.W.; Tomkovich, S.; Pons, B.; Mirey, G.; Vignard, J.; Hendrixson,
D.R,; et al. Campylobacter jejuni promotes colorectal tumorigenesis through the action of cytolethal distending toxin. Gut 2019, 68,
289-300. [CrossRef] [PubMed]

Guidi, R.; Guerra, L.; Levi, L.; Stenerlow, B.; Fox, ].G.; Josenhans, C.; Masucci, M.G.; Frisan, T. Chronic exposure to the cytolethal
distending toxins of Gram-negative bacteria promotes genomic instability and altered DNA damage response. Cell Microbiol.
2013, 15, 98-113. [CrossRef]

Graillot, V.; Dormoy, I.; Dupuy, J.; Shay, ] W.; Huc, L.; Mirey, G.; Vignard, J. Genotoxicity of Cytolethal Distending Toxin (CDT) on
isogenic human colorectal cell lines: Potential promoting effects for colorectal carcinogenesis. Front. Cell. Infect. Microbiol. 2016, 6,
34. [CrossRef]

Johnson, J.R.; Johnston, B.; Kuskowski, M.A.; Nougayrede, ].P.; Oswald, E. Molecular epidemiology and phylogenetic distribution
of the Escherichia coli pks genomic island. J. Clin. Microbiol. 2008, 46, 3906-3911. [CrossRef] [PubMed]

Pass, M.A_; Odedra, R.; Batt, R.M. Multiplex PCRs for identification of Escherichia coli virulence genes. J. Clin. Microbiol. 2000, 38,
2001-2004. [CrossRef]

Toth, I.; Hérault, F; Beutin, L.; Oswald, E. Production of cytolethal distending toxins by pathogenic Escherichia coli strains isolated
from human and animal sources: Establishment of the existence of a new cdt variant (type IV). J. Clin. Microbiol. 2003, 41,
4285-4291. [CrossRef]

Morgan, R.N,; Saleh, S.E.; Farrag, H.A.; Aboulwafa, M.M. Prevalence and pathologic effects of colibactin and cytotoxic necrotizing
factor-1 (Cnf 1) in Escherichia coli: Experimental and bioinformatics analyses. Gut Pathog. 2019, 11, 22. [CrossRef]

Ballén, V.; Gabasa, Y.; Ratia, C.; Ortega, R.; Tejero, M.; Soto, S. Antibiotic resistance and virulence profiles of Klebsiella pneumoniae
strains isolated from different clinical sources. Front. Cell. Infect. Microbiol. 2021, 11, 738223. [CrossRef]

Clermont, O.; Bonacorsi, S.; Bingen, E. Rapid and simple determination of the Escherichia coli phylogenetic group. Appl. Environ.
Microbiol. 2000, 66, 4555-4558. [CrossRef] [PubMed]

Buc, E.; Dubois, D.; Sauvanet, P; Raisch, J.; Delmas, ].; Darfeuille-Michaud, A.; Pezet, D.; Bonnet, R. High Prevalence of
Mucosa-Associated, E. coli Producing Cyclomodulin and Genotoxin in Colon Cancer. PLoS ONE 2013, 8, e56964. [CrossRef]
[PubMed]

Lidin-Janson, G.; Kaijser, B.; Lincoln, K.; Olling, S.; Wedel, H. The homogeneity of the faecal coliform flora of normal school-girls,
characterized by serological and biochemical properties. Med. Microbiol. Immunol. 1978, 164, 247-253. [CrossRef]

Raisch, J.; Bug, E.; Bonnet, M.; Sauvanet, P.; Vazeille, E.; de Vallée, A.; Déchelotte, P.; Darcha, C.; Pezet, D.; Bonnet, R.; et al. Colon
cancer-associated B2 Escherichia coli colonize gut mucosa and promote cell proliferation. World J. Gastroenterol. 2014, 20, 6560-6572.
[CrossRef] [PubMed]

Yoshikawa, Y.; Tsunematsu, Y.; Matsuzaki, N.; Hirayama, Y.; Higashiguchi, F.; Sato, M.; Iwashita, Y.; Miyoshi, N.; Mutoh, M.;
Ishikawa, H.; et al. Characterization of colibactin-producing Escherichia coli isolated from japanese patients with colorectal cancer.
Jpn. J. Infect. Dis. 2020, 73, 437-442. [CrossRef]

lida, Y.; Kawai, K.; Tsuno, N.H; Ishihara, S.; Yamaguchi, H.; Sunami, E.; Kitayama, ].; Watanabe, T. Proximal shift of colorectal
cancer along with aging. Clin. Colorectal Cancer 2014, 13, 213-218. [CrossRef]

Watanabe, D.; Murakami, H.; Ohno, H.; Tanisawa, K.; Konishi, K.; Tsunematsu, Y.; Sato, M.; Miyoshi, N.; Wakabayashi, K.;
Watanabe, K.; et al. Association between dietary intake and the prevalence of tumourigenic bacteria in the gut microbiota of
middle-aged Japanese adults. Sci. Rep. 2020, 10, 15221. [CrossRef]

Wassenaar, T.M. E. coli and colorectal cancer: A complex relationship that deserves a critical mindset. Crit. Rev. Microbiol. 2018,
44, 619-632. [CrossRef]

Fabian, N.J.; Mannion, A.].; Feng, Y.; Madden, C.M.; Fox, J.G. Intestinal colonization of genotoxic Escherichia coli strains encoding
colibactin and cytotoxic necrotizing factor in small mammal pets. Vet. Microbiol. 2020, 240, 108506. [CrossRef]

Suchanek, S.; Majek, O.; Vojtechova, G.; Minarikova, P.; Rotnaglova, B.; Seifert, B.; Minarik, M.; Kozeny, P.; Dusek, L.; Zavoral, M.
Colorectal cancer prevention in the Czech Republic: Time trends in performance indicators and current situation after 10 years of
screening. Eur. |. Cancer Prev. 2014, 23, 18-26. [CrossRef] [PubMed]


http://doi.org/10.1046/j.1462-5822.2002.00174.x
http://doi.org/10.1136/gutjnl-2018-317200
http://www.ncbi.nlm.nih.gov/pubmed/30377189
http://doi.org/10.1111/cmi.12034
http://doi.org/10.3389/fcimb.2016.00034
http://doi.org/10.1128/JCM.00949-08
http://www.ncbi.nlm.nih.gov/pubmed/18945841
http://doi.org/10.1128/JCM.38.5.2001-2004.2000
http://doi.org/10.1128/JCM.41.9.4285-4291.2003
http://doi.org/10.1186/s13099-019-0304-y
http://doi.org/10.3389/fcimb.2021.738223
http://doi.org/10.1128/AEM.66.10.4555-4558.2000
http://www.ncbi.nlm.nih.gov/pubmed/11010916
http://doi.org/10.1371/journal.pone.0056964
http://www.ncbi.nlm.nih.gov/pubmed/23457644
http://doi.org/10.1007/BF02125493
http://doi.org/10.3748/wjg.v20.i21.6560
http://www.ncbi.nlm.nih.gov/pubmed/24914378
http://doi.org/10.7883/yoken.JJID.2020.066
http://doi.org/10.1016/j.clcc.2014.06.005
http://doi.org/10.1038/s41598-020-72245-7
http://doi.org/10.1080/1040841X.2018.1481013
http://doi.org/10.1016/j.vetmic.2019.108506
http://doi.org/10.1097/CEJ.0b013e328364f203
http://www.ncbi.nlm.nih.gov/pubmed/24129196

	Introduction 
	Roles of Cyclomodulins 
	Colibactin 
	Cytotoxic Necrotizing Factor 
	Cytolethal Distending Toxin 


	Materials and Methods 
	Patients and Clinical Material 
	Samples Processing 
	Genetic Analysis of E. coli Isolates 
	Statistical Analysis 

	Results 
	E. coli Culture Results 
	Evaluation of the Representativeness of the CRC Cohort 
	Prevalence of Cyclomodulin Genes and Hemolysis and Implications for Usefulness in Screening 
	Deciphering the Different Burden of Distinct E. coli Isolates in CRC Patient versus Controls 
	Evaluation of Potential Benefit of Toxin Screening in Different Age Groups, in Males versus Females, and in Different Disease Stages 

	Discussion 
	Colibactin Established as the Most Abundant Potential CRC Marker 
	Other Cyclomodulin Genes Are Detected Less Frequently and Are Mostly Linked to the Presence of Colibactin 
	Males Should Benefit from Toxin Detection in CRC Screening More Than Women 
	Cyclomodulin-Producing E. coli May Represent Harmful and Possibly Preventable Newcomers to Colon Microbiota 
	Open Questions and Perspectives 

	Conclusions 
	References

