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The polymicrobial microbiome of the oral cavity is a direct precur-
sor of periodontal diseases, and changes in microhabitat or shifts
in microbial composition may also be linked to oral squamous cell
carcinoma. Dysbiotic oral epithelial responses provoked by indi-
vidual organisms, and which underlie these diseases, are widely
studied. However, organisms may influence community partner
species throughmanipulation of epithelial cell responses, an aspect
of the host microbiome interaction that is poorly understood. We
report here that Porphyromonas gingivalis, a keystone periodon-
tal pathogen, can up-regulate expression of ZEB2, a transcription
factor which controls epithelial–mesenchymal transition and inflam-
matory responses. ZEB2 regulation by P. gingivalis was mediated
through pathways involving β-catenin and FOXO1. Among the com-
munity partners of P. gingivalis, Streptococcus gordoniiwas capable
of antagonizing ZEB2 expression. Mechanistically, S. gordonii sup-
pressed FOXO1 by activating the TAK1-NLK negative regulatory
pathway, even in the presence of P. gingivalis. Collectively, these
results establish S. gordonii as homeostatic commensal, capable of
mitigating the activity of a more pathogenic organism through
modulation of host signaling.
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Bacterial colonizers of the skin and mucosal barriers tend to
organize into polymicrobial communities. Disease can occur

when the homeostatic balance between these communities and
the host is disrupted, resulting in dysbiosis. The interbacterial
and bacteria–host interactions that dictate homeostasis or dysbiosis
are, therefore, a subject of intense scrutiny. In the oral cavity, dys-
biotic microbial communities in the gingival compartment can in-
duce periodontal disease, which is the sixth most common infectious
condition worldwide (1–5). Subgingival communities provoke a
poorly controlled immune response which fails to eliminate the
microbial challenge and eventually leads to tissue destruction (2).
Polymicrobial synergistic interactions among community inhabitants
raise the community pathogenic potential, or nososymbiocity; and
species such as Porphyromonas gingivalis that can effect the transi-
tion of a commensal community to a pathogenic entity, even at low
abundance, are known as keystone pathogens (6). Increasing epi-
demiological and mechanistic evidence also implicates the oral
microbiota in cancers such as oral squamous cell carcinoma (OSCC)
(7, 8). Periodontal organisms can contribute to a tumorigenic en-
vironment by subverting epithelial cell pathways to reduce apoptosis
and increase cell cycle progression, and also by disruption of local
inflammatory responses (7–10).
Characterization of the epithelial cell responses to the oral

microbiota is imperative for understanding the host–microbe
interface that dictates the dysbiotic potential underlying peri-
odontal diseases and potentially OSCC. In addition to its role as
a keystone periodontal pathogen, P. gingivalis has also been
shown to increase the mesenchymal properties of epithelial cells
(11–14). The epithelial–mesenchymal transition (EMT) is an
orchestrated process by which epithelial cells change shape and

acquire a motile phenotype which can generate self-renewing
tumor-initiating cells, and, in malignant tumors, it gives rise to
a population of migratory and invasive cancer cells (15). EMT is
controlled by a group of transcription factors, including the zinc-
finger E-box–binding homeobox proteins (ZEB1 and ZEB2),
SNAI1/2, and TWIST1/2 (16, 17). We have found that P. gingi-
valis can increase expression of ZEB1 in immortalized gingival
epithelial cells (11), and others have reported up-regulation of
ZEB1 and SNAI1/2 following P. gingivalis challenge of primary
cultures of gingival epithelial cells (12). In addition to EMT,
ZEB1/2, SNAI1/2, and TWIST1/2 also control inflammatory
responses (18–20), which could provide a mechanistic conver-
gence between tumorigenic potential and periodontal diseases.
Organisms that cocolonize the oral epithelium with P. gingivalis

include Fusobacterium nucleatum and oral streptococcal species of
the mitis group (21–23). These organisms can interact with each
other in biofilms and can also modulate epithelial responses to
partner species in mixed infections. For example, both P. gingivalis
and streptococcal species can inhibit F. nucleatum-induced epithe-
lial IL-8 expression through blocking NF-κB nuclear translocation
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(24, 25). Moreover, Streptococcus gordonii can reprogram epithelial
cell global transcriptional patterns such that the subsequent re-
sponse to P. gingivalis is diminished (26), and S. gordonii can prevent
P. gingivalis-induced gingival epithelial cell (GEC) proliferation (26).
The mechanistic details of the influence of S. gordonii on epithelial
cell transcriptional responses has yet to be addressed.
In this study, we focus on the ZEB2 transcription factor and

show that expression of ZEB2 is induced specifically by P. gin-
givalis through pathways involving β-catenin and FOXO1. While
neither S. gordonii nor F. nucleatum regulated ZEB2, S. gordonii
antagonized ZEB2 induction by P. gingivalis through blocking
the dephosphorylation and activation of FOXO1. The results
position S. gordonii as a homeostatic commensal which operates
via host cell manipulation to mitigate the action of a pathogen.

Results
Regulation of EMT-Inducing Transcription Factors by P. gingivalis
Alone and in Dual Species Conglomerates. P. gingivalis has been
shown to induce a partial or transition EMT phenotype in gin-
gival epithelial cells and to increase the activity of transcription
factors that control EMT, including ZEB1 and SNAI1/2 (11, 12).
However, regulation of EMT is multifactorial and involves a
number of additional transcription factors (15, 17). Hence, we
examined the impact of challenge with P. gingivalis on the tran-
scription factors ZEB2 and TWIST1/2. As shown in Fig. 1A,
P. gingivalis increased ZEB2 mRNA levels in telomerase immortal-
ized gingival keratinocyte (TIGK) cells in a time-dependent (up
to 24 h) and dose-dependent manner, with a maximal 13-fold
induction occurring after 48-h infection with a multiplicity of
infection (MOI) of 100. In contrast, P. gingivalis had a less pronounced
effect on TWIST1/2 mRNA, with a statistically significant increase

of under twofold only observed for TWIST1 at 24 and 48 h at an
MOI of 100 (Fig. 1B). To corroborate the quantitative reverse
transcription-PCR (qRT-PCR) data and begin to test functional
relevance, the expression and location of ZEB2 protein were ex-
amined. P. gingivalis challenge increased both the amount of
ZEB2 protein expression and localization in the nucleus where it
is functionally active (Fig. 1C).
P. gingivalis is a host adapted organism with a nonclonal

population structure, and isolates from different individuals can
vary extensively (27–29). Hence, we next examined the ability of
different strains of P. gingivalis to enhance ZEB2 mRNA levels.
As shown in Fig. 1D, the commonly used laboratory strain W83,
along with the low passage clinical isolate MP4-504, induced
ZEB2 expression to a similar degree as did 33277. The property
of ZEB2 induction by P. gingivalis thus spans both fimbriated/
nonencapsulated (33277) and nonfimbriated/capsulated (W83)
lineages. Regulation of ZEB2 by W83 contrasts to ZEB1, which
is not induced by W83 (11), indicating that differential pathways
can control ZEB1 and ZEB2. Interestingly, however, P. gingivalis
did not increase ZEB2 mRNA amounts in the SCC9 line, which
are squamous carcinoma cells derived from the tongue, or in the
cervical adenocarcinoma HeLa epithelial cell line (Fig. 1E). ZEB2
was regulated by P. gingivalis, however, in another nontumorigenic
oral line, OKF6/TERT2, derived from the oral mucosa. Context-
dependent regulation of ZEB2 has been observed previously, and
ZEB2 can be regulated by Akt in gastric cancer cells (30), but not in
OSCC cells (31). The development of a mesenchymal and tumor-
igenic phenotype is complex, and these data would indicate that
P. gingivalis could influence the early stages of the process. How-
ever, prolonged bacterial–host cell challenge may also induce a
mesenchymal phenotype in OSCC cells (14).
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Fig. 1. P. gingivalis up-regulates transcription fac-
tors controlling EMT. (A and B) TIGK cells were in-
fected with P. gingivalis 33277 at the times and MOIs
indicated. ZEB2 (A) or TWIST1/2 (B) mRNA levels were
measured by qRT-PCR. Data were normalized to
GAPDH mRNA and are expressed relative to non-
infected (NI) controls. (C) Fluorescent confocal mi-
croscopy of TIGK cells infected with P. gingivalis
33277 (Pg) at the MOI indicated for 24 h. Control cells
were noninfected (NI). Cells were fixed and probed
with ZEB2 antibodies (green). Actin (red) was stained
with Texas Red-phalloidin, and nuclei (blue) were
stained with DAPI. Cells were imaged at magnifica-
tion 63×. Shown are merged images of projections of
z-stacks (Left) and Pearson’s correlation coefficient of
ZEB2 with nuclei (Right) obtained with Volocity
software. (D) TIGK cells were infected with P. gingivalis
strains at MOI:100 for 24 h. ZEB2 mRNA levels were
determined as in A. (E) ZEB2 mRNA levels in different
cell types following P. gingivalis 33277 infection for 24 h.
Quantitative data represent three independent ex-
periments with three replicates. Error bars represent
the SEM. *P< 0.05, **P< 0.01, ***P< 0.005, and ****P<
0.001, compared with NI unless indicated. Images are
representative of three independent experiments.
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In the oral cavity, P. gingivalis is a component of polymicrobial
communities, and it is these communities that constitute the
etiological unit in periodontal diseases (6). However, the ability
of other community inhabitants to modulate the action of P.
gingivalis at the epithelial interface is poorly understood. Or-
ganisms such as F. nucleatum and oral streptococci are often
coisolated with P. gingivalis and are associated with epithelial
cells (21–23). Neither F. nucleatum nor S. gordonii were capable
of regulating ZEB2 mRNA levels as monoinfections (Fig. 2A),
indicating a restricted distribution of the ZEB2-inducing pheno-
type among bacterial inhabitants of the oral cavity. While P. gin-
givalis remained capable of increasing ZEB2 transcripts in the
presence F. nucleatum, coinfection with S. gordonii antagonized
induction of ZEB2 by P. gingivalis (Fig. 2A). To begin to examine
the distribution of ZEB2 antagonism among oral streptococci,
other common species were tested. Streptococcus oralis also was
capable of suppressing ZEB2 induction; however, Streptococcus
sanguinis and Streptococcus cristatus were not (Fig. 2B), and,
hence, ZEB2 antagonism is not universal among oral strepto-
coccal species. ZEB2 can control cell migration and also pro-
duction of inflammatory mediators such as IL-6 (20). As both
TIGK cell migration and IL-6 secretion can be modulated by P.
gingivalis (11, 32), we examined the influence of ZEB2 on these
processes. Fig. 2C shows that knockdown of ZEB2 with siRNA (SI
Appendix, Fig. S1) reduced TIGK migration into matrigel in re-
sponse to P. gingivalis. Similarly, IL-6 mRNA production in re-
sponse to P. gingivalis infection was reduced in the ZEB2
knockdown cells (Fig. 2D). Thus, ZEB2 can control phenotypic
properties of TIGKs with relevance to maintenance of tissue ho-
meostasis and innate immune responses. Consistent with the an-
tagonistic effect on ZEB2 activation, S. gordonii diminished both
TIGK migration and IL-6 production in response to P. gingivalis.
Collectively, these results show that common oral bacteria display
a range of properties with regard to influencing ZEB2 activity in
epithelial cells. In some polymicrobial contexts, the P. gingivalis
phenotype can prevail while, in other cases, streptococci such as S.
gordonii and S. oralis can antagonize ZEB2 induction, even in the
presence of an otherwise stimulatory organism.

Wnt/β-Catenin and FOXO1 Signaling Controls ZEB2 Expression in
Response to P. gingivalis. To begin to functionally dissect the
mechanism of streptococcal antagonism of P. gingivalis-induced
ZEB2 regulation, we first examined the signaling pathways
modulated by P. gingivalis to control ZEB2. The TGF-β pathway
is the predominant mechanism which controls expression of ZEB2,
and thus the role of TGF-β signaling in P. gingivalis-dependent
control of ZEB2 was investigated through pharmacological in-
hibition. Treating TIGK cells with LY-364947, which is a selec-
tive, ATP-competitive inhibitor of TGF-β Type I receptor kinase,
had no effect on up-regulation of ZEB2 mRNA by P. gingivalis
(SI Appendix, Fig. S2A). In the TGF-β pathway, proximate con-
trol of ZEB2 transcription is mediated by SMADs, in particular
SMAD3, but also SMAD2 and the common-mediator SMAD,
SMAD4 (33–35). To further examine the role of the TGF-β
pathway, we therefore used siRNA to knockdown SMADs (SI
Appendix, Fig. S1). Reduction of SMAD3 alone or of SMAD2, -3,
and -4 simultaneously did not impede up-regulation of ZEB2 by
P. gingivalis (SI Appendix, Fig. S2 B and C). Taken together, these
results indicate that regulation of ZEB2 by P. gingivalis is neither
mediated by the TGF-β signal transduction pathway, nor by a parallel
pathway that converges on SMAD3.
The Wnt/β-catenin signaling pathway can also control EMT,

along with the activity of the EMT-related transcription factors
SNAI and TWIST (36), and P. gingivalis has been shown to ac-
tivate the Wnt/β-catenin pathway in epithelial cells (12, 37).
When β-catenin was suppressed with siRNA (SI Appendix, Fig.
S1), the up-regulation of ZEB2 by P. gingivalis was suppressed (Fig.
3A). Further support for a role for β-catenin came from exogenous

overexpression of native β-catenin or a constitutively active mutant
lacking the N-terminal 151 amino acids which comprise the deg-
radation complex stabilization domain (38) (SI Appendix, Fig. S1).
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Fig. 2. Impact of dual species challenge on ZEB2 mRNA and associated
phenotypic properties. (A and B) ZEB2 mRNA levels measured by qRT-PCR in
TIGK cells infected with P. gingivalis 33277 (Pg) alone or together with F.
nucleatum (Fn) or with oral streptococcal species. Sc, S. cristatus; Sg, S.
gordonii; So, S. oralis; Ss, S. sanguinis. Monoinfection was MOI:100 for 24 h.
Dual species infection was MOI:100 for each strain for 24 h. (C) Quantitative
analysis of TIGK migration through matrigel-coated transwells. TIGK cells
were transiently transfected with siRNA to ZEB2 (siZEB2) or scrambled siRNA
(siControl) (Left) or nontransfected (Right). TIGKs were challenged with P.
gingivalis 33277 and/or S. gordonii at MOI:50 for each strain for 24 h. Control
cells were not infected (NI). Data are presented as the mean number of cells
invading through the transwell. (D) ZEB2 was silenced with siRNA (Left), and
TIGKs were challenged with bacteria as in C for 2 h. IL-6 mRNA levels were
measured by qRT-PCR. Data were normalized to GAPDH mRNA and are
expressed relative to noninfected (NI) controls. Quantitative data represent
three independent experiments with three replicates. Error bars represent
the SEM. **P < 0.01, ***P < 0.005, and ****P < 0.001 compared with NI
unless indicated.
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deletions and site-specific mutations (denoted X) in the FOXO1 binding sites. FOXO luciferase activity was normalized to the level of Renilla luciferase.
Quantitative data represent three independent experiments with three replicates. Error bars represent the SEM. *P > 0.05, **P < 0.01, ***P < 0.005, and
****P < 0.001 compared with NI unless indicated.
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Ectopic expression of native β-catenin caused an increase in ZEB2
mRNA upon a P. gingivalis challenge of MOI 100, and exogenous
Δ151 β-catenin expression further increased ZEB2 mRNA levels
at MOI 50 and 100 (Fig. 3B). One mechanism by which P. gingi-
valis stimulates Wnt/β-catenin signaling is by proteolytic degra-
dation of the β-catenin destruction complex (37). Mutants of P.
gingivalis which lack the arginine-specific gingipains RgpA and
RgpB therefore are unable to stabilize β-catenin. As shown in
Fig. 3C, a ΔrgpAB mutant of P. gingivalis failed to up-regulate
ZEB2 mRNA levels whereas loss of the lysine-specific gingipain
Kgp had no effect on ZEB2 induction by P. gingivalis. The involve-
ment of arginine-gingipain processing of β-catenin was corrob-
orated by preincubation of P. gingivalis WT with TLCK, a gingipain
inhibitor, which also prevented elevation of ZEB2 mRNA (Fig. 3C).
β-Catenin does not bind directly to DNA (39) but is a coac-

tivator of transcription factors, mainly TCF7L3, TCF7, TCF7L1,
and TCF7L2 (40). The role of these transcription factors was in-
vestigated by an siRNA approach. Knockdown of TCF7L3, TCF7,
and TCF7L2 (SI Appendix, Fig. S1) had no effect on ZEB2 in-
duction by P. gingivalis (Fig. 3D). However, knockdown of TCF7L1
abrogated the ability of P. gingivalis to increase ZEB2 levels (Fig. 3D),
indicating a role for this transcription factor in P. gingivalis-induced
ZEB2 mRNA expression.
P. gingivalis can also activate the FOXO1 transcription factor,

and FOXO1 has been found to regulate ZEB2 production (41).
To assess the participation of FOXO1 in the regulation of ZEB2
mediated by P. gingivalis, we used siRNA knockdowns. Reduction
of FOXO1, but not FOXO3 (SI Appendix, Fig. S1), suppressed
P. gingivalis induction of ZEB2 (Fig. 3E). We also confirmed that
FOXO1 activity can control phenotypic outcomes dependent on
ZEB2 as knockdown of FOXO1 reduced the amount of TIGK
invasion of matrigel in response to P. gingivalis (Fig. 3F).
Next, we sought to determine whether TCF7L1 and FOXO1

regulate ZEB2 by binding directly to the promoter region and
initiating transcription. As shown in Fig. 3G, following challenge
of TIGK cells with P. gingivalis, ChIP with antibodies specific for
TCF7L1 or FOXO1 immunoprecipitated fragments of genomic
DNA that could be amplified using primers specific to the ZEB2
promoter by end-point PCR. Quantitative (q) PCR also showed
enrichment of the ZEB2 promoters in the TCF7L1 and FOXO1
pulled-down conditions, compared with control IgG. The control
GAPDH promoter did not precipitate with TCF7L1 or FOXO1
antibodies. Moreover, consistent with the siRNA data, antibodies
to TCF7L2 did not immunoprecipitate the ZEB2 promoter (SI
Appendix, Fig. S3). As previous reports have found that FOXO1
suppresses ZEB2 expression in different contexts (41, 42), we
corroborated the role of FOXO1 in inducing ZEB2 in response to
P. gingivalis infection using promoter–luciferase reporters. Two
putative consensus FOXO1 binding domains (43) were identified
upstream of ZEB2, and we cloned a fragment spanning −1366 to
+3041 relative to the transcriptional start site (44, 45) next to a
promoterless luc gene. As shown in Fig. 3H, the full-length con-
struct responded to P. gingivalis challenge with increased tran-
scriptional activity, and serial deletion of the promoter construct
revealed that loss of both putative FOXO1 binding sites was re-
quired to reduce ZEB2 transcription. Promoter constructs har-
boring three point mutations in the center of the putative FOXO1
response element at either the proximal (−352 to −345) or distal
(−1070 to −1063) position showed no significant reduction of
transcription in the presence of P. gingivalis, and mutation of the
proximal site in an otherwise functional truncated construct abro-
gated transcription. Together, these data show that both potential
FOXO1 binding sites are redundantly functional and can promote
transcription in the presence of P. gingivalis.

S. gordonii Modulates Activation of FOXO1 by P. gingivalis. Next, we
investigated whether S. gordonii modulates activation of β-catenin
and/or FOXO1 to impede up-regulation of ZEB2 by P. gingivalis.

As shown in Fig. 4A, coinfection of S. gordonii with P. gingivalis
had no impact on mRNA levels of c-Myc, a gene regulated by
β-catenin. However, challenge with S. gordonii prevented activation
of FOXO in the luciferase reporter assay (Fig. 4B), and S. gordonii
blocked P. gingivalis-induced translocation of FOXO1 to the nucleus
(Fig. 4C). Nuclear localization of FOXO1 in resting cells was at very
low levels (Fig. 4C); thus, despite its antagonistic action, S. gordonii
did not cause a further decrease in FOXO1 activation. P. gingivalis
can activate FOXO1 through a pathway involving reactive oxygen
species (ROS)-mediated activation of JNK (46). Hence, we first
examined the impact of S. gordonii on ROS and JNK activation by
P. gingivalis. S. gordonii had no effect on either ROS or JNK ac-
tivation by P. gingivalis (SI Appendix, Fig. S4), indicating that S. gordonii
acts on a different FOXO1 control pathway. A wide range of post-
translational modifications exert control over the activity and nuclear
localization of FOXO1 (42, 47), and, to begin to decipher the
mode of action of S. gordonii, we began a screen for specific amino
acid phosphorylations. P. gingivalis challenge induced dephos-
phorylation of Ser256, as reported previously (46); however, this
was unaffected by coinfection with S. gordonii (Fig. 4D). De-
phosphorylation of Ser329 was also induced by P. gingivalis, and
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Fig. 4. S. gordonii impedes P. gingivalis-induced FOXO activation. (A) TIGK cells
were infected with P. gingivalis 33277 (Pg) and/or S. gordonii (Sg) at MOI:50 for
each strain for 30 min. c-Myc mRNA levels were measured by qRT-PCR. Data
were normalized to GAPDH mRNA and are expressed relative to noninfected
(NI) controls. (B) TIGKs were transiently transfected with the FOXO promoter–
luciferase reporter plasmid, or a constitutively expressing Renilla luciferase
reporter, and FOXO luciferase activity was normalized to the level of Renilla
luciferase. Cells were challenged with P. gingivalis 33277 (Pg) and/or S. gordonii
(Sg) at MOI:50 for each strain for the times indicated. NI, no infection control. (C)
Fluorescent confocal microscopy of TIGK cells infected with P. gingivalis 33277
(Pg) and/or S. gordonii (Sg). Control cells were noninfected (NI). Cells were fixed
and probed with FOXO1 antibodies (green). Actin (red) was stained with Texas
Red-phalloidin, and nuclei (blue) were stained with DAPI. Cells were imaged at
magnification 63×, and shown are merged images of projections of z-stacks
obtained with Volocity software. (D) Immunoblot of lysates of TIGK cells chal-
lenged with P. gingivalis 33277 (Pg) and/or S. gordonii (Sg) at MOI:50 for each
strain for the times shown, and probed with the antibodies indicated. GAPDH
was used as a loading control. Quantitative data represent three independent
experiments with three replicates. Error bars represent the SEM. *P > 0.05,
***P < 0.005, and ****P < 0.001 compared with NI unless indicated. Images
are representative of three independent experiments.
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this was reduced by S. gordonii coinfection. Dephosphorylation
of Ser329 inhibits shuttling of FOXO1 out of the nucleus, thus
increasing activity (42). Hence, preventing Ser329 dephosphory-
lation could represent a mechanism by which S. gordonii antagonizes
P. gingivalis action.

S. gordonii Antagonism Is Mediated Through the TAK1-NLK Pathway.
FOXO1 Ser329 is a target of Nemo-like Kinase (NLK) (48), and
thus we examined the effect of P. gingivalis and S. gordonii on the
activation of NLK. Fig. 5A shows that S. gordonii, but not
P. gingivalis, can induce the phosphorylation and activation of
NLK, and coinfection with S. gordonii and P. gingivalis main-
tained the increased phosphorylation state of NLK. Further,
siRNA knockdown of NLK (SI Appendix, Fig. S1) prevented S.
gordonii from inducing phosphorylation of FOXO1 at Ser329
(Fig. 5B). To test the functional relevance of NLK with regard to
FOXO1 activity, we used the luciferase reporter assay. Silencing
NLK caused an increase in FOXO1 activity in both the no-
infection and S. gordonii-infection conditions (Fig. 5C), consis-
tent with the function of NLK as an inhibitor of FOXO (48) and
as a target of S. gordonii. Additionally, in the NLK knockdown
cells, S. gordonii was no longer able to antagonize P. gingivalis-
induced activation of FOXO, implicating NLK as an effector of
S. gordonii-mediated antagonism. In contrast, knockdown of the
dual specificity tyrosine-phosphorylated and -regulated kinase
1A (DYRK1A), which can also phosphorylate FOXO1 at Ser329
(49), had no effect on antagonism of P. gingivalis-induced activa-
tion of the FOXO promoter (SI Appendix, Fig. S5). To examine

the association between NLK and FOXO1 in bacterially infected
cells, immunoprecipitation was performed. Precipitation with ei-
ther NLK or FOXO1 antibodies revealed a physical association
between the two proteins in S. gordonii-challenged cells (Fig. 5D).
Upstream of NLK in the regulation of FOXO1 is TAK1,

which can phosphorylate and activate NLK (48). Thus, the ac-
tivation of TAK1 by P. gingivalis and S. gordonii was examined
by immunoblotting. S. gordonii alone and in combination with
P. gingivalis increased the phosphorylation levels of TAK1
compared with P. gingivalis alone (Fig. 6A), consistent with the
involvement of the TAK1-NLK pathway in S. gordonii antago-
nistic activity. Interestingly, challenge of TIGKs with P. gingivalis
alone results in dephosphorylation of the Thr-187 residue of TAK1
compared with the no-infection condition, most notably at 30 min,
indicating the existence of an additional pathway by which P. gin-
givalis can impact FOXO1 activity. Functional relevance of TAK1
was corroborated by siRNA knockdown (SI Appendix, Fig. S1),
which prevented S. gordonii-mediated antagonism of P. gingivalis-
induced FOXO promoter activity (Fig. 6B). Resting activity of
FOXO and S. gordonii-induced activation were also increased,
due to reduction of the antagonistic TAK1-NLK axis. To examine
nuclear location of FOXO1 directly, immunofluorescent micros-
copy was utilized. Fig. 6C shows increased nuclear localization
of FOXO1 with TAK1 or NLK knockdown in the S. gordonii
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infection conditions and the inability of S. gordonii to antagonize
nuclear localization in response to P. gingivalis, thus confirming
the results of the reporter assays. TAK1-binding protein 2 (TAB2)
is a TAK1-interacting protein that can also bind to NLK and
function as a scaffold protein to facilitate the interaction between
TAK1 and NLK (50). Therefore, we investigated binding of TAB2
to NLK using immunoprecipitation. As shown in Fig. 6D, challenge
of TIGK cells with S. gordonii alone or in combination with P.
gingivalis increased the recovery of coprecipitates of TAB2 and
NLK, compared with no infection or P. gingivalis infection alone.
Collectively, these results support the notion that S. gordonii

can activate the TAK1-TAB2-NLK pathway to increase Ser329
phosphorylation on FOXO1 and that this inhibitory pathway
supersedes the otherwise stimulatory effect of P. gingivalis.

Phosphorylation of FOXO1 Ser329 Is Required for S. gordonii Antagonism.
To further verify the role of Ser329 phosphorylation in the an-
tagonistic action of S. gordonii, we generated and tested phos-
phomimetics of FOXO1. TIGK cells were transfected with
FOXO1 WT, FOXO1 S329A, or FOXO1 S329E and challenged
with S. gordonii and P. gingivalis alone or in combination. The
S329A construct cannot be phosphorylated at amino acid 329
and will thus prevent NLK-dependent exclusion of FOXO1 from
the nucleus. Consequently, FOXO activity was higher in the
S329A-transfected cells under all-infection and no-infection con-
ditions (Fig. 7A). Consistent with a role for phosphorylation of
S329 in S. gordonii antagonism of P. gingivalis-induced FOXO1
activation, coinfection with S. gordonii and P. gingivalis did not
result in a decrease in FOXO activity compared with P. gingivalis
infection alone. In contrast, transfection with S329E, which, by
mimicking the phosphorylated condition, will increase exclusion of
FOXO1 from the nucleus, resulted in lower levels of FOXO ac-
tivity in the no-infection and P. gingivalis- and S. gordonii-infection
conditions. Moreover, there was significantly less FOXO activity
after coinfection with P. gingivalis and S. gordonii. We also verified
the involvement of S329 phosphorylation in the control of ZEB2
expression. Similar to the results with FOXO, ZEB2 mRNA levels
were higher in the S329A-transfected cells under no-infection
conditions, and antagonism of ZEB2 by S. gordonii was lost
(Fig. 7B). Transfection with S329E resulted in lower levels of
ZEB2 mRNA in the P. gingivalis-infection condition (Fig. 7B).
These results are consistent with the concept that dephosphory-

lation and activation FOXO1 by P. gingivalis can regulate the
expression of ZEB2 and that this is the primary site of interven-
tion by S. gordonii.

Discussion
Bacteria in the oral cavity engage host epithelial cells in a com-
plex molecular dialogue. The action of specific organisms, such
as P. gingivalis, at the epithelial interface has been extensively
studied. However, in vivo oral bacteria are conglomerated in
polymicrobial communities, which can be synergistically patho-
genic (51–53). Polymicrobial communities also contain com-
mensal organisms which can antagonize the action of pathogens.
This colonization resistance is traditionally attributed to direct
antimicrobial activity: e.g., the production of bacteriocins or com-
petition for niches and nutrients (54). Additionally, commensals
regulate basic developmental features and functions of the immune
system in a manner that primes it for vigorous defense against overt
pathogens, while maintaining tolerance to innocuous antigens (55,
56). Commensals can also induce homeostatic immunity that couples
antimicrobial function with tissue repair (57). An emerging compo-
nent of community–host interaction is the capacity for one organism
to mitigate or potentiate the action of another through manipulation
of signaling pathways in host epithelial cells (26, 53, 58).
In this study, we show that P. gingivalis up-regulates ZEB2

expression in gingival epithelial cells to a much higher extent
compared with TWIST1/2 or, as reported previously, ZEB1 and
SNAI1/2 (11, 12). This suggests that ZEB2 represents a major
target for P. gingivalis-induced remodeling of the gingival epi-
thelial cell transcriptional program, and this could have major
consequences for homeostasis. Increased ZEB2 expression has
been reported in esophageal and oral squamous cell cancer and
is associated with poor prognosis (59–61). In addition, ZEB2 has
recently been shown to control inflammatory responses, in-
cluding the production of IL-6, a cytokine with a role in peri-
odontal bone resorption (62). IL-6 is also involved in the
progression of several types of cancer, including OSCC (63–66).
Indeed, P. gingivalis challenge enhanced the migration of TIGK
cells into matrigel and increased production of IL-6 in a ZEB2-
dependent manner, consistent with a central role for ZEB2 in
the epithelial cell response to P. gingivalis, with relevance to both
periodontitis and tumorigenesis.
The control mechanisms for ZEB proteins comprise an in-

tricate network of signaling pathways overlaid with noncoding
RNA (15), and, in this study, we found that P. gingivalis impinges
on Wnt/β-catenin and FOXO1 pathways. Disruption of either of
these pathways separately was sufficient to reduce P. gingivalis-
induced up-regulation of ZEB2, suggestive of a finely balanced
regulatory mechanism. β-Catenin is a coactivator of gene expres-
sion, functioning mainly through the TCF7 family of transcription
factors. A systematic siRNA inhibition approach identified TCF7L1
as responsible for ZEB2 induction, and this result was corroborated
by chromatin immunoprecipitation showing that TCF7L1 binds
to the ZEB2 promoter region and stimulates transcription. The
TCF7 proteins possess common structural features, are often
expressed in overlapping patterns, and display functional redun-
dancy. However, individual family members also exhibit unique
features that are not recapitulated by the other proteins (40).
TCF7L2 has been shown previously to regulate ZEB1, and here
we report that ZEB2 can be regulated by TCF7L1.
P. gingivalis can activate FOXO1 in TIGK cells (46), and,

herein, we show the relevance of this pathway to ZEB2 regula-
tion. FOXO activity is controlled by an array of posttranslational
modifications (PTMs), including phosphorylation of a number of
amino acid residues (42, 67). We found that P. gingivalis can de-
phosphorylate the serine 256 and serine 329 residues in FOXO1,
outcomes that are associated with retention of FOXO1 in the
nucleus (42, 43). Moreover, expression of an exogenous phos-
phomimetic of serine 329 reduced FOXO1 activity and ZEB2
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transcriptional levels. The function of FOXO transcription factors
is highly context-specific (42), and other studies have reported that
FOXO1 can reduce ZEB2 expression in hepatocarcinoma cells
(41). However, FOXO3 can switch between a transcriptional re-
pressor and a transcriptional activator according to the phos-
phorylation state of one serine residue, S574 (68), and, thus, the
phosphorylation status of serine 329 may toggle FOXO1 between
an activator and repressor of ZEB2 transcription.
F. nucleatum and oral streptococci, such as S. gordonii, S. oralis,

S. sanguinis, and S. cristatus, are community partners of P. gingivalis
in oral biofilms (69) and major colonizers of epithelial surfaces (21,
22). Individually, none of these species regulated ZEB2 expression,
and, further, F. nucleatum, S. sanguinis, and S. cristatus did not
impede regulation by P. gingivalis. However, both S. gordonii and S.
oralis were capable of antagonizing regulation of ZEB2 by P. gin-
givalis. Although these streptococcal species are closely related, a
number of studies have demonstrated different properties in the
context of polymicrobial communities. S. gordonii and P. gingivalis
provide mutual physiological support (70) whereas the interac-
tion between P. gingivalis and Streptococcus mitis or S. cristatus is
more antagonistic. P. gingivalis induces S. mitis DNA fragmenta-
tion and death in an in vitro biofilm system (71), and S. cristatus
can inhibit fimbrial production by P. gingivalis, thus impeding
colonization and pathogenicity (72). Hence, the composition and
ratios of even closely related species in polymicrobial communities
may be an underappreciated and key component of community
function and pathogenic potential.
Mechanistically, antagonism of ZEB2 by S. gordonii involved

inhibition of FOXO1. Several lines of evidence indicate that this
antagonistic effect of S. gordonii on FOXO1 is mediated by the
TAK1-NLK pathway. This evidence includes the following: Chal-
lenge of epithelial cells with S. gordonii prevented P. gingivalis-
induced dephosphorylation of the serine329 residue of FOXO1,
a target of NLK; S. gordonii and S. gordonii in combination with
P. gingivalis, but not P. gingivalis alone, activated NLK and in-
creased binding of NLK to FOXO1, and silencing of NLK ab-
rogated the antagonistic effect of S. gordonii; TAK1, which is
upstream of NLK, was phosphorylated following challenge with
S. gordonii and S. gordonii in combination with P. gingivalis, but
not P. gingivalis alone, and silencing of TAK1 also reduced the
antagonistic effect of S. gordonii; TAB2, a scaffolding protein
which facilitates binding of TAK1 to NLK, showed an increased
association with NLK following infection with S. gordonii, and S.
gordonii in combination with P. gingivalis, but not P. gingivalis
alone; and exogenous expression of a nonphosphorylatable
Ser329A mutant of FOXO1 prevented antagonism by S. gordo-
nii. NLK is a negative regulator of FOXO activity as phosphor-
ylation at Ser329 increases binding to the 14-3-3 protein and
shuttling of FOXO out of the nucleus (48, 73). Our finding that
exogenous expression of a FOXO1 Ser329A mutant significantly
increased FOXO1 activity in noninfected cells and also pre-
vented S. gordonii antagonism would tend to support the im-
portance of NLK-mediated phosphorylation in the control of
FOXO1 but does not exclude a role for additional mechanisms.
S. gordonii did not have an effect on the pathways by which
P. gingivalis as a monospecies infection activates FOXO1: i.e.,
up-regulation of ROS and activation of JNK, and dephosphor-
ylation of Ser256. Thus, the TAK1-NLK pathways would appear
to supersede these pathways, consistent with the observation that
NLK can modulate FOXO1 regardless of PI3/Akt activity (which
targets Ser256) (48). NLK is emerging as a regulator of a number
of signaling molecules and transcription factors, including
PPAR-γ, Myb proteins, Notch1 (74–76), YAP (77), SMADs (78),
NF-κB (79), C/EBPs (80), and Wnt/β-catenin (81). The extent to
which S. gordonii can impact epithelial responses through these
regulators requires further investigation. Additionally, the means
by which P. gingivalis and S. gordonii initially transmit informa-
tion, along with the host cell sensing mechanisms, are unknown

and represent a significant area for future studies. P. gingivalis
can engage integrin receptors on epithelial surfaces through
the FimA component fimbriae (82) and also secretes a serine
phosphatase intracellularly (83, 84), and both of these are po-
tential candidate effectors for inciting signaling events. S. gordonii
can adhere to carbohydrate receptors on epithelial cells (85, 86),
which, similarly, could stimulate signal transduction events.
Moreover, oral streptococci, such as S. gordonii, produce hydrogen
peroxide, which is capable of impacting host cell physiology (87).
Epithelial surfaces of the oral cavity are colonized immediately

after birth and perform several important defense functions.
These include barrier function to prevent penetration of bacteria
into underlying tissue, the production of antimicrobial molecules
to control colonization, and the secretion of inflammatory me-
diators (53, 58, 88). Disruption of epithelial cell function is thus a
component of periodontal disease, as well as the hallmark of
OSCC. Taken together, the results of the current study show that
the presence of S. gordonii and related organisms can divert
epithelial cell responses to P. gingivalis that are transduced
through FOXO1 and consequently diminish inflammatory and
EMT properties that are dependent on ZEB2. Oral streptococci,
such as S. gordonii, are major components of the oral micro-
biome. Originally considered passive early colonizers of tooth
surfaces, the role of these organisms is now realized to be more
nuanced and context-dependent. In infective endocarditis,
streptococci originating from the oral cavity are clearly overt
pathogens (86). In subgingival biofilms, S. gordonii can enhance
community pathogenicity, and, in this context, it is considered an
accessory pathogen (89). On the basis of our results here, we
propose a designation for S. gordonii as a homeostatic com-
mensal at the oral epithelial interface. The features underlying
this designation are an ability to inhibit the activity of a more
pathogenic organism (in this case, P. gingivalis) and maintain a
homeostatic host–community interaction. Intriguingly, S. gordo-
nii does not directly impede P. gingivalis, but, rather, it is mod-
ulation of host signaling that dictates outcome.

Materials and Methods
Bacterial Strains, Eukaryotic Cells, and Growth Conditions. P. gingivalis ATCC
33277, W83, low passage strain MP4-504, ΔrgpAB, Δkgp, and ΔrgpAB/kgp
(90) were cultured in trypticase soy broth (TSB) supplemented with yeast
extract (1 mg/mL), hemin (5 μg/mL), and menadione (1 μg/mL). S. gordonii
strain DL1, S. oralis strain 10557, S. sanguinis strain 10556, and S. cristatus
strain CC5A were grown in Todd–Hewitt broth. F. nucleatum strain ATCC
25586 was cultured in brain heart infusion (BHI) broth supplemented with
hemin (5 μg/mL) and menadione (1 μg/mL). All bacterial strains were cul-
tured anaerobically to midlog phase as described previously (91).

Human telomerase immortalized gingival keratinocytes (TIGKs) are de-
rived from gingival epithelium and are maintained in our laboratory (92).
OKF6/TERT2 keratinocytes are derived from the oral mucosa and were
originally established in the Rheinwald laboratory (93). SCC9 and HeLa cells
were obtained from the ATCC. TIGK and OKF6/TERT2 keratinocytes were
maintained at 37 °C and 5% CO2 in Dermalife-K serum-free culture medium
(Lifeline Cell Technology). SCC9 and HeLa cells were cultured in DMEM
supplemented with 10% FBS. Epithelial cells at 80% confluence were stim-
ulated with bacteria as described for individual experiments. Cells remained
attached to the substrate at the end of the bacterial challenge, and, in
parallel experiments, no loss of cell viability was observed by trypan blue
staining following bacterial challenge.

Antibodies and Reagents. Antibodies to FOXO1 (for blots), phospho-FOXO1
(Ser256, -329), β-catenin, JNK, phospho-JNK (Thr183/Tyr185), NLK, phospho-
NLK (Thr298), TAK and phospho-TAK (Thr187), TAB2, and GAPDH, along with
horseradish peroxidase (HRP)-conjugated secondary antibodies, and Cell Lysis
buffer were from Cell Signaling Technology. TCF7L1 (for blots), TCF7L2, and
Alexa Fluor 488-conjugated anti-rabbit secondary antibodies were from
ThermoFisher. ZEB2 antibodies were from Novus. For ChIP, FOXO1 antibodies
were fromAbcam, and TCF7L1 antibodies were from Santa Cruz. Small interfering
RNA (siRNA), against β-catenin, NLK, TAK, and SMAD4, was from Santa Cruz;
SMAD2, SMAD3, and LEF1 were from OriGene; ZEB2, FOXO3, TCF7L1, TCF7L2,
and DYRK1 were from Thermo Fisher; FOXO1 was from Cell Signaling; and
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TCF7 was from Dharmacon. Flag antibody, TGF-β receptor inhibitor LY-364947,
and TLCK were from Sigma-Aldrich. Texas Red-phalloidin was from Life
Technologies. Aminophenyl fluorescein (APF) was from Sigma-Aldrich.

Quantitative Reverse Transcription-PCR. Total mRNA from TIGK cells was
isolated and purified with an RNeasy Mini Kit (Qiagen). RNA concentrations
were determined by spectrophotometry on a NanoDrop 2000 (Thermo-
Fisher). cDNA from total RNAwas synthesized (2 μg RNA per reaction volume)
using a High Capacity cDNA reverse transcription kit (Applied Biosystems).
Real-time RT-PCR used TaqMan Fast Universal PCR Master Mix and gene ex-
pression assays for ZEB2, TWIST1, TWIST2, SMAD2, SMAD3, SMAD4, FOXO1,
FOXO3, TCF7L3, NLK, TAK, c-Myc, and GAPDH (Applied Biosystems). For
β-catenin, TCF7, TCF7L1, TCF7L2, and GAPDH, Power SYBR Green PCR Master
Mix, and primers were used (SI Appendix, Table S1). Real-time PCR was per-
formed on an Applied Biosystems StepOne Plus cycler with StepOne software
V2.2.2 and the auto-calculated threshold cycle selected. The cycle threshold
(Ct) values were determined, and mRNA expression levels were normalized to
GAPDH and expressed relative to controls following the 2−ΔΔCT method.

Immunoblotting. TIGKs were lysed with cold cell lysis buffer containing
PhosSTOP Phosphatase Inhibitor and Protease Inhibitor (Roche). Lysates
(20 ng of protein) were separated by 10% SDS-polyacrylamide gel electro-
phoresis, blotted onto a PVDF membrane, and blocked with 5% skim milk in
Tris-buffered saline (TBS) containing 0.1% Tween 20. Blots were probed at 4 °C
overnight with primary antibodies, followed by 1 h with HRP-conjugated
secondary antibody at room temperature. Membranes were developed us-
ing ECL detection (ThermoFisher), and images were collected using a Chem-
iDoc XRS Plus (Bio-Rad).

Plasmid Construction, RNA Interference, Transfections, and Luciferase Assay.
WT FOXO1 plasmid (pcDNA3 Flag FKHR) was a gift from Kunliang Guan,
University of California, San Diego, La Jolla, CA (Addgene plasmid #13507;
RRID:Addgene_13507; n2t.net/addgene:13507) (94). S329E and S329A mu-
tations were generated by PCR-based site-directed mutagenesis using the
primers described in SI Appendix, Table S1. Mutations were confirmed by
sequencing. To construct the mammalian expression vectors for β-catenin
and TCF7L1, cDNA fragments were amplified using primer sets listed in SI
Appendix, Table S1. CDNA fragments were ligated into the pcDNA3 plasmid
to create N-terminal Flag-tagged proteins. To construct ZEB2 promoter-
firefly luciferase reporters, DNA fragments were amplified from human ge-
nomic DNA using the primers listed in SI Appendix, Table S1. DNA fragments
were cloned into the pGL3-Basic plasmid. A series of ZEB2 promoter fragments
containing mutations were generated by PCR mutagenesis (Q5 Site-Directed
Mutagenesis Kit from NEB). All constructs were confirmed by sequencing. The
FOXO Reporter and Negative Control Reporter were from BPS Bioscience. For
siRNA, TIGKs were transfected with plasmids or siRNA for 24 h using LipoJet
transfection agent (SignaGen). At 48 h after transfection, the medium was
replaced, and cells were stimulated with bacteria. Luciferase activity was

measured with the Dual-Glo Luciferase Assay system (Promega) and nor-
malized to the Renilla internal control.

Chromatin Immunoprecipitation. Chromatin was prepared using the ChIP-IT
Express Enzymatic Shearing Kit (Active Motif) in accordance with the man-
ufacturer’s instructions. Cells fixed by 1% formaldehyde were lysed and
gently homogenized in a Dounce homogenizer to release the nuclei. After
centrifugation, the nuclear pellets were resuspended and sheared by Enzymatic
Shearing Mixture. Immunoprecipitation was performed overnight at 4 °C with
2 μg of antibody plus 25 μL of protein G magnetic beads. Beads were then
washed three times in ChIP buffer. The digested chromatin was eluted, cross-
linking was reversed, and proteinase K treatment was performed. The eluted
immunoprecipitated DNA and samples of ChIP input DNA were purified with a
QIAquick PCR Purification Kit (Qiagen) and then subjected to PCR and qRT-PCR.
The GAPDH promoter region was amplified and used to normalize the amount
of input material (see SI Appendix, Table S1 for primer sequences).

Immunofluorescence and Confocal Laser Scanning Microscopy. TIGK cells were
grown on glass coverslips, washed twice in PBS, and fixed with 4% para-
formaldehyde for 10 min. Permeabilization was with 0.2% Triton X-100 for
10 min at room temperature before blocking in 10% goat serum for 20 min.
FOXO1 was detected by reacting with antibody (1:1,000) overnight at 4 °C,
followed by Alexa Fluor 488-conjugated secondary antibodies at 1:2,000 for
3 h in the dark. Following a 20-min blocking in 0.1% goat serum, actin was
labeled with Texas Red-phalloidin for 2 h at room temperature in the dark.
Coverslips were mounted on glass slides using ProLong Gold (Invitrogen)
with 4′6-diamidino-2-phenylindole (DAPI) mounting medium before imag-
ing with a Leica SP8 confocal microscope. Images were analyzed using
Volocity 6.3 Software (PerkinElmer).

Matrigel Invasion Assay. Cell motility was measured by assessment of the
migration rate of TIGKs using a BD BioCoat Matrigel Invasion Chamber (BD
Biosciences). Transfected/control cells (2 × 105) were plated on transwell
filters coated with matrigel and reacted with bacteria for 18 h. The lower
compartment of the invasion chambers contained cell culture medium. Cells
remaining on the upper surface of the filter were removed, and the cells
that migrated through the filter were fixed with 1% methanol and stained
with toluidine blue. Cells were enumerated from three random 20× fields
for each filter using a Nikon Eclipse TS100 microscope.

Statistical Analysis. Statistical analyses were conducted using GraphPad Prism
software. Data were evaluated by ANOVA with Tukey’s multiple comparison test.
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