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The advancement of high-throughput sequencing technology in recent decades
has led to a greater understanding of the components of the oral microbiota,
providing a solid foundation for extensive research in this field. The oral
microbiota plays an important role in an individual’s overall health. It has been
shown to be significantly correlated with chronic human diseases, including
diabetes, rheumatoid arthritis, cardiovascular disease, periodontal disease, and
Alzheimer’s disease. Furthermore, tumor occurrence and development are
closely related to the oral microbiome. Specific bacteria, such as
Fusobacterium nucleatum (F. nucleatum), Porphyromonas gingivalis (P.
gingivalis), Streptococcus, Streptomyces, Prevotella, and Fibrophagy gingivalis,
play critical roles in cancer development. The oral microbiota has various
oncogenic mechanisms, including bacterial inflammation, immunological
suppression, tumor growth mediated by bacterial toxins, antiapoptotic activity,
and carcinogenic effects. This paper reviews the role of the oral microbiota in the
occurrence and progression of cancer and systematically elucidates the
molecular mechanisms by which dysbiosis influences tumorigenesis and
tumor progression. This information can provide a theoretical basis for
exploring cancer treatment strategies and offer new insights for cancer
prevention.
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1 Introduction

Cancer is the second greatest cause of mortality worldwide. According to estimates from
the World Health Organization, there were approximately 19 million new cancer cases
globally in 2020, resulting in approximately 9.96 million deaths. The etiology of cancer is
associated with various factors, including family inheritance, environmental factors, and
metabolic damage (Flavahan et al., 2017). Since their discovery a few decades ago, an
extensive amount of research has been conducted on carcinogenic bacteria. The significance
of the microbiota is highlighted by the 16.1% global cancer risk related to microbial
infections (Sun et al., 2020). Approximately 20% of tumors have a direct connection to
particular viral or microbial infections. Helicobacter pylori, for example, has been shown to
cause stomach cancer; hepatitis viruses are known to cause liver cancer; the Epstein‒Barr
virus has been correlated with lymphoma and nasopharyngeal carcinoma; and the human
papillomavirus is an important trigger of cervical cancer (Levrero and Zucman-Rossi, 2016;
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Volkova et al., 2021; El Tekle and Garrett, 2023). One of the most
widely recognized instances of bacterial carcinogenesis is
Helicobacter pylori. Through chronic infection, Helicobacter pylori
can cause a variety of gastric malignancies, including gastric cancer
(GC) and gastric lymphoma of mucosa-associated lymphoid tissue.
Research has demonstrated that Helicobacter pylori can activate
several signaling pathways and that it interacts intricately with host,
environmental, and bacterial factors to promote carcinogenesis in
the stomach mucosa (Wang et al., 2014). The bacterial protein
Cytotoxin-associated gene A (CagA) can be translocated by
Helicobacter pylori into human B lymphocytes and stomach
epithelial cells. Translocated CagA is responsible for tyrosine
phosphorylation, modulation of intracellular signaling pathways,
and binding to Src homology 2 (SH-2). Moreover, translocated
CagA inhibits apoptosis by activating extracellular signal-regulated
kinase (ERK) and p38 mitogen-activated protein kinase (MAPK) in
human B cells, thereby upregulating the expression of B-cell
lymphoma2(Bcl-2) and Bcl-X (L). Helicobacter pylori directly
transports CagA to B cells, where it is linked to the onset of
Mucosa-associated lymphoid tissue lymphoma and other
pathological processes (Lin et al., 2010). These data provide a
theoretical basis for bacterial carcinogenesis.

As one of the largest microbial ecosystems in the human body,
the oral cavity serves as the initial point of entry for the respiratory
and digestive systems. It provides a habitat for a wide variety and
abundance of microorganisms. More than a thousand different
species of bacteria have been discovered in the oral cavity. Dental
caries, gingivitis and other oral disorders can be caused by oral flora
dysbiosis. It is also connected to other systemic disorders, such as
liver cirrhosis, inflammatory bowel disease, diabetes mellitus,
rheumatoid arthritis, and cardiovascular disease (Gao et al., 2018;
Tuominen and Rautava, 2021) The connection between ecological
dysregulation of the oral flora and cancer has drawn increasing
attention as studies have progressed. Some bacteria, including
Streptococcus species, Streptococcus alimentarius species, and
Prevotella species, are closely associated with oral cancer.
Fusobacterium nucleatum (F. nucleatum) and Porphyromonas
gingivalis have been proposed as important promoters of
colorectal cancer (CRC) and pancreatic cancer (Karpiński, 2019).
These published findings provide evidence that the oral flora may be
involved in cancer development and progression through multiple
mechanisms. In this study, we discuss the processes through which
dysbiosis of the oral flora contributes to the progression of cancer. A
better understanding of these oncogenic mechanisms could lead to
novel approaches for the detection and treatment of tumors.

2 Molecular mechanisms of
Fusobacterium nucleatum in the
development and progression of
malignant tumors

2.1 Fusobacterium nucleatum

Fusobacterium nucleatum is a gram-negative, non-spore-
forming, obligate anaerobe commonly found in the oral cavity. It
belongs to the genus Fusobacterium and is a key pathogen in
gingivitis and periodontitis (Han, 2015). As an opportunistic

pathogen, F. nucleatum spans the gap between initial colonizers
(e.g., Streptococcus) and anaerobic secondary colonizers (e.g.,
Porphyromonas gingivalis) and provides an anaerobic
microenvironment for other anaerobes (Kolenbrander et al.,
2010; Lamont et al., 2018). In addition to causing periodontal
disease, F. nucleatum is often considered to be associated with
the occurrence and development of oral cancer. In addition to
inducing periodontitis, F. nucleatum is also frequently associated
with the emergence and progression of oral cancer (Irfan et al.,
2020). With the advancement of high-throughput sequencing
technology, 16S rRNA has confirmed the existence of F.
nucleatum in cancer tissues beyond the oral cavity (Brennan and
Garrett, 2019). F. nucleatum can adhere to different locations by
binding to and invading both epithelial and endothelial cells through
its virulence factors, such as outer membrane protein A,
Fusobacterium adhesin A (FadA), and Fibroblast Activation
Protein-2(Fap2).

2.2 Fusobacterium nucleatum and
colorectal cancer

Most colorectal cancer tissues contain Fusobacterium
nucleatum, which is located primarily in the proximal colon
(Mima et al., 2015; Yu et al., 2017). Fusobacterium nucleatum
travels through the bloodstream from the oral cavity to other
parts of the body, enriching the mucosal microbiota, adhering to
and invading human endothelial and epithelial cells, leading to
persistent cell infections, and ultimately exerting pathogenic
effects outside the oral cavity (Chen et al., 2012; Pignatelli et al.,
2023). We summarize the molecular pathways by which F.
nucleatum promotes colorectal tumors (Figure 1). First, research
indicates that Fusobacterium nucleatum primarily colonizes CRC
tissues through the gastrointestinal tract, with a significant increase
in the abundance of the virulence factor FadA in F. nucleatum
(Wang and Fang, 2023). FadA promotes inflammation and
participates in CRC development by activating two pathways. In
the first pathway, FadA binds to E-cadherin on host epithelial cells,
facilitating the internalization of FadA and activating β-catenin-
regulated transcription, subsequently triggering the Wnt/β-catenin
pathway. Activated β-catenin moves from the cytoplasm to the
nucleus, increasing the expression of WNT signaling genes (such as
wnt7a, wnt7b, and wnt9a), oncogenes (such as myc and cyclin D1),
T-cell factors (such as TCF1, TCF3, and TCF4), and Lymphoid
enhancer-binding factor 1 (LEF-1), leading to carcinogenic and
inflammatory responses (Pignatelli et al., 2023; Wang and Fang,
2023). In another study, F. nucleatum was shown to participate in
CRC by activating the β-catenin signaling pathway through the
TLR4/P-PAK1/P-β-catenin pathway, suggesting that Toll-like
receptor 4 (TLR4) and P21-activated kinases 1(PAK1) may be
promising therapies for treating F. nucleatum-related CRC (Chen
et al., 2017). Additionally, FadA promotes the expression of Nuclear
Factor Kappa-B (NF-κB) genes, including numerous cancer genes,
as well as genes that promote inflammation (Rubinstein et al., 2019).
In another pathway, FadA activates the NF-κB signaling pathway,
adhering to and invading human endothelial and epithelial cells,
leading to increased levels of inflammatory cytokines such as
Interleukin 6(IL-6), IL-8, IL-10, and IL-1β, especially IL-8, which
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are regulated by the p38 MAPK signaling pathway, tumor necrosis
factor α(TNF-α), and NF-κB (Dharmani et al., 2011; McCoy et al.,
2013; Quah et al., 2014; Rubinstein et al., 2019; Pignatelli et al., 2023;
Wang and Fang, 2023). Second, Fap2 plays a crucial role in CRC
development. Fap2 is a galactose-sensitive lectin and adhesin that is
possibly involved in the virulence of F. nucleatum (Coppenhagen-
Glazer et al., 2015; Fujiwara et al., 2020). Fap2 recognizes Gal-
GalNAc, which is overexpressed in colorectal cancer, and mediates
the colonization and invasion of F. nucleatum in CRC tumors. Abed
et al. demonstrated that F. nucleatum injected intravenously
colonized mouse colonic cancers in an Fap2-dependent manner
through hematogenous pathways, indicating that host epithelial
Gal-GalNAc receptors or targeting F. nucleatum Fap2 could
reduce F. nucleatum-mediated enhancement of CRC (Abed et al.,
2016). Additionally, Fap2 inhibits the interaction between immune
cells (T cells and NK cells) and the T cell immunoglobulin and ITIM
domain (TIGIT), reducing the activity of NK cells and T
lymphocytes and thereby reducing the capacity of the immune
system to combat cancer, leading to cancer cell growth and
proliferation (Gur et al., 2015; Fujiwara et al., 2020; Stokowa-

Sołtys et al., 2021). These findings provide new ideas for cancer
treatment. The interaction between F. nucleatum and the TIGIT
receptor hinders the receptor’s proper cancer-fighting function,
suggesting that separating the receptor from other receptors
might protect the immune system (Liu Y. et al., 2019). Third,
like other gram-negative bacteria, F. nucleatum secretes outer
membrane vesicles (OMVs), which are rich in envelope lipids
and proteins, and plays significant roles not only in bacteria but
also in interactions with host cells (Liu J. et al., 2019). OMVs
stimulate host reactions to inflammation, facilitating the
development of CRC. Biomolecules in OMVs interact with Toll-
like receptor (TLRs), one of the molecular pathways involved in
OMV participation (Kaparakis-Liaskos and Ferrero, 2015; Gerritzen
et al., 2017; Sheikh et al., 2021). Depending on the bacterial species,
OMVs can bind to TLRs to maintain homeostasis or promote
disease progression. Engevik et al. demonstrated that OMVs
activate TLR-4 in colonic epithelial cells, affecting NF-κB
signaling, stimulating the production of TNF and IL-8 and
encouraging gastrointestinal inflammation (Meng et al., 2023).
OMVs induce immune tolerance in the tumor microenvironment

FIGURE 1
Mechanisms by which Fusobacterium nucleatum may contribute to colorectal carcinogenesis [This figure was created using MedPeer (www.
medpeer.cn)]. The expression of β-catenin and NF-κB is mediated by the LPS of Fusobacterium nucleatum via TLR4. Additionally, through binding to
E-cadherin, FadA promotes the Wnt/β-catenin pathway. By binding to the host factor Gal-GalNAc in CRC tissues, Fap 2 facilitates the nuclear
colonization of F. nucleatum. The carcinogenic consequences of CRC are related to these pathogen-host interactions. OMV stimulates the
production of pro-inflammatory cytokines, such as TNF and IL-8, and promotes intestinal inflammation by activating TLR-4 and affecting NF-κB
signaling. By suppressing PTEN protein expression, miR-21 promotes proliferation and invasion of CRC cells.
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(TME), indirectly promoting CRC progression. Interactions among
different cells in the TME induce the expression of vascular
endothelial growth factor and autocrine activation of its
receptors, facilitating the proliferation of cells and angiogenesis
(Barteneva et al., 2017; Meng et al., 2023). Small, noncoding
RNAs named miRNAs control the expression of several target
genes. Patients’ cancer diagnosis and course can be tracked via
miRNAs as biomarkers (Farasati Far et al., 2023). miRNA-21 is a
specific carcinogenic ncRNA of Fusobacterium nucleatum that is
highly expressed in CRC (Yang et al., 2017; Wang et al., 2021).
Multiple studies have shown that miRNA-21 regulates CRC cell
proliferation, invasion, anti-apoptosis, and cell cycle progression by
downregulating PTEN expression (Xiong et al., 2014; Yazdani et al.,
2016; Wu et al., 2017). Y. Yang and colleagues proposed that F.
nucleatum can trigger the TLR4/MYD88/NF-κB pathway, which in
turn regulates the expression of miRNA-21 (Yang et al., 2017).
Additionally, earlier studies have indicated that CRC progression is
related to alterations in KRAS and RAS signaling. Ohta and
colleagues confirmed that RASA1 is a direct target of miRNA-21.
Their study demonstrated that inhibiting miRNA-21 leads to an
increase in RASA1 expression (Ohta et al., 2009).

Fusobacterium nucleatum regulates intestinal tumors by first
creating an inflammatory microenvironment and then
downregulating adaptive antitumor immune responses. This
selectively recruits myeloid-derived immune cells, such as
myeloid-derived suppressor cells (MDSCs), tumor-associated
neutrophils (TANs), dendritic cells (DCs), and tumor-associated
macrophages (TAMs and M2-like TAMs), thereby constructing an
immunosuppressive microenvironment (Kostic et al., 2013; Wang

et al., 2021). Lymphocytes, including T, B, NK, and NKT cells, are
the main immune cells in tumors. Antitumor cells include natural
killer (NK) cells and cytotoxic CD8+ T cells (Chen et al., 2021). F.
The nucleatum remodels the tumor immune microenvironment by
increasing the number and function of immunosuppressive cells and
inhibiting antitumor cells, thereby accelerating CRC progression
(Figure 2). Kostic provided compelling evidence that exposure to
Fusobacterium nucleatum in the Apc (Min/+) mouse model
increases the tumor burden. F. nucleatum creates a
proinflammatory microenvironment and infiltrates tumor
immune cells, especially CD11b+ cells. Myeloid cells that are
CD11b+ are crucial for angiogenesis and tumor growth (Coussens
and Pollard, 2011; Kostic et al., 2013). TAMs generate proangiogenic
substances and epidermal growth factors, which are mediators that
promote tumor growth (Engblom et al., 2016). By secreting several
growth factors and chemokines, M2-like TAMs not only suppress
T cells by expressing arginase-1 but also promote tumor
proliferation, metastasis, and angiogenesis (Arlauckas et al., 2018;
Galdiero et al., 2018; Wang et al., 2021). F. nucleatum stimulates the
NF-κB pathway in colorectal cancer cells, upregulating cytokines
that promote inflammation and cause Chemokine (C-X-C motif)
ligand (CXCL1) and IL-8 secretion. The tumor microenvironment is
altered as a result of the recruitment of proinflammatory cytokines
to nearby immune cells, which in turn encourage the release of their
own cytokines (TNF-α, CXCL2, and CCL3) (Abed et al., 2016;
Casasanta et al., 2020). Additionally, F. nucleatum induces adaptive
immune responses. TIGIT is expressed by tumor-infiltrating
lymphocytes, such as CD4+ and CD8+ T cells, as Gur and
colleagues demonstrated. This receptor controls immunity

FIGURE 2
Fusobacterium nucleatum reshapes the tumor milieu in CRC cells and immune cells [This figure was created using MedPeer (www.medpeer.cn)]. F.
nucleatum causes M2 macrophage polarization, upregulates pro-inflammatory cytokines, and activates the NF-κB pathway in CRC cells. Additionally, F.
nucleatum attracts immune cells derived from bone marrow, including DC, TAN, TAM, and MDSC. TAM secretes a range of growth factors and
chemokines that facilitate tumor proliferation, metastasis, and angiogenesis. F. nucleatum binds TIGIT (via Fap 2) and causes lymphocyte apoptosis,
which suppresses the activity of human immune cells.
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mediated by T cells and is found on some T and NK cells. TIGIT is
overexpressed on CD8+ TILs in cancer patients (Gur et al., 2015).
Furthermore, F. nucleatum inhibits helper T cells and cytotoxic T
lymphocytes through Fap2-mediated TIGIT interactions, inducing
lymphocyte apoptosis and increasing tumor growth (Gur
et al., 2015).

2.3 Fusobacterium nucleatum and
esophageal cancer

F. nucleatum is related to the progression of breast and
colorectal cancer through the NF-κB, TLR4, IL-6, and TNF-α
pathways (Chiang et al., 2023). Daichi Nomoto and colleagues
injected TE-8 cells into nude mice with PBS or F. nucleatum.
The tumor growth rate and weight of the cells treated with F.
nucleatum significantly increased, indicating that the proliferation
of cells that cause esophageal squamous cell carcinoma (ESCC) is
significantly influenced by F. nucleatum. nucleatum promotes ESCC
cell proliferation, metastasis, and chemoresistance by inducing DNA
damage and gene mutations through the activation of the NOD1/
RIPK2/NF-κB pathway. This activation may subsequently induce
the expression of chemokines, proinflammatory cytokines, adhesion
molecules, and other genes, potentially leading to cancer progression
(Nomoto et al., 2022). Mengxia Liang and colleagues demonstrated

that F. nucleatum induces the enrichment of immunosuppressive
myeloid-derived suppressor cells by activating the PYD domains-
containing protein 3(NLRP3) inflammasome. This activation leads
to immune suppression, resistance to cisplatin treatment, and the
promotion of the malignant proliferation of cancer cells. Targeting
the elimination of F. nucleatum and preventing the accumulation of
MDSCs could offer novel strategies and therapeutic approaches for
treating esophageal squamous cell carcinoma (Liang et al., 2022).
We summarizes the mechanisms related to breast
cancer (Figure 3A).

2.4 Fusobacterium nucleatum and
breast cancer

The most prevalent cancer among women globally is currently
breast cancer. Early-stage patients have a cure rate of 70%–80%;
however, secondary/metastatic late-stage breast cancer is currently
considered incurable (Harbeck et al., 2019). Therefore, it is crucial to
gain a deeper understanding of the factors that promote tumor
progression, metastasis, and treatment resistance. This study
demonstrated that intravenously injected F. nucleatum colonizes
mouse tumor tissues in a Fap2-dependent manner and binds to Gal-
GalNAc, which is highly expressed in colorectal cancer. The
Fap2 outer membrane protein is the main Gal-GalNAc lectin for

FIGURE 3
Possible molecular mechanisms of Fusobacterium nucleatum in tumor progression [This figure was created using MedPeer (www.medpeer.cn)]. (A)
Esophageal dysbiosis promotes esophageal squamous cell carcinoma (ESCC) progression: NOD-RIPK 2 is activated when esophageal cells are infected
by Fusobacteriumnucleatum. OnceNOD-RIPK 2 is activated, NF-κB is triggered, resulting in DNA damage and genemutation. Furthermore, via activating
NLRP3, Fusobacterium nucleatum generates MDSC. This environment may encourage tumor proliferation, metastasis, and chemical resistance, all
of which can result in a poor prognosis. (B) Fusobacterium nucleatum accelerates breast cancer progression: Fusobacterium nucleatum promotes the
colonization of breast cancer patients by identifying overexpressed GalNAc from Fap 2. In human breast cancer tissue, the entry of nucleated
Fusobacterium cells into the underlying tissue was facilitated by the overexpression of MMP-9 and other matrix metalloproteinases. FadA adhesins also
trigger the Wnt/β-catenin signaling pathway, which speeds up the development of breast cancer. Furthermore, F. nucleatum stimulates TLR4/MyD88 to
enhance NF-κβ activation, which advances CRC. Breast cancer cell invasion and metastasis are facilitated by TLR 4/MyD 88 signaling. Furthermore,
BIRC3 prevents apoptosis by blocking the caspase cascade, which causes tumors to develop and spread.
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bacteria (Abed et al., 2016; Guo et al., 2024; Abed et al., 2016; Guo
et al., 2024). Lishay Parhi et al. confirmed through a mouse model
that F. nucleatum colonizes not only colorectal cancer but also
human breast cancer tissues by recognizing Gal-GalNAc through
Fap2, thereby stimulating breast cancer (BC) progression (Parhi
et al., 2020). Additionally, Parhi reported that the expression of
Matrix metalloproteinase 9 (MMP-9) is increased in F. nucleatum-
cultured AT3 cells. MMP-9 is produced primarily by tumor cells and
is involved in the invasion, angiogenesis, and metastasis of tumors.
Fusobacterium nucleatum possesses highly virulent factors such as
MMPs, which can facilitate its penetration into deeper tissues and
stimulate the release of proinflammatory cytokines (Mehner et al.,
2014; Guo et al., 2024). F. nucleatum promotes the formation and
spread of tumors through the use of MMPs to invade tissues and
release proinflammatory cytokines. In summary, F. nucleatum can
colonize breast tissues through various pathways (Figure 3B). Like in
colorectal cancer, β-catenin has been detected in breast cancer,
indicating that Fusobacterium nucleatum accelerates the
development of breast cancer through the adhesin FadA by
triggering the Wnt/β-catenin signaling pathway (Guo et al.,
2024). Fusobacterium nucleatum promotes CRC progression by
stimulating TLR4/MyD88 to activate NF-κB (Van der Merwe
et al., 2021). In breast cancer, a similar mechanism occurs in
which bacterial lipopolysaccharides (LPSs) stimulate TLR4. The
stimulation of TLR4 by bacterial LPS has the potential to induce
inflammation, activate NF-κB, and produce antiapoptotic proteins
(Rajput et al., 2013; Van der Merwe et al., 2021). LPS, by promoting
MyD88 expression, contributes to breast cancer cell invasion and
metastasis through autocrine or paracrine pathways (Yang et al.,
2014). Additionally, the expression of microRNA-21 is increased by
NF-κB, increasing RAS levels and promoting tumor cell
proliferation. Another tumorigenic pathway involves NF-κB-
mediated upregulation of BIRC3, which inhibits apoptosis by
blocking the caspase cascade (Yang et al., 2017; Zhang S. et al.,
2019; Guo et al., 2024).

An increasing number of studies indicate that Fusobacterium
nucleatum plays a role in the development of different kinds of
tumors. The mechanisms by which F. nucleatum leads to tumor
occurrence and development include enhanced proliferation,
invasion, and antiapoptotic effects; the establishment of a tumor-
promoting immune environment; and the induction of
chemotherapeutic drug resistance. F. nucleatum’s distinct
virulence factors may function as effector molecules, converting
healthy epithelial cells into tumor cells. These compounds may offer
novel medications, therapeutic intervention targets, and approaches.
Ongoing research into these carcinogenic mechanisms aims to
provide further evidence for cancer diagnosis and treatment.

3 Porphyromonas gingivalis plays an
important role in malignant tumors

3.1 Porphyromonas gingivalis

Porphyromonas gingivalis (P. Gingivali) is a common oral
pathogen and a key causative agent of chronic periodontitis.
Recent evidence suggests that P. gingivalis is not only an
opportunistic pathogen of the oral mucosa and a major

component of the oral microbiota but also a significant mediator
of the development of various seemingly unrelated cancers, such as
oral cancer, pancreatic cancer, and gastrointestinal cancer. The
mechanisms by which P. gingivalis promotes the growth of
tumors have gradually come to light in recent years.

3.2 Porphyromonas gingivalis and
oral cancer

Previous studies have shown that Porphyromonas gingivalis can
promote tumor progression by affecting multiple signaling
pathways. Tumor cells have the ability to proliferate indefinitely
and uncontrollably (Figure 4). Thus, enhanced bacterial
proliferation is a characteristic that promotes tumorigenesis,
which is particularly evident with P. gingivalis. Through a variety
of methods, P. gingivalis has been shown in certain in vitro
experiments to promote the proliferation of (oral squamous cell
carcinoma) OSCC lines. For example, in a model in which P.
gingivalis infects OSCC TCA8113 cells, the expression of its
target genes cyclin D1 and activator protein 1 increased in
infected cells. Additionally, P. gingivalis increased OSCC
proliferation by upregulating the expression of cyclin D1, a
critical regulator of cell proliferation, through the miR-21/
PDCD4/AP-1 axis. When the expression of programmed cell
death 4 (PDCD4) is downregulated, miR-21 expression increases
(Chang et al., 2019; Li et al., 2023). Porphyromonas gingivalis can
regulate cyclins; reduce the levels and activity of p53 tumor
suppressors via kinases such as Chk2, Aurora A, CK1δ, and
CK1ε; and activate the PI3K/Akt pathway, encouraging the
growth of primary gingival epithelial cells through the S phase of
the cell cycle. In a way dependent on fimbriae (FimA), P. gingivalis
stimulates the proliferation of gingival epithelial cells (GECs), where
long FimA fimbriae are responsible for activating genes associated
with the cell cycle and proliferation (Kuboniwa et al., 2008). P.
gingivalis can also induce the activation of noncanonical β-catenin
via proteolytic dissociation of the β-catenin destruction complex. P.
gingivalis may induce β-catenin activation in epithelial cells, which
could lead to a proliferative phenotype (Zhou et al., 2015).
Additionally, bacteria can increase α-defensin expression, and the
binding of α-defensin to the receptor for the epidermal growth factor
signaling pathway promotes the development of cancer cells (Hoppe
et al., 2016; Li et al., 2023). Further research is needed to confirm
whether these mechanisms are related to P. gingivalis infection in
oral squamous cell carcinoma cells.

Another characteristic of malignant tumors is invasion and
metastasis, which involve the process of cancer cells spreading
throughout the body (Figure 4). Porphyromonas gingivalis can
increase the expression of matrix metalloproteinases and initiate
epithelial‒mesenchymal transition (EMT), which can facilitate the
invasion and metastasis of oral cancer cells. Gingivalis induces the
creation of the MMP9 precursor, which is then activated into
MMP9, by regulating the ERK 1/2-ETS 1, p38/HSP 27, and
PAR2/NF-κB pathways (Li et al., 2023). MMPs primarily degrade
the extracellular matrix and basement membrane, which allows oral
cancer cells to invade and spread (Li et al., 2023). P. Gingivalis also
induces EMT, enhancing the production of MMP-1 and MMP-10
(Chattopadhyay et al., 2019). When OSCC cells are repeatedly
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FIGURE 4
Porphyromonas gingivalis’s Contributions to Oral carcinoma of squamous cells Proliferation and Invasion [This figure was created using MedPeer
(www.medpeer.cn)]. Porphyromonas gingivalis inhibited the level and activity of the p53 tumor suppressor, increased activated PI3K/Akt,and promoted
OSCC proliferation via the miR-21/PDCD4/AP-1 axis. Porphyromonas gingivalis increased MMP expression and triggered epithelial-mesenchymal
transition, which facilitated oral cancer cells’ invasion and metastasis.

FIGURE 5
Apoptotic effect and immune invasion of Porphyromonas gingivalis in OSCC [This figure was created using MedPeer (www.medpeer.cn)].
Numerous anti-apoptotic pathways are activated by infection with Porphyromonas gingivalis. Bad mediated the mitochondrial release of cytochrome c
and promoted apoptosis. The JAK1/Akt/Stat3 signaling pathway was activated to control the intrinsic death pathway of mitochondrial cells, and it was
possible to inhibit the apoptosis of gingival epithelial cells by blocking the activation of effector protein caspase-3. Furthermore, apoptosis is
inhibited by the activation of the P2RX7 receptor, cytochrome C release inhibition, and HSP27-mediated caspase-9 activation. Certain strains of P.
gingivalis have the ability to induce T cell apoptosis and upregulate the expression of B7-H1 and B7-DC receptors, which may aid in the immune system’s
escape from oral cancer.
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infected with P. gingivalis, they transform into a mesenchymal-like
phenotype, with decreased expression of epithelial markers (such as
cytokeratin 13) and increased expression of mesenchymal
biomarkers (such as N-cadherin and α-SMA) (Ha et al., 2015; Li
et al., 2023).

Programmed cell death, or apoptosis, is an important mechanism
to protect host cells from unlimited growth (Figure 5).
Porphyromonas gingivalis infection can activate various
antiapoptotic pathways to promote tumor growth. gingivalis
prevents the activation of the effector protein caspase-3, which
suppresses the chemically induced death of gingival epithelial cells.
It can also control the intrinsic mitochondrial death pathway by
activating the JAK1/Akt/Stat3 signaling pathway (Mao et al., 2007).
Bad is a proapoptotic protein in the Bcl-2 family that mediates
mitochondrial release of cytochrome c and promotes apoptosis
(Yao et al., 2010). Akt mediates the phosphorylation of
proapoptotic Bad in GECs infected with P. gingivalis, increasing
Bcl-2 expression and decreasing the expression of proapoptotic
factors such as Bax and Bad. This inhibits the action of
downstream caspases, such as caspase-9 and caspase-3, by shifting
the ratio of these protein interactions in favor of mitochondrial
membrane integrity and resistance to apoptosis (Lamont et al.,
2022). Nucleoside diphosphate kinase, which acts as an ATP, is an
effector protein produced intracellularly by P. gingivalis that prevents
apoptosis by consuming ATP and activating the purinergic
P2X7 receptor. This disrupts NLRP3/ASC/caspase-1 inflammasome
activation, inhibiting the secretion of Interferon-γ(IFN-γ) and IL-1β
by CD8+ T cells and thereby accelerating the growth of tumors
(Aymeric et al., 2010; Yao et al., 2010; Almeida-da-Silva et al.,
2016; Wang et al., 2024). Additionally, phosphorylated heat shock
protein 27 (HSP27) inhibits the release of cytochrome c and caspase-9
activation, delaying apoptosis (Chattopadhyay et al., 2019). In
addition to inhibiting the intrinsic apoptosis of invading epithelial
cells, P. gingivalis can promote the progression of the S phase of the
cell cycle by inhibiting the p53 tumor suppressor gene through FimA
(Wang et al., 2024). Tumor immune escape, which involves a highly
complex mechanism, is one of the ten key features required for tumor
incidence and progression (Figure 5). In vitro experiments revealed
that after Porphyromonas gingivalis infection, the receptors B7-DC
and B7-H1 were upregulated, with the expression of mRNAs in
infected cells being higher than that in uninfected cells by 8.6-fold
(B7-DC) and 6.4-fold (B7-H1). These results indicate that P. gingivalis
strains can upregulate B7-H1 and B7-DC receptor expression in
OSCC cell lines, leading to T-cell apoptosis, which may promote
immune escape in oral cancer (Groeger et al., 2011). The increased
expression of the B7-H1 receptor in host cells may also affect
inflammatory diseases. Additionally, through the production of
myeloid-derived suppressor cells, P. gingivalis undermines
immunological surveillance, similar to that related to colorectal
tumorigenesis, which is not described here.

3.3 Porphyromonas gingivalis and
pancreatic cancer

With a mere 8% 5-year survival rate, pancreatic cancer is the
most dangerous malignancy in the world (Siegel et al., 2018). Studies
have demonstrated a correlation between alterations in the salivary

microbiota and pancreatic cancer. Compared with healthy controls,
patients with pancreatic cancer presented an increase of one species/
cluster and a decrease of 25 species/clusters in their salivary
microbiome. The major bacterial species detected in the saliva
samples belonged to five different phyla: Firmicutes,
Proteobacteria, CFB group bacteria, and Actinobacteria. Analysis
with HumanOral Microbe IdentificationMicroarray arrays revealed
the involvement of bacteria in pancreatic diseases, suggesting a
causal relationship between pancreatic cancer and the salivary
microbiome of patients (Farrell et al., 2012). In a prospective
study, people who had high levels of antibodies against P.
gingivalis were twice as likely to develop pancreatic cancer than
people who had low levels of antibodies. On the other hand,
compared with those with low levels, those with high levels of
antibodies against common oral bacteria had a 45% decreased risk of
pancreatic cancer. This finding suggests two things: first, periodontal
disease may increase the risk of pancreatic cancer, and antibodies
against Porphyromonas gingivalis are the best markers for pancreatic
cancer; second, raising antibody levels against particular oral
symbiotic bacteria that prevent harmful bacteria from growing
may lower the risk of pancreatic cancer (Michaud et al., 2013).
Additionally, research by Ahn et al. revealed an association between
periodontal pathogens such as P. gingivalis and the mortality rate of
digestive cancers (Ahn et al., 2012). How P. gingivalis mediates the
development of pancreatic cancer will be elucidated below
(Figure 6). Experiments have shown that under hypoxic
conditions, P. gingivalis enhances Pancreatic ductal
adenocarcinoma cell proliferation, which is linked to bacterial
survival, Akt signaling pathway activation and cyclin
D1 expression. Previous studies have indicated that P. gingivalis
promotes cancer cell growth through a TLR2-dependent
mechanism. However, blocking TLR2 did not reduce P.
gingivalis-induced PDAC cell proliferation, as Pancreatic ductal
adenocarcinoma cell lines do not express TLR2. Thus, TLR2 is
not a mediator of P. gingivalis growth-promoting action on
pancreatic cancer cells (Gnanasekaran et al., 2020). Ochi et al.
reported that LPS can activate TLR4 in mouse models of
pancreatic cancer, leading to the activation of the NF-kB and
MAPK signaling pathways in immune cells and promoting
tumor development (Ochi et al., 2012). TLR4 also induces the
expression of the NLRP3 inflammasome, which releases IL-1β
and IL-18 (Hoque and Mehal, 2015). IL-1β stimulates the release
of prostaglandins, IL-6, and MMPs, promoting angiogenesis, tumor
metastasis, and invasion (Hou et al., 2003). IL-6 is a significant
contributor to tumor growth and progression. The Jak1/Akt/
Stat3 signaling pathway is triggered by P. gingivalis, which
induces IL-6 to participate in gene expression for cell
proliferation and survival. IL-6 also regulates MMPs, with
increased MMP expression leading to elevated IL-6 levels,
creating a positive feedback loop that exacerbates tumor
development and metastasis (Mao et al., 2007; Tang et al., 2011;
Chang et al., 2013). P. gingivalis also activates cyclins/cyclin-
dependent kinases (CDKs) and inhibits the tumor suppressor
p53 to prevent apoptosis. Furthermore, by promoting the
inactivation of apoptotic Bcl-2 and inhibiting caspase-9, P.
gingivalis activates the antiapoptotic protein Bcl-2 (Yao et al., 2010).

Porphyromonas gingivalis is a periodontal infection that has
been linked to the emergence of several malignancies. Gingivalis
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promotes tumor progression through the following pathways:
Promotion of cell proliferation: first, P. gingivalis can increase the
proliferation of infected cells; second, P. gingivalis facilitates the
invasion and metastasis of infected cells; third, P. gingivalis activates
multiple antiapoptotic pathways to promote tumor development;
fourth, P. gingivalis modulates the immune microenvironment to
facilitate tumor progression. P. gingivalis may be linked to stomach
and pancreatic malignancies. This implies that systemic
carcinogenic effects can be caused by the oral microbiota,
bacterially produced effectors, cells associated with inflammation,
and mediators that can travel via saliva and blood to distant places.
Importantly, there may be a direct relationship between
Porphyromonas gingivalis and oral-gastrointestinal cancers. The
carcinogenic effects of the oral microbiome might result from the
secondary invasion of oral bacteria beyond the oral cavity but still
within anatomically contiguous regions. Larger cohorts, greater
controls, and other molecular epidemiology and mechanistic
research will be essential in addressing concerns regarding
potential problems that may arise in other areas.

4 Abundance of Prevotella influences
the occurrence and development of
malignant tumors

4.1 Prevotella

A crucial part of the oral microbiota, anaerobic bacteria, are the
foundation of oral environmental balance. The phylum

Bacteroidetes is one of the primary phyla, with Prevotella being
the largest genus. Prevotella is recognized as one of the core genera of
gram-negative anaerobic bacteria (Dewhirst et al., 2010). Over the
past 2 decades, Prevotella has been extensively studied, but its
clinical relevance remains limited. Prevotella species originating
from the oral cavity appear to play significant roles in the
gastrointestinal and respiratory tracts. Oral Prevotella species
enter the gastrointestinal tract through saliva swallowing and
continuously enter the lower respiratory tract through
microaspiration. They possess antibacterial properties but can
also act as potentially harmful substances on mucosal surfaces
(Könönen and Gursoy, 2021).

4.2 Prevotella and head and neck cancer

The oral mucosal epithelium is the primary source of head and
neck squamous cell carcinoma (SCC), pharynx, and larynx. In
specific mucosal regions, such as the gums, tongue, and floor of
the mouth, significantly higher levels of Prevotella intermedia have
been identified in tumor sites than in healthy controls (Yang et al.,
2021). Divya Gopinath reported notable differences in the bacterial
composition between SCC patients and control subjects, with
significant variations between the bacterial communities on the
tumor surface and in deeper tissues. Prevotella species are
predominantly found in deeper tissues, and their increased
abundance aligns with previous reports, indicating a potential
role in cancer progression (Gopinath et al., 2021). At the species
level, the abundances of Prevotella salivae, Prevotella loescheii, and

FIGURE 6
Mechanisms by which Porphyromonas gingivalis contributes to the progression of pancreatic cancer [This figure was created using MedPeer (www.
medpeer.cn)]. In order to stimulate NF-kB and MAPK signals in immune cells and encourage the growth of pancreatic tumors, LPS can bind to TLR4. In
addition, LPS can activate NLRP3, which facilitates the production of MMPs and inflammatory cells and is linked to the invasion and spread of tumors. In
order to combat apoptosis, Porphyromonas gingivalis stimulates cyclin/cyclin-dependent kinase (CDK) and suppresses the p53 tumor suppressor.
Furthermore, inhibition of caspase 9 and Bcl-2 inactivation were both encouraged by Porphyromonas gingivalis and prevented apoptosis.
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Prevotella intermedia are significantly greater in OSCC, suggesting a
potential association between these bacteria and OSCC (Perera et al.,
2018; Yang et al., 2021). S. Kageyama’s team used quantitative
Polymerase Chain Reaction analysis and 16S rRNA gene
amplicon sequencing to examine the bacterial composition and
density in pre- and postoperative saliva samples from tongue
cancer patients. They confirmed a significant reduction in the
proportion of Streptococcus, pigment-producing Prevotella, and
other Prevotella species in postoperative saliva (Kageyama et al.,
2020). Further studies in laryngeal cancer patients revealed that the
most prominent genera in the throat microbiota were Streptococcus
(37.3%), Prevotella (10.6%), and Fusobacterium (11.3%). Significant
differences in the relative abundance of bacterial genera between
throat cancer patients and vocal cord polyp patients revealed that
particular microorganisms may be related to throat cancer (Gong
et al., 2014). Subsequent research on changes in throat microbiota
characteristics before and after laryngeal squamous cell carcinoma
(LSCC) resection surgery, as well as at 1 week and 24 weeks
postsurgery, supports this view. The throat microbiota may be
linked to human cancer signaling pathways, providing new
molecular mechanisms to improve laryngeal cancer treatment
and promote related research (Hsueh et al., 2020).

4.3 Prevotella and digestive tract cancers

For a long time, the upper gastrointestinal tract from the
pharynx to the esophagus was believed to be free of microbiota
until advanced molecular detection methods challenged these early
beliefs. In 2004, Pei Z reported that the esophageal microbiota
comprises six main phyla, Firmicutes, Bacteroides, Actinobacteria,
Proteobacteria, Fusobacteria, and TM7, similar to the composition
of the oral microbiota (Pei et al., 2004). In the esophagus, squamous
cell carcinoma (SCC) is predominant, and Prevotella species are
potential prognostic indicators for this cancer type (Liu et al., 2018).
The association between the oral microbiota and the risk of ESCC
was investigated in a case‒control study. The study assessed oral
bacterial profiles from mouthwash samples of ESCC patients and
controls and revealed a significant presence of Prevotella, especially
Prevotella nanceiensis, in ESCC patients (Peters et al., 2017).
Furthermore, an increased abundance of Prevotella was observed
in adenocarcinoma mucosa and Barrett’s esophagus. Patients with
lymph node metastasis had higher levels of Prevotella and
Helicobacter than did those without metastasis. An increased
abundance of Prevotella and Streptococcus was associated with
poor survival, indicating a worse prognosis (Lopetuso et al., 2020).

Gastric cancer is one of the five most common gastrointestinal
cancers in the world. Among the five most prevalent gastrointestinal
malignancies worldwide is gastric cancer, along with colorectal
cancer, pancreatic cancer, and esophageal cancer. Helicobacter
pylori has long been recognized as a major pathogenic bacterium
responsible for various gastric and duodenal diseases. In recent
years, with the introduction of bacterial 16S rDNA identification
techniques, research on the gastric microbiota has increased. Studies
conducted in the United States and Hong Kong on the gastric
microbiota of patients with gastric diseases have revealed bacterial
phyla similar to those of the oral microbiota, specifically
Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, and

Fusobacteria, which are consistent with the observed gastric
microbiota across different populations (Bik et al., 2006; Li et al.,
2009). In cardiac cancer tissues, the relative abundance of the genus-
level bacteria Streptococcus, Prevotella, Veillonella, Haemophilus,
and Neisseria has increased (Shao et al., 2019). Another cohort
study analyzed differences between chronic gastritis patients and
gastric cancer patients and revealed a significant increase in the
numbers of Streptococcus, Prevotella, Fusobacterium, Citrobacter,
Clostridium, and Rhodococcus bacteria in gastric cancer patients
(Ferreira et al., 2018). At the species level, an increase in P.
melaninogenica, S. pharyngis, and P. gingivalis populations in
tumor tissues, whereas H. pylori and P. gingivalis populations
significantly decreased (Liu X. et al., 2019). However,
determining whether these enriched bacteria act as driving
factors for carcinogenesis still requires further elucidation.

5 Veillonella is a biological marker for
identifying lung cancer

5.1 Veillonella

Veillonella is a type of gram-negative, obligate anaerobic coccus.
It is an early colonizer in the formation of oral biofilms and is found
in high abundance within the oral microbiome. Currently, seven
species of Veillonella have been identified in the oral cavity,
including Veillonella parvula, Veillonella dispar, Veillonella
atypica, Veillonella rogosae, Veillonella denticariosi, Veillonella
tobetsuensis, and Veillonella infantium. These species vary in
their distribution among different oral sites and among different
patients (Luo et al., 2020).

5.2 Veillonella as a biomarker for lung cancer

In recent years, research has revealed that theVeillonella genus is
associated not only with oral diseases but also with lung tumors. 16S
rRNA amplicon sequencing has been utilized in numerous studies to
investigate the oral microbiota, identifying early changes that may
help identify lung cancer patients. Yan et al. conducted one of the
earliest studies demonstrating the association between the saliva
microbiome and lung cancer, observing high abundances of
Capnocytophaga and Veillonella and lower abundances of
Neisseria in the saliva of lung squamous cell carcinoma patients.
These findings suggest that these bacteria could be potential
biomarkers for disease detection (Yan et al., 2015). Hosgood
et al. confirmed through a study involving 114 lung cancer
patients and matched healthy controls that lower alpha diversity
is linked to a higher risk of lung cancer (Hosgood et al., 2021).
According to Yang et al., the saliva microbiomes of lung cancer
patients are substantially less diverse and richer than those of
healthy controls (Yang et al., 2018). Using droplet digital PCR
technology, another study identified Acidovorax and Veillonella
in Lung Squamous Cell Carcinoma patients, whereas Capophilic
bacteria were related to lung adenocarcinoma, establishing
Acidovorax as a biomarker that differentiates between the two
primary forms of non-small cell lung cancer, SCC and lung
adenocarcinoma (Leng et al., 2021). Additionally, in cohorts of
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79 noncancer controls and 69 non-small cell lung cancer patients,
the diagnostic value ofAcidovorax andVeillonella as spit biomarkers
for lung cancer was further validated (Leng et al., 2021). In addition,
a mouse study revealed that Veillonella parvula is associated with
various signaling pathways, including the IL-17, TNF-alpha, JAK-
STAT, MAPK, and PI3K-AKT pathways (Tsay et al., 2021). A
2021 study revealed a correlation between the activation of the
ERK and PI3K signaling pathways and the enrichment of
Streptococcus and Veillonella in the lower airways of lung cancer
patients (Tsay et al., 2018). Bacterial toxins such as LPSs and
inflammatory cytokines released by immune cells play important
roles in tumor development. However, the specific mechanisms of
microbiome-mediated lung cancer progression remain unclear.

6 Anaerobic bacteria play a significant
role in the occurrence and progression
of tumors

6.1 Capnocytophaga

Capnocytophaga is a gram-negative anaerobic bacillus typically
found in the oral cavity (Bilgrami et al., 1992). Capnocytophaga
thrives in anaerobic environments containing carbon dioxide and
exhibits gliding motility. Common species such as Capnocytophaga
ochracea,Capnocytophaga gingivalis, andCapnocytophaga sputigena
can cause infections in the oral cavity and other areas. Perera et al.
reported that Capnocytophaga was overrepresented in OSCC
patients compared with fibrous epithelial polyp controls (Perera
et al., 2018; Stasiewicz and Karpiński, 2022). This result is in line
with a study by Takahashi et al. that examined the oral microbiota of
60 patients with oral cancer and 80 controls and reported that the
saliva of these patients contained more Capnocytophaga (Takahashi
et al., 2019; Stasiewicz and Karpiński, 2022). Additionally, Q. Leng
et al. reported high levels of Capnocytophaga and Veillonella in the
saliva of lung squamous cell carcinoma patients, suggesting that
Capnocytophaga could also serve as potential biomarkers for lung
cancer (Leng et al., 2021).

6.2 Streptococcus anginosus

Streptococcus anginosus is a gram-positive, nonspore-forming,
nonmotile bacterium that primarily resides in the oral cavity,
nasopharynx, and gastrointestinal tract. It is known to cause
invasive pyogenic infections. Research has revealed a strong
correlation between Streptococcus anginosus infection and the
emergence of gastric, esophageal, and oropharyngeal
malignancies (Zhang W. L. et al., 2019). In a study of 42 cases of
OSSC, Streptococcus anginosusDNAwas detected in 19 cases (Sasaki
et al., 2005). Morita et al. used real-time quantitative PCR to detect S.
anginosus DNA in 8 cases of esophageal cancer and 38 cases of oral
cancer, with 8 and 5 positive detections, respectively (Morita et al.,
2003). Streptococcus anginosus may promote the development of
oral cancer by damaging the oral mucosa, inducing chronic
inflammation, and causing genetic alterations (Tateda et al.,
2000). There is growing evidence that Streptococcus anginosus
uses T-cell-mediated pathways to contribute to antitumor

immunity. Early OSCC patients had a greater frequency of CD8+

T cells expressing granzyme B among all Streptococcus species
detected, whereas late-stage OSCC patients presented an
increased frequency of CD8+ T cells expressing granzyme B,
particularly in response to Streptococcus anginosus. These
findings indicate that Streptococcus-reactive CD8+ T-cell
responses may contribute to antitumor immunity in OSCC
patients (Wang et al., 2018). Additionally, increased Programmed
Cell Death Protein 1 expression and Programmed death-1
expression are associated with lymph node metastasis and poor
prognosis in oral cancer patients (Maruse et al., 2018). Further
animal experiments are needed to elucidate the molecular
mechanisms by which Streptococcus anginosus regulates OSCC
development, antitumor immunity and prognosis. Streptococcus
anginosus was recently identified by Jun Yu’s team as a “hidden
culprit” in the promotion of gastric cancer.

Long-term infection in experimental mice rapidly induced acute
gastritis, which then developed into chronic gastritis, mucosal
metaplasia, and dysplasia, ultimately accelerating the
development of gastric cancer. Researchers continue to explore
related carcinogenesis mechanisms, revealing that Streptococcus
anginosus can interact with the gastric epithelial cell surface
proteins TMPC and Annexin A2, activating the MAPK signaling
pathway. This interaction induces a precancerous process from
superficial gastritis to atrophic gastritis and intestinal metaplasia,
accelerating gastric cancer development, with an impact potentially
comparable to Helicobacter pylori infection (Fu et al., 2024).
Therefore, further research is urgently needed to determine the
specific mechanisms by which Streptococcus anginosus infection
leads to cancers beyond gastric and oropharyngeal cancers.

6.3 Other anaerobic bacteria

In addition to Fusobacterium nucleatum and Porphyromonas
gingivalis, other anaerobic bacteria in the oral cavity are also
considered potential carcinogens. These bacteria exhibit
pathogenicity similar to that of F. nucleatum and P. gingivalis.
Some anaerobic oral bacteria are extensively involved in
tumorigenesis. Tannerella is a gram-negative anaerobic bacterium
belonging to the Tannerella genus (Sharma, 2010). Tannerella is
associated with other pathogens, such as Porphyromonas gingivalis
and Fusobacterium nucleatum, and is a member of the red complex
of periodontal pathogens. An elevated risk of esophageal cancer has
been linked to T. forsythia. Through CD4+T helper cells and TNF-α,
proinflammatory cytokines, such as IL-1β and IL-6, can be
generated. glucose transporter 1 and glucose transporter
4 overexpression has been linked to enhanced tumor invasiveness
in a variety of tumor types (Malinowski et al., 2019). In a study on
the relationship between pancreatic cancer risk and oral microbiota,
Actinomyces was found to be highly associated with pancreatic
cancer, whereas Leptotrichia was associated with a lower risk
(Fan et al., 2018). Additionally, genera such as Dialister,
Filifactor, Catonella, and Parvimonas are highly involved in
OSCC (Zhao et al., 2017). Recent research using 16S rRNA
sequencing reported that Aggregatibacter is highly associated with
laryngeal cancer, whereas Bacteroides and Ruminiclostridium are
linked to a high risk of oropharyngeal cancer (Geng et al., 2019).
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Similarly, Fusobacterium nucleatum is also related to OSCC.
Oribacterium levels are relatively high in the tongue coating of
liver cancer patients, and Lautropia is considered a marker for ESCC
(Sun et al., 2020). Currently, there are few studies on anaerobic
bacteria causing related cancers, andmore research and data support
are needed to substantiate these findings. However, existing
experimental evidence supports a close association between
anaerobic bacteria and cancer development.

7 The anticancer potential of probiotics

Probiotics are a group of live microorganisms that can improve
the host’s microbiome balance and provide definitive health benefits.
They are widely colonized in the human gut, reproductive system,
and oral cavity. The primary functions of probiotics include
regulating the host’s microenvironment, promoting the
production of beneficial metabolites, and inhibiting the
colonization of harmful microorganisms. Common oral
probiotics include Bifidobacterium, Lactobacillus, Enterococcus,
Saccharomyces, Bacillus, and Butyrivibrio.

Studies have shown that many strains of Lactobacillus enhance
intestinal barrier function, regulate immune tolerance, reduce
microbial translocation in the gut mucosa, and alleviate
gastrointestinal infections. Furthermore, probiotics play an
important role in cancer prevention by inhibiting carcinogen
effects, thus slowing the progression of cancer or tumor growth.
The inhibitory metabolites produced by probiotics, such as organic
acids (e.g., lactic acid, acetic acid), hydrogen peroxide, and
bacteriocins (e.g., short peptides), are considered key factors in
their anticancer activity.

In vitro studies have further revealed that butyrate and short-
chain fatty acids produced by probiotics have significant anticancer
effects. For example, Lactobacillus paracasei DG, Lactobacillus
johnsonii CJ21, Bacillus licheniformis BL21 and Bacillus subtilis
BS15 can exhibit antitumor and anti-proliferative effects by
inhibiting histone deacetylase activity (Yu et al., 2024).
Additionally, strains such as Lactobacillus rhamnosus,
Lactobacillus kefiri, and Lactobacillus acidophilus induce
apoptosis by regulating genes involved in cell homeostasis and
proliferation pathways, further demonstrating their potential
anticancer mechanisms (Dwivedi et al., 2021). Furthermore, some
Bifidobacterium strains demonstrate significant anticancer
properties through the production of enterolactones, while others
inhibit the progression of leukemia in mouse models by fermenting
linoleic acid to generate pectin oligosaccharides (Wei et al., 2018). It
has also been demonstrated that adding Bifidobacterium longum
subsp. infantis to soymilk inhibits the growth of the colorectal cancer
cell lines HT-29 and Caco-2 (Wei et al., 2015). These results provide
credence to the possible use of probiotics in the prevention and
treatment of cancer.

8 Oral microbiota in clinical
applications and progress

Recent research has demonstrated that the oral microbiota play
a pivotal role in maintaining health and influencing disease

pathogenesis, with their diversity often underestimated under
normal physiological conditions. Antibiotics and cancer-related
immunosuppression upset the delicate balance between
commensal bacteria and the host in individuals with malignant
tumors, leading to dysbiosis and worsening chemotherapy-induced
oral mucositis (Dasari and Tchounwou, 2014; Wilson et al., 2014).
Research has shown that chemotherapy patients have a significantly
lower α-diversity of salivary microbiota, which is characterized by an
enrichment of inflammation-associated Gram-negative taxa (like
Fusobacterium and Prevotella) and a depletion of commensal taxa
(like Streptococcus and Actinomyces) that are strongly correlated
with the severity of mucositis (Ye et al., 2013; Hong et al., 2019).

Additionally, high doses of 5-fluorouracil and docetaxel have been
shown to exacerbate dysbiosis in a dose-dependent manner (Hong
et al., 2019). Modulating the microbiota, through approaches such as
probiotics andmicrobiota-regulating agents, is considered an effective
strategy for alleviating chemotherapy-associated mucositis,
highlighting its potential in clinical diagnostics and therapeutics.

The study further clarified the distinctive changes in the oral and
vaginal microbiota of patients with cervical cancer by using high-
throughput 16S rRNA gene sequencing. These patients exhibited
increased vaginal microbiota diversity with a significant reduction in
Lactobacillus abundance, while oral microbiota diversity declined,
accompanied by a marked enrichment of specific biomarkers such as
Fusobacterium and Prevotella (Zhang et al., 2024). These microbiota may
collectively contribute to the development and progression of cervical
cancer through inflammatory and metabolic pathways. Diagnostic
models based on these biomarkers have shown high sensitivity and
specificity in cervical cancer screening. Furthermore, specific probiotics
can effectively restore microbial balance and alleviate inflammation,
laying the foundation for further clinical trials and the development
of low-cost screening and personalized treatment strategies.

With the widespread adoption of 16S rRNA and metagenomic
technologies, oral microbiota research has progressed from
foundational microbial ecology to clinical applications, offering new
perspectives for early disease diagnosis, precision therapy, and
integrated prevention. Dynamic changes in oral microbiota have been
identified as early diagnostic markers for conditions such as dental caries
and periodontitis and are closely linked to systemic diseases (Lamont
et al., 2018), including diabetes, cardiovascular diseases, and cancer
(Matsha et al., 2020; Li et al., 2021). Interventions targeting oral
microbiota, such as probiotic therapy and oral microbiota
transplantation, are being explored to restore microbial balance and
improve patient outcomes. Additionally, artificial microbiota models
provide new avenues for investigating oral microbiota modulation.

In the future, the integration of artificial intelligence, big data
analytics, and microbiome research is expected to enhance the role
of oral microbiota studies in precision medicine. By utilizing cost-
effective and efficient screening tools alongside personalized therapeutic
strategies, oral microbiota modulation is poised to offer significant
clinical value in disease management and health maintenance.

9 Discussions

One of the human body’s biggest sources of microbes is the oral
cavity, and the association between the oral microbiome and cancer
has become a highly focused topic. A growing body of research indicates
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a connection between cancer and the oral microbiome. Human health is
greatly impacted by oral microorganisms, both within and outside of the
oral cavity. These pathogens can directly or indirectly influence immune
responses and affect normal cell signaling pathways before cancer onset.
Well-known oral pathogens that can accelerate the progression of cancer
include Porphyromonas gingivalis and Fusobacterium nucleatum. The
mechanisms of bacteria-mediated carcinogenesis include the
development of inflammatory conditions, immune suppression, and
antiapoptotic activities. Through these mechanisms, oral bacteria can
induce cancer. However, the development of cancer is a complex and
prolonged process. Additional research is necessary to fully understand
the causal link between oral bacteria and cancer. Research on the
connection between other oral microbes and different types of cancer
is still in its early stages; therefore, more investigations into the intricate
processes by which bacteria affect the onset and spread of cancer are
needed. However, current studies suggest that the abundance of cancer-
specific oral bacteria could serve as a new clinical biomarker. Health
assessments of deeper parts of the body through oral testing can lead to
early predictions of certain types of cancer. Therefore, selecting accurate
predictive indicators of cancer-related microbial variations and precise
microbiological detection techniques is crucial. The use of oral
microbiome detection for early cancer intervention and treatment
could represent a significant breakthrough. Once the mechanisms of
microbial carcinogenesis are fully elucidated, their application in
treatment will be further explored and practiced. With the deepening
integration of multidisciplinary approaches, oral microbiota research is
expected to play a pivotal role in precision medicine, providing more
efficient and cost-effective solutions for human health management.
Moreover, microorganisms not only drive the development and
progression of cancer but also mediate resistance to anticancer
therapies. Whether antimicrobial treatments targeting cancer-
associated microbiota can be clinically applied to significantly improve
cancer patient survival and prognosis remains an area for further
investigation.

Author contributions

XW: Visualization, Software, Project administration,
Writing–original draft. XH: Conceptualization, Supervision,
Writing–review and editing. BZ: Funding acquisition,
Supervision, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. Our work
described in the present manuscript is supported by research grants
from Science and Technology Research Project of the Department of
Education of Jiangxi Province, No. GJJ2401322 and Science and
Technology Program Project of the Health Commission of Jiangxi
Province, No. 202510461.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Abed, J., Emgård, J. E., Zamir, G., Faroja, M., Almogy, G., Grenov, A., et al. (2016).
Fap2 mediates fusobacterium nucleatum colorectal adenocarcinoma enrichment by
binding to tumor-expressed gal-GalNAc. Cell Host Microbe 20 (2), 215–225. doi:10.
1016/j.chom.2016.07.006

Ahn, J., Segers, S., and Hayes, R. B. (2012). Periodontal disease, Porphyromonas
gingivalis serum antibody levels and orodigestive cancer mortality. Carcinogenesis 33
(5), 1055–1058. doi:10.1093/carcin/bgs112

Almeida-da-Silva, C. L. C., Morandini, A. C., Ulrich, H., Ojcius, D. M., and Coutinho-
Silva, R. (2016). Purinergic signaling during Porphyromonas gingivalis infection.
Biomed. J. 39 (4), 251–260. doi:10.1016/j.bj.2016.08.003

Arlauckas, S. P., Garren, S. B., Garris, C. S., Kohler, R. H., Oh, J., Pittet, M. J., et al.
(2018). Arg1 expression defines immunosuppressive subsets of tumor-associated
macrophages. Theranostics 8 (21), 5842–5854. doi:10.7150/thno.26888

Aymeric, L., Apetoh, L., Ghiringhelli, F., Tesniere, A., Martins, I., Kroemer, G., et al.
(2010). Tumor cell death and ATP release prime dendritic cells and efficient anticancer
immunity. Cancer Res. 70 (3), 855–858. doi:10.1158/0008-5472.Can-09-3566

Barteneva, N. S., Baiken, Y., Fasler-Kan, E., Alibek, K., Wang, S., Maltsev, N., et al.
(2017). Extracellular vesicles in gastrointestinal cancer in conjunction with microbiota:
on the border of Kingdoms. Biochim. Biophys. Acta Rev. Cancer 1868 (2), 372–393.
doi:10.1016/j.bbcan.2017.06.005

Bik, E. M., Eckburg, P. B., Gill, S. R., Nelson, K. E., Purdom, E. A., Francois, F., et al.
(2006). Molecular analysis of the bacterial microbiota in the human stomach. Proc. Natl.
Acad. Sci. U. S. A. 103 (3), 732–737. doi:10.1073/pnas.0506655103

Bilgrami, S., Bergstrom, S. K., Peterson, D. E., Hill, D. R., Dainiak, N., Quinn, J. J., et al.
(1992). Capnocytophaga bacteremia in a patient with Hodgkin’s disease following bone

marrow transplantation: case report and review. Clin. Infect. Dis. 14 (5), 1045–1049.
doi:10.1093/clinids/14.5.1045

Brennan, C. A., and Garrett, W. S. (2019). Fusobacterium nucleatum - symbiont,
opportunist and oncobacterium. Nat. Rev. Microbiol. 17 (3), 156–166. doi:10.1038/
s41579-018-0129-6

Casasanta, M. A., Yoo, C. C., Udayasuryan, B., Sanders, B. E., Umaña, A., Zhang, Y.,
et al. (2020). Fusobacterium nucleatum host-cell binding and invasion induces IL-8 and
CXCL1 secretion that drives colorectal cancer cell migration. Sci. Signal 13 (641),
eaba9157. doi:10.1126/scisignal.aba9157

Chang, C., Wang, H., Liu, J., Pan, C., Zhang, D., Li, X., et al. (2019). Porphyromonas
gingivalis infection promoted the proliferation of oral squamous cell carcinoma cells
through the miR-21/PDCD4/AP-1 negative signaling pathway. ACS Infect. Dis. 5 (8),
1336–1347. doi:10.1021/acsinfecdis.9b00032

Chang, Q., Bournazou, E., Sansone, P., Berishaj, M., Gao, S. P., Daly, L., et al. (2013).
The IL-6/JAK/Stat3 feed-forward loop drives tumorigenesis and metastasis. Neoplasia
15 (7), 848–862. doi:10.1593/neo.13706

Chattopadhyay, I., Verma, M., and Panda, M. (2019). Role of oral microbiome
signatures in diagnosis and prognosis of oral cancer. Technol. Cancer Res. Treat. 18,
1533033819867354. doi:10.1177/1533033819867354

Chen, W., Liu, F., Ling, Z., Tong, X., and Xiang, C. (2012). Human intestinal lumen
and mucosa-associated microbiota in patients with colorectal cancer. PLoS One 7 (6),
e39743. doi:10.1371/journal.pone.0039743

Chen, Y., Peng, Y., Yu, J., Chen, T., Wu, Y., Shi, L., et al. (2017). Invasive Fusobacterium
nucleatum activates beta-catenin signaling in colorectal cancer via a TLR4/
P-PAK1 cascade. Oncotarget 8 (19), 31802–31814. doi:10.18632/oncotarget.15992

Frontiers in Cell and Developmental Biology frontiersin.org13

Wang et al. 10.3389/fcell.2024.1479720

https://doi.org/10.1016/j.chom.2016.07.006
https://doi.org/10.1016/j.chom.2016.07.006
https://doi.org/10.1093/carcin/bgs112
https://doi.org/10.1016/j.bj.2016.08.003
https://doi.org/10.7150/thno.26888
https://doi.org/10.1158/0008-5472.Can-09-3566
https://doi.org/10.1016/j.bbcan.2017.06.005
https://doi.org/10.1073/pnas.0506655103
https://doi.org/10.1093/clinids/14.5.1045
https://doi.org/10.1038/s41579-018-0129-6
https://doi.org/10.1038/s41579-018-0129-6
https://doi.org/10.1126/scisignal.aba9157
https://doi.org/10.1021/acsinfecdis.9b00032
https://doi.org/10.1593/neo.13706
https://doi.org/10.1177/1533033819867354
https://doi.org/10.1371/journal.pone.0039743
https://doi.org/10.18632/oncotarget.15992
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1479720


Chen, Y., Zheng, X., andWu, C. (2021). The role of the tumor microenvironment and
treatment strategies in colorectal cancer. Front. Immunol. 12, 792691. doi:10.3389/
fimmu.2021.792691

Chiang, H. C., Hughes, M., and Chang, W. L. (2023). The role of microbiota in
esophageal squamous cell carcinoma: a review of the literature. Thorac. Cancer 14 (28),
2821–2829. doi:10.1111/1759-7714.15096

Coppenhagen-Glazer, S., Sol, A., Abed, J., Naor, R., Zhang, X., Han, Y. W., et al.
(2015). Fap2 of Fusobacterium nucleatum is a galactose-inhibitable adhesin involved in
coaggregation, cell adhesion, and preterm birth. Infect. Immun. 83 (3), 1104–1113.
doi:10.1128/iai.02838-14

Coussens, L. M., and Pollard, J. W. (2011). Leukocytes in mammary development and
cancer. Cold Spring Harb. Perspect. Biol. 3 (3), a003285. doi:10.1101/cshperspect.
a003285

Dasari, S., and Tchounwou, P. B. (2014). Cisplatin in cancer therapy: molecular
mechanisms of action. Eur. J. Pharmacol. 740, 364–378. doi:10.1016/j.ejphar.2014.
07.025

Dewhirst, F. E., Chen, T., Izard, J., Paster, B. J., Tanner, A. C., Yu, W. H., et al. (2010).
The human oral microbiome. J. Bacteriol. 192 (19), 5002–5017. doi:10.1128/jb.00542-10

Dharmani, P., Strauss, J., Ambrose, C., Allen-Vercoe, E., and Chadee, K. (2011).
Fusobacterium nucleatum infection of colonic cells stimulates MUC2 mucin and tumor
necrosis factor alpha. Infect. Immun. 79 (7), 2597–2607. doi:10.1128/iai.05118-11

Dwivedi, M., Powali, S., Rastogi, S., Singh, A., and Gupta, D. K. (2021). Microbial
community in human gut: a therapeutic prospect and implication in health and
diseases. Lett. Appl. Microbiol. 73 (5), 553–568. doi:10.1111/lam.13549

El Tekle, G., and Garrett, W. S. (2023). Bacteria in cancer initiation, promotion and
progression. Nat. Rev. Cancer 23 (9), 600–618. doi:10.1038/s41568-023-00594-2

Engblom, C., Pfirschke, C., and Pittet, M. J. (2016). The role of myeloid cells in cancer
therapies. Nat. Rev. Cancer 16 (7), 447–462. doi:10.1038/nrc.2016.54

Fan, X., Alekseyenko, A. V., Wu, J., Peters, B. A., Jacobs, E. J., Gapstur, S. M., et al.
(2018). Human oral microbiome and prospective risk for pancreatic cancer: a
population-based nested case-control study. Gut 67 (1), 120–127. doi:10.1136/gutjnl-
2016-312580

Farasati Far, B., Vakili, K., Fathi, M., Yaghoobpoor, S., Bhia, M., and Naimi-Jamal, M.
R. (2023). The role of microRNA-21 (miR-21) in pathogenesis, diagnosis, and prognosis
of gastrointestinal cancers: a review. Life Sci. 316, 121340. doi:10.1016/j.lfs.2022.121340

Farrell, J. J., Zhang, L., Zhou, H., Chia, D., Elashoff, D., Akin, D., et al. (2012).
Variations of oral microbiota are associated with pancreatic diseases including
pancreatic cancer. Gut 61 (4), 582–588. doi:10.1136/gutjnl-2011-300784

Ferreira, R. M., Pereira-Marques, J., Pinto-Ribeiro, I., Costa, J. L., Carneiro, F.,
Machado, J. C., et al. (2018). Gastric microbial community profiling reveals a
dysbiotic cancer-associated microbiota. Gut 67 (2), 226–236. doi:10.1136/gutjnl-
2017-314205

Flavahan, W. A., Gaskell, E., and Bernstein, B. E. (2017). Epigenetic plasticity and the
hallmarks of cancer. Science 357 (6348), eaal2380. doi:10.1126/science.aal2380

Fu, K., Cheung, A. H. K., Wong, C. C., Liu, W., Zhou, Y., Wang, F., et al. (2024).
Streptococcus anginosus promotes gastric inflammation, atrophy, and tumorigenesis in
mice. Cell 187 (4), 882–896.e17. doi:10.1016/j.cell.2024.01.004

Fujiwara, N., Kitamura, N., Yoshida, K., Yamamoto, T., Ozaki, K., and Kudo, Y.
(2020). Involvement of fusobacterium species in oral cancer progression: a literature
review including other types of cancer. Int. J. Mol. Sci. 21 (17), 6207. doi:10.3390/
ijms21176207

Galdiero, M. R., Marone, G., and Mantovani, A. (2018). Cancer inflammation and
cytokines. Cold Spring Harb. Perspect. Biol. 10 (8), a028662. doi:10.1101/cshperspect.
a028662

Gao, L., Xu, T., Huang, G., Jiang, S., Gu, Y., and Chen, F. (2018). Oral microbiomes:
more and more importance in oral cavity and whole body. Protein Cell 9 (5), 488–500.
doi:10.1007/s13238-018-0548-1

Geng, F., Wang, Q., Li, C., Liu, J., Zhang, D., Zhang, S., et al. (2019). Identification of
potential candidate genes of oral cancer in response to chronic infection with
Porphyromonas gingivalis using bioinformatical analyses. Front. Oncol. 9, 91. doi:10.
3389/fonc.2019.00091

Gerritzen, M. J. H., Martens, D. E., Wijffels, R. H., van der Pol, L., and Stork, M.
(2017). Bioengineering bacterial outer membrane vesicles as vaccine platform.
Biotechnol. Adv. 35 (5), 565–574. doi:10.1016/j.biotechadv.2017.05.003

Gnanasekaran, J., Binder Gallimidi, A., Saba, E., Pandi, K., Eli Berchoer, L., Hermano,
E., et al. (2020). Intracellular Porphyromonas gingivalis promotes the tumorigenic
behavior of pancreatic carcinoma cells. Cancers (Basel) 12 (8), 2331. doi:10.3390/
cancers12082331

Gong, H., Shi, Y., Zhou, X., Wu, C., Cao, P., Xu, C., et al. (2014). Microbiota in the
throat and risk factors for laryngeal carcinoma. Appl. Environ. Microbiol. 80 (23),
7356–7363. doi:10.1128/aem.02329-14

Gopinath, D., Menon, R. K., Wie, C. C., Banerjee, M., Panda, S., Mandal, D., et al.
(2021). Differences in the bacteriome of swab, saliva, and tissue biopsies in oral cancer.
Sci. Rep. 11 (1), 1181. doi:10.1038/s41598-020-80859-0

Groeger, S., Domann, E., Gonzales, J. R., Chakraborty, T., andMeyle, J. (2011). B7-H1
and B7-DC receptors of oral squamous carcinoma cells are upregulated by
Porphyromonas gingivalis. Immunobiology 216 (12), 1302–1310. doi:10.1016/j.imbio.
2011.05.005

Guo, X., Yu, K., and Huang, R. (2024). The ways Fusobacterium nucleatum
translocate to breast tissue and contribute to breast cancer development. Mol. Oral
Microbiol. 39 (1), 1–11. doi:10.1111/omi.12446

Gur, C., Ibrahim, Y., Isaacson, B., Yamin, R., Abed, J., Gamliel, M., et al. (2015).
Binding of the Fap2 protein of Fusobacterium nucleatum to human inhibitory receptor
TIGIT protects tumors from immune cell attack. Immunity 42 (2), 344–355. doi:10.
1016/j.immuni.2015.01.010

Ha, N. H., Woo, B. H., Kim, D. J., Ha, E. S., Choi, J. I., Kim, S. J., et al. (2015).
Prolonged and repetitive exposure to Porphyromonas gingivalis increases
aggressiveness of oral cancer cells by promoting acquisition of cancer stem cell
properties. Tumour Biol. 36 (12), 9947–9960. doi:10.1007/s13277-015-3764-9

Han, Y. W. (2015). Fusobacterium nucleatum: a commensal-turned pathogen. Curr.
Opin. Microbiol. 23, 141–147. doi:10.1016/j.mib.2014.11.013

Harbeck, N., Penault-Llorca, F., Cortes, J., Gnant, M., Houssami, N., Poortmans, P.,
et al. (2019). Breast cancer. Nat. Rev. Dis. Prim. 5 (1), 66. doi:10.1038/s41572-019-
0111-2

Hong, B. Y., Sobue, T., Choquette, L., Dupuy, A. K., Thompson, A., Burleson, J. A.,
et al. (2019). Chemotherapy-induced oral mucositis is associated with detrimental
bacterial dysbiosis. Microbiome 7 (1), 66. doi:10.1186/s40168-019-0679-5

Hoppe, T., Kraus, D., Novak, N., Probstmeier, R., Frentzen, M., Wenghoefer, M., et al.
(2016). Oral pathogens change proliferation properties of oral tumor cells by affecting
gene expression of human defensins. Tumour Biol. 37 (10), 13789–13798. doi:10.1007/
s13277-016-5281-x

Hoque, R., and Mehal, W. Z. (2015). Inflammasomes in pancreatic physiology and
disease. Am. J. Physiol. Gastrointest. Liver Physiol. 308 (8), G643–G651. doi:10.1152/
ajpgi.00388.2014

Hosgood, H. D., Cai, Q., Hua, X., Long, J., Shi, J., Wan, Y., et al. (2021). Variation in
oral microbiome is associated with future risk of lung cancer among never-smokers.
Thorax 76 (3), 256–263. doi:10.1136/thoraxjnl-2020-215542

Hou, L. T., Liu, C. M., Liu, B. Y., Lin, S. J., Liao, C. S., and Rossomando, E. F. (2003).
Interleukin-1beta, clinical parameters and matched cellular-histopathologic changes of
biopsied gingival tissue from periodontitis patients. J. Periodontal Res. 38 (3), 247–254.
doi:10.1034/j.1600-0765.2003.02601.x

Hsueh, C. Y., Gong, H., Cong, N., Sun, J., Lau, H. C., Guo, Y., et al. (2020). Throat
microbial community structure and functional changes in postsurgery laryngeal
carcinoma patients. Appl. Environ. Microbiol. 86 (24), 018499–e1920. doi:10.1128/
aem.01849-20

Irfan, M., Delgado, R. Z. R., and Frias-Lopez, J. (2020). The oral microbiome and
cancer. Front. Immunol. 11, 591088. doi:10.3389/fimmu.2020.591088

Kageyama, S., Nagao, Y., Ma, J., Asakawa, M., Yoshida, R., Takeshita, T., et al. (2020).
Compositional shift of oral microbiota following surgical resection of tongue cancer.
Front. Cell Infect. Microbiol. 10, 600884. doi:10.3389/fcimb.2020.600884

Kaparakis-Liaskos, M., and Ferrero, R. L. (2015). Immune modulation by bacterial
outer membrane vesicles. Nat. Rev. Immunol. 15 (6), 375–387. doi:10.1038/nri3837

Karpiński, T. M. (2019). Role of oral microbiota in cancer development.
Microorganisms 7 (1), 20. doi:10.3390/microorganisms7010020

Kolenbrander, P. E., Palmer, R. J., Jr., Periasamy, S., and Jakubovics, N. S. (2010). Oral
multispecies biofilm development and the key role of cell-cell distance. Nat. Rev.
Microbiol. 8 (7), 471–480. doi:10.1038/nrmicro2381

Könönen, E., and Gursoy, U. K. (2021). Oral Prevotella species and their connection
to events of clinical relevance in gastrointestinal and respiratory tracts. Front. Microbiol.
12, 798763. doi:10.3389/fmicb.2021.798763

Kostic, A. D., Chun, E., Robertson, L., Glickman, J. N., Gallini, C. A., Michaud, M.,
et al. (2013). Fusobacterium nucleatum potentiates intestinal tumorigenesis and
modulates the tumor-immune microenvironment. Cell Host Microbe 14 (2),
207–215. doi:10.1016/j.chom.2013.07.007

Kuboniwa, M., Hasegawa, Y., Mao, S., Shizukuishi, S., Amano, A., Lamont, R. J., et al.
(2008). P. gingivalis accelerates gingival epithelial cell progression through the cell cycle.
Microbes Infect. 10 (2), 122–128. doi:10.1016/j.micinf.2007.10.011

Lamont, R. J., Fitzsimonds, Z. R., Wang, H., and Gao, S. (2022). Role of
Porphyromonas gingivalis in oral and orodigestive squamous cell carcinoma.
Periodontol. 2000 89 (1), 154–165. doi:10.1111/prd.12425

Lamont, R. J., Koo, H., and Hajishengallis, G. (2018). The oral microbiota: dynamic
communities and host interactions. Nat. Rev. Microbiol. 16 (12), 745–759. doi:10.1038/
s41579-018-0089-x

Leng, Q., Holden, V. K., Deepak, J., Todd, N. W., and Jiang, F. (2021). Microbiota
biomarkers for lung cancer.Diagn. (Basel) 11 (3), 407. doi:10.3390/diagnostics11030407

Levrero, M., and Zucman-Rossi, J. (2016). Mechanisms of HBV-induced
hepatocellular carcinoma. J. Hepatol. 64 (1 Suppl. l), S84–s101. doi:10.1016/j.jhep.
2016.02.021

Frontiers in Cell and Developmental Biology frontiersin.org14

Wang et al. 10.3389/fcell.2024.1479720

https://doi.org/10.3389/fimmu.2021.792691
https://doi.org/10.3389/fimmu.2021.792691
https://doi.org/10.1111/1759-7714.15096
https://doi.org/10.1128/iai.02838-14
https://doi.org/10.1101/cshperspect.a003285
https://doi.org/10.1101/cshperspect.a003285
https://doi.org/10.1016/j.ejphar.2014.07.025
https://doi.org/10.1016/j.ejphar.2014.07.025
https://doi.org/10.1128/jb.00542-10
https://doi.org/10.1128/iai.05118-11
https://doi.org/10.1111/lam.13549
https://doi.org/10.1038/s41568-023-00594-2
https://doi.org/10.1038/nrc.2016.54
https://doi.org/10.1136/gutjnl-2016-312580
https://doi.org/10.1136/gutjnl-2016-312580
https://doi.org/10.1016/j.lfs.2022.121340
https://doi.org/10.1136/gutjnl-2011-300784
https://doi.org/10.1136/gutjnl-2017-314205
https://doi.org/10.1136/gutjnl-2017-314205
https://doi.org/10.1126/science.aal2380
https://doi.org/10.1016/j.cell.2024.01.004
https://doi.org/10.3390/ijms21176207
https://doi.org/10.3390/ijms21176207
https://doi.org/10.1101/cshperspect.a028662
https://doi.org/10.1101/cshperspect.a028662
https://doi.org/10.1007/s13238-018-0548-1
https://doi.org/10.3389/fonc.2019.00091
https://doi.org/10.3389/fonc.2019.00091
https://doi.org/10.1016/j.biotechadv.2017.05.003
https://doi.org/10.3390/cancers12082331
https://doi.org/10.3390/cancers12082331
https://doi.org/10.1128/aem.02329-14
https://doi.org/10.1038/s41598-020-80859-0
https://doi.org/10.1016/j.imbio.2011.05.005
https://doi.org/10.1016/j.imbio.2011.05.005
https://doi.org/10.1111/omi.12446
https://doi.org/10.1016/j.immuni.2015.01.010
https://doi.org/10.1016/j.immuni.2015.01.010
https://doi.org/10.1007/s13277-015-3764-9
https://doi.org/10.1016/j.mib.2014.11.013
https://doi.org/10.1038/s41572-019-0111-2
https://doi.org/10.1038/s41572-019-0111-2
https://doi.org/10.1186/s40168-019-0679-5
https://doi.org/10.1007/s13277-016-5281-x
https://doi.org/10.1007/s13277-016-5281-x
https://doi.org/10.1152/ajpgi.00388.2014
https://doi.org/10.1152/ajpgi.00388.2014
https://doi.org/10.1136/thoraxjnl-2020-215542
https://doi.org/10.1034/j.1600-0765.2003.02601.x
https://doi.org/10.1128/aem.01849-20
https://doi.org/10.1128/aem.01849-20
https://doi.org/10.3389/fimmu.2020.591088
https://doi.org/10.3389/fcimb.2020.600884
https://doi.org/10.1038/nri3837
https://doi.org/10.3390/microorganisms7010020
https://doi.org/10.1038/nrmicro2381
https://doi.org/10.3389/fmicb.2021.798763
https://doi.org/10.1016/j.chom.2013.07.007
https://doi.org/10.1016/j.micinf.2007.10.011
https://doi.org/10.1111/prd.12425
https://doi.org/10.1038/s41579-018-0089-x
https://doi.org/10.1038/s41579-018-0089-x
https://doi.org/10.3390/diagnostics11030407
https://doi.org/10.1016/j.jhep.2016.02.021
https://doi.org/10.1016/j.jhep.2016.02.021
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1479720


Li, R., Xiao, L., Gong, T., Liu, J., Li, Y., Zhou, X., et al. (2023). Role of oral microbiome
in oral oncogenesis, tumor progression, and metastasis. Mol. Oral Microbiol. 38 (1),
9–22. doi:10.1111/omi.12403

Li, X. X., Wong, G. L., To, K. F., Wong, V. W., Lai, L. H., Chow, D. K., et al. (2009).
Bacterial microbiota profiling in gastritis without Helicobacter pylori infection or non-
steroidal anti-inflammatory drug use. PLoS One 4 (11), e7985. doi:10.1371/journal.
pone.0007985

Li, Y., Cui, J., Liu, Y., Chen, K., Huang, L., and Liu, Y. (2021). Oral, tongue-coating
microbiota, and metabolic disorders: a novel area of interactive research. Front.
Cardiovasc Med. 8, 730203. doi:10.3389/fcvm.2021.730203

Liang, M., Liu, Y., Zhang, Z., Yang, H., Dai, N., Zhang, N., et al. (2022). Fusobacterium
nucleatum induces MDSCs enrichment via activation the NLRP3 inflammosome in
ESCC cells, leading to cisplatin resistance. Ann. Med. 54 (1), 989–1003. doi:10.1080/
07853890.2022.2061045

Lin, W. C., Tsai, H. F., Kuo, S. H., Wu, M. S., Lin, C. W., Hsu, P. I., et al. (2010).
Translocation of Helicobacter pylori CagA into Human B lymphocytes, the origin of
mucosa-associated lymphoid tissue lymphoma. Cancer Res. 70 (14), 5740–5748. doi:10.
1158/0008-5472.Can-09-4690

Liu, J., Hsieh, C. L., Gelincik, O., Devolder, B., Sei, S., Zhang, S., et al. (2019a).
Proteomic characterization of outer membrane vesicles from gut mucosa-derived
fusobacterium nucleatum. J. Proteomics 195, 125–137. doi:10.1016/j.jprot.2018.12.029

Liu, X., Shao, L., Liu, X., Ji, F., Mei, Y., Cheng, Y., et al. (2019b). Alterations of gastric
mucosal microbiota across different stomach microhabitats in a cohort of 276 patients
with gastric cancer. EBioMedicine 40, 336–348. doi:10.1016/j.ebiom.2018.12.034

Liu, Y., Baba, Y., Ishimoto, T., Iwatsuki, M., Hiyoshi, Y., Miyamoto, Y., et al. (2019c).
Progress in characterizing the linkage between Fusobacterium nucleatum and
gastrointestinal cancer. J. Gastroenterol. 54 (1), 33–41. doi:10.1007/s00535-018-1512-9

Liu, Y., Lin, Z., Lin, Y., Chen, Y., Peng, X. E., He, F., et al. (2018). Streptococcus and
Prevotella are associated with the prognosis of oesophageal squamous cell carcinoma.
J. Med. Microbiol. 67 (8), 1058–1068. doi:10.1099/jmm.0.000754

Lopetuso, L. R., Severgnini, M., Pecere, S., Ponziani, F. R., Boskoski, I., Larghi, A., et al.
(2020). Esophageal microbiome signature in patients with Barrett’s esophagus and
esophageal adenocarcinoma. PLoS One 15 (5), e0231789. doi:10.1371/journal.pone.
0231789

Luo, Y. X., Sun, M. L., Shi, P. L., Liu, P., Chen, Y. Y., and Peng, X. (2020). Research
progress in the relationship between Veillonella and oral diseases.Hua Xi Kou Qiang Yi
Xue Za Zhi 38 (5), 576–582. doi:10.7518/hxkq.2020.05.018

Malinowski, B., Węsierska, A., Zalewska, K., Sokołowska, M. M., Bursiewicz, W.,
Socha, M., et al. (2019). The role of Tannerella forsythia and Porphyromonas gingivalis
in pathogenesis of esophageal cancer. Infect. Agent Cancer 14, 3. doi:10.1186/s13027-
019-0220-2

Mao, S., Park, Y., Hasegawa, Y., Tribble, G. D., James, C. E., Handfield, M., et al.
(2007). Intrinsic apoptotic pathways of gingival epithelial cells modulated by
Porphyromonas gingivalis. Cell Microbiol. 9 (8), 1997–2007. doi:10.1111/j.1462-
5822.2007.00931.x

Maruse, Y., Kawano, S., Jinno, T., Matsubara, R., Goto, Y., Kaneko, N., et al. (2018).
Significant association of increased PD-L1 and PD-1 expression with nodal metastasis
and a poor prognosis in oral squamous cell carcinoma. Int. J. Oral Maxillofac. Surg. 47
(7), 836–845. doi:10.1016/j.ijom.2018.01.004

Matsha, T. E., Prince, Y., Davids, S., Chikte, U., Erasmus, R. T., Kengne, A. P., et al.
(2020). Oral microbiome signatures in diabetes mellitus and periodontal disease.
J. Dent. Res. 99 (6), 658–665. doi:10.1177/0022034520913818

McCoy, A. N., Araújo-Pérez, F., Azcárate-Peril, A., Yeh, J. J., Sandler, R. S., and Keku,
T. O. (2013). Fusobacterium is associated with colorectal adenomas. PLoS One 8 (1),
e53653. doi:10.1371/journal.pone.0053653

Mehner, C., Hockla, A., Miller, E., Ran, S., Radisky, D. C., and Radisky, E. S. (2014).
Tumor cell-produced matrix metalloproteinase 9 (MMP-9) drives malignant
progression and metastasis of basal-like triple negative breast cancer. Oncotarget 5
(9), 2736–2749. doi:10.18632/oncotarget.1932

Meng, R., Zeng, M., Ji, Y., Huang, X., and Xu, M. (2023). The potential role of gut
microbiota outer membrane vesicles in colorectal cancer. Front. Microbiol. 14, 1270158.
doi:10.3389/fmicb.2023.1270158

Michaud, D. S., Izard, J., Wilhelm-Benartzi, C. S., You, D. H., Grote, V. A.,
Tjønneland, A., et al. (2013). Plasma antibodies to oral bacteria and risk of
pancreatic cancer in a large European prospective cohort study. Gut 62 (12),
1764–1770. doi:10.1136/gutjnl-2012-303006

Mima, K., Sukawa, Y., Nishihara, R., Qian, Z. R., Yamauchi, M., Inamura, K., et al.
(2015). Fusobacterium nucleatum and T cells in colorectal carcinoma. JAMA Oncol. 1
(5), 653–661. doi:10.1001/jamaoncol.2015.1377

Morita, E., Narikiyo, M., Yano, A., Nishimura, E., Igaki, H., Sasaki, H., et al. (2003).
Different frequencies of Streptococcus anginosus infection in oral cancer and
esophageal cancer. Cancer Sci. 94 (6), 492–496. doi:10.1111/j.1349-7006.2003.
tb01471.x

Nomoto, D., Baba, Y., Liu, Y., Tsutsuki, H., Okadome, K., Harada, K., et al. (2022).
Fusobacterium nucleatum promotes esophageal squamous cell carcinoma progression

via the NOD1/RIPK2/NF-κB pathway. Cancer Lett. 530, 59–67. doi:10.1016/j.canlet.
2022.01.014

Ochi, A., Nguyen, A. H., Bedrosian, A. S., Mushlin, H. M., Zarbakhsh, S., Barilla, R.,
et al. (2012). MyD88 inhibition amplifies dendritic cell capacity to promote pancreatic
carcinogenesis via Th2 cells. J. Exp. Med. 209 (9), 1671–1687. doi:10.1084/jem.20111706

Ohta, M., Seto, M., Ijichi, H., Miyabayashi, K., Kudo, Y., Mohri, D., et al. (2009).
Decreased expression of the RAS-GTPase activating protein RASAL1 is associated with
colorectal tumor progression. Gastroenterology 136 (1), 206–216. doi:10.1053/j.gastro.
2008.09.063

Parhi, L., Alon-Maimon, T., Sol, A., Nejman, D., Shhadeh, A., Fainsod-Levi, T., et al.
(2020). Breast cancer colonization by Fusobacterium nucleatum accelerates tumor
growth and metastatic progression. Nat. Commun. 11 (1), 3259. doi:10.1038/s41467-
020-16967-2

Pei, Z., Bini, E. J., Yang, L., Zhou, M., Francois, F., and Blaser, M. J. (2004). Bacterial
biota in the human distal esophagus. Proc. Natl. Acad. Sci. U. S. A. 101 (12), 4250–4255.
doi:10.1073/pnas.0306398101

Perera, M., Al-Hebshi, N. N., Perera, I., Ipe, D., Ulett, G. C., Speicher, D. J., et al.
(2018). Inflammatory bacteriome and oral squamous cell carcinoma. J. Dent. Res. 97 (6),
725–732. doi:10.1177/0022034518767118

Peters, B. A., Wu, J., Pei, Z., Yang, L., Purdue, M. P., Freedman, N. D., et al. (2017).
Oral microbiome composition reflects prospective risk for esophageal cancers. Cancer
Res. 77 (23), 6777–6787. doi:10.1158/0008-5472.Can-17-1296

Pignatelli, P., Nuccio, F., Piattelli, A., and Curia, M. C. (2023). The role of
fusobacterium nucleatum in oral and colorectal carcinogenesis. Microorganisms 11
(9), 2358. doi:10.3390/microorganisms11092358

Quah, S. Y., Bergenholtz, G., and Tan, K. S. (2014). Fusobacterium nucleatum induces
cytokine production through Toll-like-receptor-independent mechanism. Int. Endod. J.
47 (6), 550–559. doi:10.1111/iej.12185

Rajput, S., Volk-Draper, L. D., and Ran, S. (2013). TLR4 is a novel determinant of the
response to paclitaxel in breast cancer. Mol. Cancer Ther. 12 (8), 1676–1687. doi:10.
1158/1535-7163.Mct-12-1019

Rubinstein, M. R., Baik, J. E., Lagana, S. M., Han, R. P., Raab, W. J., Sahoo, D., et al.
(2019). Fusobacterium nucleatum promotes colorectal cancer by inducing Wnt/β-
catenin modulator Annexin A1. EMBO Rep. 20 (4), e47638. doi:10.15252/embr.
201847638

Sasaki, M., Yamaura, C., Ohara-Nemoto, Y., Tajika, S., Kodama, Y., Ohya, T., et al.
(2005). Streptococcus anginosus infection in oral cancer and its infection route. Oral
Dis. 11 (3), 151–156. doi:10.1111/j.1601-0825.2005.01051.x

Shao, D., Vogtmann, E., Liu, A., Qin, J., Chen, W., Abnet, C. C., et al. (2019).
Microbial characterization of esophageal squamous cell carcinoma and gastric cardia
adenocarcinoma from a high-risk region of China. Cancer 125 (22), 3993–4002. doi:10.
1002/cncr.32403

Sharma, A. (2010). Virulence mechanisms of Tannerella forsythia. Periodontol. 2000
54 (1), 106–116. doi:10.1111/j.1600-0757.2009.00332.x

Sheikh, A., Taube, J., and Greathouse, K. L. (2021). Contribution of the microbiota
and their secretory products to inflammation and colorectal cancer pathogenesis: the
role of toll-like receptors. Carcinogenesis 42 (9), 1133–1142. doi:10.1093/carcin/bgab060

Siegel, R. L., Miller, K. D., and Jemal, A. (2018). Cancer statistics, 2018. CA Cancer
J. Clin. 68 (1), 7–30. doi:10.3322/caac.21442

Stasiewicz, M., and Karpiński, T. M. (2022). The oral microbiota and its role in
carcinogenesis. Semin. Cancer Biol. 86 (Pt 3), 633–642. doi:10.1016/j.semcancer.2021.
11.002

Stokowa-Sołtys, K., Wojtkowiak, K., and Jagiełło, K. (2021). Fusobacterium
nucleatum - friend or foe? J. Inorg. Biochem. 224, 111586. doi:10.1016/j.jinorgbio.
2021.111586

Sun, J., Tang, Q., Yu, S., Xie, M., Xie, Y., Chen, G., et al. (2020). Role of the oral
microbiota in cancer evolution and progression. Cancer Med. 9 (17), 6306–6321. doi:10.
1002/cam4.3206

Takahashi, Y., Park, J., Hosomi, K., Yamada, T., Kobayashi, A., Yamaguchi, Y., et al.
(2019). Analysis of oral microbiota in Japanese oral cancer patients using 16S rRNA
sequencing. J. Oral Biosci. 61 (2), 120–128. doi:10.1016/j.job.2019.03.003

Tang, C. H., Chen, C. F., Chen,W.M., and Fong, Y. C. (2011). IL-6 increasesMMP-13
expression and motility in human chondrosarcoma cells. J. Biol. Chem. 286 (13),
11056–11066. doi:10.1074/jbc.M110.204081

Tateda, M., Shiga, K., Saijo, S., Sone, M., Hori, T., Yokoyama, J., et al. (2000).
Streptococcus anginosus in head and neck squamous cell carcinoma:
implication in carcinogenesis. Int. J. Mol. Med. 6 (6), 699–703. doi:10.3892/
ijmm.6.6.699

Tsay, J. J., Wu, B. G., Badri, M. H., Clemente, J. C., Shen, N., Meyn, P., et al. (2018).
Airway microbiota is associated with upregulation of the PI3K pathway in lung cancer.
Am. J. Respir. Crit. Care Med. 198 (9), 1188–1198. doi:10.1164/rccm.201710-2118OC

Tsay, J. J., Wu, B. G., Sulaiman, I., Gershner, K., Schluger, R., Li, Y., et al. (2021). Lower
airway dysbiosis affects lung cancer progression. Cancer Discov. 11 (2), 293–307. doi:10.
1158/2159-8290.Cd-20-0263

Frontiers in Cell and Developmental Biology frontiersin.org15

Wang et al. 10.3389/fcell.2024.1479720

https://doi.org/10.1111/omi.12403
https://doi.org/10.1371/journal.pone.0007985
https://doi.org/10.1371/journal.pone.0007985
https://doi.org/10.3389/fcvm.2021.730203
https://doi.org/10.1080/07853890.2022.2061045
https://doi.org/10.1080/07853890.2022.2061045
https://doi.org/10.1158/0008-5472.Can-09-4690
https://doi.org/10.1158/0008-5472.Can-09-4690
https://doi.org/10.1016/j.jprot.2018.12.029
https://doi.org/10.1016/j.ebiom.2018.12.034
https://doi.org/10.1007/s00535-018-1512-9
https://doi.org/10.1099/jmm.0.000754
https://doi.org/10.1371/journal.pone.0231789
https://doi.org/10.1371/journal.pone.0231789
https://doi.org/10.7518/hxkq.2020.05.018
https://doi.org/10.1186/s13027-019-0220-2
https://doi.org/10.1186/s13027-019-0220-2
https://doi.org/10.1111/j.1462-5822.2007.00931.x
https://doi.org/10.1111/j.1462-5822.2007.00931.x
https://doi.org/10.1016/j.ijom.2018.01.004
https://doi.org/10.1177/0022034520913818
https://doi.org/10.1371/journal.pone.0053653
https://doi.org/10.18632/oncotarget.1932
https://doi.org/10.3389/fmicb.2023.1270158
https://doi.org/10.1136/gutjnl-2012-303006
https://doi.org/10.1001/jamaoncol.2015.1377
https://doi.org/10.1111/j.1349-7006.2003.tb01471.x
https://doi.org/10.1111/j.1349-7006.2003.tb01471.x
https://doi.org/10.1016/j.canlet.2022.01.014
https://doi.org/10.1016/j.canlet.2022.01.014
https://doi.org/10.1084/jem.20111706
https://doi.org/10.1053/j.gastro.2008.09.063
https://doi.org/10.1053/j.gastro.2008.09.063
https://doi.org/10.1038/s41467-020-16967-2
https://doi.org/10.1038/s41467-020-16967-2
https://doi.org/10.1073/pnas.0306398101
https://doi.org/10.1177/0022034518767118
https://doi.org/10.1158/0008-5472.Can-17-1296
https://doi.org/10.3390/microorganisms11092358
https://doi.org/10.1111/iej.12185
https://doi.org/10.1158/1535-7163.Mct-12-1019
https://doi.org/10.1158/1535-7163.Mct-12-1019
https://doi.org/10.15252/embr.201847638
https://doi.org/10.15252/embr.201847638
https://doi.org/10.1111/j.1601-0825.2005.01051.x
https://doi.org/10.1002/cncr.32403
https://doi.org/10.1002/cncr.32403
https://doi.org/10.1111/j.1600-0757.2009.00332.x
https://doi.org/10.1093/carcin/bgab060
https://doi.org/10.3322/caac.21442
https://doi.org/10.1016/j.semcancer.2021.11.002
https://doi.org/10.1016/j.semcancer.2021.11.002
https://doi.org/10.1016/j.jinorgbio.2021.111586
https://doi.org/10.1016/j.jinorgbio.2021.111586
https://doi.org/10.1002/cam4.3206
https://doi.org/10.1002/cam4.3206
https://doi.org/10.1016/j.job.2019.03.003
https://doi.org/10.1074/jbc.M110.204081
https://doi.org/10.3892/ijmm.6.6.699
https://doi.org/10.3892/ijmm.6.6.699
https://doi.org/10.1164/rccm.201710-2118OC
https://doi.org/10.1158/2159-8290.Cd-20-0263
https://doi.org/10.1158/2159-8290.Cd-20-0263
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1479720


Tuominen, H., and Rautava, J. (2021). Oral microbiota and cancer development.
Pathobiology 88 (2), 116–126. doi:10.1159/000510979

Van der Merwe, M., Van Niekerk, G., Botha, A., and Engelbrecht, A. M. (2021). The
onco-immunological implications of Fusobacterium nucleatum in breast cancer.
Immunol. Lett. 232, 60–66. doi:10.1016/j.imlet.2021.02.007

Volkova, L. V., Pashov, A. I., and Omelchuk, N. N. (2021). Cervical carcinoma:
oncobiology and biomarkers. Int. J. Mol. Sci. 22 (22), 12571. doi:10.3390/
ijms222212571

Wang, B., Deng, J., Donati, V., Merali, N., Frampton, A. E., Giovannetti, E., et al.
(2024). The roles and interactions of Porphyromonas gingivalis and fusobacterium
nucleatum in oral and gastrointestinal carcinogenesis: a narrative review. Pathogens 13
(1), 93. doi:10.3390/pathogens13010093

Wang, F., Meng, W., Wang, B., and Qiao, L. (2014). Helicobacter pylori-induced
gastric inflammation and gastric cancer. Cancer Lett. 345 (2), 196–202. doi:10.1016/j.
canlet.2013.08.016

Wang, J., Sun, F., Lin, X., Li, Z., Mao, X., and Jiang, C. (2018). Cytotoxic T cell
responses to Streptococcus are associated with improved prognosis of oral squamous
cell carcinoma. Exp. Cell Res. 362 (1), 203–208. doi:10.1016/j.yexcr.2017.11.018

Wang, N., and Fang, J. Y. (2023). Fusobacterium nucleatum, a key pathogenic factor
and microbial biomarker for colorectal cancer. Trends Microbiol. 31 (2), 159–172.
doi:10.1016/j.tim.2022.08.010

Wang, S., Liu, Y., Li, J., Zhao, L., Yan, W., Lin, B., et al. (2021). Fusobacterium
nucleatum acts as a pro-carcinogenic bacterium in colorectal cancer: from
association to causality. Front. Cell Dev. Biol. 9, 710165. doi:10.3389/fcell.2021.
710165

Wei, H., Chen, L., Lian, G., Yang, J., Li, F., Zou, Y., et al. (2018). Antitumor
mechanisms of bifidobacteria. Oncol. Lett. 16 (1), 3–8. doi:10.3892/ol.2018.8692

Wei, S.-H., Chen, Y.-P., and Chen, M.-J. (2015). Selecting probiotics with the abilities
of enhancing GLP-1 to mitigate the progression of type 1 diabetes in vitro and in vivo.
J. Funct. Foods 18, 473–486. doi:10.1016/j.jff.2015.08.016

Wilson, P. M., Danenberg, P. V., Johnston, P. G., Lenz, H. J., and Ladner, R. D. (2014).
Standing the test of time: targeting thymidylate biosynthesis in cancer therapy.Nat. Rev.
Clin. Oncol. 11 (5), 282–298. doi:10.1038/nrclinonc.2014.51

Wu, Y., Song, Y., Xiong, Y., Wang, X., Xu, K., Han, B., et al. (2017). MicroRNA-21
(Mir-21) promotes cell growth and invasion by repressing tumor suppressor PTEN in
colorectal cancer. Cell Physiol. Biochem. 43 (3), 945–958. doi:10.1159/000481648

Xiong, Y., Zhang, Y. Y., Wu, Y. Y., Wang, X. D., Wan, L. H., Li, L., et al. (2014).
Correlation of over-expressions of miR-21 and Notch-1 in human colorectal cancer
with clinical stages. Life Sci. 106 (1-2), 19–24. doi:10.1016/j.lfs.2014.04.017

Yan, X., Yang, M., Liu, J., Gao, R., Hu, J., Li, J., et al. (2015). Discovery and validation
of potential bacterial biomarkers for lung cancer. Am. J. Cancer Res. 5 (10), 3111–3122.

Yang, H., Wang, B., Wang, T., Xu, L., He, C., Wen, H., et al. (2014). Toll-like receptor
4 prompts human breast cancer cells invasiveness via lipopolysaccharide stimulation
and is overexpressed in patients with lymph node metastasis. PLoS One 9 (10), e109980.
doi:10.1371/journal.pone.0109980

Yang, J., Mu, X., Wang, Y., Zhu, D., Zhang, J., Liang, C., et al. (2018). Dysbiosis of the
salivary microbiome is associated with non-smoking female lung cancer and correlated
with immunocytochemistry markers. Front. Oncol. 8, 520. doi:10.3389/fonc.2018.00520

Yang, K., Wang, Y., Zhang, S., Zhang, D., Hu, L., Zhao, T., et al. (2021). Oral
microbiota analysis of tissue pairs and saliva samples from patients with oral squamous
cell carcinoma - a pilot study. Front. Microbiol. 12, 719601. doi:10.3389/fmicb.2021.
719601

Yang, Y., Weng, W., Peng, J., Hong, L., Yang, L., Toiyama, Y., et al. (2017).
Fusobacterium nucleatum increases proliferation of colorectal cancer cells and
tumor development in mice by activating toll-like receptor 4 signaling to nuclear
factor-κB, and up-regulating expression of MicroRNA-21. Gastroenterology 152 (4),
851–866.e24. doi:10.1053/j.gastro.2016.11.018

Yao, L., Jermanus, C., Barbetta, B., Choi, C., Verbeke, P., Ojcius, D. M., et al. (2010).
Porphyromonas gingivalis infection sequesters pro-apoptotic Bad through Akt in
primary gingival epithelial cells. Mol. Oral Microbiol. 25 (2), 89–101. doi:10.1111/j.
2041-1014.2010.00569.x

Yazdani, Y., Farazmandfar, T., Azadeh, H., and Zekavatian, Z. (2016). The prognostic
effect of PTEN expression status in colorectal cancer development and evaluation of
factors affecting it: miR-21 and promoter methylation. J. Biomed. Sci. 23, 9. doi:10.1186/
s12929-016-0228-5

Ye, Y., Carlsson, G., Agholme, M. B., Wilson, J. A., Roos, A., Henriques-Normark, B.,
et al. (2013). Oral bacterial community dynamics in paediatric patients with
malignancies in relation to chemotherapy-related oral mucositis: a prospective
study. Clin. Microbiol. Infect. 19 (12), E559–E567. doi:10.1111/1469-0691.12287

Yu, T., Guo, F., Yu, Y., Sun, T., Ma, D., Han, J., et al. (2017). Fusobacterium nucleatum
promotes chemoresistance to colorectal cancer by modulating autophagy. Cell 170 (3),
548–563.e16. doi:10.1016/j.cell.2017.07.008

Yu, X., Ou, J., Wang, L., Li, Z., Ren, Y., Xie, L., et al. (2024). Gut microbiota modulate
CD8(+) T cell immunity in gastric cancer through Butyrate/GPR109A/HOPX. Gut
Microbes 16 (1), 2307542. doi:10.1080/19490976.2024.2307542

Zhang, S., Yang, Y., Weng, W., Guo, B., Cai, G., Ma, Y., et al. (2019a). Fusobacterium
nucleatum promotes chemoresistance to 5-fluorouracil by upregulation of
BIRC3 expression in colorectal cancer. J. Exp. Clin. Cancer Res. 38 (1), 14. doi:10.
1186/s13046-018-0985-y

Zhang, W., Yin, Y., Jiang, Y., Yang, Y., Wang, W., Wang, X., et al. (2024). Relationship
between vaginal and oral microbiome in patients of human papillomavirus (HPV) infection
and cervical cancer. J. Transl. Med. 22 (1), 396. doi:10.1186/s12967-024-05124-8

Zhang, W. L., Wang, S. S., Wang, H. F., Tang, Y. J., Tang, Y. L., and Liang, X. H.
(2019b). Who is who in oral cancer? Exp. Cell Res. 384 (2), 111634. doi:10.1016/j.yexcr.
2019.111634

Zhao, H., Chu, M., Huang, Z., Yang, X., Ran, S., Hu, B., et al. (2017). Variations in oral
microbiota associated with oral cancer. Sci. Rep. 7 (1), 11773. doi:10.1038/s41598-017-
11779-9

Zhou, Y., Sztukowska, M., Wang, Q., Inaba, H., Potempa, J., Scott, D. A., et al. (2015).
Noncanonical activation of β-catenin by Porphyromonas gingivalis. Infect. Immun. 83
(8), 3195–3203. doi:10.1128/iai.00302-15

Frontiers in Cell and Developmental Biology frontiersin.org16

Wang et al. 10.3389/fcell.2024.1479720

https://doi.org/10.1159/000510979
https://doi.org/10.1016/j.imlet.2021.02.007
https://doi.org/10.3390/ijms222212571
https://doi.org/10.3390/ijms222212571
https://doi.org/10.3390/pathogens13010093
https://doi.org/10.1016/j.canlet.2013.08.016
https://doi.org/10.1016/j.canlet.2013.08.016
https://doi.org/10.1016/j.yexcr.2017.11.018
https://doi.org/10.1016/j.tim.2022.08.010
https://doi.org/10.3389/fcell.2021.710165
https://doi.org/10.3389/fcell.2021.710165
https://doi.org/10.3892/ol.2018.8692
https://doi.org/10.1016/j.jff.2015.08.016
https://doi.org/10.1038/nrclinonc.2014.51
https://doi.org/10.1159/000481648
https://doi.org/10.1016/j.lfs.2014.04.017
https://doi.org/10.1371/journal.pone.0109980
https://doi.org/10.3389/fonc.2018.00520
https://doi.org/10.3389/fmicb.2021.719601
https://doi.org/10.3389/fmicb.2021.719601
https://doi.org/10.1053/j.gastro.2016.11.018
https://doi.org/10.1111/j.2041-1014.2010.00569.x
https://doi.org/10.1111/j.2041-1014.2010.00569.x
https://doi.org/10.1186/s12929-016-0228-5
https://doi.org/10.1186/s12929-016-0228-5
https://doi.org/10.1111/1469-0691.12287
https://doi.org/10.1016/j.cell.2017.07.008
https://doi.org/10.1080/19490976.2024.2307542
https://doi.org/10.1186/s13046-018-0985-y
https://doi.org/10.1186/s13046-018-0985-y
https://doi.org/10.1186/s12967-024-05124-8
https://doi.org/10.1016/j.yexcr.2019.111634
https://doi.org/10.1016/j.yexcr.2019.111634
https://doi.org/10.1038/s41598-017-11779-9
https://doi.org/10.1038/s41598-017-11779-9
https://doi.org/10.1128/iai.00302-15
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1479720


Glossary
GC gastric cancer

CagA Cytotoxin-associated gene A

ERK extracellularsignal-regulated kinase

MAPK mitogen-activated protein kinase

Bcl-2 B-cell lymphoma 2

CRC Colorectal cancer

F. Nucleatum Fusobacterium nucleatum

P. Gingivalis Porphyromonas gingivalis

16S rRNA 16S ribosomal RNA

FadA Fusobacterium adhesin A

Fap2 Fibroblast Activation Protein-2

SH-2 Src homology 2

TCF T-cell factors

LEF-1 Lymphoid enhancer-binding factor 1

TLR4 Toll-like receptor 4

PAK1 P21-activated kinases 1

NF-κB Nuclear FactorKappa-B

IL-6 Interleukin 6

TNF-α tumor necrosis factor α

TIGIT T cell immune receptor with Ig and ITIM domains

OMV outer membrane vesicles

TLRs Toll-like receptors

TME tumor microenvironment

MDSCs Myeloid-derived suppressor cells

TANs tumor-associated neutrophils

DCs dendritic cells

TAMs tumor-associated macrophages

CXCL Chemokine (C-X-C motif) ligand

ESCC esophageal squamous cell carcinoma

NLRP3 PYD domains-containing protein 3

BC Breast Cancer

MMP-9 matrix metalloprotein 9

LPSs lipopolysaccharides

P.Gingivalis Porphyromonas gingivalis

OSCC oral squamous cell carcinoma

PDCD4 programmed cell death 4

Fim fimbriae

GECs gingival epithelial cells

EMT epithelial‒mesenchymal transition

IFN-γ Interferon-γ

HSP27 Heat shock protein 27

MMPs Matrix metalloproteinases

EMT epithelial-mesenchymal transition

CDKs cyclin-dependent kinases

SCC squamous cell carcinoma

LSCC laryngeal squamous cell carcinoma
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