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Abstract
AIM: To investigate role of putative mitogen-activated 
protein kinase activator with WD40 repeats (MAWD)/
MAWD binding protein (MAWBP) in gastric cancer (GC). 

METHODS: MAWBP and MAWD mRNA expression 
level was examined by real-time reverse transcriptase-
polymerase chain reaction and semi-quantitative poly-
merase chain reaction in six GC cell lines. Western 
blotting was used to examine the protein expression 
levels. We developed GC cells that stably overexpressed 
MAWBP and MAWD, and downregulated expression 
by RNA interference assay. Proliferation and migration 

of these GC cells were analyzed by 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT), 
soft agar, tumorigenicity, migration and transwell as-
says. The effect of expression of MAWBP and MAWD on 
transforming growth factor (TGF)-β1-induced epithelial-
mesenchymal transition (EMT) was examined by trans-
fection of MAWBP and MAWD into GC cells. We detect-
ed the levels of EMT markers E-cadherin, N-cadherin 
and Snail in GC cells overexpressing MAWBP and MAWD 
by Western blotting. The effect of MAWBP and MAWD 
on TGF-β signal was detected by analysis of phosphor-
ylation level and nuclear translocation of Smad3 using 
Western blotting and immunofluorescence. 

RESULTS: Among the GC cell lines, expression of en-
dogenous MAWBP and MAWD was lowest in SGC7901 
cells and highest in BGC823 cells. MAWBP and MAWD 
were stably overexpressed in SGC7901 cells and knocked 
down in BGC823 cells. MAWBP and MAWD inhibited GC 
cell proliferation in vitro  and in vivo . MTT assay showed 
that overexpression of MAWBP and MAWD suppressed 
growth of SGC7901 cells (P  < 0.001), while knockdown 
of these genes promoted growth of BGC823 cells (P  < 
0.001). Soft agar colony formation experiments showed 
that overexpression of MAWBP and MAWD alone or to-
gether reduced colony formation compared with vector 
group in SGC7901 (86.25 ± 8.43, 12.75 ± 4.49, 30 ± 
6.41 vs  336.75 ± 22.55, P  < 0.001), and knocked-down 
MAWBP and MAWD demonstrated opposite effects 
(131.25 ± 16.54, 88.75 ± 11.12, 341.75 ± 22.23 vs  
30.25 ± 8.07, P  < 0.001). Tumorigenicity experiments 
revealed that overexpressed MAWBP and MAWD inhibit-
ed GC cell proliferation in vivo  (P  < 0.001). MAWBP and 
MAWD also inhibited GC cell invasion. Transwell assay 
showed that the number of traverse cells of MAWBP, 
MAWD and coexpression group were more than that in 
vector group (84 ± 16.57, 98.33 ± 9.8, 29 ± 16.39 vs  
298 ± 11.86, P  < 0.001). Coexpression of MAWBP and 
MAWD significantly decreased the cells traversing the 
matrix membrane. Conversely, knocked-down MAWBP 
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and MAWD correspondingly promoted invasion of GC 
cells (100.67 ± 14.57, 72.66 ± 8.51, 330.67 ± 20.55 
vs  27 ± 11.53, P  < 0.001). More importantly, coex-
pression of MAWBP and MAWD promoted EMT. Cells 
that coexpressed MAWBP and MAWD displayed a peb-
ble-like shape and tight cell-cell adhesion, while vec-
tor cells showed a classical mesenchymal phenotype. 
Western blotting showed that expression of E-cadherin 
was increased, and expression of N-cadherin and Snail 
was decreased when cells coexpressed MAWBP and 
MAWD and were treated with TGF-β1. Nuclear trans-
location of p-Smad3 was reduced by attenuating its 
phosphorylation.

CONCLUSION: Coexpression of MAWBP and MAWD 
inhibited EMT, and EMT-aided malignant cell progres-
sion was suppressed.

© 2013 Baishideng. All rights reserved.

Key words: Gastric cancer; Mitogen-activated protein 
kinase activator with WD40 repeats binding protein; 
Mitogen-activated protein kinase activator with WD40 
repeats; Invasion; Transforming growth factor-β; Epi-
thelial-mesenchymal transition

Core tip: Our previous study revealed that mitogen-
activated protein kinase activator with WD40 repeats 
(MAWD) and MAWD binding protein (MAWBP), acting 
as a complex, were differentially expressed in gastric 
cancer (GC) tissues compared with that in normal 
gastric tissues. The present study provided direct evi-
dence that MAWBP and MAWD inhibited proliferation 
and migration of GC cells. Importantly, interaction of 
MAWBP and MAWD influenced expression of epithelial-
mesenchymal transition (EMT) markers induced by 
transforming growth factor (TGF)-β1 in GC cells. It in-
dicated that coexpression of MAWBP and MAWD inhib-
ited TGF-β1-induced EMT, thus suppressing EMT-aided 
GC malignant progression.
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INTRODUCTION
Gastric cancer (GC) is the second most common cause 
of  cancer death worldwide and is especially common in 
China[1]. Multiple factors are involved in the development 
of  GC carcinogenesis. Molecular genetic studies have 
addressed accumulation of  multiple genes and proteins 
alteration involved in GC development[2,3]. Investigation 
of  GC biomarkers has focused on discovering differ-
ential protein signatures and has explored their biology 

mechanisms. The genes involved include activation of  
c-myc, erbB-2, c-met, and k-ras[4-7] oncogenes and inactiva-
tion of  tumor suppressor genes p53, APC, E-cadherin and 
RUNX3[8-10]. 

Our laboratory previously found (using 2D gel elec-
trophoresis and mass spectrometry) that expression of  
mitogen-activated protein kinase activator with WD40 
repeats (MAWD) and MAWD binding protein (MAWBP) 
were differentially expressed in GC tissues. MAWD in-
teracts with MAWBP and forms complexes in GC cell 
lines[11], which suggests that these proteins are involved in 
GC carcinogenesis. Combined analysis of  MAWBP and 
MAWD expression would provide useful information in 
uncovering their roles in GC.

The proteins MAWBP and MAWD were discovered 
in 2000 and 2001, respectively[12,13]. MAWD is widely ex-
pressed in many tissues and sequence analysis has indicat-
ed that MAWD contains a WD40 repeat domain. Datta 
et al[14] have shown that MAWD-homolog protein serine-
threonine kinase receptor-associated protein (STRAP) re-
cruits Smad7, forming a complex that increases inhibition 
of  transforming growth factor (TGF)-β signaling. Iri-
yama et al[13] tried to detect MAWD-related protein using 
a conventional two-hybrid technique and found MAWBP 
had an affinity for MAWD. The effects of  MAWD in 
cancer have been reported in breast, colon and lung 
cancer but views about its role in cancer are divergent[15]. 
However, there is no current report on the function of  
MAWD in GC, and little is known about MAWBP other 
than its affinity for MAWD.

We hypothesize that MAWBP and MAWD interac-
tions have a key role in GC tumorigenesis, and therefore 
investigated their biological function in GC cell lines. We 
found that these two proteins inhibited cell proliferation, 
and coexpression of  MAWBP and MAWD obviously sup-
pressed migration as well as invasive behavior of  GC cells. 
Recent evidence implies that epithelial-mesenchymal tran-
sition (EMT) contributes to cancer progression, invasion 
and metastasis in various cancers[16,17]. TGF-β is the main 
and best-characterized inducer of  EMT during embryo-
genesis and cancer pathogenesis[18]. MAWBP and MAWD 
are involved in the TGF-β signaling pathway[14]. We further 
sought to determine whether coexpression of  MAWBP 
and MAWD could inhibit TGF-β1-induced EMT.

The canonical EMT program is characterized by 
complex proteome changes, leading to loss of  epithelial 
markers such as E-cadherin, and expression of  mes-
enchymal markers such as vimentin and N-cadherin[19]. 
Transcriptional regulator Snail is also activated in EMT. 
TGF-β signaling regulates expression of  Snail, SOX2 and 
SOX4[20]. 

In this study, we analyzed the effect of  MAWBP 
and MAWD on expression of  E-cadherin, N-cadherin 
and Snail. We further demonstrated the relationship of  
this effect with TGF-β signalling pathway via detection 
of  the phosphorylation level and nuclear translocation 
of  Smad3. Our findings suggest that coexpression of  
MAWBP and MAWD inhibits TGF-β1-induced EMT 
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and suppresses EMT-aided GC cell invasion.

MATERIALS AND METHODS
Cell lines and cell culture
GC cell lines BGC823, MGC803, SGC7901, AGS, N87 
and MKN45 were cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM; Gibco BRL, Gaithersburg, 
MD, United States), supplemented with 5% fetal bovine 
serum (FBS). All cell lines were maintained at 37 ℃ in 5% 
CO2 as previously described[21,22].

Plasmid construction
We constructed MAWBP and MAWD expression plas-
mids using pcDNA3.1B(-). Total RNA was extracted from 
19-wk-old fetal liver. MAWBP and MAWD cDNA was 
produced by reverse-transcriptase polymerase chain reac-
tion (RT-PCR). The reaction was initiated by 5-min incu-
bation at 94 ℃; 35 cycles of  94 ℃ for 45 s, 56 ℃ for 45 s, 
72 ℃ for 60 s; and terminated after a 10-min extension at 
72 ℃. Products were purified by gel extraction. Recombi-
nant plasmids were transferred into Escherichia coli DH5α, 
and identified by restriction enzymes digestion and se-
quencing analysis. Then, we constructed MAWBP and 
MAWD short hairpin RNA (shRNA) plasmids. Oligo-
nucleotides were annealed and ligated to pSilencer3.1-H1-
Neo. All of  the primers are shown on Table 1.

Real-time PCR 
Total RNA was extracted using Trizol (Invitrogen, Carls-
bad, CA, United States), and subjected (5 μg) to RT-PCR 
(Table 1). The internal control, β-actin, was processed 
with all specimens simultaneously. Real-time PCR was 
performed using Applied Biosystem 7500 Real-Time 
PCR System (Foster City, CA, United States). Data were 
analyzed using the relative standard curve method. 

Western blotting 
Proteins were extracted from cells for western blotting. 
Proteins (50 μg) were separated on sodium dodecyl sul-
fate polyacrylamide gel electrophoresis and transferred to 
polyvinyl difluoride membranes (Bio-Rad, Hercules, CA, 
United States). Immunoreactivity was tested with anti-
MAWD (1:500, our laboratory), anti-MAWBP (1:500, our 
laboratory)[11], E-cadherin (1:500, BD, Franklin Lakes, NJ, 
United States), N-cadherin (1:500, BD), Snail (1:500, Cell 
Signaling, Danvers, MA, United States), diluted in block-
ing buffer at 4 ℃ overnight. The signal was detected by 
Super Signal West Dura Extended Duration Substrate 
(Thermo Scientific, Rockford, IL, United States). 

Transfection studies 
SGC7901 cells were transfected with overexpression plas-
mids, while BGC823 cells were transfected with shRNA 
plasmids. Cells were cultured at 60%-70% confluence in 
35-mm plates and were transfected using Lipofectamine 
2000 (Invitrogen). Except that mono-plasmids and empty 
vector were transfected into GC cells, overexpressed 

plasmids of  MAWBP and MAWD were cotransfected 
into SGC7901 cells. shRNA plasmids of  MAWBP and 
MAWD were cotransfected into BGC823 cells. At 48 h 
post-transfection, cells were seeded for 21 d in selection 
medium containing 400 μg/mL G418, to screen for stable 
clones. The efficacy of  transfection was identified by RT-
PCR and Western blotting.

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium 
bromide assay 
Stable transfected cells (1 × 103) in 200 μL DMEM supple-
mented with 5% FBS were seeded in duplicate into each 
well of  96-well culture plates, and 10 μL 3-(4,5-Dimethyl-
2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT, Gen-
View, Jacksonville, FL, United States) (5 mg/mL) was 
added at 0, 24, 48, 72 and 96 h. The MTT was removed 
after 4 h incubation, and 100 μL dimethylsulfoxide (Am-
resco, Solon, OH, United States) was pipetted into each 
well and incubated for 30 min. Absorbance was measured 
at 570 nm using an iMark Microplate Reader (Bio-Rad, 
Hercules, CA, United States).

Soft agar colony formation assay
Cells (3 × 103) were trypsinized and resuspended in 4 
mL 0.3% agar in DMEM containing 10% FBS, and over-
laid with 0.6% agar in 60-mm culture dishes. The dishes 
were incubated routinely for 21 d. Colonies were stained 
with 0.2% p-iodonitrotetrazolium violet, photographed, 
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  Target gene Primer ID Sequence (5'-3')

  MAWBP (132 bp) Forward GGGTCTGCACACGCTGTTC
Reverse TAATGTCAACCCTTCCGTCT

  MAWD (162 bp) Forward GGGACAGGATAAACTTTAGC
 Reverse AGCATGATCCCAAAGTCGAAC
  MAWBP (867 bp) Forward AACTTGGTCGACCAGCTTGCAAGG

AAAATG
Reverse ATAACTCGAGCTAGGCTGTCAGTGT

GCC
  MAWD (1053 bp) Forward CGCGGATCCATGGCAATGAGACAG

ACG
Reverse CCCAAGCTTTCAGGCCTTAACATCA

GG
  β -actin (510 bp) Forward CGGGAAATCGTGCGTGACATT

Reverse CTAGAAGCATTTGCGGTGGAC
  β -actin (150 bp) Forward TTAGTTGCGTTACACCCTTTC

Reverse ACCTTCACCGTTCCAGTTT
  MAWD (shRNA) Ps-F1 GATCCGCTTATGGACGATCTATTGC

TTCAAGAGAGCAATAGATCGTCCAT
AAGTTTTTTGGAAA

Ps-R1 AGCTTTTCCAAAAAACTTATGGACG
ATCTATTGCTCTCTTGAAGCAATAG

ATCGTCCATAAGCG
  MAWBP (shRNA) Ps-F1 GATCCGTAGCACGCTCACGTTTGTC

TTCAAGAGAGACAAACGTGAGCGT
GCTATTTTTTGGAAAAGC

Ps-R1 AGCTTGGCGTAATCATGGTCATAGC
TGTTTCCTGTGTGAAATTGTTATCCG

CTCACAATTCCACACA

Table 1  List of oligonucleotide primers

MAWD: Mitogen-activated protein kinase activator with WD40 repeats; 
MAWBP: MAWD binding protein; shRNA: Short hairpin RNA.
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(1:500, Bioworld, Boston, MA, United States) and Smad3 
(1:500, Bioworld) were detected at the same time. We 
then separated the cytosolic and nuclear fractions accord-
ing to the protocol of  the Nuclear-Cytosol Extraction 
Kit (Applygen Technologies Inc., Beijing, China) and 
detected p-Smad3 levels. Nuclear translocation ability of  
p-Smad3 (1:50) was analyzed by confocal microscopy as 
described above.

Ethics
The study has been examined and approved ethically by 
the Ethics Committee of  Beijing Cancer Hospital. 

Statistical analysis
Statistical analysis used SPSS version 16.0. Student’s t test 
and analysis of  variance were used for data measurement. 
Quantitative values were presented as mean ± SD. Differ-
ences with P < 0.05 were considered statistically significant.

RESULTS
MAWBP and MAWD inhibited proliferation and 
tumorigenicity of GC cells
BGC823, MGC803, SGC7901, AGS, N87 and MKN45 
GC cell lines were used to detect MAWBP and MAWD 
expression, which was found to differ between the cell 
types. RT-PCR and real-time PCR revealed low levels of  
endogenous MAWBP and MAWD mRNA in SGC7901 
cells but high levels in BGC823 cells, and Western blot-
ting confirmed these results (Figure 1). These two cell 
lines were selected for the following experiments.

To investigate further biological function of  MAWBP 
and MAWD in GC cells, MAWBP-pcDNA3.1 and 
MAWD-pcDNA3.1, alone or in combination, and empty 
vector were transfected into SGC7901 cells, in which 
these two proteins were expressed at a lower level com-
pared with other GC cells. G418-resistant clones were 
isolated, which were stably transfected cells. These cells 
were termed as MAWBP, MAWD, MAWBP/D (MAWBP 
and MAWD cotransfected cells) and vector, respectively. 
shRNA plasmid MAWBP-pSilencer3.1 and MAWD-
pSilencer3.1, alone or in combination, and empty vector 
were transfected into BGC823 cells, in which they were 
expressed at a higher level compared with other GC cells. 
The stably transfected cells were termed as sh-MAWBP, 
sh-MAWD, sh-MAWBP/D (MAWBP and MAWD co-
downregulated groups) and sh-vector, respectively. We 
analyzed MAWBP and MAWD expression at the mRNA 
and protein levels by semi-quantitative RT-PCR and 
Western blotting, respectively.

In the MTT assay, cell growth in the overexpressed 
group was suppressed in the MAWBP, MAWD and 
MAWBP/D groups, compared with the vector group 
(Figure 2A, P < 0.001). Knockdown of  MAWBP and 
MAWD in BGC823 cells using RNA interference (RNAi) 
increased cell growth (Figure 2B, P < 0.001). The soft 
agar assay in overexpressed cells showed reduced colony 
formation for the MAWBP, MAWD, and MAWBP/D 

and counted.

Tumorigenicity assay in nude mice
Animal experiments were carried out in strict accordance 
with the recommendations in the Guide for the Care and 
Use of  Laboratory Animals of  the Ethics Committee of  
Peking University. All efforts were made to minimize suf-
fering. Transfected cells were resuspended in 1× Hank’s 
Buffer at a concentration of  5 × 105 cells/mL. A 100-μL 
suspension was injected subcutaneously into the left dor-
sal flank of  15 5-wk-old female nude mice, and the right 
side was inoculated with GC cells transfected by vector 
alone as a control. The mice were checked every 3 d for 
tumor appearance, and the large (a) and small (b) diam-
eters of  the palpable tumors were recorded for tumor 
volume calculation according to a × b2 × 0.5.

Wound healing assay
Cells were cultured at 80%-90% confluence in 60-mm 
dishes. Cells were scratched with a pipette tip to produce 
a straight line. The detached cells were washed three 
times with phosphate buffered solution (PBS) and incu-
bated for a further 24 h. The scratched gap was inspected 
at 0, 2, 4, 6, 12 and 24 h. Photographs were taken at × 
200 magnification, using a TS100 inverted microscope 
(Nikon, Tokyo, Japan).

Transwell assay
The invasion assay was performed using a BD Matrigel 
Invasion Chamber. Cells (1 × 105) were suspended in 
serum-free DMEM and seeded on matrix membranes. 
DMEM supplemented with 10% FBS was used as a che-
moattractant. After 48 h incubation, cells were fixed with 
methanol and stained with crystal violet for 20 min. Cells 
that penetrated the membrane were counted.

Immunofluorescence 
Cells were grown on glass slides, washed with PBS, fixed 
in methanol for 10 min, and processed for immunofluo-
rescence. Cells were exposed to anti-p-Smad3 overnight 
at 4 ℃, incubated for 1 h with rhodamine-conjugated 
anti-rabbit secondary antibodies, and nuclei were stained 
with 4’,6-diamidino-2-phenylindole. Cells were studied 
with a confocal fluorescence imaging microscope (TCS-
SP5; Leica, Mannheim, Germany). 

Analysis of TGF-β pathway responses
Cells were starved for 24 h, and then incubated in 5% 
FBS–DMEM containing 2 or 4 ng/mL TGF-β for 24 or 
48 h. Plasminogen activator inhibitor (PAI)-1 promoter 
assays were used to select the optimum TGF-β condi-
tions. Transfected cells were cultured in 5% FBS-DMEM 
containing 4 ng/mL TGF-β for 24 h. PhosphoSafe Ex-
traction Reagent (Merck, San Diego, CA, United States) 
was used to extract phosphoprotein. P-Smad3 (1:1000, 
Abcam, Cambridge, United Kingdom) and p-Smad2 
(1:500, Millipore, Temecula, CA, United States) were 
analyzed by western blotting as described above. Smad2 
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groups for cell number and size compared with the vec-
tor group (Figure 2C, clones number: 86.25 ± 8.43, 12.75 
± 4.49, 30 ± 6.41 vs 336.75 ± 22.55, P < 0.001). The 
corresponding knockdown group demonstrated the op-
posite effects (Figure 2D, 131.25 ± 16.54, 88.75 ± 11.12, 
341.75 ± 22.23 vs 30.25 ± 8.07, P < 0.001). These results 
suggested that expression of  MAWBP and MAWD play 
a role in inhibiting proliferation of  GC cells.

In vivo experiments, tumor growth appeared to be 
slow in nude mice injected with MAWBP, MAWD, and 
MAWBP/D compared with the control group. Tumors 
from MAWD-transfected cells were smaller than those 
from the other groups (Figure 2E and F, P < 0.001).

Co-expression of MAWBP and MAWD suppressed 
migration and invasion of GC cells
To explore the potential role of  MAWBP and MAWD in 
GC metastasis and invasion, we evaluated the effects of  
the stably transfected cells on migration and invasion us-
ing a wound healing assay and transwell invasive activity 
assay, respectively. In the wound healing assay, the scratch 
gap of  vector transfected cells was almost closed at 24 h 
in the overexpressed group. Cells with co-overexpression 
of  MAWBP and MAWD showed the slowest rate of  
migration (Figure 3A). In the knockdown group, the 
cells with combined downregulation of  MAWBP and 
MAWD expression migrated faster than the other cells. 
Migration of  sh-vector cells was slowest (Figure 3B). In 
the transwell assay, there was significant difference in 
the number of  the cells traversing the matrix membrane 
between the vector and other groups. Combined overex-
pression of  MAWBP and MAWD decreased the invasive 
ability of  GC cells (Figure 4A). The number of  traverse 
cells of  MAWBP, MAWD and co-expression group was 
higher than that in the vector group (Figure 4C, 84 ± 
16.57, 98.33 ± 9.8, 29 ± 16.39 vs 298 ± 11.86, P < 0.001). 

Knockdown of  expression of  MAWBP and MAWD 
increased the number of  cells that traversed the matrix 
membrane (Figure 4B). Cells with combined downregula-
tion of  MAWBP and MAWD expression migrated faster 
than the other cells (Figure 4B). Invasion of  sh-vector 
cells was slowest (Figure 4C, 100.67 ± 14.57, 72.66 ± 8.51, 
330.67 ± 20.55 vs 27 ± 11.53, P < 0.001). These data 
showed that MAWBP and MAWD inhibited migration 
and invasion of  GC cells. 

Co-expression of MAWBP and MAWD influenced 
expression of EMT markers induced by TGF-β1 in GC 
cells 
EMT contributes to cancer progression and metastasis. 
TGF-β is the main and best-characterized inducer of  
EMT. We sought to determine whether co-expression of  
MAWBP and MAWD inhibited TGF-β1-induced EMT, 
thus suppressing migration and transwell behavior of  
GC cells. We detected a relationship between the expres-
sion of  MAWBP and MAWD and the EMT markers in-
duced by TGF-β1, such as E-cadherin, N-cadherin, and 
transcription factor Snail. We established the optimum 
TGF-β1 concentration and treatment time to stimulate 
cells. We used the expression of  TGF-β reporter gene 
PAI-1 to indicate that the optimum TGF-β1 concentra-
tion and treatment time was 4 ng/mL for 24 h (Figure 
5A). We stimulated GC cells that overexpressed MAWBP 
and MAWD with TGF-β1, and observed their morpholo-
gy. We found that cells that overexpressed both MAWBP 
and MAWD displayed a pebble-like shape and tight cell-
cell adhesion, while vector-treated cells showed a clas-
sical mesenchymal phenotype (Figure 5B). That means 
that co-expression of  MAWBP and MAWD inhibited 
morphological changes of  TGF-β1-induced EMT. We 
next detected expression of  E-cadherin, N-cadherin and 
Snail in cells overexpressing MAWBP and MAWD. Ex-
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Figure 1  Analysis of expression of mitogen-activated protein kinase activator with WD40 repeats binding protein and mitogen-activated protein kinase ac-
tivator with WD40 repeats in six gastric cancer cell lines. A: mRNA expression for mitogen-activated protein kinase activator with WD40 repeats (MAWD)/MAWD 
binding protein (MAWBP) in BGC823, MGC803, SGC7901, AGS, N87 and MKN45 six gastric cancer cell lines was detected by reverse transcription-polymerase chain 
reaction (PCR). There was a low level of endogenous MAWBP and MAWD mRNA in SGC7901 cells, and a high level in BGC823 cells; B: Expression of MAWBP and 
MAWD proteins was detected by Western blotting. The expression level was lower in SGC7901 cells than in the other cell lines. Expression of MAWBP and MAWD 
was higher in BGC823 cells than in the other cells; C: mRNA expression for MAWBP and MAWD was detected by real-time PCR. There were lower levels of endog-
enous MAWD and MAWBP mRNA in SGC7901 cells, and higher levels in BGC823 cells. NTC: No template control.
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Figure 2  Effect of mitogen-activated protein kinase activator with WD40 repeats binding protein and mitogen-activated protein kinase activator with WD40 
repeats on proliferation and tumorigenicity of gastric cancer cells. A: 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide assay showed that growth of 
SGC7901 cells overexpressing mitogen-activated protein kinase activator with WD40 repeats (MAWD)/MAWD binding protein (MAWBP) was markedly inhibited; B: 
In BGC823 cells with inhibition of expression of MAWBP and MAWD, cell growth was inversely increased; C: In soft agar assay, colonies of cells with overexpression 
of MAWBP, MAWD and MAWBP/D were reduced in number and size compared with cells transfected with vectors alone (original magnification of clones: ×100); D: 
Knockdown group demonstrated the opposite effects. There was an increase in the number and size of sh-MAWBP, sh-MAWD, sh-MAWBP/D cells compared with 
cells transfected with vectors alone; E: Nude mouse xenografts. Tumors induced by MAWBP, MAWD and MAWBP/D cotransfected cells were smaller than those of 
the vector group; F: Xenograft weight. The average tumor weight were calculated from five nude mice in every group. Data are presented as the mean ± SD from 
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Figure 3  Effect of mitogen-activated protein kinase activator with WD40 repeats binding protein and mitogen-activated protein kinase activator with WD40 
repeats on migration of gastric cancer cells. A: Wound healing assay showed that migration of vector-transfected cells was faster than that of cells overexpressing 
mitogen-activated protein kinase activator with WD40 repeats (MAWD)/MAWD binding protein (MAWBP). The scratch gap in vector group was almost closed at 24 h. 
The migration of MAWBP/D cotransfected cells was slowest; B: Cells with combined downregulation of MAWBP and MAWD expression migrated faster than the other 
cells. Migration of sh-vector cells was slowest (original magnification, ×100).

A

B
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repeats binding protein (MAWBP)/D cotransfected cells was weakest, with the lowest number of cells to cross the matrix membranes. Vector-transfected cells mi-
grated farthest; B: Knockdown of MAWBP and MAWD increased the invasive ability of gastric cancer (GC) cells (original magnification: ×100); C: Number of cells that 
traverse the matrix membrane in the different groups. Data are presented as the mean ± SD from three independent experiments. bP < 0.01 vs vector group.
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pression of  E-cadherin was strongest in the MAWBP/D 
group and weakest in the vector group. N-cadherin and 
Snail expression was inversely associated with E-cadherin 
expression (Figure 5C). Collectively, these data demon-
strated that MAWBP and MAWD were involved in TGF-
β1-induced EMT through upregulating E-cadherin and 
downregulating N-cadherin and Snail in GC cells. 

Co-expression of MAWBP and MAWD suppressed 
phosphorylation and nuclear translocation of p-Smad3
Following MAWBP and MAWD overexpression in cells 
stimulated with TGF-β1, the level of  p-Smad3 was low-
est in the MAWBP/D group and highest in the vector 
group (Figure 6A). The level of  p-Smad2 was also lower 
in the MAWBP/D group. Furthermore, we separated 
the proteins in the cytoplasm and nucleus and found that 
p-Smad3 in the nucleus had the lowest level, as shown by 
Western blotting (Figure 6B) and confocal microscopy 
(Figure 6C). That means that the nuclear translocation 
capability of  p-Smad3 in cotransfected cells was weakest. 
These results imply that the MAWBP/D complex sup-
pressed TGF-β signaling by inhibiting downstream phos-
phorylation.

DISCUSSION
From the outset of  this study, we analyzed the biologi-
cal function of  MAWBP and MAWD in GC cell lines. 
We found that MAWBP and MAWD inhibited prolifera-

tion and migration of  GC cells. Importantly, combined 
overexpression of  MAWBP and MAWD in GC cells sup-
pressed TGF-β1-induced EMT by attenuating phosphor-
ylation of  Smad3 and reducing its nuclear translocation.

In a previous study, we reported proteomic data ac-
quired from screening protein profiles from GC tissues, 
including MAWBP and MAWD, and showed that they 
formed a complex in GC cells by co-immunoprecipita-
tion[11]. MAWD has been reported to have divergent effects 
in cancer. Some researchers have suggested that MAWD 
promotes cancer development. Matsuda et al[12] found that 
MAWD was overexpressed in 45.6% (21/46) of  human 
breast tumor tissues, and promoted anchorage-indepen-
dent cell growth. Kim et al[15] reported MAWD upregula-
tion in 50.8% (30/59) of  adenomas and 70.7% (87/123) 
of  colorectal cancers. Halder et al[23] found that STRAP 
was upregulated in 60% (12/20) of  colon and 78% (11/14) 
of  lung carcinomas. However, other researchers have 
found that MAWD suppressed development of  malignant 
cells. Buess et al[24] reported complete or partial allelic loss 
of  MAWD in 45.2% (75/166) of  colorectal cancer pa-
tients. Jung et al[25] found that MAWD was a binding part-
ner of  NM23-H1, creating a complex that interacted with 
and potentiated p53. Dong et al[26] detected chromosomal 
deletions in prostate cancer that overlapped MAWD gene 
locations. Zhao et al[27] reported that MAWBP was down-
regulated in ulcerative colitis. The function of  MAWBP 
and MAWD in GC has not been reported.

In the present study, we investigated the biological 
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role of  MAWBP and MAWD in GC. We first investi-
gated expression levels of  MAWBP and MAWD in six 
GC cell lines at the RNA and protein levels. We found 
that expression was lowest in SGC7901 cells and highest 
in BGC823 cells. Thus, we selected SGC7901 for over-
expression of  MAWBP and MAWD and BGC823 for 
RNAi assay, and constructed the eukaryotic expression 
plasmid and RNAi plasmid for these two proteins for cell 
transfection. We generated MAWBP/D-cotransfected 
cells to establish whether one complements the function 
of  the other. We found that MAWBP and MAWD acted 
as tumor suppressors. Our results showed that overex-
pression of  MAWBP and MAWD suppressed growth of  
SGC7901 cells. Knockdown of  their expression enhanced 
proliferation of  BGC823 cells. The suppressive ability 
of  MAWD was more pronounced than that of  MAWBP. 

Interestingly, the results from the migration and transwell 
assays indicated that combined overexpression of  these 
two proteins more obviously limited migration and inva-
sive behavior of  GC cells. The cotransfected cells showed 
mixed characteristics for proliferation and migration, 
meaning that MAWBP and MAWD had a synergetic role 
in regulating migration and invasion of  GC cells.

EMT is thought to be a key step in the progression 
of  tumors toward invasion and metastasis[28]. EMT is a 
cellular process during which epithelial polarized cells be-
come motile mesenchymal-appearing cells. This process 
can lead to loss of  epithelial markers - especially E-cad-
herin - and expression of  mesenchymal markers such as 
vimentin and N-cadherin[29]. E-cadherin is a cell-adhesion 
protein that is regulated by transcription factors including 
Snail and Slug. Snail act as a repressor and blocks E-cad-

Figure 6  Combination of mitogen-activated protein kinase activator with WD40 repeats binding protein and mitogen-activated protein kinase activator with 
WD40 repeats inhibited the transforming growth factor-β pathway. A: The level of p-Smad3 was lowest in the mitogen-activated protein kinase activator (MAWD) 
with WD40 repeats binding protein (MAWBP)/D cotransfected group and highest in the vector group. p-Smad2 was also lower in the MAWBP/D group; B, C: Nuclear 
translocation capability of p-Smad3 in cotransfected cells was weakest that means the activity of transforming growth factor (TGF)-β pathway in co-expression group 
was inhibited. DAPI: 4’,6-diamidino-2-phenylindole.
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herin transcription, and has emerged as an essential regu-
lator of  physiological and pathological EMT processes[30]. 
It has been shown that TGF-β induces changes in cell 
morphology that are consistent with the acquisition of  
the EMT phenotype[31]. 

In this study, we sought to determine whether co-
expression of  MAWBP and MAWD inhibited TGF-β1-
induced EMT, thus suppressing migration and transwell 
behavior of  GC cells. We stimulated GC cells with over-
expression of  MAWBP and MAWD with TGF-β1 and 
detected the expression level of  epithelial and mesen-
chymal markers and transcription factors. We found that 
E-cadherin was upregulated in the co-expression group 
and N-cadherin and Snail expression was inversely as-
sociated with E-cadherin expression. This revealed that 
MAWBP and MAWD had a synergetic function in inhib-
iting TGF-β1-induced EMT.

TGF-β1 stimulation induces upregulation of  Snail 
and induces EMT in Smad-dependent signaling[30]. 
MAWD was found to recruit Smad7 and form a com-
plex that inhibited TGF-β signaling. To confirm whether 
the MAWBP and MAWD complex further suppressed 
TGF-β1 and decreased Snail expression, we evaluated 
TGF-β activity in MAWBP and MAWD overexpressed 
cells. Phosphorylation of  effector molecules is often es-
sential for downstream receptor kinase signaling[31]. Thus, 
we detected the phosphorylation level and nuclear trans-
location of  p-Smad2 and p-Smad3 to indicate TGF-β 
activity. We found that the level of  p-Smad3 was lowest 
in the combined overexpression group and highest in 
the vector group. Nuclear translocation of  p-Smad3 was 
weakest in cells with combined overexpression. These 
results imply that the MAWBP/D complex suppresses 
TGF-β signaling, and therefore downregulates Snail level 
and inhibits EMT.

All together, the present study demonstrates that 
MAWBP and MAWD have a suppressive role in progres-
sion of  tumor growth and invasion of  GC. Co-expres-
sion of  MAWBP and MAWD inhibits TGF-β1-induced 
EMT, which suppresses EMT-assisted GC cell malignant 
progression. In future research, we should attempt to 
find the mechanisms mediating MAWBP and MAWD 
expression in GC. MAWBP and MAWD interaction do-
mains will be predicted by biological information analysis 
and tested in cell assays.
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COMMENTS
Background
Gastric cancer (GC) is the second most common cause of cancer death world-
wide. GC incidence in Asian countries, particularly in East Asia, is significantly 
higher than that in other parts of the world. GC creates a serious public health 
problem. Early diagnosis is important for therapy and prognosis of patients. 
Therefore, investigation of sensitive biomarkers and analysis of their function 

are important. 
Research frontiers
During the past decade, a great effort has been made to define better the 
biological profile of GC. Molecular genetic studies have investigated the accu-
mulation of mutations and alterations in proteins involved in GC. These include 
activation of c-myc, erbB-2, c-met, and k-ras oncogenes and inactivation of 
tumor suppressor genes p53, APC, E-cadherin and RUNX3. Their previous 
study found that mitogen-activated protein kinase activator with WD40 repeats 
(MAWD) and MAWD binding protein (MAWBP) were differentially expressed 
and interacted in GC.
Innovations and breakthroughs
The present study provided direct evidence that MAWBP and MAWD inhibited 
proliferation and migration of GC cells. Importantly, interaction of MAWBP and 
MAWD influenced expression of epithelial-mesenchymal transition (EMT) mark-
ers induced by transforming growth factor (TGF)-β1 in GC cells. It also reduced 
nuclear translocation of p-Smad3. This means that co-expression of MAWBP 
and MAWD inhibits TGF-β1-induced EMT and suppresses EMT-aided GC ma-
lignant progression.
Applications
The authors found that interaction between MAWBP and MAWD could shed 
new light on the carcinogenic mechanisms of GC. MAWBP and MAWD as bio-
markers might be diagnostic and therapeutic targets for GC.
Terminology
MAWD is a protein that is evolutionarily conserved and is widely expressed in 
many tissues. Sequence analysis indicates that the protein structure of MAWD 
contains a WD40 repeat domain. WD repeat proteins help to assemble mac-
romolecular complexes, such as shown for the β-subunit of G proteins. The 
homologous protein of MAWD, serine-threonine kinase receptor-associated 
protein recruits Smad7 to the activated typeⅠreceptor and forms a complex. 
MAWBP is a MAWD binding protein. EMT is the morphological and molecular 
changes that occur when epithelial cells lose their characteristics, gain mesen-
chymal properties and become motile, which is a key event in tumor invasion 
and metastasis.
Peer review
The authors analyzed MAWD and MAWBP in a series of GC cell lines. They 
found that co-expression of both genes is potentially involved in the suppres-
sion of migration and invasion in their selected cell lines. This study was a 
straightforward continuation of the authors’ own work and they have recently 
reported differential expression of both genes in GC tissues. Now, they have 
analyzed the functional consequences of suppression or overexpression of both 
genes in an in vitro setting.
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