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Abstract

Oral cancer, predominantly oral squamous cell carcinoma (OSCC), is the eighth-most common cancer worldwide, with a 5-y survival rate
<50%. There are numerous risk factors for oral cancer, among which periodontal disease is gaining increasing recognition. The creation
of a sustained dysbiotic proinflammatory environment by periodontal bacteria may serve to functionally link periodontal disease and oral
cancer. Moreover, traditional periodontal pathogens, such as Porphyromonas gingivalis, Fusobacterium nucleatum, and Treponema denticola,
are among the species most frequently identified as being enriched in OSCC, and they possess a number of oncogenic properties.
These organisms share the ability to attach and invade oral epithelial cells, and from there each undergoes its own unique molecular
dialogue with the host epithelium, which ultimately converges on acquired phenotypes associated with cancer, including inhibition of
apoptosis, increased proliferation, and activation of epithelial-to-mesenchymal transition leading to increased migration of epithelial cells.
Additionally, emerging properties of structured bacterial communities may increase oncogenic potential, and consortia of P. gingivalis and
F. nucleatum are synergistically pathogenic within in vivo oral cancer models. Interestingly, however, some species of oral streptococci
can antagonize the phenotypes induced by P. gingivalis, indicating functionally specialized roles for bacteria in oncogenic communities.
Transcriptomic data support the concept that functional, rather than compositional, properties of oral bacterial communities have more
relevance to cancer development. Collectively, the evidence is consistent with a modified polymicrobial synergy and dysbiosis model
for bacterial involvement in OSCC, with driver mutations generating a conducive microenvironment on the epithelial boundary, which
becomes further dysbiotic by the synergistic action of bacterial communities.
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Introduction periodontal pathogens and is an independent risk factor for
periodontal disease. Alcohol is another significant risk factor
for oral cancer, and the combined risk for those who smoke and
drink is increased 15-fold (Markopoulos 2012). Gingival squa-
mous cell carcinoma is particularly interesting because the tra-
ditional risk factors of smoking and alcohol consumption are
not associated with this malignancy. The lesions mimic the
appearance of periodontal disease and thus tend to go untreated
(Seoane et al. 2006). Tooth loss as a result of bone loss in peri-
odontal disease is an independent risk factor for head and neck,
gastric, and colorectal cancer (CRC; Meyer et al. 2008; Shi
et al. 2018). Additionally, colonization by periodontal patho-
gens has recently been identified as a risk factor for OSCC

Worldwide, over 400,000 patients are diagnosed with oral can-
cer each year, and remarkably the 5-y survival rate remains at
only 50% (Marsh et al. 2011). The poor prognosis can be par-
tially explained by the characteristic asymptomatic presenta-
tion in the early stages; by the time that the patient has
developed painful symptoms, the carcinoma is in its late stages
(Markopoulos 2012). Oral cancers can originate as lymphomas
in the lymphatic tissue of the tonsils and base of tongue, as
carcinomas within salivary gland tissue, but most commonly
as squamous cell carcinomas in areas of the mouth containing
stratified squamous epithelium. Carcinomas of the oropharynx
(including the base of the tongue) are generally referred to as
oropharyngeal squamous cell carcinomas, in which human
papillomavirus (HPV) infection is a major risk factor (Ganly 'Department of Oral Immunology and Infectious Diseases, School of
et al. 2019). Cancers of the oral squamous cells (oral squamous Dentistry, University of Louisville, Louisville, KY, USA
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Table. Studies Showing Positive Associations of Oral Bacteria in Cancer of the Head and Neck Region.

Cancer Oral Bacteria Source Material Association Reference
OSCC P. gingivalis Saliva Increased presence in patients with OSCC Galvao-Moreira and
vs. health da Cruz (2016)
OsCC P. gingivalis Biopsy Increased presence of P. gingivalis in OSCC Sztukowska et al.
biopsies (2016)
GSCC P. gingivalis Biopsy Increased presence of P. gingivalis in GSCC Katz et al. (2011)
biopsy samples vs. health
Orodigestive cancer  P. gingivalis Serum Increased P. gingivalis serum antibody levels Ahn etal. (2012)
were associated with increased likelihood
of mortality
ESCC P. gingivalis Oral rinse Increased P. gingivalis was associated with Peters et al. (2017)
increased risk of ESCC
ESCC P. gingivalis Biopsy Increased association in patients with ESCC Gao et al. (2016)
and correlated with increased mortality
OsCC Capnocytophaga gingivalis, Prevotella Saliva Increased presence in saliva of patients with Mager et al. (2005)
melaninogenica, Streptococcus mitis OSCC
OSCC Veillonella, Fusobacterium, Prevotella, Tumor scraping  Positive correlation between bacteria and Nagy et al. 1998)
Porphyromonas, Actinomyces, OSCC
Streptococcus
OsCC Streptococcus Homogenized Increased abundance in patients with OSCC Mukherjee et al.
tumor (2017)
OSsCC Peptostreptococcus stomatis, Homogenized Increased abundance in patients with OSCC Pushalkar et al.
Streptococcus salivarius, Streptococcus ~ tumor (2012)
gordonii, Gemella haemolysans,
Gemella morbillorum, Johnsonella
ignava and Streptococcus
parasanguinis
OsCcC P. gingivalis, F. nucleatum Subgingival Increased colonization of cancerous and Chang, Geng, et al.
plaque and paracancerous tissue vs. healthy sites (2019)
homogenized
tumor
OSCC Fusobacteria, Peptostreptococcus, Tongue scraping Increased colonization in patients with OSCC  Zhao et al. (2017)
Filifactor
OscCC Fusobacteria, Bacteroidetes, Filifactor, Oral rinse Increased colonization by Fusobacteria, Yang et al. (2018)
Streptococci Bacteroidetes, and Filifactor was positively
associated with OSCC and stage, whereas
Streptococci were negatively associated
OSsCC Fusobacteria, Prevotella, Streptococcus ~ Oral rinse Positive association between Fusobacteria Ganly et al. (2019)
and Prevotella with OSCC and negative
association with Streptococcus. This
association was independent of HPV status
OsCC Streptococcus anginosus, Prevotella, Direct culture Positively associated with OSCC Hooper et al. (2006)
Veillonella, Fusobacterium,
OsCC F. nucleatum, Streptococci Oral swab Positive correlation with F. nucleatum, negative  Schmidt et al. (2014)
correlation with Streptococci
OsCcC T. denticola Biopsy Positive association of dentilisin with OSCC Listyarifah et al.
and stage (2018)
ESCC and OSCC T. denticola Biopsy Positive association of dentilisin and OSCC Nieminen et al.
(2018)
ESCC T. denticola Saliva Increased colonization in patients with ESCC  Narikiyo et al.
(2004)

ESCC, esophageal squamous cell carcinoma; F. nucleatum, Fusobacterium nucleatum; GSCC, gingival squamous cell carcinoma; HPV, human
papillomavirus; OSCC, oral squamous cell carcinoma; P. gingivalis, Porphyromonas gingivalis; T. denticola, Treponema denticola.

independent of alcohol, smoking, and HPV (Ganly et al. 2019),
and increased colonization by the periodontal pathogen
Porphyromonas gingivalis has been correlated with gingival
squamous cell carcinoma (Katz et al. 2011). The association
between the oral microbiota (the collection of microorganisms
found in the oral cavity) and cancers of the head and neck
region has been extensively studied in recent years via both
culture-dependent and culture-independent methodology, as
summarized in the Table. What has emerged is a picture of

enrichment of particular organisms, such as Fusobacterium
nucleatum, Treponema denticola, and P. gingivalis, with a
decrease in the oral streptococci (with the exception of
Streptococcus anginosus; Nieminen et al. 2018; Chang, Geng,
etal. 2019).

The notion that bacteria may be involved in the develop-
ment of oral tumors is not new; for example, Treponema pal-
lidum was considered an etiologic agent of OSCC in the early
part of the 20th century. However, with the subsequent
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recognition of the importance of viruses in carcinogenesis, the
idea fell into abeyance, and it was not until Helicobacter pylori
was established as a cause of gastric cancer in the 1990s that
the potential for a carcinogenic role of bacteria became reha-
bilitated (Polk and Peek 2010; Whitmore and Lamont 2014).
Mechanistically, there are a number of broadly defined catego-
ries by which bacteria could contribute to tumor growth and
development. These include modulation of the balance of host
cell proliferation and death; disruption of immune surveil-
lance; and alteration of the metabolism of host-produced com-
pounds, nutritional substrates, or pharmaceuticals (Garrett
2015). Oral bacteria such as P. gingivalis, F. nucleatum, and
T. denticola exhibit properties consistent with these criteria and
can increase epithelial cell proliferation while inhibiting apop-
tosis, alter the inflammatory microenvironment, and produce
carcinogenic metabolites. These organisms are discussed fur-
ther due to their frequent positive association in OSCC as well
the availability of mechanistic studies that have shown cancer-
associated phenotypes. Potentially tumorigenic host-bacteria
interactions are the focus of this review.

Porphyromonas gingivalis

P gingivalis is a keystone pathogen in periodontitis
(Hajishengallis et al. 2011; Lamont et al. 2018), and many of
the pathogenic mechanisms that impinge on tissue integrity
and disrupt protective immune responses are potentially rele-
vant to tumorigenesis. Moreover, immunohistochemistry and
other detection methods have identified increased colonization
of P. gingivalis in OSCC, esophageal squamous cell carci-
noma, and gingival squamous cell carcinoma (Katz et al. 2011,
Gao et al. 2016; Sztukowska et al. 2016). In vitro, P. gingivalis
engages gingival epithelial cells (GECs) in a complex molecu-
lar dialogue, a major thread of which involves subversion of
host signaling pathways by bacterial effectors such as the
FimA-component fimbriae and the SerB serine phosphatase to
promote bacterial entry, intracellular trafficking, and survival
(Tribble et al. 2006; Takeuchi et al. 2016; Lee, Roberts, Choi,
et al. 2018). Comprehensive analyses of host transcriptional
responses to P. gingivalis invoke a pattern of enhanced cell sur-
vival and proliferation (Handfield et al. 2005; Geng et al. 2017,
Geng et al. 2019): phenotypes that have been verified by a
number of laboratories. Indeed, P. gingivalis utilizes multiple
mechanisms to suppress host cell death and stimulate prolifera-
tion. In primary cultures of GECs, P. gingivalis activates the
Jak1/Akt/Stat3 signaling hub that controls intrinsic mitochon-
drial apoptosis pathways (Yilmaz et al. 2004; Mao et al. 2007).
At the mitochondrial membrane, the activity of proapoptotic
effectors such as Bad is reduced, while the ratio of antiapop-
totic factors such as Bcl2 to proapoptotic factors such as Bax is
increased (Yao et al. 2010). Downstream caspases, including
caspase 9 and the executioner caspase 3, are consequently sup-
pressed. Additionally, P. gingivalis can modulate expression of
microRNAs (miRs) in epithelial cells, and upregulation of
miR-203 leads to inhibition of the proapoptotic signaling mole-
cule SOCS3 (Moffatt and Lamont 2011). A major antiapoptotic

effector molecule of P. gingivalis, as established by the Yilmaz
group, is the secreted enzyme nucleoside diphosphate kinase,
which can function as an ATPase and prevent ATP-dependent
apoptosis mediated through the purinergic receptor P2X7
(Yilmaz et al. 2008). Another antiapoptotic function of nucleo-
side diphosphate kinase involves phosphorylation of heat
shock protein 27 (HSP27), which curtails cytochrome C release
and caspase 9 activation (Lee, Roberts, Atanasova, et al. 2018).
Recently it has become apparent that P. gingivalis possesses a
variety of kinase and phosphatase enzymes, some of which can
function within host cells. Of particular relevance to cell sur-
vival, activation of the multipurpose transcriptional regulator
FOXO1 by dephosphorylation of serine residues induces anti-
apoptotic programs in epithelial cells, and knockdown of
FOXO1 abrogates P. gingivalis—induced resistance to cell
death (Wang et al. 2015).

Along with prolonged cell survival, increased proliferation
is a feature of P. gingivalis—infected epithelial cells. Signaling
induced by the FimA fimbrial protein accelerates progression
of primary GECs through the S-phase of the cell cycle by
manipulation of cyclin/CDK activity (cyclin-dependent kinase)
and by reducing the level of the p53 tumor suppressor
(Kuboniwa et al. 2008). The gingipains of P. gingivalis may
also contribute to cell proliferation through proteolytic activa-
tion of B-catenin and disassociation of the -catenin destruc-
tion complex. The accumulation of active B-catenin fragments
in the nucleus drives the activity of the B-catenin-dependent,
pro-proliferative TCF/LEF promoter (Zhou et al. 2015). In oral
squamous carcinoma cells, P. gingivalis can increase cell pro-
liferation by regulating cyclin D1 expression through the miR-
21/PDCD4/AP-1 negative feedback signaling pathway (Chang,
Wang, et al. 2019). Additionally, in oral tumor cells, P. gingiva-
lis can increase expression of a-defensins, which have been
found to elevate proliferation through intersecting with epider-
mal growth factor receptor signaling (Hoppe et al. 2016).

Recently, P. gingivalis has been shown to induce at least a
partial epithelial-to-mesenchymal transition (EMT) in GECs
(Fig. 1). EMT is a cellular program through which epithelial
cells shed their tight junctions in favor of an individual mesen-
chymal phenotype. EMT is important for embryogenesis and
wound healing but, if uncontrolled, ultimately leads to
increased migration/invasion and cancer cell stemness. As
befits its importance to the cell, EMT is controlled by a com-
plex regulatory network that funnels through a series of tran-
scription factors, such as ZEB1, ZEB2, SNAI1, and Twist.
These factors induce EMT by downregulating epithelial cell
tight junction proteins (e.g., E-cadherin, ZO-1) while upregu-
lating mesenchymal characteristics (e.g., N-cadherin, MMP-9,
vimentin) and are a target of P. gingivalis (Ha et al. 2015;
Sztukowska et al. 2016; Lee et al. 2017; Abdulkareem et al.
2018; Ohshima et al. 2019). ZEBI1 is upregulated in a FimA-
dependent manner through a pathway that involves GSK-3p in
primary GECs (Sztukowska et al. 2016; Lee et al. 2017).
ZEB2, however, is regulated in a FimA-independent manner
involving gingipain processing and activation of P-catenin
with dephosphorylation and activation of FOXO1 (Ohshima
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et al. 2019). Although the extent and dura-
tion of EMT induced by P. gingivalis
remain to be determined, epithelial cell
infection does lead to an increase in stem-
ness, as evidenced by upregulation of the
stem cell markers CD44 and CD133 and
enhanced migration (Ha et al. 2015;
Sztukowska et al. 2016; Lee et al. 2017;
Abdulkareem et al. 2018; Ohshima et al.
2019). Invasion and potentially metastasis
of epithelial cells can be facilitated by host
matrix metalloproteinase (MMP) enzymes,
which degrade extracellular matrix and
basement components. P. gingivalis has
been shown to upregulate production of
several MMPs, including MMP-1, MMP-
2, MMP-7, MMP-9, and MMP-10, from
primary and transformed oral epithelial
cells (Inaba et al. 2014; Ha et al. 2015; Ha
et al. 2016; Sztukowska et al. 2016; Lee
et al. 2017). In invasive OSCC lines,
P. gingivalis gingipains can stimulate pro-
teinase-activated receptor 2 (PAR2) and
PAR4 to increase MMP-9 proenzyme
expression through ERK1/2-Etsl, p38/
HSP27, and NF-kB pathways (Inaba et al.

P, gingivalis Increased proliferation
colonization T Cyclin A
1p53

1 Chk2, Aurora A, CK1, CK18, CK1g
Activation of PI3K pathway

Inhibition of apoptosis
Phosphorylation of Jak1/STAT3
T Bcl-2 expression
Inactivation of Caspase 3/9
Activation of PI3K signalling
Activation of AKT Signaling

Epithelial-to-Mesenchymal
Transition

1ZEB1, ZEB2, SNAIT, TWIST1
|E-cad, ZO

tN-cadherin, MMP2, MMP9
tInvasion

Figure |. Potential mechanisms by which Porphyromonas gingivalis could affect cancer-associated
processes in gingival epithelial cells. Peach: healthy epithelial cells. Blue: epithelial cells that have
acquired an antiapoptotic phenotype. Purple: epithelial cells that have acquired an accelerated
proliferation phenotype. Green: epithelial cells that have undergone epithelial-to-mesenchymal
transition and have acquired an invasive phenotype. Note that for simplicity other contributing
host and environmental factors are not depicted.

2014). Subsequently, in a 2-hit mecha-

nism, gingipains process the proenzyme to

active MMP9, ensuring an increase in cellular invasion (Inaba
et al. 2014; Inaba et al. 2015).

Chronic inflammation has emerged as a major contributor
to tumor growth and spread, mainly through modulation of the
tumor microenvironment by cytokines and chemokines and
through differential receptor expression (Sahingur and Yeudall
2015). The ability of P. gingivalis to incite prolonged, dysregu-
lated inflammation could account for the epidemiologic asso-
ciations between periodontitis and OSCC (Sahingur and
Yeudall 2015; Michaud et al. 2017). In OSCC cell lines and
primary GECs, P gingivalis can upregulate programmed
death-ligand 1 (PD-L1, B7-H1) and B7-DC, receptors that lead
to anergy and apoptosis of activated T cells and contribute to
tumor cells’ resistance to host immune responses (Groeger et
al. 2011). In OSCC cells, P. gingivalis stimulates the release of
a variety of chemokines/cytokines, including IL-8, IL-6, TGF-
B1, and TNF-a (Yee et al. 2014; Ha et al. 2016; Abdulkareem
et al. 2018). IL-8 can increase MMP production and cell inva-
siveness, as well as stimulate proliferation through transactiva-
tion of the EGF receptor (Joh et al. 2005). In addition, the
IL-23/IL-17 axis, which is strongly protumorigenic, at least in
CRC (Grivennikov et al. 2012), can be induced by P. gingivalis
(Cheng et al. 2016). Interestingly, in primary GECs, P. gingiva-
lis adopts a more stealth-like behavior through a process
known as localized immune paralysis (Darveau et al. 1998).
Release of a serine phosphatase (SerB) intracellularly results in
antagonism of IL-8 production through dephosphorylation of
the serine 538 residue of the p65 subunit of NF-kB (Takeuchi
et al. 2013). While this may restrain tumor progression, the

effect may be offset by inhibition of the angiostatic cytokines
CXCL9, CXCL10, and CXCL11, which could promote neo-
vascularization of tumors and increased tumor growth or
metastasis (Jauregui et al. 2013; Sahingur and Yeudall 2015).

In vivo evidence supports a role for P. gingivalis in the
development of oral carcinomas. In the 4NQO tongue squa-
mous cell carcinoma model, P. gingivalis—treated mice devel-
oped more and larger tumors on the tongue as compared with
the carcinogen-alone group (Wu et al. 2018). The development
of squamous cell carcinoma was associated with enhanced free
fatty acid production in the tongue and the serum of 4NQO-
treated mice, which is a shift also seen in oral cancer.

Fusobacterium nucleatum

While F. nucleatum is prevalent in a healthy microbiota, several
studies have found that F. nucleatum is significantly enriched in
patients with disease, whether that be periodontal disease, pre-
term delivery of low birth weight infants, head and neck cancer,
or CRC (Han et al. 2014). The potential role of F. nucleatum in
cancers has been investigated in both in vitro and in vivo stud-
ies. F. nucleatum produces an adhesin, FadA, which is crucial
for attachment and subsequent invasion of epithelial cells (Xu
et al. 2007). FadA is thought to play a major role in CRC by
binding to E-cadherin on CRC cells, thus activating -catenin
signaling and differentially regulating inflammatory and
oncogenic responses (Rubinstein et al. 2013). The FadA-E-
cadherin axis also upregulates annexin Al, a modulator of
Wnt/B-catenin-based proliferative signaling in CRC cells
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Figure 2. Antagonistic interactions of Streptococcus gordonii on
Porphyromonas gingivalis through activation of the TAKI-NLK host kinase
cascade. P. gingivalis can dephosphorylate FOXO/| on serine residues,
which prevents translocation from the nucleus to the cytoplasm, thus
enhancing activity. When S. gordonii is present, the TAKI-NLK| pathway
is activated, which supersedes the effect of P. gingivalis and increases
phosphorylation of FOXO| on Ser329, thus allowing translocation

of FOXOI to the cytoplasm, where it is inactive. EMT, epithelial-to-
mesenchymal transition.

(Rubinstein et al. 2019). Localization of what is primarily an
oral organism with developing tumors in the gastrointestinal
tract may be accomplished by another fusobacterial adhesin,
Fap2, which binds to Gal-GalNac, abundant on CRC cell sur-
faces (Abed et al. 2016). Fap2 can also immunosuppress tumor-
infiltrating lymphocytes, which are essential for immune
responses to tumors. Specifically, Fap2 binds and activates the
inhibitory immunoreceptor TIGIT, which is expressed by T and
natural killer cells (Gur et al. 2015). Further compromising anti-
tumor immunity, F. nucleatum activates the human inhibitory
receptor CEACAMI1, which also suppresses the activities of T
and natural killer cells (Gur et al. 2019). Clearly then, F. nuclea-
tum can significantly affect cell signaling and tumor immunity
with relevance to CRC. The extent to which these properties
may pertain to OSCC is a vein of information ready to be
mined. Studies that have been performed establish the ability of
F nucleatum to induce nuclear localization of NF-xB in GECs
while increasing secretion of IL-1f via activation of the NLRP3
inflammasome and caspase 1 (Bui et al. 2016). Release of
endogenous secondary danger-associated molecular patterns,
such as apoptosis-associated speck-like protein (ASC) and
high-mobility group box 1 protein (HMGB1), further amplifies
inflammation. P38 is also activated by F. nucleatum, which
leads to increased secretion of MMP9 and MMP13 (Uitto et al.
2005). Moreover, F. nucleatum can induce an EMT program in

OSCC cells through upregulation of TGF-$, TNFa, and EGF
signaling (Abdulkareem et al. 2018).

In vivo, coinfection with F. nucleatum and P. gingivalis
exacerbated tumor development in the murine 4NQO tongue
squamous cell carcinoma model (Binder Gallimidi et al. 2015).
The infected group had larger, more invasive tumors, with
increased expression of cell cycle progression marker cyclin
D1 (Binder Gallimidi et al. 2015). There was also an increase
in phosphorylation of STAT3 in the infected group, which led
to increased expression of IL-6 (Binder Gallimidi et al. 2015).
Furthermore, in a CRC model, F. nucleatum increases the size
and number of tumors that develop in C57Bl/6 Apc™™* mice
(Kostic et al. 2013).

Treponema denticola

In health, 7. denticola is found in low abundance; however, in
periodontal disease, T. denticola is one of the most abundant
organisms (Dashper et al. 2011). Similarly, an increased abun-
dance of T. denticola has been associated with esophageal
squamous cell carcinoma and OSCC, and similarly correlated
with an increased risk of CRC (Narikiyo et al. 2004). T. denti-
cola is highly proteolytic, with dentilisin (chymotrypsin-like
proteinase) being the primary secreted protease (Fenno 2012).
The presence of dentilisin is strongly correlated with early-
stage mobile tongue squamous cell carcinoma, and high
expression of dentilisin is associated with increased tumor
invasion, tumor size, and recurrence in patients <60 y of age
(Listyarifah et al. 2018). Dentilisin can degrade IL-8 and TNFa
(Deng et al. 2001; Jo et al. 2014) and cleaves pro-MMP8 and
pro-MMP9 to their active forms (Nieminen et al. 2018). In a
2-hit mechanism, dentilisin degrades tissue inhibitors of
MMPs, TIMP1 and TIMP2, contributing to an overall more
proteolytic environment favoring invasion of epithelial cells.

Oral Microbial Communities

The preceding text describes how individual species could
affect carcinogenesis; however, in the oral cavity, bacteria
assemble into multispecies, spatially constrained communities
known as biofilms. Within these communities, functional spe-
cialization of bacterial species emerges, and in periodontitis it
is pathogenicity at the community level, or nososymbiocity,
which is thought to determine the potential for disease (Lamont
et al. 2018). One current theory of periodontal disease etiology,
the PSD model (polymicrobial synergy and dysbiosis), holds
that synergistic interactions within the polymicrobial commu-
nity shape and stabilize a dysbiotic microbiota, which perturbs
host homeostasis. Disease is caused by reciprocally reinforced
interactions between such physically and metabolically inte-
grated polymicrobial communities and a dysregulated host
inflammatory response (Lamont et al. 2018). While periodon-
titis and cancer are clearly distinct diseases, they do share an
underlying similarity in that they are in essence wounds that
fail to heal (Cugini et al. 2013). Community perturbations con-
sistent with a PSD model have been proposed for tumor
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Figure 3. Schematic representation of polymicrobial synergy and dysbiosis model for oral squamous cell carcinoma. In health, the host responses to
homeostatic communities are a eubiotic balance of proliferation with programmed cell death. Driver mutations lead to dysregulation of host processes,
which can also be manipulated by organisms associated with a dysbiotic community. As the tumor microenvironment is established, anaerobic,
gram-negative organisms are enriched as a result of hypoxic proinflammatory conditions. As organisms such as Porphyromonas gingivalis, Fusobacterium
nucleatum, and Treponema denticola accumulate, the tumor cells can acquire an invasive phenotype through epithelial-to-mesenchymal transition, as well

as increased resistance to chemotherapeutic drugs.

development (Flynn et al. 2016; Bornigen et al. 2017).
Combinations of oral bacterial species are consistently identi-
fied in OSCC lesions (see Table), resonating with the idea that
community-wide properties may promote tumorigenesis. The
implications of the source materials found in the Table should
also be noted. Oral rinse, saliva, and serum levels indicate only
the presence of particular organisms; they do not indicate the
spatial relationship to the tumor. Tumor scraping, homogenate,
and oral swabs indicate surface colonization and/or penetration
of the tumor site, whereas biopsy sections stained for immuno-
histochemistry show intracellular localization of the bacteria.
In the 4NQO model, F. nucleatum and P. gingivalis syner-
gistically promote cancer progression (Binder Gallimidi et al.
2015). Another feature of the PSD model is that the microbial
roster is of less relevance to nososymbiocity than the presence
of combinations of functional genes, as communities of differ-
ent compositions can exhibit similar functions (Lamont et al.
2018). Support for this concept in OSCC comes from a study
of the microbiota and transcriptome in the 4NQO mouse
model. Whereas variability in community dynamics was
observed, the metatranscriptome revealed patterns of meta-
bolic signatures consistently present in OSCC. These include
nitrogen transport, response to stress, interspecies interactions,
Wnt pathway modulation, and amino acid and lipid biosynthe-
sis (Stashenko et al. 2019). Similarly, a pilot study of human
OSCC tumors found metabolic activities better correlated with

disease than did community microbial composition (Yost et al.
2018), and a comparison of microbiotas associated with OSCC
in different countries revealed functional rather than composi-
tional similarities (Perera et al. 2018).

Interactions among bacterial constituents of communities
can be antagonistic as well as synergistic, and numerous cases
of antagonisms have been documented among oral bacteria
(Duran-Pinedo et al. 2014; Lamont et al. 2018; Ohshima et al.
2019). Although there are conflicting reports in the literature
(see Table; Mukherjee et al. 2017), in general, most oral strep-
tococcal species tend to be underrepresented in the microbiotas
associated with OSCC (Al-Hebshi et al. 2019; Stashenko et al.
2019). This can be interpreted to indicate reduced fitness of
these organisms in a tumorigenic environment. However, a fur-
ther interpretation is that these organisms are eubiotic and help
maintain homeostasis at mucosal membranes, and in their
absence the microbiota becomes increasingly tumorigenic. In
that regard, S. gordonii can reprogram epithelial cell global
transcriptional patterns such that the subsequent response to
P. gingivalis is diminished; furthermore, S. gordonii can prevent
P. gingivalis—induced GEC proliferation (Lamont et al. 2018).
Moreover, S. gordonii can antagonize P. gingivalis—induced
ZEB?2 production and associated cell migration by inhibiting
the activation of the FOXOI1 transcription factor through the
TAK1-NLK negative regulatory pathway, as shown in Figure 2
(Ohshima et al. 2019). Hence, while S. gordonii is an accessory
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pathogen in periodontal disease (Lamont et al. 2018), this spe-
cies may be a homeostatic commensal in oral cancer, an illus-
tration of the importance of environmental context for bacterial
functionality.

Perspectives

Cancer is a multistep, generally slowly progressing disease
involving multiple genetic and environmental predisposing
factors, which may operate in a temporally defined manner. In
such a situation, demarcating the role of an individual compo-
nent, such as the microbiota, is challenging, and the role is
likely to be nuanced and context dependent. As with other oral
diseases that have a significant microbial component, in par-
ticular periodontitis, it is likely that the role for bacteria in
OSCC will involve the community as the pathogenic unit.
Expansion of the PSD model, similar to that proposed for CRC
(Flynn et al. 2016), is one conceptual framework that could
accommodate the involvement of oral bacteria in OSCC (Fig.
3). Importantly, periodontal bacterial communities are patho-
genic only in a susceptible host (Hajishengallis 2015). In this
scenario, driver mutations begin to establish a tumor microen-
vironment that selects for a microbial community in which
gram-negative anaerobes are enriched. Collectively these
organisms suppress programmed cell death and induce uncon-
trolled epithelial cell proliferation with a more mesenchymal,
migratory phenotype. Dysbiotic inflammation further contrib-
utes to oncogenesis while sustaining colonization by inflam-
mophilic organisms such as P. gingivalis through areciprocating
feed-forward loop. However, the role of particular bacteria as
drivers themselves or as passengers turned drivers (Al-Hebshi
et al. 2019) is equally plausible, and much work is required to
discriminate among these possibilities, including conducting
large longitudinal and intervention studies. While the focus of
this review has been on dysbiosis of the oral microbiota as it
relates to OSCC, recent evidence suggests that such changes
can also be associated with nonoral tumors. There is an
increased risk for gastric cancer in patients with periodontal
disease and tooth loss, and patients with esophageal, gastric,
pancreatic, and colorectal cancers can show oral microbial
dysbiosis (Mascitti et al. 2019). Our current appreciation of the
extent of the involvement of oral bacteria in cancer may repre-
sent only the tip of the iceberg.
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