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Abstract. The contribution of aberrant osteopontin (OPN) 
expression to tumor progression and metastasis has been 
documented in a wide spectrum of malignancies, and targeted 
inhibition of OPN has therefore emerged as an attractive 
strategy for cancer therapy. Transcription of OPN is regulated 
by various transcription factors, and our recently published 
study demonstrated that downregulation of OPN is an impor-
tant event in the TGF‑β cytostatic program. We report here 
that brefelamide exerts an inhibitory effect on OPN expres-
sion and function in A549 human lung carcinoma cells. The 
promoter, RNA, and protein levels of OPN were decreased in 
brefelamide‑treated A549 cells, which was accompanied by 
reduced invasive ability in vitro. OPN inhibition by brefelamide 
was largely abrogated by disruption of a putative TGF‑β inhibi-
tory element in the OPN promoter. Treatment with brefelamide 
induced Smad4 expression, and knockdown of Smad4 by 
RNA interference partially diminished the inhibitory effect of 
brefelamide on OPN. These results indicate that brefelamide 
inhibited OPN‑mediated cell invasion through restoration of 
the OPN repression by TGF‑β/Smad signaling. Together with 
the reported antiproliferative property, our findings suggest 
that brefelamide might serve as a potential candidate for the 
development of a new antitumor and antimetastatic agent.

Introduction

Metastasis is implicated in cancer aggressiveness and poor 
clinical outcome, which accounts for ~90% of all cancer‑related 

deaths (1,2). Metastatic cascade is a multistep process composed 
of a series of events such as invasion, intravasation, transport, 
extravasation, and colonization (3). Tumor metastatic progression 
is driven not only by genetic aberrations intrinsic to malignant 
cells but by pro‑metastatic factors from the surrounding envi-
ronment (4). Besides being enriched with genetically altered 
cancer cells, the tumor microenvironment  (TME) consists 
of heterogeneous mixture of non‑cancerous cells, including 
fibroblasts, immune cells, and endothelial cells in conjunc-
tion with extracellular matrix (ECM) called stroma (5,6). The 
progression of cancer towards metastasis is regulated by a 
time‑evolving network of interactions between neoplastic cells 
and the associated stroma. In addition to providing a physical 
support for architecture, ECM represents an important player in 
mediating communication between cells and signaling cascades 
involved in cell migration, proliferation, survival and differen-
tiation (7‑9). Matricellular proteins, a family of non‑structural 
ECM proteins, play important roles in modulating cell‑cell and 
cell‑matrix interactions (10). Multiple members of the matricel-
lular protein family have been identified as important regulators 
in conferring various aspects of cancer cell behavior, such as 
epithelial‑mesenchymal transition, angiogenesis, cell migration, 
survival, proliferation, and ECM degradation (11).

Osteopontin  (OPN) is a multifunctional matricellular 
protein produced by a broad range of cells including osteoclasts, 
macrophages, T cells, kidneys, and vascular smooth muscle 
cells (12). OPN modulates multiple cellular processes, such as 
inflammation, wound healing, bone formation and remodeling, 
as well as tumor growth and metastasis (13,14). By interaction 
with αvβ3 integrins and CD44, OPN signals a complex cascade 
promoting proliferation, migration and invasion of tumor cells, 
inhibiting apoptosis, and facilitating extracellular remodeling 
and angiogenic processes (15‑18). In line with these experi-
mental observations, the pro‑tumorigenic and pro‑metastatic 
activities of OPN were suggested in numerous clinical labora-
tory analyses. It has been shown, for example, that OPN plasma 
concentration correlates well with tumor grade and progression 
in multiple cancers such as breast and ovarian cancer (19). 
Therefore, targeted inhibition of OPN represents a rational and 
promising therapeutic strategy in oncology.
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Brefelamide is an aromatic amide isolated from 
Dictyostelium cellular slim molds. It was previously shown 
that brefelamide inhibits the proliferation of human‑derived 
1321N1 astrocytoma cells (20), and the antiproliferative effect 
was associated with a reduced phosphorylation of epidermal 
growth factor receptor (EGFR) and attenuated EGFR‑mediated 
ERK signaling cascade (21). In this study, we further explored 
the feasibility of brefelamide as an anticancer therapeutic 
agent and found that brefelamide inhibited OPN gene expres-
sion and consequently reduced the invasion of human lung 
adenocarcinoma‑derived A549 cells. The inhibition of OPN 
by brefelamide appears to involve induction of Smad4 expres-
sion and subsequent restoration of the TGF‑β/Smad‑mediated 
OPN repression.

Materials and methods

Plasmids. The reporter vector pOPN1‑luc, as  well  as its 
mutants pOPN‑lucmTIE1 an 2 have been described previ-
ously (22,23) The plasmid expressing shRNA against Smad4 
under the control of the U6 promoter was constructed as previ-
ously described (23,24). For construction of pcDNA3.1‑OPN, 
full‑length cDNA fragment of OPN open reading frame was 
amplified with primers 5'‑ataaagcttATGAGAATTGCAGTG 
ATTTG‑3' and 5'‑atatctagaTTAATTGACCTCAGAAG 
ATG‑3', digested with HindⅢ and XbaI, and ligated into 
pcDNA3.1 vector (Invitrogen). The sequence in the construct 
was confirmed by nucleotide sequencing.

Cells. All cell lines were purchased from American Type 
Culture Collection  (ATCC) and maintained in Dulbecco's 
modified Eagle's medium (DMEM, invitrogen) supplemented 
with 10% fetal bovine serum (FBS) and 50 U/ml penicillin 
and streptomycin in a 5% CO2 humidified atmosphere. The 
cell line, A549/OPN‑luc, was established by co‑transfection of 
A549 cells with pOPN1‑luc and pPUR (Clontech Laboratories, 
Inc.), followed by selection in the presence of 1 µg/ml puro-
mycin (Sigma).

Chemicals. Brefelamide was synthesized as described previ-
ously (20). It was dissolved in DMSO at a concentration of 
50 mmol/l and stored at ‑20˚C. Aliquots of this stock solution 
were subsequently diluted to the indicated concentrations before 
the treatment of the cells. Cisplatin was purchased from Wako 
Pure Chemical Industries, Ltd. (Osaka, Japan) and sorafenib 
was purchased from Cayman Chemicals (Ann Arbor, MI, USA).

ELISA. For OPN detection, supernatants were collected from 
culture after a 48‑h treatment in the absence or presence of 
brefelamide, and OPN levels in the culture medium were 
determined with OPN ELISA kit (R&D systems).

Real‑time RT‑PCR. Cells were lysed with TRIzol reagent 
(Invitrogen), and total RNA was extracted according to the 
manufacturer's instructions. After treatment with RNase‑Free 
DNase (Promega), the DNA‑Free RNA (250 ng) was used for 
the synthesis of the first‑strand cDNA at 42˚C for 60 min using 
M‑MLV Reverse Transcriptase (Invitrogen). Real‑time quanti-
tative PCR using Power SYBR Green PCR Master Mix was 
conducted for 40 cycles at 95˚C for 15 sec and at 60˚C for 1 min 

in a 96‑well format on StepOnePlus™ Real‑Time PCR 
System (both from Applied Biosystems). Primer sequences 
were as follows: OPN forward, 5'‑ACTCGTCTCAGGCCAG 
TTG‑3' and reverse, 5'‑CGTTGGACTTGGAAGG‑3'; Smad4 
forward, 5'‑GCATCGACAGAGACATACAG‑3' and reverse, 
5'‑AATCCATTCTGCTGCTGTCC‑3'; GAPDH forward, 
5'‑TGATGACATCAAGAAGGTGG‑3' and reverse, 5'‑TCC 
TTGGAGGCCATGTGGGC‑3'.

Transient transfection and luciferase assay. Cells were seeded 
at 1x105 in 1 ml medium/well of 12‑well plates 24 h before 
transfection. Indicated plasmid DNAs were transfected into 
cells with Effectene Transfection Reagent (Qiagen). For each 
transient transfection, pRL‑TK vector (Promega) was co‑trans-
fected as an internal control to normalize the transfection 
efficiency. The cells were harvested at a 48‑h post‑transfection, 
and the cell lysates were prepared for luciferase assay with 
Dual‑Luciferase Reporter Assay System (Promega) according 
to the manufacturer's instructions. Luciferase activities were 
measured using a GloMax® 20/20 Luminometer (Promega).

Invasion assays. A549 cells were suspended in DMEM 
containing 0.1% bovine serum albumin and seeded into cell 
culture inserts constructed with an 8‑µm porous membrane, 
which was pre‑coated with Matrigel  (10  mg/ml; BD 
Biosciences). As a chemoattractant, DMEM supplemented 
with 10% FCS was added outside the inserts and incubated for 
48 h at 37˚C. The cells were labeled with Calcein AM solu-
tion (BD Biosciences). The number of cells which had migrated 
through the membrane was quantified using SpectraMax M5 
microplate reader (Molecular Devices). Three sets of experi-
ments were carried out, each one in triplicate.

Cell proliferation assay. Each cell line was plated in 96‑well 
plates at a concentration of 1x104 cells/well in a volume of 
100 µl. Twenty‑four hours later, brefelamide or another anti-
cancer reagent was added, individually or in combination, to 
the cells at various concentrations. After an additional 72‑h 
culture, cell growth was measured with Cell Proliferation 
Reagent WST‑1  (Roche Diagnostics) according to the 
manufacturer's instructions. The half maximal inhibitory 
concentration (IC50) of compounds was determined from the 
dose‑response curves.

Statistics. All p‑values were determined using Dunnett's 
test or Tukey‑Kramer test. The differences were considered 
significant at p<0.05.

Results

Inhibition of OPN expression by brefelamide. In an attempt to 
screen compounds that have the potential to inhibit the transcrip-
tion of OPN, we developed an experimental system employing 
A549 human lung adenocarcinoma epithelial cell line stably 
transfected with pOPN1‑luc, in which luciferase gene is directed 
under the control of human OPN promoter (22). We monitored 
the luciferase expression in A549/OPN‑luc after treatment for 
48 h with increasing concentration of brefelamide. As shown 
in Fig. 1A, luciferase expression in A549/OPN‑luc cells was 
dose‑dependently suppressed by the brefelamide treatment. 
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Similar results were obtained in real‑time RT‑PCR, which 
showed a reduction of OPN mRNA in brefelamide‑treated 
HepG2 and A549 cells (Fig. 1B), confirming a transcriptional 
repression of OPN by brefelamide. When OPN production in 
the culture supernatant was measured by ELISA, we observed 
a concentration‑dependent reduction in OPN production 
in A549 cells exposed to brefelamide (183±7, 115±6 and 
57±2 ng/ml at a concentration of 12.5, 25 and 50 µM, respec-
tively), when compared to that from DMSO (mock)‑treated 
A549 cells (283±7 ng/ml) (Fig. 1C).

Effect of brefelamide on cell invasion. OPN is an extracellular 
matrix protein involved in cell motility. We next performed 
Matrigel invasion assay to investigate the functional impact 
of OPN suppression by brefelamide on A549 cells. As shown 
in Fig. 2A, the cell numbers invaded through the Matrigel after an 
exposure of brefelamide at the concentration of 12.5 and 25 µM 
were significantly lower than that of untreated control 
(1120±285 and 719±176 vs. 2694±421, p<0.01), indicating that 
brefelamide decreases the invasion activity of cells. Further, 
anti‑invasive activity of brefelamide was weakened in cells 
incubated with the conditioned medium from pcDNA3.1‑OPN 
transfectant, which contained 327 ng/ml of OPN as detected 
by ELISA (Fig. 2B). This finding indicates that brefelamide 
inhibits cell invasion at least partially by its suppression of 
OPN production. An inhibitory effect of brefelamide on cell 
migration was also observed in wound healing assay (data not 
shown). These data suggest that suppression of OPN expression 
by brefelamide can inhibit the migratory and invasive activity 
of the cancer cells, implying the potential of brefelamide as an 
antimetastatic therapeutic agent.

Sensitization of cancer cells to conventional anticancer drugs. 
Brefelamide has been reported to suppress the proliferation of 
astrocytoma cells by inhibiting ERK phosphorylation (21). We 
next performed growth inhibition assay to investigate whether 
brefelamide can enhance the chemosensitivity of cancer 
cells to conventional anticancer agents such as cisplatin, 
etoposide and sorafenib. The IC50 of cisplatin alone was 
107.0 and 183.9 µM in A549 and HepG2 cells, respectively, 
which was decreased to 48.8 and 53.0 µM when co‑treated 
with brefelamide (Table I). Reduction in the IC50 value by 
combination with brefelamide was also observed in the case 
of etoposide (IC50 from 55.1 to 25.4 µM in A549 cells) and 
sorafenib (IC50 from 2.3  to 0.5 µM in HepG2 cells). This 
indicates that brefelamide treatment sensitized cancer cells 
to these anticancer drugs, suggesting that brefelamide may 
provide a potential strategy to overcome chemoresistance.

Induction of Smad4 by brefelamide. To gain some insights 
into the molecular mechanism underlying the brefel
amide‑mediated OPN inhibition, we conducted microarray 
analysis to clarify the different gene expression profiles 
between brefelamide‑ and mock‑treated A549 cells. We found 
1,382 genes with expression altered ≥1.5‑fold after exposure 
to brefelamide, which were distributed into distinct functional 
groups including those involved in proliferation and cell 
motility. One of these genes, Smad4, whose expression was 
induced after brefelamide treatment, was chosen for further 
study. We focused on Smad4 in view of the previous publication 

Figure 1. Suppression of OPN by brefelamide. (A) A549 cells stably trans-
fected with pOPN1‑luc, were cultured in the absence or presence of various 
concentrations of brefelamide. Luciferase activities in the lysates were 
measured at a 48‑h post‑transfection. (B) HepG2 or A549 cells were either 
untreated or incubated with brefelamide (25 µM) for 24 h, then RNA was 
prepared and subjected to reverse transcription and quantitative real‑time 
PCR. All samples were normalized with the expression level of GAPDH. 
Each condition was done in triplicate. (C) A549 cells were cultured in the 
absence or presence of various concentrations of brefelamide. After 48 h 
of culture, aliquots of supernatant were analyzed for quantitation of OPN 
production by ELISA, and cell counts were simultaneously measured with 
Cell Proliferation Reagent WST‑1 for normalization. Normalized OPN 
secretion from vehicle‑treated control was set as 100%, and those from other 
brefelamide‑treated groups are expressed as relative percentage. Results are 
presented as the means ± standard deviations of three independent triplicate 
transfections. *P<0.05, **p<0.01 vs. vehicle control group. OPN, osteopontin.
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demonstrating deletion of Smad4 in metastatic‑prone 
condition in the prostate cancer model was associated with 
aberrant expression of OPN (25), and further, our recent study 
demonstrating that OPN was a downstream target negatively 
regulated by TGF‑β/Smad signaling (23). These observations 
prompted us to hypothesize that brefelamide suppresses 
OPN expression via induction of Smad4. To investigate this 
possibility, expression of Smad4 mRNA was determined by 
real‑time RT‑PCR in cells cultured in the absence or presence 
of brefelamide. Consistent with that obtained from the 
microarray analysis, endogenous Smad4 mRNA in HepG2 or 
A549 cells was enhanced by brefelamide treatment (Fig. 3A). 

Figure 3. Induction of Smad4 by brefelamide. (A) HepG2 or A549 cells were 
either untreated or incubated with brefelamide (25 µM) for 24 h, then RNA 
was prepared and subjected to reverse transcription and quantitative real‑time 
PCR. All samples were normalized with the expression level of GAPDH as 
described in Fig. 1. Each condition was done in triplicate. (B) A549 cells 
were transfected with pSmad4‑luc or empty control (pGL3‑basic), cultured 
in the absence or presence of brefelamide (25 µM) for 48 h, cells were 
harvested and relative luciferase activities were determined. Renilla luci
ferase activities from co‑transfected pRL‑TK were used to normalize the 
transfection efficiency. Normalized luciferase activity from mock‑treated 
transfectant was set as 100%, and those in others are expressed as relative 
percentage. Representative results are from three independent experiments. 
**P<0.01 vs. vehicle control group.

Table I. Reduction in the IC50 value (µM) of anticancer drugs 
used in combination with brefelamide.

	 Cisplatin	 Etoposide
	 -----------------------------------------------	 -----------------------------------------------
Cells	 Isolation	 Combinationa	 Isolation	 Combinationa

A549	 >100	 48.8	 55.1	 25.4

	 Cisplatin	 Sorafenib
	 ----------------------------------------------	 -----------------------------------------------
Cells	 Isolation	 Combinationb	 Isolation	 Combinationb

HepG2	 >100	 53	 2.3	 0.5

aCombination with 25  µM of brefelamide; bCombination with 
12.5 µM of brefelamide. IC50, half maximal inhibitory concentration.

Figure 2. Suppression of cell invasion by brefelamide. (A)  Matrigel 
invasion assay on A549 cells after treatment with the indicated concen-
trations of brefelamide. The cells which had migrated through Matrigel 
pre‑coated membrane were labeled with Calcein AM, and quantified using 
SpectraMax M5 microplate reader as described in ʻMaterials and methods .̓ 
**P<0.01 vs. vehicle control. (B) Partial attenuation of anti‑invasive activity 
of brefelamide after incubation with conditioned medium derived from 
pcDNA3.1‑OPN transfectant. A549 cells were exposed to conditioned 
medium (50%, v/v) from cells transfected with pcDNA3.1 control vector 
or pcDNA3.1‑OPN. Doxycyclin, a matrix metalloproteinase inhibitor, 
was included as a control. Invaded cells were determined and calculated 
as described in (A). Each bar represents the mean ± standard deviation. 
*P<0.05, **p<0.01 vs. group treated with vehicle and condition medium from 
pcDNA3.1 transfectant; ##p<0.01 vs. group treated with brefelamide and 
condition medium from pcDNA3.1 transfectant. OPN, osteopontin.
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Similar results were also obtained in the reporter assay with 
pSmad4‑luc, in which luciferase gene is directed under the 
control of human Smad4 promoter. As shown in Fig.  3B, 
Smad4‑directed luciferase expression was increased in A549 
cells treated with brefelamide, while no effect was observed 
on empty vector (pGL3‑basic), confirming a transcriptional 
induction of Smad4 by brefelamide.

Involvement of TGF‑β/Smad4 signaling in brefelamide‑medi‑
ated OPN suppression. To confirm a mechanistic role for 
Smad4 in brefelamide‑mediated OPN suppression, we next took 
a different approach using shRNA‑mediated silencing of the 
expression of Smad4. pOPN1‑luc was transfected with construct 
expressing control‑(sh‑scramble) or two independent sh‑Smad4 

(sh‑Smad4A and B), which resulted in a moderate knockdown 
of Smad4 as confirmed by quantitative real‑time PCR (23). 
Consistent with the aforementioned results, OPN promoter 
activity in cells transfected with sh‑scramble was decreased 
in cells treated with brefelamide, and notably, the extent of 
brefelamide‑mediated OPN suppression was partially attenu-
ated in cells transfected with either sh‑Smad4A or B (Fig. 4A), 
suggesting that Smad4 is a mediator involved in the inhibition 
of OPN by brefelamide. Furthermore, brefelamide‑induced 
OPN repression was largely abrogated in reporter assay with 
pOPN‑lucmTIE2 in which the putative TGF‑β inhibitory 
element was disrupted (23), whereas disruption of TIE1 did 
not significantly alter OPN inhibition by brefelamide (Fig. 4B). 
These data provide an additional line of evidence supporting 

Figure 4. Involvement of Smad4 in brefelamide‑mediated OPN inhibition. (A) Knockdown of Smad4 expression partially attenuated OPN inhibition by 
brefelamide. A549 cells were transfected with pOPN1‑luc and shRNA expressing vector. After a culture in the absence or presence of brefelamide (25 µM) for 
48 h, cells were harvested and relative luciferase activities were determined and calculated as described in Fig. 3. (B) Delineation of OPN promoter sequence 
around the putative TIE elements (upper panel). A549 cells were transiently transfected with reporter vectors under the control of OPN promoter or its 
mutants pOPN‑lucmTIE1 and 2, in which the putative TIE site 1 or 2 was mutated as delineated, followed by a culture in the absence or presence of 25 µM of 
brefelamide for 48 h. Relative luciferase activities were determined and calculated as described in Fig. 3 (lower panel). The results are from three independent 
triplicate transfections. *P<0.05, **p<0.01 vs. vehicle control group. OPN, osteopontin.



zhang et al:  Osteopontin inhibition by brefelamide2362

that brefelamide inhibits OPN through inducing Smad4 and 
subsequently restoring the negative regulation of OPN by 
TGF‑β/Smad signaling.

Discussion

Implication of OPN in the development and progression of 
multiple tumor types suggests that targeted inhibition of 
OPN may represent a promising therapeutic modality against 
malignant diseases. A variety of strategies have been endeav-
ored to ablate OPN function, examples of such approaches 
include silencing of OPN using RNAi technology, blocking 
OPN activity using specific antibodies, RNA aptamer, and 
small‑molecule inhibitors (26‑29). Transcriptional regulation 
of OPN is complex and involves various transcription factors, 
including AP‑1, Ets, Myc, and v‑Src (30,31). More recently, 
we demonstrated that OPN is a downstream target negatively 
regulated by TGF‑β signaling, and deregulation of OPN by 
TGF‑β is linked with loss of TGF‑β cytostatic responsive-
ness (23).

Here, we identify brefelamide as a novel OPN inhibitor, 
and the molecular basis for OPN inhibition by brefelamide 
appears to be associated with induction of Smad4 and 
consequent restoration of OPN repression by TGF‑β/Smad 
signaling. Our conclusion was inferred based on the following 
observations: i) brefelamide suppresses OPN expression, with 
subsequent inhibition of cell invasion; ⅱ) brefelamide induces 
Smad4 expression; ⅲ) elimination of a TIE‑like element 
largely abolishes OPN suppression by brefelamide; and 
ⅳ) shRNA‑mediated knockdown of Smad4 partially abrogates 
OPN inhibition by brefelamide. Together, these findings suggest 
that brefelamide inhibits OPN expression and OPN‑mediated 
invasion through restoration of Smad4‑mediated TGF‑β/OPN 
regulatory axis.

A couple of reports linked aberrant OPN expression to the 
activated ERK pathway, demonstrating that OPN is a down-
stream target of ERK/AP‑1 signaling pathway (32). Further, 
brefelamide was reported to inhibit EGF‑dependent activation 
of the ERK pathway (20). Thus, the OPN inhibition observed 
here may occur as a consequence of brefelamide‑mediated 
suppression of the EGFR‑dependent ERK activation. The 
microarray‑based comparison analysis, however, did not 
show significant change in the expression level of ERK 
signaling‑associated genes in brefelamide‑treated A549 cells 
(data not shown), and further, brefelamide‑mediated OPN 
inhibition was largely diminished in pOPN‑lucmTIE2, in 
which the identified AP‑1‑binding motifs were intact. Thus, it 
was largely excluded, if not completely, that the OPN suppres-
sion by brefelamide was attributable to its inhibitory effect 
on ERK signaling pathway. Given the importance of cellular 
context in conferring the sensitivity to ERK inhibition (33), it 
may not be surprising that EGFR‑ERK pathway was inhibited 
in brefelamide‑treated astrocytoma 1321N1 cells, but not in 
lung adenocarcinoma A549 cells.

Consistent with the results from precedent microarray 
analysis, real‑time quantitative PCR and reporter assay 
showed increased expression of Smad4 after treatment with 
brefelamide. Previous studies have shown that EGF triggers 
GSK3 phosphorylation of Smad4 through activation of the 
ERK pathway, subsequently resulting in the polyubiquitination 

and proteasomal degradation of Smad4  (34). Considering 
the property of brefelamide in inhibiting ERK signaling 
pathway, it is suggested that, in addition to increasing 
Smad4 synthesis, brefelamide may enhance the stability of 
Smad4 protein by inhibiting EGF/ERK‑mediated Smad4 
ubiquitination. The ability of brefelamide to induce Smad4 
activity is of potential clinical relevance. Smad4 is a major 
tumor suppressor that is frequently deleted or inactive in 
cancers of the pancreas, gastrointestine, and skin (35‑37). 
Decreased Smad4 expression has been reported in various 
human cancers and the Smad4 expression level is inversely 
correlated with tumor grade and TNM stage. Actually, it 
was reported that re‑establishment of Smad4 suppressed 
Wnt/β‑catenin signaling activity and increased the expression 
of E‑cadherin in human colon carcinoma cells, both of which 
were suggested to be involved in the migration‑suppressive 
function of Smad4 (38). Also, adenoviral‑mediated restoration 
of Smad4 inhibited tumor growth, invasion and angiogenesis 
in pancreatic adenocarcinoma cells. Negative regulation 
of downstream targets including VEGF, MMP‑2, MMP‑9, 
and especially ETS‑1, by ectopically expressed Smad4 was 
demonstrated as the mechanism underlying the observed 
antitumor effects (39). It is thus probable, although remains 
to be proven, that besides OPN, these downstream targets 
of Smad4 may also be suppressed by brefelamide‑mediated 
Smad4 induction. Studies are underway to investigate this 
hypothesis. If confirmed, breferlamide may be a promising 
therapeutic candidate that targets the malignancies associated 
with loss of Smad4 expression.

When used in combination with the conventional anti-
cancer drugs, brefelamide re‑sensitized A549 and HepG2 
cells to cisplatin, and decreased the IC50 value of etoposide 
and sorafenib in A549 and HepG2 cells, respectively. In 
addition to a crucial role in cancer progression, invasion 
and metastasis, overexpressed OPN has been reported to be 
involved in the development of resistance to chemotherapy 
by inhibiting apoptosis  (40). Thus, brefelamide‑mediated 
sensitizing effect may occur as a consequence of OPN 
inhibition. Indeed, silencing of OPN by siRNA significantly 
enhanced chemotherapy sensitivity of breast cancer cells (41). 
Additionally, microarray analysis revealed that p53 tumor 
suppressor and its downstream target genes such as p21 were 
induced in brefelamide‑treated A549 cells, and further, our 
preliminary data indicated that p53‑driven luciferase reporter 
was activated by treatment with brefelamide. Both of which 
suggested that brefelamide may activate p53‑regulated 
pro‑apoptotic signaling pathways, consequently potentiating 
drug‑mediated apoptosis. 

Different from gene silencing strategies, small molecules 
are usually not specific for a single molecular target. 
Simultaneously affecting a set of functionally linked genes 
sometimes leads to enhanced efficacy. The conventional 
agents such as cisplatin and doxorubicin, for example, have 
been identified to affect the expression of multiple genes 
involved in cell proliferation and apoptosis. It may also 
be the case that brefelamide may affect other molecules 
besides OPN. Consistent with this hypothesis, it was found 
that incubation with the OPN‑containing conditioned 
medium did not fully abolish the anti‑invasive activity of 
brefelamide (Fig. 2B), the partially retained inhibition may 
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be attributable to the brefelamide's action on other genes 
regulating cell motility and invasion. Actually, microarray 
analysis of brefelamide‑treated A549 cells revealed altered 
expression of genes associated with cell migration and 
invasion. Nonetheless, the data presented here suggest that 
brefelamide inhibits invasion of A549 cells at least partially 
through downregulation of OPN. On the contrary, interaction 
of drugs with molecules other than the intended target may 
cause an undesired side‑effect. Unintended side‑effect is also 
an issue of concern in the case of brefelamide. As judged 
by morphologic observation and viability measurement, 
however, no discernible adverse effects were observed in 
brefelamide‑treated A549 and HepG2 cells. Further indepen-
dent experiments are required to delineate off‑target‑based 
toxicological effects of brefelamide.

In conclusion, the results presented here indicated that 
brefelamide suppressed OPN expression and OPN‑mediated 
cell invasion. This is likely mediated through inducing Smad4 
expression and consequently restoring Smad4‑mediated 
TGF‑β/OPN regulatory axis. These data suggest the potential 
utility of brefelamide as antimetastatic agent in patients with 
OPN‑overexpressed malignancies.
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