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ABSTRACT
Background: Oral squamous cell carcinoma (OSCC) is the most common tumor in the oral 
cavity. Methicillin-resistant Staphylococcus aureus (MRSA) were highly detected in OSCC 
patients; however, the interactions and mechanisms between drug-resistant bacteria 
(MRSA) and OSCC are not clear.
Aim: The aim of this study was to investigate the promotion of MRSA on the development of 
OSCC.
Methods: MRSA and MSSA (methicillin-susceptible) strains were employed to investigate the 
effect on the proliferation of OSCC in vitro and vivo.
Results: All of the MRSA strains significantly increased the proliferation of OSCC cells and 
MRSA arrested the cell cycles of OSCC cells in the S phase. MRSA activated the expression of 
TLR-4, NF-κB and c-fos in OSCC cells. MRSA also promoted the development of squamous cell 
carcinoma in vivo. The virulence factor fnbpA gene was significantly upregulated in all MRSA 
strains. By neutralizing FnBPA, the promotions of MRSA on OSCC cell proliferation and 
development of squamous cell carcinoma were significantly decreased. Meanwhile, the 
activation of c-fos and NF-κB by MRSA was also significantly decreased by FnBPA antibody.
Conclusion: MRSA promoted development of OSCC, and the FnBPA protein was the critical 
virulence factor. Targeting virulence factors is a new method to block the interaction between 
a drug-resistant pathogen and development of tumors.
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Introduction

Oropharyngeal cancer is the sixth most common malig-
nant tumor in the world with the incidence of more 
than 500,000 annually [1,2]. Oral squamous cell carci-
noma (OSCC), the most common oral cancer [3], is 
highly invasive and prone to lymph node or distant 
organ metastasis [4], such as lung and heart [5]. The 
5-year survival rate of OSCC was even less than 60% [6]. 
Dysbiosis of the microbiome and some key microor-
ganisms are considered key risk factors [7].

Staphylococcus aureus is one of the most common 
oral and perioral bacteria [8]. In the oral cancer patients 
after radiotherapy and chemotherapy, S. aureus became 
the dominant bacteria in blood and the oral cavity [9]. 
The lipoteichoic acid of S. aureus can promote the 
proliferation of lung cancer cells [10], while the enter-
otoxin C1 of S. aureus can inhibit the growth of bladder 
cancer [11], indicating the strong relationship between 
S. aureus and cancer. Our previous study found that 
S. aureus can upregulate the fnbpB gene to activate 

Cyclooxygenase-2 (COX-2)/prostaglandin E2 (PGE2) 
pathway of oral epithelial cells to promote the malig-
nant transformation of oral mucosal cells [12,13]. 
However, the mechanisms of S. aureus in the develop-
ment of OSCC are not clear.

Due to the overuse of antibiotics, the infections 
caused by drug-resistant pathogens have become 
a global health challenge. Methicillin-resistant 
S. aureus (MRSA), first identified in 1961 [14], is 
one of the most common drug-resistant pathogens 
[15]. The MRSA infection increased the mortality 
nearly 50% and the detection rate of MRSA was 
high in cancer patients [16]. In OSCC patients, the 
detection rates of MRSA were about 75–77.8% [17– 
19]. According to the positive correlation between 
MRSA and cancers, MRSA was also considered as 
a key carcinogenic agent to take part in the occur-
rence and development of the tumor. However, the 
detailed mechanisms of MRSA acting on cancer are 
unknown.
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Bacterial fibronectin-binding proteins (FnBPs) can 
bind to the fibronectin (FN) of host cells to regulate 
the response of the host to bacteria [20]. S. aureus has 
two main FnBPs, FnBPA and FnBPB, encoded by two 
closely linked genes fnbpA and fnbpB, respectively 
[21]. The fnbpA is more likely to be highly expressed 
in MRSA, while fnbpB is more likely to be expressed 
in MSSA (methicillin-susceptible) [22]. Both FnBPA 
and FnBPB can bind to the FN protein of host cells to 
promote the adhension of S. aureus to host cells, then 
the adherent bacteria can activate the transmembrane 
pattern recognition receptors of the host cells, such as 
TLR-4, a key receptor involved in recognition of 
pathogens [23–25]. The Toll-Like Receptor 4 
(TLR4)/Nuclear Factor kappa-B (NF-κB)/mitogen- 
activated protein kinase (MAPK) signaling pathway 
was also activated in a variety of cancer cells and 
highly related to the occurrence and development of 
cancer [26,27]. However, the effects of MRSA, espe-
cially the FnBPs, on OSCC cells are not clear.

Therefore, we investigated the effects and possible 
mechanisms of MRSA on the development of OSCC 
in vitro and in vivo, to highlight the importance of 
oral bacteria in cancer development and the candi-
date anti-tumor target that addresses the bacteria– 
host interactions.

Materials and methods

Cell line, bacterial strains and culture

The cell lines of human OSCC Cal27 and SCC25 were 
cultured in high glucose Dulbecco’s Modified Eagle 
Medium (DMEM, Hyclone, Logan, UT) with 10% fetal 
bovine serum (FBS, Gibco, Thermo Fisher Scientific, 
Inc., Waltham, MA), 1% penicillin–streptomycin anti-
biotic mixture (PS, Hyclone, Logan, UT) and incubated 
at 37°C with 5% CO2 and 95% air. Cells were passaged at 
regular intervals depending on their growth characteris-
tics using 0.25% trypsin (Hyclone, Logan, UT).

S. aureus strains ATCC 25923, ATCC 8325.4, ATCC 
29213, ATCC 6538, No. 18908, No. 18466, No. 19423, 
No. 19047, No. 19494, No. 18878, No. 18858, 
No. 19041, No. 19900, No. 18567, No. 18475, 
No. 19167 and No. 19498 were stored in the State Key 
Laboratory of Oral Diseases and routinely cultured in 
Tryptone soya broth (TSB, Oxoid, Basingstoke, UK).

For the collection of S. aureus culture supernatant, 
S. aureus was cultured overnight at 37°C in 5 ml TSB 
medium and then diluted in fresh TSB medium at 1:5. 
After another incubation for 2 h, the culture was cen-
trifuged at 4,000 × g for 10 min and the supernatant 
was discarded. The bacterial pellets were washed twice 
with sterilized PBS, then resuspended in DMEM high 
sugar medium (containing 10% FBS but without PS) at 
a concentration of 1 × 108 CFU/ml. The suspension 
was then incubated in 37°C for 2 h. The culture was 

filtrated immediately and the supernatant was collected. 
The DMEM high glucose medium without S. aureus 
(containing 10% FBS but without double antibody) was 
incubated for 2 h under the same conditions, and the 
supernatant was filtered as the control group [28].

MIC Test

The minimum inhibitory concentration (MIC) of 
S. aureus was determined by the twofold double 
dilution method as described previously [29]. MH 
culture medium, 100 µL, containing 256 μg/mL 
methicillin was added to the frst well in 96-well 
plates, and serial dilutions were made with 100 μL 
of MH liquid medium to obtain a series of concen-
tration gradients. S. aureus was cultured overnight 
at 37°C in TSB medium and then diluted in fresh 
MH medium at a concentration of 1 × 106 CFU/ml, 
then 100 µL of bacterial suspension was added to 
each well containing different concentrations of 
methicillin. After incubation at 37°C anaerobically 
for 24 h, the lowest concentration at which there 
was no visible bacterial growth was recorded as the 
MIC value. All experiments were done in triplicate.

Cell proliferation measurement

In a 96-well plate, 2 × 103 cells were incubated over-
night. The medium was removed and replaced with the 
filtrated supernatant of S. aureus culture. After incuba-
tion for 24 h, cells were washed with PBS and the viable 
cells were measured using a CCK-8 assay kit (Dojindo) 
according to the manufacturer’s instructions. The 
absorbance was measured at 450 nm using a microplate 
reader (Thermo Fisher Scientific Inc., Waltham, MA). 
The OD values of each well were measured to represent 
the proliferation of cells [12]. Then, the proliferation 
rate of each group was calculated according to the 
following formula: cell proliferation rate (%) = (OD 
experimental group – OD control group)/(OD control group- OD 
blank control group) × 100% [30]. All experiments were 
performed at least in triplicate.

Cell cycle detection

In the present study, ATCC 8325.4 and No. 18466 were 
randomly selected as the represented strains of MSSA 
and MRSA. In a 6 cm culture dish, 8 × 104 Cal27 cells 
were incubated overnight. The S. aureus filtrated super-
natant was added. After 24 h, cell cycle staining was 
carried out by using a cell cycle staining kit (KeyGen 
Biotech, China) following the manufacturer’s instruc-
tions. DNA contents were analyzed using an Elite ESP 
flow cytometry (Beckman Coulter, CA) [31].
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RNA extraction and quantitative real-time PCR 
(qRT-PCR)

Total RNA of the Cal27 cells was isolated following 
the instructions of TRIzol reagent (Invitrogen, CA) 
after treatment with the S. aureus filtrated superna-
tant for 6 h. The cDNA was then synthesized by using 
a PrimeScript RT reagent kit with gDNA Eraser 
(Takara Clontech, Japan) according to the manufac-
turer’s instructions. Real-time PCR was performed on 
a C1000 Touch™ thermal cycler instrument (Bio-Rad, 
Philadelphia, PA) with SYBR reagent (Takara, Dalian, 
China) following the manufacturer’s instructions. 
Amplification was performed following a two-step 
strategy: (1) 94°C for 30 s; (2) 40 PCR cycles (94°C 
for 30 s, a gene-specific annealing temperature for 30 
s). All primer sequences are listed in Table S1. The 
gene expression level relative to the calibrator was 
expressed as 2−ΔΔCT [32].

For the preparation of S. aureus RNA, the bacterial 
culture was centrifugated at 4°C, and the bacterial pel-
lets were flash frozen in liquid nitrogen and stored at 
−80°C until RNA preparation. Total RNA was isolated 
following the instructions provided with TRIzol 
reagent (Invitrogen, CA). The remaining RNA extrac-
tion methods, reverse transcription and real-time fluor-
escent quantitative PCR of bacterial mRNA expression 
levels are described as above [33]. The gene expression 
level relative to the calibrator was expressed as 2−ΔΔCT. 
All primer sequences are listed in Table S1.

Western blotting

Frozen Cal27 cells were lysed in RIPA buffer containing 
protease inhibitor cocktail (Roche, Mannheim, 
Germany) for 30 min on ice and were then removed 
by centrifuging at 12,000 × g for 5 min. Proteins were 
quantified by the BCA method, separated by SDS- 
PAGE, transferred to nitrocellulose membranes, and 
analyzed with Western blotting. The membranes were 
probed with primary antibodies against β-actin, c-Fos at 
4°C overnight. After incubation with HRP-conjugated 
polyclonal antibodies, the protein bands were visualized 
using an enhanced chemiluminescent substrate [12].

Neutralization of FnBPA

S. aureus was cultured overnight at 37°C in TSB med-
ium and then diluted in fresh TSB medium at 1:5 to 
incubate at 37°C for 2 h. Then the bacteria were har-
vested by centrifugation (4,000 g, 4°C, 10 min), washed 
with phosphate buffer saline and re-suspended (1 × 108 

CFU/ml) in high glucose DMEM Medium with 10% 
FBS. The FnBPA antibodies (Abnova, China) at differ-
ent dosages (0, 0.25, 1 μg/mL) were added into the 
S. aureus suspension to neutralize the FnBPA protein 

and incubated at 37°C for 2 h. Then. the filtrated super-
natants were used to treat the cells.

Subcutaneous tumorigenicity assays

Experimental protocols followed ARRIVE guidelines 
2.0: Updated guidelines for reporting animal research 
[34]. The study was conducted according to 
Institutional Animal Care and Use Committee policies 
and approved by the West China School of Stomatology 
Institute Review Board (WCSHIRB) ethics committee 
(WCHSIRB-D-2017-196). BALB/c nude mice were 
purchased from GemPharmatech Co., Ltd and fed in 
laminar flow cabinets under specific pathogen-free con-
ditions. The subcutaneous oral tumor model was estab-
lished in nude mice (female, 4–6 weeks old). The Cal27 
cells (2 × 106 cells) in 0.1 ml culture medium were 
injected subcutaneously into the right flank of the 
nude mice. After 1 week of tumor formation, 15 mice 
were randomly divided into three groups: control, 
MSSA and MRSA, respectively. For the FnBPA neutra-
lization treatment, 40 mice were randomly divided into 
five groups: control, MSSA, MRSA, MRSA+0.5 µl 
FnBPA antibody, MRSA+2 μl FnBPA antibody, respec-
tively. The mice were separately injected with 100 µl 
control (DMEM high sugar medium containing 10% 
FBS but without PS), MSSA and MRSA supernatants or 
the neutralized supernatants three times a week, respec-
tively. Animals were monitored every day and the 
tumor volumes were measured three times a week. 
Tumor volumes were calculated by the length (L) and 
the width (W): V = (LW2)/2. Animals were sacrificed 
after a month and all tumor nodules were excised [35].

Statistical analyses

Comparisons between groups were analyzed by analysis 
of variance (ANOVA) unless otherwise stated. 
Adjustment for multiple comparisons between groups 
was done by LSD test in analysis of variance. The Kruskal 
Wallis test was applied to analyze the tumor volume. 
Data are expressed as means ± SE and the results were 
considered to be statistically significant at p < 0.05.

Results

MRSA increased the proliferation of OSCC cells

Seventeen S. aureus strains were employed. We first 
confirmed their drug-resistant abilities by measuring 
the MICs to methicillin. As expected, the methicillin 
MICs of the MSSA strains, including ATCC 25923, 
ATCC 6538, ATCC 29213 and ATCC 8325.4, were 
0.5 µg/ml, while the MICs of the MRSA strains, includ-
ing No. 18908, No. 18466, No. 19423, No. 19047, 
No. 19494, No. 18878, No. 18858, No. 19041, 
No. 19900, No. 18567, No. 18475, No. 19167 and 
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No. 19498, were all higher than 100 µg/ml (Figure 1a). 
Interestingly, all of the 13 MRSA strains significantly 
increased the proliferation of Cal27 cells (Figure 1b), 
while only 2 of 4 MSSA strains could promote the 
proliferation of Cal27 cells.

MRSA promoted the development of OSCC 
in vivo

We then randomly selected ATCC 8325.4 and No. 18466 
represented as MSSA and MRSA, respectively, to inves-
tigate the relationship between S. aureus and OSCC. 
MRSA significantly increased the cell proliferation of 
both Cal27 and SCC25, while MSSA had no effects 
(Figure S1). Then, we investigated the capabilities of 
MRSA on tumor development in vivo. Tumor growth 
curves indicated that the tumors from the MRSA group 
grew faster than those from the MSSA and control 
groups, while there were no differences between MSSA 
and control groups (Figure 2a). After about 1 month, the 
tumor size from the MRSA group (290.36 ± 72.44 mm3) 
was significantly larger than that from the MSSA 
(107.93 ± 23.91 mm3) and control (83.13 ± 14.08 mm3) 
groups (Figure 2b-d), indicating the capacity of MRSA to 
promote the development of OSCC in vivo.

MRSA activated the c-fos and TLR4/NF-κB/MAPK 
signaling pathways

To investigate the possible mechanism that MRSA 
affected the proliferation of OSCC cells, the c-fos and 
TLR4/NF-κB/MAPK signaling pathways of Cal27 cells 
were analyzed. The mRNA expression levels of c-fos, and 
NF-κB TLR-4 were significantly upregulated when trea-
ted by MRSA (Figure 3a), while the protein production 
of c-fos of the cells treated by MRSA was also signifi-
cantly increased compared to the MSSA and control 
groups (Figure 3b). When the cells were treated by 
MRSA, the cell numbers of the G0/G1 phase and G2/M 
phase were significantly decreased and that of the S phase 
were significantly increased (Figure 3c), indicating that 
MRSA stimulated DNA synthesis and cell proliferation.

MRSA upregulated fnbpA to activate the c-fos 
and TLR4/NF-κB/MAPK signaling pathways

Since the FnBPA is one of the key virulence factors in 
MRSA, we then investgated the relationship between 
FnBPA and OSCC. The expressions of the fnbpA 
gene were higher in all of 13 MRSA strains and the 
2 MSSA strains which can also increase the prolifera-
tion of Cal27 cells (Figure 3d) indicating the highly 

Figure 1.The MICs of S. aureus strains and their effects on the proliferation of Cal27 cells. (a) The MICs of 17S. aureus strains 
(n = 3). (b) The effect of S. aureus on the proliferation rates of Cal27 cells (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001. ns, no 
statistical difference.
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positive correlation between S. aureus FnBPA and 
OSCC cell growth. To confirm the roles of FnBPA, 
the FnBPA antibody was employed to neutralize the 
FnBPA protein. The FnBPA antibody had no effects 
on the proliferation of cells in the control group. 
However, the antibody significantly decreased the 
cell proliferations of both Cal27 and SCC25 caused 
by MRSA (Figure 3e, S2), while the IgG antibody had 
no significant effects indicating that MRSA enhanced 
the proliferation of OSCC cells through its FnBPA 
protein. The FnBPA antibody also significantly 
decreased the activation of the c-fos and NF-κB 
caused by MRSA (Figure 3f) indicating that MRSA 
upregulated the fnbpA to activate TLR4/NF-κB/p38 
MAPK/c-fos signaling pathway and then to increase 
the proliferation of tumor cells.

Neutralization of FnBPA decreased the 
promotion of MRSA on OSCC in vivo

We then confirmed the promotion of FnBPA on the 
development of OSCC in vivo. The tumor volume of 
mice in the anti-FnBPA group was significantly smaller 
than that of mice in the MRSA group from day 14 and 
the tumors of mice in the anti-FnBPA group grew 
more slowly (Figure 4a) similar to the MSSA and con-
trol groups. After about 1 month, the tumor size in the 
MRSA group was significantly larger than that in the 
MSSA and control groups, while the anti-FnBPA sig-
nificantly reduced the tumor size (Figure 4b-d), and the 
tumor size became similar to that of the MSSA and 

control groups, indicating that FnBPA from MRSA 
promoted the development of OSCC in vivo.

Discussion

The colonization of MRSA in tumor patients signifi-
cantly increased their mortality [16]. However, the 
effect of MRSA on OSCC has not been reported. In 
this study, we found that MRSA was able to promote 
tumor proliferation through the increased FnbpA for 
the first time. The two main FnBPs, FnbpA and 
FnbpB, from S. aureus can not only bind to the FN 
to invade host tissues [21] but also activate various 
signaling factors, such as integrin, to promote the 
pathogenesis including in cancer tissues [36]. The 
comparative analysis of the expression of the fnBPA 
genes of MRSA and MSSA isolates in our study 
showed that the fnbpA gene was more highly 
expressed in the MRSA and MSSA strains which 
can promote the growth of OSCC cells indicating 
the strong positive correlation between FnBPA and 
OSCC. We then neutralized the FnBPA and con-
firmed that the MRSA lost the abilities to promote 
the growth and development of OSCC both in vitro 
and in vivo, which further indicated that the FnBPA 
was the key factor of the interaction between MRSA 
and OSCC.

The mammalian cell cycle contains four distinct 
phases (G0/G1, S, G2 and M), which ensure duplication 
of genetic material and cell division [37]. Cancer is char-
acterized by uncontrolled proliferation resulting from 
aberrant activity of various cell cycle proteins, such as 

Figure 2.The effects of MRSA and MSSA strains on the development of squamous cell carcinoma in vivo. (a) Tumor volume in 
nude mice after the treatment of supernatants from MRSA and MSSA. (b) The tumors from MRSA, MSSA and control groups 
after 31 days. (c) Tumor volumes from MRSA, MSSA and control groups after 28 days. (d) Tumor volumes from MRSA, MSSA and 
control groups after 31 days. *p < 0.05 (n = 5).
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CDK4 and CDK6 [38]. Therefore, exploring the cyclic 
changes of cancer is considered potential targets to judge 
its proliferation and development prognosis. Numerous 
studies have found that failure of the G1/S phase and 
S-phase checkpoints to act properly is particularly dele-
terious because it may directly elicit chromosomal aber-
rations and the accumulation of deleterious mutations, 
which increase the likelihood of the occurrence of cancer 
[39,40]. In our study, after treatment with MRSA for 24 h, 
the number of cells in the S phase increased, indicating 
that MRSA promoted oral squamous cell carcinoma cells 
into S phase, thereby shortening the time of cell cycle and 
increasing the proliferation rate.

As a smart pathogen that can infect sterile tissues 
through open wounds, S. aureus expresses a multitude 
of virulence factors, including adhesive matrix molecules, 
host cell damage molecules and immunomodulatory 
molecules. The fibronectin-binding protein FnBPA and 

FnBPB are the most intensively studied proteins [41]. 
Both FnBPA and FnBPB proteins contain a signal 
sequence at the N-terminus and a sorting signal at the 
C-terminus, but the tandemly arranged motifs of the 
unstructured region located distal to the A domain of 
FnBPA is 11, while FnBPB is 10 [20,42]. The fnbpA is 
more likely to be expressed in MRSA strains, while fnbpB 
more likely is expressed in MSSA strains, indicated 
a direct relationship between drug resistance and viru-
lence, and also suggested the possible different actions 
with host cells from MRSA and MSSA [43]. Our previous 
study has confirmed that fnbpB expressed by the MSSA 
strain can induce COX-2 expression and PGE2 produc-
tion in human oral keratinocyte cells. COX-2 is an 
enzyme that mediates the synthesis of PGE2, which is 
involved in the carcinogenesis due to its functions in cell 
proliferation, invasion, metastasis and angiogenesis. In 
addition, we found that with the induction of COX-2, 

Figure 3.MRSA activated c-fos and TLR4/NF-κB/MAPK signaling pathway by upregulating fnbpA and arresting the cell cycles of Cal27 
cells. (a) The expressions of c-fos, NF-κB and TLR-4 genes of Cal27 cells from MRSA, MSSA and control groups (n = 3). (b) Protein 
expression levels of c-fos of Cal27 cells from MRSA, MSSA and control groups (n = 3). (c) The effects of MRSA and MSSA on cell cycles 
of cal27 (n = 3). *p < 0.05. ns, no statistical difference. (d) The expression of fnbpA in S. aureus strains (n = 4). (e) FnBPA protein 
antibody reduced the effects of S. aureus strains on Cal27 cell proliferation (n = 5). (f) FnBPA protein antibody reduced the expression 
of c-fos and NF-κB genes from Cal27 cells (n = 4). *p < 0.05; **p < 0.01; ***p < 0.001. ns, no statistical difference.
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expression of the oral cancer-associated genes cyclin D1 
was upregulated and p16 was downregulated [13]. 
Different from the FnBPB on host epithelium cells, we 
found that highly expressed fnbpA in MRSA was able to 
activate the downstream TLR4/NF-κB/p38 MAPK/c-fos 
pathway, then promoting the proliferation of squamous 
cell carcinoma, indicating the different actions of FnBPA 
on cancer cells. Our results also suggested that bacterial 
resistance can not only affect the response to antibacterial 
drugs but may also affect its interaction with the host. 
However, how the FnBPA contributes to the drug resis-
tance is still unknown.

Mounting evidence suggests that FnBPs are involved 
in host cell signal transduction. The FnBPs of S. aureus 
can significantly inhibit the expression of macrophage 
fibronectin, while activating the ERK elk1-c-fos, SRC 
JNK-c-Jun and p38 signaling pathways during the 
S. aureus infection, and the expression of the fnb gene 
can upregulate the c-fos and c-jun in squamous cell 
carcinoma cells [44,45]. Among these inflammatory fac-
tors, C-fos is one of the main subunits of activator 
protein-1 (AP-1), which is involved in cell proliferation 
and cell cycle, and decreased after treatment with MAPK 
inhibitor in cancer cells [46,47]. Although the p38 
MAPK can be activated by various pro-inflammatory 
and stressful stimuli, a previous study demonstrated 
that p38 MAPK is associated with various cellular 
responses related to cancer, including proliferation, cell 
invasion and apoptosis [48–50]. The TLR4 signaling 

pathway is also activated in a variety of tumor cells to 
regulate the tumor development [27]. It has been demon-
strated that FnBPs can bind to the FNI module of the FN 
protein, while the FN protein can activate the TLR-4 and 
then regulate the signaling pathways in a variety of dis-
eases, such as rheumatoid arthritis and chronic skin 
fibrosis [23–25]. Currently, we found that MRSA can 
activate the c-fos and TLR4/NF-κB/MAPK signaling 
pathway, while neutralization of FnBPA significantly 
decreased the activation indicating that the FnBPA 
from the MRSA strains can regulating the proliferation 
of OSCC cells through the TLR4/NF-κB/MAPK signal-
ing pathway. We will investigate the detailed mechan-
isms on how the FnBPA from MRSA activates the c-fos 
and TLR4/NF-κB/MAPK signaling pathway in the near 
future to figure out the whole signaling pathway of 
OSCC cells responding to the MRSA infection.

There is a strong correlation between the microbiome 
and tumor development, however, the causation and 
mechanisms of this correlation remain unclear in most 
of the cancers [51]. It is generally accepted that the tumor 
can remodel microbial profiles by creating a more ben-
eficial condition for the shifted microbiome [52–54]. In 
turn, the microbiome can promote tumorigenesis by 
establishing an inflammatory environment or through 
the signal molecule work on host immunity [55]. 
Antibiotic resistance development is a common feature 
among many pathogens and tumors [56], and the anti-
biotics-resistant pathogens have become a major 

Figure 4.The increased FnBPA protein from MRSA promoted the development of squamous cell carcinoma in vivo. (a) Tumor volumes 
after the treatment of control, MSSA, MRSA and MRSA + FnBPA antibody groups. (b) The tumors from control, MSSA, MRSA and MRSA 
+ FnBPA antibody groups after 31 days. (c) Tumor volumes from control, MSSA, MRSA and MRSA + FnBPA antibody groups after 
28 days. (d) Tumor volumes from control, MSSA, MRSA and MRSA + FnBPA antibody groups after 31 days. *p < 0.05; **p < 0.01; 
***p < 0.001 (n = 8, one mouse died accidentally in the MRSA group and two mice died in the MRSA+2 anti group).
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healthcare problem in cancer patients. The development 
of new therapeutic strategies to simultaneously treat the 
drug-resistant pathogens and cancer will be a benefit way 
to treat drug-resistant pathogen-associated cancers. For 
instance, in addition to killing drug-resistant bacteria, 
small molecules that modulate antioxidant levels and 
enhance intracellular ROS could disturb the cellular oxi-
dative environment and induce cancer cell death [57,58]. 
Meanwhile, the intervention with antibiotics-resistant 
bacteria can reduce tumor growth and reduce the 
patient’s immune system damage during the infection 
process, which could be a new strategy to target tumor 
and infections.

In summary, we found that MRSA significantly 
promoted the development of OSCC for the first 
time. The highly expressed FnBPA protein from 
MRSA can activate the TLR4/NF-κB/p38 MAPK/ 
c-fos signaling pathway. Our results highlight 
a potential new strategy to reduce the development 
of OSCC by targeting the virulence factor of bacteria 
to block the interaction between drug-resistant 
pathogens and tumors.
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