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Abstract

Streptococcus gallolyticus, subspecies gallolyticus (Sgg) is a gram-positive bacterium associated with infective
endocarditis and colorectal cancer (CRC). Sgg has features that allow the bacterium to thrive in the colorectal
tumor microenvironment and further progress the development of CRC to facilitate its survival.
Sgg contains 3 pili that facilitate colonic cell adhesion and translocation through phase variation. Sgg also
contains bile salt hydrolase and a bacteriocin called gallocin with substantially increased activity in bile acids,
which facilitates its growth in the bile acid-rich adenomatous colorectal microenvironment. Sgg also uses
tumor metabolites as an energy source. Sgg also possesses tannase, which metabolizes gallotannin to be used
as a carbon source and reduces the anti-apoptotic effects of tannins, driving CRC progression. Sgg also
interferes with a variety of oncogenic cell signaling pathways, including the Wnt/f-catenin pathway through
mechanisms that are not fully elucidated. Increased 3-catenin signaling also enhances adhesion via increased
expression of the extracellular matrix and increases bile acid concentrations in the lumen through down-
regulation of an apical bile acid transporter. Finally, Sgg induces biotransformation of toxic substrates in
CRC cells, which leads to formation of toxic intermediates and DNA adducts, promoting further progres-
sion of CRC.
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Introduction

Streptococcus gallolyticus, subspecies gallolyticus (Sgg), previously known as Streptococcus bovis biotype
1, is a gram-positive species of bacteria that can colonize the gastrointestinal tract as part of the gut
microbiome. Sgg is associated with bacteremia, infective endocarditis and colorectal cancer (CRC). About
65% of patients with infectious endocarditis attributed to Sgg have concomitant adenomas or carcinomas
detected via colonoscopy (Boleij et al., 2011a). Sgg is 5 times more likely to be isolated from fecal cultures
obtained from patients with CRC compared to control human subjects (Klein et al., 1977). The association
between Sgg and CRC underlies the recommendation to perform a colonoscopy on patients with positive
Sgg blood cultures. The mechanism underlying the association between Sgg and CRC is not fully
understood, but substantial progress has been made recently.

Tjalsma et al. (2012) proposed a passenger-driver model as a theory explaining the role of bacteria in
the pathogenesis of CRC. In this model, passenger bacteria are members of the gut microbiome that gain a
competitive advantage in the tumor microenvironment. Driver bacteria are members of the gut
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microbiome that induce epithelial DNA damage leading to the development of CRC. Sgg appears to
function as both a passenger and a driver bacterium, possessing pro-carcinogenic capabilities such as
directly causing DNA damage and inducing changes towards a more tumor-prone microenvironment.
This mini review aims to highlight the work that has been done to enhance our understanding of the
mechanisms underlying the association between Sgg and colorectal carcinoma.

Methods

The PubMed database was utilized to search for articles on the role of Sgg in the formation of CRC.
“Streptococcus gallolyticus colon cancer” was the primary search term used to identify articles to review.
Many articles were also included if they were cited in research articles that appeared in the PubMed
database. Articles were considered for review if they further elucidated the mechanisms underlying the
association between Sgg and CRC, were written within the last 25 years, and a full text version was
available. In total, 39 articles were evaluated and included in this mini review out of 76 search results.

Factors promoting the adhesion, translocation, and immune evasion of Sgg

One of the first steps in the pathogenesis of Sgg-associated CRC is the preferential adhesion of Sgg to
human cancer cell lines. This preferential adhesion of Sgg is aided by the displacement of Type IV
collagen, which occurs in the adenomatous colorectal environment (Boleij et al., 2011b; Yantiss et al.,
2001). Sgg possesses a few adaptations that allow its adhesion to human colon cancer cells.

First, Sgg possesses three pilus loci; pill, pil2, and pil3 (Danne et al., 2011). The pill and pil3 loci in
particular have been associated with the opportunistic colonization of Sgg in the adenomatous colorectal
environment (Sillanpdi et al., 2009). The pill locus encodes a collagen-binding adhesin, Acb, which binds
in a dose-dependent manner to Types I, IV, and V collagen. Acb facilitates adhesion to Type IV collagen in
the basal lamina of the colonic epithelium and plays a key role in the pathogenesis of infectious
endocarditis. Additionally, Pil3 binds to mucin and fibrinogen on healthy and carcinomatous colonic
epithelia through its N-terminal domain (Martins et al., 2016). Pil3 binds to mucin 5AC, which is a protein
normally found in gastric tissue but can also be found in certain colonic polyps, especially larger adenomas
with a moderately villous histology and dysplasia (Martins et al., 2016; Bartman et al., 1999). The binding of
Pil3 to fibrinogen has been thought to contribute to the pathogenesis of infectious endocarditis by
promoting biofilm formation and attaching to endothelial cells and platelets (Martins et al., 2016).

In addition to facilitating adhesion of Sgg to the cell surface of colonic epithelium, heterogeneous
expression of Pil3 has been shown to also facilitate the translocation of Sgg across the intestinal barrier
(Martins et al., 2020). At the population level, 90% of Sgg have low expression of Pil3 while 10% have
high expression of Pil3. Martins et al. (2020) demonstrated that highly piliated Sgg interact with and
open cell junctions between colonic epithelial cells to allow the passage of weakly piliated Sgg across the
epithelial surface.

Furthermore, Sgg produces histone-like protein A, which binds to heparin sulfate proteoglycans at
the cell surface of colorectal tumor cell surface and facilitates the adhesion of Sgg (Boleij et al., 2009).

Sgg also possesses a functional Type VII secretion system (T7SS). Type VII secretion systems have
been well-described in mycobacteria and Staphylococcus aureus and demonstrated to have roles in
adherence to host cells, immune escape, and competition with other bacterial species, Deletion of the
T7SS in Sgg demonstrated that adhesion to HT29 cells, derived from a human colorectal adenocarcin-
oma cell line, decreased by 68% compared to wild-type bacteria (Taylor et al., 2021).

Finally, the Sgg pathogenicity-associated region (SPAR) chromosomal locus has recently been
identified as a key factor in the colonization of Sgg in the gastrointestinal wall and may be essential
for the function of the Type VII secretion system. SparF is believed to regulate the expression of the Type
VII secretion system and a murine model of gut colonization demonstrated that deletion of the SPAR
locus reduced the colonization of Sgg in the gastrointestinal tract (Taylor et al., 2023).
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Sgg also has features that protect it from the innate immune system. Sgg has a polysaccharide capsule
consisting of galactose, rhamnose, and uronic acid that protects against phagocytosis (Jans and Boleij,
2018). Sgg also exhibits phase variation of its pili through the addition and deletion of CGAGA repeats
(Danne et al., 2014). In particular, phase variation of pill allows for variability in the amount of pill
expression, favouring collagen-binding if expressed in high amounts and allowing for evasion of the
humoral immune system if expressed in low amounts (Danne et al., 2014). Boleij et al. (2011b)
demonstrated that Sgg also evades the immune system by delaying gene expression of IL-8 and IL-1f,
which delays the recruitment of macrophages and buys time for Sgg to evade macrophages and enter the
bloodstream, which is important in the pathogenesis of Sgg-associated infectious endocarditis. Sgg can
also form biofilms on surfaces with abundant collagen, which plays a role in the development of
infectious endocarditis.

Ecological interactions in the adenoma and CRC microenvironment

Sgg possesses unique characteristics that favour its growth in the adenoma and CRC microenvironment
and provide a competitive advantage against other bacteria.

High luminal bile acid content is a known risk factor for CRC. Bile acids also inhibit bacterial growth in
several ways, including interfering with the lipid composition of bacterial membranes, chelating iron and
calcium necessary for growth, directly damaging nucleic acids, and causing protein misfolding (Larabi et al.,
2023). However, Sgg possesses a few properties that allows it to flourish in high bile acid environments,
providing a competitive advantage in the colonic tumor microenvironment. First, the bsh gene found in Sgg
encodes a bile salt hydrolase that provides resistance to bile salts in the gut lumen (Rusniok et al., 2010). Sgg
also produces gallocin, a bacteriocin with increased activity in the presence of bile acids (Aymeric et al.,
2018). Gallocin suppresses the growth of some commensal species closely related to Sgg, thereby giving Sgg
an advantage in colonizing the colon (Aymeric et al, 2018). The production of gallocin is regulated via
quorum sensing by the protein gallocin-stimulating peptide (Harrington et al., 2021).

In addition to flourishing in high bile acid environments, Sgg has also been shown to increase luminal
bile acid concentration via the upregulation of Wnt/ B-catenin signaling, described in further detail
below. Constitutive activation of the Wnt pathway has been shown to downregulate the SIc10A2 gene,
which encodes an apical bile acid transporter (Aymeric et al., 2018). Downregulation of SIc10A2 results
in an increase in secondary bile acid concentrations, significantly enhancing the activity of gallocin
(Aymeric et al,, 2018).

The Type VII secretion system possessed by Sgg also provides a competitive advantage by inhibiting
the growth of commensal gut bacteria through the release of an LXG (leucine, any amino acid, glycine)
toxin, which acts as a bacteriocin (Taylor et al., 2021). In particular, Sgg releases the LXG family protein
TelE (toxin exported by Esx with LXG domain), which has been shown to have bacteriocidal activity
when overexpressed in E. coli and is proposed to serve as a pore-forming toxin (Teh et al., 2023).

Another factor contributing to the colonization of Sgg in the colonic tumour microenvironment is the
ability of Sgg to utilize tumour cell metabolites, including glucose, glucose derivatives, and alanine, as an
energy source (Boleijj et al., 2012).

Factors promoting the development of CRC

In 1951, a case report was published, which described a patient with infective endocarditis caused by an
enterococcal species who was also found to have underlying carcinoma of the sigmoid colon (McCoy and
Mason, 1951). This case report led to a decades-long pursuit to discover the prevalence of this
association, the identity of the implicated enterococcal species, and the mechanism underlying this
association. A systematic review and meta-analysis performed by Boleijj et al. (2011b) implicated Sgg as
the implicated species and showed that 65% of patients with infective endocarditis attributed to Sgg also
had underlying adenomas or carcinomas of the colon.
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Sgg owes its name to its unique ability to decarboxylate gallate, a product of gallotannin. In fact, Sgg
was first isolated from koala faeces likely due to the high gallotannin content of eucalyptus leaves.
Tannins, found in wine, tea, coffee, fruits, and nuts, have important antimicrobial properties and have
been shown to inhibit the growth of human colon cancer cells via the induction of apoptosis, the
inhibition of pyruvate kinase, and inhibition of the JAK/STAT pathways (Cosan et al., 2009; Yang et al.,
2018; Houssein et al., 2020; Oehmcke-Hecht et al., 2020; Youness et al., 2021).

However, Sgg is able to produce tannase, which hydrolyzes gallotannin to form gallate, which is then
decarboxylated to a molecule called pyrogallol that can be used as a carbon source by Sgg. (Osawa and
Sasaki, 2004; Rusniok et al., 2010; Pasquereau-Kotola et al., 2018). The breakdown of gallotannin reduces
its anti-proliferative effects, thereby fostering the progression of CRC.

Sgg has also been shown to have more direct impacts on the progression of CRC through the
interference of a variety of cell signaling pathways.

Ellmerich et al. (2000) showed that rats exposed to azoxymethane, a molecule that induces colonic
adenomas and adenocarcinomas, and subsequently incubated with Sgg demonstrated increased prolif-
eration of colonic crypts and elevated levels of colonic proliferation markers. Notably, rats that were not
exposed to azoxymethane in this study did not develop hyperplastic colonic crypts, indicating that the
pathogenesis of Sgg depends on the development of preneoplastic lesions. This study also showed that
inflammatory cytokines were also increased in mice exposed to azoxymethane and incubated with Sgg,
including the angiogenic factor IL-8. IL-8 is known to induce activation of MAP kinases, which
stimulates cell proliferation (Biarc et al., 2004).

In addition to IL-8, Sgg has been shown to increase levels of IL-1B and COX-2, which is associated
with an increased risk for the development of CRC (Abdulamir et al., 2010). IL-1f increases COX-2
expression, which promotes angiogenesis via increased expression of VEGF and inhibits apoptosis via
production of PGE2 (Sheng et al., 2020). Sgg also has been shown to induce expression of NOS2, which
produces nitric oxide and activates NF«B, which then also increases expression of VEGF, COX-2, and
proinflammatory cytokines (Abu-Ghazaleh et al., 2021).

Kumar et al. (2017) demonstrated that colon cancer cells incubated with Sgg exhibited increased
levels of B-catenin, c-Myc, and PCNA in a contact-dependent manner. The authors also showed that
knockdown and inhibition of B-catenin eliminated the proliferative effects of Sgg. in vivo murine
experiments performed by the authors also demonstrated that mice injected with Sgg demonstrated
increased cell proliferation, B-catenin staining, and a higher tumour burden than mice models injected
with control bacteria. These experiments provided a crucial link between Sgg and the adenoma-
carcinoma sequence, which is a pathway implicated in 80% of sporadic colorectal carcinomas
(Aymeric et al.,, 2018).

Dysregulation of the APC/B-catenin pathway is implicated as an initiating event in the adenoma-
carcinoma sequence. In this pathway, the translocation of B-catenin to the nucleus initiates the
transcription of genes promoting cell proliferation, such as cyclin D1 and c-Myc. The translocation of
B-catenin to the nucleus is regulated by APC, which promotes the degradation of B-catenin. This
pathway explains why loss-of-function mutations in APC, as occurs in familial adenomatous polyposis,
increase the development of colon polyps and CRC. Wnt is a soluble factor that is another key
component of B-catenin signaling. Wnt binds to the receptor Frizzled, which prevents the degradation
of B-catenin by APC. The mechanism through which Sgg increases levels of B-catenin has not yet been
fully elucidated though.

However, Kumar et al. (2022) discovered that the elevation of B-catenin induced by Sgg is
dependent on Type I and Type VI collagen, which implicates the involvement of the extracellular
matrix as a mediator of CRC cell proliferation. Type VI collagen serves as a bridge between Type I and
Type II collagen and the extracellular matrix. In addition, the authors demonstrated that Sgg
upregulates collagen, increasing the adhesion of Sgg to host cells and further inducing cell prolifer-
ation. The authors propose a few potential mechanisms through which increased collagen production
can induce changes in the extracellular matrix and activate B-catenin, promoting cell proliferation.
One mechanism involves the direct action of collagen on integrins that can regulate B-catenin.

https://doi.org/10.1017/gmb.2024.11 Published online by Cambridge University Press


https://doi.org/10.1017/gmb.2024.11

GUT

Another mechanism involves the indirect activation of integrins that can regulate B-catenin by
fibronectin, which may become trapped by the increase in collagen in the extracellular matrix.
Additionally, increased collagen production may influence the mechanical properties of the extracel-
lular matrix, activating mechanotransducers, such as yes-associated protein (YAP) and transcriptional
coactivator with PDZ-binding motif (TAZ), which are known to modulate the activity of B-catenin.
Finally, the extracellular matrix can sequester other growth factors such as Wnt, FGF, EGF, and
TGEF-B, which can also influence cell signalling pathways involved in cell proliferation (Bonnans et al.,
2014). Furthermore, B-catenin has been shown to stimulate the expression of the extracellular matrix,
which may initiate a positive feedback mechanism that can enhance the interaction between Sgg and
the extracellular matrix (Kreuser et al., 2020; Kumar et al., 2022).

One area still to be explored is the role of the Type VII secretion system in the activation of B-catenin.
Taylor et al. (2021) demonstrated that while Sgg increased levels of B-catenin and PCNA in cell lines, this
effect was abolished when the Type VII secretion system was deleted. Although the specific molecules
implicated are unknown, the role of the Type VII secretion system represents a future direction of
research that may help with the diagnosis and treatment of Sgg-associated CRC.

Finally, the induction of biotransformation by the aryl hydrocarbon receptor (AhR) is involved in
the pathogenesis of Sgg-associated CRC. The AhR is a transcription factor that can be activated by
more than 400 exogenous molecules (Dietrich and Kaina, 2010). The AhR induces Phase I and Phase II
biotransformation reactions to protect cells against toxic substrates. Polyaromatic hydrocarbons,
which can be found in a variety of chemicals, including charbroiled foods, cigarette smoke, and
digoxin, are potent activators of the AhR, which then activates gene transcription of CYP1 and ALDH.
While this can be beneficial, the Phase I and II biotransformation reactions induced by AhR activation
can produce toxic intermediates that cause DNA adduct formation and promote carcinogenesis
(Dietrich and Kaina, 2010).

An unknown component of the Sgg secretome has been discovered to potently activate the AhR and
induce expression of CYP1 (Taddese et al., 2021). Utilizing an AhR inhibitor, Taddese et al. (2021)
demonstrated that CYP1 induction was dependent on AhR and that induction of CYP1 by Sgg was
dependent on AhR signalling. Induction of AhR and CYP1 by Sgg is observed in multiple colon cancer
cell lines. To determine if the formation of DNA adducts could contribute to the pathogenesis of Sgg-
associated CRC, the authors incubated Caco-2 cells with the Sgg secretome and then exposed the cells
to 3-methylcholanthrene (3MC), a polycyclic aromatic hydrocarbon. CYP1 converts 3MC into the
toxic intermediates dihydrodiol-3MC and 2-hydroxy-3MC, which have a higher affinity for DNA
than 3MC and increase DNA adduct formation (Taddese et al., 2021; Eastman and Bresnick, 1979).
The cells incubated with the Sgg secretome demonstrated an increase in DNA adduct formation and
higher mutation rate compared to control cells, suggesting the role of the Sgg secretome in colorectal
carcinogenesis.

Conclusion

Sgg is a gram-positive, tannase-producing bacterium that is associated with infectious endocarditis
and colorectal cancer. However, the mechanism underlying this association has not been fully
elucidated. Tjalsma et al. (2012) proposed the passenger-driver model to evaluate the relationship
between the gut microbiome and the development of colorectal cancer. Evidence for this passenger-
driver model as it pertains to Sgg has been demonstrated through this mini review.

Sgg acts as a passenger through its ability to adhere and invade the colonic epithelium, compete with
commensal gut bacteria through its unique T7SSb mechanism and produce gallocin, and evade the
immune system through its polysaccharide capsule, phase variation regulation, ability to delay recruit-
ment of macrophages, and biofilm formation.
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Sgg acts an oncogenic driver through its ability to degrade oncoprotective tannins, dysregulate cell
signalling pathways involved in the progression of CRC, and induce biotransformation, which causes the
accumulation of toxic intermediates that cause DNA adduct formation.

The ability of Sgg to thrive in the colonic tumour microenvironment and promote the development of
CRC provides evidence for the ability of Sgg to further drive the development of Sgg through a positive
feedback mechanism. Further work is needed to understand the pharmacological interventions that may
be able to inhibit the growth of Sgg and/or inhibit its ability to further drive the progression of CRC.
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