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Abstract

Our previous studies had revealed that the dysregulation of manganese superoxide dismutase
(SOD2) expression was a frequent event in tongue squamous cell carcinoma (TSCC) and may be
associated with enhanced metastatic potential. To further evaluate the mechanism of SOD2-
mediated metastasis in TSCC, TSCC cell lines with different metastatic potential (i.e., the highly
metastatic UM line and the UM2 line, which displays fewer metastases) were used. Compared to
UM2 cells, UML1 cells exhibited significantly higher SOD2 activity and intracellular H,O,, higher
protein levels of Snail, MMP-1 and pERK1/2, lower protein levels of E-cadtherin, and not
difference of catalase activity. Upon knockdown of SOD2 by RNA interference, UML1 cells
displayed significantly reduced migration and invasion abilities, reduced activities of SOD2, lower
intracellular H,O,, decreased protein levels of Snail, MMP-1 and pERK1/2, and increased protein
levels of E-cadtherin. Migration and invasion ability of UM2 and SOD2 shRNA-transfected UM1
cells were enhanced by H,0, treatment and accompanied by increased protein levels of Snail,
MMP-1 and pERK1/2, and decreased protein levels of E-cadtherin. Moreover the migration and
invasion ability of UML1 cells were decreased after catalase treatment. Thus, we conclude that the
SOD2-dependent production of H,O, contributes to both the migration and invasion of TSCC via
the Snail signaling pathway through increased Snail, MMP-1 and pERK1/2 protein levels, and the
repression of the E-cadtherin protein.
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Introduction

Despite the tremendous improvements in surgery, radiotherapy and chemotherapy over the
last decade, the prognosis for patients with tongue squamous cell carcinoma (TSCC) has
remained relatively unchanged for the past 3 decades[1]. This is because patients continue to
succumb to metastatic disease at regional and distant sites. Improving patient survival
requires an increased understanding of tumor metastasis to allow for early disease detection
and the development of targeted therapies. In our previous study, we identified that
manganese superoxide dismutase (SOD?2) protein level was significantly increased in TSCC
with lymph node metastasis[2, 3]. These results suggested that elevated SOD2 levels may be
associated with lymph node metastasis in TSCC and may provide predictive values for
diagnosing metastasis.

Superoxide dismutases (SODs) are a family of antioxidant enzymes responsible for the
detoxification of superoxide anion free radicals, such as H,O», that will be further removed
by catalases or glutathione peroxidases[4]. Of the 3 major forms of SODs, manganese
superoxide dismutase (SODZ2, or Mn-SOD, which is located in the mitochondria) is crucial
for cellular survival because the mitochondria are the major producer of superoxide[5]. The
role of SOD2 in carcinogenesis has been widely studied[2-4, 6-9]. Indeed, many studies
identified that increased SOD2 levels are related to several cancer types and are associated
with metastasis and poor prognosis[2-4, 8, 9]. Although intracellular SOD activity was
demonstrated to be involved in cancer metastasis and invasion, the mechanistic rationale for
the increased metastatic capacity of tumor cells overexpressing SOD?2 is still ambiguous and
needs to be further investigated[4].

Reactive oxygen species (ROS, including the superoxide, H,O5) are proposed to be involved
in tumor metastasis, which is a complicated processes that includes epithelial-to-
mesenchymal transition, migration, invasion of the tumor cells and angiogenesis around the
tumor lesion[10]. Under normal physiological conditions, the steady-state concentrations of
H,0, are well within the buffering capacity of the mitochondrial glutathione redox system.
However, when SOD2 levels increase in cancer cells, the glutathione buffering capacity of
the mitochondria may be overwhelmed by H,O,. Accumulating evidence indicates that the
intracellular redox state plays an important role in both cellular signaling transduction and
gene expression[4]. Several studies found that the SOD2-dependent production of H,0-
leads to increased expression of MMP family members and that there is a strong correlation
between increased MMP levels and enhanced metastasis[10-12]. Additional studies will be
needed to fully understand the role(s) of the redox state and SOD2 in TSCC.

Members of the Snail family (e.g., Snail and Snai2) play important roles in cancer
progression[13]. Researchers discovered that Snail promotes invasion in many types of
cancers, including breast cancer[14], pancreatic cancer[15], salivary adenoid cystic
carcinoma[16], gastric cancer[17] and oral cancer[9]. Our recent study, using two
independent TSCC patient cohorts, confirmed that overexpression of Snai2 is a frequent
event in TSCC and is associated with lymph node metastasis and reduced overall survival.
As further confirmation, knockdown of Snai2 suppressed cell migration and invasion in
vitro[18]. Although Snail expression was associated with invasion and lymph node
metastasis in tongue cancer[18], the relationship between Snail and SOD2-dependent
production of H,O, in TSCC metastasis has not been reported.
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In this study, we first tested whether the SOD2-dependent production of H,0, leads to
increased migration and invasion of TSCC in vitro. We then investigated the role of Snail
family members in SOD2-mediated metastasis and TSCC progression. Our findings suggest
that increases in mitochondrial H,O, by SOD2 can enhance the invasive and migratory
properties of TSCC and that Snail signaling may be involved in this process.

Materials and Methods

Cell culture and reagents

Human TSCC cell lines (UM1, UM2, and Tca8113) were maintained in DMEM/F12
containing 10% fetal bovine serum (FBS), 1,000 units/mL penicillin and 500 pg/mL
streptomycin in a 37°C incubator with 5% CO,. UM1 and UM2 are paired cell lines from a
single TSCC patient, which exhibit different metastatic potential. Indeed, UML1 is more
aggressive than UM2 in terms of cell invasion[19]. Another pair of different metastatic
potential salivary adenoid cystic carcinoma (SACC) cell lines SACC-83 and SACC-LM was
used in this study. SACC-LM cell line with higher lung-metastatic rate was generated from
SACC-83[20].

Plasmid construction and transient transfection

The pGPUG/GFP/Neo shRNA expression vector (GenePharma, Shanghai, China) containing
an eGFP sequence was used to generate the plasmid vector, pSOD2shRNA. The SOD2
shRNA contains a complement nucleotide sequence (agttcaatggtggtggtcatatcaa, GenBank
NM_000636) that is separated by a 9-nucleotide, non-complementary spacer (ttcaagaga). A
control vector (non gene-targeting) was constructed in the same way using a nucleotide
sequence (ttctccgaacgtgtcacgt). These sequences were confirmed using nucleotide BLAST
to ensure that there was no homology with any other known human gene. The annealed
sequences were ligated into the pGPU6/GFP/Neo backbone after digestion with BamHI and
Bbsl. All vector constructs were confirmed by DNA sequencing.

The constructed plasmids were transiently transfected into UM1 cells using Lipofectamine
Plus reagent (Invitrogen, CA, USA), according to the manufacturer's instructions[21].
Transfected cells were subsequently used in the following experiments.

SOD Activity

SOD?2 activity was determined by measuring the ability of SOD to inhibit xanthine/xanthine
oxidase-induced cytochrome c reduction in the presence of 5 mmol/L potassium cyanide
(KCN), which inhibits SOD1 and SOD3 activities[22]. One unit of SOD2 activity was
defined as the amount of SOD2 needed to exhibit 50% dismutation of the produced
superoxide radical at 25°C. The final enzyme activity was calculated by normalizing the
results to the total protein concentration of the whole protein extract, as determined by the
Bio-Rad protein assay (Richmond, CA, USA).

Catalase activity

Catalase activity was detected using a catalase analysis kit (Beyotime Biotechnology, China)
according to the manufacturer's instructions. Briefly, the cell lysates were treated with
excess hydrogen peroxide for an indicated time, and then the remaining hydrogen peroxide
(not decomposed by catalase) was coupled with a substrate that on treatment with
peroxidase produced N-4-antipyryl-3-chloro-5-sulfonate-p-benzoquinonemonoimine, which
has an absorption maximum at 520 nm and was quantified spectrophotometrically. Catalase
activity was then calculated from the assay results.
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Measurement of intracellular H,O»

Measurement of intracellular H,O, were performed as described previously[23]. The H,0,
concentration was determined using the PeroXOquant Quantitative Peroxide Assay Kit

(Pierce, IL, USA), according to the manufacturer's instructions. H,O, oxidation causes the
formation of a purple-colored complex that can be read on a spectrophotometer at 560 nm.

Wound healing assay

Wound healing assay were performed as described previously[12], Briefly, cells were grown
to confluence and “wounded” by dragging a 1 mL pipette tip through the monolayer. Cells
were allowed to migrate for 24 h. Images were taken at time points 0 and 24 h post-
wounding using a Nikon Diaphot TMD inverted microscope (4x). The relative distance
traveled by the leading edge from 0 to 24 h was assessed using Photoshop 7.0 software (n =
6).

Transwell invasion assay

Transwell invasion assay were performed as described previously[12], Briefly, Biocoat
Matrigel invasion chamber inserts (BD Biosciences, NJ, USA) were equilibrated for 2 h at
37°C in serum-free medium. Cells were seeded in serum-free medium in the upper chamber
and allowed to invade through the Matrigel to the lower chamber for 24 h. Cells were then
fixed with a solution of 3% formaldehyde/PBS for 15 min. Cells on the bottom surface of
the filter were rinsed and permeabilized with 1% Triton X-100 in PBS for 20 min, stained
with DAPI in the dark and visualized under a fluorescent microscope. Three random fields
were captured at 10x magnification (n = 3). The number of cells on the bottom surface was
compared between groups.

Cell proliferation assays

Proliferation was measured using an microculture tetrazolium assay (MTT) assay, as
described previously[24]. Briefly, cells were seeded in quadruplicate replicates in 96-well
plates at a density of 5x10°3 cells per well. Cell proliferation was analyzed at 24 hr or 48 hr
by incubating the cells with 1 mg/ml tetrazolium salt MTT (Sigma). Absorbance (A) at 570
nm was measured and cell inhibition rate was calculated as (1-Asreated/ Acontrol) X100%.

Western Blot Analysis

Statistics

Results

Western blots were performed as described previously[21] using antibodies specific to
SOD2, Catalase, ERK1/2, p-ERK1/2, Snail family members (Snail and Snai2), E-cadtherin,
MMP1 (Cell Signaling Technology, Beverly, MA, USA) and beta-actin (Sigma-Aldrich,
MO, USA).

Data were analyzed using either the Student's t-test to determine significance between two
variables or by a one-way ANOVA to calculate significance when there were more than two
variables. A P-value of less than 0.05 was considered to be significant.

SOD2 overexpression is related to the migration and invasion of tongue squamous cell

carcinoma

To evaluate the relationship between SOD2 activity and migration and invasion, Three
TSCC cell lines were used: including a pair of different metastatic potential cell lins (UM1
and UM2), and Tca8113 cell line. The migration and invasion abilities of UM1 were
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significantly higher than those of UM2 and Tca8113, as detected by wound healing and
transwell invasion assays (Figs. 1A and 1B). The protein levels and activity of SOD2 in
UMZ1 cells were significantly higher than that of UM2 and Tca8113 cells (Fig. 1C). Not
obviously difference of protein level and activity of catalase was found between UM1 and
UM2 cells (Fig. 1D). The UML1 cells displayed an approximate 2.2-fold increase in H,O,
production compared to UM2 cells (Fig.1E). Moreover, the cell proliferation rate of UM1
was higher than that of UM2 (Fig. 1F). Similar results were observed in another pair of
different metastatic potential cell line (SACC-83/SACC-LM), in which higher metastatic
potential SACC-LM cells has higher protein levels of SOD2, intracellular H,0,, and
migration and invasion ability than lower metastatic potential SACC-83 cells, not difference
was found in the catalase activity between this two cell lins (Figure S1).These results
implicate elevated SOD2 expression, concomitant with an increase in H,O5 production, to
the aggressiveness of TSCC.

SOD2 knockdown inhibits the migration and invasion abilities of tongue squamous cell

carcinoma

To further characterize the role of SOD2 in aiding metastasis, we knockdown the expression
of SOD2 by RNA interference. Both the activity and protein level of SOD2 were
significantly decreased in UM cells after transfecting with the SOD2 shRNA (Fig. 2A).
UML cells transfected with SOD2 shRNA displayed decreased migration and invasion
abilities compared to the control vector transfected cells (Figs. 2B and 2C). Furthermore,
SOD2 knockdown resulted in reduced H,O, production in UM1 cells (Fig. 2D). We also
found that UM1 cells transfected with SOD2 shRNA displayed a reduced cell proliferation
rate (Fig. 2E). These results implicate SOD2 knockdown, concomitant with a decrease in
H,0, production, with a reduction in the aggressiveness of TSCC.

SOD2-dependent production of HoO»-induced migration and invasion of tongue squamous
cell carcinoma

To further confirm that SOD2-dependent H,O, production induces migration and invasion
of TSCC, UM2 cells and SOD2 shRNA-transfected UML1 cells, which display both
decreased SOD2 activity and H,O, production versus UM1 cells, were treated with H,O5.
After treating with 100 wmol/L H,05, both migration and invasion were significantly
increased in UM2 cells and SOD2 shRNA-transfected UML1 cells (Figs. 3A and 3B).
Moreover, UM2 cells and SOD2 shRNA-transfected UM1 cells displayed increased the cell
proliferation rates after treatment with H,O5 (Fig. 3C). Similar results were observed in
SACC-83 cells, both migration and invasion were significantly increased in SACC-83 cells
after treating with 100 pmol/L H,0, (Figure S2).

To gain more insight into the role of H,0,, UM cells were treated with catalase, which can
removal of H,O,. The migration and invasion ability of UM1 were significantly inhibited
after treated with 600U catalase(Fig. 4). Similar results were found in SACC-LM cells(Fig.
2S). These results suggest that H,O, production may be required for the migration and
invasion effects induced by SOD2.

Snail signaling contributes to SOD2-induced migration and invasion of tongue squamous
cell carcinoma

Increased expression and activity of SOD2 was reported to enhance the expression of
several metastasis-related genes[10, 25]. UML1 cells, which exhibit higher SOD2 activity,
displayed an increase in Snail, Snai2, MMP-1, ERK1/2 and pERK1/2 protein levels and a
decrease in E-cadtherin protein levels compared to UM2 cells (Fig. 5A). However, after
knockdown the expression of SOD2 in UML1 cells, the protein levels of snail, snai2,
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MMP-1, ERK1/2 and pERK1/2 were significantly decreased, and the protein levels of E-
cadtherin were significantly increased (Fig. 5B).

To evaluate whether an increase in H,O, production in response to enhanced SOD2 was
responsible for the change of Snail signaling-related genes, UM2 cells and SOD2 shRNA-
transfected UM cells were treated with H,O,. The addition of H,O5 led to a corresponding
increase in Snail, Snai2, MMP-1, ERK1/2 and pERK1/2 protein levels, and a decrease in E-
cadtherin protein levels in both the UM2 cells and the SOD2 shRNA-transfected UM cells
(Figs. 5C and 5D). These results indicated that elevated SOD2 levels can modulate Snail
signaling-related genes in an H,O»-dependent fashion.

Discussion

Clinically significant elevations in SOD2 expression are associated with increased tumor
invasion and metastasis in certain cancer types[2, 3, 26, 27]. Malafa et al. determined that
SOD2 expression is increased in 93% of metastatic versus 44% of nonmetastatic gastric
tumors[26]. We previously determined that SOD2 expression is consistently elevated in
tongue cancer specimens and that SOD2 expression is significantly higher in lymph node
metastases compared to their paired primary tumors[2, 3]. Elevated levels of SOD also
correlated with increased metastasis in in vitro studies[12, 28]. In two bladder cancer cell
lines, the highly metastatic bladder tumor cell line (253J B-V) displayed significantly higher
SOD2 protein and activity levels compared to the parental (253J) cell line, which displayed
far fewer metastases[28]. Similarly, in this study we found that UML1 cells displayed
significantly higher migration and invasion abilities and both higher SOD2 protein and
activity levels, compared to the UM2 and Tca8113 cell line; however, the migration and
invasion abilities were inhibited in UM cells upon SOD2 knockdown. These findings
suggest that increased SOD?2 activity contributed to both the invasive and migratory capacity
of TSCC.

Several researchers demonstrated that SOD2 overexpression can promote metastasis, which
may be dependent on the ability of the cell to detoxify H,0O,[10, 28, 29]. These studies
identified that SOD2-overexpressing cell lines increased the steady-state concentration of
H,0, and increased the migration and invasion abilities of cancer cells[10, 28, 29]. In
agreement with these published results, we found that the highly metastatic UM1 cells
displayed both higher SOD?2 activity and intracellular H,O, than the UM2 cells and that the
SOD?2 activity, intracellular H,O, and migration and invasion abilities were significantly
reduced in UM1 cells upon SOD2 knockdown. Furthermore, the migration and invasion
abilities were increased when either UM2 cells or SOD2 shRNA-transfected UML1 cells
were treated with H,O». In this study we also found that the catalase protein lavel and
activity, which can removal of H,0,, were not difference between UM1 and UM2 cells.
After treated with catalase the migration and invasion ability of UM1 were significantly
inhibited. These results implicate that SOD2-mediated metastasis of TSCC may be
dependent on H,0,. the accumulated intracellular HO, must be related to higher SOD2
activity, but not catalase.

Elevated levels of SOD2 correlate with invasion and metastasis of carcinomas; however, the
mechanistic rationale requires further investigation. Researchers revealed that SOD2-
dependent increases in the steady-state levels of H,O, led to extracellular signal-regulated
kinase (ERK1/2) activation and subsequent downstream transcriptional increases in matrix
metalloproteinases (MMPs)[10, 25], which play an important role in tumor progression and
metastasis[30]. In the present study, we determined that the protein expression levels of
ERK1/2, pERK1/2 and MMP1 were higher in UML1 cells (which has higher SOD2 activity
and intracellular H,05) than in UM2 cells (which display lower SOD?2 activity and
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intracellular H,0,), but these protein levels were decreased in UM1 cells after transfecting
with SOD2 shRNA (decreased SOD?2 activity and intracellular H,O5). After treating with
H,0,, the expression levels of ERK1/2, pERK1/2 and MMP1 were increased in both the
UM2 cells and the SOD2 shRNA-transfected UM1 cells. These findings indicate that SOD2-
dependent H,0, production contributes to the activation of ERK1/2-MMP-1 signaling and
increases both the invasive and metastatic potential of TSCC.

Members of the Snail family (including snail and snai2) play important roles in cancer
invasion in many types of cancer[9, 14-17, 31, 32]. Snail was previously shown to be
involved in ERK1/2-MMP signaling. Indeed, there was a reciprocal relationship between the
MMPs and Snail, such that Snail can induce MMPs and MMPs can promote Snail
expression[31]. Silencing Snail induces a decrease in MMP9 concomitant with reduced
invasive behavior of MDA-MB-231 cells and oral cancer cells in vitro[9, 33]. Snail was also
found to modulate the expression of E-cadherin, which is an adhesion molecule associated
with tumor invasion and metastasis[31, 34, 35]. Snail bind to E-boxes in the E-cadtherin
promoter to repress gene transcription and induce cell migration and invasion[32]. In many
human cancers, there is an inverse relationship between E-cadherin and Snail expression[9,
13, 18, 36-39]. Although Snail was associated with invasion and lymph node metastasis in
many human cancers; the role of Snail in SOD2-induced TSCC invasion had not been
evaluated. Here, we found both Snail and Snai2 were highly expressed in metastatic UM1
cells (higher SOD2 activity and intracellular H,O,) compared with UM2 cells. Upon SOD2
knockdown in UM1 cells, the intracellular H,O, levels were decreased, and the expression
of both Snail and Snai2 were inhibited; however, after adding H,O, to either the UM2 cells
or the SOD2 shRNA-transfected UML1 cells, the expression levels of both Snail and Snai2
were significantly increased. Furthermore, the protein levels of Snail were positively
correlated to the protein levels of MMP-1 and ERK1/2, pERK1/2, and inversely correlated
to E-cadherin. These results indicated that SOD2-dependent H,0, production may activate
Snail signaling and increase the invasive and metastatic capacity of TSCC.

In summary, our study confirmed that the SOD2-dependent production of H,O, contributes
to both the migration and invasion abilities of TSCC. This involves Snail signaling,
including the increased expression of Snail, MMP-1 and ERK1/2, and the repression of E-
cadtherin expression (Fig. 6).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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H,0,
ROS
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matrix metalloproteinases

extracellular signal-regulated kinase

phosphorylated extracellular signal-regulated kinase
short hairpin RNA

Hydrogen peroxide

reactive oxygen species
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Fig. 1. SOD2 overexpression isrelated to the migration and invasion of TSCC

(A) The migration ability of TSCC cells was assessed using a wound healing assay. The
confluent monolayer was “wounded” and allowed to migrate for 24 h. Quantification of
distance migrated from time 0 to 24 h was calculated (n = 6). UM1 cells displayed
significantly more migration than UM2 or Tca8113. *: P< 0.05.

(B) The invasion ability of TSCC cells was assessed by a transwell invasion assay. Cells
were seeded in a BD Biocoat Matrigel invasion chamber and allowed to invade through the
Matrigel toward the lower chamber for 24 h. The number of cells invading through the
chamber was quantified. UM1 cells displayed a significantly higher invasion rate than UM2
or Tca8113. *: A< 0.05.

(C) Levels of SOD2 protein and activity were assessed by western blot and SOD activity
assay, respectively. Significant increases in SOD2 protein levels and activities were
observed in UM1 cells compared to UM2 or Tca8113 cells. *: A< 0.05.

(D) Levels of CAT (catalase) protein and activity were assessed by western blot and CAT
activity assay, respectively. CAT protein levels and activities were not difference between
UM1 and UM2 cells.
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(E) HoO5 concentrations were measured as described in the Materials and Methods section.
UML cells displayed significantly higher H,O, production compared to UM2 cells. *: /<
0.05.

(F) Cell proliferation was measured using an MTT assay. The cell proliferation rate of UM1
was significantly higher than UM2. *: A< 0.05.
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Fig. 2. SOD2 knockdown inhibits both the migration and invasion abilities of TSCC

To characterize the role of SOD2 in aiding metastasis, the plasmid containing SOD2 shRNA
was transiently transfected into UM cells using Lipofectamine Plus reagent. Cells were
tested 24 h post-transfection.

(A) Significant reduction of SOD2 protein levels and activities were observed in the SOD2
shRNA-transfected UM1 cells compared to the vector control transfected cells. *: A< 0.05.
(B, C) SOD2 knockdown inhibited the migration and invasion of UML1 cells. *: A< 0.05.
(D) UML1 cells displayed a significant decrease in H,O, production after transfecting with
the SOD2 shRNA. *:p< 0.05.

(E) The cell proliferation rate of the UM1 line was significantly inhibited after transfecting
with the SOD2 shRNA. *: A< 0.05.
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Fig. 3. SOD2-dependent production of H>O» increases both the migration and invasion of TSCC
To confirm that H,O, production induces both the migration and invasion abilities of TSCC,
UM2 cells and SOD2 shRNA-transfected UML1 cells (24 h) were treated with H,O, for 24 h.
(A, B) The migration and invasion abilities of UM2 cells and SOD2 shRNA-transfected
UML1 cells were significantly increased after treating with 100 M H,0, for 24 h. *: /<
0.05.

(C) The cellular proliferation rates of UM2 cells and SOD2 shRNA-transfected UM1 cells
were significantly increased after treating with 100 uM H,0O, for 24 h. *: A< 0.05.
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Fig. 4. Catalase inhibits both the migration and invasion of TSCC

To gain more insight into the role of H,0,, UM cells were treated with catalase, which can
removal of H202. The migration and invasion ability of UM1 were significantly inhibited
after treated with 600U catalase.
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Fig. 5. Snail signaling contributesto SOD2-induced migration and invasion of TSCC

To characterize the role of Snail signaling in SOD2-induced metastasis of TSCC, western
blot analysis was used with actin as the loading control. Plasmids containing SOD2 shRNA
were transiently transfected into UM1 cells using Lipofectamine Plus reagent. Cells were
tested 24 h post-transfection. The UM2 cells or SOD2 shRNA-transfected UM1 cells were
treated with 100uM H,O, for 24 h.

(A) UML1 cells displayed an increase in Snail, Snai2, MMP-1, ERK1/2 and pERK1/2
protein levels, and decreased protein levels of E-cadtherin compared to UM2 cells.

(B) UML1 cells displayed decreased snail, snai2, MMP-1, ERK1/2 and pERK1/2 protein
levels and increased E-cadtherin protein levels upon SOD2 knockdown.

(C, D) The addition of H,O5 increased the protein levels of Snail, Snai2, MMP-1, ERK1/2
and pERK1/2 and decreased protein levels of E-cadtherin in both UM2 cells and the SOD2
shRNA-transfected UMI cells.
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Fig. 6. Potential mechanismsfor SOD2-mediated TSCC metastasisin association with Snail

signaling

Sod2 is activated by a variety of stimuli leading to an increase in the steady-state production
of H,0,. Hy0, activates the Snail-ERK1/2-MMP1 signaling pathway resulting in TSCC

metastasis.
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