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Abstract

Metastasis is the leading cause of breast cancer-related mortality and involves cells from a primary tumor invading into adjacent tissue by using the circulatory
system. During the process of metastasis, several dynamic and reciprocal interactions between cancer cells and inflammatory cells occur in the surrounding tumor
microenvironment via the secretion of several cytokines, including tumor necrosis factor-a, and transforming growth factor-p. The present study aimed to investigate
the functional role of recombinant apurinic apyrimidinic endonuclease 1(APE1)/Redox factor-1 (Ref-1) with reducing activity, [APE1/Ref-1-(SH)2] in the
regulation of metastatic migration in cytokine-stimulated MIDA-MB-231 breast cancer cells. The results reveal that [APE1/Ref-1-(SH)2], but not the oxidized
form of recombinant APE1/Ref-1, attenuated migration, and invasion of cytokines-stimulated MDA-MB-231 cells. These effects were induced by the oxidative
conformational changes due to the thiol-disulfide exchange reaction targeting disulfide bonds in extracellular domain of the cytokine receptors. Blocking of the binding
of the cytokines to the corresponding receptors also reversed epithelial-to-mesenchymal transition (EMT) in cytokine-stimulated MDA-MB-231 cells. The reversal
of EMT was accompanied by changes in the expression levels of representative EMT markers, E-cadherin, N-cadherin, vimentin, and snail. Remarkable phenotypic
changes were also observed in MDA-MB-231 cells, as the cells adopted an epithelial like globular shape, with regular dimension, a reorganized cytoskeleton, and
collapsing filopodia and lamellipodia. In conclusion, although devising a stable form of recombinant [APE1/Ref-1-(SH)2] requires further study, its ability to target
cytokine receptors and to inhibit their intracellular signaling suggests the use of [APE1/Ref-1-(SH)2] as a promising agent for regulating metastatic cancer cells.

Introduction

Regulation of metastasis during tumor development has been
discovered to represent an important therapeutic strategy [1]. Epithelial to
mesenchymal transition (EMT) of tumor cells is the initial transformation
step in the process of metastasis that is required to promote aggressive cell
migration [2,3]. EMT is characterized by cellular phenotypic changes, more
specifically, the acquisition of a mesenchymal phenotype, loss of epithelial
polarity, and cell to cell contacts. All together these changes facilitates
cell invasion and migratory abilities [3,4]. EMT is a reversible process,
known as reverse EMT or mesenchymal to epithelial transition (MET),
which was found to be induced by treatment with certain phytochemicals,
such as resveratrol [5], pristimerin [6] or organic compounds [7-10].
A subpopulation of cells with reverse EMT properties have a retarded
metastatic ability and an increased susceptibility to anticancer drug.
Notably, in vivo studies have shown that some metastatic lesions and
primary breast tumor counterparts share a similar epithelial properties
under therapeutic conditions, which is less differentiated than the primary
tumor [11,12].

Proinflammatory cytokines, such as and interleukin-1 [13], tumor
necrosis factor-a (TNF-a) [14], and transforming growth factor-f
(TGE-B) [15] in the tumor microenvironment can facilitate tumor
progress and metastasis. In addition, they increase inflammatory
signaling and innate immune responses by activating a plethora of
downstream signaling pathways through the corresponding receptors.
Therefore, regulating cytokine-mediated signaling has been investigated
as a promising therapeutic target for malignant breast tumors. For
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example, there are numerous studies reporting the effect of monoclonal
antibodies (infliximab, or adalimumab) in TNF-a blockade [16,17],
etanercept fusion proteins [14,17], pan-TGF-P neutralizing antibody
[15,18], P144 peptidic inhibitor [19], and the LY2109761 chemical
inhibitor [15,20]. These studies demonstrated that inflammatory
cytokines played a critical role in the aggressive metastatic behavior
of breast cancer cells. Based on these aforementioned results, targeting
the TNF-a/TGF-B inflammatory signaling pathway bears significant
promise as a novel therapeutics for breast cancer treatment.

Our previous study reported that recombinant apurinic
apyrimidinic endonuclease 1 (APEl)/Redox factor-1 (Ref-1) with
reducing activity [APE1/Ref-1-(SH),] promoted a conformational
change in the TNF-a receptor 1 (TNFR1) inducing thiol-disulfide
exchange, which regulated inflammatory signaling in TNF-a-
stimulated vascular endothelial cells [21]. The APE1/Ref-1 protein has
demonstrated both redox and DNA repair activities in all cell types
[22]. Notably, previous studies, including ours, observed that APE1/
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Ref-1 was released extracellularly in hyperacetylated cells [21,23,24] as
well as systemic lupus erythematosus [25], lung cancer [26], bladder
cancer [27], and under conditions of endotoxemia [28]. Furthermore, the
secreted APE1/Ref-1 from hyperacetylated breast cancer cells modulated
metastasis, tumor growth and proliferation in vitro [24] and in vivo [29].

The present study was performed to determine the functional role of
reduced form of recombinant APE1/Ref-1, as a new inhibitory candidate
of TNF-o/TGF-p signaling. [APE1/Ref-1-(SH),] exhibited significant
inhibitory effects over migration in MDA-MB-231 cells stimulated with
TNF-a/TGF-P. The expression levels of EMT-related proteins were also
altered, alongside the occurrence of reverse EMT-induced morphological
change. These results suggested that [APE1/Ref-1-(SH),] may regulate
the migration of breast cancer cells by promoting thiol-disulfide exchange
reaction in the TNFR and TGF-{ receptor (TGFR), which may underlie
the anti-metastatic activity of [APE1/Ref-1-(SH),].

Materials and methods

Cells, antibodies, and reagents. Triple negative mesenchymal-
like human breast cancer cell lines MDA-MB-231 (HTB-26) and
BT-549 (HTB-122) [30] were obtained from American Type Culture
Collection. The cell lines were confirmed by short tandem-repeat
profiling and assessment of cellular morphology. RPMI-1640 medium
(11875093), penicillin-streptomycin antibiotics (15140122) and fetal
bovine serum (FBS, 16000044) were obtained from Gibco, Thermo
Fisher Scientific. Human TNF-a (H8916), TGF-f (T1654), Trichostatin
A (TSA, T1952), and acetyl salicylic acid (ASA, $5922) were purchased
from Sigma Aldrich. Antibodies against E-cadherin (4A2, 14472),
N-cadherin (13A9, 1425), vimentin (5G3F10, 3390), snail (L70G2,
3895), and p-actin (8H10D10, 3700) were purchased from Cell
Signaling Technology. The Cultrex basement membrane extract (BME,
3432-001-01) cell invasion assay kit was from Trevigen.

Cell culture. The MDA-MB-231 human breast adenocarcinoma
cells, a mesenchymal breast cancer model, were cultured at 37°C with
5% CO, in RPMI 1640 medium with 10% FBS and 1% antibiotics.
For providing hyperacetylation condition, the MDA-MB 231 cells
were treated with 0.5 uM TSA for 1 h and then treated with different
concentrations of ASA. Some cells were pretreated with [APE1/Ref-1-
(SH),] or oxidized form of recombinant APE1/Ref-1, [APE1/Ref-1-S ]
for 1h and then stimulated with cytokines, including 20 ng/ml TNF-a,
and/or 10 ng/ml TGF-p prior to further incubation for the indicated
duration. The morphological changes in the treated cells were observed
under an inverted phase-contrast light microscope (Leica Microsystems
GmbH, Germany).

EMT scores was calculated by counting the number of the
mesenchymal-like and epithelial-like cells [31]. Five randomly selected
fields were chosen and the cells in each field were counted at an
average about 70% confluence. It was replicated by two independent
experimenters.

Preparation of [APE1/Ref-1-(SH),]. The pure form of [APE1/Ref-
1-(SH),] was prepared as previously reported [28]. To test the reducing
activity of recombinant APE1/Ref-1, a biochemical method using
NAD(P)H-Glo Detection System (Promega, Corporation, WI, USA)
was adopted with some modification [21]. The recombinant [APE1/
Ref-1-(SH),] with the addition of 1 mM dithiothreitol (DTT) waws
maintained in liquid nitrogen tank. When [APE1/Ref-1-(SH),] was
used, DTT was removed using the spin column, then [APE1/Ref-1-
(SH),] was diluted in neutralization buffer (20 mM HEPES, 100 mM
NaCl, 0.5% Triton X-100, 1 mM EDTA, pH 7.7).
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Cell migration assay by wound-healing. Cells were plated into
a 6-well plate and incubated until they formed more than 90 %
confluent monolayer. Cells underwent serum-starvation for 24 h
and the monolayer was subsequently scratched with a pipette tip; the
nonadherent cells were removed by washing the plate with serum-free
RPMI1640 medium. Cells were subsequently treated with TNF-a (20
ng/mL) or TGF-B (10 ng/mL) along with either 1 ug/mL [APE1/Ref-
1-(SH)2] or [APE1/Ref1-S,] for 24 h. During this time, the cells were
permitted to migrate, and where then visualized in three randomly
selected fields of view per well through an inverted light microscope
(magnification, x100). The number of cells migrating into the wound
area was analyzed using Image J software (National Institute of Health,
http://rsb.info.nih.gov/ij/).

Invasion assay. Cultrex® 96-well basement membrane extract
(BME) cell invasion assay kit was used for our invasion assay. Transwell
chambers with 8-pum pore polycarbonate filters were treated with 0.8x
BME in coat buffer and incubated for 24 h at 37°C. Following coating of
the chambers, cells (1x10°) were resuspended in RPMI 1640-medium
with various concentrations of [APE1/Ref-1-(SH),] and plated onto the
BME-coated filter in the upper chamber of the insert, which contained
serum-free medium. The lower chamber was filled with medium
containing TNF-a (20 ng/mL) or TGF-f (10 ng/mL); the control wells
only contained media. Following incubation for 24h, the migratory
cells on the bottom of the membrane were stained with Calcein-AM
and counted using a fluorometer (Promega Corporation, WI, USA).

Immunoblotting. Cells were harvested and lysed following the
previous protocol [24]. The cell lysate was centrifuged at 12,000 x g
for 20 min at 4°C, and the supernatant was used for immunoblotting.
After protein quantification, equal amounts of protein were separated
via SDS-PAGE and subsequently transferred onto PVDF membrane.
The membrane was then blocked and incubated with specific primary
antibodies for E-cadherin, N-cadherin, vimentin, snail, and anti-f-
actin. The membranes were then incubated with a secondary antibody
and the protein bands were visualized, and the band intensity was
quantified using a densitometer and normalized by -actin control.

Statistical analysis. Statistical differences between the control and
[APE1/Ref-1-(SH),]-treated groups were determined using one-way
analysis of variance (ANOVA). Dunnett’ or Tukey’s correction post
hoc test was used for multiple comparisons using GraphPad (Prism 9)
software considering P<0.05 as statistical significance.

Results

Hyperacetylation induces mesechymal-epithelial like morphological
changes in MDA-MB-231 cells.

Our previou studies reported that hyperacetylation, induced
by treatment with 0.5 uM TSA and various concentrations of ASA
inhibited on viability and proliferation of triple negative breast cancer
(TNBC) cells including MDA-MB-231 cells [24,29]. Therefore, it was
plausible that the apoptotic cell death of the aggressive TNBC cell line,
MDA-MB-231, following hyperacetylation was linked to an increased
susceptibility to anti-cancer drugs, and the reversal of EMT [32-34]. To
verify the effects of hyperacetylation on reverse of EMT, MDA-MB-231
cells were pre-exposed to 0.5 uM TSA and then further treated with
1mM ASA for 24 h. The morphology of MDA-MB-231 cells was altered
in response to TSA treatment (Figure 1A, middle panel). The changes
in hyperacetylation were observed under phase contrast microscopy,
and the cells were observed to be shifted from an elongated spindle-
like shape, with pronounced cellular scattering due to the presence of
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Figure 1: Hyperacetylation induces morphological changes in MDA-MB-231 cells and regulates mesenchymal-epithelial transition associated molecules. (A) MDA-MB-231 cells were
pretreated with 0.5 uM trichostatin A for 1 h and then acetylsalicylic acid at the indicated concentration for 24 h. Representative morphology of the cells under an inverted microscope
are shown (magnification x100; inset, 1.5-fold magnification). Scale bar represents 100 pm. Bar graph shows mean EMT score by counting of mesenchymal-like or epithelial-like cells
independent scoring results. Data are presented as % mesenchymal like- or epithelial like cells. Columns, mean (n = 10); bars, + SEM. Data were analyzed using a one-way ANOVA
followed by Dunnett’s post hoc test. *, # P<0.05 vs. control cells. (B) The expression levels of E-cadherin and vimentin were analyzed using immunoblotting assay. The blots were stripped
and re-probed with anti-actin antibody to confirm protein loading. Representative blots are shown. The bar graph shows the densitometric semi-quantification of the immunoblottings. Data
are presented as % densitometry values of E-cadherin and vimentin expression levels. Columns, mean (n = 3); bars, = SEM. Data were analyzed using a one-way ANOVA followed by

Dunnett’s post hoc test. *, # P<0.05 vs. control cells.

filopodia and lamellipodia, to a more globular epithelial phenotype,
which formed sheet-like monolayers, and permitted the formation
of cell-cell junctions (Figure 1A, left) [12,35,36]. EMT score (%)
were calculated by counting mesenchymal or epithelial-like cells and
dividing them with total cell numbers [31]. The number of epithelial
cells was increased approximately ~1.84 folds in hyperacetylation
condition compared with the control cells (Figure 1A, right bar graph).

As hyperacetylation resulted in marked mophological changes in
MDA-MB-231 cells, the expression levels of the EMT representative
markers such as E-cadherin and vimentin were analyzed. As shown in
(Figure 1B), immunoblot analysis revealed that the expression levels of
E-cadherin were increased following hyperacetylation. The expression
levels of vimentin were inversely associated with the expression levels
of E-cadherin, indicating that EMT was reversed. In more detail,
the expression levels of E-cadherin were shown to be upregulated
following a 24 h exposure to 0.5 UM TSA and ASA in a concentration-
dependent manner. In contrast, the expression levels of vimentin were
downregulated by ~53.2% following hyperacetylation compared with
the control cells. These results suggest that hyperacetylation may reverse
the EMT process in MDA-MB-231 cells, which would subsequently
induce the loss of metastatic potential.
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Treatment of recombinant [APE1/Ref-1-(SH),] reverses the EMT-
like morphological and molecular changes in cytokine-stimulated MDA-
MB-231 cells.

Next, it was determined whether treatment with [APE1/Ref-1-
(SH),] could reverse EMT via its redox function and thereby regulate
TNF-a or TGF-B-mediated metastatic signalings. The morphological
changes of MDA-MB-231 cells following stimulation with TNF-a or
TGE-P cytokines were first observed. The mesenchymal morphology
of MDA-MB-231 cells was more pronounced following exposure
to TNF-a or TGF-B cytokines, with cells exhibiting a spindle like,
flattened, elongated shape with lamellipodia and filopodia (Figure
2A, left). However, the pretreatment of cells with [APE1/Ref-1-(SH),]
induced significant morphological changes in MDA-MB-231 cells,
even following stimulation with TNF-a or TGF-p cytokines, with cells
exhibiting an epithelial-like polygonal shape with regular dimensions, a
reorganized cytoskeletons and collapsing poidas. These mophological
changes occured in a concentration-dependent manner (Figure 2A).
The epithelial subpopulation in pretreated cells with [APE1/Ref-1-
(SH)2] was increased ~3.65 and ~3.19 folds with TNF-a and TGF-p
respectively, compared with the ones treated with either cytokine
alone.
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Figure 2: Pretreatment with [APE1/Ref-1-(SH),] causes reverse EMT of MDA-MB-231 cells even following TNFa-/TGF-B-stimulation. MDA-MB-231 cells were pretreated [APE1/
Ref-1-(SH),] at the indicated concentration for 2 h, followed by further incubation with either 20 ng/ml TNF-a (upper) or 10 ng/ml TGF-B (lower) for 18 h. (A) Morphological changes
associated with reverse EMT were shown using phase-contrast microscopy (magnification, x100; inset, 2-fold magnification). Scale bar represents 100 um. The cells were elongated and
spindle-shaped with an increased intercellular separation and pseudopodia, following the treatment with TNF-o. or TGF-p, but not in cells pretreated with [APE1/Ref-1-(SH),]. The bar
graph shows mean EMT score. Columns, mean (n = 6); bars, + SEM. Data analyzed using a one-way ANOVA followed by Dunnett’s post hoc test. *, # P<0.05 vs. cytokine-stimulated
control cells. (B) Immunoblot analysis of expression levels of EMT representative markers was performed using MDA-MB-231 cell lysate. The blots were stripped and re-probed with an
anti-B-actin antibody to confirm equal protein loading. Representative blots are shown. The bar graph shows the densitometric semi-quantification of the immunoblotting data in the order
of E-cadherin, N-cadherin, Vimentin and Snail. Columns, mean (n = 3); bars, +SEM. Data analyzed using a one-way ANOVA followed by a Dunnett’s post hoc test. *P<0.05 vs. TNF-a, or
TGF-B-treated control cells.
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Figure 3: [APE1/Ref-1-(SH),] inhibits the migration of MDA-MB-231 cells stimulated with cytokine. (A) Confluent monolayers of MDA-MB-231cells were scratched and then pretreated
with recombinant [APE1/Ref-1-S,] or [APE1/Ref-1-(SH),], followed by 20 ng/ml TNF-a and 10 ng/ml TGF-B. A phase contrast microscope (magnification, x100) was used to observe
cell migration into the wound area at the indicated durations. Scale bar represents 100 um. Representative images of the wound-healing assay at different durations are shown. (B) Semi-
quantification of the number of migratory cells was obtained from three separate experiments. The wound area was analyzed using Image J software. Data are expressed as the % of a
time-dependent differences following exposure to TNF-a and TGF-B. Columns, mean (n = 3); bars, “SEM. Data analyzed using a one-way ANOVA followed by a Dunnett’s post hoc test.
* P<0.05 vs. TNF-a plus TGF-B-treated cells; # P<0.05 vs. recombinant protein-treated cells.
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Consistent with the morphological changes of TNF-a- or TGF-p-
stimulated MDA-MB-231 cells, the expression levels of E-cadherin,
N-cadherin, vimentin and snail were changed in a time-dependent
manner, and the results were similar to the observed effects of
hyperacetylated cells on reverse EMT (Figure 2B). The expression
of E-cadherin was upregulated by ~ 7.67- or 2.67-fold following
pre-exposure to [APE1/Ref-1-(SH),] and then TNF-a or TGF-§-
stimulation, respectively compared with cytokine-treated control
cells. Conversely, the expression levels of other EMT markers such
as N-cadherin, vimentin and snail were significantly downregulated
following pre-exposure to [APE1/Ref-1-(SH),] and TNF-a or TGF-f3-
stimulation. Similar results were obtained with BT-549 cells, another
triple negative breatst cancer cell line (Figure S1). Both the observed
morphological and molecular changes suggested that MDA-MB-231
cells may undergo reverse EMT following the pre-treatment with
[APE1/Ref-1-(SH),], even in the presence of inflammatory cytokines.

Pretreatment of [APEI/Ref-1-(SH),] inhibits the migration of
cytokine-stimulated MDA-MB-231 cells. To further determine the
functional role of the [APE1/Ref-1-(SH),]-induced reversal of EMT,
the redox effect on the migration of MDA-MB-231 cells stimulated
with TNF-a and TGF-p was investigated. The cell monolayers were
pretreated with [APE1/Ref-1-(SH),] and then scratched for the wound
healing assay. The pretreatment with [APE1/Ref-1-S)] promoted the
migration of cells (Figure 3A, top panel). However, [APE1/Ref-1-
(SH),] treatment significantly inhibited MDA-MB-231 cells from
migration, even following TNF-a and TGF-B stimulation (Figure 3A,
bottom panel). For example, the wound area of cells pretreatd with
[APE1/Ref-1-(SH),] was reduced to ~17.4 %, while the migration
of cytokine-stimulated cell was recoverd by ~ 43.6 % following the
treatment with [APE1/Ref-1-S]. The recovered wound area of [APE1/
Ref-1-§ ]- treated cells was significantly increased in a time-dependent
manner, but not in cells treated with [APE1/Ref-1-(SH),] (Figure 3B).
These data suggested that [APE1/Ref-1-(SH),] may abrogate TNF-a/
TNEFR, or TGF-B/TGEFR signaling, thereby inhibiting the migration of
cytokine-stimulated MDA-MB-231 cells.

[APE1/Ref-1-(SH),] attenuates the invasion of cytokine-stimulated
MDA-MB 231 cells. As cell invasion is also indispensable for tumor
metastasis [1,2,4], the effect of [APE1/Ref-1-(SH),] on cell invasion was
evaluated using a BME transwell assay. The transwell invasion system
comprised an upper chamber with a porous membrane and a lower well
that contained TNF-a, or TGF-p. MDA-MB-231 cells were plated into

the upper chamber with [APE1/Ref-1-(SH),] and allowed to invade
through the pores to the other side of the membrane (Figure 4A). The
invasive activity of MDA-MB-231 cells was significantly attenuatted
following [APE1/Ref-1-(SH),] treatment in a dose-dependent manner
(Figure 4B); the number of invasive MDA-MB-231 cells following
[APE1/Ref-1-(SH),] treatment was decreased by ~42% compared with
the control cells treated with only TNF-a (Figure 4B, left panel). Cell
invasion was not statistically significantly inhibited in cells treated
with [APE1/Ref-1-(SH),] and TGF-B compared with the cells only
stimulated TGF-P (Figure 4B, right panel). These results suggest that
the redox activity of [APE1/Ref-1-(SH),] may have an important role
in thiol-disulfide exchange reactions for TNFR1 or TGFR, which
promotes the conformational change of their extracellular domain, and
leads to the regulation of TNF-a or TGF-p-stimulated signaling [21,37].

Discussion

Due to the damage to normal cells or drug resistance in following
cancer treatment, targeted therapeutic proteins, including peptides,
have certain advantages, such as specificity, higher affinity, safety and
less drug-drug interactions compared with chemical compounds
[38]. Another advantage of using proteins as therapeutic drugs is the
minimal toxic side effects, as they do not accumulate in kidney or liver
[38]. For example, an apoptosis-inducing ligand related to TNF is an
integral membrane protein that binds to its receptors on the cell surface
of cancer cell and leads to apoptotic cell death and it has been tested in
clinics as a potential therapeutic protein [39]. In addition, genetically
modifed recombinant proteins corresponding to IFN-a and chimeric
immunotoxins, and tumor-specific ligands linked to a modified toxin
have also been widely proposed as potential adjuvant therapies for
the treatment of various tumors types in vitro and in vivo [40-42].
Consistent with the previous studies, the present study demonstrated
the potential of extracellularly secreted APE/Ref-1 as a therapeutic
protein for treating TNBC cells [21,24,29]. Furthermore, in the current
study, recombinant [APE1/Ref-1-(SH),] regulated the migration and
invasion of MDA-MB-231 cells stimulated with TNF-a or TGF-p.
The underlying mechanism of [APE1/Ref-1-(SH),] was suggested to
involve its reducing activity of the disulfide bonds in the extracellular
domain of TNFR, which has 12 disulfide bonds, to block its subsequent
signalings (Figure 5). Therefore, the APE1/Ref-1 protein may represent
anovel and promising therapeutic candidate for the regulation of tumor
metastasis and apoptotic cell death via targeting TNFR or TGFR on the
immune cells surrounding the tumor.
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Figure 4: [APE1/Ref-1-(SH),] attenuates the invasion of MDA-MB-231 cells stimulated with cytokine. (A) Schematic representation of the transwell invasion assay. MDA-MB-231 cells
were pretreated with various concentrations of [APE1/Ref-1-(SH),] and plated on a base membrane extract-coated membrane (8-um), and the upper chamber contained either 20 ng/ml
TNF-q, or 10 ng/ml TGF-p. (B) Fluorescent intensity of the cells invading the membrane was measured. Columns, mean (n = 3); bars, £SEM. Data analyzed using a one-way ANOVA
followed by a Dunnett’s post hoc test. * P<0.05 vs. control cells; # P<0.05 vs. TNF-a-treated cells.
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Figure S1: Immunoblot analysis of expression levels of EMT representative markers was performed using the cell lysate of BT-549. Representative blots are shown. The bar graph shows

the densitometric semi-quantification of the immunoblotting data. Columns, mean (n =
*P<0.05 vs. TNF-a or TGF--treated control cells.

Integr Cancer Sci Therap, 2022 doi: 10.15761/ICST.1000365

3); bars, +SEM. Data analyzed using a one-way ANOVA followed by a Dunnett’s post hoc test.
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However, the application of therapeutic proteins remains a
significant challenge when considering how to maintain a stable
structure alongside effective activity. In the presnet study, [APE1/Ref-
1-(SH),] was purified and then maintained in DTT to conserve the free
sulfthydryl groups as a commercially available protein. Immediately
before use, the excess DTT was removed so that the [APE1/Ref-1-
(SH),] could exert its full reducing activity. However, the short half-
life of [APE1/Ref-1-(SH),] resulted from oxidation and the unknown
effects of [APE1/Ref-1-(SH),] in the presence of remnant preservatives,
are still issues of [APE1/Ref-1-(SH),] use and need to be addressed
[21]. Therapeutic peptide, which is usually <50 amino acids in length,
exerted its activity via (SH), in the catalytic domain. For examples, the
human neutrophil peptide-1 has several cysteine residues and exerted
an anti-cancer effect on oral squamous cells [43] and PC-3 prostate
cancer cells [44]. Another approach to maintain the activity and half-
life of therapeutic proteins involves the conjugation of polyethylene
glycol (PEG) to proteins, although some challenges, such as the induced
increase in the macro-size/length of the protein and clearance of
protein through renal filtration in vivo have emerged [38,45]. We have
established conditions which pegylated-[APE1/Ref-1-(SH),] exhibits
reducing activity. The anticancer effects of PEG-[APE1/Ref-1-(SH),]
have been further analyzed in various cancer cells types.

Cancer cells undergo a cellular process called EMT. During this
event, epithelial cells acquire mesenchymal phenotypes and metastatic
behaviors [3,4]. In cancer cells, regressive changes in E-cadherin
expression alongside the acquiration of a mesenchymal morphology
are associated with an increased metastatic potential and tumor grade
[46]. The strong migratory and invasive abilities of cancer cells lead to
the metastasis of cancer cells from the original site to distant organs
through blood and lymphatic vessels [2,3]. In addition, upregulated
vimentin expression and increased intermediate filaments maintain
the integrity of mesenchymal cells. The expression levels of vimentin
were found to be significantly upregulated in high-grade ductal breast
carcinoma [2]. Inverse changes of up-regulated E-cadherin and down-
regulated vimentin in the expression levels are representative molecular
markers of reverse EMT. Therefore, the ability of [APE1/Ref-1-(SH),] to
reverse EMT in MDA-MB-231 cells was hypothesized to occur via the
regulation of E-cadherin, N-cadherin, vimentin and snail expression
levels, which inhibited the migration and invasion of MDA-MB-231
cells, even following cytokine-stimulation. However, there were still
some cells in the reverse EMT condition that migrated to the lower
chamber of our invasion assay indicating that [APE1/Ref-1-(SH),]
didn't affect the subset of cells leaving them maintaining characteristics
of mesenchymal cells. This result reminds us of the above mentioned
challenge in using [APE1/Ref-1-(SH),] in future therapeutics. It is
possible that [APE1/Ref-1-(SH),] was not stable enough in the assay by
itself to synchronously induce reverse EMT for prolonged time.

Conclusion

The findings of the present study suggested that [APE1/Ref-1-(SH),]
may inhibit the migration and invasion of cytokine-stimulated tumor
cells. These may occur by inhibiting TNFR and TGFR signalings and
revesing EMT. These results indicated that recombinant [APE1/Ref-1-
(SH),] may have potential to be further developed as an effective drug
candidate to target the invasion and migration of aggressive tumor cells,
like TNBC cells, by re-programming the tumor microenvironment.
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