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Tanshinone Suppresses Arecoline-Induced Epithelial-Mesenchymal Transition
in Oral Submucous Fibrosis by Epigenetically Reactivating the pS3 Pathway

Lian Zheng, Zhen-Jie Guan, Wen-Ting Pan, Tian-Feng Du, and Yu-Jia Zhai, Jia Guo
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Oral submucous fibrosis (OSF) induced by chewing of the areca nut has been considered to be a precancer-
ous lesion with a high probability of developing oral squamous cell carcinoma. Tanshinone (TSN) is the main
component extracted from Salvia miltiorrhiza, a traditional Chinese medicine, which was found to have diverse
pharmacological effects, such as anti-inflammatory and antitumor. In the current study, we aimed to identify
the inhibitory effects and the underlying mechanism of TSN on OSF progress. We found that treatment with
TSN inhibited the arecoline-mediated proliferation of primary human oral mucosal fibroblasts and reversed
the promotive effects of arecoline on the EMT process. By RNA deep sequencing, we screened two possible
targets for TSN: LSD1 and p53. We confirmed that p53 is much lower in OSF than in normal mucous tissues. In
addition, p53 and its downstream molecules were decreased by arecoline treatment in oral mucosal fibroblasts,
which was reversed by treatment with TSN in a dose-dependent manner. Our results also revealed that areco-
line stimulation resulted in hypermethylation of the promoter of 7P53 and subsequent downregulation of p53
levels, which was reversed by TSN. Furthermore, we identified that LSD1 could epigenetically activate 7P53
by recruiting H3K27me1 and H3K4m?2 to its promoter. Our findings provide new insights into the mechanism
by which TSN influences arecoline-induced OSF and rationale for the development of clinical intervention

strategies for OSF and even oral squamous cell carcinoma.

Key words: Oral submucous fibrosis (OSF); Areca nut; Oral squamous cell carcinoma;
Tanshinone (TSN); Epithelial-mesenchymal transition (EMT); p53; Methylation

INTRODUCTION

The habit of chewing the areca nut (betel nut) is
prevalent in South Asian populations and has also been
observed in Europe and North America. Oral submucous
fibrosis (OSF) is characterized by chronic inflammation
and epithelial atrophy, and this has been associated with
chewing the areca nut'. OSF causes the transformation of
normal mucosal cells to a precancerous lesion with a high
probability of developing oral squamous cell carcinoma’.
Exposure of the oral cavity to areca nut induces several
physical and molecular alterations, leading to pathologi-
cal conditions such as OSF and oral cancer’. For exam-
ple, chronic arecoline exposure (found in the areca nut)
of human oral epithelial cells resulted in increased cluster
of differentiation 44 (CD44) positivity and epithelial—
mesenchymal transition (EMT) traits®, a crucial event in
the formation of oral squamous cell carcinoma and OSF.
Previous studies demonstrated that arecoline could also
induce the expression of vimentin in human buccal
mucosal fibroblasts™. Our previous study also showed

that arecoline exposure resulted in a decrease in epithelial
(E)-cadherin expression and upregulation of the expres-
sion of neural (N)-cadherin and vimentin in immortalized
nontumorigenic human epidermal HaCaT cells’, sug-
gesting that the EMT process is directly involved in the
pathogenesis of OSF.

Salvia miltiorrhiza, or red sage, is a traditional Chinese
medicine. It is used to promote blood circulation and
regulate menstruation. Tanshinone (TSN) is the main
component extracted from Salvia miltiorrhiza. TSN was
found to have diverse pharmacological effects such as
antioxidant, anti-inflammatory, and antitumor®. For exam-
ple, TSN IIA can inhibit the growth of human gastric
cancer cells through increasing the protein expression of
phosphorylated mitogen-activated protein kinase (p-p38)
and phosphorylated C-Jun N-terminal kinase (p-JNK)
and activating tumor protein p53 (p53), followed by
increasing the protein expression of cyclin-dependent
kinase inhibitor 1A (p21)°. High concentrations of TSN
ITA cause complete phosphorylation and degradation of
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RNAse polymerase I (RNAPII) followed by p53 activa-
tion and apoptosis in hepatic cancer cells'’. These studies
suggest that TSN may induce cancer cell death through
activation of the p53 pathway. It is therefore possible that
TSN inhibits the proliferation of human oral mucosal
fibroblasts (hOMF) and the EMT process by activating
the p53 pathway; however, there has been no evidence to
date supporting this hypothesis.

In the current study, we aimed to identify the inhibitory
effects of TSN on OSF progress with the aim of delineat-
ing a possible mechanism of action for the compound.

MATERIALS AND METHODS
Tissue Samples

A total of 10 oral submucosal fibrosis tissues and 10
normal oral mucous samples were obtained from The
First Affiliated Hospital (Zhengzhou, P.R. China) accord-
ing to the Legislation and Ethical Boards of Zhengzhou
University. Informed consents were signed by all subjects.
All samples were collected and identified by histopatho-
logical evaluation and stored in liquid nitrogen until use.

Cell Culture

Primary hOMFs were obtained from the normal gingiva
around sound premolars using the previously described
method"'. The cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Life Technologies, Carlsbad,
CA, USA) supplemented with 12% fetal bovine serum
(FBS; Life Technologies) in a humidified atmosphere of
5% CO, air at 37°C. Cells between the fifth and eighth
passages were used for the experiments.

The human oral cancer cell line SCC-9 and human
embryonic kidney 293 cells were obtained from the
American Type Culture Collection (ATCC; Manassas,
VA, USA). The cells were grown in Roswell Park Memo-
rial Institute (RPMI)-1640 medium (Life Technologies)
supplemented with 10% FBS at 37°C in a humidified 5%
CO, incubator.
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Cell Treatment

The lentivirus containing short hairpin RNA (shRNA)-
p53 plasmid, shRNA-lysine-specific demethylase 1A
(LSD1) plasmid, or LSD1-expressing plasmid were
designed and purchased from GeneChem (Shanghai,
PR. China). Following 48 h of transfection, according
to the manufacturer’s instructions (Lipofectamine 3000;
Thermo Fisher Scientific, Waltham, MA, USA), the
transfected cells were used for further analysis. Arecoline
(Are; chemical formula: CgH ;NO,; molecular weight:
155.2 kDa) and TSN IIA (TSN; chemical formula:
C,H,;0;; molecular weight: 294.3 kDa) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Their chemi-
cal structures are shown in Figure 1. The cells were
treated with a range of concentrations of arecoline (20,
40, 80, and 160 pg/ml) or TSN (5, 10, 20, and 50 uM) for
48 h and then used for further analysis.

Immunofluorescence Assays

Cells cultured on coverslips were fixed with 4%
formaldehyde for 30 min and then permeabilized with
0.5% Triton X-100 in phosphate-buffered saline (PBS)
for 20 min. After that, cells were blocked with 5% non-
fat dry milk in tris-buffered saline (TBS) and Tween-20
(TBST) for 60 min and incubated with vimentin or kera-
tin antibody (1:100; Abcam, Cambridge, UK) at 4°C
overnight. The cells were incubated with Alexa Fluor®
555 goat anti-rabbit IgG (1:200; Sigma-Aldrich) at 37°C
for 1 h. The coverslips were stained with 4’,6-diamidino-
2-phenylindole (DAPI; 1:1,000; SC-3598; Santa Cruz,
Dallas, TX, USA) for 2 min and mounted on slides using
antifade mounting medium. Immunofluorescence images
were acquired on a Nikon ECLIPSE 80i microscope
(Nikon, Tokyo, Japan).

MTT Assay

Cell proliferation was assessed every 24 h by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay. After the indicated treatment, cells were
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Figure 1. The chemical structures of arecoline (Are) and Tanshinone (TSN).
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seeded onto 96-well plates at 3x 10’ cells/well. Briefly,
cells were exposed to MTT (Sigma-Aldrich) at a final
concentration of 5 mg/ml and incubated for an addi-
tional 4 h at 37°C. The formazan generated in each well
was dissolved in 150 ml of dimethyl sulfoxide (DMSO;
Sigma-Aldrich). Absorbance of each well at 490 nm was
then read using a microplate reader.

Western Blot

Radioimmunoprecipitation assay (RIPA) lysis buffer
was used to extract protein from tissues and indicated
cells. BCA Protein Assay Kit (Thermo Scientific, Waltham,
MA, USA) was used to measure the protein concentra-
tion. A total of 60 pg of proteins was separated on 12%
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and blotted onto 0.22-um nitrocellulose
membranes. The membranes were blocked for 2 h with
5% nonfat dry milk diluted with TBS and incubated
with primary antibodies [mouse monoclonal anti-p53
(1:8,000), mouse monoclonal anti-LSD1 (1:1,000), rab-
bit polyclonal anti-N-cadherin (1:3,000), rabbit poly-
clonal anti-vimentin (1:2,000), rabbit polyclonal anti-p21
(1:3,000), and rabbit polyclonal anti-p53 upregulated
modulator of apoptosis (puma; 1:2,000) from Abcam;
rabbit polyclonal anti-E-cadherin (1:1,000), rabbit poly-
clonal anti-B-cell CLL/lymphoma 2-associated X protein
(BAX; 1:2,000), and mouse monoclonal anti-glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH; 1:2,000)
from Santa Cruz] overnight at 4°C. The membranes were
washed with TBST and then incubated with the appropri-
ate horseradish peroxidase-conjugated secondary antibody
(goat anti-rabbit, 1:2,000; goat anti-mouse, 1:2,000; Santa
Cruz) for 1 h at 37°C. Enhanced chemiluminescence
reagent (Millipore, Billerica, MA, USA) was used to
detect the signal on the membrane. The data were analyzed
via densitometry using Image-Pro Plus software version
6.0 (Bio-Rad, Cambridge, MA, USA) and normalized to
the expression of the internal control (GAPDH).

mRNA Microarray Analysis

mRNA microarrays (HOA 7.1) were used for differ-
entially expressed gene analysis. Total RNA was extrac-
ted using an RNeasy Mini Kit (Qiagen, Shenzhen, P.R.
China) according to the manufacturer’s instructions.
The test sample and the reference were labeled with
cyanine 5 (Cy5) and cohybridized to the mRNA arrays.
The hybridized arrays were scanned by Agilent 0.1 XDR
(Phalanx Biotech, Hsinchu City, Taiwan). Further analy-
sis was done using the Rosetta Resolver 7.2. Expression
profile clustering and visualization were performed with
unsupervised hierarchical clustering analysis (Ernest
Orlando Lawrence Berkeley National Laboratory, Berke-
ley, CA, USA).
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Measurement of the TP53 Promoter CpG Island
Methylation Status by Methylation-Specific
Polymerase Chain Reaction (PCR; MSP)

Genomic DNA was extracted using the Qiagen FFPE
DNA Kit (Qiagen, Valencia, CA, USA). Genomic DNA
(1 pg per sample) was modified with bisulfite using the
EZ DNA Methylation-Gold Kit (Zymo, Orange County,
CA, USA) according to the manufacturer’s instructions.
MSP was performed on the bisulfate-treated DNA. The
primers used were unmethylated 7P53, 5’-GGTTTTAG
GATTAGAGGATAGATTGA-3’ (forward) and 5’-CCT
TCCTACAAAA AAAACAAACAAA-3" (reverse); and
methylated 7P53, 5-GGGTTTTAGGATTAGAG GATA
GATC-3" (forward) and 5-CTTCCTACAAAAAAAAC
AAACGAA-3’ (reverse). The annealing temperature was
58°C for both methylated and unmethylated PCR, with
35 cycles used for each.

Luciferase Reporter Assay

The p53 promoter region (2,000 bp) was synthesized
and inserted into a pGL3-basic vector (Promega, Madi-
son, WI, USA). The successful constructs were veri-
fied by DNA sequencing. The Dual-Luciferase Assay
Kit was used to assess luciferase activities, following
the manufacturer’s protocol. The cells were plated into
96-well clusters and then cotransfected with 100 ng of
pGL3-basic vector or pGL3-p53, together with LSD1 or
the negative control. Forty-eight hours after transfection,
luciferase activity was detected using a Dual-Luciferase
Reporter Assay system (Promega) and normalized to
Renilla luciferase activity.

RNA Immunoprecipitation (RIP)

RIP assay was used to determine whether TP53
interacts with or binds to the RNA-binding protein
LSD1 in the human hypopharyngeal carcinoma cells. The
EZMagna RIP Kit (Millipore) was used to conduct the
RIP experiment, following the manufacturer’s protocol.
The cells were lysed using complete RIP lysis buffer;
then the extract was incubated with magnetic beads con-
jugated with LSD1 antibodies or control IgG (Millipore)
for 8 h at 4°C. Next, the beads were washed with washing
buffer and incubated with proteinase K at 55°C for 30 min
to remove the proteins. Finally, purified RNA was reverse
transcribed into cDNA and subjected to qualitative real-
time PCR (qPCR) analysis to determine the presence of
TP53 using specific primers.

Chromatin Immunoprecipitation (ChIP) Assay

The EZ-Magna ChIP Kit (Millipore) was used to
conduct ChIP assays in accordance with the manufac-
turer’s protocol. The cells were fixed with 4% para-
formaldehyde and incubated with glycine for 10 min to
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generate DNA—protein cross-links. The cells were then
lysed with Cell Lysis Buffer and Nuclear Lysis Buffer
and sonicated to generate chromatin fragments. Next, the
lysates were immunoprecipitated with Magnetic Protein
A Beads conjugated with methylated lysine 27 histone
A3 (H3K27mel; Millipore), dimethylated lysine 4 his-
tone A3 H3K4me2-specific antibodies (Millipore), or
IgG as a control. Finally, the precipitated DNA was ana-
lyzed by qualitative real-time reverse transcriptase PCR
(qRT-PCR).

Tumor Xenograft in Nude Mice

Animal experiments were approved by the Ethical
Committee for Animal Research of Zhengzhou Univer-
sity (Protocol No. 2013-020). All nude mice (4-5 weeks
old, male) were purchased from the Central Animal Faci-
lity of Zhengzhou University. To assess tumor growth,
200 ml of SCC-9 cells (1x10°) was subcutaneously
injected into the left side to the rear of each mouse
(five mice per group). One day after injection, the mice
were intragastrically administrated with either arecoline
(100 mg/kg) or TSN (150 mg/kg), or cotreated with
both arecoline (100 mg/kg) and TSN (150 mg/kg), once
a day for 7 weeks. Tumor size was measured regularly
and calculated using the formula 0.52XLXx W?, where
L and W are the long and short diameters of the tumor,
respectively.

Immunohistochemical (IHC) Staining

The paraffin-embedded tumor sections of SCC-9 xeno-
grafts were serially cut at 4 um. Slides were deparaf-
finized in dimethylbenzene and dehydrated in an alcohol
gradient. Slides were immersed in 3% H,O, to inacti-
vate endogenous peroxidase, and then the antigens were
retrieved by boiling in citric acid buffer (pH 6.0) in a
microwave oven at high power for 15 min. After cool-
ing, the slices were blocked with normal goat serum and
incubated with primary antibody rabbit polyclonal anti-
Ki-67 antibody (1:100 dilution; Cat No. GTX16667;
Genetex, Hsinchu, Taiwan) overnight at 4°C. The sec-
tions were then washed with PBS and incubated with anti-
rabbit secondary antibody (Zsbio, Beijing, P.R. China) for
2 h at 37°C. The sections were then washed with PBS and
stained using a diaminobenzidine (DAB) detection kit
(Zsbio). Finally, the sections were counterstained with
hematoxylin. The images were obtained using a micro-
scope (DMB5-2231P1; Motic)

Statistical Analysis

Statistical analysis was performed using GraphPad
Prism 5 software (GraphPad Software, Inc., La Jolla, CA,
USA), and the data are presented as the mean=standard
deviation. An unpaired two-tailed Student's r-test or
one-way analysis of variance (ANOVA) with Bonferroni
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adjusted #-test or Dunnett’s multiple comparison test per-
formed post hoc was used to analyze the data depending
on the conditions. A value of p<0.05 was considered to
indicate a statistically significant difference.

RESULTS

Treatment With TSN Inhibits Arecoline-Mediated
Increase in Cell Viability in Oral Mucosal Fibroblasts

To investigate the role of TSN on arecoline-induced
oral submucosal fibrosis, we first isolated the hOMFs
from the normal gingiva around sound premolars.
Immunofluorescence assay was performed to confirm
the isolated cells. The cells were positive for vimentin
but negative for keratin, verifying that the cells were oral
mucosal fibroblasts (Fig. 2A). To determine the effects of
arecoline and TSN on the cell viability of oral mucosal
fibroblasts, we treated the cells with a range of concen-
trations of arecoline (20, 40, 80, and 160 pg/ml) or TSN
(5, 10, 20, and 50 pM) and found that treatment with
arecoline significantly increased the cell viability of oral
mucosal fibroblasts at 40 and 80 pg/ml, whereas treat-
ment with TSN reduced the cell viability of oral mucosal
fibroblasts in a dose-dependent manner (Fig. 2B and C).
In addition, we cotreated with arecoline (40 pg/ml) and
TSN (5, 10, 20, and 50 pM) for 48 h in oral mucosal
fibroblasts and found that treatment with TSN inhibited
the arecoline-mediated increase in cell viability of oral
mucosal fibroblasts (Fig. 2D). Furthermore, we ana-
lyzed the key molecules of the EMT pathway, includ-
ing E-cadherin, N-cadherin, and vimentin. The results
showed that treatment with arecoline decreased the
expression of E-cadherin but increased the expression
of N-cadherin and vimentin in oral mucosal fibroblasts,
whereas cotreatment with TSN reversed the effects of
arecoline on the expression of E-cadherin, N-cadherin,
and vimentin in a dose-dependent manner (Fig. 2E).

TSN Rescues Arecoline-Mediated
Downregulation of TP53

To further investigate the mechanism by which TSN
inhibits arecoline-induced OSF, the primary oral mucosal
fibroblasts were treated with arecoline alone or cotreated
with arecoline and TSN. The untreated cells were used as
a control. Total RNA was extracted and used for mRNA
expression profile microarray screening. The microarray
revealed 1,606 differentially expressed mRNAs between
arecoline-treated cells and control cells (Fig. 3A). The
top 10 altered genes are listed in Table 1. Of note, TP53
gene expression was significantly decreased in arecoline-
treated cells compared with control cells, but rescued in
cells cotreated with arecoline and TSN; LSD1 was signif-
icantly upregulated by arecoline, which was rescued by
TSN (Table 1). We further confirmed that the expression
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Table 1. The Top 10 Significantly Altered (Upregulated and
Downregulated) Genes in Cells Treated With Tanshinone (TSN)
or Arecoline (Are)

Relative Expression

Control Are Are+TSN
Upregulated genes
CYTL1 1 3.7 1.77
PDK4 1 4.5 0.74
FAM49B 1 2.1 0.58
Luzp2 1 32 0.95
LSD1 1 11.6 1.23
TBX1 1 2.7 1.72
APOOL 1 2.5 0.81
CHSTI13 1 9.3 0.93
TCAMIP 1 2.0 0.85
ABCBI 1 2.4 0.99
Downregulated genes
WEDCI1 1 0.22 1.37
ANO2 1 0.25 1.65
MAGEA6 1 0.31 0.94
TVP23A 1 0.42 0.95
GSTP1 1 0.37 0.73
HAMP 1 0.16 1.09
KLHL13 1 0.27 1.49
TP53 1 0.04 1.31
GSTP1 1 0.18 1.10
CGA 1 0.23 1.19

of the wild type of p53 was significantly decreased in
10 cases of OSF tissues compared with 10 normal oral
mucous samples (Fig. 3B). The methylation levels of
the promoter of 7P53 in OSF samples and normal oral
mucous samples were determined by MSP. The methyla-
tion levels of the promoter of 7P53 were higher in OSF
tissues than in normal oral mucous tissues (40% vs. 0%)
(Fig. 3C), indicating that the low levels of wild-type
p53 in OSF tissues may be induced by hypermethyla-
tion of the promoter. Arecoline treatment also inhibited
p53 downstream molecules (p21, Bax, and puma), which
were rescued by TSN treatment (Fig. 3D).

TSN Reverses Arecoline-Mediated Hypermethylation
of TP53 Promoter by Inhibiting LSDI

We further investigated whether arecoline and TSN
treatment can affect the hypermethylation of the p53
promoter. Our results showed that the promoter of TP53
was hypermethylated by arecoline treatment, which was
reversed by TSN treatment (Fig. 4A). In addition, treat-
ment with TSN reversed arecoline-mediated downregula-
tion of p53 in primary culture oral mucosal fibroblasts
(Fig. 4B). Notably, TSN treatment abolished arecoline-
induced fibroblast proliferation, and this effect was
attenuated by knockdown of 7P53 by shRNA (Fig. 4C).
Predictably, knockdown of TP53 abolished the effects of
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TSN on the expression of E-cadherin, N-cadherin, and
vimentin, suggesting that TSN regulates the EMT process
through the p53 pathway (Fig. 4D).

Because of the negative correlation between LSDI1
and p53, we further investigated whether LSD1, a histone
transmethylase, could regulate the expression of p53.
We found that knockdown of LSDI1 could significantly
increase the protein levels of p53 under the arecoline
challenge (Fig. 5A). We further investigated the mecha-
nism by which LSDI regulates p53. ChIP assays were
performed to evaluate whether LSD1 could bind to the
TP53 promoter. The results showed that LSD1 could bind
to the promoter regions of 7P53 (Fig. 5B). In addition,
the promoter region of TP53 was inserted into a PGL3
luciferase reporter vector, and Dual-Luciferase Reporter
analysis showed that knockdown of LSD1 could activate
luciferase (Fig. 5C). Moreover, we found that knockdown
of LSD1 could increase the binding of H3K27mel and
H3K4m2 on the TP53 promoter, which was similar to
the TSN treatment (Fig. 5D). These results indicate that
TSN may epigenetically activate pS3 in OSF by inhibit-
ing LSDI.

TSN Treatment Suppresses Tumor Growth of Oral
Carcinoma In Vivo

We next investigated whether TSN can suppress the
tumor growth of oral carcinoma in vivo. A xenografted
tumor assay was used to determine the suppressor role
of TSN in vivo. TSN treatment decreased tumor growth,
but arecoline treatment increased the tumor growth in
nude mice, and TSN treatment had an antagonistic effect
with arecoline on tumor growth in vivo (Fig. 6A and B).
IHC staining for Ki-67 in tumor sections of SCC-9 xeno-
grafts showed that expression of the proliferative marker
Ki-67 was decreased by TSN and increased by arecoline
(Fig. 6C). Treatment with arecoline decreased the expres-
sion of LSD1 and E-cadherin but increased the expres-
sion of N-cadherin and vimentin, while TSN treatment
had an opposite role. Cotreatment with TSN reversed the
effects of arecoline on the expression of LSD1, p53, p21,
puma, E-cadherin, N-cadherin, and vimentin (Fig. 6D).

DISCUSSION

In this study, we found that treatment with TSN inhib-
ited arecoline-mediated proliferation and EMT in oral
mucosal fibroblasts. It is considered that OSF is a pre-
cancerous lesion. The association of areca nut chewing,
OSF, and oral squamous cell carcinoma is quite profound,
especially in Taiwan and South China, where up to 80%
of oral squamous cell carcinoma is associated with the
habit'”. A range of case-control studies have demonstrated
that there is a definite dose-dependent relation between
the areca nut and causation of the disease, and it is well
known that the onset of the disease is directly proportional
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Figure 3. TSN rescues Are-mediated downregulation of tumor protein 53 (TP53) mRNA and p53 protein. (A) mRNA expression pro-
file microarray screening. Heatmap of the genes differentially expressed in the control, cells treated with Are alone, and cells cotreated
with Are plus TSN. Red represents upregulated mRNAs and green for downregulated mRNAs. (B) Western blot was used to deter-
mine the expression of p53 in 10 oral submucous fibrosis (OSF) samples (top) and 10 normal oral mucous (NOM) samples (bottom).
Quantification is shown on the right. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used for normalizing the expression
of p53. (C) The methylation levels of the promoter of 7P53 in the same 10 OSF samples and 10 NOM samples in (B) was determined
by methylation-specific polymerase chain reaction (MSP). U, unmethylated; M, methylated. (D) Treatment with TSN reversed Are-
mediated downregulation of p53, cyclin-dependent kinase inhibitor 1A (p21), B-cell CLL/lymphoma 2-associated X protein (Bax),
and p53 upregulated modulator of apoptosis (puma) in primary culture OMFs in a dose-dependent manner. GAPDH was used as a

protein-loading control. *p<0.05 compared to NOM.

to the concentration, incidence, and duration of chewing
the nut'*'*. Among the alkaloids present in areca nuts,
arecoline is the main agent responsible for fibroblast pro-
liferation. The localized mucosal inflammation caused by
arecoline results in the recruitment of activated T cells

that leads to the release of cytokines and transforming
growth factor-B (TGF-B)". In epithelial cells, TGF-f is
able to induce EMT. Inflammation and wounding stress
in epithelial cells can promote the EMT process, leading
to fibroblast production and fibrogenesis'®". Emerging
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Figure 4. TSN suppresses cell viability of primary culture OMFs through increasing the expression of 7P53. (A) The methylation
levels of the promoter of 7P53 in primary culture OMFs were determined by MSP. (B) Treatment with TSN reversed the Are-mediated
downregulation of p53 in primary culture OMFs. GAPDH was used as a protein loading control. (C) MTT assay was used to measure
cell viability after the indicated treatment. Knockdown of 7P53 by short hairpin RNA (shRNA) abolished the inhibitory effects of TSN
on the cell viability of OMFs induced by Are. (D) Knockdown of TP53 abolished the effects of TSN on the expression of E-cadherin,

N-cadherin, and vimentin evaluated by Western blot.

evidence implies that EMT remains a very likely can-
didate in the processes of tumorigenesis and carcinoma
metastasis'®.

TSNs are potent cytotoxic agents that significantly
inhibit the growth of various types of cancer cells includ-
ing colon, breast, liver, and prostate and the blood cells in
leukemia by inducing cell cycle arrest and apoptosis'® .
These proapoptosis effects are potentially involved in
the activation of the p53 pathway, such as upregulation
of proapoptosis proteins including p53, Bax, p21, puma,

etc”. In addition, TSNs are able to inhibit the invasion
and metastasis of cancer cells through the alteration of
matrix metalloproteinases®. TSNs also have a synergis-
tic anticancer effect with chemotherapeutic drugs such
as cisplatin, doxorubicin, 5-flurouracil, and arsenic trio-
xide®. Notably, TSN IIA exerted a strong radiosensitizing
effect on oral squamous carcinoma cells compared with
the simple drug or single radiation treatment by enhanc-
ing reactive oxygen species (ROS) generation and auto-
phagy®. Moreover, increasing evidence supports the
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Figure 5. Knockdown of lysine-specific demthylase 1 (LSD1) by shRNA epigenetically activates pS3 by recruiting methylated lysine
27 histone 3 (H3K27mel) and dimethylated lysine 4 histone 3 (H3K4me2). (A) Knockdown of LSD1 abolished the effects of Are on
the expression of p53 evaluated by Western blot. (B) Chromatin immunoprecipitation-qualitative real-time polymerase chain reac-
tion (ChIP-qPCR) analysis of LSD1 occupancy in the 7P53 promoter regions in the OMFs and human embryonic kidney 293 cells.
Immunoglobulin G (IgG) was used as a negative control. (C) Luciferase reporter analysis of luciferase activity in the OMFs cotrans-
fected with pGL3-TP53 and shRNA-LSDI1 lentivirus or an empty lentivirus (pGL3 vector). (D) ChIP-qPCR analysis of H3K27mel
and H3K4me?2 occupancy in the TP53 promoters in the OMFs after the indicated treatment. IgG was used as a negative control.
*p<0.05, **p< 0.01, ***p<0.001 compared with IgG in (B), negative control (NC) in (C), and Are treatment in (D).

important role of inflammatory factors for tumorigen-
esis and therapeutic responses. For example, TSNs at
submicromolar and low micromolar levels inhibited
interleukin-12 (IL-12) production in lipopolysaccharide
(LPS)-activated mouse macrophages in a concentration-
dependent manner”’.

To explore the underlying mechanisms of TSN in oral
submucosal fibrosis induced by arecoline, we exploited
the integrated strategy consisting of RNA deep sequenc-
ing to investigate targeted genes. We found that the p53
pathway is the major cellular target of TSN in OSF. p53,
one of the most frequently mutated and deleted tumor
suppressors in a multitude of tumor types, has been

frequently reported to be downregulated or deleted in oral
squamous cell carcinoma, suggesting other mechanisms
in OSF, the precancerous lesion likely responsible for the
downregulation of p53. Consistently, we found that the
expression of p53 was much lower in OSF than in nor-
mal mucous tissues. In addition, we found that arecoline
treatment results in a significant decrease in p53 and its
downstream molecules including p21, Bax, and puma.
Treatment with TSN reversed the arecoline-mediated
decrease in the expression of p53, p21, Bax, and puma
in primary culture oral mucosal fibroblasts in a dose-
dependent manner. Furthermore, our results demonstrate
that arecoline stimulation resulted in hypermethylation of
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to determine the expression of LSD1, p53, p21, puma, E-cadherin, N-cadherin, and vimentin in tumor tissues of SCC-9 xenografts.

**p<0.01 compared to control.

the promoter of 7P53 and subsequent downregulation of
p53 levels. Importantly, TSN treatment can epigenetically
demethylate the promoter of 7P53 and upregulate the p53
levels by inhibiting LSD1 expression.

One of the early genetic studies found a statistically
significant increase in the size of C-band heteromorphism
patterns on chromosome 1 in OSF and oral squamous cell
carcinoma patients when compared with healthy subjects.

OSF lesions abnormally express and stain positive for
p53 with a specific clustered mutation in exon 5 of the
p53 gene. Expression levels of p53 are progressively
lower in oral squamous cell carcinoma than in submu-
cosal fibrosis lesions™”. In line with these findings, our
RNA-deep sequencing results showed lower levels of
TP53 in arecoline-treated cells than in control cells and
in cells cotreated with arecoline and TSN.
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It was demonstrated that TSN IIA could interact with
the DNA minor groove, and in turn activate p53 to induce
apoptosis, which was independent of ataxia—telangiectasia
mutated (ATM) activation, suggesting that TSN-induced
pS3 activation in these cells was not through the ATM-
mediated DNA damage response pathway'**. Moreover,
in vivo administration of TSN IIA (40 mg/kg of TSN
IIA, every other day for 10 days) induced apoptosis in
hepatic cancer cell H22 xenograft tumors'**. Wang et al.
found that dihydrotanshinone provoked mitochondrial
dysfunction at an early stage by decreasing mitochondrial
membrane potential and mitochondrial ROS levels fol-
lowed by a time-dependent increase in intracellular ROS
generation, which was reversed by pretreatment with
free radical scavengers, suggesting that dihydrotanshi-
none induces apoptosis in colon cancer cells through a
p53-independent pathway’'. Lu et al. showed that TSN
I-mediated Aurora A inhibition results in wild-type p53
upregulation, but not mutant p53, which is required for
cell apoptosis in colorectal cancer cells™. Here our results
demonstrated a novel mechanism that TSN epigenetically
activates the p53 pathway by inhibiting LSD1. LSDI,
the histone lysine-specific demethylase, acts as an epi-
genetic regulator and is overexpressed in various types
of tumors****. LSD1 has been shown to demethylate his-
tone H3 on lysine 4 (H3K4) and lysine 9 (H3K9). LSD1
is essential for mammalian development and is likely
involved in many biological processes. LSD1 contains
several defined domains and is associated with a num-
ber of protein complexes™. LSD1 can interact with p53
to repress p53-mediated transcriptional activation and to
inhibit the role of p53 in promoting apoptosis by remov-
ing both monomethylation (K370mel) and dimethylation
(K370me?2) at K370. LSDI represses p53 function through
inhibition of the interaction of p53 with p53-binding
protein 1 (53BP1)”. Interestingly, cryptotanshinone could
increase the monomethylation and dimethylation of his-
tone H3 lysine 9 (H3K9) in the promoter region of the
androgen receptor (AR) by disrupting the interaction
between AR and LSDI to inhibit the transcriptional
activity of AR and suppress the expression of several AR
target genes at the mRNA and protein levels®. Here we
showed that arecoline could induce LSD1 and result in
p53 downregulation. This effect was reversed by increas-
ing the binding of H3K27mel and H3K4m?2 on the TP53
promoter with TSN treatment. These results indicate that
TSN may epigenetically activate 7P53 in OSF by inhibit-
ing LSD1.

In conclusion, we describe a novel mechanism whereby
TSN reactivates p53 signaling silenced by arecoline via
the functional inhibition of LSD1-mediated demethyla-
tion of H3K27mel and H3K4me2. Our data suggest that
TSN can be developed as a potential therapeutic agent for
OSF and even oral squamous cell carcinoma.
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