
ONCOLOGY REPORTS  36:  991-999,  2016

Abstract. Cancer metastasis plays a major role in tumor dete-
rioration. Metastatic processes are known to be regulated 
by hypoxic microenvironment and non-muscle myosin IIA 
(NMIIA). DT-13, a bioactive saponin monomer isolated 
from Ophiopogon japonicus, has been reported to inhibit 
various cancer metastasis, but whether NMIIA is involved in 
the anti-metastatic activity of DT-13 under hypoxia remains 
to be determined. Thus, this study aims to clarify the role 
of DT-13 in regulating 95D cell metastasis under hypoxic 
microenvironment and to further investigate whether NMIIA 
is involved in the anti-metastatic mechanism of DT-13. We 
found that DT-13 significantly inhibited 95D cells metastasis 
in vitro and in vivo. Furthermore, hypoxia significantly inhib-
ited the expression of NMIIA and redistributed NMIIA to the 
cell periphery, whereas DT-13 reversed the hypoxic effects 
by upregulating the expression of NMIIA. Moreover, DT-13 
treatment redistributed NMIIA to the nuclear periphery and 
reduced the formation of F-actin in 95D cells. In addition, we 
found that the Raf-ERK1/2 signaling pathway is involved in 
regulation of NMIIA by DT-13. Collectively, these findings 
support NMIIA as a target of DT-13 to prevent lung cancer 
metastasis.

Introduction

Pulmonary carcinoma is one of the most common types 
of cancer and the leading cause of cancer-related deaths. 
Approximately 90% of lung cancer deaths are the result of 
tumor metastasis rather than of primary tumor proliferation 
(1). Tumor metastasis is a multi-step process that requires the 
formation of new membrane extensions at the leading edge of 
the cell, the formation of new adhesions to the substrate and 
contractions at the trailing edge to move the cell body forward. 
An increasing number of studies have shown that the tumor 
microenvironment plays an important role in cancer progres-
sion, especially in tumor metastasis.

Hypoxia is one of the most critical features of tumor micro-
environment, which is associated with stem cell maintenance 
(2), cell immortalization, glucose metabolism (3), epithelial-
mesenchyme transition (4), pH regulation (5), invasion and 
metastasis (6). The major regulator of hypoxic responses is 
hypoxia-inducible factor-1 (HIF-1), which accumulates at low 
oxygen levels and acts as a transcription factor for >100 target 
genes (7,8). However, the molecular basis for the ability of cancer 
cells to migrate, invade and metastasize under hypoxic condi-
tions is still unclear.

A critical component of cell migration is thought to be the 
actin-myosin force-generating machinery (9,10). Myosin II is an 
actin-based motor protein that is important for cell migration 
through its effects on adhesion, lamellar protrusion, rear retrac-
tion, and polarity (11,12). Using the actin network as a track, 
myosin II motors cross-link and contract the actin network, 
thus generating forces (13). Myosin II molecules are comprised 
of three pairs of peptides: two heavy chains of 230 kDa, two 
20-kDa regulatory light chains (RLCs) that regulate NM II 
activity and two 17-kDa essential light chains (ELCs) that 
stabilize the heavy-chain structure. Isoforms of myosin  II 
include myosin  IIA, myosin  IIB and myosin  IIC, which 
contain heavy chains encoded by the genes MYH9, MYH10 
and MYH14, respectively (14). Both myosin IIA and IIB are 
expressed in most mammalian cells, where they fulfill different 
but overlapping functions in cell migration. Myosin IIA local-
izes throughout the cell, even in protrusions. This protein plays 
a crucial role in rapid contractility, actin stress fiber formation, 
focal adhesion formation and cell-cell junctions (12). However, 
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the function of myosin IIA in migration remains controversial. 
Several studies have indicated that myosin IIA deficiency leads 
to faster cell speeds relative to corresponding wild-type cells 
(12,15-17), while some reports argued that myosin IIA accel-
erate the migration speeds of breast cancer cells (18).

DT-13, a saponin of dwarf lilyturf tuber isolated from 
Ophiopogon japonicus (Thunb.), was found to display anti-
tumor effects by inhibiting angiogenesis and proliferation 
through the regulation of VEGF and PI3K/Akt signaling, as 
well as anti-metastatic activity by inhibiting adhesion, migra-
tion and invasion via inhibition of MMP-2/9 or tissue factor 
(19,20). We previously found that myosin  IIA specifically 
responded to DT-13 via affinity chromatography (21); therefore, 
we hypothesized that myosin IIA may be a potential target of 
DT-13 to inhibit tumor metastasis in lung cancer. As hypoxia 
occurs during the deterioration of cancer, in this study, we used 
a hypoxic model to study the mechanisms underlying the anti-
metastatic activity of DT-13.

Materials and methods

Cell culture, transfection, and reagents. The cell line 95D was 
obtained from the Cell Bank of the Institute of Biochemistry 
and Cellular Biology, Chinese Academy of Sciences (Shanghai, 
China); 95D cells were maintained in RPMI-1640 medium 
(Gibco, Grand Island, NY, USA) supplemented with 10% fetal 
bovine serum (FBS; Gibco), 80 U/ml penicillin, and 100 U/ml 
streptomycin. Cells were cultured in a humidified environment 
with 5% CO2 at 37˚C. The shMYH9 and negative control shRNA 
were designed and synthesized by GenePharma (Shanghai, 
China). The shRNAs were transfected into 95D cells using 
lentivirus according to the manufacturer's instructions. DT-13 
was a gift from Professor Bo-Yang Yu (China Pharmaceutical 
University, China). DT-13 was prepared at a stock concentration 
of 10 mM in 100% DMSO, stored at -20˚C, and diluted with 
phosphate-buffered solution (PBS) before each experiment. The 
final DMSO concentration did not exceed 0.1% throughout the 
study. The pharmacological inhibitor S(-)-blebbistatin (Merck) 
was used at a concentration of 100 µM. Phalloidin-FITC was 
obtained from Sigma. The following antibodies were used at the 
dilution rate of 1:1,000: ERK1/2, p-ERK1/2, c-Raf and p-c-Raf, 
β-actin, non-muscle myosin IIA, paxillin, p-paxillin (Tyr 118) 
were obtained from Cell Signaling Technology. Secondary 
anti-mouse IgG (Sigma) and anti-rabbit IgG (Cell Signaling 
Technology) were diluted at the ratio of 1:2,500. Immunoreactive 
proteins on membranes were visualized using ECL western blot 
detection reagents (Amersham, UK).

Cell spreading assays. Quantitative cell spreading assays were 
carried out in 96-well microtiter plates (Nunc, Naperville, IL, 
USA), which were coated with fibronectin (20 µg/ml; Sigma) 
for 1 h at room temperature and rinsed with PBS just before 
seeding the cells. Briefly, cells were collected from the culture 
plates using non-trypsin cell dissociation reagent and washed 
with PBS. Cell suspensions (200 µl/well, 2x104 cells/ml) with 
or without drugs were added to each well and incubated at 
37˚C for 30 min, 60 and 120 min.

Wound healing assay. 95D cells were grown to confluency 
in 24-well culture plates, after which a single linear wound 

was created through the monolayers using a sterile pipette tip. 
Monolayers were washed to remove cellular debris and placed 
in FBS-free media with DT-13 (0.01, 0.1 and 1 µM), blebbi-
statin (100 µM) or without any drugs. Sites at which wounds 
were to be measured were marked on the undersurface of the 
wells to ensure that measurements were taken at the same place 
(A defined area of the wound was photographed). Wounds 
were imaged at 0 and 12 h under phase-contrast microscopy.

Migration assay. The chemotactic motility of 95D cells was 
assayed using a Transwell chamber migration system (Millipore, 
USA) containing membranes with an 8-µm pore size. 95D 
cell suspensions (5.0x104 cells per well) were added to the 
upper chamber containing 1% FBS, while the lower chamber 
containing 10% FBS. DT-13 (0.01, 0.1 and 1 µM) or blebbistatin 
(100 µM) were added in the upper and lower chamber. After 
incubation for 12 h under normoxic or hypoxic condition, the 
upper surface of the membranes was swabbed to remove non-
migrated cells, and the cells attached onto the lower surface 
were fixed, stained, and counted microscopically. The migrated 
cells were quantified by manual counting, and five randomly 
chosen fields were analyzed for each group.

Invasion assay. Invasion assays were performed by using 
commercially available modified Boyden chambers (Millipore) 
layered with growth factor-reduced Matrigel (BD Biosciences), 
and chambers were incubated for 2 h at 37˚C. An equal 
number (8x104 cells) of 95D cells were suspended in the upper 
chamber [RPMI-1640 medium with 1% fetal bovine serum 
(FBS)], whereas medium containing 10% FBS was placed in 
the lower chamber. DT-13 (0.01, 0.1 and 1 µM) or blebbistatin 
(100 µM) were added in the upper and lower chambers. After 
12-h incubation under normoxic or hypoxic condition, the 
cells on the upper surface of the membrane were completely 
removed. Then, the membrane was fixed with 4% paraformal-
dehyde for 10 min and stained with 0.1% crystal violet, and the 
upper-chamber cells were cleared using a cotton swab. Cells 
that invaded the Matrigel and reached the lower surface of the 
membrane in five different fields were counted and averaged 
for each group in a particular experiment. Each experiment 
was performed in triplicate.

Immunofluorescence staining. 95D cells were added into a 
12-well plate with 4x104 cells per well, cells were treated with 
DT-13 (0.01, 0.1 and 1 µM) or blebbistatin (100 µM) under 
normoxic and hypoxic conditions for 12  h, washed twice 
with PBS, and fixed with 4% paraformaldehyde for 30 min. 
The fixed cells were permeabilised with 0.1% Triton X-100 
for 10  min at room temperature, washed with TBST and 
blocked with blocking buffer (5% BSA) at 37˚C for 1 h and 
then incubated with primary antibody (diluted to 1:300 in 
blocking buffer) at 37˚C for 1 h, followed by Alexa-conjugated 
secondary antibodies diluted to 1,000-fold in blocking buffer 
and Hoechst 33342 (Beyotime) for 1 h at room temperature in 
the dark. The cells were washed three times with TBST before 
imaging on a confocal microscope.

Western blot analysis. 95D cells were added into the 6-well 
plate with 4x105 cells per well, cells were treated with different 
concentrations (0.01, 0.1 and 1 µM) of DT-13 after adhered 
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Figure 1. Inhibitory effects of DT-13 on 95D cell migration and invasion under hypoxia. (A) Spreading assays were used to examine the spreading ability 
of 95D cells treated with 0.01, 0.1 and 1 µM DT-13 under hypoxia; images were taken at 30 and 60 min after drug treatment. (B) Representative images of 
cells were taken at 0 and 12 h after wounding, and cells were treated with 0.01, 0.1 or 1 µM of DT-13 and 100 µM blebbistatin in serum-free medium for 12 h 
(magnification, x100). (C) Effects of DT-13 on 95D cell migration. In the Transwell cell migration assay, cells were seeded in the upper Transwell chamber and 
treated with DT-13 (0.01, 0.1 and 1 µM) and blebbistatin (100 µM) for 12 h in serum-free medium. The lower chamber contained medium supplemented with 
10% FBS. The downward side of the membrane was stained with crystal violet and Eosin Y and counted by an inverted microscope. (D) Statistical analysis of 
95D cell migration counted in 5 random fields after Transwell migration. (E) Effects of DT-13 on 95D cell invasion. In the Transwell cell invasion assay, cells 
were seeded in the upper portion of Transwell chamber coated with Matrigel and treated with DT-13 (0.01, 0.1 and 1 µM) and blebbistatin (100 µM) for 12 h 
in serum-free medium; medium containing 10% FBS was placed in the lower chamber (magnification, x100). After 12 h of incubation, the downward side of 
the membrane was stained and counted on an inverted microscope. (F) Statistical analysis of 95D cell Matrigel invasion counted in 5 random fields. #P<0.05, 
##P<0.01, ###P<0.001 versus normoxia; *P<0.05, **P<0.01, ***P<0.001 versus hypoxia. (G) Western blot analysis of NMIIA expression in 95D cells after treated 
with DT-13 (0.01, 0.1 and 1 µM) for 12 h.
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and then exposed to normoxia or hypoxia for 12 h. Cellular 
protein extraction and western blot analysis were performed 
as previously described. Total proteins (40 µg) were separated 
via 10% SDS-PAGE and then electroblotted onto polyvinyli-
dene difluoride membranes (Millipore). After blocking with 
5% BSA, 0.1% Tween-20 in TBST at room temperature for 1 h, 
the blots were incubated overnight with primary antibodies at 
4˚C. The blots were subsequently washed and incubated with 
secondary antibodies for 1 h at room temperature. Proteins 
were detected by enhanced chemiluminescence using the ECL 
substrate (Amersham Pharmacia Biotech).

Orthotopic implantation nude mouse model. Six-week-old, 
female nude mice were used for orthotopic implantation. 95D 
cells were suspended in 50% Matrigel (BD) in PBS. A sample 
of 100 µl of 1x106 cells/mouse was injected into the right mouse 
lung to generate tumors in a natural orthotopic site. One week 
later, the mice were intra-gastrically administered with DT-13 
(2.5, 5 and 10 mg/kg/1 body weight, daily) in 0.5% CMC-Na 
solution or with topotecan hydrochloride which used as posi-
tive drug (2 mg/kg/1 body weight) twice a week via tail-vein 
injection (8 mice per group). Mice in the control group were 
intra-gastrically administered 0.5% CMC-Na solution daily 
and this in vivo experiment was finished after the mice in 
control group all died. Ethics approval was received from the 
Committee of the Southeastern University.

Statistical analysis. The data represent at least three indepen-
dent experiments and are expressed as the means ± SEM. For 
statistical analysis, One-way ANOVA or Student's t-test was 
used when appropriate.

Results

DT-13 inhibits the effects of hypoxia on 95D cell migration 
and invasion. Lamellipodia formation is required for cancer 
cell migration. To verify whether DT-13 suppresses lamelli-
podia formation in lung cancer 95D cells, cells were treated 
with DT-13 (0.01, 0.1 and 1 µM) for 12 h and then plated onto 
a fibronectin-coated 96-well plate. After adhering to the fibro-
nectin, we found that cells without DT-13 treatment showed 
rapid, time-dependent lamellipodia formation, whereas this 
extension was slower in the groups treated with DT-13 (0.01, 
0.1 and 1 µM). These results suggested that DT-13 blocked the 
spreading of 95D cells on fibronectin, as shown in Fig. 1A.

Next, scratch migration assays and Transwell migration 
assays were performed to evaluate the effects of DT-13 on 
cell migration under hypoxia. We found that hypoxic condi-
tions enhanced the migration capacity of 95D cells compared 
with normoxia; however, different concentrations of DT-13 
noticeably decreased tumor cell migration under hypoxia in 
a dose-dependent manner (Fig. 1B, C and E). The acquisition 
of an invasive phenotype of cancer cells is a critical step for 
tumor progression. Matrigel-coated filters are widely used 
to examine invasive migration through a three-dimensional 
extracellular matrix. We found that hypoxia was necessary to 
accelerate the invasion of 95D cells compared with normoxia; 
however, after treatment of DT-13, we found that this cell 
invasion activity was effectively decreased under hypoxia in a 
dose-dependent manner (Fig. 1D and F).

NMIIA, a conventional motor protein known to generate 
intracellular contractile force and tension by associating with 
F-actin, has been implicated in the regulation of many cellular 
processes, including cell spreading, migration and cytokinesis 
(12,17). Our previous study showed that DT-13 interacted 
specifically with NMIIA based on affinity chromatography 
analysis (21), which led us to hypothesize that NMIIA may be 
important for the anti-metastatic effect of DT-13. Interestingly, 
we found that hypoxia led to the downregulation of NMIIA, 
while DT-13 could upregulate NMIIA under hypoxia (Fig. 1G). 
Furthermore, to verify the effect of NMIIA on 95D cells 
migration and invasion in depth, 100 µM blebbistatin was used 
as a pharmacological inhibitor of myosin II, and we found that 
both the migration and invasion of 95D cells were enhanced 
by treatment with blebbistatin (Fig. 1B, C and E). These data 
indicated that the inhibition of NMII accelerated the migra-
tion and invasion of 95D cells, which was in agreement with 
previous studies (16,22).

Figure 2. NMIIA is required for the inhibitory effect of DT-13 on cancer 
cell metastasis. (A)  Western blot analysis of NMIIA expression after 
MYH9 knockdown. (B) qPCR analysis of MYH9 expression after MYH9 
knockdown. (C) Effect of DT-13 on the migration of lung cancer cells 
transfected with MYH9 shRNA. 95D cell suspensions were added to the 
upper chamber containing 1% FBS, while the lower chamber containing 
10% FBS. DT-13 1 µM were added in the upper and lower chambers. 
After incubation for 12 h under hypoxic condition, (D) Statistical analysis 
of 95D cell migration counted in 5 random fields after a Transwell assay. 
***P<0.001 versus sh‑scramble cells (magnification, x100).
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NMIIA is required for the inhibitory effect of DT-13 on cancer 
cell metastasis. To verify whether NMIIA is responsible for 
the inhibitory effect of DT-13 on cancer metastasis, the expres-
sion of NMIIA in 95D cells was depleted by MYH9-targeted 
shRNA (Fig. 2A and B). Cells transfected with MYH9 shRNA 
significantly increased migration compared with sh-scramble 
cells under hypoxia (Fig.  2C and  D). To further examine 
whether DT-13 inhibits 95D cell migration through the motor 
activity of myosin IIA, shMYH9 cells were treated with DT-13 
(1 µM) in Transwell migration assays. Our results showed that 
the inhibitory effect of DT-13 on cell migration was abolished 

in shMYH9 cells. Together, these results further indicated 
that the anti-migration effect of DT-13 occured through the 
upregulation of NMIIA.

DT-13 attenuates migration by redistributing NMIIA in 95D 
cells under hypoxia. NMIIA regulates the tension and contrac-
tility of actin cytoskeleton. Previous studies (14) indicated that 
myosin IIA exerts a retraction force to draw the cell cytoplasm 
closer to the nucleus and attenuate cell movement. To explore 
whether DT-13 alters the distribution of NMIIA in 95D cells, 
we used immunofluorescence analysis to study the distribution 

Figure 3. DT-13 attenuates migration by redistributing NMIIA and rearrangement of actin cytoskeletal in 95D cells under hypoxia. Immunofluorescence 
staining of NMIIA antibody (green), F-actin (red) and Hoechst (blue) was used to stain the nucleus. 95D cells were treated with PBS, 0.01, 0.1 or 1 µM DT-13 
and 100 µM blebbistatin under normoxic and hypoxic conditions for 12 h (magnification for NMIIA, x400; for F-actin, x600).
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of NMIIA. Compared with normoxia, we observed a morpho-
logical reorganization of 95D cells and redistribution of 
NMIIA under hypoxic conditions, with NMIIA predominantly 
localizing to the cell periphery. Nevertheless, we observed that 
NMIIA was expressed in the central region and predominantly 
accumulated in the nuclear periphery after treatment with 
DT-13. Thus, we hypothesize that DT-13 may promote NMIIA 
accumulation in the peri-nuclear area to inhibit cell migration. 
To verify this hypothesis, we treated 95D cells with blebbi-
statin (100 µM) under hypoxia and observed the redistribution 
of NMIIA to the cell periphery (Fig. 3). Collectively, these 
observations suggested that DT-13 affected the distribution of 
NMIIA and thus has a major role in the inhibition of 95D cell 
migration.

DT-13 regulates actin cytoskeletal rearrangement in 95D cells. 
The dynamic regulation of the filamentous actin (F-actin) cyto-
skeleton is crucial for cell migration, and myosin IIA is involved 
in the formation of actin stress fibers. Therefore, we analyzed 
whether DT-13 alters cellular F-actin arrangement under hypoxia.

Figure 4. DT-13 inhibits 95D cell migration and invasion via repression of 
the Raf-ERK1/2 signaling pathway. Using specific antibodies to analyze 
the expression of paxillin, p-paxillin, p-c-Raf, total c-Raf, p-ERK1/2, total 
ERK1/2 and β-actin in 95D cells after treated with DT-13 (0.01, 0.1 and 
1 µM) for 12 h.

Figure 5. DT-13 inhibits human lung cancer 95D cell metastasis in vivo. (A) DT-13 administration prolongs the survival of mice bearing orthotopic human 
NSCLC 95D cell xenografts. (B) DT-13 stabilizes the weights of mice bearing orthotopic human NSCLC 95D cell xenografts. (C) DT-13 slightly inhibits the 
primary tumor growth. The lung primary tumor index was calculated using the orthotopic lung weight/body weight ratio. (D) DT-13 significantly inhibited 
tumor metastasis. The lung metastasis tumor index was calculated using the ratio of metastasis lung weight/body weight. (E) Images of lungs were taken using 
a digital camera.
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First, we compared the formation of F-actin in 95D cells 
in two different environments (normoxia and hypoxia) for 12 h 
and observed cytoskeletal variations by staining for F-actin 
with phalloidin-FITC. We found that hypoxic environments 
stimulated the remodeling of actin filaments and also changed 
the cellular morphology; moreover, the formation of F-actin 
in 95D cells was accelerated under hypoxia compared to 
normoxia. However, after treatment with DT-13, we observed 
a noticeable disruption of actin stress fibers and loss of actin 
stress fibers in 95D cells (Fig. 3). In contrast to this observation, 
treatment with blebbistatin (100 µM) instead of DT-13 for 12 h 
had the opposite effect, resulting in a significant increase in the 
number of stress fibers with polymerization at the leading edge. 
These findings indicated that DT-13 may inhibit cell migration 
through reducing the formation of F-actin in 95D cells.

DT-13 inhibits 95D cell migration and invasion via repression 
of the Raf-ERK1/2 signaling pathway. Given that DT-13 could 
impair 95D cell migration and invasion by regulating NMIIA, 
we next investigated the potential mechanisms involved. As 
NMIIA associates with FA proteins, we explored whether the 
expression of FA proteins and the related adhesion signaling 
pathway was modulated.

Thus, immunoblot analysis was performed to examine 
a possible effect of DT-13 on p-paxillin and paxillin under 
hypoxic condition, which have been shown to be downstream 
effectors of NMIIA. Our results showed that the level of 
p-paxillin was upregulated under hypoxia, while DT-13 
reversed the hypoxic effect (Fig. 4).

Multiple NMIIA downstream effectors have been shown 
to mediate the migration behavior of epithelial cells by 
activating the Raf-ERK1/2 signaling cascade (25). To assess 
whether DT-13 increased the expression of NMIIA under 
hypoxia via Raf-ERK1/2 signaling, we conducted immunoblot 
analysis and showed an association between DT-13 and the 
Raf-ERK1/2 pathway. As p-c-Raf and p-ERK1/2 were signifi-
cantly downregulated after treatment with DT-13 in 95D cells 
under hypoxia, while total c-Raf levels were also downregu-
lated (Fig. 4). Cumulatively, these observations suggested that 
Raf-ERK1/2 inhibition was responsible for the suppression of 
migration and invasion by DT-13 treatment in 95D cells.

DT-13 inhibits human lung cancer 95D cell metastasis 
in vivo. To further evaluate the efficacy of DT-13 in a clini-
cally relevant non-small cell lung cancer (NSCLC) model, 
Matrigel-embedded 95D cells were implanted into mouse 
lungs at a natural orthotopic site that provides a biologically 
appropriate environment for tumor growth, invasion and 
metastasis. The survival rate was significantly increased 
after treatment with DT-13 (10 mg/kg) (P=0.0014) and 
DT-13 (2.5 mg/kg) (P=0.0148) compared with control group 
(Fig. 5A). Then, we observed that the weight of the mice in the 
group without DT-13 treatment gradually decreased compared 
to the DT-13-treated group (Fig. 5B). Further analysis of the 
orthotopic lung-weight/mouse-weight ratio showed that DT-13 
had no effect on tumor growth of the primary cancer (Fig. 5C). 
However, the metastasis index indicated that 10 mg/kg DT-13 
treatment significantly impeded the metastatic spread of 
cancer to other lung areas (P=0.0019) and that 2.5 mg/kg 
DT-13 treatment slightly inhibited metastasis (P=0.4177), 

while the medium dose exhibited pro-metastatic effect but 
without statistical difference (Fig. 5D). In addition, we also 
found that tumor metastasis along the parietal peritoneum in 
DT-13 treated groups was significantly decreased compared 
with the control group (Fig. 5E).

Discussion

In this study, we first showed that hypoxia leads to the 
redistribution of NMIIA to the cell periphery and strongly 
downregulates NMIIA protein expression in 95D cells 
compared with normoxia. Furthermore, we found the 
Raf-ERK1/2 signaling is involved in regulating NMIIA and 
its downstream molecular paxillin under hypoxia. Moreover, 
DT-13 reverses the hypoxic effect via greatly inhibiting 
Raf-ERK1/2 signaling and further regulating NMIIA.

According to previous studies, both NMIIA and NMIIB 
can bind and contract actin filaments to generate force. 
However, NMIIA and NMIIB have different cellular localiza-
tions, which lead to different functions. NMIIA primarily 
localizes to the front, protruding edge and is required for adhe-
sion maturation. NMIIA is also required for inward cellular 
contractility, the formation of actin stress fibers, and morpho-
genic cell clustering (23). Controversially, previous research 
suggested that NMIIA deficiency leads to faster cell migration 
in multiple cell types (18,22), whereas other studies argued that 
myosin IIA overexpression is implicated in enhanced cancer 
cell migration and metastasis (24-26). However, this contro-
versy is lessened by recent reports on the roles of myosin IIA 
in the posttranscriptional stabilization of p53 activity and the 
repression of squamous cell carcinoma in mice (22).

It has been reported that the absence of actin stress fibers 
in NMIIA deficient cells may increase the concentration of 
cytoplasmic actin monomers, which in turn promotes actin 
polymerization at the leading edge, and NMIIA-deficient cells 
have fewer cell-extracellular matrix adhesions, thus requiring 
less contractile force to achieve de-adhesion, which is an essen-
tial step in cell migration (27). The present study showed that 
hypoxia downregulates NMIIA expression and induces the 
redistribution of NMIIA to the cellular peripheries thus possibly 
weakening their anchoring force, and this further accelerates 
the formation of F-actin in 95D cells. Our results showed that 
DT-13 reverses the effect of hypoxia by lessening the formation 
of F-actin. Moreover, we found that DT-13 inhibits human lung 
cancer 95D cells spreading on fibronectin or migration and inva-
sion in vitro, and these findings are consistent with orthotopic 
lung cancer metastasis in vivo. Our findings strongly support the 
notion that DT-13 upregulates NMIIA and disrupts actin stress 
fibers, which are key factors associated with cell migration. 
Firthermore, we also verified these findings by knocking down 
MYH9 in 95D cells or using blebbistain to inhibit NMIIA, 
which all accelerate cell migration (Fig. 2C and D).

Paxillin is a component of focal adhesion complexes, 
which mediates focal adhesion assembly and cell motility (28). 
In this study, we found that hypoxia activates p-paxillin, while 
DT-13 downregulates the expression of p-paxillin. This effect 
may be the result of DT-13-induced NMIIA upregulation, 
while NMIIA may increase the anchoring forces generated 
through NMIIA to FAS. Furthermore, we discovered that the 
Raf-ERK1/2 signaling pathway is the major pathway through 
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which DT-13 exerts the cell migration-inhibitory effect. On the 
one hand, upregulation of NMIIA expression by DT-13 treat-
ment induces significant inactivation of ERK by decreasing 
phospho-ERK1/2 levels and inhibits c-Raf kinase under 
hypoxia. On the other hand, as ERK1/2 is known to complex 
and colocalize with paxillin (13), DT-13 downregulates 
paxillin and ERK1/2 may inhibit the binding of ERK1/2 to 
paxillin, and further inhibit the migration of 95D cells, but 
this hypothesis still need to be confirmed. Besides paxillin, 
previous studies reported that calpain and MMPs are involved 
in the Raf-ERK1/2 signaling pathway regulating NMIIA (29), 
and our previous results showed that DT-13 could repress the 
metastasis of human lung cancer A549 cells by inhibiting 
MMPs (20). Therefore, we speculate the MMPs are involved 
in the anti-metastatic effect of DT-13 in 95D cells.

Thus, it is necessary to clarify how DT-13 suppresses 95D 
cell metastasis by regulating NMIIA under hypoxia. Hypoxia is 
a potent inducer of HIF-1α expression, and HIF-1α plays a critical 
role in tumor progression and dissemination. Our previous report 
showed DT-13 could inhibit the expression of HIF-1α, thus we 
hypothesize DT-13 may indirectly regulate NMIIA by the inhi-
bition of HIF-1α. In this study, we showed hypoxia redistributes 
NMIIA to the cell periphery, which reduces the adhesion effect, 
while NMIIA accumulated in the nuclear periphery after treated 
with DT-13. Therefore, these results demonstrate that DT-13 may 
directly regulate NMIIA under hypoxic condition.

In conclusion, this study demonstrated, hypoxia promotes 
the migratory potential of in vitro cultured 95D cells by down-
regulating NMIIA expression and redistributing NMIIA to 
the periphery of 95D cells via rearrangement of F-actin and 
activation of Raf-ERK1/2 signaling pathway. The experiments 
further indicated the potential of DT-13 to hamper metastasis 
in vitro and in vivo, acting through upregulation of NMIIA 
and redistribution NMIIA to the nuclear periphery, further 
disrupting actin stress fibers and inhibiting the Ras-ERK1/2 
signaling pathway. This conclusion is also supported by 
MYH9 knockdown cells or blebbistatin treated 95D cells. 
Thus, NMIIA may play an important role in the anti-metastatic 
process of DT-13. However, further studies are required to 
determine whether NMIIB, MMPs and calpain are involved in 
the anti-metastatic effect of DT-13, and more in-depth experi-
ments, such as changes of NMIIA in vivo after treatment with 
DT-13, and clinic trials also need to be performed. In general, 
this study provides the first demonstration that DT-13 inhibits 
95D cell migration and invasion through the activation of 
NMIIA via inhibition of Ras-ERK1/2 signaling pathway. 
Therefore, our findings offer new insights into the potential 
significance of DT-13 in lung cancer.
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