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Abstract. Neuromedin B (NMB) acts as an autocrine growth 
factor and a pro-angiogenic factor. Its receptor, NMB receptor 
(NMB-R), is overexpressed in solid tumors. In the present 
study, we showed that an NMB-R antagonist, PD168368, 
suppresses migration and invasion of the human breast cancer 
cell line MDA-MB-231. In addition, PD168368 reduced 
epithelial-mesenchymal transition (EMT) of breast cancer 
cells by E-cadherin upregulation and vimentin downregula-
tion. Moreover, we found that PD168368 potently inhibits 
in vivo metastasis of breast cancer. Taken together, these find-
ings suggest that NMB-R antagonism may be an alternative 
approach to prevent breast cancer metastasis, and targeting 
NMB-R may provide a novel therapeutic strategy for breast 
cancer treatment.

Introduction

The bombesin family contains bombesin, a tetradecapeptide 
originally isolated from amphibian skin, and other mammalian 
bombesin-like peptides including gastrin-releasing peptide 
(GRP) and neuromedin B (NMB) (1,2). These peptides play a 
role a variety of physiological and pathological functions such 
as smooth muscle contraction, exocrine and endocrine secre-
tion, inflammation, and cancer by activating their respective 
high-affinity receptors (3,4). These receptors are members of 
the G protein-coupled receptor superfamily and play critical 
roles in tumor development, invasion and metastasis  (5). 
Aberrant expression of bombesin-like peptides and their 

receptors has been found in some types of human cancers 
including breast cancers (6).

Accumulating data demonstrates that GRP acts as a 
mitogen, morphogen and proangiogenic factor in many types of 
tumors (7-9). Therefore, blocking the GRP receptor by antago-
nists, monoclonal antibodies, and antisense oligonucleotides 
have become an attractive therapeutic approach for some types 
of human tumors (10,11). NMB has been reported to regulate 
tumor cell proliferation in several cancer cell lines including 
lung, colon and glioma, and has been shown to trigger intracel-
lular signaling related to tumor cell growth and proliferation 
through activation of the NMB receptor (NMB-R) (12-14). 
In line with attempts to investigate the function of NMB/
NMB-R in biological processes, a small non-peptide NMB-R 
antagonist has been developed and has proven to be useful in 
understanding the pathophysiology of NMB/NMB-R (15,16). 
Previously, we have shown that NMB and an NMB-R antago-
nist can regulate angiogenesis both in vivo and in vitro (17). 
In addition, we have shown that NMB-R antagonism blocks 
the growth of breast cancer cells (18). Here, we focused on the 
inhibitory effect of an NMB-R antagonist on breast cancer cell 
metastasis. Our results demonstrated that an NMB-R antago-
nist suppresses migration and invasion capacity as well as 
EMT of MDA-MB‑231 cells, thereby inhibiting breast cancer 
cell metastasis.

Materials and methods

Reagents and antibodies. Neuromedin B and PD168368 were 
purchased from Sigma-Aldrich (St. Louis, MO, USA) and 
Tocris Bioscience (Minneapolis, MN, USA), respectively. 
PD168368 was dissolved in dimethyl sulfoxide (DMSO) at 
a concentration of 5 mM and DMSO was used as a solvent 
control for all in vitro experiments and in vivo assays involving 
treatment with PD168368. Antibodies for phospho-mTOR, 
mTOR, phospho-p70S6K, p70S6K, phospho-AKT, AKT, 
phospho-GSK3β, GSK3β, phospho-4EBP1 and 4EBP1 were 
obtained from Cell Signaling Technology (Danvers, MA, 
USA). Human NMB-R antibody and α-tubulin antibody were 
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA) and BioGenex (Fremont, CA, USA), respectively.
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Cell culture. MDA-MB-231, MDA-MB-468 and MCF-7 cells 
from the American Type Culture Collection (ATCC; Manassas, 
VA, USA) were cultured in Dulbecco's modified Eagle's 
medium (DMEM; Gibco-BRL, Grand Island, NY, USA) 
containing 10% heat-inactivated fetal bovine serum (fbs; 
Gibco-BRL) and 1% penicillin-streptomycin (Gibco-BRL) at 
37˚C in a humidified atmosphere containing 5% CO2.

GEO analysis. In order to compare the NMB-R mRNA 
expression in normal breast tissues and invasive cancer tissues, 
we analyzed publicly available gene expression datasets of 
human samples (accession no. GSE10797, http://www.ncbi.
nlm.nih.gov/geo/). The differential expression of NMB-R 
mRNA expression was identified by web-based application 
GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r/) and the 
Kolmogorov-Smirnov test was used to determine significant 
differences.

Reverse transcription polymerase chain reaction (RT-PCR) 
analysis. Total RNA was isolated from MDA-MB-231 cells 
with a Trizol reagent kit (Life Technologies, Carlsbad, Ca, 
USA). cDNA synthesis was performed using 2 µg of total 
RNA with a reverse transcription kit (Promega, Madison, Wi, 
USA). The forward and reverse oligonucleotide primers for 
PCR were as follows: β-actin, 5'-GACTACCTCATGAAG 
ATC-3' and 5'-GATCCACATCTGCTGGAA-3'; NMB-R, 
5'-CAGAAGTGGCTCGCATCAGT-3' and 5'-GCTGTTGAA 
ATGCCTCCTGA-3'; E-cadherin, 5'-AACATGGTTCAGAT 
CAAATC-3' and 5'-AAGCTTGAAGATCGGAGGATTAT 
CG-3'; vimentin, 5'-TGGCACGTCTTGACCTTGAA-3' and 
5'-GGTCATCGTGATGCTGAGAA-3'; Snail, 5'-CTGGGC 
GCCCTGAACATGCA-3' and 5'-GGCTTCTCCCCCGTGT 
GAGTTCTA-3'.

Real-time PCR. Real-time PCR quantification was performed 
using SYBR-Green (LightCycler; Roche Applied Science). 
Cycling parameters consisted of 1 cycle of 95˚C for 10 min, 
followed by amplification for 30 cycles of 95˚C for 10 sec, 
57˚C for 5 sec, and 72˚C for 7 sec. Subsequently, a melting 
curve program was applied with continuous fluorescence 
measurement. The entire cycling process including data anal-
ysis took less than 1 h and was monitored using the LightCycler 
software program (version 4.0). The forward and reverse 
oligonucleotide primers for real-time PCR were designed as 
follows: β-actin, 5'-ACTCTTCCAGCCTTCCTTCC-3' and 
5'-TGTTGGCGTACAGGTCTTTG-3'; NMB-R, 5'-GGGGT 
TTCCGTGTTCACTCT-3' and 5'-CAGGAAGATTGTGTGC 
GCTT-3'.

Western blot analysis. Harvested cells were lysed in a buffer 
containing 40 mM Tris-HCl, 10 mM EDTA, 120 mM NaCl, 
0.1% Nonidet P-40, and a protease inhibitor cocktail (Sigma-
Aldrich). Samples containing equal amounts of protein 
(30 µg/lane) were separated by SDS-PAGE and transferred 
to a nitrocellulose membrane (GE Healthcare Life Sciences, 
Pittsburgh, PA, USA). The membrane was blocked with 5% 
skim milk in PBS or TBS containing 0.1% Tween-20 for 1 h at 
room temperature and probed with the appropriate antibodies. 
The signal was developed using an enhanced chemilumines-
cence detection system (GE Healthcare Life Sciences).

Boyden chamber migration assay. Transwell polycarbonate 
membrane inserts with 8 µm pores were coated with 10 µg 
gelatin. MCF-7 or MDA-MB-231 cells were suspended in 
DMEM at a concentration of 1x105 cells/100 µl, and were added 
to the upper chamber. NMB (5 µg/ml) or PD168368 (5 µM) in 
DMEM was added into the lower chamber. Migratory MCF-7 
or MDA-MB-231 cells appearing on the lower side of the 
chamber were fixed by careful immersion of the filter into 
methanol for 1 min, stained with hematoxylin-eosin (H&E) 
solution and counted in three random fields per well. Each 
experiment was performed in duplicate and three separate 
experiments were performed for each group.

Scratch wound healing assay. Cells were seeded in 6-well 
plates at a concentration of 1x106 cells/well in 1  ml of 
serum-free DMEM for 6 h, until an adherent monolayer was 
obtained. A 10 µl pipette tip was used to create a scratch in 
the monolayer and the cells were washed 3 times with serum-
free medium. The cells were then placed in fresh serum-free 
medium and treated with either NMB (5 µg/ml) or PD168368 
(5 µM). Samples were taken at the beginning and after 24 h 
of culture in 5% CO2 at 37˚C. Images of the scratch wounds 
were taken and measured by ImageJ software to calculate the 
mean and standard deviation. Each experimental group was 
compared with its respective control. The experiments were 
repeated 3 times.

Invasion assay. Invasion was examined in a Corning Costar 
Transwell system. The lower and upper sides of polycarbonate 
filters with 8 µm pores were coated with 0.5 mg/ml type I 
collagen and 0.5 mg/ml Matrigel, respectively. The lower 
compartment contained medium with NMB or PD168368, and 
MCF-7 or MDA-MB-231 cells were placed in the upper part 
of the Transwell apparatus. Cell invasion was determined by 
counting cells on each filter with an optical microscope at x40 
magnification.

Multicellular spheroids/3-dimensional (3D) cell culture 
assay. MDA-MB-231 cell culture dishes (24-well plates) were 
precoated with undiluted phenol red-free Matrigel (10 mg/ml). 
For each well, 1x104 cells were suspended in 200 µl PBS 
and mixed with 100 µl of cold Matrigel (10 mg/ml). The cell 
suspension was added dropwise over the bottom layer to cover 
it. After the cell layer was completely set, culture media was 
added over the top. Media was changed every 2 days without 
disturbing the cell/matrix layer. Images were taken at the indi-
cated times using x10 magnification for an overview and x40 
magnification to document spheroid structure.

Intracardiac experimental metastasis model. Female 
BALB/c-nude mice (age 8-10 weeks) were anesthetized by 
intraperitoneal injection of a mixture containing 30 mg/kg 
zoletil and 10 mg/kg xylazine (Rompun). MDA-MB-231 cells 
(2x106 cells/0.1 ml in PBS) were injected into the left cardiac 
ventricle of nude mice with a 26-1G needle according to 
previously described methods with modifications (19). Correct 
injection position in the left ventricle was confirmed by the 
appearance of bright red blood at the hub of the needle in a 
pulsatile fashion. The first group of animals received 70 µl of 
vehicle [polyethylene glycol 400 (PEG; Sigma-Aldrich)] by 
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intraperitoneal injection, while the second group of animals 
received 1.2 mg/kg injections of PD168368 in PEG by intraper-
itoneal injection. All mice were sacrificed 4 weeks post-tumor 
inoculation. Any mice showing signs of distress prior to 4 
weeks were sacrificed immediately. Animals were euthanized 
by CO2 asphyxiation and histological analysis was performed. 
Metastatic lung tissues were prepared and thin sections (4 µm) 
from selected areas were analyzed. After deparaffinization, 
H&E staining was used to evaluate morphology. This study 
conformed to the ethical guidelines of the Institutional Animal 
Care and Use Committee at Pusan National University, Korea.

Statistical analysis. Data are represented as the mean ± stan-
dard deviation obtained for at least 3 independent experiments. 
Statistical comparisons between groups were performed by 
the one-way ANOVA followed by the Student's t-test.

Results

NMB-R is highly expressed in invasive human breast cancer 
cells. We analyzed a public genomics data set deposited in 
the NCBI Gene Expression Omnibus (GEO) database (acces-
sion no. GSE10797) in which microarray data were compared 
between normal breast tissue (n=5) and invasive breast cancer 
(n=28)  (20). This dataset showed a significant increase in 
NMB-R mRNA expression in invasive breast cancer tissues 
(Fig. 1a). This result is supported by our previous findings 
showing NMB-R to be highly expressed in malignant breast 
tissues (17,18). Based on these results, we explored the expres-
sion levels of the NMB-R in 3 human breast cancer cell lines 
(MDA-MB-231, MCF-7 and MDB-MB-468), by employing 
RT-PCR, real-time PCR and western blot analysis. As shown 
in Fig. 1b and 1c, examination of NMB-R gene expression in 
3 breast cancer cell lines revealed that NMB-R was expressed in 
all of these cancer cell lines using RT-PCR and real-time PCR 
analysis. Moreover, the expression level of the NMB-R mRNA 
was higher in invasive breast cancer cells (MDA‑MB‑231) than 
in less-invasive breast cancer cells (MCF-7 and MDB-MB‑468). 
The pattern in NMB-R expression was confirmed at the protein 
level in MDA-MB‑231 and MCF-7 cells (Fig. 1b, lower). The 
following studies were designed to investigate the inhibitory 
role of an NMB-R antagonist in the invasive breast cancer cell 
line MDA-MB‑231 that highly expresses NMB-R.

PD168368 inhibits migration and invasiveness in breast 
cancer cells. The effect of the NMB-R antagonist PD168368 
on cellular behavior of breast cancer cells was determined by 
migration and invasion assays. Concentrations of PD168369 
used in the present study showed no cytotoxic effect on 
human breast cancer cell lines MDA-MB-231 and MCF-7. We 
demonstrated that the NMB-R antagonist PD168368 clearly 
decreased the migratory ability of MDA-MB-231 cells in a 
Boyden chamber migration assay (Fig. 2a). To complement 
this Boyden chamber assay, we performed a wound healing 
migration assay to qualitatively observe the inhibitory effect 
of PD168368 on the motility of MDA-MB-231 cells. As 
shown in Fig. 2b, PD168368 treatment decreased the number 
of cells that migrated into the scratch wound compared to 
control MDA-MB-231 cells. Next, we examined the effect of 
PD168368 on invasion capacity of the breast cancer cells in 

a Matrigel-based Transwell invasion assay. Treatment with 
PD168368 suppressed the invasion ability of MDA-MB-231 
cells (Fig. 2c). In addition, we investigated the inhibitory 
effects of PD168368 on NMB-induced migration and inva-
sion of MCF-7 cells by utilizing a Boyden chamber assay. As 
shown in Fig. 2d, PD168368 inhibited the migration and inva-
sion ability of MCF-7 cells induced by NMB, suggesting that 
PD168368 specifically inhibited NMB-induced migration and 
invasion in breast cancer cells. 

MDA-MB-231 cells grown in 3D Matrigel culture form 
thorn or leg shapes, which shows the migratory and inva-
sive properties of these cells (21). However, treatment with 
PD168368 attenuated these aggressive phenotypes in 3D 
Matrigel culture (Fig. 2e).

PD168368 regulates EMT in breast cancer cells. The epithe-
lial-mesenchymal transition (EMT) is a crucial early event in 
the migration, invasion, and metastasis of cancer cells from the 
primary tumor site (22,23). To investigate whether PD168368 
regulates metastatic features of breast cancer cells via inhib-
iting EMT, we assessed the effect of PD168368 on EMT marker 
expression in MDA-MB-231 cells by RT-PCR and real-time 
PCR analysis. As shown in Fig. 3a and b, PD168368 treatment 

Figure  1. Expression of NMB-R in human breast cancer cell lines. 
(a) NMB-R mRNA expression levels were analyzed from gene expression 
dataset GSE10797 deposited in GEO. The difference in mRNA expres-
sion between normal and invasive breast cancer tissues was analyzed by 
a Kolmogorov-Smirnov test (*P<0.01). (b) The mRNA expression levels 
of NMBR in MDA-MB-231, MDA-MB-468 and MCF-7 were determined 
by RT-PCR. β-actin was used as the internal control (upper). The protein 
expression levels of NMB-R were examined by western blotting using an 
anti-NMB-R antibody and α-tubulin served as the loading control (lower). 
(c) Using real-time PCR, the expression level of NMB-R mRNA was quanti-
fied from at least 3 independent experiments. The values were normalized to 
β-actin mRNA levels. 
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Figure 2. Effect of PD168368 on cell motility and invasiveness of human breast cancer cells. (a) MDA-MB-231 cells were seeded on type I collagen-coated filters 
for the migration assay. MDA-MB-231 cells in the absence or presence of PD168368 (5 µM) were cultured on Transwell chambers for 24 h. The migrated cells were 
stained with hematoxylin-eosin and photographed (upper). The number of migrated cells was counted (lower). *P<0.05 vs. control. (b) The migration capability 
of the cells were analyzed by scratch wound healing assay. MDA-MB-231 cells treated with PD168368 (5 µM) for 24 h showed significantly altered migration 
(upper). The number of cells that migrated beyond the reference line was counted (lower). *P<0.05 vs. control. (c) The invasive properties of cells were analyzed 
by invasion assay using Matrigel-coated Transwell chambers. MDA-MB-231 cells were incubated on Transwell chambers in the absence or presence of PD168368 
(5 µM) for 24 h. Invasive cells were stained with hematoxylin-eosin and photographed (upper). The number of invaded cells was determined (lower). (d) MCF-7 
cells were treated with NMB (5 µg/ml) alone or in combination with PD168368 (5 µM), and the invasion and migration abilities of cells were determined (upper). 
Migrated and invaded cells were stained with hematoxylin-eosin and then counted (lower). *P<0.05 vs. control; #P<0.05 vs. NMB alone. PD, PD168368. (E) MDA-
MB‑231 cells were grown for 7 days in 3D Matrigel cultures in the absence or presence of PD168368 (5 µM). Shapes of MDA-MB-231 cells altered with PD168368 
treatment were photographed under a microscope (left), and then counted (right). The results shown are representative of at least three independent experiments. 
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resulted in upregulation of the epithelial marker E-cadherin 
and downregulation of the mesenchymal markers vimentin 
and Snail in MDA-MB-231 cells. We next investigated the 
inhibitory effects of PD168368 on NMB-regulated EMT 
marker expression in MCF-7 cells by adopting a RT-PCR and 
real-time PCR assay. As shown in Fig. 3c, PD168368 increased 
the levels of E-cadherin expression reduced by NMB, whereas 
PD168368 diminished the levels of vimentin and Snail expres-
sion induced by NMB. These results suggest that PD168368 
inhibits EMT in breast cancer cells.

PD168368 suppresses the activation of mTOR/p70S6K/4EBP1 
and AKT/GSK-3β pathways in breast cancer cells. Recent 
studies showed that the mTOR pathway is frequently activated 
in breast cancer metastasis (24,25). Activation of mTOR and 

the subsequent phosphorylation and activation of its down-
stream targets p70S6K and eIF4E binding protein 1 (4EBP1) 
play an important role in promoting cell growth and metastasis 
in breast cancer (26,27). Therefore, we determined whether 
NMB stimulates the phosphorylation of mTOR, p70S6K and 
4EBP1 in MCF-7 cells. As shown in Fig. 4a, exogenous NMB 
treatment increased the phosphorylation levels of mTOR, 
p70S6K and 4EBP1 in MCF-7 cells. Additionally, because 
activation of the AKT/GSK-3β pathway is emerging as a 
central feature of EMT (21,28), we speculated NMB regulates 
AKT/GSK-3β activity in breast cancer cells. Phosphorylation 
of AKT and GSK-3β were also significantly induced in 
MCF-7 cells treated with NMB, without obviously influ-
encing total AKT and GSK-3β levels. In contrast, as shown in 
Fig. 4b, treatment of the MDA-MB-231 cells with PD168368 

Figure 3. Effect of PD168368 on EMT marker expression in human breast cancer cells. (a and b) MDA-MB-231 cells were treated with PD168368 (10 µM) 
for the indicated times. (a) Total RNA was isolated and then analyzed by RT-PCR using specific primers to human E-cadherin, vimentin and Snail. β-actin 
was used as the internal control. (b) Using real-time PCR, the expression levels of E-cadherin, vimentin and Snail mRNA were quantified. The values were 
normalized to levels of β-actin mRNA. *P<0.05 vs. control. (c) MCF-7 cells were incubated with NMB (5 µg/ml) in the absence or presence of PD168368 
(10 µM) for 24 h. Total RNA was isolated and analyzed by RT-PCR using specific primers to human E-cadherin, vimentin and Snail. β-actin was used as 
the internal control. The lower panel shows the densitometric analysis of relative E-cadherin, vimentin and Snail expression levels in at least 3 independent 
experiments. **P<0.01 vs. control, *P<0.05 vs. control, #P<0.05 vs. NMB alone.
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decreased phosphorylation levels of mTOR, p70S6K, 4EBP1, 
AKT and GSK-3β in a time-dependent manner. Next, we 
investigated the effect of PD168368 on NMB-induced activa-
tion of mTOR/p70S6K/4EBP1 and AKT/GSK-3β in MCF-7 
cells. As shown in Fig. 4c, PD168368 effectively reduced the 
NMB-induced phosphorylation of mTOR/p70S6K/4EBP-1 
and AKT/GSK-3β signaling.

PD168368 inhibits metastasis of breast cancer. The effect of 
PD168368 on breast cancer cell metastasis was further inves-
tigated in vivo by employing lung metastasis assays. Cardiac 
injection of MDA-MB-231 cells (2x106 cells/mouse) can lead 
to the formation of lung metastases in mice. The mice received 
intraperitoneal injections with PD168368 (1.2 mg/kg) or PEG 

(vehicle) for 30 days. As shown in Fig. 5a, no metastatic tumor 
nodules were observed in lungs of PD168368-treated mice 
compared to PEG-injected mice. After sacrifice, lungs were 
collected and sectioned, and H&E staining showed that the 
PD168368-injected mice formed much fewer metastatic lung 
tumors than PEG-injected mice (Fig. 5b and c). These data 
showed that PD168368 significantly reduces lung metastatic 
potential of human breast cancer cells.

Discussion

Bombesin-like peptides and their receptors have been 
demonstrated to be overexpressed in various types of human 
malignancies (6). GRP-R is overexpressed in many malignan-

Figure 4. Effect of NMB and PD168368 on mTOR/p70S6K/4EBP1- and 
AKT/GSK-3β phosphorylation in human breast cancer cells. (a) MCF-7 cells 
were treated with NMB (5 µg/ml) for the indicated times. Western blots were 
probed with p-/total-mTOR, p-/total-p70S6K, p-/total-4EBP1, p-/total-AKT 
and p-/total-GSK-3β antibodies. (b) MDA-MB-231 cells were treated with 
PD168368 (10 µM) for the indicated times. Western blots were probed with 
p-/total-mTOR, p-/total-p70S6K, p-/total-4EBP1, p-/total-AKT and p-/total-
GSK-3β antibodies. (c) The MCF-7 cells were incubated with NMB (5 µg/ml) 
in the absence or presence of PD168368 (10 µM) for 16 h. Western blots were 
probed with p-/total-mTOR, p-/total-p70S6K, p-/total-4EBP1, p-/total-AKT 
and p-/total-GSK-3β antibodies. β-actin served as the loading control. Shown 
are representative western blots from at least three independent experiments.
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cies including lung (small and non-small cell type), breast, 
prostate cancer, head and neck squamous cell carcinoma, 
glioblastoma, pancreatic and ovarian cancer (7,29). Compared 
to GRP/GRP-R, the role of NMB/NMB-R has received 
considerably less attention in tumorigenesis, yet, some studies 
have mentioned NMB-R expression in tumors such as intes-
tinal carcinoids, lung, colon cancer and glioblastoma (30,31). 
GRP and NMB are often synthesized and secreted from the 
tumors themselves and both peptides have been shown to exert 
an autocrine effect on the growth and differentiation of tumors 
that express GRP-R and NMB-R (1,32). In the present study, 
we demonstrated that the NMB-R is expressed at a signifi-
cantly higher level in invasive breast cancer tissues than in 
non-invasive tissues in dataset GSE10797 deposited in GEO. 
These results are consistent with those of our previous studies 
that show expression of NMB-R and NMB in neoplastic breast 
tissues. Expression of NMB-R (54 of 63 cases, 86%), (42 of 50 
cases, 84%), and NMB (41 of 63 cases; 65%) were observed in 
the human breast tumor tissues examined (17,18).

Breast cancer is one of the most commonly diagnosed 
cancers and is the leading cause of cancer mortality in women 
(33). The 5-year survival rate for localized breast cancer 
is relatively high, whereas the survival rate dramatically 
reduces when breast cancer metastasizes (34). Tumor metas-

tasis is driven by a series of biological processes in cancer 
cells, including acquisition of the ability to migrate from the 
primary tumor, invade surrounding tissues and metastasize to 
distal organs (35). To facilitate the early stage of metastatic 
expansion, malignant cancer cells go through EMT (36). EMT 
was initially known as a developmental process in which 
cells lose their epithelial characteristics (including junctions 
between cells and apical-basolateral polarity) and acquire a 
mesenchymal phenotype with migratory and invasive proper-
ties (37). Lately, the pathological potential of EMT has been 
applied to the mechanism of tumor invasion and metastasis in 
several types of cancer, including breast cancer (38). Increasing 
evidence has shown that malignant breast cancer cells undergo 
EMT to develop a more motile and invasive phenotype (39,40). 
Targeting key steps of EMT may serve as an efficient thera-
peutic strategy for malignant and metastatic breast cancers 
(41). Here, we investigated the role of PD168368 in the regula-
tion of migration, invasion and EMT in breast cancer cells. We 
showed that PD168368 regulates the expression of canonical 
EMT markers, including induction of E-cadherin and loss of 
vimentin. Snail, a member of the Snail transcription factor 
superfamily, is known to be a master regulator of EMT by 
repressing epithelial genes and inducing mesenchymal genes 
(42). Here, we showed that Snail expression is downregulated 

Figure 5. Effect of PD168368 on in vivo lung metastasis. (a) MDA-MB-231 cells were injected into the left cardiac ventricle of 8-week-old female athymic 
nude mice. The first group received vehicle (PEG) treatment by intraperitoneal injection, while the second group of animals received 1.2 mg/kg injections of 
PD168368 in PEG by intraperitoneal injection. Normal lungs were used as the negative control. Images of representative animals with metastatic lung nodules 
are shown from three independent animal experiments. (b) The metastatic lung tissues were removed from mice after 30 days and embedded in paraffin. 
Tissue sections from metastatic lungs were stained with hematoxylin-eosin and photographed. (c) Histomorphometric analyses were performed from experi-
ments in (b) to quantify the tumor area. The paraffin sections of metastasized lung were prepared and stained with H&E. The 10 distinct x40 images from 
each group were obtained and the tumor area was measured by ImageJ software. The error bars show the mean ± SD of independent experiments and p-values 
were based on Student's t-test.
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after treatment with PD168368. Further studies are necessary 
to investigate whether NMB/NMB-R expression is negatively 
correlated with the expression of epithelial markers and posi-
tively correlated with expression of mesenchymal markers in 
breast cancer tissues.

The mTOR pathway is frequently activated in breast 
cancers, and plays a significant role in the growth and metas-
tasis of breast cancer (43). In this study, we demonstrated that 
NMB activates mTOR and subsequently induces phosphory-
lation and activation of its downstream targets p70S6K and 
4EBP1 in breast cancer cells. In addition, we also found that 
NMB induces the activation of AKT in breast cancer cells. 
The mTOR pathway can be activated by the AKT pathway 
to induce migratory and invasive properties of breast cancer 
cells  (44), which raises the possibility that NMB activates 
the mTOR pathway through AKT. Further investigations are 
required to determine whether NMB drives tumorigenesis 
and progression to metastasis via the AKT-mTOR signaling 
pathway in breast cancer.

Collectively, we demonstrated the inhibitory effect of the 
NMB-R antagonist PD168368 on migration, invasion, and 
metastasis of human breast cancer cells in vitro and in vivo. 
Together, our findings suggest antagonism of the NMB-R may 
be an effective approach for controlling breast tumor metastasis.
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