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INTRODUCTION: 

The aim of our study is to identify novel therapeutic application for bone 
morphogenetic protein-2 (BMP-2) in breast cancer cell growth and skeletal metastasis. 
Earlier we have shown that BMP-2 inhibits estradiol-induced growth of MCF7 human breast 
cancer cells (Biochimica et Biopysica Acta, 1497: 186-196, 2000). In that study we have 
demonstrated the mechanism by which BMP-2 inhibits the growth of MCF7 cells. Breast 
tumors fall in two broad categories: estrogen receptor (ER) positive (growth of these cells are 
stimulated by estradiol) and ER negative (cell growth is not sensitive to estradiol). Following 
the work with ER positive MCF7 cells we have studied growth inhibition of ER negative 
MDA MB 231 human breast cancer cells by BMP-2 and the underlying mechanism 
(Biochem Biophysical Research Comm. 272: 705-711, 2000). We found that BMP-2 inhibits 
growth of both types of cell lines using similar mechanism. Breast tumors grow very 
aggressively in the primary site (breast) as well as the secondary sites (lung, bone etc.). 
Currently we are testing whether BMP-2 can inhibit breast tumor cell growth at the primary 
site and at the secondary bone site. We have developed and standardized an in vivo model for 
studying breast tumor cell growth and their bone metastasis in nude mice. This model will be 
invaluable for understanding the role of BMP-2 in vivo in inhibiting breast tumor growth and 
bone metastasis. The results will help to establish BMP-2 as a clinically important candidate 
for controlling breast cancer cell growth and osteolytic metastasis. 

BODY: 

Task 1. To correlate the levels of BMP-2 and BMP-2 receptor expression in 
breast cancer cell lines and tissue samples with their bone metastasis status (months 1- 
12) 

• Perform Northern as well as the RT-PCR analysis of BMP-2 and BMPR expression 
in different ER negative and ER positive cells and in different breast tumor tissue 
samples (months 1-6). 

• Analyze the expression level of BMP-2 and BMPR different ER negative and ER 
positive cells and in different breast tumor tissue samples (months 6-7). 

In last report I provided data to show that the breast cancer cells express BMP receptors 
at a very low level whereas expression of BMP-2 was abundant in these cells. I am 
experiencing some delay in obtaining the breast cancer tissue samples. Upon receiving the 
samples I will analyze the expression of BMP-2 and its receptors in them. 

• Correlate the metastatic potential of the breast cancer cells using the animal model 
described above by in vivo study (months 6-12). 

• Correlate metastatic property of the tissue samples with the expression levels of 
BMP-2 and BMPR in these samples (months 7-8). 



We have made substantial progress in establishing a bone metastatic model for breast 
cancer cells in mice. The models available for studying bone metastasis of breast cancer cells 
to date involved injection of breast cancer cells into left ventricle of mouse heart. Though 
extensively used by a few groups of researchers, we experienced severe practical drawbacks 
while using this model in our laboratory. Thus during the past year we were working to 
develop a mouse model to study the metastasis of breast cancer cells to bone. We have 
injected breast cancer cells into the mammary fat pad of female nude mice and followed the 
development of tumor and osteolytic metastasis in these mice. We have used both MDA 
MB 231 (estrogen receptor [ER] negative) and MCF7 (ER positive) human breast cancer cells 

TABLE 1 
Tumor Volume (mm3) 

Cell line Day 15             Dav 20 Dav 25 

MCF7 R 24.7 32 40 
L 71 147 192 

MDA MB R 1529 2818 2588 
231 L 620 1256 1584 

TABLE 1. Tumor volume 
for MCF7 and MDA MB 
231 cells in nude mouse. 
Cells were injected in in 
right (R) and left (L) 
mammary fat pads of 
female nude mice and the 
tumor volumes were noted 
at days 15, 20 and 25. 

for this study. The tumor 
size obtained from a 
representative experiment 
is given in Table 1. Mice 
injected with both the cell 
lines developed osteolytic 
metastasis within 15 days 
following the injection. 
Fig. 1 shows the extent of 
osteolysis obtained from 
injection of these cell lines 
into mice. Table 2 shows 
the quantitation of the area 
of osteolysis at different 
days after injection in this 
newly developed mouse 
model of bone metastasis 
from breast cancer. As 
shown, this model is ideal 
for studying the tumor 
formation as well as the 
osteolytic metastasis from 
breast cancer cell 

injection. Using this model we will study the effect of BMP-2 on growth of breast cancer 
cell in vivo. We will also study the effect of BMP-2 on osteolytic metastasis driven by these 
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Fig 1. Osteolytic metastasis in nude mice injected with MDA 
MB 231 and MCF7 breast cancer cells. Mice injected with 
breast cancer cells (as described in Table 1) are X-rayed for 
detection of osteolytic metastasis at days 15 (a, d), 20 (b, e) 
and 25 (c, f) after the injection. Arrows show the position of 
visible osteolysis. 



Table 2: Area of osteolysis in nude mice injected with breast cancer cells. Osteolysis is 
quantitated from the X-ray films shown in Fig.l, using a computerized film reader. The area 
of osteolysis is expressed in the unit of mm2 

Cell Line Day 15 Day 20 Day 25 
MCF7 0.080 0.633 
MDAMB231 0.123 0.125 0.177 

breast cancer cells in the same mouse. We will attempt to collect the breast tumor tissue 
samples from Baylor college of Medicine at Houston. We will test a few of those cell lines in 
our in vivo animal model. 

Task 2. To prove the clinical importance of BMP-2 expression and bone metastasis of 
breast cancer cells by genetically engineering the BMP-2 status of breast cancer cells 
and study the metastatic phenotype of the altered cells using an in vivo model of 
metastasis (months 6-24). 

• Genetical alteration of the BMP-2 protein and receptor status (in cells chosen based 
on the results of task 1) by using stable transfection of corresponding cDNAs. These 
experiments will be initiated simultaneously with some of the experiments described 
in the Task 1. This period will be necessary to establish all the clonal cell lines and 
analyze their BMP protein and receptor expression profiles and finally to test the 
chemotactic properties of these cells. As the cell lines will be available, they will be 
tested for their metastatic potential by the in vivo assay in the animal model 
described above (months 6 - 24). 
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Since different breast cancer cell lines showed low abundance of BMP receptors IA and 
IB (BMPR IA and IB), we have attempted to overexpress these receptors in MDA MB 231 

and MCF7 cell lines. We have 
stably transfected hemagglutinin 
(HA)-tagged BMPR IA and IB 
expression plasmids into both 
these cell lines and have isolated 
mass cultures of clones and 
individual clonal cell 
population. Currently we are 
analyzing the cell lines for 
expression of these receptors by 
Western blot analysis. Fig.2 
shows a preliminary experiment 
in our attempt to analyze these 
cell lines using Western blotting 
with anti hemagglutinin 
antibody as a probe. The results 
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Fig.2. Analysis of Breast cancer cells expressing BMPR 
IA and IB. MDAMB231 (lanes 1-5) and MCF7 (lanes 6- 
9) cells were stably transfected with HA-tagged IA and 
IB expression plasmids. Mass cultures (IAM, IBM) and 
clonal cultures (IA, IB) were analyzed for expression of 
receptors by Western analysis using HA antibody. Lanes 
1 and 9 represents empty vector (V) transfected cells . 

show that both the clones and the mass cultures express the HA-tagged receptors. We will 
further analyze these cell populations and will characterize them by their growth kinetics in 



response to exogenous BMP-2. We will select a few clonal cell lines expressing high levels 
of BMPR IA or BMPR IB and will test them in our in vivo mouse model system for their 
growth potential and osteolytic metastasis. 

Task 3. To study differential effect of BMP-2 on ER-positive and ER-negative breast 
cancer cell growth and to investigate the underlying mechanism (months 6-18). 

•   Study effect of BMP-2 on ER-negative breast cancer cells in vitro by Flowcytometric 
analysis of cell cycle progression (months 6-8). 

Study the underlying mechanism of BMP-2 induced growth regulation of breast cancer 
cells. This part will include determination of the effect of BMP-2 on the MAPK 
pathway by enzymatic activity assay for MAPK, studying growth kinetics of breast 
cancer cells in the presence of MEK inhibitor and identification of other targets for 
BMP-2 action in these cells (months 9-24). 

Last year we reported the mechanism by which BMP-2 inhibits estradiol-induced 
growth of MCF-7 cells (BBA 2000). Following that we tested the effect of BMP-2 on growth 
inhibition of estrogen receptor negative (ER -ve) MDA MB 231 human breast cancer cells. 
This work has been published in BBRC (BBRC 272: 705-711, 2000). Please see attached 
reprint in the Appendix, which gives the details of this part of the work. We found that BMP- 
2 inhibited EGF-induced growth of MDA MB 231 cells. We studied the mechanism of this 
growth inhibition and found that BMP-2 increased p21 expression, inhibited cyclin 
dependent kinase (cdk) activities and finally inhibited phosphorylation of pRB. This resulted 
in hypophosphorylated pRB which was inhibitory to cell cycle progression and thus leads to 
decreased rate of cell proliferation. These results were similar to our finding on the 
mechanism by which BMP-2 inhibits estradiol induced growth of MCF-7 cells. This shows 
that BMP-2 is capable of inhibiting breast cancer cell growth irrespective of their ER status. 
This makes BMP-2 a very potent growth inhibitory agent as it can inhibit both nuclear and 
cytoplasmic events regulating cell proliferation of different types of breast cancer cells. 

Task 4. To correlate the growth inhibitory effect of BMP-2 on ER-positive breast cancer 
cells in vivo (months 18-36). 

•   To study autocrine BMP-2 action (in vitro): Analysis of effect of estradiol on growth 
kinetics of MCF-7 cells stably transfected with BMP-2 cDNA (months 18-24). 
Our earlier attempts to stably transfect MCF7 cells using a CMV promoter driven BMP-2 

cDNA did not result in any clonal population of cells overexpressing BMP-2. Recently we 
have recloned BMP-2 cDNA in PCDNA3 expression vector (Stratagene) and have tested the 
expression of BMP-2 from this plasmid in transient transfection experiments. Currently we 
are in the process of stably transfecting MCF7 cells with the new BMP-2 expression plasmid. 

•   To study autocrine BMP-2 action (in vivo) : Xenograft tumor formation assay of 
MCF-7 cells stably transfected with BMP-2 cDNA or vector alone (months 24-36). 



Towards this task we have standardized the in vivo model for studying the effect of BMP- 
2 overexpression in MCF7 cells in mice. Once we have isolated MCF7 cells overexpressing 
BMP-2 we will test them using our in vivo model of nude mice. 

Key Research Accomplishments: 

• Identification of BMP-2 as a potential in vitro growth inhibitor for the both ER 
positive and ER negative breast cancer cells. 

• Understanding of the underlying mechanism of BMP-2-induced inhibition of breast 
cancer cell growth in vitro. 

• Establishment of in vivo mouse model for studying breast cancer cell growth and 
skeletal metastasis. 

Reportable Outcome: 

• Manuscript: Bone morphogenetic Protein-2 blocks MDA-MB231 human breast 
cancer cell proliferation by inhibiting cyclin-dependent kinase-mediated 
retinoblastoma protein phosphorylation. Nandini Ghosh-Choudhury, Kathleen 
Woodruff, Wenbo Qi, Anthony Celeste, Sherry L. Abboud and Goutam Ghosh 
Choudhury. Biochem Biophysical Research Comm. 272: 705-711, 2000. 

• Manuscript: Bone morphogenetic Protein-2 induces cyclin kinase inhibitor p21 and 
hypophosphorylation of retinoblastoma protein in estradiol treated MCF-7 human 
breast cancer cells. Nandini Ghosh-Choudhury, Goutam Ghosh-Choudhury, Anthony 
Celeste, Paramita M. Ghosh, Marissa Moyer, Sherry L. Abboud and Jeffrey 
Kreisberg. Biochimica et Biopysica Acta, 1497: 186-196,2000. 

Conclusions: 

We have shown that bone morphogenetic protein-2 (BMP-2) can significantly inhibit 
the growth of breast cancer cells in vitro. We have studied this growth inhibitory role of 
BMP-2 in estrogen-responsive and non-responsive breast cancer cells and have found that it 
inhibits the growth of both the cell types with equal potency. In estradiol-responsive human 
breast cancer cells, BMP-2 can inhibit estradiol-induced growth of these cells. BMP-2 also 
inhibits EGF-induced growth of ER negative MDA MB 231 human breast cancer cells. We 
have also identified the mechanism by which BMP-2 inhibits the growth of these cells 
(Biochimica et Biopysica Acta, 1497: 186-196, 2000; Biochem Biophysical Research Comm. 
272: 705-711, 2000). We have developed in vivo mice model system to test this in vitro 
phenomenon. If BMP-2 is found out to be as effective in vivo, then BMP-2 will prove to be a 
clinically important molecule for the breast cancer patients. 
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Bone morphogenetic Protein-2 blocks MDA-MB231 human breast cancer cell 
proliferation by inhibiting cyclin-dependent kinase-mediated retinoblastoma protein 
phosphorylation. Nandini Ghosh-Choudhury, Kathleen Woodruff, Wenbo Qi, 
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Kreisberg. Biochimica et Biopysica Acta, 1497: 186-196,2000. 
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Bone Morphogenetic Protein-2 Blocks MDA MB 231 
Human Breast Cancer Cell Proliferation by Inhibiting 
Cyclin-Dependent Kinase-Mediated Retinoblastoma 
Protein Phosphorylation 

Nandini Ghosh-Choudhury,*'1 Kathleen Woodruff,* Wenbo Qi,* Anthony Celeste,! 
Sherry L. Abboud,* and Goutam Ghosh Choudhury$§ 
"Department of Pathology and ^Department of Medicine, University of Texas Health Science Center, San Antonio, Texas; 
§GRECC, South Texas Veterans Health Care System, San Antonio, Texas; and ^Genetics Institute, Boston, Massachusetts 

Received May 3, 2000 

Bone morphogenetic protein-2 (BMP-2) has been 
shown to act as an antiproliferative agent for a num- 
ber of different cell types. We show that BMP-2 dose- 
dependently inhibits growth of MDA MB 231 human 
breast cancer cells. Epidermal growth factor (EGF) 
stimulates DNA synthesis and entry of these cells into 
the S-phase. BMP-2 inhibits EGF-induced DNA synthe- 
sis by arresting them in Gl phase of the cell cycle. 
BMP-2 increases the level of cyclin kinase inhibitor 
p21. Furthermore, we show that exposure of MDA MB 
231 cells to BMP-2 stimulates association of p21 with 
cyclin Dl and with cyclin E resulting in the inhibition 
of their associated kinase activities. Finally, BMP-2 
treatment is found to cause hypophosphorylation of 
the retinoblastoma protein (pRb), a key regulator of 
cell cycle progression. Our data provide a mechanism 
for the antiproliferative effect of BMP-2 in the breast 
Cancer Cells.     © 2000 Academic Press 

Key Words: BMP-2; pRb; p21; breast cancer cells. 

The growth of breast cancer cells is regulated by a 
variety of steroid hormones and growth factors. In the 
late stage of hormone-dependent tumor cell growth, 
the cells become hormone-independent. One such hu- 
man breast tumor cell line, MDA MB 231 (MDA), de- 
rived from a metastasized human adenocarcinoma, is 
estrogen-independent (1). However, they maintain the 
responsiveness to growth factors, such as epidermal 
growth factor (EGF) (2). The proliferative signals gen- 
erated in the cytosol integrate into the nucleus to ac- 
tivate the cyclins and cyclin-dependent kinases (CDKs) 

1 To whom correspondence should be addressed at Department of 
Pathology, University of Texas Health Science Center, 7703 Floyd 
Curl Drive, San Antonio, Texas 78284-7750. Fax: 210-567-2303. 
E-mail: choudhury@uthscsa.edu. 

that regulate the cell cycle progression of breast tumor 
cells (3). Thus in the early Gl phase of cell cycle, the D 
type cyclin activates the CDK 4 while in the mid and 
late Gl, cyclin E and CDK2 are activated. These ki- 
nases also remain activated during S-phase of cell cycle 
(4, 5). These kinases phosphorylate the retinoblastoma 
tumor suppressor retinoblastoma protein (pRb) to 
drive the cells through the cell cycle (6). However, the 
cyclin kinase inhibitor proteins, such as p21, interacts 
with the cyclins thus inhibiting the CDKs resulting in 
blockage of cell cycle (7-9). Many agents that inhibit 
cell proliferation regulate the expression and activity 
of this group of proteins (7). 

Bone morphogenetic proteins are structurally simi- 
lar to the TGF ß super family (10). Bone morphogenetic 
protein-2 (BMP-2), a member of this large family of 
proteins, stimulates growth and differentiation of os- 
teogenic and chondrogenic cells during bone remodel- 
ing and also plays an important role in embryogenesis 
(10-13). Similar to TGF ß, BMPs exert their effect via 
specific type I and type II serine-threonine kinase re- 
ceptors. Binding of BMP-2 to the type II receptor in- 
duces the oligomerization of the receptor complex re- 
sulting in phosphorylation of the type I receptor and 
recruitment of downstream signaling proteins Smad 1, 
Smad 5 and Smad 8 (14, 15). Among these, Smad 1 has 
been extensively studied as the target of BMPR signal- 
ing. Type I BMPR-phosphorylated Smadl then het- 
erodimerizes with Smad 4 and translocates to the nu- 
cleus to act as a transcription factor and induce genes 
that mediate the biological activity of BMP-2 (16). 

BMP-2 has recently been reported to have a growth 
inhibitory effect on prostate cancer cells (17). BMP-2 
also inhibits smooth muscle cell proliferation (18). We 
have recently shown that BMP-2 inhibits PDGF and 
EGF-induced DNA synthesis in primary glomerular 
mesangial cells by inhibiting mitogen activated protein 
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kinase (MAPK) cascade (19, 20). A very high dose of 
BMP-2 inhibits soft agar growth of a variety of tumor 
samples including breast tumor (21). However the 
mechanism of inhibition of tumor cell proliferation by 
BMP-2 is not yet clear. 

In this study we demonstrate that BMP-2 inhibits 
growth of MDA MB 231 human breast cancer cells in 
culture in the presence and in the absence of EGF. 
BMP-2 increases p21 cyclin kinase inhibitor in these 
cells and inhibits cyclin Dl- and E-associated kinases. 
Furthermore BMP-2 inhibits pRb phosphorylation, 
which results in accumulation of cells in the Gl phase 
of cell cycle resulting in inhibition of DNA synthesis. 

MATERIALS AND METHODS 

Materials. Tissue culture reagents were purchased from Gibco/ 
BRL (Rockville, MD). EGF was from R&D (Minneapolis, MN). 
Phospho pRb antibody was purchased from New England Biolabs. 
All other antibodies, GST-pRB and Protein A/G plus were obtained 
from Santa Cruz. Protein A-Sepharose CL 4B was purchased from 
Pharmacia. Histone HI was purchased from Sigma. ECL reagent 
was purchased from Pierce laboratories. Recombinant BMP-2 was 
obtained from Genetics Institute. 

Cell culture. MDA MB 231 cells were grown in IMEM with 5% 
fetal bovine serum. For experiments the cells were grown in complete 
medium for 48 h and serum deprived for 24 h before addition of 100 
ng/ml EGF. EGF causes modest proliferative response in this isolate 
of MDA MB 231 cells. For cell cycle analysis, near confluent cells 
were used for 24 h serum-deprivation to arrest in G0/G1 phase before 
addition of EGF to release them. To detect the effect of EGF on MDA 
MB 231 cell proliferation, serum free medium was changed every 6 h. 

Measurement of DNA synthesis. DNA synthesis was measured as 
3H-thymidine incorporation into trichloroacetic acid insoluble mate- 
rial as described previously (19, 20). 

Flow cytometric analysis. Trypsinized MDA MB 231 cells were 
washed with PBS and fixed in 70% ethanol for 30 min at -20°C. The 
cells were then centrifuged at 1500 X g for 4 min, washed with PBS 
containing 1% BSA and resuspended in 150 /d PBS. For nuclear 
staining, the cells were treated with 50 iA of 1 mg/ml RNase A 
followed by 100 ßl of 100 /ig/ml propidium iodide and incubated at 
4°C for 24 h. The cells were then analyzed by flow cytometry on 
FACStar Plus (Becton Dickinson Immunocytometry Systems, San 
Jose, CA) using 200 mW of light at 488 nm produced by an argon-ion 
laser. The fluorescence was read using a 630/22 nm band-pass filter. 
Data were analyzed for 20,000 viable cells as determined by forward 
and right angle light scatter and were stored as frequency histo- 
grams and subsequently analyzed by MODFIT software (Verity, 
Topsham, ME). 

Immunoprecipitation and immunoblotting. The cells were lysed 
in RIPA buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM 
EDTA, 1 mM Na3V04, 1% NP-40, 1 mM PMSF and 0.1% aprotinin) 
for 30 min at 4°C. The cleared cell lysate was immunoprecipitated 
with required antibody essentially as described previously (19, 20). 
Immunoblotting of the immunoprecipitates or the cell lysate was 
also performed as described previously (19, 20, 22). 

Cyclin Dl- and E-associated kinase activity. The assay was per- 
formed according to the method of Gong et al (23). Briefly, cell lysates 
were immunoprecipitated with cyclin Dl or cyclin E antibody. The 
immunebeads were resuspended in kinase assay buffer (20 mM 
Tris-HCl, pH 7.5 and 4 mM MgCl2). For cyclin Dl-associated kinase 
assay a fragment of pRb containing the in vivo phosphorylation sites 
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FIG. 1. (A) Effect of BMP-2 on DNA synthesis in MDA MB 231 
cells. Serum-deprived MDA MB 231 cells were incubated with dif- 
ferent concentrations of BMP-2 for 24 h. [3H]Thymidine incorpora- 
tion was determined as a measure of DNA synthesis, as described 
under Materials and Methods (19, 20). (B) Effect of BMP-2 on MDA 
MB 231 cell proliferation. Subconfluent cultures of MDA MB 231 
cells in triplicate dishes were incubated with different concentra- 
tions of BMP-2 for 24 h. Number of cells were counted for each 
treatment condition. Mean ± SE of three independent experiments. 
*P < 0.05 vs untreated cells. 

was used as substrate. For cyclin E-associated kinase activity, his- 
tone HI was used as substrate. The reaction was carried out with 25 
MM ATP containing 10 ^Ci of [y-32P]ATP for 30 min at 30°C. The 
reaction product was separated by SDS-polyacrylamide gel electro- 
phoresis and the phosphorylated proteins were visualized by auto- 
radiography. 

RESULTS 

BMP-2 inhibits MDA MB 231 cell proliferation. 
MDA MB 231 cells grow very aggressively in culture. 
BMP-2 has recently been shown to have an antiprolif- 
erative effect on certain cell lines, including primary 
mesangial cells and prostate cancer cells (17, 19, 20). 
We examined the effect of BMP-2 on DNA synthesis in 
MDA MB 231 cells. MDA MB 231 cells were incubated 
with increasing concentrations of BMP-2 for 24 h. 
[3H]Thymidine incorporation was determined as a 
measure of DNA synthesis in these cells. Figure 1A 
shows that BMP-2 inhibits DNA synthesis in a dose- 
dependent manner. Approximately 75% inhibition in 
DNA synthesis was observed at 100 ng/ml BMP-2. To 
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FIG. 2. Effect of BMP-2 on EGF-induced DNA synthesis. Serum- 
deprived MDA MB 231 cells were incubated with 100 ng/ml BMP-2 
for 30 min followed by 100 ng/ml EGF for 24 h. [3H]Thymidine 
incorporation was determined as a measure of DNA synthesis, as 
described under Materials and Methods (19, 20). 

confirm this observed effect of BMP-2, we studied the 
effect of BMP-2 on MDA MB 231 cell proliferation in 
culture. Growing MDA MB 231 cells were treated with 
increasing concentrations of BMP-2. The cell number 
was determined. The data show that BMP-2 dose de- 
pendently inhibits MDA MB 231 cell growth in 24 h 
(Fig. IB). As evident, 100 ng/ml BMP-2 inhibited 
proliferation of MDA MB 231 cells by 70% as compared 
to the untreated control. These data indicate that 
BMP-2 dose-dependently inhibits proliferation of 
MDA-MB-231 cells. 

Inhibition of EGF-induced growth of MDA MB 231 
cells by BMP-2. Activation of EGF receptor family is 
often associated with breast cancer cell growth (24). To 
test the effect of BMP-2 on EGF-induced DNA synthe- 
sis in MDA MB 231 cells, [3H]thymidine incorporation 
was determined in the presence and absence of BMP-2. 
As shown in Fig. 2, EGF increases the DNA synthesis 
in MDA MB 231 cells by 20%. However, BMP-2 inhibits 
DNA synthesis by 58% in these cells in the presence of 
EGF. Since the increase in DNA synthesis by EGF was 
modest, we tested the effect of EGF on MDA MB 231 
cell cycle progression using FACS analysis. Using this 
technique, EGF increased the number of cells in S 
phase by 31% (Fig. 3). These data indicate that the 
mitogenic effect of EGF on MDA MB 231 cells is due to 
increased progression of these cells from Gl to S phase. 
Incubation with BMP-2 shows a 58% decrease of cells 
in the S-phase (Fig. 3). This decrease in the S phase 
population is accompanied by an increase in cell num- 
ber at the Gl phase of cell cycle (Table 1). These data 
indicate that BMP-2 inhibits EGF-induced MDA MB 
231 cell proliferation by arresting them at the Gl 
phase of cell cycle. 

BMP-2 induces CDK inhibitor p21 in MDA MB 231 
cells. The key proteins that regulate cell cycle pro- 
gression from Gl to S phase are cyclins D and E and 

26   -,- 

Ow     20   - 

^     14 

10   - 

EGF + + 

BMP-2 - + - + 

FIG. 3. S-phase analysis of EGF-induced MDA MB 231 cells. 
Serum-deprived MDA MB 231 cells were incubated with BMP-2 for 
30 min and treated in the presence or absence of 100 ng/ml EGF for 
24 h. Cells were then trypsinized and analyzed by flow cytometry as 
described under Materials and Methods. The percentage of cells in 
S-phase was plotted. Means of triplicate determinations are shown. 

the CDKs that are associated with these cyclins (4, 5). 
The presence of cyclin kinase inhibitor such as p21 
causes cell cycle arrest in Gl by quenching cyclin D and 
E resulting in inhibition of their associated kinase 
activity (7-9). Since BMP-2 inhibits Gl to S phase 
transition (Fig. 3), we tested the effect of BMP-2 on p21 
expression in the presence and absence of EGF by 
immunoblot analysis. As shown in Fig. 4, EGF does not 
have any significant effect on p21 protein level. How- 
ever, BMP-2 increases the abundance of p21 in these 
cells in the presence (compare lane 4 with 3) and in the 
absence (compare lane 2 with 1) of EGF. These data 
provide the first evidence that BMP-2 may inhibit 
MDA MB 231 cell proliferation by increasing the level 
ofp21. 

Increased association of p21 with cyclin Dl and cy- 
clin E in the presence of BMP-2. Activation of CDKs is 
an important step for cell cycle progression from Gl to 
S phase (3). p21, by associating with cyclins Dl and E, 
makes them unavailable for activating CDKs and thus 

TABLE 1 

Flow Cytometric Analysis of MDA MB 231 Cells 
for Gl and S Phase Quantitation 

% of cells in Gl phase        % of cells in S phase 

Control 
EGF 
BMP-2 
EGF + BMP-2 

40.86 
35.51 
45.32 
42.93 

19.40 
24.15 
12.10 
12.87 

Note. Serum-starved MDA MB 231 cells were treated with 100 
ng/ml EGF in the presence and absence of 100 ng/ml BMP-2. The 
cells were analyzed by flow cytometric technique for quantitation of 
cells present in Gl and S phase. 
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FIG. 4. Effect of BMP-2 on the cyclin kinase inhibitor p21 ex- 
pression. Serum-deprived MDA MB 231 cells were incubated with 
EGF in the presence and absence of BMP-2. Equal amounts of cell 
lysates were analyzed by immunoblotting with p21 antibody and the 
signal was developed by ECL as described under Materials and 
Methods. Arrow indicates the position of p21 protein (upper panel). 
Lower panel shows immunoblotting of same samples with anti-actin 
antibody. 

inhibits cell cycle progression to S phase (7-9). Since 
BMP-2 increased the level of p21 (Fig. 4), we investi- 
gated whether p21 associates with cyclin Dl and cyclin 
E in BMP-2-treated MDA MB 231 cells in the presence 
or absence of EGF. p21 was immunoprecipitated from 
cells treated with EGF and combination of BMP-2 and 
EGF. The immunoprecipitates were immunoblotted ei- 
ther with cyclin Dl (Fig. 5A) or with cyclin E (Fig. 5B) 
antibody. The results show that EGF does not have any 
significant effect on association of p21 with these two 
cyclins. In contrast, incubation of cells with BMP-2 
results in increased association of p21 with cyclin Dl 
and cyclin E in the presence (compare lanes 3 with 1 in 
Figs. 5A and 5B) or in the absence (compare lanes 2 
with 4) of EGF. These data indicate that increased 
association of p21 with cyclin Dl and E may inhibit the 
kinase activities associated with these cyclins. 

BMP-2 treatment inhibits kinase activity associated 
with cyclin Dl and cyclin E. Cell cycle progression 
depends on phosphorylation of a number of regulatory 

EGF 

BMP-2 
A 

Cyclin Dl 

I.P. p21 
I.B. cyclin Dl 

-    +     - 
+   +     - 

12   3    4 

B 
EGF       + - + 

BMP-2      _ +   + 

M ■ Cyclin E 

12   3   4 

I.P. p21 
l.B. cyclin E 

FIG. 5. Effect of BMP-2 on association of p21 with cyclin Dl and 
cyclin E. Equal amounts of cleared cell lysates from MDA MB 231 
cells, treated with EGF in the presence or absence of BMP-2, were 
immunoprecipitated (I.P.) with anti-p21 antibody. The immunopre- 
cipitates were analyzed by immunoblotting (I.B.) with anti-cyclin Dl 
antibody (A) and anti-cyclin E antibody (B). The arrows indicate the 
positions of cyclin Dl and cyclin E in A and B, respectively. 

12   3  4 

^tt<>JM| life' llii< ™P^' 'iHP ^i^ ®W~ 

12    3   4 

Histone HI 

FIG. 6. Effect of BMP-2 on EGF-induced cyclin Dl- and cyclin 
E-associated kinase activity. Serum-deprived MDA MB 231 cells 
were incubated with EGF in the presence or absence of BMP-2. The 
lysates were immunoprecipitated with cyclin Dl (A) or cyclin E (B) 
antibodies. The immunoprecipitates were assayed for kinase activity 
in the presence of [y32P]ATP using pRb (A) or histone Hl (B) as 
substrates. The labeled protein was separated by SDS gel electro- 
phoresis and visualized by autoradiography. The arrow indicates the 
phosphorylated pRb (A) and histone Hl (B). 

proteins by CDKs. In the Gl phase of cell cycle, cyclin 
Dl-associated kinase is activated to initiate the cells to 
progress into S phase (4, 5). Since BMP-2 increases the 
association of cyclin kinase inhibitor p21 with cyclin 
Dl (Fig. 5A) and inhibits Gl to S phase progression in 
MDA MB 231 cells (Fig. 3), we investigated the effect of 
BMP-2 on cyclin Dl-associated kinase activity. The 
lysates of MDA MB 231 cells treated with either EGF 
or EGF plus BMP-2 were immunoprecipitated with 
cyclin Dl antibody and assayed for associated kinase 
activity using pRb as substrate. As shown in Fig. 6A, 
EGF increases the pRb phosphorylation by cyclin Dl- 
associated kinase (compare lane 2 with lane 1). BMP-2 
inhibits EGF-induced pRb phosphorylation (compare 
lane 4 with lane 2). In mid Gl to S phase of cell cycle, 
cyclin E-associated kinase is activated (5, 25). There- 
fore, we immunoprecipitated cyclin E from lysates of 
MDA MB 231 cells and assayed for associated kinase 
activity using histone HI as substrate. Figure 6B 
shows that EGF stimulates cyclin E-associated kinase 
activity (compare lane 2 with lane 1). However, BMP-2 
inhibits EGF-induced histone HI kinase activity (com- 
pare lane 4 with lane 2). During cell cycle progression, 
CDK2 remains activated in the S phase. Immunecom- 
plex kinase assay of CDK2 immunoprecipitates 
showed increased CDK2 activity by EGF and BMP-2 
inhibited EGF-induced CDK2 activity (data not 
shown). These data indicate that BMP-2 intercepts 
cyclin-dependent kinases to inhibit cell cycle progres- 
sion of MDA MB 231 cells. 

BMP-2 blocks pRb phosphorylation in MDA MB 231 
cells. Activation of CDKs during mid Gl and S 
phase of cell cycle phosphorylate the retinoblastoma 
tumor suppressor protein pRb to drive the cells 
through cell cycle (6, 7). In MDA MB 231 cells the 
level of pRb phosphorylation was determined using a 
phospho-pRb antibody. An immunoblot analysis of 
lysates of cells treated with EGF alone and EGF plus 
BMP-2 is shown in Fig. 7. Lysates from control and 
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FIG. 7. Effect of BMP-2 on EGF-induced pRb phosphorylation. 
50 jug cleared cell lysates of MDA MB 231 cells, treated with EGF in 
the presence or absence of BMP-2, were immunoblotted with an 
anti-phospho-pRb antibody. The arrow indicates phosphorylated 
pRb (ppRb). 

EGF-treated cells show increased pRb phosphoryla- 
tion (lanes 1 and 2). But in cells treated with BMP-2, 
the level of total phosphorylated pRb is significantly 
reduced (lane 3 and 4). One reason of increased phos- 
phorylation in control MDA MB 231 cells may be due 
to their aggressive growth even in the absence of 
serum. These data provide the first evidence that 
BMP-2 inhibits pRb phosphorylation and indicate 
that this inhibition of pRb phosphorylation by cyclin- 
dependent kinases may result in attenuation of MDA 
MB 231 cell proliferation. 

DISCUSSION 

Our data in this study provide the first evidence that 
BMP-2 inhibits EGF-induced proliferation of MDA MB 
231 cells by blocking cyclin dependent kinase activities 
and pRb phosphorylation. This inhibition may be due 
to BMP-2-induced increase in p21 cyclin kinase inhib- 
itor level in these cells. 

Breast cancer cells often metastasize to bone pre- 
sumably because of a favorable growth-promoting en- 
vironment provided by the bone where various growth 
factors are expressed in abundance (26). Our data show 
that one of the potent osteogenic factors, BMP-2, inhib- 
its proliferation of MDA MB 231 cells in culture (Fig. 
1). This observation was unexpected, as it was logical 
to predict that BMP-2, which is present in the micro- 
environment of bone, may not have any effect, or it may 
support growth of these cancer cells present in the 
microenvironment of bone. However, BMP-2 is present 
in bone matrix at a very low concentration (1-2 ng/g), 
whereas other growth factors such as insulin-like 
growth factor II (IGFII) is present at a concentration of 
1500 ng/g (26, 27). Thus it is possible that the concen- 
tration of BMP-2 in the bone microenvironment may 
not be sufficient to inhibit the breast cancer cell 
growth. This may explain the requirement of a high 
concentration of BMP-2 to inhibit the proliferation of 

MDA MB 231 cells in culture (Fig. 1). Also we have 
shown previously that BMP-2 inhibits proliferation of 
primary mesangial cells at a very high concentration 
(19, 20). It should be noted that inhibition of prostate 
cancer cell proliferation is also achieved at a relatively 
high concentration (17). 

EGF receptors in many breast cancer cells play an 
important role in the pathogenesis of tumor cell prolif- 
eration (24). Activation of EGFR stimulates its intrin- 
sic tyrosine kinase activity and recruitment of cytosolic 
signaling proteins (28). The signals generated in the 
cytosol converge in the nucleus and activate cell cycle 
progression of breast tumor cells. EGF is a modest 
mitogen for MDA MB 231 breast cancer cells and we 
show slight induction of cell proliferation and Gl to S 
phase progression in these cells (Figs. 2 and 3). BMP-2 
inhibited MDA MB 231 cell proliferation regardless of 
the presence of EGF (Figs. 1 and 2). Our results indi- 
cate that BMP-2 treatment arrests MDA cells at the 
Gl phase of cell cycle. 

Nuclear targets of growth factor-mediated induction 
of cell proliferation are the cell cycle regulatory pro- 
teins (3-7). Cyclin Dl and E regulate the progression of 
cells in the Gl to S phase of cell cycle (5, 25). CDKs are 
regulated by cyclin kinase inhibitors (7, 8, 29). One of 
these proteins, p21, is a potent inhibitor of CDKs as- 
sociated with cyclins D and E. It has been shown pre- 
viously that p21 stimulates withdrawal from the cell 
cycle coupled to terminal differentiation (30). In breast 
carcinomas, increased expression of p21 was associ- 
ated with relapse free survival (31). In addition to 
inhibition of CDKs, p21 inhibits DNA replication di- 
rectly by binding to PCNA (32). In the present study we 
show that BMP-2 increases the level of p21 in MDA 
MB 231 breast tumor cells (Fig. 4). These data indicate 
that BMP-2-induced reduction in cell proliferation and 
S-phase entry may be due to the increased expression 
of p21 protein. 

Increased cyclin Dl-associated kinase activity is as- 
sociated with increased proliferation of breast cancer 
cells (33). One of the mechanisms by which p21 blocks 
cell cycle progression is via interaction with cyclin Dl 
and cyclin E, subsequently resulting in inhibition of 
CDK activity (7-9). Our results show that BMP-2 in- 
creases the association of p21 with cyclin Dl and cyclin 
E in MDA MB 231 cells (Fig. 5) resulting in inhibition 
of their associated kinase activities (Fig. 6). Thus one of 
the mechanisms by which BMP-2 may inhibit MDA 
MB 231 cell proliferation is by inhibiting cyclin depen- 
dent kinases that are known to be activated in mid to 
late Gl and S phases of cell cycle. 

During Gl phase of cell cycle the transcription 
factor E2F is associated with hypophosphorylated 
pRb. Cyclin dependent kinases phosphorylate pRb 
(34). pRb is also hyperphosphorylated in various 
breast cancer cells and tissues (35). Thus phosphor- 
ylated and inactivated pRb releases E2F transcrip- 
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tion factor which then activates transcription of a 
number of important genes necessary for cells to 
enter into S phase (34). In the present study we have 
shown that pRb is hyperphosphorylated in the pres- 
ence of EGF in MDA MB 231 cells and BMP-2 causes 
reduction in the level of pRb phosphorylation in the 
presence and absence of EGF (Fig. 7). This observa- 
tion provides one of the first mechanisms by which 
BMP-2 may inhibit MDA MB 231 breast cancer cell 
proliferation. Our findings may have important ther- 
apeutic implications in breast cancer treatment once 
the mechanism of action of BMP-2 has been charac- 
terized in more detail. 
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Abstract 

The biologic effects and mechanisms by which bone morphogenetic proteins (BMPs) function in breast cancer cells are not 
well defined. A member of this family of growth and differentiation factors, BMP-2, inhibited both basal and estradiol- 
induced growth of MCF-7 breast tumor cells in culture. Flow cytometric analysis showed that in the presence of BMP-2, 62% 
and 45% of estradiol-stimulated MCF-7 cells progressed to S-phase at 24 h and 48 h, respectively. Estradiol mediates growth 
of human breast cancer cells by stimulating cyclins and cyclin-dependent kinases (CDKs). BMP-2 significantly increased the 
level of the cyclin kinase inhibitor, p21, which in turn associated with and inactivated cyclin Dl. BMP-2 inhibited estradiol- 
induced cyclin Dl-associated kinase activity. Also estradiol-induced CDK2 activity was inhibited by BMP-2. This inhibition 
of CDK activity resulted in hypophosphorylation of retinoblastoma protein thus keeping it in its active form. These data 
provide the first evidence by which BMP-2 inhibits estradiol-induced proliferation of human breast cancer cells. © 2000 
Elsevier Science B.V. All rights reserved. 

Keywords: BMP-2; pRb; p21; Breast cancer cell 

1. Introduction 

17-ß-Estradiol (estradiol) acts as a potent mitogen 
for breast epithelial cells and thus causes increased 
cell growth, both in vivo and in vitro. In estradiol- 
responsive human breast cancer cells like MCF-7, the 

* Corresponding author. Fax: +1-210-567-2303; 
E-mail: choudhury@uthsca.edu 

1 These authors contributed equally to this work. 

hormone responsiveness is mediated by estrogen re- 
ceptors (ERs) [1]. Activation of ER stimulates cyclin- 
dependent kinases (CDKs) to induce proliferation of 
MCF-7 cells. On the other hand, increased expres- 
sion of cyclin kinase inhibitor p21 blocks CDK ac- 
tivity necessary for retinoblastoma protein (pRb) 
phosphorylation [2]. These results indicate that a 
concerted effect of different cell cycle proteins regu- 
lates cell cycle progression. 

Bone morphogenetic proteins (BMPs), BMP 1-9, 
constitute a group of growth factors that are in- 

0167-4889/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved. 
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volved in ectopic bone formation [3]. They are pro- 
duced as pro-mature forms, which are processed to 
active dimers of the mature region in a manner sim- 
ilar to the transforming growth factor ß (TGFß) [4]. 
Due to this similarity, BMPs are categorized as mem- 
bers of the TGFß super family. In addition to other 
functions during embryonic development and limb 
formation, BMPs regulate chondrogenesis and osteo- 
genesis [5-7]. Though BMPs have been detected in 
osteosarcomas and soft tissue carcinomas, the role of 
BMPs in breast cancer is still unclear. Like TGFß 
receptors, multiple BMP receptors have recently 
been identified. They form two closely related groups 
known as type I and type II receptors, which contain 
multiple members. Both the receptor types have ser- 
ine/threonine kinase activity in their cytoplasmic do- 
mains [8,9]. Three downstream target molecules for 
BMP-2 have recently been identified. These targets 
are Smad 1, Smad 5 and Smad 8. BMP-2 stimulates 
association of Smad 1 with the BMP receptor fol- 
lowed by phosphorylation of the Smad 1 C-terminus 
by the type I receptor [10,11]. Receptor-phosphory- 
lated Smad 1 undergoes heterodimerization with the 
tumor suppressor protein Smad 4. This heterodimer 
then translocates to the nucleus and participates in 
transcription of genes [10,12]. 

Recently, Nakaoka et al. demonstrated that BMP- 
2 inhibits smooth muscle cell proliferation [13]. 
BMP-2 blocks serum and androgen-induced growth 
of human prostate cancer cells in culture [14]. We 
have recently shown that BMP-2 at a moderate 
dose blocked PDGF and EGF-induced DNA synthe- 
sis in primary glomerular mesangial cells without any 
effect on matrix gene expression [15,16]. Also a high 
dose of recombinant BMP-2 has recently been shown 
to inhibit soft agar growth of a variety of tumor 
samples including breast tumor [17]. However, the 
mechanism of BMP-2-mediated inhibition of tumor 
cell growth is not known. In this report, we demon- 
strate the inhibitory effect of BMP-2 on estradiol- 
induced MCF-7 human breast cancer cell prolifera- 
tion in culture. BMP-2 increases the levels of cyclin 
kinase inhibitor p21 without any effect on estradiol- 
induced cyclin Dl expression. We also show that 
BMP-2 inhibits estradiol-induced cyclin Dl-associ- 
ated kinase and CDK2 activity with concomitant 
reduction of pRb phosphorylation. This is the first 
elucidation of the signaling mechanisms, involved in 

BMP-2-mediated   inhibition    of   estradiol-induced 
breast cancer cell growth. 

2. Materials and methods 

Tissue culture materials were purchased from Gib- 
co. Estradiol, phenyl methyl sulphonyl fluoride 
(PMSF), soybean inhibitor, leupeptin, myelin basic 
protein, propidium iodide and RNase A were ob- 
tained from Sigma. Histone HI was purchased 
from Boehringer Mannheim. GST-pRb was obtained 
from Santa Cruz. Micro BCA reagent and enhanced 
chemiluminescence (ECL) kit were purchased from 
Pierce. Protein A-Sepharose CL 4B was purchased 
from Pharmacia. All antibodies were obtained from 
Santa Cruz. Recombinant BMP-2 was obtained from 
Genetics Institute. 

MCF-7 breast cancer cells were obtained from Dr. 
Robert Klebe (Department of Cellular and Structur- 
al Biology, University of Texas Health Science Cen- 
ter at San Antonio) and were routinely maintained in 
DMEM-F12 medium containing 10% new born calf 
serum. These MCF-7 cells are highly responsive to 
estradiol and tamoxifen. For experiments designed to 
test the mitogenic effect of estradiol, cells were grown 
in complete medium for 48 h to reach subconfluency 
and then placed in phenol red-free and serum-free 
DMEM for 48 h before addition of estradiol. Treat- 
ment with serum-free medium slows the growth of 
cells because they tend to arrest at G0/G1 phase. For 
cell cycle analysis near confluent cells were used for 
serum-deprivation to arrest in G0/G1 phase before 
addition of estradiol to release them. 

2.1. Flow cytometric analysis 

MCF-7 cells were trypsinized and washed with 
phosphate-buffered saline (PBS). The cells were fixed 
in 70% ethanol for 30 min at -20°C, centrifuged at 
1500Xg for 4 min, washed with PBS containing 1% 
bovine serum albumin (BSA) and resuspended in 150 
ul PBS. For nuclear staining with propidium iodide, 
the cells were treated with 50 ill of 1 mg/ml RNase A 
(Sigma) followed by 100 ul of 100 ug/ml propidium 
iodide. The cells were incubated at 4°C for 18-24 h 
before they were analyzed by flow cytometry on 
FACStar Plus (Becton Dickinson Immunocytometry 



188 JV. Ghosh-Choudhury et al. IBiochimica et Biophysica Ada 1497 (2000) 186-196 

Systems, San Jose, CA). Cells were illuminated with 
200 mW of light at 488 nm produced by an argon- 
ion laser and the fluorescence was read using a 630/ 
22 nm band-pass filter. Data were analyzed for 
20000 viable cells as determined by forward and 
right angle light scatter and were stored as frequency 
histograms and subsequently analyzed by MODFIT 
software (Verity, Topsham, ME). 

2.2. MTT (3-(4,5-dimethylthiazol-2,5-diphenyl 
tetrazolium bromide) assay for cell proliferation 

Proliferation of MCF-7 cells in response to estra- 
diol was determined using the MTT assay as de- 
scribed elsewhere [18]. In brief, 50 JLLI of 5 mg/ml 
MTT was added to the culture medium of growing 
cells (1 ml medium/well) and incubated for 4 h at 
37°C in a humidified atmosphere with 5% C02. 
The medium was removed and 200 jo.1 of DMSO 
was added to each well. The absorbance of the dis- 
solved dye was measured at 540 nm. 

2.3. Immunoprecipitation and immunoblotting 

Immunoprecipitation was carried out according to 
methods described elsewhere, with minor modifica- 
tions [16,19]. In brief, cells were lysed in immunopre- 
cipitation buffer (50 mM Tris-HCl pH 7.5, 5 mM 
EDTA, 10 mM EGTA, 50 mM NaF, 20 mM ß-glyc- 
erophosphate, 50 mM NaCl, 0.1% Nonidet P-40, 50 
|ig/ml PMSF, 10 |ag/ml soybean trypsin inhibitor, 
2 (ig/ml leupeptin, 1 ug/ml aprotinin) and cleared of 
cell debris by centrifugation at 4°C. Protein estima- 
tion was done in supernatant by a micro BCA assay. 
200 ug protein was routinely precleared by incubat- 
ing with 20 JLLI of swelled protein A-Sepharose beads 
for 1 h in the cold. The cleared supernatant was 
immunoprecipitated at 4°C for 18-24 h using 1 (xg 
of antibody followed by addition of 20 ul swelled 
protein A-Sepharose beads for 1 h. The protein A- 
Sepharose beads containing the antigen-antibody 
complex were then gently washed three times with 
immunoprecipitation buffer before eluting the bound 
proteins in the sodium dodecyl sulfate (SDS)-poly- 
acrylamide gel loading buffer. 

Immunoblotting was performed essentially as pre- 
viously described [20]. Briefly, the cleared cell lysates 
or immunoprecipitates were separated in SDS-poly- 

acrylamide gels (12% or 7.5% depending on the pro- 
tein sizes). The proteins were electrophoretically 
transferred onto Nytran membrane. Following the 
transfer, the proteins were incubated with blocking 
solution (50 mM Tris-HCl pH 7.4-150 mM NaCl- 
0.2% Tween 20 (TBST) containing 5% non-fat dry 
milk) for 1 h at room temperature, followed by over- 
night incubation in primary antibody solution pre- 
pared in TBST containing 1% BSA. The membrane 
was subsequently washed five times in TBST for 
5 min each, before the horseradish peroxidase-con- 
jugated secondary antibody was added in TBST for 
1 h at room temperature. The membrane was finally 
washed in TBST, five times for 5 min each and the 
antigen-antibody complex was detected using an 
ECL kit (Pierce) as per manufacturer's recommenda- 
tions. 

2.4.  Cyclin Dl-associated kinase and CDK2 assay 

The assay was performed using the method of 
Gong et al. [21]. Briefly, cleared cell lysate was im- 
munoprecipitated using antibody against cyclin Dl 
or CDK2 as described above. The immunecomplex 
beads were resuspended in kinase buffer (20 mM 
Tris-HCl pH 7.5 and 4 mM MgCl2). To measure 
the cyclin Dl-associated kinase activity, a fragment 
of pRb, that contains the in vivo phosphorylation 
sites, was used. For CDK2 activity, calf thymus his- 
tone HI was used as a substrate. The reaction was 
carried out in the presence of 25 (iM 'cold' ATP and 
10 uCi [y-32P]ATP for 30 min at 37°C. The 
phosphorylated proteins were analyzed by SDS- 
polyacrylamide gel electrophoresis followed by auto- 
radiography. Phosphorylation was quantitated using 
a densitometric scan of the phosphorylated bands in 
autoradiogram. 

3. Results 

3.1.  Growth inhibition of MCF-7 cells by BMP-2 

Estradiol is a potent mitogen for ER positive hu- 
man MCF-7 breast carcinoma cells [22]. To establish 
the optimal conditions to assess the effect of BMP-2 
on MCF-7 cell proliferation, MCF-7 cells were 
treated with 1 nM 17-ß-estradiol for 24 and 48 h, 



N. Ghosh-Choudhury et al. I Biochimica et Biophysica Acta 1497 (2000) 186-196 189 

1750 

1500- 

1250 

750 

500 

B 

S   30 

c   20 

5?    10 

Estradiol Estradiol 

24 h 48 h 24 h 48 h 

fri    15 

Estradiol 

BMP-2 

Estradiol 

BMP-2 

0.6 

0.5 

"»       0.4 

0.3 

Estradiol 

BMP-2 

respectively, and the cell number was counted. As 
expected, estradiol increased the cell number at 
each time point (Fig. 1A). To examine the effect of 
estradiol on cell cycle progression, MCF-7 cells were 
subjected to flow cytometry. At 24 and 48 h, a sig- 
nificantly higher percentage of cells were in S-phase 
in the presence of estradiol, as compared to unstim- 
ulated control cells (Fig. IB). At 48 h, 10% of cells 

entered the S-phase even in the absence of estradiol. 
This may be due to incomplete quiescence of MCF-7 
breast tumor cells. An alternative possibility may be 
accumulation of mitogens in the culture medium dur- 
ing 48 h of incubation in the serum-deprived me- 
dium. 

To determine the effect of BMP-2 on cell cycle 
progression of MCF-7 cells stimulated by estradiol, 
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Fig. 1. Effect of estradiol and BMP-2 on MCF-7 cell proliferation. (A) Confluent layers of MCF-7 cells in 35 mm tissue culture dishes 
were serum-starved for 48 h and incubated with 1 nM estradiol for 24 and 48 h. Cells in each dish were counted. Increase in cell 
number was 1.6- and 1.8-fold, respectively, at 24 and 48 h. (B) Flow cytometric analysis of estradiol-induced MCF-7 cell proliferation. 
Serum-deprived MCF-7 cells were grown in the presence or absence of 1 nM estradiol for 24 and 48 h. Cells were then trypsinized 
and analyzed by flow cytometry as described in Section 2. The percentage of cells in S-phase was plotted. The percentage of cells in 
S-phase was increased by 6.5- and 3.7-fold at 24 and 48 h, respectively. Means of triplicate determinations are shown in A and B. (C) 
Quantitation of flow cytometric analysis of cells treated with BMP-2 and estradiol. MCF-7 cells were treated with 100 ng/ml BMP-2 
and 1 nM estradiol for 24 h (left panel) and 48 h (right panel) before subjecting them to flow cytometric analysis. The percentage of 
cells in S-phase was plotted for each condition. (D) Effect of BMP-2 on estradiol-induced MCF-7 cell proliferation. 48 h serum-de- 
prived MCF-7 cells were treated with 100 ng/ml BMP-2 and 1 nM estradiol. MTT assay was performed as an index of cell prolifera- 
tion as described in Section 2. Results are means ±S.E.M. of three independent experiments. *P<0.05 vs. untreated cells. ++P<0.05 
vs. untreated control. @P < 0.05 vs. estradiol-treated cells. 

cells were incubated with estradiol for 24 and 48 h, 
either in presence or absence of BMP-2. BMP-2 in- 
hibited estradiol-induced S-phase progression of 
these cells. Quantitation of these results shows that 
only 62% and 45% of estradiol-treated MCF-7 cells 
entered S-phase at 24 and 48 h, respectively, in the 
presence of BMP-2 (Fig. 1C, left and right panels). 
BMP-2 alone also inhibited S-phase entry of control 
cells, by 41% and 43% at 24 and 48 h, respectively. 
To determine if the effect of BMP-2 on estradiol- 
induced cell cycle progression correlated with cell 
growth, MTT assays were performed. Fig. ID shows 
that BMP-2 significantly inhibited estradiol-stimu- 
lated as well as basal MCF-7 cell proliferation. A 
photomicrograph of MCF-7 cells in the absence 
and presence of BMP-2 is shown in Fig. 2. As evi- 
dent, treatment of these cells for 48 h with BMP-2 
does not have any toxic effect. Taken together, these 
results indicate that BMP-2 inhibits estradiol-induced 
cell growth by preventing the entry of MCF-7 cells 
into S-phase. 

3.2. BMP-2 stimulates expression of cyclin kinase 
inhibitor, p21, in estradiol-treated MCF-7 cells 

Progression of the cell cycle is regulated by a series 
of CDKs [23]. These serine/threonine kinases are 
positively regulated by cyclins [24,25]. One of the 
Gl phase cyclins, cyclin Dl, is overexpressed in 
more than 50% of human breast adenocarcinomas 
[26-28]. We studied the effect of estradiol on cyclin 
Dl expression. In accordance with the previous re- 
port [29], estradiol treatment of MCF-7 cells in- 
creased the level of cyclin Dl (Fig. 3A, compare 
lane 2 with lane 1). However, pretreatment of 
MCF-7 cells with BMP-2 had no significant effect 
on estradiol-induced expression of cyclin Dl (Fig. 
3A, compare lane 4 with lane 2). These data indicate 
that the effect of BMP-2 on estradiol-induced MCF- 
7 cell proliferation is not caused by the modulation 
of cyclin Dl levels during cell cycle progression. 

CDK activity is also regulated by cyclin kinase 
inhibitors [25]. One such protein, p21, is a universal 

CONTROL BMP-2 
Fig. 2. Photomicrograph of MCF-7 cells in the presence and absence of BMP-2. Serum-deprived MCF-7 cells were incubated with 
BMP-2 for 48 h before taking the photograph. The phase contrast photomicrograph is shown. 



N. Ghosh-Choudhury et al. IBiochimica et Biophysica Acta 1497 (2000) 186-196 

A 

191 

BMP-2 

Estradiol 

+ + 
+ - + 

Cyclin Dl 

Actin 

BMP-2 

Estradiol BMP-2 
Estradiol 

p21 
+ p21 

Actin 
Actin 

Fig. 3. (A) Effect of BMP-2 on estradiol-induced expression of cyclin Dl and p21. MCF-7 cells serum-deprived for 48 h were incu- 
bated with 1 nM estradiol in the presence and absence of 100 ng/ml BMP-2 for subsequent 48 h. Cleared cell lysates were analyzed 
by immunoblotting with cyclin Dl. (B and C) Effect of BMP-2 on p21 expression. Serum-deprived MCF-7 cells were incubated with 
estradiol in the presence and absence of 100 ng/ml BMP-2 for 6 h (B) and 48 h (C), respectively. The lysates were immunoblotted 
with p21 antibody and the signal was developed by ECL. Lower panels show immunoblotting of the same lysates with anti-actin anti- 

body to demonstrate equal loading of proteins in each lane. 

inhibitor of CDKs, that interacts with multiple cy- 
clin-CDK complexes. It thereby inhibits their kinase 
activity, which drives the cells through the cell cycle 
[2,30,31]. To understand the mechanism of BMP-2 
inhibition of cell cycle progression, we studied its 
effect on p21 expression. MCF-7 cells were incubated 
with BMP-2 and estradiol for 6 and 48 h. At both 
time points, estradiol did not have any affect on p21 
protein expression as determined by immunoblot 
analysis (Fig. 3B,C, compare lanes 2 with lanes 1 
in both panels). In contrast, treatment of MCF-7 
cells with BMP-2 alone significantly increased the 
level of p21 protein expression (Fig. 3B,C, compare 
lanes 3 with lanes 1). In the cells co-treated with 
BMP-2 and estradiol (lane 4), the level of p21 ex- 
pression remained increased as compared to un- 
treated and estradiol-treated cells. These data indi- 
cate that the inhibitory effect of BMP-2 on MCF-7 
cell proliferation may partly be due to its effect on 
increased expression of p21. 

3.3. BMP-2 inhibits cyclin Dl-associated kinase 
activity via p21 

For p21 to exert its inhibitory effect on cell cycle 
progression, it must associate with one of the cyclin- 
CDK complexes [24,25]. Since estradiol-induced in- 
crease in cyclin Dl levels resulted in cell progression, 
while BMP-2-induced increase in p21 levels caused 
Gl arrest, we analyzed the association of p21 with 
cyclin Dl under similar conditions. Lysates of serum- 
deprived MCF-7 cells treated with estradiol in the 
presence and absence of BMP-2 were immunopreci- 
pitated with the antibody to p21, followed by immu- 
noblotting with a cyclin Dl antibody. As shown in 
Fig. 4A, estradiol alone has no effect on association 
of cyclin Dl with p21. In contrast, p21 was found to 
be associated with cyclin Dl in cells treated with 
BMP-2 alone or in combination with estradiol (Fig. 
4A, lanes 3 and 4). These data indicate that BMP-2 
treatment causes an increased association of p21 with 
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Fig. 4. (A) Effect of BMP-2 on association of p21 with cyclin 
Dl. Cleared cell lysates from MCF-7 cells, treated as described 
in Fig. 3B,C, were immunoprecipitated (I.P.) with either anti- 
p21 or control IgG. The immunoprecipitated proteins were 
eluted from the immunebeads, separated on a 12% SDS-polyac- 
rylamide gel and were immunoblotted (LB.) with anti-cyclin Dl 
antibody. Lanes 1^1 represent p21 immunoprecipitates. Lane 5 
shows IgG immunoprecipitates. (B) Effect of BMP-2 on estra- 
diol-induced cyclin Dl-associated kinase activity. Serum-de- 
prived MCF-7 cells were incubated with estradiol in the pres- 
ence of BMP-2. The lysates were immunoprecipitated with 
cyclin Dl antibody. The immunoprecipitates were assayed for 
kinase activity in the presence of [y-32P]ATP using pRb as sub- 
strate. The labeled protein was separated by SDS gel electro- 

phoresis and visualized by autoradiography. The lower panel 

shows an immunoblot of same samples with actin antibody. 

cyclin Dl in MCF-7 cells which may result in the 
inhibition of cyclin Dl-dependent kinase activity. 

More recently, a role for p21 has been described as 
the assembly factor for cyclin D and CDK4/6 [32,33]. 
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Fig. 5. (A) Effect of BMP-2 on association of p21 with cyclin E. Cleared cell lysates from MCF-7 cells, treated as described in Fig. 4, 
were immunoprecipitated (I.P.) with anti-cyclin E. The immunoprecipitated proteins were eluted from the immunebeads, separated on 
a 15% SDS-polyacrylamide gel and were immunoblotted (LB.) with anti-p21 antibody. Effect of BMP-2 on estradiol-induced CDK2 
activity. (B) The cleared cell lysates from MCF-7 cells treated as described in Fig. 4 were immunoprecipitated with an anti-CDK2 
antibody. The washed immunebeads were used in an in vitro immunecomplex kinase assay with histone HI as substrate in the pres- 
ence of [y-32P]ATP. The labeled proteins were separated by SDS gel electrophoresis and visualized by autoradiography. The lower 
panel shows immunoblotting of the same lysates with anti-actin antibody. (C) Quantitation of histone HI phosphorylation. The radio- 
activity incorporated into histone HI in (A) was measured by a densitometric scan as described in Section 2 and plotted as histo- 
gram. 
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Another role of p21 in cell cycle is its inhibitory 
effect on CDK activity. Increased expression of p21 
has been shown to inhibit both cyclin Dl and cyclin 
E-associated kinases [2]. To test this, lysates of 
MCF-7 cells treated with BMP-2 and estradiol were 
immunoprecipitated with cyclin Dl antibody. The 
immunoprecipitates were assayed for Dl-associated 
kinase activity using pRb as in vitro substrate. As 
shown in Fig. 4B, BMP-2 inhibited estradiol-induced 
cyclin Dl-associated kinase activity (compare lane 2 
with lane 1). These data indicate that the inhibitory 
effect of BMP-2 may involve reduced pRb phosphor- 
ylation by cyclin Dl-associated kinase (see below). 

3.4. BMP-2 inhibits estradiol-induced CDK2 kinase 
activity and pRb phosphorylation 

In the late Gl phase of cell cycle progression, E- 
type cyclin regulates CDK activity which is necessary 
for cells to enter and proceed through the S-phase 
[34]. p21 has been shown to regulate cyclin E via 
physical association. Since the p21 level was in- 
creased by BMP-2 (Fig. 3B,C), we tested if recombi- 
nant BMP-2 regulates p21 association with cyclin E. 
Cyclin E immunoprecipitates from lysates of estra- 
diol or BMP-2 plus estradiol-treated MCF-7 cells 
were immunoblotted with p21 antibody. The results 
show that BMP-2 stimulated increased association of 
p21 with cyclin E in the presence and absence of 
estradiol as compared to estradiol alone (Fig. 5A, 
compare lanes 3 and 4 with lane 2). During late 
Gl and S-phase, cyclin E regulates CDK2 activity. 
To understand the mechanism of regulation of 
CDK2 in MCF-7 breast cancer cells, we analyzed 
the kinase activity associated with CDK2 in cells 
treated with estradiol in the presence or absence of 
BMP-2. Cell lysates were immunoprecipitated with a 
CDK2 antibody. The immunebeads were then used 
in an in vitro immunecomplex kinase assay with his- 
toric HI as substrate in the presence of [y-32P]ATP. 
The data showed increased phosphorylation of his- 
toric HI by CDK2 in cells treated with estradiol (Fig. 
5B, compare lane 2 with 1). Estradiol-induced CDK2 
activity was significantly inhibited by BMP-2 (Fig. 
5B, compare lane 4 with lane 2). Quantitation of 
histone HI phosphorylation showed 11-fold increase 
in CDK2 activity in the presence of estradiol (Fig. 
5C), and BMP-2 inhibited 70% of estradiol-induced 
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Fig. 6. Effect of BMP-2 on estradiol-induced pRb phosphory- 
lation. The cleared cell lysates of MCF-7 cells, treated with es- 
tradiol in the presence and absence of BMP-2, were immuno- 
blotted with an anti-pRb antibody. The migration of molecular 
weight markers (in kDa) is shown in the left margin. The filled 
circle shows hyperphosphorylated pRb in the highest phosphor- 
ylated form. The open circle shows pRb in intermediate 
phosphorylated form and the filled triangle shows pRb in hypo- 
phosphorylated form. 

CDK2 activity (Fig. 5C). BMP-2 also partially inhib- 
ited the basal activity of CDK2 in MCF-7 cells. 
These data indicate that BMP-2-mediated inhibition 
of estradiol-induced MCF-7 proliferation may in 
part be due to its inhibitory effect on CDK2 activity. 

One of the targets of CDKs during cell cycle pro- 
gression is pRb [24,35]. Hypophosphorylated pRb is 
active and inhibits cell cycle progression. Prolifera- 
tive signals integrate into the nucleus to induce 
CDK-dependent phosphorylation of pRb rendering 
pRb inactive and resulting in DNA synthesis [35]. 
We showed in Fig. 4B that in in vitro kinase assay, 
pRb phosphorylation is reduced by BMP-2. To study 
the effect of BMP-2 on estradiol-induced pRb phos- 
phorylation in MCF-7 cells, we analyzed lysates of 
MCF-7 cells by phosphorylation-dependent mobility 
shift assay. The degree of pRb phosphorylation is 
determined by its electrophoretic mobility, with hy- 
perphosphorylated pRb forms migrating slower than 
the hypophosphorylated form in SDS gel. Lysates 
from MCF-7 cells, treated with estradiol or BMP-2 
alone or with estradiol in the presence of BMP-2, 
were immunoblotted with an anti-pRb antibody. As 
shown in Fig. 6, estradiol caused hyperphosphoryla- 
tion of pRb as indicated by the slower migration of 
this protein (lane 1, indicated by filled circle). Treat- 
ment of MCF-7 cells with BMP-2 alone resulted in 
the partial phosphorylation of pRb (lane 2, indicated 
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by open circle). In contrast, BMP-2 significantly in- 
hibited hyperphosphorylation of pRb induced by es- 
tradiol and only hypophosphorylated pRb was the 
predominant form detected (Fig. 6, lane 3, indicated 
by filled triangle). These data indicate that the ob- 
served growth inhibitory effect of BMP-2 in estra- 
diol-induced MCF-7 breast cancer cell proliferation 
could be caused by decreased CDK-dependent pRb 
phosphorylation. 

4. Discussion 

Our study demonstrates an inhibitory effect of 
BMP-2 on estradiol-induced MCF-7 breast cancer 
cell proliferation. BMP-2 stimulates increased expres- 
sion of p21 cyclin kinase inhibitor. Consistent with 
this idea is our observation showing inhibition of 
estradiol-induced cyclin Dl-associated kinase and 
CDK2 activity in response to BMP-2. Finally, we 
provide the first evidence that BMP-2 maintains the 
pRb tumor suppressor protein in a partially 
phosphorylated form. 

Binding of estrogen to its receptor regulates a co- 
hort of responsive genes that appears to regulate cell 
cycle progression. CDK4 and CDK6 form complexes 
with D-type cyclins during mid and late phases of 
Gl, while CDK2 binds to cyclin E and D during 
late Gl [36-38]. One link between proliferative sig- 
nals and cell cycle progression is provided by the 
induction of the secondary response genes, such as 
cyclin Dl, following mitogenic stimulation [36]. In 
breast cancer, chromosome llql3, which contains 
the cyclin Dl gene, has been shown to be amplified 
preferentially in ER positive tumors [39,40]. It has 
also been suggested that overexpression of cyclin 
Dl in MCF-7 cells causes them to proliferate in 
growth factor-deprived conditions [41]. In simvasta- 
tin or lovastatin-arrested MCF-7 human breast can- 
cer cells, estrogen stimulates cell cycle entry by in- 
creasing cyclin Dl expression [42]. This effect of 
estrogen was due to transcriptional activation of 
the cyclin Dl gene by an estrogen-regulated response 
region present between the —944 bp of upstream 
sequences and the transcription start site of the cyclin 
Dl gene [42]. Cyclins, in association with CDKs and 
cyclin kinase inhibitors, control cell cycle progression 
through different phases of transitions and check- 

points. One of the cyclin kinase inhibitors, p21, has 
been shown to stimulate withdrawal from the cell 
cycle coupled to terminal differentiation [43]. Immu- 
nohistochemical analysis of breast carcinomas has 
shown that increased expression of p21 was associ- 
ated with relapse-free survival [44]. p21 inhibits all 
the CDKs associated with cyclins A, Dl and E that 
are required for Gl/S progression [31,45]. In addition 
to CDK inhibition, and thereby blocking cells from 
entering S-phase, p21 inhibits the DNA replication 
directly by binding to PCNA [46]. In the present 
study, we show that estradiol-induced S-phase entry 
of MCF-7 breast carcinoma cells is inhibited by the 
growth and differentiation factor BMP-2 (Fig. 1). 
Furthermore, our results demonstrate that BMP-2 
causes increase in the levels of p21 protein as early 
as 6 h which sustains until 48 h (Fig. 3B,C). These 
data indicate that our observation of BMP-2-induced 
reduction in S-phase entry (Fig. 1C) and reduced 
proliferation (Fig. ID) may be due to the increased 
expression of p21 protein (Fig. 3B,C). One of the 
mechanisms by which p21 blocks cells from entering 
S-phase is via interaction with cyclin Dl during Gl 
phase of the cell cycle, subsequently resulting in in- 
hibition of CDK4 activity [2]. In the present study, 
we demonstrate association of p21 with cyclin Dl in 
the presence of BMP-2 (Fig. 4A). This may be the 
cause of reduced cyclin Dl-associated kinase activity 
(Fig. 4B). 

In addition to activation of cyclin D1/CDK4 dur- 
ing Gl phase, activation of cyclin E/CDK2 in late 
Gl is required for cells to progress through the cell 
cycle [38,47]. p21 inhibits both cyclin D1/CDK4 ac- 
tivity and cyclin E/CDK2 activity [2,30,48]. Treat- 
ment of MCF-7 breast cancer cells with estradiol 
stimulates cyclin Dl-associated kinase (Fig. 4B) and 
CDK2 activity (Fig. 5B), which confirms the pre- 
vious finding [47]. Pretreatment of cells with BMP- 
2, however, significantly blocked the estrogen-in- 
duced increase in both these kinase activities (Figs. 
4B and 5B). Furthermore, BMP-2 increased the as- 
sociation of p21 with cyclin E (Fig. 5A). Our data for 
the first time demonstrate that BMP-2 targets the cell 
machinery at the level of CDKs. Thus one of the 
mechanisms by which BMP-2 inhibits MCF-7 cell 
proliferation is by inhibiting CDKs that are known 
to be activated in mid to late Gl and S-phases of cell 
cycle. 
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One of the targets of Gl CDKs is the tumor sup- 
pressor protein pRb [35]. This notion is established 
from various in vitro and in vivo studies. Cyclin Dl/ 
CDK4 complex can phosphorylate pRb in vitro [49]. 
The physiologic regulators that intercept CDK4/6 
activity also block pRb phosphorylation. Similarly, 
overexpression of cyclin E in human osteosarcoma 
cells increases pRb phosphorylation [50]. pRb is 
also hyperphosphorylated in various breast cancer 
cells and tissues by cyclin E/CDK2 activity [51]. In 
tamoxifen-arrested MCF-7 cells, estradiol stimulates 
cyclin E/CDK2-dependent pRb phosphorylation [47]. 
We have also shown that treatment of serum-de- 
prived MCF-7 cells with estradiol increased the level 
of hyperphosphorylated inactive pRb and that pres- 
ence of BMP-2 during estradiol treatment caused 
reduction in the degree of pRb phosphorylation 
(Fig. 6). These observations describe one of the first 
mechanisms by which BMP-2 may inhibit MCF-7 
breast cancer cell growth in culture. 

In summary, we have demonstrated that BMP-2 
inhibits estradiol-induced proliferation of human 
breast cancer cells. This effect of BMP-2 appears to 
be mediated by inhibition of positive cell cycle regu- 
latory proteins. Hyperproliferation of estrogen-re- 
sponsive breast cancer cells is one of the major 
causes of tumor formation in early stages of breast 
cancer. Agents such as BMP-2 that inhibit estradiol- 
induced breast cancer cell proliferation may prove to 
be important therapeutic tools once their mecha- 
nisms of action are more thoroughly characterized. 

Acknowledgements 

We thank Dr. Robert Klebe for his kind gift of 
MCF-7 breast cancer cells and Dr. Dan Riley for 
critical reading of the manuscript. This work was 
supported by the Department of Defense Idea Grant 
DAMD17-99-1-9400 awarded to N.G.-C. G.G.C. is 
supported by a Department of Veterans Affairs Med- 
ical Research Service grant and National Institute of 
Diabetes and Digestive and Kidney Diseases Grant 
DK-50190. N.G.-C. is a recipient of an institutional 
American Cancer Society grant. 

References 

[7 

[9: 

[io: 
tu 

[12: 

[i3: 

[i4: 

[is: 

tie: 

[17 

[is: 

[i9: 

Po; 

[21 

[22 

[23' 

[24 

[25: 
[26 

M. Beato, Cell 56 (1989) 335-344. 
A.B. Niculescu, X. Chen, M. Smeets, L. Hengst, C. Prives, 

S.I. Reed, Mol. Cell. Biol. 18 (1998) 629-643. 
J.M. Wozney, V. Rosen, AJ. Celeste, L.M. Mitsock, M.J. 
Whitters, R.W. Kriz, R.M. Hewick, E.A. Wang, Science 242 

(1988) 1528-1534. 
B.L.M. Hogan, Genes Dev. 10 (1996) 1580-1594. 
J.M. Wozney, Mol. Reprod. Dev. 32 (1992) 160-167. 
T. Katagiri, A. Yamaguchi, M. Komaki, E. Abe, N. Taka- 

hashi, T. Ikeda, V. Rosen, J.M. Wozney, A. Fujisawa-Se- 

hara, T. Suda, J. Cell Biol. 127 (1994) 1755-1766. 
K.M. Lyons, R.W. Pelton, B.L.M. Hogan, Development 109 

(1990) 833-844. 
B.B. Koenig, J.S. Cook, D.H. Wolsing, J. Ting, J.P. Ties- 
man, P.E. Correa, C.A. Olson, A.L. Pecquet, F. Ventura, 

R.A. Grant, G.-X. Chen, J.L. Wrana, J. Massague, J.S. 
Rosenbaum, Mol. Cell Biol. 14 (1994) 5961-5974. 

F. Liu, F. Ventura, J. Doody, J. Massague, Mol. Cell Biol. 

15 (1995) 3479-3486. 
C. Niehrs, Nature 381 (1998) 561-562. 
M. Kretzschmar, F. Liu, A. Hata, J. Doody, J. Massague, 

Genes Dev. 11 (1997) 984-995. 
C.-H. Heldin, K. Miyazono, P.T. Dijke, Nature 390 (1997) 

465-471. 
T. Nakaoka, K. Gonda, T. Ogita, Y. Otawara-Hamamoto, 
R. Okabe, Y. Kira, K. Harii, K. Miyazono, Y. Takuwa, T. 

Fujita, J. Clin. Invest. 100 (1997) 2824-2832. 
H. Ide, T. Yoshida, N. Matsumoto, K. Aoki, Y. Osada, T. 
Sugimura, M. Terada, Cancer Res. 57 (1997) 5022-5027. 
G. Ghosh-Choudhury, Y.-S. Kim, M. Simon, J. Wozney, S. 
Harris, N. Ghosh-Choudhury, H.E. Abboud, J. Biol. Chem. 
274 (1999) 10897-10902. 
G. Ghosh-Choudhury, D.-C. Jin, Y.-S. Kim, A. Celeste, N. 
Ghosh-Choudhury, H.E. Abboud, Biochem. Biophys. Res. 

Commun. 258 (1999) 490^196. 
H. Soda, E. Raymond, S. Sharma, R. Lawrence, C. Crena, 
L. Gomez, GA. Timony, D.D. Von Hoff, E. Izbicka, Anti- 
cancer Drugs 9 (1998) 327-331. 
L. Wang, J. Sun, M. Horvat, N. Koutalistras, B. Johnston, 
A.G Ross Shel, Methods Cell Sei. 18 (1996) 249-255. 
N. Ghosh-Choudhury, M. Butcher, H.P.  Ghosh, J. Gen. 
Virol. 71 (1990) 689-699. 
G. Ghosh Choudhury, N. Ghosh-Choudhury, H.E. Abboud, 

J. Clin. Invest. 101 (1998) 2751-2760. 
J.G. Gong, T.C. Ko, M.G. Brattain, J. Biol. Chem. 273 
(1998) 1662-1669. 
R. Clarke, R.B. Dickson, M.E. Lippman, Crit. Rev. Oncol. 
Hematol. 12 (1992) 1-23. 
J. Pines, Semin. Cancer Biol. 6 (1995) 63-72. 
D.O. Morgan, Nature 374 (1995) 131-135. 
C.J. Sherr, J.M. Roberts, Genes Dev. 9 (1995) 1149-1163. 
M.F.  Buckley, K.J.E.  Sweeny, JA.  Hamilton, R.L.  Sini, 
D.L. Manning, R.L. Nicholson, A. deFazio, C.K.W. Watts, 



{ » 

196 N. Ghosh-Choudhury et al. IBiochimica et Biophysica Ada 1497 (2000) 186-196 

E.A. Musgrove, R.L. Sutherland, Oncogene 8 (1993) 2127- 
2133. 

[27] C. Gillett, V. Fantl, R. Smith, C. Fischer, J. Bartek, C. 
Dickson,  D.  Barnes,  G.  Peters,  Cancer Res.  54  (1994) 
1812-1817. 

[28] F. Courjal, G. Louason, P. Speiser, D. Katsaros, R. Zellin- 
ger, C. Theillet, Int. J. Cancer 69 (1996) 247-253. 

[29] I.M. Bonapace, R. Addeo, L. Altucci, L. Cicatiello, M. Bi- 
fulco, C. Laezza, S. Salzano, V. Sica, F. Bresciani, A. Weisz, 
Oncogene 12 (1996) 753-763. 

[30] Y. Gu, C.W. Turck, D.O. Morgan, Nature 366 (1993) 707- 
710. 

[31] Y. Xiong, G.J. Hannon, H. Zhang, D. Casso, R. Kobayashi, 
D. Beach, Nature 366 (1993) 701-704. 

[32] M. Cheng, P. Olivier, J.A. Diehl, M. Fero, M.F. Roussel, 
J.M. Roberts, C.J. Sherr, EMBO J. 18 (1999) 1571-1583. 

[33] C.J. Sherr, J.M. Roberts, Genes Dev. 13 (1999) 1501-1512. 
[34] G.D. Draetta, Curr. Opin. Cell Biol. 6 (1994) 842-846. 
[35] R.A. Weinberg, Cell 81 (1995) 323-330. 
[36] C.J. Sherr, Cell 79 (1994) 551-555. 
[37] M. Meyerson, E. Harlow, Mol. Cell. Biol. 14 (1994) 2077- 

2086. 
[38] M. Ohtsube, A.M. Theodoras, J. Schumacher, J.M. Roberts, 

M. Pagano, Mol. Cell. Biol. 15 (1995) 2612-2624. 
[39] G.   Lammie,   A.V.A.   Fantl,   R.   Smith,   E.   Schurring,   S. 

Brookes, R. Michalides, C. Dickson, A. Arnold, G. Peters, 
Oncogene 6 (1991) 439^144. 

[40] E. Schuuring, E. Verhoeven, H. van Tinteren, J.L. Peterse, 
B. Nunnink, F.B. Thunnissen, P. Devilee, C.J. Cornelisse, 

M.J. van de Vijver, W.J. Mooi, R.J.A.M. Michaelides, Can- 
cer Res. 52 (1992) 5229-5234. 

[41] R.M.L.  Zwijsen,  R.  Klompmaker, E. Wientjens, P.M.P. 
Kristel,  P.B.  van  der Burg,  R.J.A.M.  Michalides,  Mol. 
Cell. Biol. 16 (1996) 2554-2560. 

[42] L.  Altucci,  R.  Addeo,  L.  Cicatiello,  S.  Dauvois,  M.G. 
Parker, M. Truss, M. Beato, V. Sica, F. Bresciani, A. Weisz, 
Oncogene 12 (1996) 2315-2324. 

[43] O. Halevy, B.G. Novitch, D.B. Spicer, S.X. Skapek, J. Rhee, 
G.J. Hannon, D. Beach, A.B. Laser, Science 267 (1995) 
1018-1021. 

[44] M. Barbareschi, O. Caffo, C. Doglioni, P. Fina, A. Marche- 
tti, F. Buttitta, R. Leek, L. Morelli, E. Leonardi, G. Bevi- 
lacqua, P. Dalla Palma, A.L. Harris, Br. J. Cancer 74 (1996) 
208-215. 

[45] J.W. Harper, G.R. Adami, N. Wei, K. Keyomarsi, S.J. El- 
ledge, Cell 75 (1993) 805-816. 

[46] S. Waga, G.J. Hannon, D. Beach, B. Stillman, Nature 369 
(1994) 574-577. 

[47] M. Armen, D. Planas-silva, R.A. Weinberg, Mol. Cell. Biol. 
17 (1997) 4059^1069. 

[48] T.A. Jacks, R.A. Weinberg, Nature 373 (1998) 1035-1036. 
[49] J. Kato, H. Matsushime, S.W. Hiebert, M.E. Ewen, C.J. 

Sherr, Genes Dev. 7 (1993) 331-342. 
[50] P.W. Hinds, S. Mittnachi, V. Dule, A. Arnold, S.I. Reed, 

R.A. Weinberrg, Cell 70 (1992) 993-1006. 
[51] J. Gray-Bablin, J. Zalvide, M.P. Fox, C.J. Knickerbocker, J. 

DeCaprio, K. Keyomarsi, Proc. Natl. Acad. Sei. USA 93 
(1996) 15215-15220. 



* : 

Information for Contributors can be found in Vol. 1476, No. 2, pages 391-396. Detailed instructions are also available online: 
http ://www.elsevier.nl/locate.bba or http ://www.elsevier.com/locate.bba 

This journal is in the ADONIS Service, whereby copies of individual articles can be printed out from CD-ROM on request. An explanatory leaflet can be 
obtained by writing to: ADONIS B.V., P.O. Box 993, 1000 AZ Amsterdam, The Netherlands. Or you can contact ADONIS by e-mail: info@adonis.nl or visit 
the website at www.adonis.nl 

OASIS: On-line Article Status Information System (http://www.elsevier.nl/oasis/introduc.htm) 
Authors of articles which are currently in production at Elsevier can obtain the following information on 
the status of their article: 
• general production status (in preparation, in proof, in issue) 
• date of publication and offprints dispatch date 
• issue, volume and page numbers 

CONTENTS 
irect 

This journal is part of ContentsDirect, thtfree alerting service which sends tables of contents by e-mail for 
Elsevier Science books and journals. You can register for ContentsDirect online at: 
www.elsevier.nl/locate/contentsdirect 


