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Abstract. Colon cancer is a highly metastatic gastrointestinal 
cancer. BMP activin membrane-bound inhibitor (BAMBI), as 
a pseudo-receptor of the tumor growth factor (TGF)-β signal 
transduction pathway, has previously been demonstrated to be 
involved in human cancers. The present study demonstrated 
that BAMBI-small interfering (si)RNA regulated the viability 
and motility of colon cancer by activating TGF-β signaling. 
The expression level of BAMBI was suppressed by transfecting 
BAMBI-siRNA into the SW480 and HT-29 colon cancer cell 
lines. Decreased cell proliferation and increased cell apoptosis 
were detected in SW480 and HT-29 cells transfected with 
BAMBI-siRNA. Decreased expression of proliferation marker 
proteins Ki67 and proliferating cell nuclear antigen and 
elevated expression of apoptosis marker proteins (caspases-3, 
-8 and -9) further verified the role of BAMBI-siRNA in 
inhibiting cell viability. Silencing of BAMBI strongly reduced 
the closing rate and the number of invasive cells compared 
with control group. BAMBI-siRNA additionally resulted in 
decreased expression of migration marker proteins matrix 
metalloproteinase-9 (MMP-9), MMP-14 and vascular 
endothelial cell growth factor. In addition, the expression of 
TGF-β and phosphorylated-mothers against decapentaplegic 
homolog (Smad) 2/3 was increased in W480 and HT-29 cells 
transfected with BAMBI-siRNA. Elevated expression of the 
downstream signaling molecule E2F transcription factor 4/5 
and suppressed c-MYC were additionally detected in the 
BAMBI-siRNA group. Finally, the in vivo experiment in the 
CSC xenograft revealed that BAMBI-siRNA strongly reduced 

the tumor growth and tumor volume. BAMBI-siRNA inhibited 
hepatic metastases and the expression of metastasis-associated 
proteins. The upregulated expression of TGF-β signaling 
proteins were detected in the BAMBI-siRNA group compared 
with control group in vivo. Overall, the results of the present 
study indicated that the inhibition of BAMBI reduces the 
viability and motility of colon cancer and may involve activa-
tion of the TGF-β/Smad pathway in vitro and in vivo.

Introduction

Colon cancer (as named as colorectal cancer, CRC) is the third 
most prevalent gastrointestinal cancer in the world, marked 
by liver metastasis and high recurrence rate (1,2). Treatment 
of CRC is largely ineffective due to lack of thorough under-
standing of its pathogenesis, resulting in high morbidity and 
mortality (3,4). Therefore, getting a better understanding of 
the underlying molecular pathogenesis of CRC will help to 
develop more effective therapies for the treatment of CRC.

BMP activin membrane-bound inhibitor (BAMBI) is 
a trans-membrane glycoprotein located at chromosomal 
10p11.2-p12.3. BAMBI is also named as pseudo-receptor due 
to its similar structure with extracellular domain of type I 
receptors of the transforming growth factor-β (TGF-β) family, 
activin, and bone morphogenetic protein (BMP) (5). Previous 
studies suggested that BAMBI may be involved in a variety 
of diseases, especially in cancer. BAMBI was firstly found 
down-regulated in human melanoma (6) and then was identified 
to induce cell growth and invasion in human gastric carcinoma 
via negatively regulating TGF-β signaling (7). Moreover, aber-
rantly elevated level of BAMBI was found in most colorectal 
and hepatocellular carcinomas (8). As a pseudo-receptor of 
TGF-β signal transduction pathway, the negative feedback 
regulation of BAMBI in the signal transduction pathway 
of TGF-β has been widely confirmed. However, the exact 
molecular mechanism of the interaction between BAMBI and 
TGF-β/Smad pathway in the viability and motility of colon 
cancer has yet been poorly defined.

According to previous reports, the TGF-β/Smad signaling 
pathway is one of the most commonly related pathways in 
human cancers. The TGF-β/Smad signaling pathway inhibits 
or promotes the development of tumors in different stages. 
For example, TGF-β gene inhibits the development of breast 
cancer at early stage by inhibiting cell-cycle progression and 
tumor growth. However, TGF-β signaling is propitious to 
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carcinoma cell invasiveness and metastasis during late-stage 
tumorigenesis (9,10). It has been reported that TGF-β signaling 
suppresses the growth of multiple epithelial cell types, but acts 
as a tumor promoter in colorectal cancer due to the mutational 
inactivation of type II TGF-β receptor (TGFBR2), SMAD2, 
and SMAD4 (11,12). Till now, the complex regulatory mecha-
nism of TGF-β signaling in the development of CRC has not 
been clearly elucidated till now.

In this study, we aimed to explore the mechanism of 
BAMBI in the pathogenesis of colorectal cancer. BAMBI 
siRNA was verified to restrain cell proliferation and promote 
cell apoptosis in vitro. BAMBI siRNA also suppressed the 
migration and invasion of CRC. The in vivo experiment in CSC 
xenograft further convinced the inhibitory effect of BAMBI 
siRNA in tumor growth and metastasis that may activate the 
TGF-β/Smad signaling. Our study revealed the regulatory 
mechanism of BAMBI in pathogenesis of colorectal cancer 
and provided new targets for cancer therapy.

Materials and methods

Cell lines culture. Human colon cancer cell lines SW480 
and HT-29 were purchased from American Type Culture 
Collection (Manassas, VA, USA). Both of the cell lines were 
maintained routinely in RPMI-1640 (cat no. 11875-093; Gibco, 
Grand Island, NY, USA) supplemented with 10% fetal bovine 
serum (Life Technologies, Inc., Grand Island, NY, USA) and 
grown at 37˚C in a 5% CO2 cell culture incubator.

Cell transfection. SiRNA fragments targeting BAMBI were 
designed and purchased from Invitrogen (Carlsbad, CA, USA). 
The control and scramble fragments were designed as the 
negative control of BAMBI. The SW480 and HT-29 cells were 
seeded in 24-well plates at 1x105 cells per well. BAMBI-siRNA 
and siRNA-scramble and control were transfected into SW480 
and HT-29 cells using Lipofectamine 2000 according to the 
protocol (Invitrogen). Cells were harvested for subsequent 
experiments after transfection for 24 h.

Western blotting. Cell samples were lysed in lysis buffer 
(Beyotime, Jiangsu, China). 30 µg protein was sepa-
rated through SDS-PAGE and then was transferred onto 
Polyvinylidene Fluoride membranes (Millipore, Billerica, 
MA, USA). The membranes were then blocked in PBST 
(PBS with 0.1% Tween 20) containing 5% nonfat milk 
for 2 h at room temperature, and then were incubated with 
the primary antibodies: Anti-BAMBI, anti-Ki67, anti- 
proliferating cell nuclear antigen (PCNA), anti-caspase-3, 
anti-caspase-8, anti-caspase-9, anti- matrix metallopro-
teinase (MMP)-9, anti-MMP-14, anti-VEGF, anti-TGF-β, 
anti-Smad2/3, anti-p-Smad2/3, anti-E2F4/5, anti-c-MYC, 
anti-GAPDH (Abcam, Cambridge, UK) and the corre-
sponding HRP-conjugated secondary antibodies. Proteins 
were detected using a ChemiDoc XRS imaging system and 
Quantity One analysis software (Bio-Rad, San Francisco, CA, 
USA). GAPDH (Abcam) was used as endogenous reference.

Cell proliferation assay. Cell proliferation was assayed 
using the cell counting Kit-8 (CCK-8; Dojindo Laboratories, 
Tokyo, Japan) according to the manufacturer's protocol. A 

total of approximately 5x103 cells were seeded onto 96-well 
plates, followed by pretreated with BAMBI-siRNA or 
siRNA-scramble or control, respectively. Cells were then incu-
bated with CCK‑8 solution for 2 h at 37˚C. The absorbance 
was measured at 450 nm using multifunctional microplate 
reader spectraMaxM5 (Molecular Devises, Sunnyvale, CA, 
USA) at indicated time points. All experiments were repeated 
at least three times.

Flow cytometric analysis of cell apoptosis. Cells in each group 
were harvested at 48 h post-transfection. For the apoptosis 
analysis, cells were re-suspended (1x106) and fixed, then 
were stained using the Annexin V‑fluorescein isothiocyanate 
(FITC) and PI apoptosis detection kits (Annexin V-FITC 
Apoptosis Detection kit; Thermo Fisher Scientific, Waltham, 
MA, USA). Then the apoptosis rates were analyzed using 
the FACS Caliber II sorter and Cell Quest FACS system 
(BD Bio-sciences, San Jose, CA, USA) according to the 
manufacturer's protocols. The flow cytometry analysis was 
repeated at least three times.

Wound‑healing assay. Wound-healing assay was performed 
to evaluate the migration rate of SW480 and HT-29 cells 
transfected with BAMBI-siRNA or siRNA-scramble or 
control. Firstly, 1.5x106 cells/well were seeded in 6-well plates 
and cultured overnight until the cells reached 90% confluence. 
A straight scratch was created by a sterile pipette tip. The 
destroyed cells were rinsed off with PBS 3 times gently and 
cultured in medium for another 24 h. Cell migration was 
observed and imaged at 0 and 24 h with a digital camera 
(Leica DFC300FX).

Transwell invasion assay. For the invasion assays, SW480 and 
HT-29 cells pre-transfected with BAMBI siRNA or siRNA 
scramble or control (2x104 cells/well) were placed in transwell 
cell culture chambers (8 mm pore size; Merck Millipore Corp, 
Billerica, MA, USA), coating with Matrigel (Becton-Dickinson, 
East Rutherford, NJ, USA). Cell suspension was placed in the 
upper chamber of the insert and lower chamber was filled with 
complete medium (containing 20% FBS) as a chemoattractant. 
Cells were incubated for another 24 h. Non-invading cells on 
the upper membranes were removed and the invasive cells 
were fixed in 95% ethanol, stained with hematoxylin. Cells 
were examined, photographed and quantified under a light 
microscope at 100x in five random fields per membrane. Each 
sample was assayed in triplicate.

Subcutaneously xenografted mouse model. All animal 
experiments were carried out in accordance with a protocol 
approved by the Institutional Animal Care and Use 
Committee (IACUC). HT-29 cells were transfected with 
BAMBI siRNA or siRNA scramble or control for 24 h. Then, 
4x106 cells were subcutaneously inoculated into 6-8 weeks old 
male athymic nude mice. After tumors (100-150 mm3) had 
established, the tumor volume was measured every 5 days with 
a caliper, and calculated in length x (width2)/2.

Ex vivo fluorescence imaging of the liver. Fluorescence in livers 
from colon cancer xenografts mice was observed using the 
Xenogen IVIS spectrum imager (Caliper Life Sciences, Inc., 
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Hopkinton, MA, USA). The total signal intensity was quanti-
fied by drawing the region of interest (ROI) using the matching 
analysis software package supplied by the manufacturer.

Immunohistochemistry. Formalin‑fixed paraffin‑embedded 
sections (5 µM) from tissue microarrays were prepared. 
They were deparaffinized in xylene and rehydrated then were 
incubated in 30% H2O2 to quench the activity of endogenous 
peroxidase. Then the sections were incubated with primary 
antibodies directed against Ki67 and MMP-14 overnight at 
4˚C. Proteins were visualized under a light microscopy.

Statistical analysis. All results are presented as mean ± SD 
and evaluated with a Student's t-test. P<0.05 was considered to 

indicate a statistically significant difference. All experiments 
were performed at least three times performed in triplicate.

Results

The inhibition of BAMBI reduces cell viability of colorectal 
cancer. To explore the effect of BAMBI on cell viability of CRC, 
SW480 and HT-29 cells were transfected with BAMBI-siRNA 
or siRNA-scramble or control, respectively. As shown in Fig. 1A 
and B, the expression of BAMBI was largely down-regulated in 
BAMBI-siRNA group compared with control group in SW480 
and HT-29 cells (**P<0.01). Then, CCK8 assay was conducted 
to detected cell proliferation in SW480 and HT-29 cells. In the 
first 24 h, no obvious difference was detected among the groups, 

Figure 1. The inhibition of BAMBI reduces cell viability of colorectal cancer. CRC cell lines SW480 and HT-29 were transfected with BAMBI-siRNA or 
siRNA-scramble or control, respectively. (A) The expression of BAMBI in SW480 and HT-29 cells was detected through western blotting. GAPDH was 
used as an endogenous reference. (B) Histogram represents the statistical analysis of the changes in the expression of proteins (**P<0.01 vs. control group).  
(C and D) CCK8 assay was conducted to detected cell proliferation in SW480 and HT-29 cells (*P<0.05 vs. control group). (E) The expression of proliferation 
marker proteins (Ki67 and PCNA) in SW480 and HT-29 cells was valued through western blotting. GAPDH was used as an endogenous reference. (F) Cell 
apoptosis rate in SW480 and HT‑29 cells was detected through flow cytometric analysis. (G) Histogram represents the statistical analysis of flow cytometric 
(**P<0.01 vs. control group). (H and I) The expression of apoptosis marker proteins (caspase-3, caspase-8, caspase-9) in SW480 and HT-29 cells was detected 
through western blotting. GAPDH was used as an endogenous reference. The bars showed means ± SD of three independent experiments.
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but a growing gap was shown in subsequent 24-96 h between 
the BAMBI-siRNA group and control groups (*P<0.05, Fig. 1C 
and D). The suppressed level of proliferation marker proteins 
(Ki67 and PCNA) by BAMBI-siRNA transfection further 
convinced that BAMBI-siRNA inhibited proliferation of CRC 
cells (Fig. 1E). Moreover, flow cytometric analysis indicated 
that cell apoptosis rate was promoted in BAMBI-siRNA 
group compared with control group in SW480 and HT-29 cells 
(**P<0.01, Fig. 1F and G). The expression of apoptosis marker 
proteins (caspase-3, caspase-8, caspase-9) was also increased 
by BAMBI-siRNA transfection compared with control 
group (Fig. 1H and I). These results indicated that the inhibition 
of BAMBI reduced cell viability of CRC.

The inhibition of BAMBI reduces cell motility of colorectal 
cancer. Having known that suppressed BAMBI reduced 
cell viability of CRC, a serious of experiments were then 
conducted to explore the effect of BAMBI on cell motility 
of CRC. The results of wound healing assays showed a large 
closure of the gap in the control group and siRNA-scramble 
group, whereas, a negligible effect on the closing rate of scratch 
wounds was seen in the BAMBI-siRNA group compared 
with control group (***P<0.001, Fig. 2A and B). Besides that, 
the number of invasive cells was decreased over 4 times in 
SW480 and HT-29 cells transfected with BAMBI-siRNA 
compared with control group (***P<0.001, Fig. 2C and D). 
Moreover, the expression level of tumor metastasis-related 

proteins (MMP-9, MMP-14 and VEGF) were largely 
decreased by BAMBI-siRNA (***P<0.001, Fig. 2E-G). These 
results indicated that the inhibition of BAMBI reduced cell 
motility of colorectal cancer.

The inhibition of BAMBI activates TGF‑β/Smad signaling. 
Considering the universal correlation of TGF-β/Smad 
signaling and BAMBI, the interaction between the two in 
CRC was further explored. The expression of TGF-β was 
obviously up-regulated in SW-480 cells transfected with 
BAMBI‑siRNA. No significant change was observed in the 
expression of substrate Smad2/3 but the level of p-Smad2/3 
was largely increased by BAMBI-siRNA. Elevated expression 
of downstream signaling molecule E2F4/5 and suppressed 
c-MYC were also detected in the BAMBI-siRNA group. 
The same changes in protein expression were also showed in 
HT-29 cells (**P<0.01, Fig. 3A-F). The results above indicated 
that the inhibition of BAMBI activated TGF-β/Smad signaling 
in CRC cells.

The inhibition of BAMBI inhibits tumor growth and hepatic 
metastasis. To investigate the effects of BAMBI-siRNA 
on CRC growth and metastasis in vivo, xenograft mouse 
model was created by subcutaneous injection of HT-29 
cells pretreated with BAMBI-siRNA or siRNA scramble 
or control to SPF nude mice. BAMBI-siRNA effectively 
suppressed tumor formation and tumor volume compared 

Figure 2. The inhibition of BAMBI reduces cell motility of colorectal cancer. CRC cell lines SW480 and HT-29 were transfected with BAMBI-siRNA 
or siRNA-scramble or control, respectively. (A) The migration rate of SW480 and HT-29 cells pre-treated as described for 24 h was observed through 
wound-healing assays. (B) Histogram represents the statistical analysis of wound-healing assays (***P<0.001 vs. control group). (C) Trans-well invasion 
assays were conducted to observe the invasive cells in SW480 and HT-29 cells. (D) Histogram represents the statistical analysis of trans-well invasion assays 
(***P<0.001 vs. control group). (E) The expression of tumor metastasis-related proteins (MMP-9/MMP-14/VEGF) in SW480 and HT-29 cells was detected 
through western blotting. GAPDH was used as an endogenous reference. (F and G) Histogram represents the statistical analysis of the changes in the expression 
of metastasis-related proteins. The bars showed means ± SD of three independent experiments.
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with the control groups (*P<0.05, Fig. 4A and B). The level of 
proliferation markers (Ki67 and PCNA) was also decreased 
in BAMBI-siRNA treated mice (Fig. 4C). These results 
suggested that BAMBI-siRNA restrained tumor growth of 
CRC in vivo. Besides that, fluorescent labeled HT‑29 cells were 
found metastasized to liver. Fluorescence signal in liver was 
observed directly through IVIS Spectrum system (Fig. 4D). 
Moreover, the expression of BAMBI was suppressed by 
BAMBI-siRNA in vivo (Fig. 4E). Increased level of TGF-β, 
p-Smad2/3 and E2F4/5 and decreased expression of c-MYC 
was also detected in BAMBI-siRNA group mice (Fig. 4F). 
These changes in related proteins indicated that the inhibi-
tion of BAMBI activated TGF-β/Smad signaling in vivo. 
These results indicated that the BAMBI-siRNA restrained the 
growth and hepatic metastases of CRC in vivo by activating 
the TGF-β/Smad signaling pathway.

Discussion

Colon cancer is a highly metastatic cancer with more than 
600,000 deaths each year (13). Clinical studies showed that 
most of the deaths were caused by metastatic CRC. In recent 
years, many efforts had been done on the development and 
metastasis of CRC, however, there is still a lot of research 
space for the potential regulation mechanisms up to now. In 
this study, we presented a new perspective that BAMBI regu-
lated the viability and motility of CRC via the TGF-β/Smad 
pathway in vitro and in vivo.

Accumulated researches have suggested that BAMBI is 
involved in the pathogenesis of many human diseases. For 
example, BAMBI was verified to promote cell survival in 
hepatic stellate cells through Wnt/β-catenin signaling (14). The 
elevated expression of BAMBI was identified to promote cell 

Figure 3. The inhibition of BAMBI activated TGF-β/Smad signaling. CRC cell lines SW480 and HT-29 were transfected with BAMBI-siRNA or siRNA-scramble 
or control, respectively. (A and B) The expression of TGF-β and substrate (Smad2/3 and p-Smad2/3) and downstream signaling molecules (E2F4/5 and 
c-MYC) in SW480 and HT-29 cells was detected through western blotting. GAPDH was used as an endogenous reference. (C and D) Histogram represents the 
statistical analysis of relative expression of TGF-β and substrate (Smad2/3 and p-Smad2/3) in SW480 and HT-29 cells (**P<0.01 vs. control group). (E and F) 
Histogram represents the statistical analysis of relative expression of E2F4/5 and c-MYC in SW480 and HT-29 cells (**P<0.01 vs. control group). The bars 
showed means ± SD of three independent experiments.
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proliferation in non-small-cell lung cancer and hepatocellular 
carcinomas (15,16). Additionally, high expression BAMBI and 
Smad7 may cooperatively inhibit the TGF-β signaling, and 
thus promote the progression of gastric cancer (17). These 
researches indicate that reducing the level of BAMBI may 
help prevent the development of diseases. Thus, in our study, 
the expression of BAMBI was down-regulated by transfecting 
specific siRNA into CRC cell lines (SW480 and ST-29). 
Suppressed BAMBI effectively controlled the proliferation of 
SW480 and ST-29 cells and largely promoted cell apoptosis. 
Our study indicates that inhibition of BAMBI suppresses cell 
viability in CRC.

Numerous reports have indicated that BAMBI was partici-
pated in the metastasis of cancer. For example, BAMBI was 
evidenced to regulate the invasiveness and aggressiveness of 
bladder cancers through TGF-β/BMP through autocrine and 
paracrine manner (18). Up-regulated expression of BAMBI 

was also found in gastric cancer and the knockdown of 
BAMBI suppressed metastasis of gastric cancer cells by inhib-
iting β-catenin and TGF-β (19). In accordance with previous 
reports, BAMBI siRNA strongly reduced the would closing 
rate and the number of invasive cells compared with control 
group. Decreased expression of migration marker proteins 
further identify that BAMBI siRNA reduces cell motility of 
CRC in vitro.

The regulating role of TGF-β/Smad signaling pathway 
has been identified in an enormous amount of researches. 
Antisense noncoding RNA in the INK4 locus (ANRIL, 
a long non-coding RNA located at chromosome 9p21) 
promoted the invasion and metastasis of thyroid cancer cells 
through TGF-β/Smad signaling pathway (20). TGF-β/Smad 
signaling pathway was identified as an important mechanism 
for NK cell immune evasion in childhood B-acute lympho-
blastic leukemia (21). TGF-β/Smad signaling is also involved 

Figure 4. The inhibition of BAMBI inhibits tumor growth and hepatic metastasis. Fluorescently-labeled HT-29 cells were transfected with BAMBI-siRNA 
or siRNA-scramble or control. CRC xenograft mouse model was established by injecting the treated HT-29 cells to SPF nude mice subcutaneously. 
(A) Representative images of tumor in each group are presented (n=5). (B) Tumor volume was calculated every 5 days after tumor formation and was shown 
as means ± SD (*P<0.05 vs. control group). (C) The expression of proliferation markers (Ki67 and PCNA) in formalin‑fixed, paraffin‑embedded tumors from 
BAMBI-siRNA group mice or siRNA-scramble or control group mice was detected through IHC analysis. (D) Livers from different groups were removed. 
Fluorescence signal in liver was observed directly through IVIS Spectrum system. (E) The expression of BAMBI in BAMBI-siRNA/siRNA-scramble/control 
group mice was detected through western blotting. (F) The expression of TGF-β and substrate (Smad2/3 and p-Smad2/3) and downstream signaling molecules 
(E2F4/5 and c-MYC) in BAMBI-siRNA/siRNA-scramble/control group mice was detected through western blotting. GAPDH was used as an endogenous 
reference. The bars showed means ± SD of three independent experiments.
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in some other cancers, such as breast cancer (22), gastric 
carcinoma (23), including colon cancer (24). The interaction 
between BAMBI and TGF-β/Smad pathway had been studied 
extensively, but the co-operation of the two in colorectal 
cancer has not been well studied. BAMBI was identified 
to inactivate TGF-β signaling through the interaction with 
type I TGF-β receptor (TGFBR1) receptors, thus preventing 
the formation of functional authentic receptor complexes 
(TGFRI/BMPRI and TGFRII/BMPRII) (25). In accordance 
with these previous reports, in our study, the expression of 
TGF-β and activated p-Smad2/3 was both up-regulated by 
BAMBI siRNA. Simultaneously, the level of nuclear effector 
molecules E2F4/5 and c-MYC was also changed in BAMBI 
siRNA group. These results above suggested that BAMBI 
activated the TGF-β/Smad pathway and transmit signals 
through Smad2/3 in CRC.

In previous reports, BAMBI was reported to suppress 
tumor growth and metastasis in breast cancer by blocking the 
differentiation of human mesenchymal stem cells via inhib-
iting TGF-β/Smad pathway (26). BAMBI was also identified to 
suppress tumor growth by down-regulating both β-catenin and 
TGF-β1 signaling in hepatocellular carcinoma (27). Similar 
conclusion was verified in our study subsequently. Compared 
with the control mice, the BAMBI siRNA model mice 
exhibited restrained tumor growth and liver metastasis with 
enhanced expression of TGF-β signaling pathway proteins. 
Results above indicate that BAMBI siRNA inhibited CRC 
growth and metastasis in vivo through activating TGF-β/Smad 
pathway.

In conclusion, this study demonstrated that the inhibition 
of BAMBI restrained CRC growth and metastasis in vivo and 
in vitro. Besides, BAMBI exerted regulating role may through 
activating TGF-β signaling pathway. Thus, our study suggests 
that BAMBI may be a potential target for future prevention 
and treatment of human CRC.
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