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Bone morphogenetic protein signalling is required
for the anti-mitogenic effect of the proteasome
inhibitor MG-132 on colon cancer cells

WKK Wu1,2,3, JJY Sung1,3, YC Wu2,4, ZJ Li2, L Yu2 and CH Cho2,3

1Department of Medicine & Therapeutics, The Chinese University of Hong Kong, Hong Kong, China; 2Department of Pharmacology,
The Chinese University of Hong Kong, Hong Kong, China; 3Institute of Digestive Diseases, The Chinese University of Hong Kong,
Hong Kong, China and 4Department of Medicine, The First Affiliated Hospital of College of Medicine, Zhejiang University,
Hangzhou, China

Background and purpose: Inhibition of proteasome has been emerging as a promising approach in pathway-directed cancer
therapy. Bone morphogenetic protein (BMP) signalling, which is known to be regulated by the ubiquitin–proteasome pathway
in osteoblasts, plays a crucial role in the suppression of gastrointestinal carcinogenesis. Here we sought to elucidate the anti-
mitogenic effect of a proteasome inhibitor in relation to BMP signalling in colon cancer.
Experimental approach: The effects of the proteasome inhibitor MG-132 on proliferation of SW1116 and HT-29 colon cancer
cells were determined by [3H]-thymidine incorporation and colony-formation assay. The involvement of BMP signalling in the
action of MG-132 was elucidated by western blot, real-time PCR, immunofluorescence and RNA interference.
Key results: MG-132 significantly suppressed the proliferation of colon cancer SW1116 and HT-29 cells. In this regard,
MG-132 activated BMP signalling and this was manifested as an increase in Smad1/5/8 phosphorylation and upregulation of
p21Waf1/Cip1 and p27Kip1 expression. Knockdown of BMP receptor II abolished Smad1/5/8 phosphorylation, the induction of
p21Waf1/Cip1 and p27Kip1 and inhibition of cell proliferation induced by MG-132. Further analysis revealed that MG-132
upregulated the expression of BMP1 and BMP2, which are secreted members of the BMP superfamily. Moreover, the
expression of Smad6, an intracellular inhibitor of BMP signalling, was suppressed by MG-132.
Conclusions and implications: These findings suggest that inhibition of proteasome suppresses the proliferation of colon
cancer cells via activation of BMP signalling. They also demonstrate a novel aspect of proteasome function in the regulation of
colon cancer cell proliferation.
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Introduction

The proteasome is an evolutionarily conserved threonine

protease responsible for the degradation of ubiquitinated

proteins in eukaryotic cells (Goldberg, 2003). Recent ad-

vances in the study of proteasome function has led to the

finding that proteasome may serve as an attractive target in

cancer therapy. In this respect, the expression of a repertoire

of proteins involved in the control of cell cycle and apoptosis

has been shown to be regulated by the ubiquitin–proteasome

pathway (Richardson et al., 2006). For example, proteasome-

dependent proteolysis plays a crucial role in the degradation

of p53, the ‘guardian’ of human genome; the accumulation

of p53 induces the expression of the cyclin-dependent kinase

inhibitor p21Waf1/Cip1 (Maki et al., 1996). In fact the p21Waf1/Cip1

and p27Kip1 proteins, per se, are regulated by the ubiquitin–

proteasome pathway (Pagano et al., 1995; Blagosklonny et al.,

1996). Moreover, proteasome inhibitors inhibit the degrada-

tion of I-kB and thereby attenuate the mitogenic and pro-

survival signals of nuclear factor-kB activation (Rodriguez et al.,

1996). Clinically, inhibition of proteasome function has been

employed to treat various haematological malignancies, such

as multiple myeloma and mantle cell lymphoma. At present,

clinical trials determining the therapeutic value of proteasome
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inhibitors in different solid tumours are in progress

(Richardson et al., 2005, 2006).

Bone morphogenetic proteins (BMPs), secreted members

of the transforming growth factor-b (TGF-b)/BMP super-

family, are important signalling molecules involved in

tumour suppression (Howe et al., 2001; Piccirillo et al.,

2006; Wen et al., 2006; Kodach et al., 2007). Like TGF-b, the

effects of BMPs are mediated by specific type I and II serine–

threonine kinase receptors (BMPRs). Upon ligand-binding,

activated BMPR recruits and phosphorylates the downstream

Smad1/5/8, which subsequently heterodimerize with Smad4

and translocate into the nucleus, serving as transcription

factors to induce the expression of genes that mediate the

action of BMPs (Liu and Niswander, 2005). Apart from

promoting bone and cartilage formation, BMP signalling has

been shown to play a pivotal role in tumour suppression in

various types of cancer. In particular, BMP signalling is

impaired during colon carcinogenesis. In this regard, germ-

line mutations of BMPRIA have been found in a subset of

patients with juvenile polyposis, an autosomal, predomi-

nantly gastrointestinal, hamartomatous polyposis syndrome

in which patients are at risk of developing colon cancers

(Howe et al., 2001). BMP2, which is mainly expressed in

mature colonocytes, also inhibits normal and cancerous

colonic epithelial cell growth and promotes apoptosis and

differentiation (Hardwick et al., 2004; Beck et al., 2006). A

later study further revealed that BMP signalling inhibits

intestinal stem cell self-renewal through suppression of Wnt-

b-catenin signalling (He et al., 2004). Frequent mutations of

Smad4 in colon cancer, which also affect TGF-b signalling,

further indicate the importance of BMP signalling as a

tumour-suppressing pathway (Miyaki and Kuroki, 2003). In

relation to the ubiquitin–proteasome pathway, it has been

shown that proteasome inhibitors activate BMP signalling in

osteoblasts to stimulate bone formation through transcrip-

tional upregulation of BMP2 (Garrett et al., 2003).

As most pharmacological studies on the anti-cancer

mechanism of proteasome inhibitors utilize haematological

cancers as cellular models, the effect of proteasome inhibi-

tors on solid tumours such as colon cancer is still not well

defined. Hence, on the basis that BMP signalling is an

important tumour-suppressing pathway in colon cancer and

inhibition of proteasome may potentially activate this

pathway, we have investigated the anti-mitogenic effect of

a proteasome inhibitor on colon cancer cells in relation to

BMP signalling.

Methods

Cell culture and viability assay

The human colon adenocarcinoma cell lines SW1116 and

HT-29, which harbour mutant p53 genes (Shao et al., 1996;

Zhang et al., 2000), were purchased from American Type

Culture Collection (Manassas, VA, USA). SW1116 and HT-29

cells were maintained in RPMI-1640 containing 10% fetal

bovine serum (FBS), 100 mmL�1 penicillin G, 100 mg mL�1

streptomycin and maintained at 37 1C, 95% humidity, and

5% carbon dioxide. Cell viability was determined by lactate

dehydrogenase release assay.

Cell proliferation and colony-formation assays

Cell proliferation was measured as the amount of DNA

synthesis using a modified [3H]-thymidine incorporation

assay as previously described (Wu et al., 2005). In brief, cells

were treated with various doses of MG-132 (dissolved in

dimethyl sulphoxide) or vehicle control (0.01% v/v dimethyl

sulphoxide) for different time periods and then incubated

with 0.5mCi mL�1 [3H]-thymidine for another 4 hours. The

final incorporation of [3H]-thymidine into cells was mea-

sured with a liquid scintillation counter (LS-6500, Beckman

Instruments Inc., Pullerton, CA, USA). For colony-formation

assay, cells were either untreated or treated with MG-132

(1mmol L�1) for 4 hours. They were then re-seeded in six-well

plates at the density of 1�103 cells per well. The plates were

incubated for 7 days, after which the cells were fixed with

absolute methanol and stained in haematoxylin for 30 min

and the cultures were photographed under white-transillu-

mination using ChemiDoc XRS system (Bio-Rad, Hercules,

CA, USA). Colonies were then counted using Quantity One

software (Bio-Rad). Densitometry was then performed using

the same software.

Conventional and real-time RT-PCR

The total RNA was isolated and cDNA was synthesized as

previously described (Wu et al., 2005). PCR was then

performed using the following primer pairs: BMPRIA, sense

primer 50-ATGCGTGAGGTTGTGTGTGT-30 and antisense

primer 50-ACCCAGAGCTTGACTGGAGA-30 (product size

503 bp); BMPRIB, sense primer 50-AGGTCGCTATGGGGAA

GTTT-30 and antisense primer 50-TAGCAACCTCCCAAAGGA

TG-30 (product size 599 bp); BMPRII, sense primer 50-CCAT

GAGGCTGACTGGAAAT-30 and antisense primer 50-AGGAC

CAATTTTTGGCACAC-30 (product size 563 bp). Conditions

for PCR were 94 1C for 5 min, 35 cycles of 94 1C for 30 s, 55 1C

for 30 s and 72 1C for 1 min. The final extension step was at

72 1C for 7 min. The PCR products were then electrophoresed

on a 1.5% agarose gel containing 1� GelRed reagent. For

quantification, real-time PCR was performed with specific

pre-designed primer set purchased from Qiagen (Valencia,

CA, USA) with b-actin as an internal control. Conditions for

quantitative PCR were 94 1C for 5 min, 40 cycles of 94 1C for

30 s, 55 1C for 30 s and 72 1C for 30 s. Quantitative PCR was

carried out using CyberGreener real-time PCR supermix and

Multicolor Real-Time PCR Detection System (Bio-Rad). The

results were analyzed using the comparative threshold cycle

(Ct) method.

RNA interference

The expression of BMPRII was lowered using pre-designed

target-specific siRNA molecules. Two hundred picomoles of

gene-specific or control small interference RNA (siRNA) was

transfected into cells at 40–60% confluence using Lipofectamine

2000 reagent according to the manufacturer’s instructions.

Western blot analysis

Cells were harvested in radioimmunoprecipitation buffer

containing proteinase and phosphatase inhibitors as pre-
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viously described (Wu et al., 2005). Equal amounts of protein

(40 mg per lane) were resolved by SDS-PAGE, and transferred

to Hybond C nitrocellulose membranes (Amersham, Arling-

ton Heights, IL, USA). The membranes were probed with

primary antibodies overnight at 4 1C and incubated for 1 h

with secondary peroxidase-conjugated antibodies. Chemilu-

minescent signals were then developed with Lumiglo

reagent (Cell Signaling Technology, Beverley, MA, USA) and

detected by the ChemiDoc XRS gel documentation system

(Bio-rad).

Immunofluorescence

Cells grown on 96-well plates were fixed with 4% (v/v)

paraformaldehyde for 30 min and then made permeable with

methanol at �20 1C for 10 min. The cells were then covered

with 10% (v/v) goat serum for 30 min at room temperature to

block nonspecific adsorption of antibodies to the cells. After

this procedure, the cells were incubated with primary

antibody against phospho-Smad1/5/8 at 4 1C overnight.

Cells were then probed with Alexa Fluor 488 goat anti-rabbit

secondary antibodies and incubated at room temperature for

another 2 h. Fluorescent signals were detected using a

fluorescent microscope (TS-100, Nikon).

Drugs, chemical reagents and other materials

The proteasome inhibitor MG-132 was purchased from

Calbiochem (San Diego, CA, USA). Antibodies for Smad1,

phospho-Smad1/5/8, Smad6 and b-actin were purchased

from Cell Signaling Technology (Beverley, MA, USA). Other

primary antibodies were purchased from Santa Cruz Bio-

technology (Santa Cruz, CA, USA). All other chemicals and

reagents were purchased from Sigma-Aldrich (St Louis, MO,

USA) unless otherwise specified. RPMI-1640, FBS, Cyber-

Greener real-time PCR supermix, Lipofectamine 2000

reagent and Alexa Fluor 488 goat anti-rabbit secondary

antibodies were from Invitrogen (Carlsbad, CA, USA); lactate

dehydrogenase release assay was from Roche (Indianapolis,

IN, USA). [3H]-thymidine was purchased from Amersham

Corporation (Arlington Heights, IL, USA); GelRed reagent

from Biotium (USA); pre-designed target-specific siRNA

molecules from Qiagen (Valencia, CA, USA).

Statistical analysis

Results are expressed as the mean±s.e.mean. Statistical

analysis was performed with an analysis of variance followed

by the Tukey’s t-test. P-values less than 0.05 were considered

statistically significant.

Results

MG-132 inhibited SW1116 and HT-29 colon cancer cell

proliferation and colony-forming ability

To study the effect of a proteasome inhibitor on the

proliferation of colon cancer cells, we examined changes

in [3H]-thymidine incorporation in response to MG-132

Figure 1 Effects of the proteasome inhibitor MG-132 on the proliferation of colon cancer cells. (a) Incubation with MG-132, 0.1–1mmol L�1,
for 24 h inhibited the synthesis of DNA in SW1116 and HT-29 cells. (b) MG-132 (1mmol L�1) time-dependently reduced DNA synthesis in
SW1116 and HT-29 cells. (c) A 4-hour treatment with MG-132 (1 mmol L�1) significantly reduced the number of colonies of SW1116 cells.
*Po0.05; **Po0.005, significantly different from respective vehicle control group.

Proteasome inhibitor activates BMP signalling
WKK Wu et al634

British Journal of Pharmacology (2008) 154 632–638



treatment in SW1116 and HT-29 cells. As shown

in Figures 1a and b, MG-132 significantly reduced

[3H]-thymidine incorporation into SW1116 and HT-29 cells

in a concentration- and time-dependent manner. At the dose

of 1 mmol L�1, a 24-hour treatment with MG-132 inhibited

SW1116 cell proliferation by about 60%, when compared

with vehicle control (0.01% v/v dimethyl sulphoxide). The

HT-29 cells were more responsive to MG-132 treatment

(Figure 1a). The anti-mitogenic effect of MG-132

(1 mmol L�1) could be detected as early as 8 h (Figure 1b).

By using the lactate dehydrogenase release assay necrotic cell

death in all treatment groups was confirmed to be unaffected

by MG-132 treatment. To confirm the anti-mitogenic action

of MG-132, a colony-formation assay was performed. The

results showed that treatment with MG-132 for 4 h signifi-

cantly reduced the colony-forming ability of SW1116 cells.

In contrast, HT-29 cells were not able to form colonies

regardless of treatment conditions (Figure 1c).

MG-132 activated BMP signalling in SW1116 and HT-29 cells

BMP signalling plays an important role in tumour suppres-

sion during colon carcinogenesis (Howe et al., 2001;

Hardwick et al., 2004; He et al., 2004; Beck et al., 2006;

Kodach et al., 2007). We therefore determined the expression

of BMPR, which normally exists as a heterodimer, in SW1116

and HT-29 cells. RT-PCR showed that BMPRIA and BMPRII

were both present in SW1116 and HT-29 cells. However, the

mRNA expression of BMPRIB was only detected in SW1116

but not HT-29 cells (Figure 2a). In this regard, MG-132

significantly increased BMP-responsive Smad1/5/8 phos-

phorylation in a time-dependent manner in both cell lines.

The expression of the protein Smad1 was not affected

(Figure 2b). The induction of Smad1/5/8 phosphorylation

was further confirmed by immunofluorescent staining of

phospho-Smad1/5/8 and cells treated with MG-132

(1 mmol L�1) showed more marked fluorescent signals loca-

lized in the nucleus when compared with the untreated cells

(Figure 2c).

MG-132 induced p21Waf1/Cip1 and p27Kip1 protein expression

As p21Waf1/Cip1 and p27Kip1 have been shown to be upregu-

lated upon activation of BMP signalling (Nakamura et al.,

2003; Pardali et al., 2005), the expression of the proteins

p21Waf1/Cip1 and p27Kip1 were determined in SW1116

(Figure 3a) and HT-29 cells (Figure 3b) treated with or without

MG-132; the expresssion of p21Waf1/Cip1 and p27Kip1 were

both significantly increased by MG-132 treatment.

Knockdown of BMPRII attenuated BMP signalling induced by

MG-132

Although the results presented so far indicated that MG-132

activated BMP signalling in colon cancer cells, whether this

phenomenon is receptor-dependent had not yet been

determined. RNA interference was therefore employed to

downregulate the expression of BMPRII. The results showed

that the siRNA transfection efficiency was more than 80% in

SW1116 cells but less than 15% in HT-29 (Figure 4a).

Therefore, SW1116 cells were used for all subsequent siRNA

experiments. In this regard, BMPRII-siRNA significantly

reduced the mRNA expression of BMPRII by nearly 80%

(Figure 4b) and significantly dampened the anti-mitogenic

signals elicited by MG-132 in SW1116 cells. Also, knock-

Figure 2 The effects of MG-132 on BMP signalling in colon cancer
cells. (a) Shows that BMPRIA and II are expressed in SW1116 and
HT-29 cells, as determined by RT–PCR, whereas BMPRIB was only
detected in SW1116 cells. (b) MG-132 (1 mmol L�1) time-depen-
dently increased Smad1/5/8 phosphorylation. The expression of
total Smad1 was unaffected by MG-132 treatment. The results are
representative of two independent experiments. (c) SW1116 and
HT-29 cells treated with MG-132 (1 mmol L�1) exhibited stronger
fluorescent signalling for phosphorylated Smad1/5/8 than untreated
cells (controls), as determined by immunofluorescence staining.

Figure 3 The upregulation of p21Waf1/Cip1 and p27Kip1 by MG-132.
(a) SW1116 cells treated with MG-132 (1 mmol L�1) for 4 h showed
substantially increased protein expression of p21Waf1/Cip1 and
p27Kip1. (b) MG-132 (1mmol L�1) elicited a similar response in
HT-29 cells. These results are representative of two independent
experiments.
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down of BMPRII abolished Smad1/5/8 phosphorylation as

well as p21Waf1/Cip1 and p27Kip1 protein expression induced

by MG-132 (Figure 4c). Above all, the inhibition of SW1116

cell proliferation induced by MG-132 was significantly

abolished by the knockdown of BMPRII (Figure 4d); in the

control siRNA-transfected SW1116 cells treatment with

MG-132 (1mmol L�1) for 8 h reduced cell proliferation by

24.4% but in the BMPRII siRNA-transfected cells this anti-

mitogenic effect of MG-132 was not observed (100.9% of

control).

MG-132 induced the expression of BMP1 and BMP2

The activity of BMP signalling is determined in part by the

regulation of the expression of endogenous BMPR ligands.

However, the effect of the proteasome inhibitor on the

expression of these ligands in colon cancer cells has not yet

been determined. In this respect, quantitative PCR showed

that BMP1 and BMP2 were significantly upregulated in

SW1116 and HT-29 cells after a 4-hour treatment with

MG-132 (Figure 5).

MG-132 repressed the expression of Smad6, an inhibitor of BMP

signalling

Smad6 is an intracellular inhibitor of BMP signalling

(Imamura et al., 1997). Alteration of the expression levels

of Smad6 has been shown to affect the intensity of BMP

signalling in response to stimulation by BMP ligands. In the

present study, the results showed that the mRNA and protein

expression of Smad6 were significantly reduced by the

4-hour treatment with MG-132 (Figures 6a and b). Moreover,

knockdown of BMPRII did not abrogate the downregulation

of Smad6 induced by MG-132 (Figure 6c), indicating that the

downregulation of Smad6 was not caused by the activation

of BMP signalling.

Figure 4 The siRNA-mediated knockdown of BMPRII abolished MG-132-induced BMP signalling. (a) The transfection efficiency of siRNA was
determined by transfection of fluorescent-labelled RNA duplex in SW1116 and MKN-45 cells. (b) BMPRII-siRNA downregulated BMPRII mRNA
by about 80% when compared with control. (c) siRNA-mediated knockdown of BMPRII abolished the increase in Smad1/5/8 phosphorylation
and p21Waf1/Cip1 and p27Kip1 protein expression induced by a 4-hour treatment with MG-132 (1mmol L�1) in SW1116 cells. The results are
representative of two independent experiments. (d) The knockdown of BMPRII reversed the anti-mitogenic effect of an 8-h treatment with
MG-132 (1mmol L�1) on SW1116 cells. *Po0.05; **Po0.005, significantly different from control siRNA-transfected group; wPo0.05,
significantly different from control siRNA-transfected group treated with MG-132.

Figure 5 The effects of MG-132 on the expression of mRNA for
BMP1 and BMP2 in colon cancer cells. Real-time PCR revealed that
treating SW1116 and HT-29 cells with MG-132 (1mmol L�1) for 4 h
significantly increased the expression of BMP1 and BMP2. *Po0.05,
significantly different from respective vehicle control group.
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Discussion and conclusion

Here we showed that inhibition of the ubiquitin–proteasome

pathway by the proteasome inhibitor MG-132 activates BMP

signalling and reduces the proliferation of colon cancer cells.

The anti-mitogenic effects of MG-132 are marked and occur

at doses in the high nanomolar range. We also propose that

the inhibition of proteasome induces the expression of

BMP1/2 but reduces that of Smad6. These effects are

responsible, at least in part, for the increased phosphoryla-

tion of Smad1/5/8 and the subsequent induction of

p21Waf1/Cip1 and p27Kip1, as well as the inhibition of the

proliferation of colon cancer cells.

Cell proliferation is a complex cellular process, which is

regulated by a multitude of extracellular mitogenic and anti-

mitogenic signals. In this regard, BMPs have recently been

demonstrated to exert an anti-mitogenic effect on colon

cancer cells (Beck et al., 2006). Our results suggest that colon

cancer cells express various subtypes of BMPR. In addition,

the proteasome inhibitor MG-132 activates BMP signalling,

manifested as increased phosphorylation levels of Smad1/5/8

and inhibits the proliferation of colon cancer cells. Moreover,

both SW1116 and HT-29 cells have been found to express

Smad4 (Barberá et al., 2000), which forms heterodimers with

phosphorylated Smad1/5/8 to act as transcriptional factors. In

line with this, our results demonstrate that the expression of

p21Waf1/Cip1 and p27Kip1, which are known to be the target

genes of BMP signalling, are upregulated (Nakamura et al.,

2003; Pardali et al., 2005). Apart from the direct regulation of

transcription, it has also been shown that the growth-

suppressive action of BMP signalling could be mediated

through stabilization of p21Waf1/Cip1 (Beck et al., 2007). More

noteworthy is our results showing that knockdown of BMPRII

completely abolished the effects of the proteasome inhibitor

MG-132 on cell proliferation, indicating that the anti-

mitogenic action of MG-132 is dependent on these receptors.

In this regard, the activation of BMP signalling was accom-

panied by an increased expression of BMP1 and BMP2,

secreted members of the BMP superfamily, suggesting that

inhibition of proteasome may enhance the autocrine secre-

tion of BMPs. In parallel with this, the expression of Smad6,

which is known to antagonize BMP signalling, was found to

be downregulated. In addition, ectopic expression of Smad6

has been shown to inhibit BMP2-induced Smad1/5 phosphory-

lation (Ishisaki et al., 1999). It is therefore possible that

downregulation of Smad6 and induction of endogenous

BMPs may act synergistically to activate BMP signalling.

However, the mechanism, by which the proteasome inhi-

bitor alters the expression of BMPs and Smad6, has still not

been fully elucidated. In this respect, the ubiquitin–protea-

some pathway has been suggested to regulate the proteolytic

processing of Cubitus interruptus in Drosophila, which then

regulates the expression of the decapentaplegic (dpp) gene, the

homologue of the BMP2/4 genes in humans (Aza-Blanc et al.,

1997; Ingham, 1998; Jiang and Struhl, 1998; Chen et al.,

1999). This raises the possibility that the proteasome

inhibitor may inhibit the degradation of specific transcrip-

tion factors that regulate the expression of BMPs and Smad6.

The progression of the cell cycle requires orchestrated

interactions between different cell cycle regulators such as

cyclins, cyclin-dependent kinases (CDKs) and CDK inhibi-

tors (Morgan, 1995). Our results show that the expression of

p21Waf1/Cip1 and p27Kip1 are induced by MG-132 in colon

cancer cells; overexpression of these CDK inhibitors has been

shown to have a negative effect on the cell cycle. For

example, p21Waf1/Cip1 has been shown to be involved in

senescence and differentiation, whereas p27Kip1 has been

identified as an inhibitor in cells arrested by transforming

growth factor-b, and has been found to be regulated by growth

inhibitory cytokines (Tsihlias et al., 1999). Clinically, decreased

levels of p27Kip1 serve as an independent prognostic factor in

colon cancer (Loda et al., 1997), whereas p21Waf1/Cip1 expres-

sion is inversely related to proliferation and directly related to

terminal differentiation in normal colon mucosa (Doglioni

et al., 1996). Although the degradation of p21Waf1/Cip1 and

p27Kip1 are intrinsically dependent on the ubiquitin–protea-

some pathway (Pagano et al., 1995; Blagosklonny et al., 1996),

the finding that knockdown of BMPRII abolishes the induc-

tion of these proteins by MG-132 indicates that their

expression is under the control of BMP signalling. Further-

more, both the SW1116 and HT-29 colon cancer cells used in

this study harbour mutant p53 genes, therefore, the possibility

that the induction of these CDK inhibitors is due to the

accumulation of p53 is ruled out (Maki et al., 1996). In fact,

our results are the first to show that a proteasome inhibitor

induces the expression of p21Waf1/Cip1 and p27Kip1 via a p53-

independent signalling pathway.

Figure 6 The downregulation of Smad6 by MG-132 in colon
cancer cells. (a) The levels of mRNA for Smad6 were significantly
reduced by MG-132 (1mmol L�1), as determined by real-time PCR.
(b) Western blots showed that the expression of Smad6 protein was
downregulated by MG-132 (1mmol L�1). The results are representa-
tive of two independent experiments. (c) Knockdown of BMPRII did
not abrogate the downregulation of Smad6 mRNA induced by a
4-hour treatment of MG-132 (1 mmol L�1) in SW1116 cells.
**Po0.005, significantly different from control siRNA-transfected
group; wPo0.005, significantly different from control siRNA-trans-
fected group treated with MG-132.
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Taken together, our experimental findings not only reveal

the involvement of BMP signalling in the anti-mitogenic

action of proteasome inhibitors in colon cancer, but also

shed new light on the mechanism of proteasome-induced

regulation of BMP signalling. However, whether these

findings can be transformed into therapeutic benefits for

the prevention and treatment of colon cancers, warrants

further clinical investigation.
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