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Chapterr VI 

Abstract t 

BackgroundBackground and aims: The recent findings of BMP receptor la mutations in Juvenile 

Polyposiss and frequent SMAD4 mutations in colon cancer suggest a role for BMPs in the 

colonicc epithelium and colon cancer. We investigated the role of BMP2 in the colon. 

Methods:Methods: We assessed BMP receptor expression in cell lines using RT-PCR and 

immunoblotting.. We investigated the effect of BMP2 on cell lines using MTT and thymidine 

incorporationn assays and immunoblotting for markers of differentiation, proliferation and 

apoptosis.. We assessed the expression of BMP2, its receptors and signal transduction 

elementss in mouse and human colon tissue using immunohistochemistry. We also 

investigatedd the effect of the BMP antagonist noggin in vivo in mice by assessing colon tissue 

withh immunohistochemistry and immunoblotting. 

Results:Results: BMPRIa, BMPRIb and BMPRII are all expressed in colonic epithelial cell 

lines.. BMP2 inhibits cell growth, inhibiting proliferation and promoting differentiation and 

apoptosis.. BMP2, BMPRIa, BMPRIb, BMPRII, pSMADl and SMAD4 are expressed 

predominantlyy in mature colonocytes at the epithelial surface in normal adult colon. BMP2 

expressionn is lost in the microadenomas of familial adenomatous polyposis patients. 

Conclusions:Conclusions: These data suggest that BMP2 acts as a tumour suppressor with similar 

characteristicss to TGFp, a member of the same protein family. 
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BMP22 in human and mouse colon 

Introductio n n 

Bonee Morphogenetic Proteins (BMP) belong to the Transforming Growth Factor p 

(TGFP)) family of proteins. TGFp is known to play a central role in colon cancer (reviewed 

inn ) but no role for other family members has so far been demonstrated. A possible role for 

otherr family members is suggested by the presence of inactivating mutations of SMAD4,206 a 

cytoplasmicc mediator central to the downstream signaling of all of the TGFp family members, 

whichh are found in a proportion of metastatic colon cancers.207 Further evidence pointing to a 

likelyy role for BMPs in colonic neoplasia is the recent finding that the BMP receptor la is 

frequentlyy mutated in Juvenile Polyposis of the colon.208 209 

Despitee this evidence for the importance of BMP signaling in colon cancer, the 

physiologicall  function of BMPs in the normal colon and in colon cancer cells has not been 

investigated.. In this study we set out to show that BMP, its receptors and major downstream 

signall  transduction elements are all expressed in the colon, and we investigate the function of 

BMP22 in colon cancer cells and normal colon. 

BMPss signal through a family of transmembrane serine-threonine kinase receptors210 

dividedd into types I and II. Two important type I receptors, BMP receptor la (BMPRIa)211 and 

BMPP receptor lb (BMPRIb),212 and a type U receptor specific for BMPs, BMP receptor II 

(BMPRII),, have been described.213 Unlike TGFp and activin, which bind first to a specific 

typee II receptor and then form a heterodimeric complex with a specific type I receptor, BMPs 

bindd cooperatively to both type I and type II receptors. The type I receptor is phosphorylated 

byy the type II receptor kinase and this activated type I receptor phosphorylates SMAD1. 

SMAD11 complexes with SMAD4 and mis heterodimeric complex then translocates to the 

nucleuss where it affects transcription of genes specific for the BMP pathway. 

Wee first determined the expression of BMP2, its receptors BMPRIa, BMPRIb and 

BMPRII,, and its signal transduction elements SMAD1 and SMAD4, in colon cancer cell lines 

andd in normal human colonic tissue. We then studied the effect of BMP2 on colon cancer cell 

lines.. Lastly, we studied the effects of the BMP antagonist noggin in the colons of mice and 

thee expression of BMP2 in colonic tissue from patients with familial adenomatous polyposis 

(FAP). . 
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Material ss and methods 

Celll  culture 

HTT 29, CACO-2, DLD-1, SW 480, HCT 116 and LS 174-T colon cancer cell lines 

weree obtained from the ATCC, and cultured in Dulbeccos Modified Eagles Medium (DMEM) 

(Gibco,, Paisley, Scotland) with 4.5g/L Glucose and 1-Glutamine. This was supplemented with 

penicillinn (50U/ml) and Streptomycin (50ng/ml) and, where serum was used, with 10% foetal 

calff  serum (Gibco). Cells were grown in monolayers in a humidified atmosphere containing 

5%% C02. 

Immunoblottin g g 

Treatedd cells were washed in ice cold PBS and scraped into 250ul of lysis buffer (Cell 

Signalling)) with the addition of lmM Pefabloc (Sigma). The lysates were sonicated and then 

centrifugedd at 20g for 10 minutes at 4°C. The pellet was discarded and the protein 

concentrationn of the supernatant was measured with the BCA protein assay kit (Pierce 

chemicall  co., Rockford, IL). Sample buffer (125 mM Tris/HCl, pH 6,8; 4% SDS; 2% p-

mercaptoo ethanol; 20% glycerol, lmg bromphenol blue) was added so as to equalise protein 

concentrations.. 50mg of protein per lane was loaded onto SDS-PAGE and blotted onto PVDF 

membranee (Millipore). The blots were blocked with 2% low fat milk powder in TBST (Tris 

Bufferedd Saline with 1% Triton) for one hour at room temperature and washed 3x 10 mins in 

TBSTT before overnight incubation at 4°C with primary antibody in primary antibody buffer. 

Thiss was TBST with 5% Bovine Serum Albumin for phospho-specific antibodies and 2% 

milkk for all other antibodies. Blots were then washed 3x 10 mins in TBST and incubated for 1 

hourr at room temperature in 1/2000 Horse Radish Peroxidase (HRP) conjugated secondary 

antibodyy in block buffer. After a final 3x 10 mins wash in TBST, blots were incubated for 5 

minutess in Lumilite plus (Boehringer-Mannheim, Mannheim, Germany) and then 

chemiluminescencee detected using a Lumi-Imager (Boehringer-Mannheim). 
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BMP22 in human and mouse colon 

Immunohistochemistry y 

Normall  colonic tissue and colonic specimens from FAP patients were taken from the 

archivess of the Pathology Department at the AMC. 4 (im sections were prepared from the 

formalinn fixed, paraffin embedded tissue and mounted on slides coated with polylysin. 

Sectionss were dewaxed and rehydrated in graded alcohols. Endogenous peroxidase 

activityy was quenched with 1.5% H202 in Phosphate Buffered Saline (PBS) for 30 mins and 

thenn washed in PBS. Antigen retrieval was performed by boiling slides for 10 minutes in 

0.0IMM Sodium Citrate Ph 6.0. Non-specific binding sites were blocked with TENG-T (lOmM 

Tris,, 5 mM EDTA, 0.15 M NaCl, 0.25% gelatin, 0.05% (v/v) Tween 20, pH 8.0) for 30mins, 

andd then washed ( 3 x5 mins in PBS). Slides were incubated with the primary antibodies 

overnightt at 4°C in PBS with 0.1% Triton and 1% bovine serum albumin. After washing (3 x 

100 mins in PBS), slides were then incubated with biotinylated secondary antibodies at room 

temperaturee for one hour in PBS with 10% Human serum. Slides were washed (3x5 mins in 

PBS),, incubated with streptavidin-biotin-horseradish peroxidase (Dako, Glostrup, Denmark) 

forr 1 hour, washed again (3x5 mins in PBS), and peroxidase activity was detected with 'Fast 

DAB**  (Sigma, St. Louis, MO). Finally, sections were counterstained with Mayer's 

haematoxylin,, dehydrated and mounted in 'Entellan' (Merk, Darmstadt, Germany) under 

coverr slips. 

Antibodies s 

Antibody y 

BMP2 2 

BMPRIa a 

BMPRIb b 

BMPRII I 

SMAD4 4 

Phospho--
SMAD1 1 

Source e 

R&D D 

R&D D 

R&D D 

R&D D 

Santaa Cruz 

Celll  signalling 
(Beverly,MA) ) 

Catalogue e 
number r 
MAB355 5 

AF346 6 

MAB505 5 
Clone e 
88614 4 
AF811 1 

Sc-7966 6 
Clonee B8 

05-601 1 

Type e 

Mouse e 
monoclonal l 
IgG2b b 

Goat t 
polyclonal l 
Mouse e 
Monclonal l 
IgG2b b 
Goat t 
Polyclonal l 
Mouse e 
Monoclonal l 
IgG! ! 
Rabbit t 
polyclonal l 

WBB cone. 

0.5ug/ml l 

1.0ug/ml l 

2ug/ml l 

0.2ug/ml l 

1:500 0 

IHCC cone. 

0.5ug/ml l 

lOug/ml l 

10ug/ml l 

100 ug/ml 

1:50--
1:100 0 

1:50 0 
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(Ser463/465) ) 
Proliferating g 
Celll  Nuclear 
Antigen n 
P-catenin n 

P-actin n 

BrdU U 

Biotinylated d 
Goatt anti-
Rabbit t 
Biotinylated d 
Rabbitt anti-
Goat t 
Biotinylated d 
Goatt anti-
Mouse e 

MT TT  assay 

Boehringer--
Mannheim m 

Upstate e 
(Waltham, , 
MA) ) 
Santaa Cruz 

Roche e 

Dako o 

Dako o 

Dako o 

1486772 2 
Clone e 
PC10 0 
05-601 1 
Clonee 8E4 

Scc 1616 

11 170 376 
Clone e 
BMCC 9318 

Mouse e 
Monoclonal l 
IgG G 
Mouse e 
Monoclonal l 
IgGlK K 

Goat t 
Polyclonal l 
Mouse e 
Monoclonal l 
IgG! ! 
Secondary y 
antibody y 

Secondary y 
antibody y 

Secondary y 
antibody y 

1:4000 0 

1:1000 0 

1:2000 0 

N/A A 

N/A A 

N/A A 

1:100 0 

1:500 0 

1:250 0 

1:200 0 

Cellss were trypsinised and taken up in DMEM with 0.5% foetal calf serum. 10 cells 

weree seeded in flat-bottomed tissue culture treated 96 well plates (Falcon) and allowed to 

adheree for 6 hours. Cells were then stimulated with recombinant human BMP2 or 

recombinantt TGFp for 66 hours. 10 micro litres of MTT was added to all wells for 30 

minutes.. Medium was removed from the cells and cells were lysed in acidified 2-butanol and 

absorbancee measured at 600nM. 

RTPCR R 

Totall  RNA was isolated from HT 29, CACO-2, DLD-1, SW 480, HCT 116 and LS 

174-TT cells using a RNA extraction kit (Giagen, Hilden Germany). A one-step RT-PCR kit 

(Qiagen,, Hilden, Germany) was used according to the manufacturers instructions and 1 jag of 

RNAA added. Primers were designed with the aid of primer3 primer designing software to 

yieldd products that span one or more large introns. 

(http://www-genome.wi.mit.edu/genome_software/other/primer3.html.) ) 
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BMP22 in human and mouse colon 

PCRR was performed for 25 cycles using a 60-s denaturising step at 94°C, 60-s 

annealingg step at 55°and a 90-s extension step at 72°C. The product was loaded onto agarose 

gell  and the fluorescence of the Ethidium Bromide stained band recorded. 

Nogginn treated mice 

Inn a protocol approved by the relevant animal ethics review board, seven six week old 

femalee C57BL/6 mice were treated with a two intraperitoneal injections of recombinant 

mousee Noggin/Fc chimera (R&D) at a dose of 0.5 mg/kg on day one and day seven. Eight 

micee received intraperitoneal vehicle as a control. After 14 days all mice received a single 

intraperitoneall  injection of BrdU at a dose of 150mg/kg and were sacrificed one hour later. 

Colonss were divided in two longitudinally. One halfwas fixed and embedded in paraffin, and 

thee other frozen in liquid nitrogen and later homogenised in cell lysis buffer (Cell signalling) 

withh ImM Pefabloc (Sigma). 

Results s 

Humann BMPs and their  receptors are expressed in colon cancer  cell lines 

Colonn cancer cells were investigated for the presence of three sequences using RT-

PCRR on RNA isolated from five different colon cancer cell lines. BMPRIa and BMPRII are 

foundd in all cell lines by RT-PCR of lug of RNA for 25 cycles (figure 1). BMPRIb is also 

seenn in all cell lines, but here only after 40 cycles, apart from DLD-1 and CACO-2 which 

weree also clearly seen after 25 cycles. This unequal expression of BMPRIb was seen with 3 

differentt primer pairs. This pattern of BMP receptor expression in human colonic cells 

concurss with BMP receptor expression studies in whole mice using in situ hybridisation 

wheree BMPRIa and BMPRIb were both found to be expressed in the colon.214 The SAOS-2 

osteosarcomaa cell line was used as a positive control as it has previously been shown by RT-

PCRR to express all BMP receptors.215 
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N* * 

>> **  4? # / <? <? f 

BMPRR la 

.ffijajjii^^ ^ 

BMPRR lb gi^^  ^^ B flB A B ^^ww ^^^^ ^^^^ ^ ^ H ^ ^HT̂  ^ ^ 

BMPRR II 

Figuree 1 RT-PCR for BMP receptors la, lb and II in five colon cancer cell lines. A product of the 
expectedd length (BMPRIa - 300bp; BMPRIb - 200bp; BMPRII - 400bp) was seen in all cell lines for 
alll  three receptors. The negative controls where RNA was omitted showed no product. The 
osteosarcomaa cell line SAOS-2 was used as a positive control. 

Receptorr expression was further investigated at protein level by immunoblotting. 

BMPRIa,, BMPRIb and BMPRII are expressed in all cell lines (figure2). 
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BMPÜÜ in human and mouse colon 

-S>> ^ «** JV 

BMPRR la 70kd 

BMPRR lb 59kd 

BMPRR II 76kd 

<?<? 4r <F 4"  v v 

Figuree 2 Immunoblot for BMP receptors la, lb and II in six colon cancer cell lines. 75ug of total 
proteinn from cell lysates were loaded per lane. SAOS-2 osteosarcoma cells were used as a positive 
control.. The calculated apparent molecular weights are shown. 

BMP22 leads to SMAD1 phosphorylation in colon cancer  cells 

Too demonstrate that these BMP receptors are functional, we assessed the activation of 

thee BMP-specific SMAD, SMAD1 by the addition of recombinant BMP2 to HT29 cells. As 

seenn in figure 3, SMAD1 phosphorylation increases after 1 minute and subsequently 

decreasess to sub basal levels. This demonstrates that BMP2 signalling is intact and likely to 

bee functional in human colonocytes. 
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15 5 30 0 60 0 

p S M A D i i 

Figuree 3 Immunoblot for phosphorylated SMAD1 in HT29 cells treated with BMP2 (I00ng/ml) for 
variouss times (shown in minutes). 

BMP22 inhibit s proliferatio n and induces differentiatio n and apoptosis in a colon cancer 

celll  line. 

BMPss are known to play a central role in the proliferation of several cell types 

includingg pancreatic and breast cancer cells216217 and also induces apoptosis in myeloma cells 

andd epidermis.218 219 We therefore investigated the effects of BMP2 on colon cell lines in cell 

growthh assays. For this we used four human colon cancer cell lines. The effects of BMP2 on 

celll  growth were assessed using MTT assays. BMP2 exerts a growth inhibiting effect in all 

thee colon cancer cell lines tested. The effects of BMP2 were similar to those of TGFp. Figure 

44 shows the effect of BMP2 on cell lines as assessed using the MTT assay. 

100--

90 0 

o o 
O)) 80 
(0 (0 
' S S 
a> > 
o o 
aa 70 
Q. . 

60--

50 50 

4 0 J J 

1 1 

k-k- HCT116 

9 9 

»--SW480 0 

Ï Ï 
X X 

NN X N 

\\ \ N 
XX v \\ N 

10 0 100 0 

BMP22 (ng/ml ) 

Figuree 4 MTT assay in four colon cancer cell lines treated for 72 hours with various concentrations of 
BMP2.. Values obtained with no BMP2 have been set at 100. Error bars represent the standard error of 
thee mean. 
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BMKïï in human and mouse colon 

Wee further investigated this effect by immunoblotting of HT29 cells treated with 

BMP22 for various times. As seen in figure 5, addition of BMP2 leads to a reduction in the 

expressionn of Proliferating Cell Nuclear Antigen (PCNA), a proliferation marker, as well as 

ann increase in cleaved caspase 3, a marker for apoptosis. One of the major effects of TGFC3 is 

thee induction of expression of cell-cell adhesion molecules such as a,p, and y catenins and E-

cadherin.. We therefore investigated P-catenin expression in BMP2 treated cells. P-catenin 

expressionn is induced by BMP2 treatment suggesting that BMP2 has effects on the 

differentiation,, proliferation and apoptosis of HT29 cells in vitro. 

00 4 8 16 24 

((-catenin n 

Cleave dd Caspas e 3 

PCNA A 

" " 

|i-actin n 

Figuree 5 Immunoblots of HT29 cells treated with BMP2 (I00ng/ml) for various times (shown in 
hours).. 50ug of total protein from cell lysates was loaded per lane and blotted for PCNA, cleaved 
Caspasee 3 and p-catenin. Equal loading was confirmed by showing equal P-actin levels. 

BMP22 is expressed in mature colonocytes in normal mouse and human colonic 

epithelium m 

Wee investigated the expression of BMP2 in normal human colonic epithelium using 

immunohistochemistry.. We found an interesting pattern of expression similar to the 

expressionn of TGFP, namely increasing expression from crypt to epithelial surface with 

highestt expression in the mature colonocytes of the surface epithelium (figure 6). These cells 

aree known to be fully differentiated and no longer proliferating and are soon due to undergo 

apoptosiss and/or be shed into the gut lumen. This pattern of expression may indicate that 

BMP22 is involved with enterocyte proliferation, differentiation and apoptosis, supporting our 

inin vitro data. Double staining with PCNA in mouse colon demonstrates clearly that BMP2 
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expressionn increases away from the proliferative crypt compartment and TUNEL staining in 

mousee colon shows where apoptosis occurs. 

Figuree 6 Immunohistochemistry for BMP2 in mouse (B,C) and human (D) colon. BMP2 is 
expressedd predominantly in colonocytes at the epithelial surface. Strong staining is seen localised to 
thee cytoplasm. Control stainings performed by omitting the primary antibody (not shown) and using a 
controll  IgG2b (A) showed no staining. Double staining with PCNA (brown) and BMP2 (Red) 
illustratess that BMP2 is expressed away from the proliferative compartment (E). TUNEL staining in 
normall  mouse colon shows that BMP2 expression overlaps with that of a marker of apoptotis (F). 
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BMF22 in human and mouse colon 

BMPRIaa and BMPRIÏ , SMAD1 and SMAD4 are expressed in normal mouse and human 

colon. . 

Wee further investigated the action of BMP2 in the colon by investigating the 

expressionn patterns of its receptors and elements involved in BMP signal transduction. We see 

strongg staining with BMPRIa, BMPRIb and BMPRII antibodies in mouse and human colon. 

Thee same pattern of expression is seen in both species with highest expression seen at the site 

off  BMP2 expression at the epithelial surface. The cellular staining pattern is both membrane 

andd cytoplasmic. This suggests that the BMP2 produced by the cells at the epithelial surface 

alsoo acts on the same cells in an autocrine manner. 

SMAD44 and SMAD1/8 expression have already been described in the colon,220 with 

SMAD44 expression at the villous tip and littl e or no SMAD1/8 expression. Nuclear staining, 

althoughh it would be expected, was not demonstrated. We show, using commercially 

availablee antibodies, that SMAD4 and phosphorylated SMAD1 are expressed in human and 

mousee colon at the epithelial surface with a gradient decreasing downwards towards the crypt 

base.. We see cytoplasmic staining as well as clear nuclear staining with both antibodies, as 

wouldd be expected with activated SMAD1 and 4. 
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Contro ll  Mous e x 200 Mous e x 800 Huma n x 400 

Figuree 7 Immunohistochemistry for BMP receptors la, lb and II , phosphorylated SMAD1 and 
SMAD44 in normal human and mouse colon. All are expressed predominantly in colonocytes at the 
epitheliall  surface. Strong staining is seen localised to the cytoplasm and cell membrane in the receptor 
stainingss while both the SMAD stainings show cytoplasmic and clear nuclear staining. Controls 
performedd in human and mouse colon using isotype antibody controls (not shown), and human (not 
shown)) and mouse controls omitting the primary antibody (shown above), all showed no staining. 
BMPRIaa in human colon is not shown as extremely high signal in the stroma made the slides difficult 
too interpret. 

Thee BMP antagonist Noggin inhibit s proliferatio n and apoptosis and decreases p-

cateninn expression in vivo 

Nogginn is one of a number of endogenous proteins that binds BMPs with high affinity 

andd inhibits their bioactivity. We treated mice with recombinant mouse noggin/Fc chimera, a 
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BMP22 in human and mouse colon 

proteinn with improved bioavailability compared to the wild type protein, and assessed the 

effectss of this on the colons of adult mice. This treatment succeeded in reducing SMAD1 

phosphorylationn suggesting that the BMP pathway was successfully blocked. Contrary to 

whatt we expected, proliferation decreased as judged by BrdU incorporation in the colon and 

PCNAA expression in immunoblots, and apoptosis, as judged by analysis of cleaved caspase 3 

levelss in immunoblots, was also decreased. 

Furtherr immunoblot analysis of the effects of Noggin in mouse colons showed that 

Nogginn leads to a reduction in the expression of total p-catenin in the colon, a molecule 

upregulatedd by TGFp,221 and leads to an upregulation of BMP2, presumably due to a 

feedbackk control mechanism. 

p=0.018 8 

contro ll  noggi n 

Figuree 8 Graph to show the mean number of BrdU labelled cells per crypt in the colons of control or 
Nogginn treated mice. Statistical analysis was performed with the students /-test. Error bars represent 
thee standard error of the mean. 

2.5-1 1 

I I 
11 1-0 
5. 5. 

11 Control 

II Noggin 

II  I 

i i i i 
b-actinn BMP2 b-catenin Caspase 3 PCNA pSMADI 

Figuree 9 Graph to show the relative mean expression of various molecules in colon lysates of mice 
analysedd by immunoblotting. Expression in control mice was set at 1. Error bars represent the standard 
errorr of the mean. Statistical analysis using the students ?-test gave the following p values: actin 0.17, 
BMP22 0.0024, P-catenin 0.018, Caspase 3 0.0006, PCNA 0.004, pSMADI 0.0003. 
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Figuree 10 Immunoblot analysis of lysates of mouse colon from 7 C57/BL6 mice treated with 
Noggin/Fcc chimera for 2 weeks and 7 controls. 50 ug of total protein was loaded per lane. Noggin 
treatmentt significantly decreased phosphorylated SMAD1 expression suggesting that BMP signalling 
wass blocked. PCNA expression was significantly decreased, as was cleaved caspase 3. P-catenin 
expressionn was also significantly reduced while BMP2 expression rose in treated animals. Equal 
loadingg was confirmed by assessing P-actin. 

BMP22 expression is lost at an early stage in early human FAP lesions 

Too investigate the possible role of BMP2 in human colon cancer we examined human 

tissuee using immunohistochemistry. We took specimens from patients with familial 

adenomatouss polyposis as these specimens have a high rate of very early lesions and TGFp 

expressionn is known to be lost in similar lesions in APCA716 knockout mice, a mouse model of 

FAP.1722 We found that BMP2 expression is lost in the dysplastic epithelial cells of aberrant 

crypts. . 
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Figuree 11 Immunohistochemistry for BMP2 in human colon from a patient with FAP (A). The 
strongg staining of the mature epithelial cells seen in normal tissue is lost in the epithelial cells of a 
microadenoma.. B and C are higher magnifications of the areas marked with a solid and dashed line 
respectively.. B shows the microadenoma at high magnification (x 200) and C nearby normal 
epitheliumm (x 200). Magnification of A = x 80 

Discussion n 

Bonee Morphogenetic protein 2 (BMP2) is one of at least fifteen known BMPs and 

belongss to the TGFp protein family. TGFp is a well-studied molecule in relation to colon 

cancerr since the discovery of frequent mutations of the TGFp receptor II in colon cancer, 

especiallyy in microsatellite unstable cancers found in patients with hereditary non-polyposis 

coli.23 3 

Sincee then mutations have been found in SMAD3 and 4, elements involved in TGFp 

signall  transduction, as well as repression of TGFp receptor expression, providing further 

evidencee for the importance of TGFp as a tumour suppressor whose loss of function may lead 

too colon cancer. (Reviewed in24) The involvement of other members of the TGFp family in 

colonn cancer has so far not been investigated. 

Severall  recent findings suggest the involvements of BMPs in colon cancer. Firstly, the 

mutationss in SMAD4 frequently found in colon cancer may implicate not only TGFp but also 

BMPss in colon cancer progression.222 SMAD4 is central to both BMP and TGFp signal 

transduction.. Secondly, BMPs have been implicated in other epithelial cancers such as 
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pancreaticc carcinoma216 and breast cancer.217 Thirdly, binding studies have revealed specific 

BMPP binding on colon tumour cells.223 However, the most convincing evidence was 

publishedd during the course of this study, namely that mutations in the BMP receptor type I 

aree implicated in Juvenile Polyposis.209 This is the first clear evidence of the importance of 

BMPss in the colon and colonic malignancy. 

TGF(3-11 is thought to act by inhibiting proliferation in normal colonic epithelium.224 

Escapee from this inhibition by inactivating mutations within the TGFp pathway occurs early 

inn the progression of many colon cancers. We set out to investigate the role of BMP2 in the 

colonn and its possible involvement in colon cancer. We hypothesised that as a TGFp family 

memberr its actions might be similar to those of TGFp in the colon. 

Firstlyy we investigated whether BMP2 and its receptors are expressed in human 

colonicc epithelial cells using RT-PCR and immunoblotting in human colon cancer cell lines 

andd immunohistochemistry in normal mouse and human colon tissue. We then investigated 

whetherr we could demonstrate BMP signalling in human colonic epithelial cells by analysing 

thee activity of SMAD1 on the addition of BMP2. We further investigated the influence of 

BMP22 on markers of proliferation and apoptosis in human colon cancer cell lines, as well as 

onn the expression of p-catenin, a molecule involved in cell-cell adhesion whose expression is 

knownn to be regulated by TGFp in the colon. In order to demonstrate the actions of BMPs in 

thee colon in vivo we treated adult mice with the BMP antagonist noggin and assessed the 

effectt of this on proliferation, apoptosis and P-catenin. Finally we looked at the expression of 

BMP22 in colonic tissue from patients with familial adenomatous polyposis. 

Ourr results show for the first time, that BMP2, it receptors and major signal 

transductionn elements are all expressed in the colon. Furthermore they all have a very similar 

patternn of expression, with surface colonocytes at the intercrypt table expressing these 

moleculess more highly than those in the crypt. This pattern of expression suggests that BMP2 

actss in an autocrine manner, influencing the same cells that produce it. The cells at the 

intestinall  surface are mature colonocytes that are no longer proliferating and are soon to 

undergoo apoptosis and/or be shed into the gut lumen. BMP2 and other TGFp family members 

aree often mediators of differentiation and apoptosis in other cells. TGFp and its 

receptorss are expressed in the colonocytes at the epithelial surface,226 as is the pro-apoptotic 

NAG-1,, a further member of the TGFP family.197 This pattern of expression also supports a 

rolee for BMP2 in differentiation and apoptosis of epithelial cells in the colon. 
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BMK22 in human and mouse colon 

InIn support of this is our in vitro and in vivo data. We show in vitro, in four colon 

cancerr cell lines, that cell numbers are significantly reduced after treatment with BMP2. This 

iss in keeping with the effect of BMP2 in both pancreatic and breast cancer cell lines. We go 

onn to show that the treatment of colon cancer cells with BMP2 increases cleaved caspase 3 

expression,, increases p-catenin expression and decreases expression of the cyclin PCNA. 

Cleavedd caspase 3 is a marker of apoptosis and PCNA a marker of proliferation, p-catenin is 

onee of a family of structural proteins whose expression is regulated by TGFP as part of its 

effectss on cell-cell adhesion. Induction of E-cadherin and a,p and y catenin expression is one 

off  the hallmarks of TGFp.221 BMP2 acts on colon cancer cells in vitro to inhibit proliferation 

andd promote apoptosis, as well as upregulating the expression of P-catenin. This suggests that 

thee actions of BMP2 in colon cancer cells are similar to the known actions of TGFp. 

Wee investigated whether these actions of BMP2 were relevant in vivo by 

administratingg a protein inhibitor of BMPs, Noggin, to mice and investigating changes in 

proteinn expression in protein extracts of their colons. We also used BrdU staining of tissue 

sectionss to analyse the effects of Noggin specifically on proliferation in the colon. 

Wee demonstrated the effectiveness of our treatment by showing a significant decrease 

inn phosphorylated SMAD1 levels in the treated mice. Treated mice show reductions in the 

expressionn of markers of proliferation, decreased expression of a marker of apoptosis and 

decreasess in the expression of p-catenin. There is an interesting difference here with the in 

vitrovitro data. BMP2 decreases proliferation in vitro and increases apoptosis, whereas blocking its 

actionn in vivo with Noggin leads to reductions in both proliferation and apoptosis. This most 

likelyy reflects the integrated nature of cellular decisions to proliferate in the crypt in vivo 

wheree each cell senses its position along the crypt, a level of control lost in cell culture. These 

inin vivolin vitro discrepancies are also seen with TGFP where despite clear anti-proliferative 

effectss in vitro, no changes in proliferation are evident in mouse models of TGFP 

deficiency.225227 7 

Inn summary our data demonstrate the significance of the loss of BMP signalling, as 

foundd in juvenile polyposis through inactivation of BMP receptor la and in colon cancer 

throughh loss of SMAD4. Loss of BMP signalling may lead to reduced apoptosis and reduced 

cell-celll  adhesion, features BMP shares with its family member TGFp and which would be 

expectedd to be associated with increased tumourigenesis. 
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