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Abstract
Purpose One strategy for treating cancer is to prevent metastatic spread. Matrix metalloproteinase are considered potential 
targets for cancer therapy because of their role in degrading the extracellular matrix and fostering tumor progression. In 
some cancer models, the small molecule 1,2,3,4,6-Penta-O-galloyl-β-d-glucose (PGG) exhibited inhibitory properties against 
matrix metalloproteinase (MMP) related metastatic activity. This study explored whether PPG may limit the potential for 
metastatic spread in oral squamous cell carcinoma.
Materials and methods This study used Cal-27 cells, a cell line derived from a squamous cell carcinoma line of human tongue 
origin, and antibodies for MMP-1, -2, -3, -9, -13, MT1-MMP signal transducers and activators of transcription 3 (Stat3), 
and pStat3. Cells were treated with PGG at different concentrations to evaluate MMP and Stat3 activation. Expansion assays 
were performed using Matrigel matrixes to measure Cal-27 invasiveness in the presence of PGG.
Results PGG decreased the expression of MMP-2, -9 and -13 in the Cal-27 cell line, decreased phosphorylation of Stat3 and 
reduced gene expression of MMP-2, -9 and -13. As observed in Matrigel expansion assays, PGG limited the invasiveness of 
Cal-27 cells in a dose-dependent manner.
Conclusion PPG is a small molecule inhibitor with the potential to reduce the expression of the matrix metalloproteinases and 
to limit the invasiveness of the squamous cell carcinoma line, Cal-27. By controlling the expression of molecules responsible 
for metastasis, PPG may offer a new therapeutic option for treating oral squamous cell carcinoma.

Keywords Matrix metalloproteinases · Small molecule inhibitors · Oral cancer · Neoplasm invasiveness · Neoplasm 
metastasis

Introduction

Oral cancer is the 6th most common cancer worldwide with 
over 49,000 new cases expected in 2017 in the United States 
alone. Cancer of the oral cavity and oropharynx results in 
approximately 9700 deaths each year, with only a 50–60% 
5-year survival rate [1]. One reason for the poor outcomes 

associated with oral cancer is that a large percentage of cases 
are first diagnosed in an advanced stage [2]. Tumor biology 
is an extremely complex process and oral carcinogenesis 
involves a series of concerted steps including precancerous 
lesions, invasion, and metastasis [3]. In addition to early 
diagnosis, research to develop new therapies targeted at 
tumor spread represent a potential strategy to lessen mor-
bidity and mortality for those affected by oral squamous cell 
carcinoma (OSCC).

Matrix metalloproteinases and the tumor 
microenvironment

Matrix metalloproteinases (MMPs) are calcium-dependent, 
zinc-containing endopeptidases with a vast proteolytic 
potential that includes: collagen types I–XVII, pro forms 
of inflammatory molecules such as tumor necrosis factor 
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(TNF), interleukin 1β (IL-1β), monocyte chemoattract-
ant protein (MCP) and other extracellular matrix (ECM) 
components [4]. When present in excess, MMPs severely 
compromise tissue function and integrity and can worsen 
inflammatory conditions such as periodontal disease and 
arthritis [5, 6].

In recent years, the concept of the tumor microenviron-
ment (TME) has emerged as an integral aspect of carcino-
genesis [6]. The TME contains several cell types such as 
macrophages, T cells, and carcinoma-associated fibroblasts 
(CAF) that often coevolve with a tumor. These cells appear 
to provide many of the signals that trigger the pleiotropic 
properties of cancer cells. As the disease progresses, CAF, 
cancer cells and macrophages also secrete factors such as 
MMPs that contribute to tumor invasiveness [6].

MMPs are proteolytic enzymes that play a critical role in 
extracellular matrix (ECM) degradation and alter cell–cell 
adhesion within the TME [7–9] The basement membrane 
serves as a natural first barrier to tumor invasion and many of 
its components, such as collagen IV, laminin, and fibronec-
tin become dysregulated in oral squamous cell carcinoma 
(OSCC) [10, 11]. Degradation of the ECM combined with 
altered cellular adhesion and mobility facilitates tumor inva-
sion and metastatic spread.

MMPs also appear to be involved in angiogenesis and 
regulation of pro-growth and anti-growth signals. Several 
solid tumors exhibit overexpression of MMPs [7, 10, 11]. 
MMP-2 and MMP-9 degrade collagen IV while MMP-13 is 
highly efficient at cleaving fibronectin [12]. Research shows 
that OSCC tumor cells produce MMP endogenously, and are 
also capable of utilizing MMPs produced by stromal cells 
[13]. Studies indicate that controlling MMP-2 and MMP-9 
decrease both the invasiveness and migration in Cal 27 and 
Ca 9-22 cells and may even be used as prognosis markers 
[14–18].

Several studies also associate MMPs with tumor invasion 
and angiogenesis [19–21]. MMP-9 knockdown attenuates 
migration and invasiveness in gliomas and triple negative 
breast cancer cells [22]. MMP-2 and MMP-9 increase osteo-
clast recruitment in prostate cancer, facilitating colonization 
by metastatic cells [19]. In gastric cancer increased expres-
sion of MMP-2, -7 and -9 correlate with a higher tumor 
stage, higher invasion depth and presence of distant metas-
tasis [23]. In ovarian and gastric cancer, neutrophil MMP-9 
expression is directly correlated to the vascular endothelial 
growth factor (VEGF), which governs the angiogenesis 
needed to sustain tumor growth [24, 25].

Poly‑galloyl‑glucopyranose

Poly-galloyl-glucopyranose or 1,2,3,4,6-penta-O-galloyl-β-
d-glucose (PGG), is a polyphenolic gallotannin synthesized 
by plants. Initially extracted from Rhus typhina (sumac) in 

1990 by Hofmann and Gross, studies indicate that PGG has 
antidiabetic, antioxidant, anti-cancer and anti-inflammatory 
activities [26].

PGG was initially considered as an inflammatory pro-
moter, since treating peripheral blood mononuclear cells 
(PBMCs) with PGG enhanced production of TNF-α and 
IL-1β. These studies suggested that inducing endogenous 
cytokines served as the mechanism by which PGG controls 
the proliferation of cancer cells, specifically S-180 sarcoma 
[27, 28]. This effect was more prominent for IL-1β, although 
it appears that levels of TNF-α that correlate more closely 
with anti-cancer activity.

Several hepatic cancer cell lines showed antiprolifera-
tive effects after treatment with low doses (10 µM) of PPG 
through the induction of glycine N-methyltransferase, an 
enzyme that protects against carcinogens such as aflatoxin 
and polyaromatic hydrocarbons. In Huh7, PGG at higher 
doses (20–100 µM) decreased colony formation and exhib-
ited a proapoptotic effect in a dose-dependent manner [29]. 
More importantly, PGG decreases the epidermal growth 
factor-induced (EGF-induced) MMP-9 expression in pros-
tate cancer cells, apparently through abrogation of JNK [30].

Since PGG affects the production and activity of MMPs, 
it might have a modulating effect on cancer cell invasion. 
Using the squamous carcinoma cell line Cal 27, this study 
sought to demonstrate that the small molecule PGG can 
inhibit the expression of clinically relevant MMPs by Cal 
27 cells, potentially impairing cancer cell spread and the 
progression of oropharyngeal cancer.

Materials and methods

Cell culture

Squamous cell carcinoma cells (Cal 27) were purchased 
from ATCC (CRL-2095, VA, USA) and grown in DMEM 
with Glutamax, 10% FBS and Penicillin/Streptomycin 
(1055-024, 15140-122, 10438-018 Gibco-ThermoFischer 
Scientific, MA, USA) and kept at 37 °C in a humidified air 
chamber with 5%  CO2. Cells were seeded at 3 × 105 cells/
flask for the experiments and then grown to confluency. Cells 
between 3 and 10 passages were used for all experiments.

1,2,3,4,6-Penta-O-galloyl-β-d-glucose (G7548, Sigma-
Aldrich, MO, USA) was dissolved in dimethylsulfoxide 
(DMSO) (D2650, Sigma-Aldrich, MO, USA) to obtain a 
100 mM stock solution. Subsequent dilutions were done 
using water, and no flask contained more than 0.5 µL of 
DMSO (0.01%). Cells were simultaneously induced with 
PGG at concentrations of 1 µM, 2.5 µM, 5 µM or 10 µM 
according to results Figs. 1, 2, 3, 4, and then incubated for 
48 h. The induction pattern followed similar methods for 
this cancer cell line, as described in previous studies. We 
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selected the PGG concentrations based on published litera-
ture describing PGG effects in several cell lines [26–28, 31].

Protein extraction

During the protein extraction, media were collected, flash 
frozen and saved for BCA, Western Blot and ELISA analy-
sis. Cells were washed with cold PBS and lysed with RIPA 
buffer (150 mM NaCl, 50 mM Tris, 1% Sodium deoxycho-
late, 1% Triton X-100 and 0.1% SDS) and collected with a 
cell scraper and centrifuged at 14,000 rpm for 30 min. The 
supernatant was collected and assayed for protein concen-
tration using a BCA Assay (Cat# 23225, ThermoFisher Sci-
entific). Samples were mixed with 4X SDS Loading buffer 
(40% Glycerol, 8% SDS, 200 mM Tris–HCl, 400 mM Dithi-
othreitol, 0.005% bromophenol blue), heated to 95˚C, and 
then frozen for further analysis.

Gel electrophoresis

12% Sodium dodecyl sulfate (SDS)—polyacrylamide gels 
were prepared by standard methods, loading 30 µg of protein 
per lane and electrophoresed for 1 h at 150 V.

Western blotting

Proteins from gels transferred to 0.45 µm nitrocellulose 
paper (Cat# 1620115, Bio-Rad, CA, USA) were then 
blocked with odyssey blocking buffer (Cat# 927-40000, 
LI-COR Biosciences, NE, USA). Primary antibodies were 
diluted in blocking solution containing 0.1% Tween and 
incubated overnight at 4 °C with monoclonal antibodies to 
MMP-1, MMP-3 (Cat# MAB901 and MAB 513; R&D Sys-
tems, Minneapolis, MN), MMP-2, MMP-9, Stat3, pStat3 
(Cat# 13132, 13667, 12640, and 9145S Cell Signaling Tech-
nology, Danvers, MA, USA), MMP-8 and MMP-13 (Cat# 
ab53017 and ab39012; Abcam, Cambridge, MA, USA), and 
MMP-14 (Cat# AB8345; EMD Millipore, Billerica, MA, 
USA). Blots were normalized by probing the membranes 
with Histone H3 (Cat# 4499; Cell Signaling Technology, 
Beverly, MA, USA).

Secondary antibody incubation was performed in a block-
ing solution of 0.2% Tween with IRDye 800CW Goat anti-
Rabbit IgG and  IRDye® 680RD Donkey anti-Mouse IgG 
(Cat# 925-32211 and 925-68072; 1:10,000, LI-COR Bio-
sciences, Lincoln, NE, USA). The proteins were detected 
and visualized by fluorescence using the LI-COR Odyssey 

Histone H3

NT PGG
1

PGG
2.5

PGG
5

PGG
10

MMP-13

Cal-2
7

PGG 1 µM

PGG 2.5 µM

PGG 5
µM

PGG 10 µ
M

0.0

0.5

1.0

1.5

MMP-13

*

Cal-2
7

PGG 1 µM

PGG 2.5 µM

PGG 5 µM

PGG 10 µM
0.0

0.5

1.0

1.5
MMP-2

*

NT PGG
1

PGG
2.5

PGG
5

PGG
10

MMP-2
Histone H3

NT PGG
1

PGG
2.5

PGG
5

PGG
10

MMP-9

Cal-2
7

PGG 1 µM

PGG 2.5 µM

PGG 5 µM

PGG 10 µM
0.0

0.5

1.0

1.5

* *
*

MMP-9

CBA

Fig. 1  PGG prevents the upregulation of MMP-2, MMP-9 and MMP-
13Cal-27 cells (squamous cell carcinoma) were treated with PGG at 
different concentrations for 48 h as described in the figure. a MMP-2 
expression was not significantly different to the non-treated group 
(NT) when cells were treated with 1, 2.5 or 5  μM PGG (p > 0.05, 
n = 4) (one-way ANOVA, Bonferroni). MMP-2 expression was sig-
nificantly decreased when Cal-27 cells were treated with 10  μM 
PGG (p < 0.01, n = 4) (one-way ANOVA, Bonferroni). Samples were 
obtained from cell media. b MMP-9 expression was not significantly 
different to the non-treated group (NT) when cells were treated with 
1 or 2.5  μM PGG (p > 0.05, n = 4) (one-way ANOVA, Bonferroni). 

MMP-9 expression was significantly decreased when Cal-27 cells 
were treated with 5 or 10  μM PGG (p < 0.05 and p < 0.01 respec-
tively, n = 4) (one-way ANOVA, Bonferroni). Samples were obtained 
from cytoplasmic protein extraction and normalized to Histone H3. 
c MMP-13 expression was not significantly different to the non-
treated group (NT) when cells were treated with 1, 2.5 or 5 μM PGG 
(p > 0.05, n = 4) (one-way ANOVA, Bonferroni). MMP-13 expres-
sion was significantly decreased when Cal-27 cells were treated with 
10  μM PGG (p < 0.01, n = 4) (one-way ANOVA, Bonferroni). Sam-
ples were obtained from cytoplasmic protein extraction and normal-
ized to Histone H3
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Classic Infrared Imaging system (LI-COR Biosciences, Lin-
coln, NE, USA). Densitometry analysis of specific bands 
was performed with the Image Studio software provided by 
LI-COR Biosciences and the images analyzed using ImageS-
tudio (LI-COR Biosciences). Statistical analysis, including 
one-way ANOVA with Dunnett’s Multiple Comparison Test 
and Bonferroni, was done using GraphPad Prism 7 (Graph-
Pad Software, La Jolla, CA, USA). p values were calculated 
using the unpaired two-sided Student’s t test to compare 
groups, with statistical significance set at p < 0.05.

RNA preparation from tissue culture, reverse 
transcription and  RT2‑qPCR

After washing the tissue culture with 1× phosphate buff-
ered saline (PBS), the cells were lysed, and the RNA puri-
fied using a Qiagen RNeasy mini kit (Cat# 74104) using 

the manufacturer’s recommended protocol. All samples 
were treated with Qiagen DNase (Cat# 79254). One micro-
gram of RNA was used for reverse transcription and subse-
quent  SYBR® Green real time PCR for the genes of inter-
est as previously described. Reverse transcription kits (Cat 
#330401) and SYBR Green real- time PCR master mixes 
(Cat# 330523) were from Qiagen (Louisville, KY, USA).

Primers and probes

The following primers and probes were used: Human 
MMP-2; MMP2 (Cat# PPH00151B), Human MMP-9; 
MMP9 (Cat#PPH00152E), Human MMP-13; MMP13 
(Cat# PPH00121B), Human MMP-14; MMP14 (Cat# 
PPH00198C), and Human glyceraldehyde 3-phosphate 
dehydrogenase; GAPDH (Cat# PPH00150F).

Real time quantitative PCR was performed using an 
Applied Biosciences StepOne plus instrument and analyzed 
with StepOne software v2.3. The relative amounts of tran-
scripts from each gene were normalized to reference gene 
GAPDH and calculated as follows: ∆∆CT = the average 
∆CT of sample B—the average ∆CT of sample B, and their 
fold difference = 2−∆∆CT as previously  described65.
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described in the figure. PGG treatment significantly decreases Stat3 
phosphorylation (pStat3) (p < 0.0001, n = 4) (two-way ANOVA, 
Bonferroni). Non-phosphorylated Stat3 was significantly higher 
than Stat3 in non-treated Cal-27 cells (p < 0.0001, n = 4) (two-way 
ANOVA, Bonferroni). Samples were obtained from cytoplasmic pro-
tein extraction and normalized to Histone H3
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Fig. 3  mRNA expression of MMPs after treatment of Cal-27 cells 
with 1,2,3,4,6-penta-O-galloyl-ß-d-glucose (PGG) Graph shows 
expression of MMP-2, MMP-9, MMP-13 and MMP-14 genes after 
PGG treatment (1, 2.5, 5,10 and 20 μM). MMP-2 gene expression is 
significantly decreased with PGG at 5 and 10 μM (p < 0.0001, two-
way ANOVA/Bonferroni) (n = 4). MMP-9 expression was not sig-
nificantly different to the non-treated group (NT) at any PGG dose 
(p > 0.05, n = 4) (two-way ANOVA, Bonferroni). MMP-13 expression 
is decreased when Cal-27 cells are treated with 10 or 20  μM PGG 
(p < 0.05 and p < 0.001, respectively, two-way ANOVA/Bonferroni). 
MMP-13 gene expression is decreased when Cal-27 cells are treated 
with 10 or 20 μM PGG (p < 0.05 and p < 0.001, respectively, two-way 
ANOVA/Bonferroni) (p < 0.0001, two-way ANOVA) (n = 4). House-
keeping gene used was GAPDH
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Cell migration assays

Transmembrane/Boyden assay plates with Matrigel were 
purchased from Corning (Cat# 354480, NY, USA). DMEM 
with 10% FBS was used as a chemoattractant in the lower 
chamber while the cells in the upper chamber were cultured 
in DMEM with 1% FBS. Wells were prepared with different 
concentrations of PGG (0–10 µM) and left to incubate for 
24 h. After 24 h media has discarded and the cells invading 
the Matrigel were counted according to established proto-
cols [32].

Results

PGG decreased MMP‑2, ‑9 and ‑13 secretion in Cal 27 
cells

In the Cal 27 cell line, MMP-2 was released into the pericel-
lular space and activated by MMP-14. Subsequently, MMP-2 
and MMP-14 activate MMP-13. MMP-9 requires different 
molecules for activation. After incubating Cal-27 cells 
with PGG at different concentrations (1, 2.5, 5 and 10 μM), 
Cal-27 cells showed a dose-dependent decline of MMP-2 
and MMP-13 release and at the 10 μM concentration the 
secretion was significantly lower than the non-treated cell 

group (Fig. 1a, c) MMP-9 secretion also decreased in a dose-
dependent manner, becoming significantly lower than the 
non-treated group when PGG concentration reached 5 μM 
(Fig. 1b).

PGG decreases phosphorylation of Stat3

Our results demonstrated a decrease of Stat3 phosphoryla-
tion in the presence of varying concentrations of the small 
molecule PGG (Fig. 2). Results revealed an increase in total 
Stat3 when the cells were treated with PGG at varying con-
centrations. Despite a higher concentration of Stat3 present 
as substrate for phosphorylation to pStat3, PGG prevented 
the activation of this proinflammatory signal transducer.

PGG decreased the expression of MMP‑2, MMP‑13, 
and MMP‑14 in a dose‑dependent manner

Our data revealed that treatment with PGG at 10–20 µM 
reduces MMP-2, MMP-13, and MMP-14 expression when 
compared with non-treated Cal-27 (Fig. 3). MMP-9 gene 
expression did not significantly decrease with PGG, despite 
a decrease in the protein secretion with concentrations of 
PGG 5 µM and higher.

PGG reduces invasion of Cal 27 cells in a Matrigel 
transwell assay

Figure 4 illustrates the effects of PGG on the invasion of 
Cal 27 cells in vitro using Matrigel-coated transwells assay 
(Fig. 4). The data showed a significant decline in the per-
centage of cells invading the membrane after 24 h treatment 
when compared with the untreated control. The inhibitory 
effect is evident even with 0.5 µM PGG, with a maximum 
effect at 10 µM PGG (44.5% and 22.3%, respectively, Fig. 4).

Discussion

Despite having the largely preventable risk factors of 
tobacco and alcohol use, oral squamous cell cancer remains 
a serious, growing public health problem. Despite research 
seeking new treatment alternatives [33], survival rates have 
failed to significantly improve over the past decade. Even the 
presence of a single metastatic cervical lymph node drops 
OCSS survival rates by 50%, highlighting the potential ben-
efit of therapy targeted at reducing tumor spread [34].

Previous research demonstrated that Stat3, a member 
of the JAK/STAT pathway, is constitutively expressed in 
many human cancers making it a suitable molecular target 
for anti-cancer therapy [35]. Human prostate cancer cell 
lines, DU145, PC3, and LNCaP, constitutively activate 
Stat3, promoting metastatic spread of cancer cells. In the 
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Fig. 4  1,2,3,4,6-Penta-O-galloyl-ß-d-glucose (PGG) decreases 
invasiveness of Cal 27 cells Graph shows number of cells invading 
through Matrigel in the transmembrane/Boyden cell chamber. Num-
ber of cells invading through Matrigel was significantly lower in 
wells treated with PGG at 0.5 and 1 μM (p < 0.001, n = 4) (one-way 
ANOVA/Dunnett) and 2.5, 5 and 10 μM p < 0.0001, n = 4) (one-way 
ANOVA/Dunnett)
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human breast cancer cell line MCF-7, Stat3 is required for 
MMP-9 and MMP-1 activation, and results in cells with an 
enhanced migration rate [36]. The K-1735 melanoma system 
demonstrated that highly metastatic tumor cells expressed 
elevated MMP-2 mRNA and enzymatic activity. Moreover, 
a concomitantly elevated Stat3 activity was detected in these 
metastatic tumor cells that overexpress MMP-2. Stat3 inhibi-
tion in these cancer cells resulted in significant suppression 
of cell growth and cell invasiveness [37].

Consistent with research findings for other tumors, our 
results indicate that OSCC also exhibits persistent tyrosine 
phosphorylation of Stat3, stimulating cell proliferation and 
increasing differentiation, and migration [38]. OSCC also 
express the interleukin-6 receptor (IL6R), suggesting that 
PGG may block the inflammatory stimuli from Interleukin-6 
(IL-6) derived from the tumor microenvironment [39]. Our 
findings showed that the small molecule inhibitor PGG can 
decrease MMP secretion and invasiveness in vitro through 
a Stat3 mechanism in Cal 27 cells. These results indicate 
that Cal 27 cells constitutively secrete MMP-2, -9, and -13. 
More importantly, they demonstrate that PGG inhibits the 
production of these MMPs in a dose-dependent manner. The 
Stat3/pStat3 effect is further reflected by decreases in MMP 
gene expression, accounting at least partly for the protein 
expression data for MMP-2, -9, and -13.

Understanding the complexity of Stat3 signaling and 
cross-talk between other significant molecules may offer 
strategies for developing novel pharmacologic therapies 
for cancer treatment and prevention. Despite the promise of 
MMP inhibition as a cancer treatment, clinical trials have 
been largely disappointing. While our findings suggest that 
PPG is a promising anti-cancer agent, further studies are 
needed to determine the effects of PGG on cell death and 
autophagy in a broader range of OSCC cell lines, as well as 
to elucidate other molecules that may play a role in initiating 
molecular signaling.

More studies are also needed to establish the pharma-
cokinetics of PGG and the feasibility of oral administra-
tion. Early pharmacokinetic studies for PGG show a delay in 
plasma C50 times with hard to detect plasmatic levels even at 
high oral doses [40]. Despite poor oral bioavailability, PGG 
binding to carrier molecules, such as albumin or lecithin 
could help prevent the rapid clearance of the small mol-
ecule PGG [40] and allow for adequate oral dosing. Previous 
research in a mice model of breast showed that oral adminis-
tration of PGG is effective at decreasing metastasis, making 
it a promising alternative worthy of further studies [41].

Other studies indicate that small molecule inhibitors 
appear poised to become effective alternatives to suppress 
migration and invasion of oral cancer. For example, cur-
cumin has shown to curtail the proliferation of Cal 27 cells 
by inhibiting Stat3 phosphorylation, IL-6 activity and to 
potentiate cisplatin through the inhibition of NF-B and its 

related proteins [17]. Our study indicates that PPG is another 
small molecule inhibitor that offers promise as an effective 
treatment for OCSS.

Conclusion

This study indicates that PPG is a small molecule that 
reduces the expression of matrix metalloproteinases and 
inhibits the metastatic spread of the Cal-27 squamous cell 
carcinoma cell line. By controlling the expression of mol-
ecules responsible for metastasis, PPG may offer a new ther-
apeutic option for treating oral squamous cell carcinoma. 
Further exploration of PGG is needed in additional oral can-
cer cell lines to fully characterize anti-invasiveness poten-
tial. Considering that the tumor microenvironment exerts 
a significant effect over cancer cells, co-cultures of cancer 
associated fibroblasts and OSCC cell lines such as Cal-27, 
BHY, HSC-3, and HN would be essential to determine the 
actual usefulness of PGG as a therapeutic adjuvant in the 
treatment of OCSS.
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