
AD 

Award Number:  DAMD17-00-1-0482 

TITLE:  Regulated Transformation of Mammary Epithelial Cells by 
Transforming Growth Factor-Beta 1 

PRINCIPAL INVESTIGATOR:  Neil A. Bhowmick, Ph.D. 
Dr. Harold Moses 

CONTRACTING ORGANIZATION:  Vanderbilt University 
Nashville, Tennessee  37232-2103 

REPORT DATE:  March 2 0 02 

TYPE OF REPORT:  Annual Summary 

PREPARED FOR:  U.S. Army Medical Research and Materiel Command 
Fort Detrick, Maryland  21702-5012 

DISTRIBUTION STATEMENT:  Approved for public release; distribution 
unlimited 

The views, opinions and/or findings contained in this report are 
those of the author(s) and should not be construed as an official 
Department of the Army position, policy or decision unless so 
designated by other documentation. 

20020913 017 



REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 074-0188 

Pubhc reporting burden for his collect.™ of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining 
PH ,, in mt h Ha ,C w "'H""9. and

u
r™9 lhl| «"««on of information. Send comments regarding this burden estimate or any other aspect of this collection of information, indudingluggeSs T 

M^ ™ , H B i° ^a|hm9,on Headquarters Sennces, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Artington, VA 22202-4302 and to the Office of 
Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503 ^ul™t«iUiu»iew«oi 

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 
March  2002 

4. TITLE AND SUBTITLE 

Regulated Transformation of Mammary Epithelial 
Cells by Transforming Growth Factor-Beta 1 

3. REPORT TYPE AND DATES COVERED 
Annual Summary (1 Mar 01 - 

6. AUTHOR(S) 
Neil A. Bhowmick, Ph.D. 
Doctor Harold Moses 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Vanderbilt T Iniversitv 
Nashville, TN 37232-2103 

E-Mail:neil.bhowmick@Vanderbilt.edu 

9.  SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

U.S. Army Medical Research and Materiel Command 
Fort Derrick, Maryland  21702-5012 

28   Feb   02) 
5.   FUNDING NUMBERS 
DAMD17-00-1-0482 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

10. SPONSORING / MONITORING 
AGENCY REPORT NUMBER 

11. SUPPLEMENTARY NOTES 

12a. DISTRIBUTION / AVAILABILITY STATEMENT 
Approved for public release; distribution unlimited 

12b. DISTRIBUTION CODE 

13. ABSTRACT (Maximum 200 Words)   Disruptions of transforming growth factor-beta (TGF-ß) signaling contribute to the 
development and progression of human breast cancer. TGF-ß signals through its interaction with two TGF-ß 
type II receptors (TßRII) and subsequent recruitment of two type I receptors. In turn, parallel downstream 
signaling pathways activate SMAD proteins contributing to growth inhibition, as well as RhoA, p38MAPK, and 
PI3-kinase/AKT pathways involved in epithelial to mesenchymal transdifferentiation (EMT). We hypothesized 
that there may be a different TßRII activation threshold level required for the individual parallel downstream- 
signaling pathways. We disrupted TGF-ß signaling in mammary epithelial cells in culture and in mice by the 
expression of a dominant-negative TßRII (DNIIR). We found that similar DNIIR expression levels resulted in 
the inhibition of both TGF-ß-mediated growth inhibition and EMT. However, the threshold for TGF-ß- 
mediated SMAD and PI3-kinase/AKT activation was inhibited at a lower DNIIR expression level than that 
required for inhibiting the p38MAPK pathway. The transgenic expression of DNIIR in mice resulted in the 
development of spontaneous tumors. Interestingly DNIIR expression was undetecible specifically in the 
invasive tumors. Together the results support our initial hypothesis of differential TßRII activation thresholds 
and further suggest a role for TGF-ß in EMT potentially to facilitate metastasis. 
14. SUBJECT TERMS   
Epithelial to mesenchymal transdifferentiation, breast cancer. Transforming Growth Factor-Beta 1, 
Mammary epithelium, RhoA 

17. SECURITY CLASSIFICATION 
OF REPORT 

Unclassified 
NSN 7540-01-280-5500 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 

Unclassified 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 

Unclassified 

15. NUMBER OF PAGES 
17 

16. PRICE CODE 

20. LIMITATION OF ABSTRACT 

Unlimited 
Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Std. Z39-18 
298-102 



Table of Contents 

Cover i 

SF298 ...Ü 

Table of Contents iii 

Introduction. 

Body 2 

Key Research Accomplishments 4 

Reportable Outcomes 5 

Conclusions 6 

References 7 

Appendices  publication 1 

in 



INTRODUCTION 

TGF-ß was initially described as a secreted factor that induced an anchorage-independent 
transformed phenotype in fibroblasts in vitro (1). TGF-ß also induces phenotypic changes 
in epithelial cells and activates transcription of integrin genes as well as their 
corresponding extracellular matrix (ECM) ligands. The spectrum of TGF-ß responses are 
initiated by its interaction with cell surface receptors that form a heterotetrameric 
complex of two type I and two type II serine/threonine kinase receptors (2, 3). The type II 
receptor (TßRII) binds to the TGF-ß ligand to recruit and phosphorylate the type I 
receptor (3). The activated ligand-receptor complex in turn conveys the signal to the 
nucleus via the phosphorylation and activation of the SMAD signaling pathway (4). 
TGF-ß also stimulates parallel downstream signaling pathways involving RhoA (5), 
stress kinases (i.e. JNK, p38MAPK) (6-8), phosphatase2A (9), and PI3-kinase/AKT (10). 
Despite the cross-talk among the various signaling pathways, there is compelling data to 
suggest a separation of function among the individual signaling molecules [for review, 
see (11)]. Current evidence suggests that the SMAD pathway is involved in growth 
inhibition while the Rho proteins, and PI3-kinase pathways are likely operative in 
phenotypic changes (5, 12,13). 

Disrupted TGF-ß signaling is detected in neoplastic tissues, and specifically mutational 
inactivation in the TßRII through microsatellite instability (MSI) are frequent early 
events in human cancers of the prostate, colon, and breast. In order to isolate the role of 
TGF-ß we disrupted TGF-ß signaling by inducibly expressing a cytoplasmically 
truncated TßRII [DNIIR, (14)] in non-transformed mouse mammary epithelial (NMuMG) 
cells and in the mammary glands of transgenic mice. We hypothesized that there may be 
differential TGF-ß signaling as a result of DNIIR expression. 

Epithelial cell adhesion and communication with the ECM and neighboring cells play 
fundamental roles in epithelial transdifferentiation into a mesenchymal phenotype 
(EMT). EMT has been defined by the loss of cell polarity, break down of cell-cell 
junctions, and the acquisition of an elongated cell shape. While tight junctions and 
adherence junctions mediate epithelial cell-cell interactions, its interaction with the 
substratum is through the heterodimeric integrin receptors (15). However, little is known 
about the underlying cross talk of TGF-ß and integrin signaling. We hypothesized that 
there may be cooperation between TGF-ß and integrins in both signal transduction and 
the modulation of EMT progression. 



BODY 

Regulation of DNIIR expression in NMuMG cells: We previously reported on the 
generation of an ecdysone-inducible NMuMG clone where we were able to regulate the 
expression of DNIIR.  These cells were further characterized for their ability to undergo 
EMT and induction of specific signal transduction pathways. These results are detailed 
in our recent publicaton (16). In summary, the expression of DNIIR inhibited EMT and 
growth inhibition at similar expression levels, contrary to our initial hypothesis. 
However, there was differential TGF-ß-mediated downstream signaling as a result of 
DNIIR expression. We found that TGF-ß-mediated p38MAPK signaling was not 
blocked under DNIIR expression, while Smad, and AKT signals were attenuated. We 
further found that p38MAPK signaling by TGF-ß could be regulated by integrin ßl 
activity. A large body of literature shows that the expression of integrins is regulated by 
TGF-ß, in particular the up-regulation of ßl integrins (17-19). In addition, integrin- 
mediated adhesion potentiates many of the same signaling pathways regulated by TGF- ß 
such as the PI3-kinase-AKT, stress kinases, and ERK1/2 stimulated pathways, (20). 
When integrin ßl was blocked TGF-ß could no longer activate p38MAPK. Finally we 
found that integrinßl and p38MAPK signaling are necessary but not sufficient 
components of TGF-ß-mediated EMT in NMUMG cells. 

MMTV-DNIIR expression in mice: In an effort to determine the consequence of TGF-ß 
signaling in mammary glands in vivo, we over expressed DNIIR in mice under the 
control of the MMTV promoter. We have been trying to characterize the mammary 
tumors that develop in mice expressing DNIIR in the mammary epithelia through the 
stimulation of the MMTV promoter. Our preliminary studies show that tumors form in 
the mouse close to one year of age. The long latency for tumor formation makes it 
difficult to have significant numbers of mice for us to examine at this point. However, we 
have observed most tumors not to be invasive and be characterized as ductal carcinoma in 
situ. Interestingly, however the tumors that have shown invasion or invasive potential 
have lost the expression of the DNIIR transgene at the leading edge according to in situ 
hybridization. The pathological assessments were made by H&E staining. 

Some of the DNIIR expressing mammary tumors were cultured to better examine signal 
transduction pathways as performed for DNIIR expressing NMuMG cells above. These 
studies revealed that the transgene expression diminished as the cells were passaged 
analogous to what was seen in the aggressive tumors in the mice. The primary mammary 
cultures were retractile to TGF-ß-mediated growth inhibition as well as resistant to 
SMAD and AKT activation, but able to activate p38MAPK. After 18 passages the cells 
were TGF-ß responsive to growth, SMAD, AKT and p38MAPK signaling. These studies 
are on going and require more tumors to support our current findings. 

TGF-ß-mediated RhoA signaling: Since we initially identified RhoA signaling to be an 
important component of TGF-ß-mediated EMT progression, cDNA constructs were 
engineered to express dominant negative and wild type RhoA in the ecdysone regulatible 
system. We found that the expression of dominant negative RhoA in NMuMG cells 
results in the inhibition of TGF-ß-mediated RhoA activation and inhibited EMT 



progression. We do not plan on pursuing the regulation of Racl, RhoB, or JNK1 by the 
ecdysone system, since these signaling molecules did not seem to play a critical role in 
TGF-ß-mediated EMT progression. Instead we feel the role of RhoA activation in TGF-ß 
signaling needs to be better understood. Since the dominant negative RhoA construct has 
the capacity to affect the activity of other GTPases we have designed a rhotekin binding 
domain cDNA construct for mammalian cell expression. This has been shown to be very 
specific for blocking RhoA signaling (21). Thus we plan on using this construct instead 
of the RhoA dominant negative construct for future studies. 



KEY RESEARCH ACCOMPLISHMENTS: 

• Characterized the integrin expression in NMuMG cells to be primarily a2ßl, cc5ßl, 
and avßl. These specific integrins are receptors for collagen, fibronectin, and 
vitronectin, respectively. 

• Identified integrin ßl signaling to be an essential component in TGF-ß signaling and 
EMT progression. 

• Identified the role of p38MAPK in TGF-ß signaling to be involved in EMT 
progression. 

• Isolated mammary tumors from MMTV-DNIIR transgenic mice and examined 
paraffin sections by H&E staining and DNIIR expression by in situ hybridization. 

• Developed and partially characterized primary mouse mammary cell lines expressing 
DNIIR. 



REPORTABLE OUTCOMES: 

Research 
Manuscript 

• Bhowmick, N.A., Zent R, Ghiassi M, McDonnell M, Moses H.L. (2001) Integrin 
beta 1 signaling is necessary for transforming growth factor-beta activation of 
p38MAPK and epithelial plasticity. JBiol Chem. 276:46707-13. 

Awards received based on work supported by this grant 

• Ortho-McNeil Young Investigator Award 
• Aventis Pharmaceuticals, Leadership Development in Cancer Research Program 

Award 

Products 
CDNA construct, Cell lines and animal models developed 

• Stable NMuMG cells expressing dominant-negative p 160ROCK were generated. 

• Mammalian expression constructs for the rhotekin RhoA binding domain were made. 

• Developed 6 primary mouse mammary cell lines expressing DNIIR. 



CONCLUSIONS: 

In conclusion we have data indicating that TGF-ß can stimulate p38MAPK 
activation at a lower functional TßRII threshold than the activation of Smad2 and AKT. 
Furthermore, TGF-ß dependent p38MAPK activation is dependent on integrin ßl-ECM 
interactions and TGF-ß-induced epithelial cell EMT is both p38MAPK activation and 
integrin-ßl-mediated.   Thus far we have identified RhoA, PI3-kinase/AKT, and 
p38MAPK activity as important components of TGF-ß signaling contributing to the 
complex process of EMT. Our preliminary data examining the expression of DNIIR in 
the various tumors further suggest the importance of activation of the full spectrum of 
TGF-ß signaling in the process of tumor invasion. Taken together these data indicate that 
functional TßRII dosage as well as cooperative signaling between the TGF-ß receptor and 
integrins may influence the phenotypic fate of epithelial cells in vivo. 
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Transforming growth factor-ß (TGF-ß) can induce ep- 
ithelial to mesenchymal transdifferentiation (EMT) in 
mammary epithelial cells. TGF-ß-meditated EMT in- 
volves the stimulation of a number of signaling path- 
ways by the sequential binding of the type II and type I 
serine/threonine kinase receptors, respectively. Inte- 
grins comprise a family of heterodimeric extracellular 
matrix receptors that mediate cell adhesion and intra- 
cellular signaling, hence making them crucial for EMT 
progression. In light of substantial evidence indicating 
TGF-ß regulation of various ßx integrins and their ex- 
tracellular matrix ligands, we examined the cross-talk 
between the TGF-ß and integrin signal transduction 
pathways. Using an inducible system for the expression 
of a cytoplasmically truncated dominant negative 
TGF-ß type II receptor, we blocked TGF-ß-mediated 
growth inhibition, transcriptional activation, and EMT 
progression. Dominant negative TGF-ß type II receptor 
expression inhibited TGF-ß signaling to the SMAD and 
AKT pathways, but did not block TGF-ß-mediated 
p38MAPK activation. Interestingly, blocking integrin ßt 

function inhibited TGF-ß-mediated p38MAPK activa- 
tion and EMT progression. Limiting p38MAPK activity 
through the expression of a dominant negative- 
p38MAPK also blocked TGF-ß-mediated EMT. In sum- 
mary, TGF-ß-mediated p38MAPK activation is depend- 
ent on functional integrin ßlf and p38MAPK activity is 
required but is not sufficient to induce EMT. 

TGF-ß1 has emerged as a multifunctional cytokine involved 
in autocrine and paracrine mediation of development, prolifer- 
ation, wound healing, and pathologic processes (1). TGF-ß was 
initially described as a secreted factor that induced an anchor- 
age-independent transformed phenotype in fibroblasts in vitro 

* This work was supported by a Department of Defense US Army 
Medical Research and Materiel Command Grant BC991184 (to 
N. A. B.), National Kidney Foundation Young Investigator Grant 
(to R. Z.), Public Health Service Grants CA42572 and CA85492 (to 
H. L. M.), and Vanderbilt-Ingram Cancer Center Support Grant 
CA68485. Fluorescence microscopy images were acquired through the 
use of the Vanderbilt University Medical Center Cell Imaging Core 
Resource, (supported by National Institutes of Health Grants CA68485 
and DK20593). The costs of publication of this article were defrayed in 
part by the payment of page charges. This article must therefore be 
hereby marked "advertisement" in accordance with 18 U.S.C. Section 
1734 solely to indicate this fact. 

H To whom correspondence should be addressed. Tel.: 615-936-6838; 
Fax: 615-936-1790; E-mail: hal.moses@mcmail.vanderbilt.edu. 

1 The abbreviations used are: TGF, transforming growth factor; ECM, 
extracellular matrix; JNK, c-Jun NH2-terminal kinase; PI, phosphati- 
dylinositol; EMT, epithelial to mesenchymal transdifferentiation; 
DNIIR, cytoplasmically truncated dominant negative TGF-ß type II 
receptor; MAPK, mitogen-activated protein kinase; DNp38MAPK, dom- 
inant negative p38MAPK. 

(2). TGF-ß also induces phenotypic changes in epithelial cells 
and activates transcription of integrin genes as well as their 
extracellular matrix (ECM) ligands. The spectrum of TGF-ß 
responses are initiated by its interaction with cell surface re- 
ceptors that form a heterotetrameric complex of two type I and 
two type II serine/threonine kinase receptors (3, 4). The type II 
receptor binds to the TGF-ß ligand to recruit and phosphoryl- 
ate the type I receptor (4). The activated ligand-receptor com- 
plex in turn conveys the signal to the nucleus via the phospho- 
rylation and activation of the SMAD signaling pathway (5). 
TGF-ß also stimulates parallel downstream signaling path- 
ways involving RhoA (6), stress kinases (i.e. JNK, p38MAPK) 
(7-9), phosphatase2A (10), and PI3-kinase/AKT (11). Despite 
the cross-talk among the various signaling pathways, there is 
compelling data to suggest a separation of function among the 
individual signaling molecules (for review, see Ref. 12). Cur- 
rent evidence suggests that the SMAD pathway is involved in 
growth inhibition, while the Rho proteins, and PI3-kinase 
pathways are likely operative in phenotypic changes (6,13,14). 

Epithelial cell adhesion and communication with the ECM 
and neighboring cells play fundamental roles in epithelial 
transdifferentiation into a mesenchymal phenotype (EMT). 
EMT has been defined by the loss of cell polarity, break down 
of cell-cell junctions, and the acquisition of an elongated cell 
shape. While tight junctions and adherence junctions medi- 
ate epithelial cell-cell interactions, its interaction with the 
substratum is through the heterodimeric integrin receptors 
(15). A large body of literature shows that the expression of 
integrins is regulated by TGF-ß, in particular the up- 
regulation of ßx integrins (16-18). In addition, integrin- 
mediated adhesion potentiates many of the same signaling 
pathways regulated by TGF-ß such as the PI3-kinase-AKT, 
stress kinases, and ERKl/2-stimulated pathways, (19). How- 
ever, little is known about the underlying cross talk of TGF-ß 
and integrin signaling. 

Given the convergence of TGF-ß and integrin signaling on 
common downstream factors as well as their central effects on 
cytoskeletal organization, we hypothesized that there may be 
cooperation between TGF-ß and integrins in both signal trans- 
duction and the modulation of EMT progression. To isolate the 
role of TGF-ß we disrupted TGF-ß signaling by inducibly ex- 
pressing a cytoplasmically truncated TßRII (DNIIR, (20)) in 
non-transformed mouse mammary epithelial cells, NMuMG. 
Elevated expression of DNIIR caused the loss of TGF-ß respon- 
siveness to growth, SMAD-mediated transcriptional regula- 
tion, and EMT progression without the apparent loss of 
p38MAPK activation. However, blocking integrin ß1 adhesion 
inhibited TGF-ß-mediated p38MAPK stimulation and EMT 
progression. The findings suggest integrin ß± adhesion and 
p38MAPK signaling are necessary but not sufficient for the 
complex process of TGF-ß-induced EMT. 

This paper is available on line at http://www.jbc.org 46707 
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FIG. 1. Inducible expression of 
DNIIR in NMuMG cells indicated 
concentrations of ponasterone (Pon) 
were added to cells 24 h prior to as- 
saying for protein expression, TGF-/3- 
mediated growth inhibition, or TGF- 
j3-induced transcriptional activation. 
A, ponasterone-induced cells were har- 
vested for immunoblotting with anti- 
FLAG antibody. This is representative of 
three blots for the FLAG-tagged DNIIR. 
B, increasing concentrations of TGF-ß 
were incubated (24 h) with ponasterone- 
induced cells and assayed for [3H]thymi- 
dine incorporation (in triplicate, n = 2). 
The graph is represented as a percent of 
growth, having the absence of TGF-ß ex- 
pressed as 100%. C, the activation of the 
3TP-Lux and CAGA luciferase-conju- 
gated reporters were assayed after TGF-ß 
treatment for 24 h (in triplicate, n = 2). 
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MATERIALS AND METHODS 

Cell Culture—The NMuMG and T47D cells were purchased from the 
American Type Culture Collection (Manassas, VA) and propagated in 
Dulbecco's modified Eagle's medium supplemented with 10% fetal bo- 
vine serum and 10 /xg/ml insulin. The ecdysone-inducible mammalian 
expression system was used to regulate the expression of the DNIIR 
gene (a kind gift from R. Derynck, (20)) in NMuMG cells as described by 
the manufacturer (Invitrogen Co., Carlsbad, CA). Briefly, clones of 
stable lines expressing the pVgRXR plasmid (containing the ecdysone 
receptor) were generated and selected for maximal expression. Next, 
the DNIIR cDNA in the inducible expression plasmid (pIND) was in- 
troduced into the selected pVgRXR-expressing clone. Finally, NMuMG 
clones expressing both plasmids were identified by sensitivity to TGF-ß 
(by growth inhibition and transcriptional reporter assays). Ponasterone 
A (Invitrogen Co., 0—5 JAM) was added to the cells 24 h prior to experi- 
ments to achieve the desired DNIIR expression level. Ponasterone (5 
/AM) was added to wild type NMuMG cells (not transfected with the 
pIND vector) to examine its effects on TGF-ß-mediated epithelial dif- 
ferentiation and p38MAPK activation. No ponasterone-associated re- 
sults were observed (data not shown). 

Virus Generation—The DNIIR cDNA was subcloned into pBabe ret- 
roviral vector. Then both DNIIR and TßRII (kindly provided by W. 
Grady, Vanderbilt University) retrovirus constructs were transfected 
into amphetrophic retrovirus producing Phoenix cells (a gift from Gary 
Nolan, Stanford University). Conditioned media was allowed to incu- 
bate with target cells for 24 h, after which point the media was replaced 
for subsequent experiments. The DNp38MAPK adenovirus (21) was 
amplified in human embryonic kidney cells, HEK293, cesium chloride- 
purified and titrated by serial dilution (Takara Shuzo Co. Ltd.). Exper- 
iments were performed 48 h after retrovirus or adenovirus infection. 

Thymidine Incorporation and Luciferase Reporter Assay—Cell 
growth was assayed by [3H]thymidine (PerkinElmer Life Sciences) in- 
corporation of cells treated for 24 h with TGF-ß and loaded with 
[3H]thymidine 2 h prior to harvesting (22). Cells were washed and 
measured by scintillation counting. Transcriptional activation was 
tested in cells transfected with the luciferase (firefly) reporter construct 
cDNAs indicated in conjunction with a cytomegalovirus-driven renal 
luciferase plasmid (Promega Inc.). The 3TP-Lux reporter from J. Mas- 
sague (Memorial Sloan-Kettering Cancer Center, NY) and CAGA re- 
porter from J.-M. Gauthier (Laboratoire Glaxo Wellcome, Les Ulis 
Cedex, FranceTranscriptional) were used to asses TGF-ß-signaling to 
the nucleus in the presence and absence of DNIIR expression. The 
dual-luciferase assays were performed on lysed cells as indicated by the 
manufacturer, Promega Inc. The firefly luciferase activity determined 
by luminometer measurements were normalized to renela luciferase 
activity, and data is reported in relative luminescent units. 

Immunoprecipitation and Immunoblot Analysis—Serum-starved 
cells were preincubated with or without integrin ß, antibody (Ha2/5, 
BD PharMingen, San Diego, CA) for 4 h and subsequently treated with 
TGF-ß for the times indicated. The cells were then lysed by sonication 

in 25 mM HEPES buffer, pH 7.5, (containing 300 niM NaCl, 20 mil 
ß-glycerol phosphate, 2 mM sodium pyrophosphate, 1 mM EDTA, 0.2 mM 
EGTA, 0.1% SDS, 1% Triton X-100, 10% glycerol, 1 mM sodium vana- 
date, 10 nM microcystin, and 1 mM phenylmethylsulfonyl fluoride), and 
equivalent amounts of protein were subjected to SDS-polyacrylamide 
gel electrophoresis for subsequent immunodetection by blotting on to 
polyvinylidene difluoride membranes. The immunoblots were visual- 
ized by either enhanced chemilumincscence (ECL) detection (Amer- 
sham Pharmacia Biotech) or alkaline phosphatase colorimetric 
development. 

Kinase Assays—Cell extracts (400 jug of protein) in HEPES buffer 
were subjected to immunoprecipitation by an antibody to p38MAPK 
(C-20, Santa Cruz Biotechnology) for 2 h at 4 °C, followed by incubation 
with protein G-Scpharose (Sigma) for 1 h. The beads were washed and 
resuspended in 3 JXM [7-32P]ATP, 100 /XM ATP, 10 mM MgCl2, 1 mM 
dithiothreitol, 10 mM ß-glycerol phosphate, and ATF2 as substrate. The 
assay was allowed to incubate at 30 °C for 20 min prior to denaturation 
in Laemmli buffer and separation on a 5-20% gradient polyacrylamide 
gel. The gel was then fixed and visualized by phosphorimaging. 

Immunofluorescence—Cells grown on glass coverslips with or with- 
out collagen I coating (10 jug/ml, Collaborative Labs) were fixed with 
100% cold methanol for immunolocalization of ZO-1 (Chcmicon) and 
E-cadherin (Santa Cruz Biotechnology) or by 4% paraformaldehyde for 
Smadl/2/3 (Santa Cruz Biotechnology). Subsequently PBS containing 
0.1% Triton X-100 and 1% horse serum was used for permcabilization 
and blocking. The primary antibody (1:1000) was incubated for 1 h, and 
Cy3 (Sigma) secondary antibody was used for fluorescence visualiza- 
tion. F-actin and nuclear staining was done by fixing the cells in 4% 
paraformaldehyde followed by incubation with Texas-Red-conjugated 
phalloidin (Molecular Probes, Eugene, OR) or Hoechst 33253, 
respectively. 

RESULTS 

DNIIR Expression—When the cytoplasmic region of TßRII is 
truncated and lacks the serine/threonine kinase domain it is 
able to bind TGF-J3 and recruit the type I receptor, but is unable 
to signal via the SMAD signaling pathway, and is thus termed 
a dominant negative TßRII, DNIIR (20). We sought to generate 
stable clones in non-transformed mouse mammary ductal epi- 
thelial cells, NMuMG, that have an inducible DNIIR gene to 
identify down stream signaling pathways that may be differ- 
entially regulated by TGF-ß. Fig. L4 shows an increase in 
FLAG-tagged DNIIR protein expression that corresponds to 
increasing concentrations of ponasterone (an ecdysone ana- 
logue). To verify that the expression of DNIIR resulted in a 
functional loss of growth inhibitory and SMAD-mediated tran- 
scriptional activation by TGF-ß, as reported earlier (20), thy- 
midine incorporation assays and transcriptional reporter as- 
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FIG. 2.    Epithelial   differentiation 
blocked     by     DNIIR     expression. 
NMuMG cells grown on glass coverslips 
were preincubated with ponasterone (0-5 
/AM) followed by TGF-ß (0 or 200 /AM) 
treatment. Cells were then fixed and 
stained for the nucleus (with Hoechst), 
Smad 2,3, or ZO-1. Images were captured 
using phase contrast and fluorescence 
microscopy. 
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says were performed, respectively. As the DNIIR expression 
was induced with 0-5 /Ag/ml ponasterone, TGF-ß-mediated 
growth inhibition was essentially abolished by 2 and 5 /AM 

ponasterone (Fig. IB). Next, the role of DNIIR expression in 
TGF-j3-mediated transcriptional activation was examined by 
3TP-1UX (the heterologous PAI-1 promoter with 3X 12-O-tetra- 
decanoylphorbol-13-acetate-responsive elements (23)) and 
CAGA (the SMAD DNA binding domain (24)) luciferase re- 
porter assays. The addition of TGF-ß had a reduced induction 
on both the reporters when ponasterone was present (Fig. 1C). 
At 1 /Ag/ml ponasterone TGF-ß transcriptional activation of 
3TP-Lux was reduced 1.5-fold, and the CAGA activity by 2.7- 
fold. Treatment with 2 and 5 /LAM ponasterone resulted in TGF- 
ß-mediated transcriptional activity that was reduced to basal 
levels. These results suggest that responses to TGF-ß depend- 
ing either solely on SMAD signaling or more complex signaling 
activating 3TP-Lux is blocked by the expression of DNIIR. 
Thus the expression of DNIIR in stable inducible clones cause 
cells to become insensitive to TGF-ß-regulation of growth and 
SMAD-mediated transcriptional activation. 

To further understand the repercussions of DNIIR expres- 
sion in NMuMG cells we studied its role in TGF-ß-mediated 
EMT. The expression of an apical tight junction-associated 
protein, ZO-1, was used as a marker to indicate cell polarity 
and cell-cell junction stability for the epithelial phenotype of 
NMuMG cells. We have previously shown that TGF-ß-medi- 
ated fibroblastic conversion causes a distinct loss of ZO-1 ex- 
pression at tight junctions (14). NMuMG cells in the presence 
and absence of ponasterone and TGF-ß (200 pM for 16 h) were 
examined for immunolocalization of ZO-1 and Smad2/3, along 
with corresponding phase contrast images for phenotypic 
changes. Fig. 2 illustrates TGF-ß-induced Smad2/3 nuclear 

localization accompanied by the loss of ZO-1 expression and the 
acquisition of a mesenchymal phenotype. Increasing expres- 
sion levels of DNIIR reduced TGF-ß-mediated NMuMG fibro- 
blastic conversion and Smad2/3 nuclear localization. We were 
able to follow the sequential loss of junctional ZO-1 staining 
and subsequent acquisition of the elongated cellular phenotype 
as ponasterone concentrations were reduced in the presence of 
TGF-ß. These results highlight the importance of the function- 
ality of TßRII in TGF-ß-mediated SMAD nuclear localization 
and the complexity of EMT progression. 

Differential Signaling Activation in the Presence of DNIIR 
Expression—As EMT is a well described phenotypic conse- 
quence of TGF-ß signaling, we investigated the activation 
states of various signaling proteins potentially involved in the 
inhibition of EMT by the expression of DNIIR in NMuMG cells. 
Fig. 3 shows that Smad2 phosphorylation occurs within 30 min 
of incubation with 200 pM TGF-ß and maintains its phospho- 
rylated status at 3 h. The expression of DNIIR, using 5 /AM 

ponasterone, diminished TGF-ß-mediated Smad2 phosphoryl- 
ation. Total Smad2 levels did not change as a consequence of 
DNIIR expression over the time course. Next, we examined 
other signaling pathways activated by TGF-ß. In the absence of 
DNIIR expression, cells showed modest TGF-ß-induced 
p38MAPK and AKT (an indicator of PI3-kinase activity) phos- 
phorylation with negligible ERK1/2 activation. TGF-ß-medi- 
ated AKT phosphorylation was blocked by DNIIR expression. 
However, DNIIR expression did not block TGF-ß-stimulated 
p38MAPK phosphorylation. DNIIR expression did not seem to 
alter ERK1/2 phosphorylation levels with respect to total 
ERK1/2 levels in the NMuMG cells. Cells were treated with 
EGF as a positive control for the activation of ERK1/2 and 
AKT. The mitogen-activated protein kinase inhibitor, PD98059 
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FIG. 3. TGF-ß-mediated signaling in the presence and absence 
of DNIIR expression. A, NMuMG cells cultured in the absence (-) or 
presence of 5 /AM ponasterone (Pon) and, 200 pM TGF-ß were immuno- 
blotted for phosphorylated forms and total Smad2, ERK1/2, p38MAPK, 
and phospho-AKT. Cells were incubated with EGF (E, 20 ng/ml for 30 
min) as a positive control for ERK1/2 and AKT phosphorylation. 
PD98059 (P, 10 /MM for 3 h) was used as a negative control for ERK1/2 
phosphorylation. 

(Cell Signaling Technology), was used as a negative control. 
These results indicate that the receptor-ligand complex consist- 
ing of the type I TGF-ß receptor and DNIIR results in the loss 
of downstream regulation of the AKT and SMAD signaling 
pathways but were ineffective in preventing TGF-ß-stimulated 
phosphorylation of p38MAPK. 

DNIIR Effects on Integrin Expression—A large body of evi- 
dence indicates that TGF-ß signaling is involved in integrin 
expression. Thus it was important to determine whether the 
down-regulation of TGF-ß autocrine signaling through the in- 
duced expression of DNIIR affects integrin expression. As 
NMuMG cells express the collagen receptor a2ß1 that is known 
to be important in integrin-mediated activation of p38MAPK 
(25), we assessed whether overexpression of DNIIR affected 
expression of this integrin. To do this, NMuMG cells were 
incubated for 24 h in serum-free medium in the presence or 
absence of DNIIR expression (by 5 p,M ponasterone) after which 
the cells were subjected to flow cytometry. As seen in Fig. 4 no 
changes in the cell surface expression of this integrin was 
observed. Furthermore, there was also no alteration in expres- 
sion of the other major collagen-integrin, a^v These results 
suggest that overexpression of DNIIR for 24 h does not alter 
the expression levels of the major collagen binding integrins in 
NMuMG cells under serum-free conditions. 

p38MAPK Activation by TGF-ß Is Dependent on Integrin 
Ligation—Integrin ß± ligation is known to induce p38MAPK 
phosphorylation and activation (19, 25). The inducible DNIIR 
expression system was ideal for examining if cooperative inter- 
actions exists between TGF-ß and integrin signaling at the 
level of p38MAPK activity. Since NMuMG cells express the 
collagen I binding integrins, and the ligation of integrin a2ß, by 
collagen I is known to activate p38MAPK, these cells were 
grown on collagen I to examine the specific role of ßx integrins 
in TGF-ß signaling. Under these growth conditions TGF-ß in- 
duced Smad2 and p38MAPK phosphorylation as before (Fig. 
5A). However, incubation of the cells with a neutralizing inte- 
grin ß1 antibody caused a decrease in p38MAPK phosphoryla- 
tion but had no effect on TGF-ß induction of Smad2 phospho- 
rylation. Further, p38MAPK phosphorylation was observed 
when DNIIR-induced NMuMG cells were treated with TGF-ß 
on either the tissue culture plates or collagen I; however, this 
was diminished by the co-incubation with an integrin ßrneu- 
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Relative Fluorescence Units 
FIG. 4. Effect of induced DNIIR expression on integrin expres- 

sion. NMuMG cells treated with ponasterone (5 JJM) to express DNIIR 
(black line) or untreated (filled) were incubated in serum-free media for 
24 h at which time cell surface integrin expression was measured by a 
fluorescence-activated cell sorter calibur, Becton Dickerson. An isotypc- 
matched IgG was used as a control (gray line). 

tralizing antibody (Fig. 5B). The neutralizing antibody did not 
alter the ERK1/2 or AKT responses to TGF-ß (data not shown). 

To determine whether the p38MAPK phosphorylation was 
integrin ßrdependent and not simply adhesion-dependent we 
assessed the effect of TGF-ß on NMuMG cells cultured on 
poly-L-lysine-coated plates. This allowed cells to attach based 
on electrostatic interactions, whereas cells plated onto colla- 
gen-coated dishes spread due to integrin engagement (26). Sim- 
ilar to the results seen with the integrin ß,-neutralizing anti- 
body, TGF-ß-mediated Smad2 phosphorylation was not 
effected by poly-i.-lysine-mediated cell adhesion; however, 
there was no induction of TGF-ß-mediated p38MAPK phospho- 
rylation (Fig. 5C). These results suggest that integrin-mediated 
cell adhesion is required for TGF-ß to stimulate p38MAPK 
phosphorylation, and TGF-ß-induced Smad2 phosphorylation 
is independent of integrin-mediated adhesion. 

The regulation of p38MAPK phosphorylation was then di- 
rectly determined by examining kinase activity in the context 
of TßRII and integrin ßx disruption. The in vitro kinase assay 
using immunoprecipitated p38MAPK from treated cells and 
ATF2 as substrate verified a TGF-ß-dependent increase in 
p38MAPK activity in the presence and absence of ponasterone 
(Fig. 6). The preincubation of cells with the integrin ßrneu- 
tralizing antibody prior to TGF-ß stimulation diminished the 
levels of ATF2 phosphorylation. However, p38MAPK activa- 
tion by ultraviolet light exposure was not effected by the inte- 
grin ßj antibody, demonstrating that the requirement of inte- 
grin ßj ligation was specific for TGF-ß-induced p38MAPK 
activation. These results were consistent with p38MAPK phos- 
phorylation previously observed (see Figs. 3 and 5) in confirm- 
ing that DNIIR expression does not block TGF-ß-mediated 
p38MAPK activation, and integrin ßrmediated adhesion is 
necessary for TGF-ß signaling to the stress kinase. 

TßRII Expression Required for Differential Signaling Acti- 
vation—Next we sought to determine whether TGF-ß-medi- 
ated p38MAPK activation in our inducible system was medi- 
ated by the formation of a complex consisting of the type I 
TGF-ß receptor and DNIIR or the type I TGF-ß receptor and 
endogenous TßRII. To do this we expressed either DNIIR or 
TßRII by retroviral infection in a TßRII null mammary epithe- 
lial cell line, T47D. Not surprisingly, T47D cells were insensi- 
tive to TGF-ß for SMAD and p38MAPK activity (Fig. 7). The 
transduction of DNIIR expression was not able to restore either 
SMAD or p38MAPK phosphorylation by TGF-ß. However, 
TßRII transduction restored both TGF-ß-induced Smad2 and 
p38MAPK phosphorylation. Further preincubation with inte- 
grin ßj antibody blocked p38MAPK phosphorylation, but did 
not effect Smad2 activity, as observed with NMuMG cells. 
These results suggest that p38MAPK activation in the 
NMuMG cells is transduced by the endogenous type I and type 
II TGF-ß receptor complex and that the level of DNIIR expres- 
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FIG. 5. Adhesion-dependent TGF-ß 
phosphorylation of p38MAPK. NMu 
MG cells grown on plastic were replated on 
plastic, 10 /j-g/ml collagen I, or poly-L-lysine 
(0.1%) for 12 h prior to TGF-ß (200 pM for 
30 min) treatment. A and B, integrin ßr 

neutralizing antibody was incubated for 
4 h prior to TGF-ß treatment. B, cells in- 
duced with 5 /AM ponasterone were treated 
as indicated. Equivalent cell extracts were 
immunoblotted for phospho-Smad2, phos- 
pho-p38MAPK (Thr-180/Tyr-182), and 
p38MAPK. 
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FIG. 6. p38MAPK in vitro kinase assay. Ponasterone induced or 
non-induced NMuMG cells, grown on collagen I, were preincubated 
with anti-integrin ßx (4 h) prior to TGF-ß (200 pM for 30 min) treatment. 
Cells were harvested, and equivalent protein amounts were immuno- 
precipitated with anti-p38MAPK antibody for subsequent evaluation of 
kinase activity. As a control for p38MAPK activation, cells were treated 
with 100 /nJ of UV light 30 min prior to harvesting (indicated by *). 
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FIG. 7. The expression of DNIIR and T/3RII in T47D cells. T47D 
cells transduced with TßEII, DNIIR, or empty retrovirus were incu- 
bated in the absence (-) or presence (+) of 200 pM TGF-ß for 30 min 
prior to harvesting. Integrin ßj-neutralizing antibody was incubated for 
4 h prior to TGF-ß treatment. Equivalent cell extracts were immuno- 
blotted for phospho-Smad2, phospho-p38MAPK, and p38MAPK. 

sion achieved by the inducible system was insufficient to com- 
pletely suppress endogenous TßRII activity. Thus the thresh- 
old of TßRII activity for p38MAPK activation may be lower 
than that for SMAD activation. 

Integrin ßj and p38MAPK Signaling Involved in TGF-ß- 
mediated Phenotypic Change—Since integrin function appears 
to be involved in certain aspects of TGF-/3 signaling and is 
important for cell-ECM interactions that effect cell morphology 
(27), we examined whether integrin ßx signaling affected TGF- 
ß-induced EMT progression. NMuMG cells, grown on collagen 
I-coated coverslips, were incubated with integrin /^-neutraliz- 
ing antibodies or rabbit-IgG in the presence or absence of 200 
pM TGF-ß for 16 h under serum-free conditions. Cell phenotype 
was subsequently examined by phase contrast microscopy con- 
current with actin, ZO-1, and E-cadherin subcellular localiza- 
tion by immunofluorescent detection (Fig. 8). When NMuMG 

cells were grown on collagen I, stress fiber formation was 
observed (Fig. 8, inset) accompanied by junctional localization 
of ZO-1 and E-cadherin. TGF-ß treatment caused increased 
stress fiber formation and the acquisition of a fibroblastic mor- 
phology along with the delocalization of ZO-1 and E-cadherin. 
When cells were grown in the presence of anti-integrin ß1 

antibody prominent cortical actin staining accompanied with 
reduced ZO-1 tight junctional localization was observed in un- 
treated cells. The adhesion junctions, however, seemed to be 
intact with E-cadherin localization at the cell-cell contacts. 
Subsequent TGF-ß treatment did not seem to alter the epithe- 
lial morphology of the cells in the presence of the integrin ßx 

antibody. The incubation with rabbit IgG had little effect on the 
integrity of the cell junctions, and TGF-ß caused a phenotypic 
differentiation to take place exhibiting the loss of ZO-1 and 
E-cadherin junctional localization (data not shown). Thus spe- 
cifically disrupting integrin ßx function inhibited TGF-ß-in- 
duced EMT in NMuMG cells. 

To determine whether blocking TGF-ß-mediated p38MAPK 
activity may be a component in the inhibition of EMT by 
integrin ß1 neutralizing antibody, we transduced a dominant 
negative p38MAPK (DNp38MAPK-ß, (21) Y. Wang, Univ. of 
California, San Diego) by adenovirus infection (20 multiplicity 
of infection). The expression of DNp38MAPK-ß in NMuMG 
cells inhibited the TGF-ß-induced fibroblastic transition. As a 
negative control, adenoviral expression of ß-galactosidase did 
not show any noticeable differences in TGF-ß-induced epithe- 
lial differentiation from the un-infected control (data not 
shown). The DNp38MAPK-ß-mediated down-regulation of 
p38MAPK phosphorylation in NMuMG cells is shown in the 
right panel of Fig. 8. Thus limiting p38MAPK activity did not 
alter TGF-ß-induced actin stress fiber formation, yet it resulted 
in the consistent localization of ZO-1 and E-cadherin at the cell 
junctions after 16 h of treatment with TGF-ß. Together, these 
results suggest that impairing either integrin ßx or p38MAPK 
signaling inhibit TGF-ß-induced EMT progression in NMuMG 
cells. Furthermore, blocking EMT in NMuMG cells through the 
inhibition of integrin ßx may in part be because it inhibits 
p38MAPK signaling. 

DISCUSSION 

The extracellular microenvironment plays a critical role in 
the ability of an epithelial cell to transition to a more plastic 
phenotype. This is exemplified by the influence that TGF-ß and 
ECM components have one basic epithelial cell functions such 
as the morphology, polarity, and adhesion through TGF-ß re- 
ceptors and integrin function. Based on the common down- 
stream signaling molecules and overlapping cellular conse- 
quences induced by TGF-ß and integrins, we hypothesized that 
there may be cooperation between the two pathways in EMT. 
We utilized an inducible system expressing DNIIR in mam- 
mary epithelial cells and employed an integrin ßx antibody to 
explore potential cross-talk between the two cell surface recep- 
tors. Effectively limiting TßRII activity by the induction of 
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FIG. 8. Adhesion- and p38MAPK-dependent TGF-ß-mediated EMT. NMuMG cells, cultured on collagen-coated coverslips, were incubated 
in serum-free media (0) containing anti-integrin ß, antibody or preinfected with a DN-p38MAPK-ß adenovirus (DN-pSS) prior to treatment with 
or without TGF-ß (200 pM for 16 h). The cells were then fixed and stained for ZO-1 and E-cadherin. Corresponding phase contrast images are shown 
with F-actin staining as insets. The p38MAPK expression and phosphorylation in TGF-ß-treated NMuMG cells control (-) or DN-p38-infected ( + ) 
was determined by immunoblotting using ß-tubulin as a loading control. 

DNIIR expression was able to block TGF-ß-mediated growth 
inhibition, SMAD-mediated transcriptional activation, and 
EMT. TGF-ß-induced Smad2, and AKT phosphorylation was 
blocked by the expression of DNIIR. Yet, the induced expres- 
sion of the cytoplasmically truncated TßRII at the levels that 
blocked the other measured responses did not block TGF-ß- 
mediated p38MAPK activation. The potential for a lower TßRII 
threshold for p38MAPK activation was indicated by the results 
using cells with a TßRII null background, T47D. Blocking 
integrin-ßj-mediated adhesion resulted in the inhibition of 
TGF-ß-mediated activation of p38MAPK. Further, TGF-ß-me- 
diated EMT was blocked both by the neutralizing integrin ß1 

antibody and by limiting p38MAPK activity with a 
DNp38MAPK-ß-expressing adenovirus. However, as DNIIR 
expressing cells are insensitive to TGF-ß-mediated EMT pro- 
gression, our data suggest that p38MAPK activation is neces- 
sary but not sufficient for the fibroblastic transition of NMuMG 
cells. 

We investigated TGF-ß signaling in NMuMG cells express- 
ing an inducible DNIIR gene to assess the effect of a functional 
reduction of TßRII expression. The NMuMG cells were used as 
a model system for the expression of DNIIR because TGF-ß 
induces both growth arrest and EMT in these cells (6, 28, 29). 
The expression of DNIIR at higher levels limited TGF-ß-in- 
duced growth inhibition and diminished transcriptional induc- 
tion of the luciferase reporters in NMuMG cells (Fig. 1). Similar 
DNIIR expression levels were also observed to block TGF-ß- 
mediated Smad2/3 nuclear translocation, loss of ZO-1 tight 
junction expression, and the conversion to a fibroblastic mor- 
phology (Fig. 2). To identify signaling pathways that may be 
regulated in the presence of DNIIR expression subsequent 
studies were performed in the presence of 5 /XM ponasterone. 
The results in Fig. 3 suggested that expression levels of DNIIR 
sufficient to desensitize the NMuMG cells to TGF-ß-induced 
Smad2 and AKT activation still permitted TGF-ß stimulation 
of p38MAPK phosphorylation. This result was consistent with 
the results of Chin et al. that showed TGF-ß-mediated 
p38MAPK phosphorylation in cells expressing another cyto- 
plasmically truncated construct of TßRII (30). Their expression 
of the mutant TßRII construct did not inhibit TGF-ß induction 
of p38MAPK-mediated pro-a (1) collagen I mRNA expression in 

mesangial cells (30). However, since DNIIR expression was not 
able to rescue TGF-ß-mediated p38MAPK phosphorylation in 
T47D cells, we speculate that a fraction of the receptor tet- 
ramer-ligand complex on the cell surface of NMuMG cells may 
include a combination of DNIIR as well as endogenous type I 
and type II receptors. Thus if sufficient over-expression of 
DNIIR was achieved in NMuMG cells one could anticipate the 
complete competition of TßRII and the loss of p38MAPK 
signaling. 

We demonstrated that p38MAPK activation by TGF-ß is 
dependent on integrin ß± adhesion to ECM by examining 
TGF-ß signaling in the presence of integrin ßrneutralizing 
antibody. We also found that, integrin ßrdependent adhesion 
was necessary for TGF-ß-mediated p38MAPK activation in 
both DNIIR-expressing and -non-expressing NMuMG cells. 
Furthermore, our in vitro kinase results (Fig. 6) lend support- 
ive evidence to the apparent cooperative regulation of 
p38MAPK by TGF-ß and integrin ßr TGF-ß signaling to 
p38MAPK is thought to be mediated through the coupling of 
TAK1 and TAB for the subsequent recruitment of MKK3 and 
MKK6 and activation of p38MAPK (31, 32). Analogously the 
transient integrin-mediated activation of p38MAPK upon cell 
attachment on collagen I is mediated by Racl-stimulated PAK 
association with MKK3 and MKK6 (19, 25). A potential mech- 
anism for the cooperation of integrins and activated TGF-ß 
receptor complexes may be their co-localization in caveolar 
vesicles (33, 34, 35). Another possibility is that integrin-de- 
pendent adhesion to ECM regulates scaffolding proteins that 
bring the signaling intermediaries together. 

The microscopy results in Fig. 8 illustrate that blocking either 
integrin ßl stimulation or inhibiting p38MAPK kinase activity 
can abrogate TGF-ß-mediated EMT. Blocking integrin ß, caused 
a phenotypic change independent of TGF-ß that is possibly un- 
related to p38MAPK activity. This was evident since the integrin 
ß-neutralizing antibody alone resulted in the loss of ZO-1 junc- 
tional localization. There is recent evidence showing integrin ßj 
co-localization together with apical tight junction-associated 
ZO-1 and occludin proteins (36). The disruption of this associa- 
tion may explain our result. Alternatively, the neutralizing anti- 
body may cause a loss of cell polarity. E-cadherin, an epithelial 
marker localized at adherence junctions, was not affected by 
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blocking integrin-ß-L adhesion. Although the role of integrins in 
the maintenance of cell-cell junctions is not entirely clear and 
further complicates the interpretation of these results, it is evi- 
dent that p38MAPK activity and integrin adhesion are necessary 
for TGF-ß-induced EMT. 

In conclusion we have presented data indicating that TGF-ß 
can stimulate p38MAPK activation at a lower functional TßRII 
threshold than the activation of Smad2 and AKT. Furthermore, 
TGF-ß-dependent p38MAPK activation is dependent on inte- 
grin j3rECM interactions and TGF-ß-induced epithelial cell 
EMT is both p38MAPK activation- and integrin-ßrmediated. 
Taken together these data suggest that functional TßRII dos- 
age as well as cooperative signaling between the TGF-ß recep- 
tor and integrins may influence the phenotypic fate of epithe- 
lial cells in vivo. 
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