
Am J Cancer Res 2023;13(5):2013-2029
www.ajcr.us /ISSN:2156-6976/ajcr0148232

Original Article
Selective activation of TGFβ signaling by  
P. gingivalis-mediated upregulation of GARP  
aggravates esophageal squamous cell carcinoma

Shegan Gao1,2*, Ke Liu2*, Yelin Jiao1, Pan Chen1, Bianli Gu1, Yiwen Liu1, Gaofeng Liang1, Linlin Shi1, Fuyou 
Zhou3, Richard J Lamont4, Huizhi Wang5, Yi-Jun Qi1

1State Key Laboratory of Esophageal Cancer Prevention & Treatment, Henan Key Laboratory of Microbiome and 
Esophageal Cancer Prevention and Treatment, Henan Key Laboratory of Cancer Epigenetics, Cancer Hospital, 
The First Affiliated Hospital, College of Clinical Medicine, Medical College of Henan University of Science and 
Technology, Luoyang 471003, Henan, China; 2School of Information Engineering, Henan University of Science and 
Technology, Luoyang 471003, Henan, China; 3Department of Thoracic Surgery, Anyang Tumor Hospital, Anyang 
455000, Henan, China; 4Department of Oral Immunology and Infectious Diseases, University of Louisville School 
of Dentistry, Louisville, KY 40202, USA; 5VCU Philips Institute for Oral Health Research, Department of Oral and 
Craniofacial Molecular Biology, Virginia Commonwealth University, Richmond, VA 23298, USA. *Equal contribu-
tors.

Received December 4, 2022; Accepted April 21, 2023; Epub May 15, 2023; Published May 30, 2023

Abstract: Aberrant TGFβ signaling plays critical roles in the progression of multiple cancers; however, the functional 
mechanism of this signaling network in the infectious milieu of Esophageal Squamous Cell Carcinoma (ESCC) re-
mains largely unknown. In this study, by using global transcriptomic analysis, we found that Porphyromonas gingiva-
lis infection increased TGFβ secretion and promoted the activation of TGFβ/Smad signaling in cultured cells and in 
clinical ESCC samples. Furthermore, we demonstrated for the first time that P. gingivalis enhanced the expression 
of Glycoprotein A repetitions predominant (GARP), thereby activating TGFβ/Smad signaling. Moreover, the increased 
GARP expression and the subsequent TGFβ activation was partially dependent on the fimbriae (FimA) of P. gingiva-
lis. Intriguingly, eliminating P. gingivalis, inhibiting TGFβ, or silencing GARP led to a decreased phosphorylation of 
Smad2/3, the central mediator of TGFβ signaling, as well as an attenuated malignant phenotype of ESCC cells, indi-
cating that the activation of TGFβ signaling could be an adverse prognostic factor of ESCC. Consistently, our clinical 
data demonstrated that the phosphorylation of Smad2/3 and the expression of GARP were positively correlated to 
the poor prognosis of ESCC patients. Lastly, using xenograft models, we found that P. gingivalis infection remarkably 
activated TGFβ signaling and subsequently enhanced the tumor growth and lung metastasis. Collectively, our study 
indicated that TGFβ/Smad signaling mediates the oncogenic function of P. gingivalis in ESCC, which is augmented 
by the expression of GARP. Therefore, targeting either P. gingivalis or GARP-TGFβ signaling could be a potential treat-
ment strategy for patients with ESCC.
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Introduction

Studies have shown that genetically modified 
mice that are susceptible to cancer develop sig-
nificantly fewer tumors under germ-free condi-
tions than under regular condition [1, 2]. 
Consistently, the administration of metronida-
zole, an anaerobic antibiotic, leads to an appar-
ent amelioration of various cancers in multiple 
tumor models [3-5]. These studies strongly 
suggest the existence of pro-tumorigenic bac-

teria in local bacterial microbiome. Intriguingly, 
recent findings have demonstrated the coloni-
zation of some bacteria, such as Streptococcus 
gordonii and Holdemanella biformis, suppress 
the pro-tumorigenic phenotypes in epithelial 
cells [6-8]. In addition, recent studies have also 
shown that eliminating Gammaproteobacteria 
or Fusobacterium nucleatum is able to reverse 
chemoresistance and substantially improve the 
prognosis of patients with colorectal cancer [4, 
5, 9], indicating the pro-carcinogenic properties 
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of these bacteria. Porphyromonas gingivalis is 
a gram-negative bacterium found in the human 
oral cavity and is considered a keystone bacte-
rium for oral microbiome dysbiosis. In addition, 
our and other previous studies have discovered 
that P. gingivalis also colonizes the esophagus 
mucosa and is associated with multiple gastro-
intestinal cancers [3, 10, 11]. Furthermore, our 
recent study has demonstrated that P. gingiva-
lis is enriched in the esophageal cancer tissue 
compared to normal tissue, contributing to the 
increased cancer metastasis and the resis-
tance to chemotherapy, thereby leading to the 
poor prognosis of patients with esophageal 
squamous cell carcinoma (ESCC) [3, 12]. 
Moreover, other studies have indicated that P. 
gingivalis can promote epithelial mesenchymal 
transition (EMT) as well as the expression of 
stem cell markers [6, 13] and can downregu-
late the anti-tumor immune responses [14, 15]. 
Although growing evidence demonstrates the 
pro-tumorigenic properties of P. gingivalis in 
orodigestive cancers, the molecular mecha-
nisms underlying the function of P. gingivalis  
in ESCC remains largely unknown. Therefore, 
identifying key molecular targets modified by P. 
gingivalis in ESCC will shed light on the thera-
peutic application of targeting P. gingivalis for 
the control of this malignant disease. 

Transforming growth factor beta (TGFβ), a ubiq-
uitously expressed cytokine, plays a key role in 
cell proliferation, differentiation, angiogenesis, 
immune responses, and carcinogenesis. The 
activation of TGFβ signaling is initiated by the 
hierarchical binding of TGFβ to its receptor, 
TGFβ type I receptor (TbR-1) and type II recep-
tor (TbR-II) [16, 17], which recruits and phos-
phorylates the downstream receptor-activated 
Smads (R-Smads), Smad2 and Smad3, at their 
C-terminal SSXS domain [18, 19]. Phosphory- 
lated Smad2/3 (pSmad2/3) can then form a 
complex with co-Smad (Smad4) and translo-
cate to the nucleus where the Smad complex 
regulates the transcription of target genes in 
cooperation with other nuclear cofactors [20]; 
therefore, pSmad2/3 is frequently used as the 
indicator of the activated TGFβ signal cascade. 
Notably, through interacting with different sig-
naling pathways involved in EMT or cancer cell 
stemness, the activated TGFβ signaling can 
play a tumor suppressing or a tumor promoting 
role, depending on the type and stage of the 
cancer [21-23]. Cancer cells therefore frequent-

ly escape TGFβ-mediated growth inhibition but 
take the advantage of other TGFβ-mediated 
growth promoting activities. Nevertheless, 
TGFβ is frequently overexpressed in solid tumor 
tissues, and aberrant TGFβ signaling is associ-
ated with the progression of multiple gastroin-
testinal cancers [24-29]. Although the abun-
dance of TGFβ and Smad2/3 phosphorylation 
have been used as prognostic markers for vari-
ous cancers, the possible influence of infec-
tious agents on the activation of TGFβ signaling 
in ESCC, as well as the underlying mechanisms 
involved remain largely unknown.

In mammalian cells, TGFβ exists in different 
forms such as soluble active TGFβ, LTGFβ, and 
cell surface TGFβ [30, 31]. Glycoprotein A rep-
etitions predominant (GARP) is a transmem-
brane protein widely expressed on human can-
cer cells that acts as a docking receptor for 
latent TGFβ (LTGFβ) to promote TGFβ activa-
tion. GARP is recently found to be upregulated 
in a variety of cancers and promotes cancer 
invasion, EMT, immune tolerance, as well as 
metastasis via activating LTGFβ [32]. Other 
studies have also reported that GARP is 
expressed on Foxp3+ regulatory T cells (Treg) 
and robustly enhances their suppressive func-
tion, leading to cancer evasion from immune 
surveillance. While the increased expression of 
GARP and its pro-tumorigenic function have 
been reported in several cancers including 
breast, lung, melanoma, bone sarcoma, and 
colon cancers [33-36], its expression and its 
possible role in the progression of ESCC remain 
to be determined. In addition, the function and 
regulation of GARP in ESCC are also unknown.

In this study, we demonstrated for the first  
time that P. gingivalis infection promoted the 
activation of TGFβ signaling and enhanced the 
malignant phenotype of ESCC in both cultured 
ESCC cells and mouse tumor models. In addi-
tion, we found that P. gingivalis augmented 
TGFβ activation through upregulating GARP 
expression in a fimbriae-dependent manner. 
Moreover, we found that Smad2/3 phosphory-
lation and the upregulation of GARP were po- 
sitively associated with a poor prognosis of 
ESCC patients. Taken together, these results 
not only demonstrated the TGFβ signaling-
mediated pro-tumorigenic property of P. gingi-
valis, but also revealed the role of GARP in this 
process.
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Materials and methods

Clinical specimens

In total, 190 ESCC samples were collected from 
the First Affiliated Hospital of Henan University 
of Science & Technology and Anyang People’s 
Hospital between 2012 and 2017. All ESCC 
cases were confirmed by histopathology and 
underwent curative esophagectomy without 
preoperative neoadjuvant chemoradiotherapy. 
The clinical data of the 190 patients were pre-
sented in Table S2. This study was approved by 
the Ethics Committee of the First Affiliated 
Hospital of Henan University of Science & 
Technology. Written informed consent was 
obtained from all patients.

Bacterium and cell culture

Human ESCC cell lines NE6-T and KYSE30 were 
cultured in Roswell Park Memorial Institute 
(RPMI) 1640 medium supplemented with 10% 
fetal bovine serum (FBS), 100 units/mL penicil-
lin G, and 100 μg/mL streptomycin in a 37°C 
humidified incubator with 5% CO2. P. gingivalis 
strain ATCC 33277 and its derivative fimA-
mutant were cultured in trypticase soy broth 
supplemented with yeast extract (1 mg/mL), 
hemin (5 μg/mL), and menadione (1 μg/mL), at 
37°C under anaerobic conditions with 85% N2, 
10% H2, and 5% CO2.

Western blot analysis

Cells were lysed in RIPA lysis buffer, and protein 
concentrations were quantified by a BCA pro-
tein assay kit. Protein samples were resolved 
by SDS-PAGE and then transferred onto PVDF 
membranes. The membranes were blocked 
with 5% fat-free dry milk for 1 h and then  
incubated with indicated primary antibodies  
at 4°C overnight. Primary antibodies against 
the following proteins were used in this study: 
Smad2/3 (1:500, CST, 8658), pSmad2/3 
(1:200, CST, 8828), GARP (1:100, GeneTex, 
GTX81794), TLR4 (1:500, Abcam, 13556), 
MYD88 (1:250, Abcam, 28763), Oct4 (1:400, 
Proteintech, 11263-1-AP, Proteintech), Snail 
(1:200, CST, 3879), E-cadherin (1:200, CST, 
14472), N-cadherin (1:500, CST, 14215), PAI-1 
(1:800, CST, 11907), and GAPDH (1:1000, 
EARTH, E021010-01). After incubation with 
HRP-conjugated secondary antibodies for 1 h 
at room temperature, the signals were visual-

ized using Supersignal West chemiluminescent 
substrate (Pierce Biotechnology, Rockford, IL, 
USA) and quantified using image analysis 
software.

Immunofluorescence (IF) staining

NE6-T and KYSE30 cells were seeded on confo-
cal glass bottom dishes and treated as indicat-
ed. The cells were then fixed in 4% paraformal-
dehyde for 30 minutes at room temperature, 
permeabilized with 0.5% Triton-X100 for 10 
minutes, and blocked with 5% BSA, followed by 
incubation with primary antibodies. The stain-
ing signal was developed using fluorophore-
conjugated secondary antibodies and exam-
ined under a Zeiss LSM700 confocal micro-
scope. DAPI was used for nuclear counterstain-
ing. The primary antibodies used in this study 
were anti-Oct4 (1:200, CST, 2840), -Smad2/3 
(1:200, CST, 8658) and -GARP (1:250, GeneTex, 
GTX81794).

ELISA assay

Conditioned media and xenograft tumor sam-
ples were collected for total and active TGF-β1 
measurement using LEGEND MAX Free Active 
TGF-β1 ELISA Kit with Pre-coated Plates 
(Biolegend, San Diego, CA, USA) or human total 
TGF-β1 ELISA Kit (ExCell Bio, Shanghai, China) 
according to the manufacturer’s protocols.

Quantitative real-time PCR

Total RNA was extracted from cells using Trizol 
reagent (Invitrogen) and was reverse tran-
scribed into cDNA using a Reverse Transcription 
System (Promega) following the manufacturer’s 
instructions. Quantitative real-time PCR was 
performed in triplicate on an Applied Biosystems 
7900 quantitative PCR system (Foster City, CA, 
USA). Relative mRNA expression was normal-
ized to GAPDH expression. The sequences of 
primers used in this study were listed in Table 
S3. 

Immunohistochemistry (IHC) staining

Formalin-fixed, paraffin-embedded (FFPE) tu- 
mor tissue blocks were sliced into 5 μm sec-
tions. The tissue sections were rehydrated, and 
the antigen was retrieved using citrate buffer 
treatment (10 nmol/L [pH 6]) at 100°C for  
15 min. Endogenous peroxidase was blocked 
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using 3% hydrogen peroxide. IHC staining was 
performed using the streptavidin-biotin-peroxi-
dase complex method. The immunostaining 
scores were obtained by multiplying the stain-
ing intensity and the percentage of positive 
cells.

Luciferase reporter assay

NE6-T and KYSE30 cells were transfected with 
SMAD Cignal reporter (QIAGEN) by Lipofecta- 
mine 2000 reagent (Invitrogen). The activities 
of firefly luciferase and renilla luciferase were 
measured 48 h after transfection using the 
Dual-Luciferase Reporter Assay System (Pro- 
mega, WI) according to the manufacturer’s pro-
tocol. The relative promoter activity was pre-
sented as the ratio of firefly luminescence value 
to renilla luminescence value.

High-throughput sequencing

Total RNA was isolated from KYSE30 cells that 
were co-cultured with either P. gingivalis or PBS 
(negative control) and were used for library 
preparation. Sequencing was performed on an 
Illumina Hiseq 4000 (San Diego, CA, USA) for  
2 × 150 bp paired-end configuration. The 
sequencing data was analyzed using TopHat-
HTSeq-DeSeq2frame. Raw reads were pro-
cessed through quality control and genome 
mapping used the DESeq2 package (v1.30.1). 
Differentially expressed genes were deter-
mined using a cutoff false discovery rate (FDR) 
< 0.05. The RNA sequencing data have been 
deposited in NCBI’s GEO with accession num-
ber GSE 121995. For subnetwork construction, 
245 differentially expressed genes were map- 
ped and imported to NetBox (http://cbio.mskcc.
org/tools/index.html) that queried the human 
protein-protein interaction network for interac-
tion between linkers and seeds.

Cell proliferation assay

Cell viability was measured by MTT assay. 
Briefly, cells (2,000 cells/well) were seeded in 
triplicate into 96-well plates and co-cultured 
with wild-type P. gingivalis, fimA-mutant, or PBS 
at a multiplicity of infection of 1:10. At indicated 
time points, MTT solution was added to each 
well and incubated for 4 h. The optical density 
(OD) value at 490 nm was determined using  
a microplate spectrophotometer (PerkinElmer, 
Waltham, MA, USA). 

Mouse xenograft tumor model

Male BALB/c athymic nude mice (4 weeks old) 
were purchased from Charles River Bioscience 
Co. Inc, China. NE-6 T and KYSE30 cells were 
incubated with wild-type P. gingivalis, fimA-
mutant, or PBS at a multiplicity of infection  
of 1:10 for 24 h and then harvested for xeno-
graft tumor formation. Specifically, cells of 3 × 
106/100 ul PBS were injected subcutaneously 
into the flanks or intravenously into the tail 
veins of mice (n=6 per group). Tumor growth 
was monitored daily, and the tumor dimensions 
were measured every 3 days using a digital cali-
per. Bioluminescence imaging of tail vein inject-
ed mice was performed weekly to evaluate 
tumor metastasis. Tumor volume was calculat-
ed as volume (mm3) = L × W2/2. To study the 
effect of a TGFβ receptor kinase inhibitor  
(SB-431542) or antibiotics (tinidazole) on tumor 
growth, mice that were inoculated with P. gingi-
valis-infected cells by subcutaneous or tail vein 
injection were randomly divided into two groups 
(n=6 mice/per group) and were treated with 
either SB-431542 (0.5 mg/kg) or tinidazole  
(15 mg/kg) by intraperitoneal injection twice a 
week for six weeks. At the end of the experi-
ment, the mice were anesthetized and eutha-
nized, and all tumors were harvested for H&E, 
IHC, ELISA, and PCR analyses. All animal stud-
ies were approved by the Institutional Animal 
Care and Use Committee of the First Affiliated 
Hospital of Henan University of Science & 
Technology, and all mouse experiments were 
performed in accordance with the National 
Institute of Health Guidelines for the Care and 
Use of Laboratory Animals.

Statistical analysis

Statistical analyses were conducted using 
GraphPad (GraphPad software 9) or R. Un- 
paired/paired Student’s t test or Man-Whitney 
U test (two tailed) were used to compare statis-
tical significance between two groups where 
appropriate. One way ANOVA tests with Dun- 
nett’s method was performed for comparing 
more than two groups, and two-way ANOVA test 
was utilized to analyze the tumor growth with 
multiple variables. The associations among cat-
egorical variables of patients were analyzed 
using chi-square test or Fisher’s exact test. The 
Kaplan-Meier curves and log-rank tests were 
used to assess the statistical significance of 
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overall survival. All data were presented as the 
mean ± SD of three independent experiments. 
P values less than 0.05 were considered statis-
tically significant and were noted as *P < 0.05, 
**P < 0.01, ***P < 0.001.

Results

Transcriptome analysis of esophageal cancer 
cells upon challenging with P. gingivalis

It is known that infection with P. gingivalis leads 
to a wide range alteration of host cell machin-
ery which is associated with a variety of patho-
genic responses. Our previous studies have 
demonstrated that P. gingivalis colonization 
aggravates ESCC through modulating cell cy- 
cle machinery and promoting cancer cell che-
motherapy resistance [3, 12]. To comprehen-
sively understand the molecular changes 
induced by P. gingivalis infection in esophageal 
cancer cells, we utilized P. gingivalis-stimulated 
KYSE30 cells, a representative ESCC cell line, 
to examine the alteration of transcriptomic  
profile upon P. gingivalis challenge. We identi-
fied 245 differentially expressed genes (fold 
change > 1.5) upon P. gingivalis challenge from 
3 independent experiments (Figure 1A; Table 
S1). Further Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analysis indicated these 
genes were enriched in TGFβ signaling, Hippo 
signaling, and phosphatidylinositol 3-kinase 
(PI3K)/Akt signaling pathway (Figure 1B). 

P. gingivalis infection upregulated TGFβ activity 
and the phosphorylation of Smads

Aberrant TGFβ signaling has been shown in a 
variety of cancers with either tumor-inhibiting 
or tumor-promoting effect, depending on tumor 
stages, e.g., early or late stage [37]. Given that 
TGFβ activation was observed in ESCC cells in 
our transcriptomic profiling, we next examined 
the impact of P. gingivalis infection on the 
secretion of TGFβ ligand and the activation of 
TGFβ/Smad signaling. As shown in Figure 1C, 
the total and active TGFβ1 levels in the condi-
tioned media of P. gingivalis-treated KYSE30 
and NE6-T cells were significantly elevated 
compared with that in the media of untreated 
control cells. Additionally, P. gingivalis increased 
the activity of a TGFβ-responsive Smad-binding 
element (SBE) luciferase reporter in KYSE30 
and NE6-T cells at 24 h post infection (Figure 
1D). To further confirm that the increased SBE 

activity was caused by the elevated TGFβ level 
from P. gingivalis infection, we utilized TGFβ1 
neutralizing antibody (TGFβ1-N), TGFβ receptor 
kinase inhibitor SB-431542, or tinidazole, an 
anaerobic bacterial antibiotic, to suppress 
TGFβ signaling or eliminate P. gingivalis stimuli. 
As expected, the increased luciferase activity 
was abolished by pretreatments with each of 
these inhibitors (Figure 1D). Consistently, real-
time PCR verified the transcriptional induction 
of TGFβ target genes, including plasminogen 
activator inhibitor-1 (PAI-1) and Smad7, were 
attenuated by TGFβ1-N, SB-431542, or tini- 
dazole in P. gingivalis-treated KYSE30 and 
NE6-T cells (Figure 1E). In line with these, P. 
gingivalis-induced TGFβ/Smad2/3 activity was 
confirmed by the enhanced phosphorylation 
(Figure 1F) and nuclear accumulation (Figure 
1G) of Smad2/3 and Oct4, which could also be 
abolished by TGFβ1-N, SB-431542, and tinida-
zole. Altogether, our results demonstrated that 
P. gingivalis infection significantly enhanced 
the secretion of TGFβ and subsequently acti-
vated TGFβ/Smads signaling in ESCC cells. 

P. gingivalis-mediated upregulation of GARP 
enhanced TGFβ activation through TLR4/
MyD88 signaling

Next, we explored how P. gingivalis activates 
TGFβ signaling in ESCC cells. It has been well 
known that the latent TGFβ goes through sev-
eral steps to release active TGFβ [30] which 
then binds to TbR1 and TbR2 to activate the 
downstream Smad proteins [30]. On the other 
hand, recent studies have revealed that the 
expression of GARP on Treg cells can enrich 
active TGFβ on cell surface and the subsequent 
activation of Smads signaling cascade [32]. 
Since our transcriptomic data and in vitro 
experimental data indicated that P. gingivalis 
infection upregulated TGFβ level, we ques-
tioned the effect of P. gingivalis infection on 
GARP expression in ESCC cells. We found that 
GARP protein levels were robustly increased in 
P. gingivalis-infected KYSE30 and NE6-T cells 
(Figure 2A). To further determine whether GARP 
is required for the activation of TGFβ signaling, 
we knocked down GARP by specific siRNA and 
found that GARP silencing abrogated the P. gin-
givalis-induced increase of active TGFβ in 
KYSE30 and NE6-T cells (Figure 2B). Consistent 
with this, SBE luciferase reporter activity was 
also reduced by GARP knockdown (Figure 2C). 
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Figure 1. P. gingivalis infection upregulates TGFβ activity in ESCC. (A) Histogram showing the differentially expressed 
mRNAs in KYSE30 cells in response to P. gingivalis challenge; (B) Pathway enrichment analyses of differentially ex-
pressed mRNAs based on Kyoto Encyclopedia of Genes and Genomes (KEGG) database; (C) The expression levels 
of total and active TGFβ1 secreted by NE6-T and KYSE30 cells under different treatment conditions were detected 
by ELISA; (D) The activity of a TGFβ-responsive Smad-binding element (SBE) luciferase reporter in NE6-T or KYSE30 
cells 24 h post P. gingivalis infection; (E) Plasminogen activator inhibitor-1 (PAI-1) and Smad7 mRNA expression 
levels in NE6-T and KYSE30 cells under different treatment conditions as determined by Real-time PCR; (F) The 
expression levels of pSmad2/3 and total Smad2/3 in NE6-T and KYSE30 cells under different treatment conditions 
as determined by Western blot; (G) Representative confocal immunofluorescence images and quantitation of Oct4 
and Smad2/3 in NE6-T and KYSE30 cells under different treatment conditions. Scale bars, 50 µm. Except (A and B), 
all experiments were independently repeated three times. The quantitation data in (C-E) were presented as means 
± SD from three independent experiment with a two-tailed Student’s t-test for statistical analysis (*P < 0.05, **P 
< 0.01, and ***P < 0.001).

Figure 2. P. gingivalis-mediated upregulation of GARP enhances TGFβ activation through TLR4/MYD88 signaling. (A) 
The expression levels of indicated proteins in NE6-T and KYSE30 cells under different treatment conditions as deter-
mined by Western blot; (B) The expression level of active TGFβ secreted from NE6-T and KYSE30 cells in response 
to P. gingivalis was detected by ELISA; (C) The activity of a TGFβ-responsive Smad-binding element (SBE) luciferase 
reporter in GARP knockdown NE6-T and KYSE30 cells in response to P. gingivalis infection; (D) The expression levels 
of indicated proteins in NE6-T and KYSE30 cells under different treatment conditions as determined by Western 
blot. All experiments were independently repeated three times. (E) Representative images of IHC staining of TLR4 
and MYD88 in tumor samples from ESCC patients with high- or low-levels of P. gingivalis. Scale bars, 200 µm and 
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Taken together, these results strongly suggest-
ed that P. gingivalis infection-induced upregula-
tion of GAPR mediated the enhancement of 
TGFβ signaling in ESCC cells. 

Furthermore, we investigated how P. gingivalis 
infection upregulates GAPR in ESCC cells. 
Similar to recent reports that Fusobacterium 
nucleatum, a gram-negative anaerobe, can 
activate the toll-like receptor 4 (TLR4)/MyD88 
cascade, thereby promoting the progression 
and chemoresistance of colorectal cancer [4, 
38], we found that P. gingivalis infection result-
ed in an upregulation of TLR4 and MyD88 pro-
tein levels in ESCC cells (Figure 2D), suggesting 
that the TLR4/MyD88 pathway might mediate 
the activity of P. gingivalis. In support with this 
notion, knockdown of TLR4 or MyD88 markedly 
reduced the upregulation of GARP and the 
enhanced Smad2/3 activity by P. gingivalis 
(Figure 2D). In addition, the protein levels of 
TLR4 and MyD88 were significantly higher in P. 
gingivalis-infected samples than in the non-
infected controls from ESCC xenograft tumors 
and ESCC patients (Figures 2E, 2F and S1). 
These findings demonstrated the involvement 
of TLR4/MyD88 in the upregulation of GARP. 
Collectively, our results revealed that P. gingiva-
lis activates the TGFβ signaling pathway through 
GARP via the upregulation of TLR4/MyD88, at 
least partially, in ESCC cells.

pSmad2/3 was negatively associated with 
overall survival in ESCC patients 

Our previous studies reported that P. gingivalis 
abundance in ESCC was significantly correlated 
with a shorter survival of ESCC patients [3, 12]. 
Since we observed that P. gingivalis infection 
activated TGFβ signaling in this study, we que-
ried the clinical significance of this activation  
in the overall survival of ESCC patients. As 
shown in Figure 3A-C, the protein levels of 
GARP, pSmad2, and TGFβ1 were significantly 
increased in P. gingivalis-high ESCC tissues, 
and more importantly, these protein levels were 
positively correlated with the abundance of P. 
gingivalis. There was also a significant correla-
tion between GARP and pSmad2/3 level (Figure 

3C). Further analysis showed that the high level 
of pSmad2 was significantly associated with 
the poor overall survival of ESCC patients 
(Figure 3D), while only a marginal correlation 
between GARP level and the overall survival 
was detected (Figure 3E). Surprisingly, there 
was no correlation between TGFβ1 level and 
the overall survival (Figure 3F), which might be 
because IHC staining used to detect TGFβ1 in 
cancer tissues was not sensitive enough to 
accurately reflect the expression of various 
forms of TGFβ1. Alternatively, other signaling 
pathways might modulate TGFβ1 activity in 
ESCC. Nevertheless, our results suggest that P. 
gingivalis-mediated GARP upregulation was 
related to the poor overall survival of ESCC 
patients through the activation of TGFβ/
Smad2/3 signaling.

The pro-tumorigenic property of P. gingivalis 
was dependent on the intactness of fimbriae

P. gingivalis fimbriae are proteinaceous, fila-
mentous appendages that protrude from the 
bacterial cell surface [39]. The fimbriae of  
P. gingivalis play crucial roles in biofilm forma-
tion, auto-aggregation and co-aggregation with 
other oral bacteria, adhesion to host molecules, 
and host cell invasion [39-41]. For example, it 
has been reported that a P. gingivalis ΔfimA 
mutant loses its ability to invade epithelial cells 
[42, 43]. Hence, we evaluated if FimA was 
required for P. gingivalis to activate TGFβ sig-
naling by using the fimA deletion mutant of P. 
gingivalis. As shown in Figure 4A, the fimA 
mutant exhibited a diminished ability to acti-
vate TGFβ signaling in KYSE30 and NE6-T  
cells. Notably, the fimA mutant demonstrated 
reduced internalization as well as suppressed 
abilities to promote cellular proliferation, migra-
tion, and invasion compared to the wild-type  
P. gingivalis control (Figure 4B-D), indicating 
that FimA contributed partly to the tumor-pro-
moting role of P. gingivalis through TGFβ/Smad 
signaling.

In addition to its role in regulating TGFβ signal-
ing, we also found that P. gingivalis upregulated 
the expression of cell cycle inhibitors and apop-

100 µm, respectively. (F) Correlations between P. gingivalis and TLR4 protein, as well as between P. gingivalis and 
MYD88 protein. The quantitation data in (B and C) were presented as means ± SD from three independent experi-
ment with a two-tailed Student’s t-test for statistical analysis. The Spearman nonparametric correlation test was 
employed to analyze the correlations among the ranked factors in (F) (*P < 0.05, **P < 0.01, and ***P < 0.001).
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tosis-related genes such as CDKN2B and  
BMF (Figure 4E). Furthermore, since TGFβ sig-
naling controls epithelial-mesenchymal transi-
tion (EMT), cancer cell stemness, tumor cell 
growth, and migration [6, 13], we examined the 
effect of P. gingivalis infection on the marker 
gene expression of these pathways in NE6-T 
and KYSE30 cells and found that P. gingivalis 
infection downregulated the expression of 
E-cadherin, while upregulated the expression of 
N-cadherin and EMT inducer Snail (Figure 4F). 
Similarly, both western blotting and IF staining 
demonstrated that P. gingivalis increased the 
expression of pluripotency marker Oct4, and 
importantly, all these properties were abol-
ished by TGFβ1-N, SB-431542, or tinidazole 
pretreatment (Figures 4F, 1G). Moreover, Wes- 
tern blotting showed that GARP depletion abro-
gated P. gingivalis-induced pSmad2/3, PAI-1, 
Snail, and Oct4 levels (Figure 4G), suggesting 
the essential role of GARP in P. gingivalis-
induced effects. Importantly, the P. gingivalis-
induced malignant phenotypes, such as en- 
hanced migration and invasion, were abolished 
by TGFβ1-N, SB-431542, or tinidazole pretreat-
ment (Figure S2A). Likewise, GARP knockdown 
also hampered P. gingivalis-induced migration 
and invasion of ESCC cell (Figure S2B). Taken 
together, these results suggest that P. gingiva-

lis aggravates ESCC possibly through a fimbri-
ae-dependent TGFβ activation, and at least 
partially, rewires other pro-oncogenic signaling 
pathways including pro-EMT and cancer stem-
ness in ESCC cells.

Elimination of P. gingivalis or inhibition of TGFβ 
signaling suppressed the growth and metasta-
sis of ESCC in mouse models

To confirm our findings from in vitro cell line-
based studies, we examined the effects of 
inhibiting TGFβ signaling and/or eliminating P. 
gingivalis on the growth and metastasis of 
ESCC in mouse models. Specifically, P. gingiva-
lis-treated or untreated NE6-T cells were subcu-
taneously inoculated in nude mice, followed by 
the treatment with SB-431542 or tinidazole. 
We found that P. gingivalis infection significant-
ly augmented tumor growth, which could be sig-
nificantly reduced by SB-431542. Interestingly, 
tinidazole treatment rendered a similar inhibi-
tory effect (Figure 5A). Furthermore, real-time 
PCR analyses of xenograft tumors showed that 
P. gingivalis upregulated the mRNA levels of 
PAI-1, Smad7, Snail, and Oct4, which could be 
attenuated by SB-431542 or tinidazole, except 
for Smad7 (Figure 5B). A similar effect was also 
observed on the protein levels of pSmad2, PAI-

Figure 3. pSmad2 level was positively associated with unfavorable overall survival in ESCC patients. (A) Representa-
tive images of IHC staining of GARP and pSmad2 in ESCC with high- or low-levels of P. gingivalis. Scale bars, 200 
µm and 100 µm, respectively; (B, C) Correlations between P. gingivalis and GARP, P. gingivalis and pSmad2, as well 
as P. gingivalis and TGFβ1; (D-F) Kaplan-Meier analyses on the overall survival of ESCC patients with low- and high-
levels of GARP, pSmad2, and TGFβ1. The Spearman nonparametric correlation test was employed to analyze the 
correlations among the ranked factors in (B and C).
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1, Snail, and Oct4 by IHC (Figure 5C). Consistent 
with these data, active TGFβ level was signifi-
cantly enhanced in the xenograft tumors 
derived from P. gingivalis-treated ESCC cells 

(Figure 5D). In addition, lung bioluminescence 
analysis of the tail vein injected mice revealed 
that P. gingivalis infection promoted tumor 
growth and lung metastasis, which could be 

Figure 4. Fimbriae and GARP were required for P. gingivalis-activated TGFβ signaling. (A) The expression levels of 
indicated proteins in NE6-T and KYSE30 cells in response to P. gingivalis or a fimA deficient mutant (fimA-M) treat-
ment as determined by Western blot; (B) Representative confocal immunofluorescence images and the quantitation 
of the intracellular invasion into NE6-T cells by P. gingivalis or fimA-M P. gingivalis. Scale bar, 50 µm; (C) Cell viability 
was measured by MTT assay in NE6-T and KYSE30 cells in response to P. gingivalis or fimA-M; (D) Representative 
images as well as the quantitation of the migration and invasion of NE6-T and KYSE30 cells in response to P. gin-
givalis or fimA-M; (E) The mRNA expression levels of cell cycle inhibitors and apoptosis-related genes in NE6-T and 
KYSE30 cells under different treatment conditions as determined by real-time PCR; (F, G) The expression levels of 
indicated proteins in NE6-T and KYSE30 cells in response to P. gingivalis under different treatment conditions as de-
termined by Western blot. All experiments were independently repeated three times. The quantitation data in (B-D) 
were presented as means ± SD from three independent experiment with a two-tailed Student’s t-test for statistical 
analysis (*P < 0.05, **P < 0.01, and ***P < 0.001).
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Figure 5. Eliminating P. gingivalis or inhibiting TGFβ signaling suppressed ESCC tumor growth and metastasis in 
mouse xenograft models. (A) Representative images and quantitation of the weight and volume of NE6-T cells-
derived xenograft tumor pretreated with P. gingivalis or PBS; (B) The mRNA levels of indicated molecules in NE6-T-
derived xenografted tumors under different treatment conditions as determined by real-time PCR; (C) IHC staining of 
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attenuated by inhibitors (Figure 5E). Lastly, IF 
staining demonstrated a higher expression 
level of GARP in P. gingivalis-infected cells-
derived xenograft tumors (Figure 5F). Notably, 
P. gingivalis induced a predominantly membra-
nous and para-membranous distribution of 
GARP in ESCC cells, which would facilitate the 
enrichment of TGFβ signaling (Figure 5G). 

Discussion

Aberrant TGFβ signaling is well known to be 
involved in the progression of multiple cancers 
in a context-dependent manner. However, the 
role and functional mechanism of this signaling 
in the infectious milieu of ESCC remain largely 
unknown. In this study, we demonstrated for 
the first time that P. gingivalis infection promot-
ed TGFβ signaling and subsequently worsened 
the prognosis of ESCC patients. Furthermore, 
we found that P. gingivalis-induced TGFβ activa-
tion was mediated by the upregulation of a sur-
face receptor, GARP, which subsequently acti-
vated multiple downstream signaling molecules 
as well as EMT and cancer cell stemness. In 
addition, we found that the FimA fimbriae of  
P. gingivalis signaling through TLR4/MyD88 
was required for the upregulation of GARP. 
Collectively, our findings demonstrated the pro-
tumorigenic property of P. gingivalis through 
the upregulation of TGFβ signaling, as well as a 
novel regulatory mechanism mediated by GARP 
in the activation of the TGFβ signaling in ESCC. 

Our results showed that the upregulation of 
GARP by P. gingivalis was dependent on fimbri-
al production and the activation of TLR4/
MyD88 in ESCC cells. These findings not only 
revealed that GARP was the target of P. gingiva-
lis but also elucidated the underlying molecular 
mechanisms of P. gingivalis-induced TGFβ sig-
naling. This function of P. gingivalis is specific 
as challenging with E. coli, a classic bacterium 
that produces the agonist of TLR4-signaling in 

vivo, fails to enhance GARP (data not shown), 
suggesting that other virulence factor(s) of P. 
gingivalis might also be involved in the upregu-
lation of GARP. In addition, it is well known that 
a high level of latent TGFβ is sequestered in the 
extracellular matrix of tumor or in other cells, 
where latent TGFβ is activated by protease 
cleavage, such as MMP-2 and MMP-9, thereby 
releasing the active form of TGFβ into the tumor 
microenvironment [44-46]. Alternatively, since 
P. gingivalis infection can consistently elevate 
the secretion of MMPs in different contexts [47-
50], the increased MMPs in the tumor microen-
vironment may lead to the elevated TGFβ activ-
ity and enhanced malignancy of ESCC. Our 
results from this study showed that the upregu-
lation of GARP and TLR4/MyD88 was required 
for TGFβ activation, suggesting that P. gingiva-
lis employed at least three distinct strategies to 
activate TGFβ signaling: the secretion of MMPs, 
the activation of TLR4/MyD88, and the upregu-
lation of GAPR expression. Further investiga-
tion on the secretion of active TGFβ will provide 
insight into the pro-tumorigenic mechanism of 
P. gingivalis infection in ESCC. 

Previous studies have reported an increased 
TGFβ level in the serum of ESCC patients, which 
was associated with shorter survival time of the 
patients [51], suggesting that TGFβ level could 
be a prognostic marker for ESCC. Since the 
phosphorylation of Smad2 and Smad3 is the 
central event in TGFβ signaling [52, 53], we 
examined the pSmad2/3 level in P. gingivalis-
infected ESCC cells as well as in the tumor tis-
sues from patients and found remarkably 
increased pSmad2/3 levels, suggesting that 
increased Smad2/3 phosphorylation could be 
used as a prognostic marker in ESCC. However, 
an opposite conclusion was drawn from a 
recent meta-analysis, in which lower pSmad2 
level was significantly associated with an 
increased all-cause mortality risk in cancer 
patients [54]. In addition, there are several 

pSmad2, PAI-1, Snail, and Oct4 in NE6-T-derived xenograft tumors under different treatment conditions. Scale bars, 
200 µm. (D) The expression of level of active TGFβ in NE6-T-derived xenograft tumors in response to P. gingivalis 
was measured by ELISA; (E) Representative bioluminescent images of photon flux and quantification of photon flux 
of lung metastasis from tail vein injection of KYSE30 cells under different treatment conditions; (F) IHC staining of 
GARP in NE6-T-derived xenograft tumors in response to P. gingivalis. Scale bars, 200 µm; (G) Representative confo-
cal immunofluorescence images and the quantitation of GARP in NE6-T and KYSE30 cells under different treatment 
conditions. Scale bars, 50 µm. Except (C and F), all experiments were independently repeated three times. Except 
(G), the quantitation data were presented as means ± SD from three independent experiment with a two-tailed 
two-way ANOVA test, Student’s t-test, or nonparametric Mann-Whitney test for statistical analyses (*P < 0.05, **P 
< 0.01, and ***P < 0.001).
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studies showing pSmad2 [55-59] and pSmad3 
[60, 61] could be either an adverse effecter or 
a favorable effecter in different types, or even 
the same type of tumors, which could be due to 
the specific cancer type used in different stud-
ies or the non-overlapping, opposite function of 
pSmad2 and pSmad3 during tumor progres-
sion [53, 62, 63]. 

Other regulatory proteins are also involved in 
regulating TGFβ activity in the tumor microen- 
vironment. For example, Smad ubiquitination 
regulatory factor (Smurf)-mediated TβRI degra-
dation can dynamically regulate TGFβ signaling 
[64]. As recent studies have shown that P. gin-
givalis is a potent inducer of several ubiquitin 
E3 ligases [65, 66], it is conceivable that  
ubiquitination-mediated degradation of SMAD 
could be exploited by P. gingivalis to aggravate 
ESSC. Indeed, a previous study showed a sig-
nificant increase of Smurf in ESCC tissues [67]. 
In this study, we found that the phosphorylation 
of Smad2/3 and Smad7 were increased in P. 
gingivalis-stimulated ESCC cells. Since previ-
ous studies have indicated that the inhibitory 
Smad protein Smad7 can bind to TGF-β recep-
tors and interfere with the phosphorylation of 
Smad2/3 [68, 69], we therefore cannot exclude 
the possibility that Smad7 regulated the abun-
dance of Smad2/3 in ESCC. Furthermore, it has 
been reported Smad7 expression is increased 
in response to the proinflammatory cytokines 
such as interferon-γ (IFN-γ) and TNFα, which 
activate the JAK/STAT and NF-κB signaling 
pathway, respectively, in some cell types [70]. 
Since P. gingivalis infection increases the pro-
inflammatory cytokine production by innate 
cells in the infectious tumor microenviron-
ments, these findings suggest the importance 
of the window of time in which TGFβ and SMADs 
proteins should be examined. Therefore, a 
detailed examination on the phosphorylation 
and total SMAD levels in patient tissues would 
be necessary to define the role of TGFβ and its 
downstream signaling components in the pro-
gression of ESCC. 

While this study found that P. gingivalis promot-
ed TGFβ secretion and activation, we cannot 
exclude the possibility that other bacteria in the 
oral cavity may also affect TGFβ expression and 
its downstream signaling through altering the 
growth of P. gingivalis and/or the composition 
of the local microbiome in the infectious milieu. 
Previous studies have reported that the deliv-
ery of some commensal bacteria or the infec-

tion of Fusobacterium nucleatum are indeed 
associated with the higher expression of TGFβ 
[71, 72]. Considering the de facto status of the 
colonization of various bacterial species in 
esophageal microenvironment [10, 73], the 
indirect impact of other oral microbes on TGFβ 
expression should be investigated to character-
ize the influence of P. gingivalis and other bac-
teria, alone and in combination, on the expres-
sion of TGFβ and the prognosis of ESCC. 

In this study, we found that the administration 
of tinidazole, an antibiotic targeting P. gingiva-
lis, led to a significantly decreased tumor 
growth. Further characterization revealed that 
tinidazole treatment inhibited TGFβ activity as 
well as the expression of GARP, pSMAD2/3, 
and other signaling molecules, suggesting the 
potential application of targeting P. gingivalis 
infection in ESCC therapy. However, caution 
should be taken to advocate the use of tinida-
zole since tinidazole targets a group of anaero-
bic bacteria including those interacted with P. 
gingivalis; hence, the development of a P. gingi-
valis-specific antimicrobial agent such as pro-
tein peptide with specific motifs to neutralize 
the binding or invasion of P. gingivalis may be 
required. Additionally, further studies on the 
effect of tinidazole on cancer cell immune eva-
sion and the related pathogenesis are required 
to comprehensively assess the influence of 
antibiotics on the progression and prognosis of 
ESCC.

In conclusion, we have demonstrated for the 
first time that P. gingivalis infection enhanced 
TGFβ signaling in cultured ESCC cells and in 
xenograft tumor. Furthermore, we found that 
the P. gingivalis infection-mediated increase of 
GARP and the subsequent MyD88 signaling 
were required for the phosphorylation of 
SMADs. Moreover, our clinical data showed 
that P. gingivalis infection and the phosphoryla-
tion of Smad2/3 were significantly associated 
with the overall survival of patients with ESCC. 
More importantly, inhibiting TGFβ signaling or 
eliminating P. gingivalis suppressed tumor 
growth and metastasis, suggesting the poten-
tial clinical application of targeting P. gingivalis-
related signaling network for the treatment of 
patients with ESCC.
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Table S2. Clinicopathological characteristics of 190 ESCCs

Name Gender Age Differentiation Invasion 
depth

Lymphatic 
metastasis status days TGFβ1 pSmad2 GARP P.gingivalis TNM

XXX 0 1 2 2 0 1 50 0 0 0 0 0
XXX 1 1 2 2 0 1 10 0 1 1 1 0
XXX 1 1 3 2 1 1 32 0 1 1 1 1
XXX 1 0 2 1 0 0 15 0 0 0 0 0
XXX 0 1 1 1 0 0 72 1 0 1 0 0
XXX 1 1 2 2 1 0 72 1 0 1 1 1
XXX 1 1 2 1 0 1 21 0 1 1 0 0
XXX 0 1 1 1 0 0 43 0 0 0 0 0
XXX 1 0 2 2 0 1 7 1 1 1 1 0
XXX 0 0 2 1 0 0 72 1 0 1 0 0
XXX 0 1 1 2 0 1 63 0 0 1 1 0
XXX 1 0 2 2 1 0 66 0 0 0 0 0
XXX 0 0 3 1 1 0 55.9 0 0 0 0 0
XXX 1 1 3 2 1 1 4 0 1 1 1 1
XXX 0 0 2 2 0 0 61.9 0 0 0 0 0
XXX 0 1 3 2 1 1 12.2 0 1 1 1 1
XXX 1 0 2 1 0 1 30 0 0 0 1 0
XXX 0 1 2 1 0 1 42 1 0 0 0 0
XXX 1 0 1 2 1 0 12 0 0 1 0 1
XXX 1 1 2 2 0 0 25 0 1 1 0 0
XXX 0 1 3 2 1 1 11 1 1 0 1 1
XXX 1 0 2 1 1 0 44 0 0 1 0 0
XXX 1 0 2 2 0 0 18 1 0 0 1 0
XXX 1 1 3 2 0 0 20 0 0 0 0 0
XXX 1 1 3 2 0 1 24 1 1 1 1 0
XXX 0 1 2 1 0 1 30 1 1 0 1 0
XXX 1 1 2 1 0 1 32 0 0 0 0 0
XXX 1 1 2 1 0 1 23 1 0 1 0 0
XXX 0 1 2 1 0 1 24 1 0 0 0 0
XXX 1 1 3 2 0 0 72 1 1 0 0 0
XXX 1 1 2 2 0 1 51 0 1 1 0 0
XXX 1 1 1 1 0 1 32 1 1 0 0 0
XXX 1 0 1 2 0 0 24 0 0 0 0 0
XXX 0 1 2 1 0 1 10.1 1 1 0 0 0
XXX 1 1 2 2 1 1 24.9 0 0 1 0 1
XXX 1 1 1 1 0 1 37 1 0 1 0 0
XXX 1 1 1 2 0 0 23 1 1 0 0 0
XXX 0 1 2 1 0 0 61.87 1 1 0 0 0
XXX 1 1 2 1 1 1 17 1 1 1 1 1
XXX 1 1 3 2 1 0 24 0 0 0 1 1
XXX 1 1 2 2 1 0 72 1 0 0 1 1
XXX 1 1 3 2 1 0 21 1 0 1 1 1
XXX 1 0 1 1 1 0 43 1 0 1 0 0
XXX 1 0 2 2 1 1 12 1 0 0 1 1
XXX 1 1 3 2 1 0 20 0 0 0 1 1
XXX 0 0 3 2 0 0 56.85 0 1 1 1 0
XXX 1 0 3 2 1 0 20 1 1 1 1 1
XXX 0 0 2 2 0 0 58.89 1 0 0 1 0
XXX 0 1 3 2 0 0 22 0 1 0 0 0
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XXX 1 1 2 2 1 1 29 1 1 1 1 1
XXX 1 1 1 1 1 1 42 0 1 1 1 0
XXX 0 1 2 2 1 0 19 0 1 0 0 1
XXX 1 1 3 2 0 0 18 1 1 0 0 0
XXX 1 0 2 2 0 1 18.3 1 1 0 1 0
XXX 0 1 1 2 0 0 58.89 0 0 0 0 0
XXX 0 1 1 1 0 1 72 0 1 1 0 1
XXX 1 1 3 1 1 1 33 1 0 1 1 0
XXX 0 1 2 1 0 0 43 0 1 0 0 0
XXX 0 0 1 2 0 0 59.9 0 1 0 0 0
XXX 1 1 2 2 0 0 23 0 0 0 0 0
XXX 0 0 1 2 1 1 32 0 1 1 1 1
XXX 0 1 3 1 1 0 23 0 0 1 1 0
XXX 1 0 2 1 1 1 38 0 1 0 1 1
XXX 1 0 2 2 1 1 2 0 1 1 1 1
XXX 1 0 2 2 0 1 18.92 0 1 1 0 0
XXX 0 1 2 1 0 0 20 0 1 0 1 0
XXX 1 1 2 1 0 1 30 0 1 1 0 0
XXX 0 1 1 1 0 1 29 0 0 0 0 0
XXX 1 1 2 1 1 1 9.9 0 1 1 0 1
XXX 1 0 2 1 0 0 43 0 0 0 0 0
XXX 1 0 2 1 1 1 28 0 1 1 1 0
XXX 0 0 1 2 1 1 56 0 1 1 1 1
XXX 0 0 2 1 1 1 14.9 1 1 1 1 0
XXX 0 1 2 1 0 0 56.85 1 0 1 1 0
XXX 1 0 2 1 1 1 29 1 1 1 1 1
XXX 1 1 2 1 1 1 17 0 0 1 1 1
XXX 1 1 2 2 1 1 27 0 0 0 0 1
XXX 1 0 3 1 0 0 56.85 0 1 1 0 0
XXX 0 1 2 1 1 1 13 0 0 0 1 0
XXX 1 1 1 1 1 1 37 1 0 1 1 1
XXX 0 1 2 2 0 1 10 1 0 1 0 0
XXX 1 1 2 2 0 1 10 1 1 1 1 0
XXX 0 1 1 1 0 1 53.93 0 1 0 0 0
XXX 0 1 2 2 0 0 72 0 0 1 0 0
XXX 0 1 2 1 1 1 38 1 0 0 1 1
XXX 1 0 3 1 1 0 22 0 1 0 0 0
XXX 1 0 2 2 0 0 63.8 1 0 1 0 0
XXX 1 1 1 1 0 0 43 1 1 1 1 0
XXX 1 0 1 1 1 0 43 1 0 1 1 1
XXX 1 0 2 2 1 0 72 0 0 1 1 1
XXX 1 1 2 1 0 0 62.9 0 1 0 0 0
XXX 0 1 1 1 0 0 23 0 1 1 0 0
XXX 1 0 1 1 0 0 12 0 1 0 0 0
XXX 1 1 2 1 1 0 42 0 0 0 0 1
XXX 0 1 2 1 0 1 23 0 1 1 0 0
XXX 1 0 2 1 1 1 21.2 0 1 1 0 0
XXX 1 1 2 2 1 0 22 1 0 1 1 1
XXX 1 1 2 1 0 0 42 1 1 0 0 0
XXX 1 1 2 1 0 1 28 1 0 0 0 0
XXX 1 1 3 2 0 0 24 1 1 0 0 0
XXX 1 1 3 1 0 1 6 0 1 1 1 0
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XXX 0 0 2 1 0 0 56.85 0 1 1 0 0
XXX 0 1 2 2 0 0 21 0 1 1 0 0
XXX 1 1 3 2 0 0 20 1 1 0 0 0
XXX 1 1 3 2 1 1 26 1 0 0 0 1
XXX 0 1 2 2 1 1 41.9 1 0 1 0 1
XXX 1 1 1 2 1 1 48 0 0 1 1 1
XXX 0 0 1 2 1 1 0.5 0 0 1 1 1
XXX 1 1 2 2 1 1 52 1 1 1 1 1
XXX 1 0 3 1 1 1 31 0 0 0 0 1
XXX 1 0 1 1 0 0 43 0 1 1 0 0
XXX 1 0 1 2 1 1 40 1 1 1 1 1
XXX 1 1 3 2 0 1 29 0 1 1 1 0
XXX 0 1 2 2 0 1 11 1 0 0 0 0
XXX 1 0 2 1 0 0 43 0 1 1 0 0
XXX 1 1 2 1 1 0 43 0 0 0 0 1
XXX 0 1 1 1 0 1 33 0 0 0 1 0
XXX 0 1 2 1 0 1 16.9 1 0 1 0 0
XXX 0 0 2 2 1 1 64 1 1 0 1 1
XXX 1 1 3 1 0 1 3.1 0 1 0 1 0
XXX 0 1 2 2 0 1 5.1 0 0 0 0 0
XXX 1 1 1 1 1 1 23 0 0 0 0 1
XXX 1 1 1 2 0 0 72 0 1 0 0 0
XXX 0 0 2 2 0 0 23 0 1 0 0 0
XXX 1 0 1 2 0 1 13 0 1 1 1 0
XXX 1 1 2 1 1 0 43 0 0 0 0 1
XXX 1 1 3 2 0 0 23 0 1 0 1 0
XXX 1 0 2 1 0 0 59.87 0 1 0 1 0
XXX 1 0 2 1 0 0 41 1 1 1 1 0
XXX 1 0 2 2 1 0 42 1 0 0 1 0
XXX 1 0 1 1 0 0 23 1 0 0 0 0
XXX 0 1 1 2 0 0 72 0 0 0 0 0
XXX 1 1 2 1 0 0 72 0 0 0 0 0
XXX 1 0 2 1 0 0 72 0 0 0 0 0
XXX 0 1 2 1 1 0 72 0 1 1 0 0
XXX 0 0 2 1 0 0 43 1 1 1 0 0
XXX 0 1 1 1 0 0 72 0 1 0 0 0
XXX 1 1 1 2 0 1 38 1 1 1 1 0
XXX 1 1 2 1 1 0 41 0 1 1 1 1
XXX 1 1 2 2 1 1 18 1 1 0 1 1
XXX 1 0 1 2 0 0 63.8 1 0 1 1 0
XXX 1 1 2 1 1 0 42 0 1 1 0 1
XXX 1 1 2 1 1 0 42 0 0 0 0 0
XXX 0 1 2 1 0 0 43 1 1 0 0 0
XXX 1 1 3 2 0 1 11 1 1 1 1 0
XXX 1 0 2 2 1 1 64 0 1 1 1 1
XXX 1 1 2 1 0 0 42 1 1 1 1 0
XXX 0 1 2 1 0 0 42 1 0 0 0 0
XXX 1 0 3 2 0 0 22 0 0 0 0 0
XXX 1 0 3 2 0 0 25 0 0 0 0 0
XXX 1 0 1 1 0 0 42 0 0 0 0 0
XXX 1 1 2 1 0 0 61.9 0 1 0 0 0
XXX 1 0 1 2 0 0 59.9 1 0 1 1 0
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XXX 0 1 1 2 0 0 72 0 0 1 0 0
XXX 1 1 2 2 0 1 56.9 0 0 0 0 0
XXX 1 0 3 1 0 0 43 1 1 0 0 0
XXX 0 1 3 1 0 0 19 0 1 1 0 0
XXX 1 1 2 1 1 0 42 0 1 1 0 1
XXX 1 1 2 1 1 1 41 1 1 1 1 0
XXX 1 0 2 2 1 1 47 0 1 1 1 1
XXX 1 1 2 2 0 1 33.9 0 1 1 0 0
XXX 0 1 3 2 1 0 20 0 1 0 1 1
XXX 1 1 1 2 0 1 31.9 1 1 0 0 0
XXX 1 1 3 2 0 0 21 0 0 0 0 0
XXX 1 1 2 2 0 1 38.9 0 1 0 1 0
XXX 1 0 2 1 0 0 58.89 0 0 1 1 0
XXX 0 0 3 1 0 0 23 0 0 0 0 0
XXX 1 1 2 1 1 1 20 0 1 1 0 1
XXX 1 1 2 1 1 0 42 0 0 0 1 1
XXX 1 0 2 2 0 0 58.89 0 0 1 0 1
XXX 1 0 3 2 1 0 24 1 1 1 1 1
XXX 1 1 2 1 0 0 63.8 0 0 0 0 0
XXX 0 1 2 2 0 0 18 1 0 0 0 0
XXX 0 1 2 2 0 1 35 1 0 1 0 0
XXX 1 1 3 2 0 0 72 0 0 1 0 0
XXX 1 1 2 1 0 0 24 0 0 0 0 0
XXX 0 1 1 1 0 1 39.9 1 0 0 0 0
XXX 1 1 1 1 1 1 10 0 0 0 1 0
XXX 1 1 1 2 0 1 64 1 1 1 0 0
XXX 1 1 1 2 0 1 33 0 0 1 0 0
XXX 1 1 1 2 1 1 64 0 0 0 1 1
XXX 1 1 2 1 1 1 19 0 0 0 1 1
XXX 1 1 2 2 0 1 18 0 0 0 0 0
XXX 1 1 2 1 1 0 42 0 1 0 1 0
XXX 1 1 1 2 1 1 15 1 1 0 1 1
XXX 1 1 2 1 0 1 54 0 0 0 0 0
XXX 1 0 2 2 0 1 23.9 0 1 1 1 0
XXX 1 1 1 2 0 1 38 0 1 1 1 0
XXX 1 1 2 2 1 1 10 1 1 1 0 1
XXX 0 0 2 2 0 0 19 1 0 0 0 0
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Table S3. Primer sequences used in this study
Primer Sequence
PAI-1/F CATAGTCTCAGCCCGCATGG
PAI-1/R GGGTCAGGGTTCCATCACTT
Smad7/F CCCCATCACCTTAGCCGACTCTGC
Smad7/R CCCAGGGGCCAGATAATTCGTTCC
SNAI1/F CCTGTCTGCGTGGGTTTTTG
SNAI1/R ACCTGGGGGTGGATTATTGC
Oct4/F CAAGCTCCTGAAGCAGAAGAGGAT
Oct4/R CTCACTCGGTTCTCGATACTGGTT
DAPK/F TGGGAAGCGGAGCTGAAGTG
DAPK/R CACGGCATTTCTTCACAACCG
BMF/F CCCTCCTTCCCAATCGAGTC
BMF/R TCCCCATCCTCTGGTTGGAA
CDKN2B/F CAACGGAGTCAACCGTTTCG
CDKN2B/R GGGCAGCATCATGCACCG
p21/F ACTCTCAGGGTCGAAAACGG
p21/R ATGTAGAGCGGGCCTTTGAG
BIM/F GCTACCAGATCCCCACTTTTCA
BIM/R CTGGGCTCCTGTCTGTGT

Figure S1. P. gingivalis-mediated upregulation of GARP enhances TGFβ activation through TLR4/MYD88 signaling. 
Representative images of IHC staining of TLR4 and MYD88 in NE6-T-derived xenograft tumors under different treat-
ment conditions. Scale bars, 200 µm.
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Figure S2. P. gingivalis enhances the migration and invasion of NE6-T and KYSE30 cells through GARP upregulation. 
A, B. Representative images and the quantitation of migration and invasion assay in NE6-T and KYSE30 cells under 
different treatment conditions. All experiments were independently repeated three times. The quantitation data 
were presented as means ± SD from three independent experiment with a two-tailed Student’s t-test for statistical 
analysis (*P < 0.05, **P < 0.01, and ***P < 0.001).


