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Background. As a key step in enhancing cancer cell invasion and metastasis, epithelial-mesenchymal transition (EMT) plays an
important role in colorectal cancer progression. EMT is triggered by a variety of signaling pathways, among which the
transforming growth factor 8 (TGF-f) signaling pathway has been implicated as a primary inducer. Accumulating evidence
demonstrates that MnTE-2-PyP (chemical name: manganese(III) meso-tetrakis-(N-ethylpyridinium-2-yl), a superoxide
dismutase (SOD) mimetic, inhibits TGF-f signaling; however, its ability to inhibit TGF-B-induced EMT in colorectal cancer
has not yet been explored. Methods. To verify our hypothesis that MnTE-2-PyP attenuates TGEF-f-induced EMT, human
colorectal cancer cells were treated with TGF-f in the presence or absence of MnTE-2-PyP. Cells were analyzed by several
techniques including western blotting, real-time quantitative PCR, transwell assay, and wound healing assay. Resulfs.
MnTE-2-PyP reverses cell phenotypes induced by TGF-f in colon cancer cells. MnTE-2-PyP treatment significantly reduced
the expression of mesenchymal markers but maintained epithelial marker expression. Mechanistically, MnTE-2-PyP suppressed
the phosphorylated Smad2/3 protein levels induced by TGF-f in SW480 cells, but MnTE-2-PyP failed to suppress
TGF-B-induced Slug and Snail expression in colorectal cells. Furthermore, MnTE-2-PyP effectively suppressed TGF-f-mediated
cell migration and invasion and the expression of matrix metalloproteinase 2 (MMP-2) and matrix metalloproteinase 9
(MMP-9) in colorectal cells. Conclusion. Taken together, we provide an in-depth mechanism by which MnTE-2-PyP inhibits
colorectal cancer progression, supporting an important role for MnTE-2-PyP as an effective and innovative antitumor agent to
enhance treatment outcomes in colorectal cancer.

1. Introduction

Colorectal cancer is one of the deadliest cancers worldwide
because of its local invasion and distant metastasis [1]. As a
key step in enhancing cancer cell invasion and metastasis,
EMT refers to the reprogramming of epithelial cells to a

mesenchymal-like phenotype [2-4]. EMT is mediated by a
set of transcription factors such as Slug, Snail, Twist, and
Zebl1/2, which can inhibit the expression of the epithelial
marker E-cadherin and induce the expression of mesenchy-
mal markers including N-cadherin, vimentin, and fibronec-
tin [1, 5-7]. A variety of signaling pathways can trigger
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EMT by regulating those transcription factors, specifically
the TGF-f3 signaling pathway that has been implicated as a
primary inducer [8-11]. In TGF-f3 signaling pathways, the
activated Smad2 and Smad3 combine with Smad4 to form
Smad transcription factor complexes, which subsequently
shuttle into the nucleus to regulate gene expression. Also,
TGEF- induces EMT through non-Smad pathways such as
MAPK, PI3K/AKT, GTPases, NF-«B, and HIF-1 pathways.
TGF-f signaling pathway components, including the ligands,
receptors, and Smad proteins, are regulated by a variety of
mechanisms [11-15]. Oxidative stress has been proposed as
one of these mechanisms that enhance TGF-p-induced
EMT in numerous types of cells [16, 17].

Superoxide dismutase mimics (SODm) are a group of
synthetic compounds that are able to mimic the functions
of native superoxide dismutases. Meanwhile, manganese por-
phyrins (MnPs) have emerged as one of the most promising
classes of SODm [18]. It has been established that the manga-
nese(III) porphyrin MnTnHex-2-PyP(5+) reduces the migra-
tion of doxorubicin-treated breast cancer cells [19]. Besides, it
was observed in a glioma mouse study [20] that MnP+radia-
tion vs. radiation treatment alone downregulated metastatic
pathways. Mn(III) meso-tetrakis (N-ethylpyridinium-2-yl)
porphyrin (MnTE-2-PyP(5+), AEOL10113, and BMX-010)
is another Mn porphyrin analog which scavenges reactive
oxygen species (ROS), including superoxides, lipid peroxides,
and peroxynitrite [5, 21, 22]. Accumulating evidence demon-
strates that MnTE-2-PyP plays a critical role in TGF-f3 sig-
naling regulation [5, 23-25]. Treatment with MnTE-2-PyP
decreases the TGF-p levels in a radiation-induced lung injury
model [24, 25], which is similar to the result of another SOD
mimic MnTDE-2-ImP(5+) [26]. The effect of MnTE-2-PyP
on TGF-f3, IL4, and IL13 secreted by activated splenocytes
was also observed in a mouse model of prostate cancer
[27]. Jackson et al. have shown that the macrophage respira-
tory burst, more specifically superoxide anion, regulates mac-
rophage production of TGF- 1, which can be suppressed by
the SOD-like action of MnTE-2-PyP [23]. We have previ-
ously reported that MnTE-2-PyP significantly inhibits the
TGF-p1 signaling pathway by downregulating the expression
of TGFBRII, which protects against radiation-induced mouse
primary prostate fibroblast damage. Due to the downregula-
tion of the expression of TGFfRI], the extracellular TGF-f3
could not bind to its receptor. As a consequence, the phos-
phorylation and total expression of Smad2 are reduced by
MnTE-2-PyP [5]. Additionally, MnTE-2-PyP treatment
downregulates the total protein levels of Smad3 and Smad4
[5]. Since activated TGF-f signaling and enhanced ROS
contribute to EMT and excessive extracellular matrix
(ECM) deposition leading to fibrosis, it is possible that
MnTE-2-PyP protects against radiation-induced mouse pri-
mary prostate fibroblast damage by inhibiting TGF--in-
duced EMT [5]. However, the ability of MnTE-2-PyP to
inhibit TGF-B-induced EMT in colorectal cancer has not
been examined.

In this study, we report that MnTE-2-PyP reverses
TGEF-f-mediated EMT in colorectal cancer cells in vitro.
MnTE-2-PyP inhibited TGF-f-induced expression of EMT
markers and morphological changes in colorectal cancer
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cells. Mechanistically, MnTE-2-PyP attenuated TGEF-f-in-
duced EMT in colorectal cancer cells by inhibiting the
Smad2/3 signaling pathway. However, MnTE-2-PyP did not
suppress TGF-3-induced Slug and Snail expression in colo-
rectal cells. MnTE-2-PyP effectively suppressed TGF-p-in-
duced cell migration and invasion and the expression of
matrix metalloproteinase 2 (MMP-2) and matrix metallopro-
teinase 9 (MMP-9) in colorectal cancer cells. These findings
are crucial in determining how MnTE-2-PyP can regulate
cancer cell invasion and metastasis and how it can be better
used for the treatment of colorectal cancer.

2. Methods

2.1. Cell Culture and TGF-f3 Treatment. The LOVO, HT29,
and SW480 human colorectal cancer cell lines were pur-
chased from the American Type Culture Collection (ATCC,
Manassas, VA, USA) and cultured in RPMI 1640 (Gibco-Life
Technologies, Grand Island, NY, USA) supplemented with
10% fetal bovine serum (FBS) at 37°C with 5% CO,. In order
to induce the EMT process, human colorectal cancer cells
were treated with 5ng/ml TGF-f (R&D Systems, Minneapo-
lis, MN, USA) for 48 h. MnTE-2-PyP was a gift from Dr.
Rebecca E. Oberley-Deegan at the University of Nebraska
Medical Center, Omaha, NE, USA.

2.2. Real-Time Quantitative PCR. The total RNA was
extracted from the cells using the TRIzol Reagent (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. The residual traces of DNA were removed from
the RNA samples with DNase I. RNA was reverse transcribed
to cDNA with 2 ug of total RNA, using Moloney murine leu-
kemia virus reverse transcriptase and random primers. The
c¢DNA was then amplified by PCR using specific primers.
The sequences for the amplification of human MMP-2 were

5'-TACAGGATCATTGGCTACACACC-3" (forward) and
5'-GGTCACATCGCTCCAGACT-3' (reverse). The sequences
for the amplification of human MMP-9 were 5'-TGTACC
GCTATGGTTACACTCG-3' (forward) and 5'-GGCAGG
GACAGTTGCTTCT-3' (reverse). The sequences for the
amplification of human Slug were 5-TGTGACAAGGAATA
TGTGAGCC-3' (forward) and 5'-TGAGCCCTCAGATTTG
ACCTG-3' (reverse). The sequences for the amplification
of human Snail were 5-TCGGAAGCCTAACTACAGC
GA-3' (forward) and 5'-AGATGAGCATTGGCAGCGA
G-3' (reverse). The sequences for the amplification of human
Twist were 5'-GTCCGCAGTCTTACGAGGAG-3' (forward)
and 5'-GCTTGAGGGTCTGAATCTTGCT-3' (reverse). The
sequences for the amplification of human Zebl were 5'
-CAGCTTGATACCTGTGAATGGG-3' (forward) and 5'-T
ATCTGTGGTCGTGTGGGACT-3' (reverse). The sequences
for the amplification of human Zeb2 were 5-CAAGAGGCG
CAAACAAGCC-3' (forward) and 5'-GGTTGGCAATA
CCGTCATCC-3' (reverse). 185 rRNA was used as an exter-
nal endogenous standard. The sequences for the amplifica-
tion of 185 rRNA were 5-CGGCTACATCCAAGGAA-3'
(forward) and 5'-GCTGGAATTACCGCGGCT-3' (reverse).
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F1GURE 1: MnTE-2-PyP inhibits TGF-f-induced morphological changes in colorectal cancer cells. (a) The morphological changes of LOVO,
HT29, and SW480 cells after exposure to MnTE-2-PyP alone, TGF-f3 alone, or MnTE-2-PyP combined with TGF-f3 were evaluated using
light microscopy (x400 magnification). The cells were pretreated with MnTE-2-PyP (30 uM) for 12h and then treated with TGF-f3
(5ng/ml) for two days. The cells lost their polarized epithelial phenotype with increased cell-cell connections and acquired mesenchymal
traits after two days of TGF-f treatment. The cells became dispersed and assumed a fibroblast-like appearance. MnTE-2-PyP treatment
inhibited TGF-f-induced morphologic changes significantly in LOVO, HT29, and SW480 cells. After treatment with MnTE-2-PyP, these

cells kept a more epithelial-like appearance induced by TGF-p.

2.3. Western Blotting. Total protein was isolated from cells,
and protein concentration was determined by a Coomassie
protein assay (Pierce, Rockford, IL, USA). The protein for
each cell lysate was separated using SDS-PAGE and electro-
transferred to polyvinylidene fluoride (PVDF) membranes.
After blocking in skim milk at room temperature for
30 min, the membranes were incubated with specific primary
antibodies at 4°C overnight. Next, the membranes were incu-
bated with a secondary antibody (1:5000 dilution, Wuhan
Boster Biological Technology Ltd., Wuhan, China) at room
temperature for 2h. 3-Actin was used as the internal control.
Finally, the signals were detected using ECL reagents (Pierce,
Rockford, IL, USA). The following antibodies were used in
western blot experiments: TGF-f (1:1000, BD Biosciences,
San Diego, CA, USA), E-cadherin (1:1000, BD Biosciences,
San Diego, CA, USA), N-cadherin (1:500, Santa Cruz Bio-
technology Inc., Santa Cruz, CA, USA), occludin (1:1000,
Abcam, Cambridge, MA, USA), vimentin (1:1000, Abcam,
Cambridge, MA, USA), Smad2 (1:1000, Cell Signaling Tech-
nology, Danvers, MA, USA), P-smad2 (1:1000, Cell Signal-
ing Technology, Danvers, MA, USA), Smad3 (1:1000, Cell
Signaling Technology, Danvers, MA, USA), P-smad3
(1:1000, Cell Signaling Technology, Danvers, MA, USA),
Slug (1:1000, Cell Signaling Technology, Danvers, MA,
USA), Snail (1:1000, Cell Signaling Technology, Danvers,
MA, USA), Twist (1:1000, Cell Signaling Technology,
Danvers, MA, USA), Zebl (1:1000, Abcam, Cambridge,
MA, USA), Zeb2 (1:1000, Abcam, Cambridge, MA, USA),
GAPDH (1:1000, Cell Signaling Technology, Danvers, MA,
USA), MMP-2 (1:1000, Abcam, Cambridge, MA, USA),
and MMP-9 (1:1000, Abcam, Cambridge, MA, USA).

2.4. Transwell Assay. The invasive ability was evaluated using
a transwell assay (8 ym pore size; Corning Inc., Corning, NY,
USA). The transwell top chambers were coated with 100 ul of
1 mg/ml Matrigel (BD Biosciences, Franklin Lakes, NJ, USA).
A cell suspension was prepared in serum-free medium; then,
1 x 10* cells/well were seeded into the upper chamber of each
insert and medium containing 10% FBS was placed into the
lower chambers. After incubation for 24h at 37°C in a 5%

CO, humidified incubator, noninvasive cells in the upper
chamber were carefully removed with a cotton swab and
invasive cells on the bottom were fixed and stained with
0.05% crystal violet. Cell numbers from five random fields
were counted and expressed as the average number of cells/-
field. Three independent experiments were performed.

2.5. Wound Healing Assay. For the wound healing assay, all
cell fractions were cultured in six-well plates. Cell mono-
layers were wounded by scratching with sterile micropipette
tips. The migration of cells to cover the wound space was
examined and photographed at indicated time points (0, 24,
and 48 hours) in five random microscopic regions with the
Carl Zeiss Axio Observer Z1 microscope. The migrated
distance was analyzed by measuring distances between
wounded margins at three randomly chosen points.

2.6. Statistical Analysis. Values were presented as means + SD
of measurements of at least three independently performed
experiments to avoid possible variation of cell cultures. An
ANOVA was performed, and a secondary test between two
groups was determined by Student’s t-test using the SPSS
19 software program. Statistical significance was defined as
P value < 0.05.

3. Results

3.1. MnTE-2-PyP Inhibits TGF-p-Induced Morphological
Changes in Colorectal Cancer Cells. TGF-f3 has been impli-
cated as a primary inducer of EMT in colorectal cancer. As
shown in Figure 1, morphologic changes in LOVO, HT29,
and SW480 cells were observed after two days of TGF-f8
(5ng/ml) treatment. The cells lost their polarized epithelial
phenotype with increased cell-cell close connections and
acquired mesenchymal traits. They became dispersed and
displayed a fibroblast-like appearance with a long shape and
a central nucleus. To examine the impact of MnTE-2-PyP
on TGF-f-induced morphological changes in colorectal can-
cer cells, cells were pretreated with MnTE-2-PyP for 12h
prior to stimulation with TGF-B. MnTE-2-PyP (30 uM)
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FIGURE 2: MnTE-2-PyP attenuates TGE- $-induced expression of EMT markers in colorectal cancer cells. (a) The SW480 cells were pretreated
with MnTE-2-PyP (30 uM) for 12 h and then treated with TGF-f (5 ng/ml) for 24 h. Western blotting analysis showed that TGF-f3 decreased
the expression levels of the epithelial cell markers E-cadherin and occludin and increased the mesenchymal markers N-cadherin and vimentin
in SW480 cells. MnTE-2-PyP suppressed the changes of markers related to EMT caused by TGF-f in SW480 cells. (b-f) Quantification of
protein expression shown in (a) is normalized to GADPH. *P < 0.05 compared to the control group.

treatment significantly inhibited TGF-f-induced morpho-
logic changes in LOVO, HT29, and SW480 cells. After
treatment with MnTE-2-PyP, these cells kept a more
epithelial-like appearance even if induced by TGF-f
(Figure 1). Based on these phenomena, we speculated that
MnTE-2-PyP might attenuate TGF-f-induced EMT, which
has been demonstrated to have an important role in cancer
cell migration and invasion.

3.2. MnTE-2-PyP Attenuates TGF-f-Induced Expression of
EMT Markers in Colorectal Cancer Cells. To determine

whether MnTE-2-PyP regulates TGF-fB-induced EMT in
colorectal cancer cells, we evaluated the expression of EMT
markers using western blot analysis. As expected, TGF-3
decreased the expression levels of the epithelial cell
markers, E-cadherin and occludin, and increased the mes-
enchymal markers, N-cadherin and vimentin, in SW480
cells (Figure 2). MnTE-2-PyP significantly suppressed the
mesenchymal markers related to EMT caused by TGF-f3
while maintaining the epithelial cell markers in SW480
cells, suggesting a functional role of MnTE-2-PyP in inhi-
biting TGF-f-induced EMT in colorectal cancer cells.
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FIGURE 3: MnTE-2-PyP inhibits TGF-f-induced EMT in colorectal cancer cells associated with the suppression of the Smad2/3 signaling
pathway. (a) The SW480 cells were pretreated with MnTE-2-PyP (30 uM) for 12h and then treated with TGF-f (5ng/ml) for 24 h.
Western blotting analysis showed that TGF-f induced phosphorylated Smad2/3 protein levels in SW480 cells, but the total Smad2/3
protein levels were not changed by TGF-p treatment in SW480 cells. MnTE-2-PyP suppressed the phosphorylated Smad2/3 protein levels
induced by TGF-p. (b-f) Quantification of protein expression shown in (a) is normalized to GADPH. *P < 0.05 compared to the control

group.

3.3. MnTE-2-PyP Inhibits TGF--Induced EMT in Colorectal
Cancer Cells Associated with Suppression of the Smad2/3
Signaling Pathway. Next, we sought to determine the signal-
ing mechanisms involved in the MnTE-2-PyP-mediated
EMT process in colorectal cancer cells. TGF-S-induced
activation of the receptor complex leads to the activation
of Smad2 and Smad3. Phosphorylated Smad2 and Smad3
then form complexes with Smad4 and shuttle into the
nucleus, where they bind to DNA and transcribe target genes

[4, 13]. The addition of TGF-f significantly increased the
phosphorylation of Smad2/3 in SW480 cells (Figures 3(a),
3(c), and 3(e)), but the total Smad2/3 protein levels were
not altered by TGF-f treatment (Figures 3(a), 3(d), and
3(f)). MnTE-2-PyP markedly suppressed Smad2/3 protein
phosphorylation induced by TGF-B (Figures 3(a), 3(c),
and 3(e)). Consequently, these findings demonstrate a func-
tional role by which MnTE-2-PyP inhibits the TGF-f-in-
duced Smad2/3 signaling pathway in colorectal cancer cells.
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F1GURE 4: MnTE-2-PyP does not inhibit Slug and Snail expression induced by TGF-p. (a) The SW480 cells were pretreated with MnTE-2-PyP
(30 uM) for 12 h and then treated with TGF-f (5ng/ml) for 24 h. PCR analysis of EMT-related transcription factors showed that TGF-3
increased the expression levels of Slug and Snail, whereas no changes in the expression of Twist and Zeb1/2 were observed compared with
those of the untreated controls in SW480 cells. Furthermore, the induction of Snail and Slug upon TGF-f treatment was not impaired in
cells treated with MnTE-2-PyP. 18S rRNA was used as the reference gene. (b) Western blotting analysis showed that MnTE-2-PyP does
not inhibit Slug and Snail expression induced by TGE-f3. *P < 0.05 compared to the control group.

3.4. MnTE-2-PyP Does Not Inhibit Slug and Snail Expression
Induced by TGF-f3. Because the downregulation of
E-cadherin is mediated by transcription factors like Slug,
Snail, Twist, and Zebl/2, we investigated the regulation
of these factors by the TGF-B signaling pathway. In
TGEF-f-treated SW480 cells, no changes in the expression
of Twist and Zeb1/2 were observed compared with untreated
controls (Figure 4). By contrast, TGF-f3 increased the expres-
sion levels of Slug and Snail (Figure 4). This is consistent with
the recent publications that Snail and Slug are highly
expressed in colorectal cancer [8, 10]. In addition, the contri-
bution of Snail and Slug to the repression of E-cadherin and
to EMT in vivo and in vitro has been demonstrated in colo-
rectal cancer models [8, 10, 11, 28]. While the administration
of MnTE-2-PyP could not reverse the changes in Snail and
Slug expression induced by TGEF-J3, our results suggest that
the induction of Snail and Slug upon TGF-f treatment is
not impaired by MnTE-2-PyP.

3.5. MnTE-2-PyP Inhibits Colorectal Cancer Cell Migration
and Invasion. TGF-3 promotes migration and invasion, so

we next investigated whether MnTE-2-PyP affects
TGEF-B-induced cell migration and invasion in colorectal
cells. Wound healing and transwell assays were performed
to evaluate the alteration of tumor cell migratory and
invasive properties. MnTE-2-PyP substantially inhibited
TGEF- B-induced cell migration (Figure 5(a)), and TGF-f-in-
duced transwell migration and invasion were also signifi-
cantly reduced by MnTE-2-PyP (Figure 5(b)). These results
indicate that MnTE-2-PyP suppresses TGF-f-induced colo-
rectal cancer cell migration and invasion in vitro.

3.6. MnTE-2-PyP Reverses the Expression of MMP-2 and
MMP-9 Induced by TGF-f. To clarify the mechanism of
TGEF-f-induced migration and invasion, we performed the
comprehensive analysis of a public colorectal cancer dataset
(GSE17538). Here, we identified various TGF-f correlated
genes in colorectal cancer. Among them, we discovered
matrix metalloproteinases, such as MMP-2 and MMP-9,
which are widely involved in tumor metastasis. In line with
other studies that TGF-f is strongly correlated with
MMP-2 and MMP-9, a positive correlation between TGF-f3
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and MMP-2 or MMP-9 transcript levels was noted in the
publicly available dataset GSE17538 (R=0.554, P=4.6x
107%° and R=0.477, P=1.4 x 10", Figures 6(a) and 6(b)).
Meanwhile, real-time qRT-PCR and western blot assays indi-
cate that MnTE-2-PyP inhibits TGF- $-induced MMP-2 and
MMP-9 in colorectal cancer cells (Figures 6(c) and 6(d)).
Furthermore, MMP-2 and MMP-9 were closely associated
with the poor outcome of cancer patients (Figures 6(e) and
6(f)). In summary, these data demonstrated that MMP-2
and MMP-9 correlate with worse outcomes in colorectal
patients and that MnTE-2-PyP inhibits the expression of
MMP-2 and MMP-9 induced by TGE-f.

4. Discussion

Manganese(III) porphyrins (MnPs) have been extensively
studied due to their anticancer effects, and they have the abil-
ity to protect nontumor tissues from ROS-mediated side
effects. Recent studies have shown that the Mn porphyrin
analogs MnTnHex-2-PyP(5+) and MnTnBuOE-2-PyP(5+)

can modulate the metastatic ability of cancers [19, 20]. A pre-
vious study showed that MnTnHex-2-PyP(5+), by suppress-
ing the phosphorylation of several MAP kinases, enhances
radiation-induced apoptosis in mouse breast tumor cells
[29]. Furthermore, in the inflammatory breast cancer cell
line, the involvement of MnTnBuOE-2-PyP(5+) in ERK
and NF-«B signaling led to cell death [30]. Recently, our
group revealed that MnTE-2-PyP reduces prostate cancer
growth and metastasis in combination with radiation
[7, 31]. MnTE-2-PyP has also been shown to sensitize tumor
tissue to chemotherapy agents [32-34]. In a breast cancer
model, MnTE-2-PyP suppresses tumor growth via antiangio-
genic effects at the level of tumor vasculature [35]. These
studies demonstrate that MnTE-2-PyP is an effective antitu-
mor agent. The present study provides novel evidence that
MnTE-2-PyP also inhibits cancer cell progression by revers-
ing the EMT process.

In this study, we showed that MnTE-2-PyP inhibited
TGF-f-induced expression of EMT markers and morpholog-
ical changes in colorectal cancer cells. Mechanistically,



8
GSE17538
R=10.554, P =4.6 x 10-20

z 12 e ©
g

L

g 10

on

=

- 8

Q.

291

O

H

MMP-2 log, intensity
(@)

Relative transcript
levels (by qRT-PCR)

MMP2
= DMSO + DMSO = TGF-f + DMSO
= DMSO + MnTE-2-PyP == TGF-f + MnTE-2-PyP

()

MMP9

1.0 MMP-2 in GSE17538
—_ P=37x10"2
3 o8
o
T 04 L
[
>
3 02
0.0 = T T ]
0 50 100 150
Follow-up in months
—— Low:n=105
—— High:n=127

(e)

Oxidative Medicine and Cellular Longevity

GSE17538
R=0477,P=14x10"14
212 )
2 - -
§ 10 & & e
k=
5 8
9 -
2 6 885, “‘Q‘o
S
O
o4 .
2 4 6 8 10
MMP-9 log, intensity
()
TGEF-f - - + +
MnTE-2-PyP - + - +
TGE- | . . o @S| 97 kDa
MMP2 | - — _——— A e | 72 kDa

MMP9P -— ‘ W [ 92 kDa

GAPDH | s W S S | 37 kDa
SW480
(d)
1.0 MMP-9 in GSE17538
— P=27x1072
T 08
E 0.6
T 04
1
>
g 02
0.0 - , , '
0 50 100 150
Follow-up in months
—— Low:n=114
—— High:n=118

()

FIGURE 6: MnTE-2-PyP reverses the expression of MMP-2 and MMP-9 induced by TGF-p. (a) The positive correlation between TGF-f3 and
MMP-2 transcript levels in GSE17538. (b) The positive correlation between TGF-f and MMP-9 transcript levels in GSE17538. (¢, d) PCR and
western blot analysis showed that TGF-f induced MMP-2 and MMP-9 mRNA levels in SW480 cells. The treatment of the cells with
MnTE-2-PyP markedly inhibited TGF-f-induced MMP-2 and MMP-9. *P < 0.05 compared to the control group. (e) Kaplan-Meier curves
indicating the overall survival in GSE17538 with low or high levels of MMP-2 (cutoff value = 9.77). (f) Kaplan-Meier curves indicating the
overall survival in GSE17538 with low or high levels of MMP-9 (cutoff value = 8.52).

MnTE-2-PyP attenuated TGF--induced EMT in colorectal
cancer cells by inhibiting the Smad2/3 signaling pathway.
However, MnTE-2-PyP did not suppress TGF-f-induced
slug and snail expression in colorectal cells. Furthermore,
MnTE-2-PyP effectively suppressed colorectal cancer cell
migration and invasion and the expression of MMP-2 and
MMP-9 caused by TGF-p.

Interestingly, MnTE-2-PyP did not inhibit TGF-f-in-
duced EMT completely in colorectal cancer cells. Extracellu-
lar TGF- binds to its two transmembrane receptors
(TGFBRI and TGFRII), which signal via cytoplasmic Smad
proteins and alternative pathways, including MAPK,
PI3K/AKT, and GTPase pathways [11-15]. Chatterjee et al.

have recently shown in a radiation-induced fibrosis model
that MnTE-2-PyP inhibits the fibroblast activation pathway
by downregulating the expression of TGEFSRIL, which in turn
reduces the activation and/or expression of Smad2, Smad3,
and Smad4. In this study, we showed that TGF-f induced
an increase in phosphorylated Smad2/3 protein levels in
SW480 cells. Our results indicated that MnTE-2-PyP attenu-
ated TGF-f-induced EMT in colorectal cancer cells by inhi-
biting the Smad2/3 signaling pathway. One of the major
negative regulators of the TGF-B-Smad system is Smad7,
which has been assumed to serve as a brake of this system
[4]. Smad4 and Smad6 are also involved in TGF-f-induced
EMT [13, 14]. Further studies would aim at determining
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the effects of MnTE-2-PyP on Smad7, Smad6, and Smad4 in
TGF-f-induced EMT. In addition, the effects of MnTE-2-PyP
on non-Smad pathways, including MAPK, PI3K/AKT, and
GTPase pathways, should also be investigated.

Consistent with the important roles of Smads, the loss
of epithelial phenotypes and acquisition of mesenchymal
features are achieved through a set of transcription factors
involving Slug, Snail, Twist, and Zebl/2 [8-11]. In our
study, changes in the expression of Slug and Snail were
observed in TGF-p-treated SW480 cells. The transcription
factors Slug and Snail bind to the E-cadherin promoter
and repress E-cadherin expression in epithelial cells, lead-
ing to EMT. TGF-f induces Slug and Snail expression
either through a Smad-dependent mechanism or indirectly
through the activation of other transcription factors or
relief of repression. We found that MnTE-2-PyP could
not suppress TGF-f-induced Slug and Snail expression in
colorectal cells. Thus, MnTE-2-PyP reverses TGF-f-in-
duced EMT mainly through the inhibition of the Smad
signaling pathway and not through the Slug and Snail in
colorectal cells.

The expression of the gelatinases MMP-2 and MMP-9 is
increased in colorectal cancer tissues when compared to con-
comitant normal tissues [36, 37]. It has been assumed that
MMP-mediated E-cadherin disruption is a key step in tubular
cell EMT, and loss of E-cadherin is an important cellular
event observed during EMT. MMP-9-mediated degradation
of E-cadherin promotes head and neck squamous carcinoma
cell migration and invasion [38]. In ovarian carcinoma
cells, MMP-9 regulates the posttranslational modification of
E-cadherin [39]. Furthermore, MMP-2 and MMP-9 are
induced by TGF-f3 in SW480 colorectal cancer cells [40, 41].
Thus, we explored the potential role of MMP-2 and MMP-9
in TGF-p-mediated EMT in colorectal cancer. A positive cor-
relation between TGF-f and MMP-2 or MMP-9 transcript
levels was noted in the publicly available dataset GSE17538.
Consistent with previous research findings, TGF-f3 treatment
of SW480 cells induced MMP-2 and MMP-9 expression.
Treatment of the cells with MnTE-2-PyP markedly inhibited
TGEF-B-induced MMP-2 and MMP-9 expression. Further-
more, MMP-2 and MMP-9 were closely associated with the
poor outcome of cancer patients. These studies indicate that
MnTE-2-PyP may increase E-cadherin expression via inhi-
biting TGF-f-induced MMP-2 and MMP-9.

5. Conclusion

In summary, we have shown that MnTE-2-PyP treatment
reverses TGF-51-induced EMT in colorectal cancer. Specifi-
cally, MnTE-2-PyP inhibits colorectal cancer cell molecular
and morphological changes in response to TGF-f1 through
the Smad2/3 signaling pathway. Furthermore, MnTE-2-PyP
effectively suppresses cell migration and invasion caused
by TGF-fL.
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ROS: Reactive oxygen species
ECM: Extracellular matrix.
Data Availability

The datasets used and analyzed during the current study
are available from the corresponding author on reasonable
request.

Conflicts of Interest

Dr. Oberley-Deegan is a consultant with BioMimetix Phar-
maceutical Inc. and holds equities in BioMimetix Pharma-
ceutical Inc. There are no conflicts of interest for the other
authors.

Authors’ Contributions

QW, EHF, HXW, and XZ conceived and designed the study.
YY, PZ, and RCY performed most of the experiments. XXM,
YT, YMH, and RD analyzed and interpreted the data. YL and
SLT undertook the mining of publicly available datasets.
ZHW and REOD critically reviewed the manuscript. QT
wrote the manuscript. Yu Yang, Pei Zhang, and Ruicheng
Yan contributed equally to this work.

Acknowledgments

This work was supported by National Natural Science Foun-
dation of China Grant No. 81172186 (QT), Natural Science
Foundation of Hubei Province Grant No. 2018CFB504
(QT), Guidance Foundation of Renmin Hospital of Wuhan
University Grant No. RMYD2018M67 (QT), National Insti-
tutes of Health Grant 1R01CA178888 (ROD), the Fred and
Pamela Buffett Cancer Center Support Grant P30CA036727
(ROD), Natural Science Foundation of Hubei Province
Grant No. 2017CFB179 (PZ), National Science Fund for
Excellent Young Scholars Grant No. 81722007 (ZHW),
National Science and Technology Major Project No.
20177X10304402001008 (ZHW), and Independent Research
Project of Wuhan University Grant No. 2042017kf0196
(ZHW).

References

[1] M. Zhou, X. Liu, Z. Li, Q. Huang, F. Li, and C. Y. Li, “Caspase-3
regulates the migration, invasion and metastasis of colon
cancer cells,” International Journal of Cancer, vol. 143, no. 4,
pp. 921-930, 2018.

[2] M. A. Huber, N. Kraut, and H. Beug, “Molecular requirements
for epithelial-mesenchymal transition during tumor pro-
gression,” Current Opinion in Cell Biology, vol. 17, no. 5,
pp. 548-558, 2005.

[3] S. Chen, J. Zhu, S. Zuo et al, “1,25(OH)2D3 attenuates
TGF-p1/B2-induced increased migration and invasion via



10

(4]

o
)

(10]

(11]

(12]

(13]

(14]

[15]

(16]

(17]

(18]

inhibiting epithelial-mesenchymal transition in colon cancer
cells,” Biochemical and Biophysical Research Communications,
vol. 468, no. 1-2, pp. 130-135, 2015.

J. Yu, R. Lei, X. Zhuang et al., “MicroRNA-182 targets SMAD7
to potentiate TGFf-induced epithelial-mesenchymal transi-
tion and metastasis of cancer cells,” Nature Communications,
vol. 7, no. 1, article 13884, 2016.

A. Chatterjee, E. A. Kosmacek, and R. E. Oberley-Deegan,
“MnTE-2-PyP treatment, or NOX4 inhibition, protects
against radiation-induced damage in mouse primary prostate
fibroblasts by inhibiting the TGF-beta 1 signaling pathway,”
Radiation Research, vol. 187, no. 3, pp. 367-381, 2017.

R. E. Oberley-Deegan, J. J. Steffan, K. O. Rove et al., “The anti-
oxidant, MnTE-2-PyP, prevents side-effects incurred by pros-
tate cancer irradiation,” PLoS One, vol. 7, no. 9, article e44178,
2012.

Q. Tong, M. R. Weaver, E. A. Kosmacek et al., “MnTE-2-PyP
reduces prostate cancer growth and metastasis by suppressing
p300 activity and p300/HIF-1/CREB binding to the promoter
region of the PAI-1 gene,” Free Radical Biology ¢ Medicine,
vol. 94, pp. 185-194, 2016.

H. Peinado, D. Olmeda, and A. Cano, “Snail, Zeb and bHLH
factors in tumour progression: an alliance against the epithelial
phenotype?,” Nature Reviews Cancer, vol. 7, no. 6, pp. 415-
428, 2007.

Y. Qin, B. Tang, C. J. Hu et al,, “An hTERT/ZEB1 complex
directly regulates E-cadherin to promote epithelial-to-
mesenchymal transition (EMT) in colorectal cancer,” Oncotar-
get, vol. 7, no. 1, pp. 351-361, 2016.

M. Shioiri, T. Shida, K. Koda et al., “Slug expression is an
independent prognostic parameter for poor survival in colo-
rectal carcinoma patients,” British Journal of Cancer, vol. 94,
no. 12, pp. 1816-1822, 2006.

S. Lamouille, J. Xu, and R. Derynck, “Molecular mechanisms
of epithelial-mesenchymal transition,” Nature Reviews Molec-
ular Cell Biology, vol. 15, no. 3, pp. 178-196, 2014.

M. Brandl, B. Seidler, F. Haller et al., “IKKa controls canonical
TGFB-SMAD signaling to regulate genes expressing SNAIL
and SLUG during EMT in pancl cells,” Journal of Cell Science,
vol. 123, no. 24, pp. 4231-4239, 2010.

Y. Shi and J. Massague, “Mechanisms of TGF-f3 signaling from
cell membrane to the nucleus,” Cell, vol. 113, no. 6, pp. 685-
700, 2003.

J. Massague, “TGFJ3 in cancer,” Cell, vol. 134, no. 2, pp. 215-
230, 2008.

H. E. Boudreau, B. W. Casterline, B. Rada, A. Korzeniowska,
and T. L. Leto, “Nox4 involvement in TGF-beta and
SMAD3-driven induction of the epithelial-to-mesenchymal
transition and migration of breast epithelial cells,” Free Radical
Biology & Medicine, vol. 53, no. 7, pp. 1489-1499, 2012.

S. Cannito, E. Novo, L. V. di Bonzo, C. Busletta, S. Colombatto,
and M. Parola, “Epithelial-mesenchymal transition: from
molecular mechanisms, redox regulation to implications in
human health and disease,” Antioxidants & Redox Signaling,
vol. 12, no. 12, pp. 1383-1430, 2010.

V. J. Thannickal and B. L. Fanburg, “Activation of an
H,0,-generating NADH oxidase in human lung fibroblasts
by transforming growth factor B1,” Journal of Biological
Chemistry, vol. 270, no. 51, pp. 30334-30338, 1995.

I. Batinic-Haberle, A. Tovmasyan, and I. Spasojevic, “An
educational overview of the chemistry, biochemistry and

(19]

(20]

[21]

(22]

(23]

[24]

(25]

(26]

(27]

(28]

[29]

(30]

[31]

(32]

Oxidative Medicine and Cellular Longevity

therapeutic aspects of Mn porphyrins—from superoxide
dismutation to H,O,-driven pathways,” Redox Biology, vol. 5,
pp. 43-65, 2015.

A. Florido, N. Saraiva, S. Cerqueira et al., “The manganese(III)
porphyrin MnTnHex-2-PyP>* modulates intracellular ROS
and breast cancer cell migration: impact on doxorubicin-
treated cells,” Redox Biology, vol. 20, pp. 367-378, 2019.

I. Batinic-Haberle, A. Tovmasyan, and I. Spasojevic, “Mn
porphyrin-based redox-active drugs: differential effects as
cancer therapeutics and protectors of normal tissue against
oxidative injury,” Antioxidants ¢ Redox Signaling, vol. 29,
no. 16, pp. 1691-1724, 2018.

I. Batinic-Haberle, Z. Rajic, A. Tovmasyan et al., “Diverse
functions of cationic Mn(III) N-substituted pyridylporphyr-
ins, recognized as SOD mimics,” Free Radical Biology & Med-
icine, vol. 51, no. 5, pp. 1035-1053, 2011.

I. Batinic-Haberle, I. Spasojevic, H. M. Tse et al., “Design of
Mn porphyrins for treating oxidative stress injuries and their
redox-based regulation of cellular transcriptional activities,”
Amino Acids, vol. 42, no. 1, pp. 95-113, 2012.

L. L. Jackson, L. Chen, 1. Batinic-Haberle, and Z. Vujaskovic,
“Superoxide dismutase mimetic reduces hypoxia-induced
O, TGF-pB, and VEGF production by macrophages,” Free
Radical Research, vol. 41, no. 1, pp. 8-14, 2007.

B. Gauter-Fleckenstein, K. Fleckenstein, K. Owzar et al., “Early
and late administration of MnTE-2-PyP”" in mitigation and
treatment of radiation-induced lung damage,” Free Radical
Biology ¢ Medicine, vol. 48, no. 8, pp. 1034-1043, 2010.

B. Gauter-Fleckenstein, J. S. Reboucas, K. Fleckenstein et al.,
“Robust rat pulmonary radioprotection by a lipophilic Mn
N-alkylpyridylporphyrin, MnTnHex-2-PyP>",” Redox Biology,
vol. 2, pp. 400-410, 2014.

I. L. Jackson, X. Zhang, C. Hadley et al., “Temporal expression
of hypoxia-regulated genes is associated with early changes in
redox status in irradiated lung,” Free Radical Biology ¢ Medi-
cine, vol. 53, no. 2, pp. 337-346, 2012.

A. Y. Makinde, A. Rizvi, ]. D. Crapo, R. D. Pearlstein, ]. M.
Slater, and D. S. Gridley, “A metalloporphyrin antioxidant
alters cytokine responses after irradiation in a prostate tumor
model,” Radiation Research, vol. 173, no. 4, pp. 441-452,
2010.

Y. Li, Z. Zhao, C. Xu, Z. Zhou, Z. Zhu, and T. You, “HMGA2
induces transcription factor Slug expression to promote
epithelial-to-mesenchymal transition and contributes to colon
cancer progression,” Cancer Letters, vol. 355, no. 1, pp. 130-
140, 2014.

S.-W. Shin, C. Choi, G.-H. Lee et al., “Mechanism of the anti-
tumor and radiosensitizing effects of a manganese porphyrin,
MnHex-2-PyP,” Antioxidants ¢ Redox Signaling, vol. 27,
no. 14, pp. 1067-1082, 2017.

M. K. Evans, A. Tovmasyan, I. Batinic-Haberle, and G. R. Devi,
“Mn porphyrin in combination with ascorbate acts as a
pro-oxidant and mediates caspase-independent cancer cell
death,” Free Radical Biology ¢ Medicine, vol. 68, pp. 302-
314, 2014.

Q. Tong, Y. Zhu, J. W. Galaske et al., “MnTE-2-PyP modulates
thiol oxidation in a hydrogen peroxide-mediated manner in a
human prostate cancer cell,” Free Radical Biology ¢ Medicine,
vol. 101, pp. 32-43, 2016.

M. O’Brien, J. Chalker, L. Slade, D. Gardiner, and R. J. Mail-
loux, “Protein S-glutathionylation alters superoxide/hydrogen



Oxidative Medicine and Cellular Longevity

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

peroxide emission from pyruvate dehydrogenase complex,”
Free Radical Biology ¢» Medicine, vol. 106, pp. 302-314, 2017.

M. C. Jaramillo, M. M. Briehl, J. D. Crapo, 1. Batinic-Haberle,
and M. E. Tome, “Manganese porphyrin, MnTE-2-PyP5+, acts
as a pro-oxidant to potentiate glucocorticoid-induced apopto-
sis in lymphoma cells,” Free Radical Biology & Medicine,
vol. 52, no. 8, pp. 1272-1284, 2012.

M. C. Jaramillo, J. B. Frye, J. D. Crapo, M. M. Briehl, and M. E.
Tome, “Increased manganese superoxide dismutase expres-
sion or treatment with manganese porphyrin potentiates
dexamethasone-induced apoptosis in lymphoma cells,” Can-
cer Research, vol. 69, no. 13, pp. 5450-5457, 2009.

Z. N. Rabbani, I. Spasojevic, X. Zhang et al., “Antiangiogenic
action of redox-modulating Mn(III) meso-tetrakis(N-ethyl-
pyridinium-2-yl)porphyrin, MnTE-2-PyP>*, via suppression
of oxidative stress in a mouse model of breast tumor,” Free
Radical Biology & Medicine, vol. 47, no. 7, pp. 992-1004, 2009.

K. S. Park, S. J. Kim, K. H. Kim, and J. C. Kim, “Clinical char-
acteristics of TIMP2, MMP2, and MMP9 gene polymorphisms
in colorectal cancer,” Journal of Gastroenterology and Hepatol-
ogy, vol. 26, no. 2, pp. 391-397, 2011.

M. E. P. van der Jagt, F. C. G.]. Sweep, E. T. Waas et al., “Cor-
relation of reversion-inducing cysteine-rich protein with kazal
motifs (RECK) and extracellular matrix metalloproteinase
inducer (EMMPRIN), with MMP-2, MMP-9, and survival in
colorectal cancer,” Cancer Letters, vol. 237, no. 2, pp. 289-
297, 2006.

J. H. Zuo, W. Zhu, M. Y. Li et al, “Activation of EGFR
promotes squamous carcinoma SCC10A cell migration and
invasion via inducing EMT-like phenotype change and
MMP-9-mediated degradation of E-cadherin,” Journal of Cel-
lular Biochemistry, vol. 112, no. 9, pp. 2508-2517, 2011.

J. Symowicz, B. P. Adley, K. J. Gleason et al.,, “Engagement of
collagen-binding integrins promotes matrix metalloproteinase-
9-dependent E-cadherin ectodomain shedding in ovarian car-
cinoma cells,” Cancer Research, vol. 67, no. 5, pp. 2030-2039,
2007.

S. Wilson, T. Taskila, T. Ismail et al., “Establishing the added
benefit of measuring MMP9 in FOB positive patients as a part
of the Wolverhampton colorectal cancer screening pro-
gramme,” BMC Cancer, vol. 9, no. 1, p. 36, 2009.

G. Zheng, J. G. Lyons, T. K. Tan et al, “Disruption of
E-cadherin by matrix metalloproteinase directly mediates
epithelial-mesenchymal transition downstream of transform-
ing growth factor-f1 in renal tubular epithelial cells,” The
American Journal of Pathology, vol. 175, no. 2, pp. 580-591,
2009.

11



MEDIATORS
INFLAMMATION

The Scientific Gastroenterology bl B Journal of .
World Journal Research and Practice Diabetes Researc Disease Markers

International Journal of

Endocrinology

Journal of
Immunology Research

Hindawi

Submit your manuscripts at
www.hindawi.com

BioMed
Research International

PPAR Research

Journal o.f
Obesity

Evidence-Based P
Stem Cells Complementary and N Journal of
International Alternative Medicine : Oncology

Journal of

Qphthalmology

Parkinson’s
Disease

Behavioural Al DS Oxidative Medicine and
NGUVO|Ogy Research and Treatment Cellular Longevity

Computational and
Mathematical Methods
in Medicine



https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/mi/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/dm/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/omcl/
https://www.hindawi.com/journals/ppar/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jir/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/
https://www.hindawi.com/

