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Brief Report
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Abstract: Colibactin toxin-producing Escherichia coli (pks+ E. coli) strains are associated
with the occurrence of colorectal cancer in humans. These strains induce DNA damage
when in close contact with the cells of the intestinal epithelium. Therefore, maintaining
the integrity of the mucus layer that covers the intestinal epithelial mucosa is crucial for
counteracting the effects of colibactin. The Vat protein is a mucin protease capable of
degrading MUC2 mucus proteins that was previously described in adherent and invasive
Escherichia coli strains. Our work shows that the vat gene is found in the genome of all pks+
E. coli strains isolated from patients with colon cancer. In mucus-producing HT29-16E cells,
we demonstrated that the Vat protein of E. coli pks+ allows bacteria to penetrate mucus and
to reach the epithelial cells. Cells infected with the E. coli pks + vat- strain show a reduction
in γ-H2AX staining, a marker of DNA damage. Infection of ApcMin/+ mice with the E. coli
pks + vat+ strain or the E. coli pks + vat- mutant revealed that Vat enhances the ability of
pks+ E. coli strains to colonize the intestinal mucosa and, in turn, their pro-carcinogenic
effects. This study reveals that Vat promotes crossing of the intestinal mucus layer, gut
colonization, and the carcinogenicity of pks+ E. coli.

Keywords: colorectal cancer; Escherichia coli; colibactin; mucin; pks

1. Introduction
Colorectal cancer (CRC) is the third most common cancer worldwide [1]. Sporadic

CRC (~85% of CRC) is associated with a Western lifestyle and microbiota dysbiosis [2,3].
CRC-promoting bacteria, such as Bacteroides fragilis, Enterococcus faecalis, and some strains
of Escherichia coli, have been described as “drivers” capable of promoting the early stages
of tumors development [4]. E. coli strains isolated from colon tissues of CRC patients
frequently harbor the pks genomic island (pks+ E. coli) [5–7]. In various CRC mouse
models, pks+ E. coli increased the number of tumors [8,9]. These E. coli induce double-
strand DNA breaks and gene mutagenesis in intestinal epithelial cells [5,10]. A distinct
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mutational signature of pks+ E. coli was found following infection of human intestinal
organoids, which was also detected in a subset of CRC patients [11]. Pks+ E. coli are therefore
suspected of promoting colon cancer. The pks island encodes a complex biosynthesis
pathway that enables the synthesis of the genotoxin, colibactin [12]. This metabolite is
unstable, and the genotoxic effects of pks+ E. coli occur only upon direct contact between live
bacteria and epithelial cells [5,10,13]. A recent study has revealed that adhesion-mediated
epithelial association plays a crucial role in colibactin-mediated DNA damage and CRC
exacerbation [14]. This bacterial adhesion to host epithelial cells is facilitated by the type
1 pilus adhesin FimH and the F9 pilus adhesin FmlH. Therefore, the effect of colibactin
appears to be contact dependent and may be reduced by the presence of the protective
mucus layer covering the digestive tract [15–17]. Recently, Harnack et al. have shown that,
when the protective mucus layer of mice is disrupted by dextran sulfate sodium (DSS),
the distance between pks+ E. coli and epithelial cells is shorter compared to infected mice
without DSS [17]. In addition, the disruption of the mucus barrier was associated with
an increase in DNA damage and extensive injury to the colon epithelium. Consequently,
the integrity of the mucus layer appears to be paramount in order to safeguard against
the detrimental effects of colibactin, and it may serve to impede the development of
tumorigenesis in the colon. As a consequence of mucus depletion in Muc2−/− mice, Velcich
et al. observed the development of adenomas in the small intestine of these mice that
progressed to invasive adenocarcinoma [18].

Pathogens have developed specific mechanisms to subvert and penetrate the mucus
barrier. The serine protease autotransporters of enterobacteria (SPATEs) from class 2
have been identified in pathogenic E. coli to degrade several mucins through mucinase
activity [19]. StcE is a metalloprotease described in enterohaemorrhagic E. coli O157:H7 that
contributes to the attachment of these bacteria to the intestinal epithelium [20,21]. The EatA
autotransporter found in enterotoxigenic E. coli is involved in mucin degradation, and this
participates in the delivery of E. coli toxins to the cell surface [22]. Another example is the
autotransporter Pic found in enteroaggregative E. coli and Shigella flexneri. Pic protease can
degrade a variety of mucins (MUC2 and MU5AC) and enhances mice colonization by these
strains [23]. The adherent and invasive E. coli strain LF82 produces a SPATE called Vat that
is implicated in the degradation of mucins and therefore decreases mucus viscosity. The Vat
protein was firstly described to cause cell cytoskeleton changes and vacuole formation in
uropathogenic infection by E. coli [24]. Vat is 79% similar to Hbp/Tsh mucinases [25], which
have also mucinase activity [26,27]. Nevertheless, the presence of pic, vat, and tsh/hbp
genes was positively associated with the phylogroup B2 and extraintestinal pathogenic
E. coli. We wondered whether these proteases were present in pks+ E. coli, whether they
could promote the crossing of the intestinal mucus layer, and whether they could ultimately
induce DNA damage.

2. Results
2.1. Vat Gene Predominates in pks+ E. coli

To identify virulence genes, including mucin proteases that are common to pks+ E. coli,
the RefSeq and the VirulenceFinder databases were employed. Aside from adhesion factors,
siderophores, and toxins, only three genes encoding mucin proteases were identified among
the 2041 genomes of pks+ E. coli (Figure S1). The vat gene exhibited the highest prevalence
(92%), followed by pic (42%) and hbp/tsh (4%) (Figures 1A and S1). The current laboratory
possesses a bank of E. coli strains (n = 222) isolated from tumoral colonic biopsies (n = 112)
of CRC (n = 87) or control patients (n = 25), and this bank has been described in previous
studies [6]. Following PCR screening of these strains for the three mucinases, it was found
that the prevalence of vat was significantly higher in CRC patients (56%, n = 49/87) than
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those isolated from control (24%, n = 6/25, p = 0.0044) (Figure 1B). The prevalence of pic was
not significantly different in CRC patients (22%, n = 19/87) compared to the control group
(12%, n = 3/25), and hbp/tsh was not found in the clinical isolates. Then, we focused on the
association between the vat gene and the pks genomic island in CRC patients (Figure 1C).
Among patients with pks- strains (48%, n = 42/87), 18% of E. coli were found to be positive
for the vat gene. Conversely, in patients with pks+ strains (52%, n = 45/87), the vat gene was
present in all pks+ E. coli. This co-association suggests that the Vat mucinase may play a
key function in the pathophysiology of pks+ E. coli.

Figure 1. Mucin protease prevalence in pks+ E. coli. (A) Metagenomics analysis of most frequently
found mucin proteases in pks+ E. coli (n = 2041). E. coli sequences in databases were obtained from
different metagenomic analysis, and vat prevalence was searched among pks+ E. coli (clbQ screening).
(B) Mucin protease prevalence in E. coli isolated from CRC patients (n = 112). Genes encoding Vat,
pic, and hbp/tsh mucin proteases were screened using PCR in E. coli (n = 222) isolated from tumoral
colonic human biopsies (n = 112) of CRC (n = 87) or normal mucosa for control patients (n = 25).
Statistical analysis was performed with the χ2 test. (C) The Vat gene was screened with PCR among
pks+ E. coli (n = 58) or pks- E. coli (n = 54) strains isolated from CRC colonic human biopsies. A patient
was considered positive if at least one pks+ E. coli was detected in his or her biopsy.

2.2. Vat Protease Promotes Mucosal Crossing of pks+ E. coli

Vat promotes crossing of the intestinal mucus layer by adherent and invasive
E. coli strains [25]. A column mucin gel penetration assay was performed with an
E. coli pks + vat+ (the POP198 clinical strain), its isogenic mutant E. coli pks + vat-, and the
trans-complemented E. coli pks + vat- +pBAD-vat strain (Figure 2A). Unlike E. coli pks + vat-,
the wild-type strain and the trans-complemented strain penetrated to the bottom of the
mucus column (fraction n◦1). In fraction n◦2, E. coli pks + vat- was approximately two or-
ders of magnitude less efficient at penetrating the mucus column than the E. coli pks + vat+
and E. coli pks + vat- +pBAD-vat strains. To confirm that Vat enhances the penetration of
pks+ E. coli in mucus, we infected human colonic epithelial cells, HT29-16E, which produce
mucin of the colonic mucus layer as MUC2 [28]. The distance between bacteria and the
epithelial cell surface was determined using the Cy3-pks+ E. coli probe. Vat-producing
E. coli were found in closer proximity to the cells than the vat-deleted mutant (mean
2.6 ± 0.6 and 2.7 ± 0.3 µm for E. coli pks + vat+ and E. coli pks + vat- +pBAD-vat, respec-
tively, and 3.8 ± 0.5 µm for E. coli pks + vat-). The proportion of bacteria present in the
immediate vicinity of the mucus (<2 µm) was 37 ± 13% for E. coli pks + vat+, 33 ± 4%
for E. coli pks + vat- +pBAD-vat, and 16 ± 7% for E. coli pks + vat- (Figure 2B). A significant
proportion (44%) of the bacteria deleted for vat were observed at a distance of greater than
4 µm. Overall, E. coli pks + vat+ and E. coli pks + vat- +pBAD-vat strains were closer to the
HT29-16E cells than the E. coli pks + vat- mutants, as illustrated in Figure 2C.
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Figure 2. Deletion of the vat gene in pks+ E. coli impairs bacteria mucus crossing and reduces genotox-
icity. (A) The assessment of mucus crossing using the column penetration assay. Quantification of
indicated pks+ E. coli strains in fractions eluted from columns filled with gel-forming mucus (fractions
1 to 4 were sequentially obtained from the bottom to top of the column). Data are representative of
three independent experiments. (B,C) Mucus-producing HT29-16E cells were infected for 45 min
with a multiplicity of Infection of 100. For each replicate, three representative fields were analyzed,



Int. J. Mol. Sci. 2025, 26, 5353 5 of 12

and experiments were performed three times. (C) Cells were stained with Hoechst (blue), mucus
with WGA-leptin (red), and pks+ E. coli with fluorescence in situ hybridization using the Cy3-pks+
E. coli probe. Representative confocal microscopy images of infected HT29-16E cells are shown.
(B) Cy3-pks+ E. coli (shown in white in (C)) were counted and the distance to Hoechst-stained cells
was measured using Imaris software (v10.0.1). The total number of bacteria detected was pks + vat-
+pBAD-vat (n = 1057), pks + vat+ (n = 586), and pks + vat- (n = 377). The distances between bacteria to
cell were determined for each field. Bacteria were counted in each 2 µm layer and then expressed
as a percentage relative to the total number of bacteria for each condition. (D,E) Mucus-producing
HT29-16E cells were infected for 90 min with a multiplicity of infection of 100. For each replicate,
at least three representative fields were analyzed, and experiments were performed three times.
Phosphorylated γ-H2AX foci fluorescence intensity was determined based on immunofluorescence
of the nuclei volume (Hoechst staining) 24 h post-infection. Data are presented as means ± SEMs.
Statistical comparisons were carried out by one-way Kruskal–Wallis nonparametric tests followed by
Dunn posttests after normality testing (* p < 0.05, ** p < 0.01, *** p < 0.001).

The CRC-associated pks+ E. coli strain 11G5 has been used in several pks+ E. coli
studies [14,29,30]. To complete our results, we generated a mutant deleted for vat in this
strain. The results obtained were in line with those described above (Figure S2A). Thus, the
Vat protease could promote the spread of pks+ E. coli in mucus.

2.3. Vat Protease Enhances the Genotoxic Effects of pks+ E. coli

As pks+ E. coli induce DNA damage in infected cells, we next speculated whether
Vat, by improving pks+ E. coli access to epithelial cells, would increase the genotoxicity
of bacteria [5,10]. HT29-16E cells were infected with E. coli pks + vat+, E. coli pks + vat-,
or E. coli pks + vat- +pBAD-vat, and the fluorescence intensity of phosphorylated γ-H2AX
foci was measured, as it is a well-known marker of DNA double-strand-breaks [31]. Cells
infected with the E. coli pks + vat+ strain displayed a significant increase in DNA damage,
exhibiting approximately 2-fold greater fluorescence intensity of phosphorylated γ-H2AX
foci compared to cells infected with E. coli pks + vat- (mean: 1.5 for E. coli pks + vat+
compared to 0.7 for E. coli pks + vat-, p < 0.05). The signal intensity was 3-fold greater (mean:
2.2) with the E. coli pks + vat- +pBAD-vat strain (Figure 2D,E). A significant decrease in the
fluorescence intensity signal of phosphorylated γ-H2AX foci in infected HT29-16E was also
observed with the pks+ E. coli strain 11G5 with vat deleted (Figure S2B,C). By facilitating
pks+ E. coli crossing, Vat protease permits bacterial encroachment, thus enabling the close
proximity of bacteria and epithelial cells and plays a role in the genotoxicity of pks+ E. coli.

2.4. Vat Protease Contributes to pks+ E. coli Colonization and Tumorigenesis in ApcMin/+ Mice

Regarding such capacity of E. coli pks + vat+, we decided to investigate whether Vat
protease could contribute to the tumorigenesis capacity of pks+ E. coli in a CRC mouse
model. The ApcMin/+ mouse model is commonly used to study multiple intestinal neoplasia
in mice. A nonsense mutation in the Apc tumor suppressor gene leads to the spontaneous
development of tumors [32]. Thus, ApcMin/+ mice were orally challenged with 109 CFU of
E. coli pks + vat+, E. coli pks + vat-, or a saline solution (PBS) and colonization was followed
by quantitative bacteriological fecal analyses (Figure 3A). The colonization of pks+ E. coli
was significantly reduced when pks+ E. coli was deleted for the vat gene. We observed a
1-log (day-14) to 3-log (day-42) decrease in colonization between mice infected with E. coli
pks + vat- compared to those infected with E. coli pks + vat+ (Figure 3B,C). At the completion
of the infection period, a 5-log reduction in E. coli pks + vat- was isolated from mucosal
colon tissue than E. coli pks + vat+ (Figure 3D). This significant decrease in colonization of
the intestine by E. coli pks + vat- was associated with a significant reduction in the number
of colonic tumors (Figure 3E). These results were also found using the wild-type 11G5
strain and the associated vat mutant (Figure S2D,E).
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Figure 3. Vat favors gut colonization of pks+ E. coli and increases colonic tumors numbers in ApcMin/+.
(A) ApcMin/+ mice were orally administered 109 colony-forming units (CFUs) of E. coli pks + vat+,
E. coli pks + vat- mutant, or PBS. In order to facilitate implantation of E. coli, streptomycin (2.5 g/L)
was administered for 3 days prior to oral inoculation with bacteria. Feces were collected each
once a week, and E. coli pks + vat+ or E. coli pks + vat- CFUs per gram of feces were determined.
(B) Bacterial colonization in the stools of mice from 7 to 42 days post-infection. Values are presented
as medians ± errors. (C) Area under the curve (AUC) values from bacterial colonization in the
stools of mice from 7 to 42 days post-infection. The data points represent actual values for each
individual mouse, and the bars indicate median values. (D) The number of E. coli associated with
non-tumoral colonic tissue at 44 days post-infection was determined. Colonization data are presented
as medians. (E) The number of colorectal tumors per mouse was determined using a dissecting
microscope. Data are presented as medians. Statistical comparisons were carried out using one-
way Kruskal–Wallis nonparametric test for three groups mice or the Mann–Whitney test analysis
for two groups mice followed by the Dunn posttest after normality testing (* p < 0.05, ** p < 0.01,
*** p < 0.001, ns = not significant).

3. Discussion
The vat gene was found to be present in all pks+ E. coli strains isolated from CRC

patients. As demonstrated here, Vat protease facilitates the crossing of pks+ E. coli in the
mucus layer, enabling access to epithelial cells and resulting in DNA damage. This gain
in accessibility to the epithelium has been reported in other bacteria. For example, StcE
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is a metalloprotease described in enterohemorrhagic E. coli O157:H7 that contributes to
their attachment to the intestinal epithelium [20,21]. The EatA autotransporter found in
enterotoxigenic E. coli is involved in mucin degradation, allowing the delivery of E. coli
toxins to the cell surface [22]. We report that Vat is also a factor of colonization for pks+ E.
coli. It has been previously reported that Vat contributes to gut colonization of adherent-
invasive E. coli; however, the colonization has been evaluated on the 3rd day [25]. Our
study demonstrated that Vat provides a persistent colonization advantage, even 44 days
after infection. Pic protease degrades mucins and promotes intestinal colonization of
enteroaggregative E. coli over a period of 14 days [23]. Our results complement these
studies and suggest that Vat, and probably other mucin proteases, are implicated in the
colonization of E. coli in the intestine. By facilitating colonization of pks+ E. coli, Vat could
promote tumorigenesis of pks+ E. coli in the absence of other factors altering the mucus layer.

4. Materials and Methods
4.1. Clinical E. coli Isolates

Clinical E. coli strains were isolated from biological samples of patients from the
University Hospital of Clermont-Ferrand, with ethical approval for human study no.
DC-2017-2972. Biological samples were collected from CRC patients or controls patients
(surgery for benign diverticulosis). All patients underwent surgery for resectable CRC
at the Digestive and Hepatobiliary Surgery Department of the University Hospital of
Clermont-Ferrand [33]. The exclusion criteria included clinically suspected hereditary CRC
based on the revised Bethesda criteria, administration of neoadjuvant chemotherapy, a
history of previous colonic resection, emergency surgery, and use of antibiotics within
4 weeks before the surgery. Biological samples were treated, and E. coli were collected as
described previously [6].

4.2. Bacterial Strains and Construction of Isogenic Mutants

The clinical E. coli POP198 and 11G5 (pks + vat+) strains were isolated from hospital
patients treated at Clermont-Ferrand (Table S1, supplemental data). Vat isogenic mutants
were generated using the method described by Datsenko et al. [34] and modified by
Chaveroche et al. [35]. Briefly, the spectinomycin resistance cassette was used to replace
the vat gene in E. coli POP198 or 11G5 cells with specific primers (Table S2). To obtain
trans-complemented strains, the vat gene was cloned into the pBAD33.1 plasmid (Table S2)
using the In-Fusion® HD Cloning system (Takara, Saint-Germain-en-Laye, France) and
electroporated in the POP198∆vat and 11G5∆vat. For experiments, strains were grown in
Lysogeny Broth (LB) overnight at 37 ◦C with shaking at 110 rpm. Depletion of vat did not
affect the bacterial growth (Figure S3). All strains used for this study are summarized in
Table S1.

4.3. Metagenomics Analysis and Screening of Mucin Proteases and pks Genes

The RefSeq database (v1.214 databases) and VirulenceFinder 2.0 tool were used to
determine the most prevalent virulence genes among pks+ E. coli. RefSeq E. coli genomes
were blasted against the clbQ gene, which is always present inside the pks island (clbQ is
required to produce colibactin). Among the 2041 pks+ E. coli genomes selected, virulence
genes were identified using the VirulenceFinder 2.0 tool and were classified into five
proteins families based on their biological functions.

PCR was performed using the primers listed in Table S2 to screen for the presence
of mucin proteases or the pks island in E. coli from hospital patients treated at Clermont-
Ferrand (n = 222 strains) as described previously [36].
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4.4. Mucin Column Penetration Assay

The mucin column penetration assay was used as previously described [25]. Briefly, a
solution containing 10% mucin of porcine stomach (Merck, Darmstadt, Germany) and 0.3%
agarose in HBSS was loaded into a 1.2-mL injection syringe, creating a mucous column.
Briefly, 0.1 mL of prepared bacterial cells (109 cells/mL) was layered onto the mucin. The
columns were incubated for 3 h at 37 ◦C in a vertical position. Afterwards, four fractions
(each one contains 0.3 mL) were collected from the button by applying gentle pressure.
Each fraction was serially diluted and plated onto Columbia blood medium for CFU
(colony-forming unit) enumeration.

4.5. Cell Culture

Human colon adenocarcinoma HT29-16E (MUC2 mucus producing) cells were cul-
tured as previously described [28]. For infection experiments, cells were seeded at a density
of 2 × 105 cells per cm2 in 24-well culture plates with coverslips for 21 days to allow mucin
production. Cells were infected with E. coli at a multiplicity of infection (MOI) of 100 for 45
or 90 min. Immunofluorescence and fluorescence in situ hybridization (FISH) experiments
were performed at >21 days after HT29-16E culture and 24 h post-infection.

4.6. Fluorescence In Situ Hybridization (FISH)

To visualize E. coli at the end of 45 min of infection, HT29-16E infected cell wells
were washed and fixed for 24 h with a fixative solution of Poloxamer 407 (16758, Merck,
Darmstadt, Germany) at 20% (w/w) in 10% NBF (neutral buffered formalin, Sigma-Aldrich,
HT501128) solution to enhance mucus structure integrity during fixation and to initiate
polymerization at room temperature as published by Macedonia et al. [37]. Coverslips were
washed in 100% methanol and conserved at −20 ◦C or directly used with the following
procedures. Cells were washed with PBS with hybridization solution (20 mM Tris-Hcl, pH
7.4, 0.9 M NaCl, 0.1% (w/v) SDS) before incubation with 5 ng/µL of Cy3-E. coli probes
(Table S2) [38]. Paraffin was used to prevent drying, and coverslips were incubated at
46 ◦C for 3 h in a humidified chamber. Slides were washed in PBS 3X for 5 min before
nuclei staining with Hoechst 33342 (Sigma-Aldrich, B2261) and mucus staining with 647-
wheat germ agglutinin (ThermoFisher Scientific, W32466, Illkirch-Graffenstaden, France).
Coverslips were mounted using Mowiol preparation (494338, Dutscher, Bernolsheim,
France). Images were taken using a Zeiss LSM 980 confocal microscope (Zeiss, Voisins-le-
Bretonneux, France). To evaluate the distance between bacteria and epithelial cells, Imaris
software (v10.0.1). was used, and the bacteria count was determined for each 2 µm mucus
layer in each field.

4.7. Immunofluorescence

For γ-H2AX immunofluorescence staining, following infection, cells were washed
using PBS, then post-infection media, namely, Dulbecco’s Modified Eagle Medium (Gibco,
Waltham, MA, USA) culture media supplemented with gentamicin (200 µg/mL), was
added. After 24 h in post-infection media, cells were fixed with PBS with 4% formaldehyde
for 10 min, permeabilized in PBS with 0.25% Triton X-100 for 10 min, and blocked with PBS
with 5% fetal calf serum for 30 min. Anti-γH2AX primary antibodies (9718, Cell Signaling,
Danvers, MA, USA) were diluted 1/400 and incubated overnight at 4 ◦C. The secondary
antibody used was conjugated to Alexa 488 (ThermoFisher, A-21206). Nuclei were stained
with Hoechst 33342 (Sigma-Aldrich, B2261), and mucus was stained with 647-wheat germ
agglutinin (ThermoFisher, W32466). Coverslips were mounted using Mowiol preparation
(Dutscher, 494338). Images were taken using a Zeiss LSM 980 confocal microscope as
HT29-16E cells form a multilayer after 21 days of culture. To evaluate the percentage of
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γH2AX-expressing cells, the fluorescence intensity of γH2AX foci was determined with
Imaris software and expressed as the Hoechst fluorescence intensity for each field counted.

4.8. ApcMin/+ Mouse Model Information and Quantification of E. coli in Stools and Colonic Tissues

C57BL/6 ApcMin/+ females 6 weeks of age were inoculated with oral administration of
109 CFU of E. coli pks + vat+ or E. coli pks + vat- mutants, as previously described [30]. For
the control group, a saline solution (PBS) was administered. Same litter mates were housed
together in individually ventilated cages with seven to eight mice per cage. All mice were
maintained on a regular diurnal lighting cycle (12:12 light:dark) with ad libitum access to
food and water. For E. coli quantification, feces were collected periodically, crushed (Ultra-
Turrax, IKA, Staufen, Germany) in PBS, and spread on chromID CPS Elite agar (BioMérieux,
Craponne, France) plates, which allowed the detection of E. coli. A random selection of
10 E. coli/mouse was analyzed with PCR using specific primers located in the clbQ gene of
the pks island and in the vat gene. No detection of E. coli pks + vat+ was observed in PBS
mouse control groups. E. coli isogenic mutant was detected with spectinomycin resistance
(this resistance gene was inserted into E. coli genome when vat was deleted) in LB plates.
Colonic tissues were collected, flushed with PBS to remove most of the fecal bacteria,
and then treated as feces. All mice were sacrificed 44 days (POP198) or 56 days (11G5)
post-infection. Colonic tumor numbers were determined using a dissecting microscope.

Animal protocols were performed in accordance with French and European Economic
Community guidelines (86-60, EEC) for the care of laboratory animals. The study was
approved by the French Ministry of Higher Education Research and Innovation (Apafis
no. 22798).

4.9. Statistical Analysis

Unpaired Student t-tests and Mann–Whitney tests were used for comparisons of
two groups where appropriate (normality verified by the Shapiro–Wilk test and ho-
moscedasticity by the FisherSnedecor test). For multiple groups, one-way non-parametric
analysis or post-hoc multiple comparison tests were used and analyzed with GraphPad
Prism version 6.07 software. p < 0.05 was considered significant.

5. Conclusions
In summary, we first described the Vat mucin protease in the pks+ E. coli pathogenic

bacteria. Our discovery contributes to the understanding of the pathophysiology of pks+ E.
coli strains. Mucus crossing is the step prior to adhesion to epithelial cells, which is critical
for colibactin to exert its genotoxic activity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms26115353/s1.

Author Contributions: Conceptualization, H.C., G.D. and J.D.; methodology, H.C., G.D. and J.D.;
software, C.V. and A.B.; validation, G.D. and J.D.; formal analysis, J.D.; investigation, H.C., L.G.
(Léa Girondier), L.G. (Laurent Guillouard), V.B. and D.K.; writing—review H.C. and J.D.; project
administration, J.D.; funding acquisition, M.B., N.B. and R.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by the Ministère de l’Enseignement Supérieur, de la Recherche
et de l’Innovation (MESRI); Inserm (UMR 1071); INRAE (USC-1382), Région Auvergne Rhône Alpes;
the French government’s IDEX-ISITE initiative 16-IDEX-0001 (CAP 20-25 project of the University of
Clermont Auvergne); and the National Program “Microbiote” Inserm.

Institutional Review Board Statement: The study was conducted in accordance ethical approval
for human study no. DC-2017-2972, 16 November 2006. Animal protocols were performed in

https://www.mdpi.com/article/10.3390/ijms26115353/s1
https://www.mdpi.com/article/10.3390/ijms26115353/s1


Int. J. Mol. Sci. 2025, 26, 5353 10 of 12

accordance with French and European Economic Community guidelines (86-60, EEC) for the care of
laboratory animals. The study was approved by the French Ministry of Higher Education Research
and Innovation (Apafis no. 22798, 15 July 2020).

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

Data Availability Statement: Data are available at https://doi.org/10.17632/k5vnjk7mrw.1.

Acknowledgments: The author would like to specially thank the CLIC (Clermont-Ferrand Imagerie
Confocale, Université Clermont Auvergne) and Anipath histology technical platforms (GReD, Univer-
sité Clermont Auvergne) for assistance with tissue preparation and immunohistochemical staining.
We would like to thank Denis Pezet, Emmanuel Buc and Pierre Sauvanet for kindly providing the
tissue samples used to establish the strain collection of the Unit.

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

Abbreviations
The following abbreviations are used in this manuscript:

CRC Colorectal cancer
CFU Colony-forming unit
DNA Deoxyribonucleic acid
DSS Dextran sulfate sodium
FISH Fluorescence in situ hybridization
PBS Phosphate-buffered saline
PCR Polymerase chain reaction
SPATE Serine protease autotransporters of enterobacteria

References
1. Morgan, E.; Arnold, M.; Gini, A.; Lorenzoni, V.; Cabasag, C.J.; Laversanne, M.; Vignat, J.; Ferlay, J.; Murphy, N.; Bray, F. Global

Burden of Colorectal Cancer in 2020 and 2040: Incidence and Mortality Estimates from GLOBOCAN. Gut 2023, 72, 338–344.
[CrossRef] [PubMed]

2. Dougherty, M.W.; Jobin, C. Intestinal Bacteria and Colorectal Cancer: Etiology and Treatment. Gut Microbes 2023, 15, 2185028.
[CrossRef] [PubMed]

3. Kim, J.; Lee, H.K. Potential Role of the Gut Microbiome In Colorectal Cancer Progression. Front. Immunol. 2021, 12, 807648.
[CrossRef] [PubMed]

4. Tjalsma, H.; Boleij, A.; Marchesi, J.R.; Dutilh, B.E. A Bacterial Driver-Passenger Model for Colorectal Cancer: Beyond the Usual
Suspects. Nat. Rev. Microbiol. 2012, 10, 575–582. [CrossRef]

5. Nougayrède, J.-P.; Homburg, S.; Taieb, F.; 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]

6. Buc, E.; Dubois, D.; Sauvanet, P.; Raisch, J.; Delmas, J.; 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]

7. Arthur, J.C.; Gharaibeh, R.Z.; Mühlbauer, M.; Perez-Chanona, E.; Uronis, J.M.; McCafferty, J.; Fodor, A.A.; Jobin, C. Microbial
Genomic Analysis Reveals the Essential Role of Inflammation in Bacteria-Induced Colorectal Cancer. Nat. Commun. 2014, 5, 4724.
[CrossRef]

8. Arthur, J.C.; Perez-Chanona, E.; Mühlbauer, M.; Tomkovich, S.; Uronis, J.M.; Fan, T.-J.; Campbell, B.J.; Abujamel, T.; Dogan,
B.; Rogers, A.B.; et al. Intestinal Inflammation Targets Cancer-Inducing Activity of the Microbiota. Science 2012, 338, 120–123.
[CrossRef] [PubMed]

9. Cougnoux, A.; Dalmasso, G.; Martinez, R.; Buc, E.; Delmas, J.; Gibold, L.; Sauvanet, P.; Darcha, C.; Déchelotte, P.; Bonnet, M.; et al.
Bacterial Genotoxin Colibactin Promotes Colon Tumour Growth by Inducing a Senescence-Associated Secretory Phenotype. Gut
2014, 63, 1932–1942. [CrossRef]

10. Bossuet-Greif, N.; Vignard, J.; Taieb, F.; Mirey, G.; Dubois, D.; Petit, C.; Oswald, E.; Nougayrède, J.-P. The Colibactin Genotoxin
Generates DNA Interstrand Cross-Links in Infected Cells. mBio 2018, 9, e02393-17. [CrossRef]

11. Pleguezuelos-Manzano, C.; Puschhof, J.; Rosendahl Huber, A.; van Hoeck, A.; Wood, H.M.; Nomburg, J.; Gurjao, C.; Manders, F.;
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]

https://doi.org/10.17632/k5vnjk7mrw.1
https://doi.org/10.1136/gutjnl-2022-327736
https://www.ncbi.nlm.nih.gov/pubmed/36604116
https://doi.org/10.1080/19490976.2023.2185028
https://www.ncbi.nlm.nih.gov/pubmed/36927206
https://doi.org/10.3389/fimmu.2021.807648
https://www.ncbi.nlm.nih.gov/pubmed/35069592
https://doi.org/10.1038/nrmicro2819
https://doi.org/10.1126/science.1127059
https://doi.org/10.1371/journal.pone.0056964
https://doi.org/10.1038/ncomms5724
https://doi.org/10.1126/science.1224820
https://www.ncbi.nlm.nih.gov/pubmed/22903521
https://doi.org/10.1136/gutjnl-2013-305257
https://doi.org/10.1128/mBio.02393-17
https://doi.org/10.1038/s41586-020-2080-8
https://www.ncbi.nlm.nih.gov/pubmed/32106218


Int. J. Mol. Sci. 2025, 26, 5353 11 of 12

12. 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, J.M.
Structure Elucidation of Colibactin and Its DNA Cross-Links. Science 2019, 365, eaax2685. [CrossRef] [PubMed]

13. Silpe, J.E.; Wong, J.W.H.; Owen, S.V.; Baym, M.; Balskus, E.P. The Bacterial Toxin Colibactin Triggers Prophage Induction. Nature
2022, 603, 315–320. [CrossRef] [PubMed]

14. Jans, M.; Kolata, M.; Blancke, G.; D’Hondt, A.; Gräf, C.; Ciers, M.; Sze, M.; Thiran, A.; Petta, I.; Andries, V.; et al. Colibactin-Driven
Colon Cancer Requires Adhesin-Mediated Epithelial Binding. Nature 2024, 635, 472–480. [CrossRef]

15. Reuter, C.; Alzheimer, M.; Walles, H.; Oelschlaeger, T.A. An Adherent Mucus Layer Attenuates the Genotoxic Effect of Colibactin.
Cell. Microbiol. 2018, 20, e12812. [CrossRef]

16. Payros, D.; Dobrindt, U.; Martin, P.; Secher, T.; Bracarense, A.P.F.L.; Boury, M.; Laffitte, J.; Pinton, P.; Oswald, E.; Oswald, I.P. The
Food Contaminant Deoxynivalenol Exacerbates the Genotoxicity of Gut Microbiota. mBio 2017, 8, e00007-17. [CrossRef]

17. Harnack, C.; Berger, H.; Liu, L.; Mollenkopf, H.-J.; Strowig, T.; Sigal, M. Short-Term Mucosal Disruption Enables Colibactin-
Producing E. coli to Cause Long-Term Perturbation of Colonic Homeostasis. Gut Microbes 2023, 15, 2233689. [CrossRef]

18. Velcich, A.; Yang, W.; Heyer, J.; Fragale, A.; Nicholas, C.; Viani, S.; Kucherlapati, R.; Lipkin, M.; Yang, K.; Augenlicht, L. Colorectal
Cancer in Mice Genetically Deficient in the Mucin Muc2. Science 2002, 295, 1726–1729. [CrossRef]

19. Parham, N.J.; Pollard, S.J.; Desvaux, M.; Scott-Tucker, A.; Liu, C.; Fivian, A.; Henderson, I.R. Distribution of the Serine Protease
Autotransporters of the Enterobacteriaceae among Extraintestinal Clinical Isolates of Escherichia coli. J. Clin. Microbiol. 2005, 43,
4076–4082. [CrossRef]

20. Hews, C.L.; Tran, S.-L.; Wegmann, U.; Brett, B.; Walsham, A.D.S.; Kavanaugh, D.; Ward, N.J.; Juge, N.; Schüller, S. The StcE
Metalloprotease of Enterohaemorrhagic Escherichia coli Reduces the Inner Mucus Layer and Promotes Adherence to Human
Colonic Epithelium Ex Vivo. Cell. Microbiol. 2017, 19, e12717. [CrossRef]

21. Grys, T.E.; Siegel, M.B.; Lathem, W.W.; Welch, R.A. The StcE Protease Contributes to Intimate Adherence of Enterohemorrhagic
Escherichia coli O157:H7 to Host Cells. Infect. Immun. 2005, 73, 1295–1303. [CrossRef] [PubMed]

22. Kumar, P.; Luo, Q.; Vickers, T.J.; Sheikh, A.; Lewis, W.G.; Fleckenstein, J.M. EatA, An Immunogenic Protective Antigen of
Enterotoxigenic Escherichia coli, Degrades Intestinal Mucin. Infect. Immun. 2014, 82, 500–508. [CrossRef] [PubMed]

23. Harrington, S.M.; Sheikh, J.; Henderson, I.R.; Ruiz-Perez, F.; Cohen, P.S.; Nataro, J.P. The Pic Protease of Enteroaggregative
Escherichia coli Promotes Intestinal Colonization and Growth in the Presence of Mucin. Infect. Immun. 2009, 77, 2465–2473.
[CrossRef]

24. Díaz, J.M.; Dozois, C.M.; Avelar-González, F.J.; Hernández-Cuellar, E.; Pokharel, P.; de Santiago, A.S.; Guerrero-Barrera, A.L.
The Vacuolating Autotransporter Toxin (Vat) of Escherichia coli Causes Cell Cytoskeleton Changes and Produces Non-Lysosomal
Vacuole Formation in Bladder Epithelial Cells. Front. Cell. Infect. Microbiol. 2020, 10, 299. [CrossRef]

25. Gibold, L.; Garenaux, E.; Dalmasso, G.; Gallucci, C.; Cia, D.; Mottet-Auselo, B.; Faïs, T.; Darfeuille-Michaud, A.; Nguyen, H.T.T.;
Barnich, N.; et al. The Vat-AIEC Protease Promotes Crossing of the Intestinal Mucus Layer by Crohn’s Disease-Associated
Escherichia coli. Cell. Microbiol. 2016, 18, 617–631. [CrossRef] [PubMed]

26. Kobayashi, R.K.T.; Gaziri, L.C.J.; Venancio, E.J.; Vidotto, M.C. Detection of Tsh Protein Mucinolytic Activity by SDS-PAGE. J.
Microbiol. Methods 2007, 68, 654–655. [CrossRef]

27. Sicard, J.-F.; Le Bihan, G.; Vogeleer, P.; Jacques, M.; Harel, J. Interactions of Intestinal Bacteria with Components of the Intestinal
Mucus. Front. Cell. Infect. Microbiol. 2017, 7, 387. [CrossRef]

28. Augeron, C.; Laboisse, C.L. Emergence of Permanently Differentiated Cell Clones in a Human Colonic Cancer Cell Line in Culture
After Treatment with Sodium Butyrate. Cancer Res. 1984, 44, 3961–3969.

29. Raisch, J.; Buc, 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]

30. Chat, H.; Dalmasso, G.; Godfraind, C.; Bonnin, V.; Beyrouthy, R.; Bonnet, M.; Barnich, N.; Mettouchi, A.; Lemichez, E.; Bonnet, R.;
et al. Cytotoxic Necrotizing Factor 1 Hinders Colon Tumorigenesis Induced by Colibactin-Producing Escherichia coli in ApcMin/+

Mice. Gut Microbes 2023, 15, 2229569. [CrossRef]
31. Mah, L.-J.; El-Osta, A.; Karagiannis, T.C. gammaH2AX: A Sensitive Molecular Marker of DNA Damage and Repair. Leukemia

2010, 24, 679–686. [CrossRef] [PubMed]
32. Ren, J.; Sui, H.; Fang, F.; Li, Q.; Li, B. The Application of ApcMin/+ Mouse Model in Colorectal Tumor Researches. J. Cancer Res.

Clin. Oncol. 2019, 145, 1111–1122. [CrossRef] [PubMed]
33. Gagnière, J.; Bonnin, V.; Jarrousse, A.-S.; Cardamone, E.; Agus, A.; Uhrhammer, N.; Sauvanet, P.; Déchelotte, P.; Barnich, N.;

Bonnet, R.; et al. Interactions between Microsatellite Instability and Human Gut Colonization by Escherichia coli in Colorectal
cancer. Clin. Sci. 2017, 131, 471–485. [CrossRef] [PubMed]

34. Datsenko, K.A.; Wanner, B.L. One-step Inactivation of Chromosomal Genes in Escherichia coli K-12 Using PCR Products. Proc.
Natl. Acad. Sci. USA 2000, 97, 6640–6645. [CrossRef]

https://doi.org/10.1126/science.aax2685
https://www.ncbi.nlm.nih.gov/pubmed/31395743
https://doi.org/10.1038/s41586-022-04444-3
https://www.ncbi.nlm.nih.gov/pubmed/35197633
https://doi.org/10.1038/s41586-024-08135-z
https://doi.org/10.1111/cmi.12812
https://doi.org/10.1128/mBio.00007-17
https://doi.org/10.1080/19490976.2023.2233689
https://doi.org/10.1126/science.1069094
https://doi.org/10.1128/JCM.43.8.4076-4082.2005
https://doi.org/10.1111/cmi.12717
https://doi.org/10.1128/IAI.73.3.1295-1303.2005
https://www.ncbi.nlm.nih.gov/pubmed/15731026
https://doi.org/10.1128/IAI.01078-13
https://www.ncbi.nlm.nih.gov/pubmed/24478066
https://doi.org/10.1128/IAI.01494-08
https://doi.org/10.3389/fcimb.2020.00299
https://doi.org/10.1111/cmi.12539
https://www.ncbi.nlm.nih.gov/pubmed/26499863
https://doi.org/10.1016/j.mimet.2006.10.002
https://doi.org/10.3389/fcimb.2017.00387
https://doi.org/10.3748/wjg.v20.i21.6560
https://doi.org/10.1080/19490976.2023.2229569
https://doi.org/10.1038/leu.2010.6
https://www.ncbi.nlm.nih.gov/pubmed/20130602
https://doi.org/10.1007/s00432-019-02883-6
https://www.ncbi.nlm.nih.gov/pubmed/30887153
https://doi.org/10.1042/CS20160876
https://www.ncbi.nlm.nih.gov/pubmed/28093453
https://doi.org/10.1073/pnas.120163297


Int. J. Mol. Sci. 2025, 26, 5353 12 of 12

35. Chaveroche, M.K.; Ghigo, J.M.; d’Enfert, C. A Rapid Method for Efficient Gene Replacement in the Filamentous Fungus Aspergillus
nidulans. Nucleic Acids Res. 2000, 28, E97. [CrossRef]

36. Ewers, C.; Li, G.; Wilking, H.; Kiessling, S.; Alt, K.; Antáo, E.-M.; Laturnus, C.; Diehl, I.; Glodde, S.; Homeier, T.; et al. Avian
Pathogenic, Uropathogenic, and Newborn Meningitis-Causing Escherichia coli: How Closely Related Are They? Int. J. Med.
Microbiol. 2007, 297, 163–176. [CrossRef]

37. Macedonia, M.C.; Drewes, J.L.; Markham, N.O.; Simmons, A.J.; Roland, J.T.; Vega, P.N.; Scurrah, C.R.; Coffey, R.J.; Shrubsole,
M.J.; Sears, C.L.; et al. Clinically Adaptable Polymer Enables Simultaneous Spatial Analysis of Colonic Tissues and Biofilms. NPJ
Biofilms Microbiomes 2020, 6, 33. [CrossRef]

38. Lee, M.S.; Hyun, H.; Park, I.; Kim, S.; Jang, D.-H.; Kim, S.; Im, J.-K.; Kim, H.; Lee, J.H.; Kwon, T.; et al. Quantitative Fluorescence
In Situ Hybridization (FISH) of Magnetically Confined Bacteria Enables Early Detection of Human Bacteremia. Small Methods
2022, 6, 2101239. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/nar/28.22.e97
https://doi.org/10.1016/j.ijmm.2007.01.003
https://doi.org/10.1038/s41522-020-00143-x
https://doi.org/10.1002/smtd.202101239

	Introduction 
	Results 
	Vat Gene Predominates in pks+ E. coli 
	Vat Protease Promotes Mucosal Crossing of pks+ E. coli 
	Vat Protease Enhances the Genotoxic Effects of pks+ E. coli 
	Vat Protease Contributes to pks+ E. coli Colonization and Tumorigenesis in ApcMin/+ Mice 

	Discussion 
	Materials and Methods 
	Clinical E. coli Isolates 
	Bacterial Strains and Construction of Isogenic Mutants 
	Metagenomics Analysis and Screening of Mucin Proteases and pks Genes 
	Mucin Column Penetration Assay 
	Cell Culture 
	Fluorescence In Situ Hybridization (FISH) 
	Immunofluorescence 
	ApcMin/+ Mouse Model Information and Quantification of E. coli in Stools and Colonic Tissues 
	Statistical Analysis 

	Conclusions 
	References

