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Abstract: Colorectal cancer (CRC) is a leading cause of cancer death worldwide, and its incidence is
correlated with infections, chronic inflammation, diet, and genetic factors. An emerging aspect is
that microbial dysbiosis and chronic infections triggered by certain bacteria can be risk factors for
tumor progression. Recent data suggest that certain bacterial toxins implicated in DNA attack or in
proliferation, replication, and death can be risk factors for insurgence and progression of CRC. In this
study, we recruited more than 300 biopsy specimens from people undergoing colonoscopy, and we
analyzed to determine whether a correlation exists between the presence of bacterial genes coding
for toxins possibly involved in CRC onset and progression and the different stages of CRC. We also
analyzed to determine whether CRC-predisposing genetic factors could contribute to bacterial toxins
response. Our results showed that CIF toxin is associated with polyps or adenomas, whereas pks+
seems to be a predisposing factor for CRC. Toxins from Escherichia coli as a whole have a higher
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incidence rate in adenocarcinoma patients compared to controls, whereas Bacteroides fragilis toxin
does not seem to be associated with pre-cancerous nor with cancerous lesions. These results have
been obtained irrespectively of the presence of CRC-risk loci.

Keywords: bacterial protein toxins; colorectal cancer; gut microbiota screening; mucosa adherent
bacteria; host—pathogens interaction; polygenic risk score

Key Contribution: This study, based on more than 300 colonoscopy tissue samples, besides confirm-
ing the etiological role of the selected polygenic risk score for colorectal cancer, indicates that the
Escherichia coli cif toxin gene is significantly associated with pre-cancerous polyps or adenomas of
colon-rectum, whereas toxins from E. coli as a whole have a higher incidence rate in adenocarcinoma.

1. Introduction

Colorectal cancer (CRC) is among the major threatening diseases of the present
times, as in both sexes, it is the second deadliest of all cancers, responsible for more
than 935,000 deaths in 2020 and the third most common cancer, with about 1,900,000 new
cases diagnosed. A high mortality rate is associated with CRC and is mainly due to the
delay in diagnosis, as symptoms appear late [1].

Decreasing the mortality rate by CRC is a clear, unmet need today, and the medical
community agrees that the high number of CRC-related deaths could be prevented by
adequate screening programs for early detection and also in order to reduce patient-care-
associated costs. In the last years, it has been already proven that CRC insurgence can
be considered as a multifactorial process [2]. Many studies have shown that CRC has a
significant genetic basis. Moreover, alcohol consumption and tobacco smoking as well as
the Westernized lifestyle, which means obesity, sedentary behavior, and high-calorie and
high-fat diets, have an impact on CRC pathogenesis [3].

In addition to the environmental and genetic factors, microbial dysbiosis also influ-
ences the hallmarks of cancer [4], as does inflammation, which is strongly linked to the gut
microbiota. In fact, it has been proven that pathological changes in the composition of the
gut microbiota lead to intestinal inflammation and have a pivotal role in the insurgence
of CRC [5]. Indeed, the long-standing presence of infection with potentially pathogenic
bacteria can induce chronic inflammation, associated with CRC development in the colorec-
tal mucosa [6]. An altered environment in the gut due to bacterial dysbiosis may lead to
dysregulation of the immune system and mucus production, ultimately disrupting the del-
icate homeostatic relationship between commensal bacteria and the human host [7]. Thus,
while the causes of CRC are not completely established, it is becoming increasingly clear
that the gut microbiota provides a crucial contribution. An emerging aspect is that chronic
infections triggered by certain bacteria can be risk factors for tumor progression [8]. In this
context, recent studies report an increase in the abundance of Fusobacterium in human CRC
compared to controls, suggesting an association with the later stages of CRC [9]. Although
a great number of studies have focused on how dysbiosis leads to CRC, the complex role
of bacterial toxins in cancer insurgence and progression is emerging as a significant topic
that deserves considerable attention. In fact, pathogenic bacteria primarily use their toxin-
mediated assault strategies to create a favorable host cell environment. However, their
toxins can exert a pro-tumoral activity in multiple ways, such as host cell DNA damage
and induction of genomic instability, cell death resistance, signaling involved in cell prolif-
eration, and inflammation [10,11]. The strongest evidence is for Helicobacter pylori CagA, a
protein that activates the pro-oncogenic catenin and induces an invasive phenotype [12],
and for enterotoxigenic strains of Bacteroides fragilis (ETBF), known to produce the B. fragilis
toxin (BFT), whose long-term colonization may increase CRC risk [13]. Several studies have
been conducted in recent years highlighting that bacterial toxins could induce hallmarks of
cancer via two main routes. One route is a direct attack to DNA that causes mutations and
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genome instability, as in the case of the genotoxin colibactin, produced by Escherichia coli
strains and positive for the genomic island polyketide synthetase (pks), or the cytolethal
distending toxin (CDT), also produced by E. coli. The other route is an engagement of
signaling pathways that modulate cell proliferation, replication, and death, ultimately
resulting in transformation, as for BFT and the E. coli cytotoxic necrotizing factor 1 (CNF1)
or the cycle-inhibiting factor (CIF) (for an updated review, see Fiorentini et al. [11]). In
this context, an exciting recent finding strongly supports the correlation between bacterial
toxins and cancer since it has been discovered that mutations detected in CRC match the
gut bacterium pks+ E. coli signature [14].

Inherited genetic factors underlie ~30% of all cases of CRC, but the high-penetrance
germline mutations in known genes are responsible for only <5% of cases [15], with much
of the variation in genetic risk likely to be a consequence of common genetic variations
detectable through genome-wide association studies (GWAS) [16]. Whether a synergy
exists between the presence of bacterial toxins and predisposing genetic factors is a still
completely unexplored area.

In the present study, we recruited more than 300 biopsy specimens from people
undergoing colonoscopy to analyze whether a correlation exists between the presence of
bacterial genes coding for toxins (CDT, CIF, CNF1, BFT, and colibactin-positivity for the
genomic island pks) and the different stages of CRC. Moreover, we aimed analyze the
possibility that known CRC-risk loci contribute to the response to bacterial toxins. For this
purpose, we created a database with patients’ information, and we explored the association
of the bacterial toxins with hyperplastic polyps (HP), pre-cancerous polyps/adenomas
(PA), and adenocarcinomas (ADK).

2. Results

Colorectal biopsies from 330 eligible individuals were analyzed. We excluded sam-
ples from five subjects because of vials A and B inversion. Samples from the remaining
325 subjects, 162 men and 163 women, included healthy tissues (162, controls) or tis-
sues with hyperplastic polyps (55, HP), pre-cancerous polyps or adenomas (79, PA), or
adenocarcinomas (29, ADK), as shown in Table 1.

Table 1. Overall and outcome-specific distribution of the covariates analyzed in the study protocol.

Healthy Tissue

Hyperplastic

Characteristic Overall, N = 325 (Controls), Polyps (HP), Pol(ir};s)/ANdfl;(;ma A(c}:gt;(t:)ar;u:ozr; a
N =162 N =55 PN PN =
Hospital, n (%)
su 184 (57%) 80 (49%) 45 (82%) 54 (68%) 5 (17%)
RE 141 (43%) 82 (51%) 10 (18%) 25 (32%) 24 (83%)
Sex, n (%)
M 162 (50%) 66 (41%) 34 (62%) 46 (58%) 16 (55%)
F 163 (50%) 96 (59%) 21 (38%) 33 (42%) 13 (45%)
Age
Mean (SD) 60 (12) 59 (12) 60 (11) 61 (12) 64 (14)
Median (range) 60 (22, 87) 59 (22, 87) 62 (29, 81) 60 (36, 87) 68 (34, 85)
BMI
Mean (SD) 25.4(3.9) 249 (4.1) 26.1 (4.1) 25.8 (3.4) 25.9 (3.9)
Median (range) 24.9 (13.8, 40.4) 24.2 (13.8, 40.4) 26.1 (16.4, 37.4) 25.7 (19.7, 37.5) 25.8 (19.4, 31.8)
Unknown 6 5 0 0 1
Alcohol 76 (23%) 35 (22%) 20 (36%) 16 (20%) 5 (17%)
consumption, n (%) ? ° ° ° °
Wine e 165 (51%) 75 (46%) 31 (56%) 45 (58%) 14 (48%)
Unknown 1 0 0 1 0
Phys‘“(ljft“"ty n 129 (40%) 65 (40%) 24 (44%) 32 (41%) 8 (29%)
(]
Unknown 2 1 0 0 1
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Table 1. Cont.
Healthy Tissue Hyperplastic .
Characteristic Overall, N = 325 (Controls), Polyps (HP), POI(i;I;s)/ANdSI;(;ma ﬁ(fg%ar;n:ozr;\ a
N =162 N =55 T T
Non-drinker, n (%) 52 (16%) 30 (19%) 3 (5.5%) 10 (13%) 9 (32%)
Unknown 3 2 0 0 1
Diet, n (%)
Mediterranean 293 (92%) 148 (93%) 45 (82%) 73 (99%) 27 (93%)
Vegetarian 15 (4.7%) 8 (5.0%) 5(9.1%) 0 (0%) 2 (6.9%)
Vegan 1 (0.3%) 1 (0.6%) 0 (0%) 0 (0%) 0 (0%)
Other 8 (2.5%) 2 (1.3%) 5(9.1%) 1 (1.4%) 0 (0%)
Unknown 8 3 0 5 0
Smoking, n (%)
No 153 (47%) 80 (49%) 18 (33%) 43 (54%) 12 (41%)
Yes 68 (21%) 30 (19%) 19 (35%) 15 (19%) 4 (14%)
Ex 104 (32%) 52 (32%) 18 (33%) 21 (27%) 13 (45%)
Previous removal of
polyps, n (%)
Malignant polyp 50 (15%) 30 (19%) 5(9.1%) 11 (14%) 4 (14%)
Benign polyp 80 (25%) 29 (18%) 28 (51%) 21 (27%) 2 (7.1%)
No removal 191 (59%) 101 (63%) 22 (40%) 46 (59%) 22 (79%)
Unknown 4 2 0 1 1
Biopsy site, n (%)
Caecum 25 (7.7%) 5 (3.1%) 4 (7.3%) 14 (18%) 2 (6.9%)
Ascending 54 (17%) 27 (17%) 9 (16%) 17 (22%) 1(3.4%)
Hepatic flexure 5 (1.5%) 0 (0%) 1 (1.8%) 4 (5.1%) 0 (0%)
Transverse 13 (4.0%) 1 (0.6%) 6 (11%) 6 (7.6%) 0 (0%)
Descending 15 (4.6%) 0 (0%) 2 (3.6%) 11 (14%) 2 (6.9%)
Sigma 174 (54%) 120 (75%) 22 (40%) 21 (27%) 11 (38%)
Colon nas 1(0.3%) 1 (0.6%) 0 (0%) 0 (0%) 0 (0%)
Rectum 37 (11%) 7 (4.3%) 11 (20%) 6 (7.6%) 13 (45%)
Unknown 1 1 0 0 0
Polygenic Risk
Score (PRS)
Mean (SD) 0.01 (1.00) —0.10 (1.01) —0.11 (0.95) 0.20 (0.94) 0.36 (1.15)
Median (range) 0.03(—2.92,296) —0.11(-2.92,2.96) —0.20 (—1.94,2.53) 0.33 (—1.98,2.37) 0.43 (—1.70, 2.26)
Unknown 52 17 11 17 7

ADK patients were more frequent in Regina Elena National Cancer Institute (RE,

Roma, Italy) (83%), while HP patients were mostly collected by Policlinico Umberto I
Sapienza University (SU, Roma, Italy) (82%). Female cases were 45% (13) in the ADK group
and 59% (96) in controls.

The median age of enrolled subjects was 60 years, with higher values for ADK patients
(68 years) compared to PA (60 years), HP (62 years), and controls (59 years). BMI ranged
from 13.8 to 40.4 (median at 24.9). Information on alcohol (spirits) and wine consump-
tion, type of diet, smoking condition, and physical activity was highly complete (>95%).
Insufficient data quality and high proportion of missing values were observed for meat
consumption (70%, not shown). Previous removal of polyps was reported for 130 subjects
(40%) and was the prevalent condition of patients with HP (60%). Overall, 89% of the
biopsies were sampled from the colon and 11% from the rectum. Sigma was the prevalent
location for controls (75%), HP (40%), and PA (27%), while ADK was more frequently
diagnosed in the rectum (45%).

As depicted in Figure 1, the Polygenic Risk Score (PRS) was similar between controls
and HP patients and increased with cancer progression (PA and ADK): median PRS was
0.43 for ADK patients, 0.33 for PA, and —0.11 for controls (p-value for trend: 0.0124).
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Figure 1. Box plot of Polygenic Risk Score by outcome measures.

The overall and outcome-specific distribution of the bacterial toxins is shown in Table 2.

Table 2. Overall and outcome-specific distribution of the bacterial toxins genes analyzed in the study.

Healthy Tissue Hyperplastic .
Characteristic Overall, N = 325 (Controls), Polyps (HP), Pol(i:gs)/?\;iil;(;ma ﬁclie]g%arlzulog a
N =162 N =55 T T
cif, n (%) 32 (10%) 11 (7.1%) 7 (13%) 12 (16%) 2 (7.4%)
Unknown 17 7 3 5 2
cdt, n (%) 40 (13%) 18 (12%) 2 (3.8%) 15 (20%) 5 (19%)
Unknown 17 7 3 5 2
cnfl, n (%) 89 (29%) 42 (27%) 16 (31%) 20 (27%) 11 (41%)
Unknown 17 7 3 5 2
pks+,n (%) 117 (38%) 54 (35%) 22 (42%) 27 (36%) 14 (52%)
Unknown 17 7 3 5 2
bft, n (%) 43 (13%) 23 (14%) 6 (11%) 10 (13%) 4 (14%)
Unknown 6 3 1 1 1

Among aerobic bacteria, the most frequent trait in the whole population was the
positivity for the pks island (pks+) (117, 38%), followed by cnfl (29%), cdt (13%), and cif
(10%).

In the PA group, cif (16% vs. 7%) and cdt (20% vs. 12%) were detected more frequently
compared to controls, while pks+ and cnfI incidence rate was higher in ADK patients, 52%
and 41%, respectively, compared to controls (35% and 27%). cdt incidence was similar in
the ADK e PA group, 20% vs. 19%, respectively.

Overall, the bft toxin gene emerged in only 43 samples (13%). bft-positivity rate was
similar in all outcome types, ranging from 11% in HP cases to 14% in both controls and
ADK groups.

2.1. ADK vs. Controls Analysis

Factors associated within 10% tolerance (p-value < 0.1) with ADK in univariate logistic
regression models were represented by the presence of pks+, sum of aerobic bacterial
toxins, PRS, and age, as shown in Table 3. Other parameters had no significant association
with ADK. PRS represented the only adverse parameter in both univariate and multivariate
analysis (OR: 1.55, 95% CI: 1.00-2.45, p-value: 0.055).
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Table 3. Results of univariate and multivariate logistic regression model for tissues with adenocar-
cinomas (ADK) of colon-rectum compared to healthy tissues (controls). Univariate odds ratios are
also shown for all factors with univariate association within 10% tolerance (p-value < 0.1) that were
included in the multivariate model and for all bacterial toxins.

Univariate Multivariate
Characteristic OR! 95%CI1  p-Value! OR! 95%CI' p-Valuel

cif, yes vs. no 1.05 0.16, 4.21 0.95
cdt, yes vs. no 1.73 0.53, 4.86 0.32
cnfl, yes vs. no 1.85 0.78,4.28 0.15
pks+, yes vs. no 2.01 0.88, 4.64 0.10
bft, yes vs. no 0.99 0.27,2.85 0.98
Sum of aerobic toxins 1.60 1.02,2.54 0.042
Sum of all toxins 147 0.96,2.24 0.073

Polygenic Risk Score 1.00,

(PRS) 1.55 1.00, 2.45 0.055 1.55 545 0.055

Age 1.04 1.01, 1.08 0.027

1 OR, odds ratio; CI, confidence interval; in bold, p-value < 0.05.

2.2. PA vs. Controls Analysis

The presence of cif was significantly associated with pre-cancerous PA in univariate
analysis. Other significant factors within 10% tolerance were PRS and sex, as reported in
Table 4.

Table 4. Results of univariate and multivariate logistic regression model for tissues with polyps or
adenomas (PA) of colon-rectum compared to healthy tissues (controls). Univariate odds ratios are
also shown for all factors with univariate association within 10% tolerance (p-value < 0.1) that were
included in the multivariate model and for all bacterial toxins.

Univariate Multivariate
Characteristic OR!  95%CI'! p-Valuel OR! 95%CI! p-Value!

cif, yes vs. no 2.53 1.06, 6.14 0.036 2.57 1.06, 6.33 0.037
cdt, yes vs. no 1.94 0.90, 4.10 0.085
cnfl, yes vs. no 1.20 0.59, 2.35 0.61
pks+, yes vs. no 1.37 0.72,2.60 0.33
bft, yes vs. no 0.74 0.26,1.82 0.54

Polygenic Risk Score

(PRS) 1.36 1.00, 1.87 0.051

Sex, Fvs. M 0.49 0.28, 0.85 0.011 0.48 0.27,0.84 0.011
BMI 1.07 1.00, 1.15 0.068

Wine consumption, yes

1.58 0.92,2.74 0.10
VS. no

1 OR, odds ratio; CI, confidence interval; in bold, p-value < 0.05.

In the multivariate logistic regression model for PA condition, after adjusting for all
parameters with univariate association, cif toxin gene (OR: 2.57, 95% CI: 1.06-6.33, p-value:
0.037) and sex (F vs. M OR: 0.48, 95% CI: 0.28-0.85, p-value: 0.011) were the only risk factors
that retained statistical significance.

2.3. HP vs. Controls Analysis

BMI (OR: 1.10, 95% CI: 1.01-1.19, p-value: 0.026), non-drinker condition (OR: 0.23,
95%CI: 0.05-0.73, p-value: 0.026), and previous benign vs. malignant removal of polyps
(OR: 5.45, 95% CI: 1.90-18.3, p-value: 0.003) resulted to be independent risk factors for HP
condition in the multivariate logistic regression analysis applied to models, including risk
factors proven to be significant in the univariate analysis. Factors no more significant after
adjustment in multivariate analysis were sex, alcohol consumption, and smoking (Table 5).
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Table 5. Results of univariate and multivariate logistic regression model for tissues with hyperplastic
polyps (HP) of colon-rectum compared to healthy tissues (controls). Univariate odds ratios are also
shown for all factors with univariate association within 10% tolerance (p-value < 0.1) that were
included in the multivariate model and for all bacterial toxins.

Univariate Multivariate
Characteristic OR! 95%CI!  p-Valuel OR! 95%CI!  p-Valuel
cif, yes vs. no 2.04 0.71,5.49 0.17
cdt, yes vs. no 0.30 0.05,1.11 0.12
cnfl, yes vs. no 1.20 0.59,2.35 0.61
pks+, yes vs. no 1.37 0.72,2.60 0.33
bft, yes vs. no 0.74 0.26,1.82 0.54
Sex, Fvs. M 0.42 0.22,0.79 0.007
BMI 1.08 1.00,1.16 0.047 1.10 1.01,1.19 0.026
Alcohol
consumption, 2.07 1.06, 4.02 0.032
yes vs. no
Non-drinker, 025 006,074  0.027 023 005073  0.026
yes vs. no
Smoking
Yes vs. no 2.81 1.31,6.13 0.008
Ex vs. no 1.54 0.73,3.24 0.25

Smoking, yes vs. no 2.01 1.07,3.88 0.034
Previous removal of

polyps
Yes benign vs. yes 5.79 2.10,18.9 0.001 545 190,183 0.003
malignant
No vs. yes malignant ~ 1.31 0.49, 4.16 0.62 117 042,381 0.78

1 OR, odds ratio; CI, confidence interval; in bold, p-value < 0.05.

3. Discussion

Bacterial dysbiosis is critically involved in CRC and recent reports suggest that some
toxins produced by pathogenic bacteria can play a role in CRC onset and progression.
However, a clear demonstration of a correlation between the presence of bacterial toxins
and CRC is still missing. The present study was designed to evaluate whether detection of
bacterial toxins genes in colorectal tissue was positively associated with pre-cancerous or
cancerous lesions and whether known CRC-predisposing genetic factors could contribute
to the response to bacterial toxins. Our results indicate that the cif toxin gene is significantly
associated with pre-cancerous PA of colon-rectum compared to healthy tissues. On the
other hand, the E. coli toxins as a whole seem to have a higher incidence rate in ADK
patients compared to controls, whereas pks+ seems to be a predisposing factor for CRC. By
contrast, bft from B. fragilis resulted not to be associated neither with pre-cancerous lesions
nor with cancerous ones. The sample size was sufficient to confirm the etiological role of
the selected PRS for CRC [17]. In particular, PRS was similar between controls and HP
patients and increased with cancer progression. Moreover, despite the limited CRC sample,
PRS resulted as the risk factor more robustly associated with ADK after multivariable
adjustment. It is worth noting that, since the model is based on a genetic study of CRC, the
PRS works better in ADK rather than in PA.

To our knowledge, this is the first study dealing with a high number of mucosa
samples, in particular for pre-cancerous lesions. We obtained only a reduced sample
size of cancerous lesions. This fact implies that our observations for pks+ in relation
to ADK are not statistically significant, but a trend that encourages further studies was
nonetheless revealed.

Our results clearly indicate that the cif gene is positively associated with pre-cancerous
lesions, and it is the only risk factor that retained statistical significance after multivariate
analysis. Interestingly, CIF is the less studied among toxins potentially linked to CRC. To
our knowledge, the only paper considering CIF in this context is by Buc and coworkers [18],
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who demonstrated that there is a high prevalence of cyclomodulin-producing E. coli
in biopsies of CRC, cyclomodulins being represented by CDT, colibactin (encoded by
pks region), CIF, and CNF1. CIF acts by deamidating NEDD8 proteins [19], ultimately
preventing ubiquitylation of a number of substrates and thus blocking their degradation
by the 26S proteasome [20-22]. By blocking the degradation of proteins, CIF modifies
a number of activities in cells. In fact, it enhances virulence primarily by abolishing
the bactericidal activity of Perforin-2 [23] and mediates the inflammatory tolerance of
commensal bacteria by preventing IkB and 3-catenin degradation [24,25]. In addition, CIF
accumulates p21"Vafl/CiPl and p27XiP2 proteins, thus arresting the cell cycle at the G2/M or
at the G1/S transition [20,22,26] depending on the cellular-cycle phase at the moment of
infection. CIF-mediated cell-cycle arrest might slow down epithelial cells’ renewal, thus
providing enteric pathogens with a stable platform that favour gut colonization [27]. For
its action on the cell cycle, CIF was included in the so-called cyclomodulins, and together
with other toxins somehow touching the cell cycle, it was indicated as a putative toxin
implied in CRC [28].

Although not statistically significant, our results, showing that E. coli toxins genes as a
whole seem to have a higher incidence rate in ADK patients, are in agreement with previous
studies. In particular, E. coli are commonly isolated from both CRC patients and healthy
controls. However, in CRC patients, more pathogenic E. coli strains are found [29,30]. In this
context, Buc and coworkers [18] reported that there is a high prevalence of cyclomodulin-
producing E. coli in biopsies of CRC. The presence of the genomic island pks+ in particular
seems to be a predisposing factor for CRC. pks+ is one of the most studied factors related
to CRC development, and several groups reported that mucosa samples from CRC patients
more frequently harbour pks+ E. coli strains with respect to healthy patients [18,31,32].

The fact that the product of the genomic island pks+ (the so-called colibactin) can be
considered a predisposing factor for CRC is also supported by its activity in eukaryotic
cells since it induces DNA damage, cell-cycle arrest, mutations, and chromosomal insta-
bility [33-36], all events known to contribute to tumorigenesis. Very recently, in a human
intestinal organoid affected by prolonged exposure to E. coli expressing pks+, the same
mutational signature detected in a subset of human cancer genomes was found [14], further
indicating a possible role for the product of the genomic island pks+, colibactin, in CRC.
We would like to underline that the other two E. coli toxins genes herein studied, cnfl and
cdt, did not reach any significant association with HP or PA alone. However, due to the
low number of ADK, we cannot rule out the possibility that they can be associated with
cancerous lesions. Both of them, in fact, are closely studied for their activities strongly
reminiscent of carcinogenesis [11,37,38].

As regards B. fragilis, our results revealed no association between the presence of bft
and HP and PA and ADK, highlighting a discrepancy with previous reports from other
groups. B. fragilis is a normal inhabitant of the gastrointestinal tract, but the enterotoxigenic
form producing BFT is present in approximately 20% of the healthy population [39].
Current evidence suggests that BFT may be a driver for chronic colitis and CRC [40,41],
and its mode of action strongly supports this role. BFT, in fact, is a metalloprotease that
cleaves the extracellular domain of the tumor suppressor protein E-cadherin, inducing
a number of events, such as migration of 3-catenin to the nucleus, activation of the c-
Myc pathway, induction of MAPKSs and the NF-«B pathway, and secretion of chemokines,
which ultimately lead to loss of cell—cell contacts, cell rounding, and proliferation [42,43].
In animal models, B. fragilis strains producing BFT have been shown to contribute to
carcinogenesis [44—-46], actively supporting BFT as a CRC inducer. In addition, different
reports have shown a significant association between the bft gene and pre-cancerous
and cancerous lesions in human [47-49] Thus, it seems that our results on bft are not
in agreement with the current literature. We have to underline, however, that studies
revealing an association between bft and CRC strongly differ from our study in terms of
sample dimension, exclusion criteria, and statistical analyses. In fact, no more than 60
cases and 60 controls were analysed in a single study; univariate analysis was only applied,
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and stool samples instead of mucosa were used in some cases. Moreover, due to the low
number of ADK samples in our study, we cannot exclude the existence of an association
between bft and cancerous lesions.

4. Conclusions

Our results indicate for the first time a role for the CIF toxin in the early stages of
carcinogenesis and pave the way for further insights into the association of E. coli toxins
and BFT with cancerous lesions, with the aim of exploring the possibility of incorporating
bacterial toxins as biomarkers into CRC screening protocols or as tools for risk stratification.

5. Materials and Methods

An observational case-control study was designed to evaluate if the presence of bacte-
rial toxins (one or more) in colorectal tissue is positively associated with pre-cancerous (PA)
or cancerous lesions (ADK). Colorectal biopsies with polyps/cancer (cases) were compared
to disease-free colorectal tissues (controls). Moreover, the study evaluated whether known
CRC-predisposing genetic factors contribute to the response to bacterial toxins.

5.1. Study Design, Ethics Procedures and Adherence to STROBE Guidelines

The research was conceived as a collaborative study among Istituto Superiore di
Sanita (ISS, Roma, Italy), Policlinico Umberto I Sapienza University, Regina Elena National
Cancer Institute, and Karolinska Institutet. It was approved by the ISS Ethical Committee
(reference number: PRE 564/16) and carried out in accordance with the recommendations,
with written informed consent from all subjects. All subjects involved were adult and gave
written, informed consent in accordance with the Declaration of Helsinki.

The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
guidelines were followed in processing this study [50].

5.2. Enrolment of Patients and Selection of Study Subjects

Intestinal biopsy samples were obtained from 330 Caucasian adult subjects that un-
derwent colonoscopy between September 2016 and July 2018.

Before the procedures, a questionnaire was administered to collect information on
subjects” anamnesis and lifestyle. Exclusion criteria included the use of probiotics and
antibiotics in the previous 15 days; prophylaxis for diverticulosis; type II diabetes; familiar
hereditary CRC and inflammatory bowel diseases. A database of the subjects enrolled
was created where age, seX, clinical history, date of sampling, histopathology examination,
information on the nature of the polyp (benign or transformed), as well as the presence
of the bacterial toxins gene and the genetic risk factors obtained were specified. The
experimental design as well as exclusion criteria are reported in Figure 2 and further
explained below.

5.3. Biopsy Sample Collection and Storage

All the patients received polyethylene glycol as sole bowel preparation for colonoscopy.
During the procedure, biopsies were taken from the normal-appearing colic mucosa as
well as from HP, PA, ADK, or portions of the colon immediately adjacent to these lesions.
For each patient, two biopsies were taken, and each one was put in a different vial: the
first one at or near the lesion (Vial A) and the second one far from the lesion (Vial B). For
controls, the two biopsies were taken in the same place. The biopsy in Vial A was used
for bacteria enrichment and real-time PCR to detect the presence of bacterial toxins genes.
The biopsy in Vial B was used for genotyping of CRC-risk loci and was taken far from the
lesion to avoid mutations due to the lesion itself. Collected biopsies were rapidly frozen in
dry ice and kept frozen until subsequent use.
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Figure 2. Experimental design and exclusion criteria of the study.

5.4. Bacteria Enrichment and DNA Extraction

Biopsies were grown on appropriate media to enrich aerobic and anaerobic bacteria.
In particular, for aerobic bacteria, each bioptic fragment was placed in 3 mL Trypticase
Soy Broth (TSB, Becton Dickinson GmbH, Heidelberg, Germany) tube. After overnight
incubation at 37 °C under aerobic condition, 1 mL of TSB culture was centrifuged at
10,000x rpm for 10 min, and the bacterial pellets were kept frozen until subsequent
use. For anaerobic bacteria, i.e., B. fragilis, biopsy specimens were incubated at 35 °C in
anaerobic conditions (90% N», 5% H,, 5% CO») in 10 mL of Brain Heart Infusion broth
(Oxoid) supplemented with 1 g/L of cysteine, 5 mg/L of hemin solution, 20 mL/L of
10% NaHCOj solution, and 100 mg/L of gentamycin. After 48 h of growth, 1 mL of
culture broth was centrifuged at 10,000 x rpm for 3 min, and pellets were kept frozen until
subsequent use. To extract DNA, pellets from aerobic or anaerobic cultures were lysed
by adding 200 uL of sterile water, vortexing, and heating at 100 °C for 10 min. Following
centrifugation at 14,000 x rpm for 5 min, DNA-containing supernatants were transferred to
sterile tubes and kept frozen until subsequent analyses.

5.5. Real-Time PCR Analysis

Real-time PCR amplification was performed on total bacterial DNA obtained from
colon biopsies cultured in aerobiosis or anaerobiosis, as previously described, in order to
detect the presence of genes for the virulence factors under study. The presence of gapA and
bfra genes was used as control for the presence of aerobic bacteria or B. fragilis, respectively.

Amplification reactions were performed with Bio-Rad CFX96 platform, using a 96-well
PCR multiplate from Bio-Rad. Samples were analyzed by means of SYBR Green Mastermix
(Qiagen QuantiTect SYBR Green PCR Kit (1000) or Bio-Rad SsoAdvancedTM Universal
SYBR Green Supermix). As positive controls, we used E. coli strain EF4 for gapA, cdt, and
cif; E. coli strain J96 for cnfl; E. coli Nissle 1917 for clbA and cIbQ (pks+); and B. fragilis for
bfra and bft.

Amplification conditions were optimized for each target used (cif, cnfl, gapA, bfra, bft,
clbA, clbQ, and cdt) to obtain a specific melting curve for each amplicon.

In Table S1, the primers for each molecular target and the condition used are summarized.

The thermal profile using QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, Germany)
for the amplification of gapA, cnfl, cif, cdt, bfra, and bft was performed using an initial
hot-start step at 95 °C for 15 min, followed by 39 cycles at 94 °C for 30 s, 52 °C for 1 min,
72 °C for 1 min, 95 °C for 10 s, and 65 °C for 5 s. The thermal profile for the amplification of
clbA and clbQ (both necessary to determine pks+) using SsoAdvancedTM Universal SYBR
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Green Supermix (Bio-Rad) was 95 °C for 5 min, followed by 39 cycles at 95 °C for 30s, 55 °C
for 1 min, 72 °C for 1 min, 95 °C for 10 s, and 55 °C for 5 s. The fluorescence measurements
were followed on-line by the software of the instrument. Two PCR replicates were carried
out for each standard solution and control.

5.6. DNA Extraction and Genotyping of CRC Risk Loci

Total DNA was extracted from biopsies by using the QIAamp Fast DNA tissue kit
(Qiagen, Hilden, Germany), according to the manufacturer’s instructions. This kit uses a
combination of mechanical, chemical, and enzymatic lysis to homogenize samples. Briefly,
biopsies were destroyed by mechanical agitation in tubes containing beads. Homogeniza-
tion of the tissue and simultaneous stabilization of DNA released from the disrupted tissue
was obtained by optimized chemistry. Digestion with a buffer containing proteinase K
completed the lysis of samples, and genomic DNA was subsequently purified using the
QIAamp Mini Spin Columns provided.

DNA samples were genotyped using Illumina Global Screening Array on Illumina
iScan high-throughput screening system in the Institute of Clinical Molecular Biology (Kiel,
Germany). The raw-intensity data were analyzed using the GenCall algorithm available in
the software GenomeStudio to call the alleles.

Genotypes were QCed, removing samples and markers with the following criteria:
exclusion of samples with >15% missing rates; exclusion of markers with non-called al-
leles; exclusion of markers with missing call rates > 0.05; exclusion of samples with >5%
missing rates; exclusion of related samples (PI-HAT > 0.1875); exclusion of samples whose
genotyped sex could not be determined; exclusion of samples with high heterozygosity rate
(more than 3 times standard deviation from mean); removal of SNPs (Single Nucleotide
Polymorphism) located in sexual chromosomes; removal of markers with Hardy—Weinberg
equilibrium p-value < 1 x 10~%; removal of markers whose p-value of difference in miss-
ingness between adenoma and colorectal cancer cases and healthy controls was <1 x 10~5;
and removal of samples that were outliers, identified using principal component analysis
(deviation of more than 6 times interquartile range). A total of 279 samples were kept after
the QC.

SNPs not genotyped were imputed by means of Sanger Imputation Server. The release
1.1 of Haplotype Reference Consortium was used as reference panel, and the imputation
was done using the EAGLE2 + PBWT pipeline [17,51-53].

To calculate the Polygenic Risk Score, the study GCST007856 [17] deposited in GWAS
Catalog was used as model, and PRSice2 software [54] was used to derivate the score of
each sample.

5.7. Statistical Methods

The sample size was planned to assume a three-fold prevalence of bacterial virulence
factors genes in pre-cancerous PA compared to controls (A.F.’s preliminary data). A sample
size of 75 cases and 150 controls was estimated to be sufficient to assess the association
with an 80% power.

Subjects’ characteristics for the whole population and stratified by outcome (controls,
HP, PA, and ADK) were summarized by means of the levels of the variables (with%)
for categorical variables or by means of quantiles and mean with standard deviation for
continuous variables.

Potential exposure factors were represented by the presence of bacterial toxins genes
(cif, cdt, enfl, pks+, bft). The role of bacterial toxins genes on the outcome was also analyzed
considering the sum of aerobic toxins and the sum of all toxins.

Factors used to describe the sample and to adjust the effect of bacterial toxins on
the outcome were PRS, age, sex, smoking, alcohol consumption, body mass index (BMI),
physical activity, and other health status and lifestyle variables.
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Compliance with the study was evaluated in terms of percentage of missing values.
Variables with high level of missing values were considered only for descriptive purposes;
no imputation methods were used.

In univariate analysis, non-parametric tests were performed for comparisons between
groups (chi-square and Fisher’s exact test in case of categorical variables or response
rate; Mann-Whitney and Kruskal-Wallis test in case of continuous variables). Logistic
regression models were used in univariate and multivariate analyses to assess if the
presence of bacterial toxins (one or more) in colorectal tissue was positively associated with
PA or ADK compared to disease-free colorectal tissues. Odds ratios and 95% confidence
interval were reported as parameter results of the logistic regression models. All covariates
were evaluated in univariate models, and all factors with univariate association within
p-value < 0.1 were considered in the multivariate models. Backward and stepwise methods
were applied to identify the multivariate models with a step-by-step iterative construction
that involved the selection of independent variables to be considered in the final model.

All tests were 2-sided, accepting p-value < 0.05 as indicating a statistically significant
difference, and CI were calculated at 95% level. All analyses were performed using the R
software [55]. Logistic regression models were fit using the R glm function with a binomial
distribution and a logit link function.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxins13080569/s1, Table S1: Primers used in the study.

Author Contributions: Conceptualization, C.F. and A.F,; methodology, K.G.E., B.P, FA, G.B.,, PT,
L.S.-M., VS, A.O,, GL.G.,, M.B,, EAPG., MG, ED., AP,SR, PS, EB, S.O. and L.L.; validation:
AP,EAPG,KGE,SR,LS-M., BP,VS., PT,AO.,FEA, GLG.,G.B,PS,EB.,SO,ILL,ED.,,
M.D,,R.D.A. and A F; formal analysis: A.P, S.R. and R.D.A; investigation: A.P.,, EAPG. and SR,
data curation: A.P, E.APG. KG.E,SR,LS.-M,, BP,VS,PT,A.O. EA, GLG, GB,ED., ZM.
and M.D.; writing—original draft: A.P, SR., ZM., RD.A. and A.F,; writing—review & editing:
AP,EAPG,KGE,SR,LS-M., BP,VS, PT, AO., FA,GB,MB,PS,FB,ED., ZM., LN.,,
C.F,M.D., R.D.A. and A F; visualization: A.P, S.R., R.D.A. and A.F,; supervision: R.D.A. and A.E;
funding acquisition: C.E, M.D., R.D.A. and A.F. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Ministero della Salute (PE-2011-02347510, PI Alessia Fabbri).
The APC was funded by ISS institutional funds.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by ISS Ethical Committee (reference number: PRE 564/16, 19
July 2016).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

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 privacy restrictions.

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

References

1.  GLOBOCAN Colorectal Cancer. Available online: https://gco.iarc.fr/today (accessed on 14 May 2021).

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

3.  Marley, A.R.; Nan, H. Epidemiology of colorectal cancer. Int. ]. Mol. Epidemiol. Genet. 2016, 7, 105-114. [CrossRef] [PubMed]

4. Fulbright, L.E.; Ellermann, M.; Arthur, ].C. The microbiome and the hallmarks of cancer. PLoS Pathog. 2017, 13, €1006480.
[CrossRef]

5. Jia, W,; Rajani, C.; Xu, H.; Zheng, X. Gut microbiota alterations are distinct for primary colorectal cancer and hepatocellular
carcinoma. Protein Cell 2020, 12, 374-393. [CrossRef]

6. Keku, T.O,; Dulal, S.; Deveaux, A.; Jovov, B.; Han, X. The gastrointestinal microbiota and colorectal cancer. Am. J. Physiol. Liver
Physiol. 2015, 308, G351-G363. [CrossRef]

7. Uronis, J.M.; Miihlbauer, M.; Herfarth, H.H.; Rubinas, T.C.; Jones, G.S.; Jobin, C. Modulation of the Intestinal Microbiota Alters
Colitis-Associated Colorectal Cancer Susceptibility. PLoS ONE 2009, 4, e6026. [CrossRef]


https://www.mdpi.com/article/10.3390/toxins13080569/s1
https://www.mdpi.com/article/10.3390/toxins13080569/s1
https://gco.iarc.fr/today
http://doi.org/10.1080/1040841X.2018.1481013
http://doi.org/10.3109/9781420016307-2
http://www.ncbi.nlm.nih.gov/pubmed/27766137
http://doi.org/10.1371/journal.ppat.1006480
http://doi.org/10.1007/s13238-020-00748-0
http://doi.org/10.1152/ajpgi.00360.2012
http://doi.org/10.1371/journal.pone.0006026

Toxins 2021, 13, 569 13 of 14

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

Sands, B.E. Inflammatory bowel disease: Past, present, and future. J. Gastroenterol. 2007, 42, 16-25. [CrossRef]

Kostic, A.D.; Chun, E.; Robertson, L.; Glickman, J.N.; Gallini, C.A.; Michaud, M.; Clancy, T.E.; Chung, D.C.; Lochhead, P; Hold,
G.L,; et al. Fusobacterium nucleatum Potentiates Intestinal Tumorigenesis and Modulates the Tumor-Immune Microenvironment.
Cell Host Microbe 2013, 14, 207-215. [CrossRef]

Elsland, D.; Neefjes, J. Bacterial infections and cancer. EMBO Rep. 2018, 19, e46632. [CrossRef] [PubMed]

Fiorentini, C.; Carlini, F.; Germinario, E.A.P.; Maroccia, Z.; Travaglione, S.; Fabbri, A. Gut microbiota and colon cancer: A role for
bacterial protein toxins? Int. J. Mol. Sci. 2020, 21, 6201. [CrossRef] [PubMed]

Hatakeyama, M.; Higashi, H. Helicobacter pylori CagA: A new paradigm for bacterial carcinogenesis. Cancer Sci. 2005, 96,
835-843. [CrossRef]

Purcell, R.V,; Pearson, J.; Aitchison, A.; Dixon, L.; Frizelle, EA.; Keenan, ].I. Colonization with enterotoxigenic Bacteroides fragilis
is associated with early-stage colorectal neoplasia. PLoS ONE 2017, 12, e0171602. [CrossRef]

Pleguezuelos-Manzano, C.; Puschhof, J.; Huber, A.R.; 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]

Butterworth, A.S.; Higgins, ]. PT.; Pharoah, P. Relative and absolute risk of colorectal cancer for individuals with a family history:
A meta-analysis. Eur. |. Cancer 2006, 42, 216-227. [CrossRef] [PubMed]

Broderick, P.; Carvajal-Carmona, L.; Pittman, A.M.; Webb, E.; Howarth, K.; Rowan, A.; Lubbe, S.; Spain, S.; Sullivan, K.; Fielding,
S.; et al. A genome-wide association study shows that common alleles of SMAD?Y influence colorectal cancer risk. Nat. Genet.
2007, 39, 1315-1317. [CrossRef]

Huyghe, J.R.; Bien, S.A.; Harrison, T.A.; Kang, HM.; Chen, S.; Schmit, S.L.; Conti, D.V.; Qu, C.; Jeon, J.; Edlund, C.K.; et al.
Discovery of common and rare genetic risk variants for colorectal cancer. Nat. Genet. 2019, 51, 76-87. [CrossRef]

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]

Cui, J.; Yao, Q.; Li, S.; Ding, X.; Lu, Q.; Mao, H.; Liu, L.; Zheng, N.; Chen, S.; Shao, F. Glutamine deamidation and dysfunction of
ubiquitin/NEDDS induced by a bacterial effector family. Science 2010, 329, 1215-1218. [CrossRef]

Marches, O.; Ledger, T.N.; Boury, M.; Ohara, M.; Tu, X.; Goffaux, F.; Mainil, J.; Rosenshine, I.; Sugai, M.; De Rycke, J.; et al.
Enteropathogenic and enterohaemorrhagic Escherichia coli deliver a novel effector called Cif, which blocks cell cycle G2/M
transition. Mol. Microbiol. 2003, 50, 1553-1567. [CrossRef] [PubMed]

Taieb, E.; Nougayrede, ].P.; Watrin, C.; Samba-Louaka, A.; Oswald, E. Escherichia coli cyclomodulin Cif induces G2 arrest of
the host cell cycle without activation of the DNA-damage checkpoint-signalling pathway. Cell. Microbiol. 2006, 8, 1910-1921.
[CrossRef]

Samba-louaka, A.; Nougayrede, J.P.; Watrin, C.; Jubelin, G.; Oswald, E.; Taieb, F. Bacterial cyclomodulin Cif blocks the host cell
cycle by stabilizing the cyclin-dependent kinase inhibitors p21wafl and p27kip1. Cell. Microbiol. 2008, 10, 2496-2508. [CrossRef]
[PubMed]

McCormack, R.M.; Lyapichev, K.; Olsson, M.L.; Podack, E.R.; Munson, G.P. Enteric pathogens deploy cell cycle inhibiting factors
to block the bactericidal activity of Perforin-2. Elife 2015, 4, €06505. [CrossRef]

Kumar, A.; Wu, H,; Collier-Hyams, L.S.; Hansen, ].M.; Li, T.; Yamoah, K.; Pan, Z.Q.; Jones, D.P,; Neish, A.S. Commensal bacteria
modulate cullin-dependent signaling via generation of reactive oxygen species. EMBO ]. 2007, 26, 4457-4466. [CrossRef]
Manicassamy, S.; Reizis, B.; Ravindran, R.; Nakaya, H.; Salazar-Gonzalez, R M.; Wang, Y.C.; Pulendran, B. Activation of 3-catenin
in dendritic cells regulates immunity versus tolerance in the intestine. Sciernce 2010, 329, 849-853. [CrossRef] [PubMed]
Nougayrede, J.P.; Boury, M.; Tasca, C.; Marches, O.; Milon, A.; Oswald, E.; De Rycke, ]J. Type III secretion-dependent cell cycle
block caused in HeLa cells by enteropathogenic Escherichia coli O103. Infect. Immun. 2001, 69, 6785-6795. [CrossRef] [PubMed]
Taieb, F; Nougayreéde, J.P.; Oswald, E. Cycle inhibiting factors (Cifs): Cyclomodulins that usurp the ubiquitin-dependent
degradation pathway of host cells. Toxins 2011, 3, 356-368. [CrossRef]

Lax, A.]J. Opinion: Bacterial toxins and cancer—a case to answer? Nat. Rev. Microbiol. 2005, 3, 343-349. [CrossRef]

Martin, HM.; Campbell, B.J.; Hart, C.A.; Mpofu, C.; Nayar, M.; Singh, R.; Englyst, H.; Williams, H.E,; Rhodes, ]. M. Enhanced
Escherichia coli adherence and invasion in Crohn’s disease and colon cancer. Gastroenterology 2004, 127, 80-93. [CrossRef]
Arthur, J.C.; Perez-Chanona, E.; Miihlbauer, M.; Tomkovich, S.; Uronis, ].M.; Fan, T.J.; Campbell, B.].; Abujamel, T.; Dogan,
B.; Rogers, A.B.; et al. Intestinal inflammation targets cancer-inducing activity of the microbiota. Science 2012, 338, 120-123.
[CrossRef]

Bonnet, M.; Bug, E.; Sauvanet, P.; Darcha, C.; Dubois, D.; Pereira, B.; Dechelotte, 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]

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]

Nougayrede, J.-P.; Homburg, S.; Taieb, E.; Boury, M.; Brzuszkiewicz, E.; Gottschalk, G.; Buchrieser, C.; Hacker, J.; Dobrindt, U.;
Oswald, E. Escherichia coli induces DNA double-strand breaks in eukaryotic cells. Science 2006, 313, 848-851. [CrossRef] [PubMed]


http://doi.org/10.1007/s00535-006-1995-7
http://doi.org/10.1016/j.chom.2013.07.007
http://doi.org/10.15252/embr.201846632
http://www.ncbi.nlm.nih.gov/pubmed/30348892
http://doi.org/10.3390/ijms21176201
http://www.ncbi.nlm.nih.gov/pubmed/32867331
http://doi.org/10.1111/j.1349-7006.2005.00130.x
http://doi.org/10.1371/journal.pone.0171602
http://doi.org/10.1038/s41586-020-2080-8
http://doi.org/10.1016/j.ejca.2005.09.023
http://www.ncbi.nlm.nih.gov/pubmed/16338133
http://doi.org/10.1038/ng.2007.18
http://doi.org/10.1038/s41588-018-0286-6
http://doi.org/10.1371/journal.pone.0056964
http://www.ncbi.nlm.nih.gov/pubmed/23457644
http://doi.org/10.1126/science.1193844
http://doi.org/10.1046/j.1365-2958.2003.03821.x
http://www.ncbi.nlm.nih.gov/pubmed/14651638
http://doi.org/10.1111/j.1462-5822.2006.00757.x
http://doi.org/10.1111/j.1462-5822.2008.01224.x
http://www.ncbi.nlm.nih.gov/pubmed/18705694
http://doi.org/10.7554/eLife.06505
http://doi.org/10.1038/sj.emboj.7601867
http://doi.org/10.1126/science.1188510
http://www.ncbi.nlm.nih.gov/pubmed/20705860
http://doi.org/10.1128/IAI.69.11.6785-6795.2001
http://www.ncbi.nlm.nih.gov/pubmed/11598051
http://doi.org/10.3390/toxins3040356
http://doi.org/10.1038/nrmicro1130
http://doi.org/10.1053/j.gastro.2004.03.054
http://doi.org/10.1126/science.1224820
http://doi.org/10.1158/1078-0432.CCR-13-1343
http://doi.org/10.1371/journal.pone.0228217
http://doi.org/10.1126/science.1127059
http://www.ncbi.nlm.nih.gov/pubmed/16902142

Toxins 2021, 13, 569 14 of 14

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Bossuet-Greif, N.; Vignard, J.; Taieb, F.; Mirey, G.; Dubois, D.; Petit, C.; Oswald, E.; Nougayrede, ].-P. The Colibactin Genotoxin
Generates DNA Interstrand Cross-Links in Infected Cells. MBio 2018, 9, €02393-17. [CrossRef] [PubMed]

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] [PubMed]

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, eaax2685. [CrossRef]

Grasso, F.; Frisan, T. Bacterial Genotoxins: Merging the DNA Damage Response into Infection Biology. Biomolecules 2015, 5,
1762-1782. [CrossRef] [PubMed]

Fabbri, A.; Travaglione, S.; Rosadi, F; Ballan, G.; Maroccia, Z.; Giambenedetti, M.; Guidotti, M.; @dum, N.; Krejsgaard, T.;
Fiorentini, C. The Escherichia coli protein toxin cytotoxic necrotizing factor 1 induces epithelial mesenchymal transition. Cell.
Microbiol. 2019, 22, e13138. [CrossRef]

Sears, C.L. Enterotoxigenic Bacteroides fragilis: A rogue among symbiotes. Clin. Microbiol. Rev. 2009, 22, 349-369. [CrossRef]
Thiele Orberg, E.; Fan, H.; Tam, A.J.; Dejea, C.M.; Destefano Shields, C.E.; Wu, S.; Chung, L.; Finard, B.B.; Wu, X.; Fathi, P; et al.
The myeloid immune signature of enterotoxigenic Bacteroides fragilis-induced murine colon tumorigenesis. Mucosal Immunol.
2017, 10, 421-433. [CrossRef] [PubMed]

Chung, L.; Thiele Orberg, E.; Geis, A.L.; Chan, J.L.; Fu, K.; DeStefano Shields, C.E.; Dejea, C.M.; Fathi, P; Chen, J.; Finard, B.B.;
et al. Bacteroides fragilis Toxin Coordinates a Pro-carcinogenic Inflammatory Cascade via Targeting of Colonic Epithelial Cells.
Cell Host Microbe 2018, 23, 203-214.e5. [CrossRef]

Wu, S.; Morin, PJ.; Maouyo, D.; Sears, C.L. Bacteroides fragilis enterotoxin induces c-Myc expression and cellular proliferation.
Gastroenterology 2003, 124, 392—400. [CrossRef]

Wu, S.; Rhee, K.J.; Zhang, M.; Franco, A.; Sears, C.L. Bacteroides fragilis toxin stimulates intestinal epithelial cell shedding and
y-secretase-dependent E-cadherin cleavage. J. Cell Sci. 2007, 120, 1944-1952. [CrossRef]

Rhee, K.J.; Wu, S.; Wu, X.; Huso, D.L.; Karim, B.; Franco, A.A.; Rabizadeh, S.; Golub, J.E.; Mathews, L.E.; Shin, J.; et al. Induction
of persistent colitis by a human commensal, enterotoxigenic Bacteroides fragilis, in wild-type C57BL/6 mice. Infect. Immun. 2009,
77,1708-1718. [CrossRef]

Wu, S.; Rhee, KJ.; Albesiano, E.; Rabizadeh, S.; Wu, X.; Yen, H.R.; Huso, D.L.; Brancati, EL.; Wick, E.; McAllister, F; et al. A
human colonic commensal promotes colon tumorigenesis via activation of T helper type 17 T cell responses. Nat. Med. 2009, 15,
1016-1022. [CrossRef]

Wick, E.C.; Rabizadeh, S.; Albesiano, E.; Wu, X.Q.; Wu, S.; Chan, J.; Rhee, K.J.; Ortega, G.; Huso, D.L.; Pardoll, D.; et al. Stat3
activation in murine colitis induced by enterotoxigenic bacteroides fragilis. Inflamm. Bowel Dis. 2014, 20, 821-834. [CrossRef]
[PubMed]

Boleij, A.; Hechenbleikner, E.M.; Goodwin, A.C.; Badani, R.; Stein, E.M.; Lazarev, M.G; Ellis, B.; Carroll, K.C.; Albesiano, E.; Wick,
E.C,; et al. The bacteroides fragilis toxin gene is prevalent in the colon mucosa of colorectal cancer patients. Clin. Infect. Dis. 2015,
60, 208-215. [CrossRef]

Haghi, F; Goli, E.; Mirzaei, B.; Zeighami, H. The association between fecal enterotoxigenic B. fragilis with colorectal cancer. BMC
Cancer 2019, 19, 879. [CrossRef]

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. 2019,
9, 449. [CrossRef] [PubMed]

von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Getzsche, P.C.; Vandenbroucke, J.P. The Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) statement: Guidelines for reporting observational studies. Lancet 2007, 370,
1453-1457. [CrossRef]

McCarthy, S.; Das, S.; Kretzschmar, W.; Delaneau, O.; Wood, A R.; Teumer, A.; Kang, H.M.; Fuchsberger, C.; Danecek, P; Sharp, K,;
et al. A reference panel of 64,976 haplotypes for genotype imputation. Nat. Genet. 2016, 48, 1279-1283. [CrossRef] [PubMed]
Loh, PR.; Danecek, P.; Palamara, P.F; Fuchsberger, C.; Reshef, Y.A.; Finucane, H.K.; Schoenherr, S.; Forer, L.; McCarthy, S.;
Abecasis, G.R.; et al. Reference-based phasing using the Haplotype Reference Consortium panel. Nat. Genet. 2016, 48, 1443-1448.
[CrossRef] [PubMed]

Durbin, R. Efficient haplotype matching and storage using the positional Burrows-Wheeler transform (PBWT). Bioinformatics
2014, 30, 1266-1272. [CrossRef] [PubMed]

Choi, S.W.; O’Reilly, P.F. PRSice-2: Polygenic Risk Score software for biobank-scale data. Gigascience 2019, 8, 1-6. [CrossRef]
[PubMed]

R Core Team; R Foundation for Statistical Computing. R: A Language and Environment for Statistical Computing; R Foundation for
Statistical Computing: Vienna, Austria, 2020. Available online: https:/ /www.r-project.org/ (accessed on 7 June 2021).


http://doi.org/10.1128/mBio.02393-17
http://www.ncbi.nlm.nih.gov/pubmed/29559578
http://doi.org/10.1126/science.aar7785
http://www.ncbi.nlm.nih.gov/pubmed/30765538
http://doi.org/10.1126/science.aax2685
http://doi.org/10.3390/biom5031762
http://www.ncbi.nlm.nih.gov/pubmed/26270677
http://doi.org/10.1111/cmi.13138
http://doi.org/10.1128/CMR.00053-08
http://doi.org/10.1038/mi.2016.53
http://www.ncbi.nlm.nih.gov/pubmed/27301879
http://doi.org/10.1016/j.chom.2018.01.007
http://doi.org/10.1053/gast.2003.50047
http://doi.org/10.1242/jcs.03455
http://doi.org/10.1128/IAI.00814-08
http://doi.org/10.1038/nm.2015
http://doi.org/10.1097/MIB.0000000000000019
http://www.ncbi.nlm.nih.gov/pubmed/24704822
http://doi.org/10.1093/cid/ciu787
http://doi.org/10.1186/s12885-019-6115-1
http://doi.org/10.3389/fcimb.2019.00449
http://www.ncbi.nlm.nih.gov/pubmed/32010637
http://doi.org/10.1016/S0140-6736(07)61602-X
http://doi.org/10.1038/ng.3643
http://www.ncbi.nlm.nih.gov/pubmed/27548312
http://doi.org/10.1038/ng.3679
http://www.ncbi.nlm.nih.gov/pubmed/27694958
http://doi.org/10.1093/bioinformatics/btu014
http://www.ncbi.nlm.nih.gov/pubmed/24413527
http://doi.org/10.1093/gigascience/giz082
http://www.ncbi.nlm.nih.gov/pubmed/31307061
https://www.r-project.org/

	Introduction 
	Results 
	ADK vs. Controls Analysis 
	PA vs. Controls Analysis 
	HP vs. Controls Analysis 

	Discussion 
	Conclusions 
	Materials and Methods 
	Study Design, Ethics Procedures and Adherence to STROBE Guidelines 
	Enrolment of Patients and Selection of Study Subjects 
	Biopsy Sample Collection and Storage 
	Bacteria Enrichment and DNA Extraction 
	Real-Time PCR Analysis 
	DNA Extraction and Genotyping of CRC Risk Loci 
	Statistical Methods 

	References

