Old Herborn University Seminar Monograph 36: The microbiome and cancer.

A summary of the lectures given during the 36th Old Herborn University Seminar
Writing committee: Peter J. Heidt, Tillmann Rusch and Volker Rusch.

Old Herborn University Foundation, Herborn, Germany: 11-18 (2026).

MICROBIOME AND THE HALLMARKS OF CANCER:
COLIBACTIN-PRODUCING PKS-POSITIVE ESCHERICHIA COLI

Introduction

Dr. Janelle Arthur (Department of
Microbiology and Immunology, Center
for Gastrointestinal Biology and
Disease, University of North Carolina at
Chapel Hill, USA) presented data on the
microbiome and the hallmarks of can-
cer, with special focus on colibactin-
producing PKS-positive Escherichia
coli. She started her presentation with
the general statement that it is unlikely
that resident microbes alone can cause
colorectal cancer. Genetic susceptibil-
ity, mutagens, diet, and other environ-
mental factors are also involved in this
process. It is known that this disease is
associated with dysbiosis, a disruption
of the microbiome where the balance
between 'good' and 'bad' microorgan-
isms is disturbed, having an impact on
health

Hallmarks of cancer

Multiple microbial mechanisms influ-
ence cancer, and it is not just “who is
there?”, but “what are they doing?”. It is
important to understand what those bac-
teria are actually doing. A few “bad
bugs” have been identified as associated
with and driving various aspects of col-
orectal cancer. These include enterotox-
igenic Bacteroides fragilis, Fusobac-
terium nucleatum, and colibactin pro-
ducing, also called PKS-positive, E.
coli. PKS-positive E. coli bacteria carry
the polyketide synthase (PKS) gene
cluster. This gene cluster enables the
production of colibactin, a small mole-
cule genotoxin that can cause DNA
damage to intestinal cells and plays a
role in the development of colorectal
cancer.
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Figure 1: Microbial-derived signals modulate numerous hallmarks of cancer through diverse

mechanisms. (Figure from Fulbright et al., 2017).
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Figure 2: Histology of the colon (swiss roll technique) of IL-10"~ germfree (upper photo) and SPF

(lower photo) mice.

Dr. Arthur and colleagues published in
2017 a drawing of how the microbiota
influenced the hallmarks of cancer
(Figure 1; Fulbright et al., 2017). The
microbiota influences many of these
hallmarks. In figure 1 there is at the 11
o'clock position a sustaining prolifera-
tive signalling influenced by the FadA
adhesin from Fusobacterium nucleatum
while the B. fragilis toxin and colibactin
from PKS-positive E. coli influences
proliferative signalling. Of the TLR lig-
ands, inducing angiogenesis, and butyr-
ate deregulating cellular energetics (at
the 4 and 5 o'clock position) it can rea-
sonably be assumed that they may influ-
ence cancer.

Microbiome, IL-10 and inflamma-
tion-associated colorectal cancer

Dr. Arthur presented a figure from a
study performed in 2009, showing that
resident microbes are required for
inflammation-associated cancer in inter-
leukin 10 (IL-10)-deficient (1/107)
mice. (Uronis et al., 2009). IL-10 is an
immunoregulatory cytokine that is
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required to dampen inflammation.
When IL-10-deficient mice are raised
under germ-free conditions they do not
develop inflammation, but when they
are colonized with a complex micro-
biota they develop robust inflammation
in the gut, which is shown in figure 2.
This figure shows “swiss rolls” of the
colon. By this swiss roll technique
(Moolenbeek and Ruitenberg, 1981), the
entire colon of the mice is removed,
flushed, and opened longitudinally and
rolled with the mucosa inwards. After
histological processing, microscopical
examination of the entire length of the
colon is then possible from the distal to
the proximal colon. By cutting through
there, a snapshot is obtained. But it is
possible to look at the entirety of colon
under microscopy to assess all inflam-
mation and tumorigenesis. In figure 2,
no inflammation can be seen in the
upper histology image from germ-free
mice, but robust inflammation (intesti-
nal hyperplasia and thickening of the
colon) and inflammatory infiltrates can
be seen in the bottom histology image.
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Figure 3: Mouse model of inflammation-associated colorectal cancer induction by azoxymethane

in SPF IL-10 deficient mice.

After transfer of germfree /1107 mice to
a specific pathogen free (SPF) environ-
ment or colonising them with the SPF
microbiome by oral gavage of faecal
material, they were injected i.p. with the
colon specific carcinogen Azoxyme-
thane (AOM) (Figure 3). AOM induces
invasive colorectal tumours in the set-
ting of 11107 inflammation. These
tumours are flat, which is very similar to

the colorectal cancers that inflammatory
bowel disease (IBD) patients develop.
IBD patients are at a very high risk for
developing colorectal cancer and these
colorectal cancers are difficult to spot by
endoscope because they are flat. This
mouse model is a very good model for
inflammation-associated colorectal can-
cer and is very reproducible (Arthur et
al., 2012).
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Figure 4: Alpha diversity in wild-type and /10" mice. (OTU = operational taxonomic unit).
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Figure 5: Beta diversity in the different groups of mice

After 18 to 20 weeks, stool samples and
colon tissue were collected and 16S
rRNA sequencing of the microbiome by
Illumina HiSeq 2000 sequencing was
used to determine what bacterial groups
were present and which changed as
inflammation and cancer developed. A
major finding was that that chronic
inflammation alters microbial commu-
nity composition in the colon. Figure 4
shows that alpha diversity, a simple
metric of how many bacterial groups are
?resent, is reduced in the inflamed 7/10
“mice. Whether the 1/10”" mice received
AOM (having robust inflammation and
cancer) or had not (having robust
inflammation and no cancer), the num-
ber of bacterial strains or species esti-
mated was significantly reduced, which
is similar to what is seen in human IBD
patients.

Figure 5 shows the beta diversity,
which measures dissimilarity in the
composition of two communities. In this
3-dimensional plot the symbols repre-
sent the microbiota of an individual
mouse. The distance between the sym-
bols show the difference between these
communities. One can clearly see that
the symbols separate by mouse geno-
types, the inflamed 17107~ mice vs. WT
uninflamed mice. From the figure it can
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be concluded that cancer is not driving
the changes in the microbiome, but that
inflammation is causing the robust
changes.

From the experiments using this
model it can be concluded that the
microbiome is an important factor in the
development of inflammation-associ-
ated colorectal cancer. The question is
whether inflammation alters the micro-
biota and in this way select microbes
that are associated with cancer. If this is
true, even mild inflammation of the gut
can alter the intestinal microbiome. The
microbiome will become dysbiotic,
more pro-inflammatory and thus more
pro-carcinogenic which will act back
and so induce more inflammation.

When looking at taxonomy in the
colon microbiome, a hundredfold
expansion of E. coli was observed in the
1110 mice. To find out whether E. coli
could alter or even induce tumorigene-
sis, germfree wild-type and /107" mice
were mono-associated with either the
Gram-negative E. coli NC101 or with
the Gram-positive Enterococcus fae-
calis and injected with AOM to induce
tumorigenesis in the ///0”" mice. Both
bacteria induce inflammation, but with
different kinetics and different localiza-
tion (Kim et al, 2005). As expected, both



Inflammation Tumor multiplicity 100, Invasion
- L 5 2 p=0.0256
o 4 @4 p=00158 % | 23
8 A i ol a3 I E S
o 3 g 31 A % 604
; : § |
'g & a 21 c 40+ ],
£ 1 § 1 § 20
] S g | |
g : : i
£0 B Ool=s  mim U b
WT Ef E.c WT _Ef Ec. WT _Ef Eec.
Ino* 110" 10+

Figure 6: Inflammation, induction of tumours and invasion of tumours due to Enterococcus faecalis

and E. coli NC101 in 11-107- and wild-type mic

bacteria induced robust inflammation in
the 77107~ mice, while the wild-type mice
did not develop inflammation. Due to
the absence of inflammation in the wild-
type mice, these mono-associated wild-
type mice do not develop tumours. Sur-
prisingly though, the /107" mice that
were mono-associated with Entero-
coccus faecalis and developed robust
inflammation did not develop tumours.
In contrast, the E. coli mono-associated
11107~ mice developed tumours, many of
which were invasive (Figure 6). These
data showed that inflammation and
tumorigenesis are not always directly
correlated and additional bacterial fac-
tors may influence the development of
cancer.

As Figure 6 showed an increase of
invasive tumours in the E. coli mono-
associated /1107 mice, a potential bacte-
rial driver of tumorigenesis was
searched for. Searching the literature
revealed a potential explanation in the
“PKS pathogenicity island”, a cluster of
genes found in some E. coli strains that
encodes enzymes for the biosynthesis of
the small molecule genotoxin colibactin
(Nougayrede et al., 2000).

Colibactin is a polyketide-peptide
that can cause double-strand breaks in
DNA, and its presence is associated
with colorectal cancer (CRC). This PKS
pathogenicity island was present in the

used E. coli NC101 strain, but not in a
reference E. coli strain (E. coli K12) and
also not in the used Enterococcus fae-
calis strain. Deletion of the PKS from
the E. coli NC101 abrogated its ability
to induce DNA damage in intestinal
epithelial cells in vitro. Specially, flow
cytometry analysis revealed that PKS+
E. coli induced cell cycle arrest, which
indicates that the cells have stopped to
repair their DNA damage, but PKS-
deficient E. coli did not. An assay meas-
uring YH2AX foci in the nucleas that
form upon DNA damage repair also
indicated that the PKS island is respon-
sible for these phenotypes. When these
strains are put back into the mice and ran
through the same colitis-associated can-
cer model, the PKS positive E. coli
enhanced tumorigenesis without im-
pacting inflammation (Figure 7).

On the right-hand side of figure 7 it
is shown that the inflammation score in
mice mono-associated with either of
these strains is the same. However, the
tumour multiplicity (left on the figure)
and importantly, the tumour invasion
(centre of the figure) is significantly
reduced when the PKS island is deleted
from the strain. This suggests that the
DNA damage from the product of this
PKS island, the genotoxin colibactin, is
driving the majority of the tumor-
igenesis in this model. Indeed, a higher
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Figure 7: number of tumours, invasion and inflammation score in mice colonised with E. coli NC101

and the same strain with the PKS deletion.

proportion of patients suffering from
colorectal cancer (CRC) or Inflamma-
tory Bowel Disease (IBD) harboured
PKS positive E. coli. From the CRC
patients 67% harboured E. coli strains
with the PKS island, 40% of the IBD
patients did, and only 21% of healthy
control persons harboured these E. coli
strains (Table 1).

Colibactin and colorectal cancer

As mentioned earlier, colibactin is a
genotoxic toxin that can cause DNA
damage to intestinal cells and plays a
role in the development of colorectal
cancer. Colibactin is a small molecule,
made as an inactive precursor (pre-
colibactin) inside the E. coli cell. This is
important because in bacteria, genetic
material is not restricted to the nucleus
as in eukaryotic cells; producing an

active genotoxin in the bacterial cell
cytoplasm would damage its own DNA.
Instead, pre-colibactin is transported
into the periplasm (the space in between
the inner and outer membranes) and
activated via cleavage of a pro-drug
motif by the CIbP peptidase. Now in its
active form, colibactin is released from
the bacteria. It is not known how active
colibactin is released from E. coli, how
it enters the mammalian cell and reaches
the nucleus, but cell-cell contact is
required.

While the work of Dr. Arthur and
that of others showed that E. coli-pro-
duced colibactin can promote colorectal
cancer, chemists were focused on how
enzymes of the PKS island synthesized
colibactin, identified its active chemical
form, and revealed details about its
interactions with mammalian DNA and

Table 1: Human IBD and CRC patients harbour an abundance of PKS positive E. coli

Disease Number of patients % PKS positive P value
CRC 21 66.87 <0.001
IBD 35 40.0 <0.05

Control 24 20.8
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the specific types of DNA damage it in-
flicted (Addington, Sandalli and Roe,
2024). Most carcinogens have a known
mutagenic signature — specific base pair
substitutions or insertions/deletions —
that results from exposure to the carcin-
ogen. To link colibactin exposure to hu-
man cancer, researchers would have to
determine colibactin’s mutagenic signa-
ture. Two groups identified this muta-
genic signature and found it in human
colorectyal tumours and metatstases.
The group led by Hans Clevers used hu-
man intestinal organoids (Pleguezuelos-
Manzano et al., 2020). They exposed
them repeatedly to E. coli with an intact
PKS island or to an isogenic strain of
which the PKS island was deleted. After
this repeated exposure, they performed
whole genome sequencing to identify
carcinogenic signatures unique to the
organoids exposed to PKS+ E. coli.
They found a unique single base pair
substitution and an insertion-deletion.
These are called the SBS-PKS or the ID-
PKS. They then looked in cancer
genome databases and could find them
in human colorectal tumours and metas-
tases, often with SBS-PKS and ID-PKS
evident in the same patient. This sug-
gests that colibactin is inducing a car-
cinogenic signature that is found in
human colorectal tumours and metasta-
ses. Its presence here demonstrates
exposure to colibactin, and suggests
colibactin may be contributing to colo-
rectal cancer. In another study direct
evidence was shown that colibactin con-
tributes to mutational processes in
humans, supporting its causal role in
colorectal cancer (Dziubanska-Kusibab
et al., 2020). Further work has revealed
that 12% of colorectal cancers displayed
a colibactin-induced mutational signa-

ture. Mutations were present in the
adenomatous polyposis coli (APC)
gene, a tumour suppressor gene that is
one of the key mutations in colorectal
cancer (Rosendahl Huber et al., 2024).
Even more recently, evidence of coli-
bactin exposure (presence of SBS-PKS
and/or ID-PKS) was found in 21.1% of
colorectal cancers across a global popu-
lation (Diaz-Gay, 2025). Colibactin
mutagenesis may be the cause of cancer
or can contribute to causing cancer by
stressing the DNA damage repair
machinery at some point, most probably
at the initiation stage. In sporadic cancer
models it is shown that colibactin-
producing E. coli can promote cancer.
Thus, inflammation is not necessary, but
inflammation (such as in IBD patients)
alters the microbiota, including the
bloom of potentially pro-carcinogenic
microbes like PKS positive E. coli. Sev-
eral questions remain that are currently
investigated by the research team of Dr.
Arthur. Since cell-cell contact is neces-
sary for colibactin to induce its geno-
toxic effects, we must understand what
features of intestinal E. coli allow it to
stably colonize patients. This would
permit it to reside in the mucosal micro-
biome and potentially adhere to epithe-
lial cells and deliver colibactin to cause
DNA damage. In addition, the molecu-
lar control of colibactin production is
yet not well understood. We must
understand what conditions in the gut
induce colibactin production, especially
those conserved across a broad range of
PKS positive E. coli strains. Finally,
future epidemiological studies will be
needed for the research field to demon-
strate if there is sufficient evidence to
name colibactin as a carcinogen driving
human colorectal cancer.

This paper was reviewed by Dr. Janelle Arthur before publishing.
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