
AD 

Award Number:  DAMD17-99-1-9291 

TITLE:  A Novel Signaling Perturbation and Ribozyme Gene Therapy- 
Procedures to Block Rho-Kinase (ROK) Activations and 
Breast Tumor Metastasis 

PRINCIPAL INVESTIGATOR:  Lily Y. W. Bourguignon, Ph.D. 

CONTRACTING ORGANIZATION: Northern California Institute for 
Research and Education, Incorporated 

San Francisco, California  94121-1545 

REPORT DATE:  September 2002 

TYPE OF REPORT:  Annual 

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. 

20030211 212 



REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 074-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining 
the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for 
reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of 
Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503 

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

3. REPORT TYPE AND DATES COVERED 
Annual   (1  Sep  01  -  31 Aug 02) 

4. TITLE AND SUBTITLE 

A Novel Signaling Perturbation and Ribozyme Gene 
Therapy Procedures to Block Rho-Kinase (ROK) 
Activations and Breast Tumor Metastasis 
6. AUTHOR(S): 

Lily  Y.   W. Bourguignon,   Ph.D, 

5.  FUNDING NUMBERS 
DAMD17-99-1-9291 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

Northern California  Institute   for Research 
and Education,   Incorporated 

San  Francisco,   California     94121-1545 
EmaiI:IiIIyb@itsa.ucsf.edu 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

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

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

10. SPONSORING / MONITORING 
AGENCY REPORT NUMBER 

11. SUPPLEMENTARY NOTES 
report contains color 

12a. DISTRIBUTION / AVAILABILITY STATEMENT 
Approved for Public Release; Distribution Unlimited 

12b. DISTRIBUTION CODE 

13. Abstract /Max/mum 200 Words) (abstract should contain no proprietary or confidential information!  In breast tumor cells (e.g. Met-1 

and SP-1 cell lines), the Rho-Kinase (ROK) is detected as a 160kDa protein. We have demonstrated that ROK 
phosphorylates the cytoplasmic domain of CD44 [a hyaluronan (HA) receptor] and up-regulates the interaction between 
CD44 and the cytoskeletal protein, ankyrin during HA/CD44-regulated breast tumor cell migration. Most recently, we 
have found that CD44 and Rho-Kinase (ROK) are also physically associated as a complex in breast tumor cells. 
Biochemical analyses show that the C-terminal pleckstrin homology (PH) domain is the primary ROK binding region for 
CD44. Most importantly, HA binding to cells promotes RhoA-mediated ROK activity which, in turn, increases 
phosphorylation of three different inositol 1, 4, 5-trisphosphate receptors (IP3Rs) [in particular, subtype 1 (IP3R1), and to a 
lesser extent subtype 2 (IP3R2) and subtype 3 (IP3R3)] all known as IP3-gated Ca2+ channels. The phosphorylated IP3R1 
(but not IP3R2 or IP3R3) is enhanced in its binding to IP3 which subsequently stimulates IP3-mediated Ca2+ flux and breast 
tumor cell migration. We have also constructed two dominant-negative ROK cDNA constructs which encode for the Rho- 
binding (RB) domain and the pleckstrin homology (PH) domain. Our data indicate that transfection of breast tumor cells 
with ROK's RB or PHcDNA significantly blocks HA and CD44-induced Ca2+ signaling and breast tumor cell migration. 
Taken together, we believe that ROK plays a pivotal role in CD44-cytoskeleton interaction and IP3R-mediated Ca7' 
signaling during HA-mediated breast tumor progression. 

2+ 

14. SUBJECT TERMS 
breast cancer metastasis, oncogenic signaling, RhoGTPases, ROK 

15. NUMBER OF PAGES 
77 

16. PRICE CODE 

17. SECURITY CLASSIFICATION 
OF REPORT 

Unclassified 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 

Unclassified 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 

Unclassified 

20. LIMITATION OF ABSTRACT 

Unlimited 
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89) 

Prescribed by ANSI Std. Z39-18 
298-102 



Table of Contents 

Cover 1 

SF298 2 

Table of Contents 3 

Introduction 4 

Body 4 

Key Research Accomplishments 5 

Reportable Outcomes 6 

Conclusions 7 

References    8-10 

Paper Publications & Abstracts 10-12 

Appendices (see attached) 



F 

(5) INTRODUCTION 

Members of the Rho subclass of the Ras superfamily [small molecular weight GTPases, 
(e.g. RhoA, Racl and Cdc42)] are known to transduce signals regulating many cellular processes 
including Ca2+mobilization [Ahgkachatchai and Finkel, 1999; Hong-Geller and Cerione, 2000] 
and cell migration [Henke et al., 1996; Trochon et al., 1996; Bourguignon et al., 1999]. HA- 
mediated CD44 signaling has been shown to be closely associated with the activation of 
RhoGTPases (e.g. RhoA and Racl) in tumor cells [Bourguignon et al., 1999, 2000a & b, 2001a 
& b]. Several enzymes have been identified as possible downstream targets for RhoGTPase 
signaling such as RhoA. One such enzyme is Rho-Kinase (ROK-also called RhoA-associated 
kinase) which is a serine-threonine kinase known to interact with Rho in a GTP-dependent 
manner [Matsui et al., 1996; Amano et al., 1999]. ROK is composed of four functional domains 
including a kinase domain (catalytic site), a coiled-coil domain, a Rho-binding (RB) domain and 
a pleckstrin-homology (PH) domain [Amano et al., 1996, 1997]. This enzyme has been shown to 
regulate cytoskeleton function by phosphorylating several important cytoskeletal regulators 
including myosin light chain Amano et al., 1996], the myosin-binding subunit (MBS) of myosin 
phosphatase [Kimura et al., 1996], adducin [Fukata et al., 1999] and LIM kinase [Amano et al., 
2001]. ROK is also involved in the "cross-talk" between Ras and Rho signaling leading to 
cellular transformation [Sahai et al., 2001]. ROK expression has been detected in numerous cell 
lines, including breast tumor cells [Bourguignon et al., 1999]. However, the question whether 
ROK activation contributes to invasive properties of breast tumor cells is addressed in this study. 

(6) BODY 

(A) RHO-KINASE (ROK) PROMOTES CD44v3S.i „-ANKYRIN INTERACTION AND 
TUMOR CELL MIGRATION IN METASTATIC BREAST CANCER CELLS 

Metastatic breast tumor Met-1 cells express CD44v3)8.i0, a major adhesion receptor which 
binds extracellular matrix components at its extracellular domain and interacts with the 
cytoskeletal protein, ankyrin, at its cytoplasmic domain. In this study we have determined that 
CD44v3;8_io and RhoA GTPases are physically associated in vivo, and that CD44v3,8-io-bound 
RhoA displays GTPase activity which can be inhibited by botulinum toxin C3-mediated ADP- 
ribosylation. In addition, we have identified a 160kDa Rho-Kinase (ROK) as one of the 
downstream targets for CD44v3,8-io-bound RhoA GTPase. Specifically, RhoA (complexed with 
CD44v3;8_io) stimulates ROK-mediated phosphorylation of certain cellular proteins including 
the cytoplasmic domain of CD44v3,8-i0. Most importantly, phosphorylation of CD44v3,8-io by 
ROK enhances its interaction with the cytoskeletal protein, ankyrin. 

We have also constructed two ROK cDNA constructs which encode for proteins consisting of 
537 amino acids [designated as the constitutively active form of ROK containing the catalytic 
domain (CAT, also the kinase domain)], and 173 amino acids [designated as the dominant- 
negative form of ROK containing the Rho-binding domain (RB)]. Microinjection of the ROK's 
CAT domain into Met-1 cells promotes CD44-ankyrin associated membrane ruffling and 
projections. This membrane motility can be blocked by CD44 antibodies and cytochalasin D (a 
microfilament inhibitor). Furthermore, overexpression of a dominant-negative form of ROK by 
transfection of Met-1 cells with ROK's   Rho-binding (RB) domain cDNA effectively inhibits 



CD44-ankyrin-mediated metastatic behavior (e.g. membrane motility and tumor cell migration). 
These findings support the hypothesis that ROK plays a pivotal role in CD44v3,8-io-ankyrin 
interaction and RhoA-mediated oncogenic signaling required for membrane-cytoskeleton 
function and metastatic tumor cell migration. 

(B) CD44 INTERACTION WITH RHO-KINASE (ROK) ACTIVATES INOSITOL 1,4,5- 
TRIPHOSPHATE (IP3) RECEPTOR-MEDIATED Ca2+ SIGNALING DURING 
HYALURONAN (HA)-INDUCED BREAST TUMOR CELL MIGRATION 

In this study we have determined that CD44 and Rho-Kinase (ROK) are physically 
associated as a complex in breast tumor cells (SP-1). Using a recombinant fragment of ROK [in 
particular, the pleckstrin homology (PH) domain] and in vitro binding assays, we have detected a 
specific binding interaction between the PH domain of ROK and the cytoplasmic domain of 
CD44. Scatchard plot analysis indicates that there is a single high affinity CD44 binding site in 
the PH domain of ROK with an apparent dissociation constant (Kd) of 1.76nM which is 
comparable to CD44 binding (Kd ~1.56nM) to intact ROK. These findings suggest that the PH 
domain is the primary ROK binding region for CD44. 

Furthermore, HA binding to SP-1 cells promotes RhoA-mediated ROK activity which, in 
turn, increases phosphorylation of three different inositol 1, 4, 5-trisphosphate receptors (IP3RS) 
[in particular, subtype 1 (IP3RI), and to a lesser extent subtype 2 (IP3R2) and subtype 3 (IP3R3)] 
all known as IP3-gated Ca2+ channels. The phosphorylated IP3R1 (but not IP3R2 and IP3R3) is 
enhanced in its binding to IP3 which subsequently stimulates IP3-mediated Ca2+ flux. 
Transfection of SP-1 cells with ROK's PH cDNA significantly reduces ROK association with 
CD44vlO, and effectively inhibits ROK-mediated phosphorylation of IP3Rs and IP3R-mediated 
Ca2+ flux in vitro. The PH domain of ROK also functions as a dominant-negative mutant in vivo 
to block HA-dependent, CD44vlO-specific intracellular Ca2+ mobilization and breast tumor cell 
migration. Taken together, we believe that CD44 interaction with ROK plays a pivotal role in 
IP3R-mediated Ca2+ signaling during HA-mediated breast tumor cell migration. 

(7) KEY RESEARCH ACCOMPLISHMENTS: 

(A) Rho-Kinase (ROK) Interaction With CD44 and the Cytoskeletal Protein, Ankyrin in 
Breast Tumor Cells: 

•We have found that Rho-Kinase (ROK) is one of the known RhoA-activated enzymes and is 
expressed in breast tumor cells (e.g. Met-1 and SP-1 cell lines). 

•Our data indicate that the interaction between the metastasis-specific molecule, CD44 [a 
hyaluronan (HA) receptor] and ROK occurs in metastatic breast tumor cells (SP1 cell line). 

•Scatchard plot analysis indicates that there is a single high affinity CD44 binding site in ROK's 
PH domain. These findings suggest that the PH domain is the primary ROK binding region for 
CD44. 



• The binding of HA to CD44 of breast tumor cells (Met-1 cells) stimulates RhoA signaling and 
ROK activation which, in turn, increases phosphorylation of CD44. Most importantly, 
phosphorylation of CD44 by ROK enhances its interaction with the cytoskeletal protein, ankyrin. 
Most importantly, CD44 phosphorylation by ROK enhances its interaction with the cytoskeletal 
protein, ankyrin in breast tumor cells. 

(B) Rho-Kinase (ROK)-CD44 interaction Promotes Inositol 1,4,5-Triphosphate (IP3) 
Receptor-Mediated Ca2+ Signaling and Breast Tumor Cell Migration: 

•We have found that CD44-associated Rho-Kinase (ROK) is capable of phosphorylating three 
different inositol 1, 4, 5-trisphosphate receptors (IP3Rs) [in particular, subtype 1 (IP3RI), and to a 
lesser extent subtype 2 (IP3R2) and subtype 3 (IP3R3)] all known as IP3-gated Ca2+ channels. 

•Phosphorylation of IP3RI (but not IP3R2 and IP3R3) by ROK enhances in its binding to IP3 

which subsequently stimulates IP3-mediated Ca2+ flux in breast tumor cells. 

•Transfection of SP-1 cells with ROK's RB or PH cDNA significantly reduces ROK/CD44 
interaction with the cytoskeleton, and effectively inhibits ROK phosphorylation of IP3Rs and 
IP3R-mediated Ca2+ flux in vitro. Both PH and RB domains of ROK also function as potent 
dominant-negative mutants in vivo to block HA-dependent, CD44-specific intracellular Ca2+ 

mobilization, cytoskeleton function and breast tumor cell migration. 

•These observations clearly suggest that ROK contains multiple functional domains [e.g. 
membrane localization site(s) and Rho-binding regulatory domains] required for the regulation 
of CD44-cytoskeleton interaction and IP3 receptor-mediated Ca2+ signaling leading to metastatic 
breast tumor cell progression. 
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(9) CONCLUSIONS: 

Rho GTPases such as RhoA-activated Rho-Kinase (ROK) participate in CD44- 
cytoskeleton interaction and Ca2+ signaling in many different cells including breast tumor cells 
[Bourguignon, et al., 1999; Singleton and Bourguignon, 2002]. When cornplexed with CD44, 
RhoA stimulates Rho-kinase (ROK) to phosphorylate several cellular proteins including 
CD44V3,8-io- Most importantly, phosphorylation of CD44v3;g.i0 by ROK promotes the binding of 
CD44v3>g.io to ankyrin. Overexpression of the ROK's Rho-binding (RB) domain can act as a 
dominant-negative inhibitor of ROK and reverse tumor cell-specific phenotypes [Bourguignon, 
et al., 1999]. Therefore, it has been proposed that RhoA-activated ROK signaling is necessary 
for membrane-cytoskeleton interaction and tumor cell migration during the progression of breast 
cancers [Bourguignon, et al., 1999]. 

The binding of hyaluronan (HA) to some CD44 expressing cells also activates Ca2+ 

signaling, a pathway known to regulate cell motility, survival and death signals [Berridge, et al., 
1998]. There is compelling evidence that RhoGTPases are involved in the regulation of Ca2+ 

mobilization [Hong-Geller and Cerione, 2000; Singleton and Bourguignon, et al., 2002]. Our 
recent work indicates that HA-CD44 interaction promotes RhoA-activated ROK signaling and 
Ca2+mobilization in breast tumor cells. Specifically, we have found that CD44 and RhoA- 
activated Rho-Kinase (ROK) are physically associated as a complex in vivo. Most importantly, 
HA binding to cells promotes RhoA-mediated ROK activity which, in turn, increases 
phosphorylation of three different inositol 1, 4, 5-trisphosphate receptors (IP3RS) [in particular, 
subtype 1 (IP3RI), and to a lesser extent subtype 2 (IP3R2) and subtype 3 (IP3R3)] all known as 
IP3-gated Ca2+ channels. The phosphorylated IP3R1 (but not IP3R2 or IP3R3) is enhanced in its 
binding to IP3 which subsequently stimulates IP3-mediated Ca2+ flux. These findings suggest that 
CD44 interaction with RhoA-activated ROK plays a pivotal role in IP3R-mediated Ca2+ signaling 
during HA-mediated cellular functions such as cell migration [Singleton and Bourguignon, 
2002]. 

One of the mechanisms by which Ca2+ may trigger early signal transducing events during 
HA and CD44-mediated cell migration involves its interaction with calmodulin, an ubiquitous 
Ca2+ binding protein [Bourguignon et al., 1993; Chin and Means, 2000]. Ca2+-dependent 
calmodulin activity is known to be responsible for the activation of a number of important 
cellular enzymes, including myosin light chain kinase (MLCK) [Tran et al., 2000; Kamm and 
Stull, 2001; Stull, 2001]. Ca2+/calmodulin-dependent phosphorylation of myosin light chain has 
been shown to be important for cell migration [Birukov et al., 2001]. In summary, we would like 
to propose that the transmembrane interaction between CD44 and ROK not only stimulates 
CD44-cytoskeleton interaction but also promotes IP3 receptor phosphorylation and subsequent 
IP3 receptor-mediated Ca2+ signaling that is required for HA-mediated breast cell migration. 
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Rho-Kinase (ROK) Promotes 
CD44v3i8_10-Ankyrin Interaction and Tumor 

Ceir Migration in Metastatic 
Breast Cancer Cells 

Lilly Y.W. Bourguignon,* Hongbo Zhu, Lijun Shao, Dan Zhu, and You-Wei Chen 

Department of Cell Biology and Anatomy, University of Miami Medical School, 
Miami, Florida 

Metastatic breast tumor Met-1 cells express CD44v3i8_10, a major adhesion receptor 
that binds extracellular matrix components at its extracellular domain and interacts 
with the cytoskeletal protein, ankyrin, at its cytoplasrnic domain. In this study, 
we have determined that CD44v3i8_10 and RhoA GTPases are physically associated 
in vivo, and that CD44v3i8_I0-bound RhoA displays GTPase activity, which can 
be inhibited by botulinum toxin C3-mediated ADP-ribosylation. In addition, we 
have identified a 160 kDa Rho-Kinase (ROK) as one of the downstream targets 
for CD44v3i8_10-bound RhoA GTPase.  Specifically, RhoA (complexed with 
CD44v3,8_I0) stimulates ROK-mediated phosphorylation of certain cellular pro- 
teins including the cytoplasrnic domain of CD44v3>8_10. Most importantly, phosphor- 
ylation of CD44v3,8_10 by ROK enhances its interaction with the cytoskeletal 
protein, ankyrin. We have also constructed two ROK cDNA constructs that encode 
for proteins consisting of 537 amino acids [designated as the constitutively active 
form of ROK containing the catalytic domain (CAT, also the kinase domain)], and 
173 amino acids [designated as the dominant-negative form of ROK containing the 
Rho-binding domain (RB)]. Microinjection of the ROK's CAT domain into Met-1 
cells promotes CD44-ankyrin associated membrane ruffling and projections. This 
membrane motility can be blocked by CD44 antibodies and cytochalasin D (a 
microfilament inhibitor). Furthermore, overexpression of a dominant-negative 
form of ROK by transfection of Met-1 cells with ROK's Rho-binding (RB) domain 
cDNA effectively inhibits CD44-ankyrin-mediated metastatic behavior (e.g., 
membrane motility  and tumor cell migration).  These findings  support the 
hypothesis that ROK plays a pivotal role in CD44v3?8_10-ankyrin interaction and 
RhoA-mediated oncogenic signaling required for membrane-cytoskeleton function 
and metastatic tumor cell migration. Cell Motil. Cytoskeleton 43:269-287, 
1999.     © 1999 Wiley-Liss, Inc. 

Key words: CD44v3; ankyrin; Rho kinase (ROK); breast tumor 
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cells [Bourguignon et al., 1986, 1997; Green et al., 1988; 
Iida and Bourguignon, 1995; Iida and Bourguignon, 
1997; Kalomiris and Bourguignon, 1988; Lesley et al., 
1985; Letarte et al., 1985; Stamenkovic et al., 1991; Zhu 
and Bourguignon, 1996]. A larger protein, CD44E (the 
epithelial form, molecular mass of 125-150 kDa), results 
from the alternative splicing of three additional exons 
[exons" 12-14 (v8-10)] into the membrane proximal 
region of the CD44 molecule and is preferentially ex- 
pressed on epithelial cells [Screaton et al., 1992; Stamen- 
kovic et al., 1991]. Higher molecular weight "variant" 
isoforms of CD44 (CD44v) are derived from the alterna- 
tive splicing of up to ten additional exons in various 
combinations of the extracellular domain of the molecule 
[Screaton et al., 1992]. Cell surface expression of certain 
CD44v isoforms (e.g., CD44v3-containing isoforms) ap- 
pears to change profoundly during tumor metastasis- 
particularly during the progression of various carcinomas 
including breast carcinomas [Arch et al., 1992; Bennet et 
al., 1995; Droll et al., 1995; Gunthert et al., 1991; 
Herrlich et al., 1993; Hofmann et al., 1991; Iida and 
Bourguignon, 1995; Welsh et al., 1995]. Furthermore, 
CD44v isoforms have been detected on highly metastatic 
cell lines and transfection of these molecules confers 
metastatic properties on otherwise non-metastatic cells 
[Hofmann et al., 1991; Iida and Bourguignon, 1997]. 

All CD44 isoforms (e.g., CD44s, CD44E, and 
CD44v) contain several hyaluronic acid (HA)-binding 
sites in their extracellular domain [Bourguignon et al., 
1992,1993a, 1995b; Lesley et al., 1985; Lokeshwar et al., 
1991]. The binding of CD44 isoforms to HA causes cell 
adhesion to the extracellular matrix (ECM) components 
[Bourguignon et al., 1992, 1993a, 1995b; Lesley et al., 
1993; Lokeshwar and Bourguignon, 1991] and has also 
been implicated in the stimulation of cell proliferation, 
cell migration, and angiogenesis [Lokeshwar et al., 1996; 
Rooney et al., 1995; Turley et al.,1991; West and Kumar, 
1989]. The intracellular domain of CD44 binds to certain 
cytoskeletal proteins such as ankyrin [Bourguignon et al., 
1991, 1992, 1993a, 1994, 1995b, 1998a,b; Kalomiris and 
Bourguignon, 1988, 1989; Lokeshwar and Bourguignon, 
1991, 1992; Lokeshwar et al., 1994, 1996; Zhu and 
Bourguignon, 1996, 1998] and ERM proteins (exrin, 
radixin and moesin) [Tsukita et al., 1994]. Post- 
translational modification of CD44's cytoplasmic domain 
by either acylation [Bourguignon et al., 1991], protein 
kinase C-mediated phosphorylation [Lokeshwar and Bour- 
guignon, 1992; Kalomiris and Bourguignon, 1989], or 
GTP binding [Iida and Bourguignon, 1995; Kalomiris 
and Bourguignon, 1988] enhances the binding between 
CD44 and cytoskeletal proteins. The transmembrane 
interaction between CD44 isoforms and ankyrin/ERM 
provides a direct link between the ECM and the cytoskel- 
eton. A recent study has shown that CD44v isoforms, 

such as CD44v3i8_io, are involved in' cytoskeleton- 
mediated breast tumor cell migration and invasion [Bour- 
guignon et al., 1998a,b]. However, very little is presently 
known concerning the CD44v3-associated oncogenic 
signaling cascade that results in the metastatic phenotype 
of breast tumor cells. 

Members of the Rho subclass of the ras superfamily 
[small molecular weight GTPases (e.g., RhoA, Racl, and 
Cdc42)] are known to be associated with changes in the 
membrane-linked cytoskeleton [Hall, 1998; Narumiya, 
1996]. For example, activation of RhoA, Racl, and 
Cdc42 have been shown to produce specific structural 
changes in the plasma membrane-cytoskeleton associated 
with membrane ruffling, lamellipodia, filopodia, and 
stress fiber formation [Hall, 1998; Narumiya, 1996]. The 
coordinated activation of these GTPases is considered to 
be a possible mechanism underlying cell motility, an 
obvious prerequisite for metastasis [Jiang et al., 1994; 
Lauffenburger and Horwitz, 1996]. Hirao and his co- 
workers have reported that Rho-like proteins participate 
in the interaction between the CD44 and the ERM 
cytoskeletal proteins [Hirao et al., 1996]. The question 
whether Rho-like proteins play a direct role in regulating 
CD44v3-specific metastatic behaviors in breast tumor 
cells is addressed in this study. 

Several enzymes have been identified as possible 
downstream targets for Rho GTPases in regulating cyto- 
skeleton-mediated cell motility. One such enzyme is 
Rho-Kinase (ROK-also called Rho-binding kinase), which 
is a serine-threonine kinase known to interact with Rho in 
a GTP-dependent manner [Hall, 1998; Matsui et al., 
1996]. Structurally, ROK is composed of catalytic (CAT), 
coiled-coil, Rho-binding (RB), and pleckstrin-homology 
(PH) domains [Hall, 1998; Matsui et al., 1996]. Expres- 
sion of the catalytic domain alone by deleting the 
regulatory domain [e.g., Rho-binding (RB) domain] causes 
ROK constitutively active [Amano et al., 1997]. There- 
fore, the catalytic fragments may act as dominant active 
forms and the Rho-binding fragments can function as 
dominant negative form of the ROK molecule [Amano et 
al., 1997]. Currently, two substrates, myosin light chain 
and myosin light chain phosphatase, have been shown to 
be phosphorylated by ROK [Amano et al., 1996, Kimura 
et al., 1996]. Importantly, ROK-mediated phosphoryla-' 
tion of these two proteins activates myosin adenosine 
triphosphatase (ATPase) leading to actomyosin-mediated 
membrane motility and cell movement [Amano et al., 
1996, 1997; Kimura et al., 1996]. This information has 
prompted us to examine whether ROK plays a role in 
regulating CD44v3i8_10-mediated cytoskeleton function in 
metastatic tumor cells. . • . 

In this paper, using a variety of biochemical and 
molecular biological techniques, we have found that the 
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) cell adhesion receptor, CD44v3j8_1o, is preferentially ex- 
pressed in Met-1 breast tumor cells (derived from a high 
metastatic potential tumor in transgenic mice expressing 
polyomavirus   middle   T   oncogene).   In   addition, 
CD44v38_10 is found to be physically linked to RhoA 
GTPase in Met-1 cells. We have also demonstrated that 
RhoA (complexed with CD44v38_10) stimulates Rho- 
Kinase (ROK) (a known downstream target for RhoA) to 
phosphorylate   several   cellular   proteins   including 
CD44v3ig_10. Most importantly, the phosphorylation of 
CD44v3i8_10 by ROK promotes the binding of CD44v3i8_10 

to ankyrin. Overexpressiori of the Rho-binding (RB) 
domain (a dominant-negative form) of ROK by transfect- 
ing Met-1 cells with RB cDNA induces reversal of tumor 
cell-specific  phenotypes.  Therefore,  we  believe  that 
CD44v38_io and RhoA-mediated signaling is involved in 
the  up-regulation  of ROK  needed  for  membrane- 
cytoskeleton interaction and tumor cell migration during 
the progression of metastatic breast tumor cells. 

MATERIALS AND METHODS 

Cell Culture 

Mammary tumor cells containing the polyoma virus 
middle T (PyV-MT) transgene under the transcriptional 
control of the MMTV LTR promoter were used to initiate 
a transplantable line in nude mice. The PyV-MT trans- 
genic mammary tumor cells were obtained from mam- 
mary tumors which arose in the transgenic colony at the 
Institute for Molecular Biology and Biotechnology, Mc- 
Master University, Hamilton, Ontario, Canada (Dr. 
William J. Muller) [Guy et al., 1992]. Mammary tumors 
were collagenase/dispase (Worthington, Freehold, NJ) 
treated, and 5 x 105 cells per 100 ul were transplanted 
subcutaneously as a bolus via syringe and a 25 gauge 
needle into the thoracic region of nude mice. The 
resulting high potential metastatic PyV-MT transgenic 
mammary tumor line, Met-1, was maintained by serial 
tansplantation of 1 mm3 tumor segments into either 
subcutaneous tissue (ectopic) or intact mammary fat pads 
(orthotopic). 

The Met-1 tumor line was dissociated after trans- 
plant generation one and plated onto T-75 flasks to 
develop a tissue culture line [Cheung et al., 1997]. The 
Met-1 cell line was cultured in high glucose DMEM 
supplemented by 10% fetal bovine serum, 2 mM gluta- 
mine, and antibiotics (Sigma, St Louis, MO). 

Antibodies and Reagents 

Monoclonal rat anti-human CD44 antibody (Clone: 
020; Isotype: lgG2b; obtained from CMB-TECH, Inc., 
Miami, FL) used in this study recognizes a common 
determinant of the CD44 class of glycoproteins including 
CD44s and other variant isoforms [Iida and Bourguignon, 

1995] and is capable of precipitating all CD44 variants. 
For the preparation of polyclonal rabbit anti-CD44v3 or 
rabbit anti-Rho-Kinase (ROK) antibody, specific syn- 
thetic peptides (—15-17 amino acids unique for either 
CD44v3 or N- terminus ROK) were prepared, respec- 
tively, by the Peptide Laboratories of Department of 
Biochemistry and Molecular Biology at the University of 
Miami Medical School using an Advanced Chemtech 
automatic  synthesizer (model ACT350).  Conjugated 
CD44v3 or ROK peptides (to polylysine) were injected 
into rabbits to raise the antibodies. All antibodies (e.g., 
anti-CD44v3 or anti-ROK sera) were collected from each 
bleed and stored at 4°C containing 0.1% azide. All 
antibodies (e.g., rabbit anti-CD44v3 IgG or rabbit anti- 
ROK IgGs) were prepared using conventional DEAE- 
cellulose chromatography and were tested to be monospe- 
cific (by immunoblot assays). Mouse monoclonal ankyrin 
(Ankl) antibody was prepared as described previously 
[Bourguignon et al., 1993a]. Rabbit anti-Ank3 antibody 
was kindly provided by Dr.  L.  L.  Peters  (Jackson 
Laboratory, Bar Harbor, ME) [Peters et al., 1995]. Mouse 
monoclonal anti-green fluorescent protein (GFP) and 
anti-glutathione S-transferase (GST) were purchased from 
PharMingen and Pharmacia, respectively. Rhodamine- 
labeled phalloidin was purchase from Molecular Probes, 
Inc. Clostridium botulinum C3 toxin was obtained from 
List Biological  Laboratories,  Inc.  Escherichia  coli- 
derived GST-tagged RhoA was a gift from Dr. Martin 
Schwartz (Scripps Research Institute, La Jolla, CA). 

Cloning, Expression, and Purification of CD44 
Cytoplasmic Domain (CD44cyt) from E. coli 

The cytoplasmic domain of human CD44 (CD44cyt) 
was cloned into pFLAG-AST using the PCR-based 
cloning strategy. Using human CD44 cDNA as template, 
one PCR primer pair (left, FLAG-EcoRI; right, FLAG- 
Xbal) was designed to amplify the complete the CD44 
cytoplasmic domain. The amplified DNA fragments were 
one-step cloned into a pCR2.1 vector and sequenced. 
Then, the DNA fragments were cut out by double 
digestion with EcoRI and Xbal and subcloned into 
EcoRI/Xbal double-digested pFLAG-AST (Eastman Ko- 
dak Co.-IBI, Rochester, NY) to generate FLAG-pCD44cyt 
construct. The nucleotide sequence of FLAG/CD44cyt 
junction was confirmed by sequencing. The reconabinant 
plasmids were transformed to BL21-DE3 to produce 
FLAG-CD44cyt fusion protein. The FLAG-CD44cyt 
fusion protein was purified by anti-FLAG M2 affinity 
gel column (Eastman Kodak Co.-IBI). The nucleotide 
sequence of primers used in this cloning protocol are: 
FLAG-EcoRI:5'-GAGAATTCGAACAGTCGAAGAAG- 
GTGTCTCTTAAGC-3'; FLAG-Xbal: 5'-AGCTCTAG- 
ATTACACCCCAATCTTCAT-3'. 
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Preparations of Constitutively Active Form and 
Dominant-Negative Form of Rho-Kinase (ROK) 

Method for preparing GST-tagged constitutively 
active form [containing catalytic domain (CAT)] of 
Rho-Kinase (ROK). The cDNA fragment encoding the 
constitutively active form of ROK [1-1,611 bp, contain- 
ing th&catalytic domain (CAT)] was generated by reverse 
transcription-polymerase chain reaction (RT-PCR) using 
CAT-specific primers, 5'-GACGACGACAAGATGTC- 
GACTGGGGACAGTTTTGAGAC-3' and 5'-CAGGA- 
CAGAGCATCAATTAGCAAGCTGTGAATTCTGACT- 
3' These cDNA fragments were then cloned into pESP-2 
vector using ESP LIC Cloning Kit (Stratagene) to pro- 
duce GST-CAT construct. The inserted CAT sequence 
was verified by nucleotide sequencing analyses. Subse- 
quently, this GST-CAT cDNA was introduced to an 
eukaryotic expression system such as yeast Schizosaccha- 
romycespombe [Kohli, 1987] to express GST-CAT fusion 
protein (M.W. 80 kDa). The fusion protein was purified 
by a glutathione-Sepharose column, analyzed by SDS- 
PAGE,   immunoblot  and ROK  activity  as  described 

below. 
Method for preparing GFP (green fluorescent 

protein)-tagged dominant-negative form [containing 
Rho-binding domain (RB)] of Rho-Kinase (ROK). The 
cDNA fragment encoding the dominant-negative form of 
ROK (2 719-3,237 bp, containing the Rho-binding se- 
quence (RB)] was amplified by RT-PCR using RB- 
specific primers linked with enzyme (Xho I and Hind III) 
digestion site, 5'-CGATCTCGAGGGCCTTCTGGAG- 
GAGAGTA-3' and 5'-CGATAAGCTTCTG CATCT- 
GAAGCTCATTCC-3'. PCR product digested with Xho I 
and Hind III was purified with QIAquick PCR purifica- 
tion Kit (Qiagen, Valencia, CA). The RB cDNA frag- 
ments were cloned into pEGFPCl vector (Clontech, Palo 
Alto, CA) digested with Xho I and Hind III. The inserted 
RB sequence was confirmed by nucleotide sequencing 
analyses. This GFP-RB cDNA was then used for a 
transient expression in Met-1 cells. The GFP-RB (M.W. 
«50 kDa) expressed in Met-1 cells was analyzed by 
SDS-PAGE, immunoblot and ROK activity assays as 
described below. 

\ 
Cell Transfection 

To establish a transient expression system, Met-1 
cells were transfected with various plasmid DNAs (e.g., 
GFP-tagged RB cDNA or pEGFPCl vector alone) using 
electroporation methods according to those procedures 
described previously [Chu et al., 1987]. Briefly, Met-1 
cells were plated at a density of 2 x 106 cells per 100 mm 
dish and transfected with 25 ug/dish plasmid cDNA using 
electroporation at 230 v and 960 uFD with a Gene Pulser 
(Bio-Rad, Hercules, CA). Transfected cells were grown 
in the culture medium for at least 24-48 h. Various 

transfectants were then analyzed for their protein expres- ( 
sion (e.g., ROK-related proteins) by mmunoblot, ROK 
activity and cell migration assays as described below. 

Microinjection Procedures 

Met-1 cells or COS-7 cells (a CD44-negative cell 
line) [Lokeshwar et al., 1994] were plated onto glass 
coverslips and cultured in high-glucose DMEM supple- 
mented by 10% fetal bovine serum and 2 mM glutamine. 
Both CAT and RB domains (50 ug/ml) [in a microinjec- 
tion buffer containing 50 mM Hepes (pH 7.2), 100 mM 
KC1, 5 mM NaHP04 (pH 7.0)] or buffer alone (as a 
control) was microinjected into cytosol of Met-1 cells or 
COS-7 using Micromanipulator 5171 and Transjector 
5246 (Eppendorf, Germany). Six hours after injection, 
cells were fixed with 2% formaldehyde in phosphate- 
buffered saline for 1 h and processed for immunocyto- 
chemical staining as described below. 

Immunoprecipitation and Immunobloting 
Techniques 

Met-1 cells (5 x 105 cells) were washed in 0.1M 
phosphate buffered saline (PBS; pH 7.2) and incubated 
with a solution containing 5 mM HEPES (pH 7.5), 150 
mM KC1, 1 mM MgCl2 and 1O0 uM GTP7S. Cells were 
then solubilized in 50 mM Tris-HCl (pH 7.4), 150 mM ( 
NaCl, and 1% Nonidet P-40 (NP-40) buffer followed by 
immunoprecipitation by rabbit anti-CD44v3 (or mouse 
anti-RhoA antibody) plus goat anti-rabbit IgG (or goat 
anti-mouse IgG), respectively. The immunoprecipitated 
material was solubilized in SDS sample buffer and 
analyzed by SDS-PAGE (with 7.5% gel). Separated 
polypeptides were then transferred onto nitrocellulose 
filters. After blocking non-specific sites with 3% bovine 
serum albumin, the nitrocellulose filters were incubated 
with rabbit anti-CD44v3 antibody (5 ug/ml) or mouse 
anti-RhoA antibody (5 ug/ml) plus peroxidase-conju- 
gated goat anti-mouse IgG (1:10,000 dilution). The blots 
were developed using ECL chemiluminescence reagent 
(Amersham Life Science, Piscataway, NJ) according to 
the manufacturer's instructions. 

In some cases, NP-40 solubilized plasma mem- 
branes were incubated with sulfosuccinomidobiotin 
(Pierce Co., Rockford, IL) (Q.lmg/ml) in labeling buffer 
(150 uM NaCl, 0.1M HEPES, pH 8.0) for 30 min at room 
temperature followed by extensive dialysis against PBS 
buffer [0.1M phosphate buffer (pH 7.5) and 150 mM 
NaCl]. This biotinylated material was analyzed by 
SDS-PAGE followed by transferring to the nitrocellulose 
filters and incubated with ExtrAvidiri-peroxidase (Sigma 
Co.). After an addition of peroxidase substrate (Pierce 
Co.), the blots were developed using Renaissance chemi- 
luminescence reagent (Amersham Life Science) accord- 
ing to the manufacturer's instructions. ; 
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W To analyze GTP binding to RhoA, the anti-RhoA- 
immuhoprecipited materials were transferred to nitrocel- 
lulose membrane and probed with 0.25 pM [35S] GTP7S 
(1,250 Ci/mmol) in the presence or in the absence of 100 
pM unlabeled GTP7S. To test the binding of RhoA to 
various ROK proteins, Met-1 ROK (isolated by. anti-ROK- 
conjugated beads) (1 pg) or GST-CAT (1 pg) or GFP-RB 
(1 pg) were separated on an SDS-PAGE (5-12% gradient 

•gel), transferred to nitrocellulose membrane, and probed 
with [35S]GTP7S-GST-RhoA as described previously 
[Amano et al., 1997]. The. radioactively labeled bands 
were detected by fluorography. 

In some cases, GST-tagged CAT fusion protein or 
cell lysate of Met-1 cells (transiently transfected with 
either GFP-tagged RB ROK cDNA or pEGFPCl vector 
alone) were immunoblotted with mouse anti-GST (5 
pg/ml) or mouse anti-GFP antibody (5 pg/ml) for 1 h at 
room temperature followed by incubation with horserad- 
ish peroxidase-conjugated goat anti-mouse IgG (1:10,000 
dilution) at room temperature for 1 h. The blots were 
developed using ECL chemiluminescence reagent (Amer- 
sham Life Science) according to the manufacturer's 
instructions. 

The procedures for [32P]ADP-ribosylation with botu- 
linum toxin C3 were the same as described previously 

I [Aktories et al., 1987; Ohashi and Narumiya, 1987]. 
Radioactively labeled proteins were immunoprecipitated 
by anti-CD44v3 antibody followed by SDS-PAGE and 
autoradiographic analyses. 

GTPase Activity Assay 

The GTPase activity was performed as described 
previously with the following modification [Kabcenell et 
al., 1990; O'Neil et al., 1990]. The CD44v3)8_10-bound 
RhoA complex (20 pmol) (with or without C3-mediated 
ADP-ribosylation reaction) were incubated in the GTPase 
assay buffer [20 mM Tris-HCl (pH 7.4), 5 mM MgCl2, 
0.1% cholate, and 1 mM dithiothreitol (DTT) in the 
presence of 1 pM Py-32P]GTP (4 x 104 cpm/pmol) and 0.1 
mM ATP] in a reaction volume of 50 pi at 4°C for 30 min. 
The samples were then incubated at 37°C for various time 
intervals. Following incubation, 100 pi of 1% BSA, 0.1% 
dextran sulfate made in 20 mM phosphate buffer (pH 8.0) 
was added to the reaction mixtures followed by the 
addition of 750 pi of activated charcoal suspension 
containing 20 mM phosphate buffer (pH 8.0). Following 
incubation at 4°C for 30 min, the reaction mixtures were 
centrifuged, and 32P; released in the supernatant was 
determined by liquid scintillation counting. The results 
are expressed as pmol of Pi released per pg of protein. In 
control samples, the non-specific release of p caused by 
the background level of GTPase activity (associated with 
preimmune rabbit IgG-bead associated materials) was 
determined. The non-specific release of P; in control 

samples was less than 10% of that released by CD44v3- 
bound RhoA complex samples and has been subtracted. 
Each assay was set up in triplicate and repeated at least 3 
times. All data were analyzed statistically by Student's 
Mest and statistical significance was set at P < 0.01. 

Double immunofluorescence staining. Met-1 cells 
(microinjected with CAT or RB) grown in the absence or 
presence of certain agents  [e.g., rabbit anti-CD44v3 
antibody (50 pg/ml) or preimmune rabbit serum (50 
pg/ml) or cytochalasin D (20 pg/ml)] were first washed 
with PBS [0.1M phosphate buffer (pH 7.5) and 150 mM 
NaCl] buffer and fixed by 2% paraformaldehyde. Subse- 
quently, cells were surface stained with FITC-labeled rat 
anti-CD44 antibody. These FITC-labeled cells were then 
rendered permeable by ethanol treatment followed by 
incubating with rhodamine (Rh)-conjugated mouse anti- 
Ankl or rabbit anti-Ank3 IgG. To detect non-specific 
antibody binding, FITC-CD44 labeled cells were incu- 
bated with Rh-conjugated normal mouse IgG. No label- 
ing was observed in such control samples. The fluores- 
cein- and rhodamine-labeled samples were examined 
with a confocal laser scanning microscope (MultiProbe 
2001 Inverted CLSM system, Molecular Dynamics, Sun- 
nyvale, CA). 

Protein phosphorylation assay. The kinase reac- 
tion was carried out in 50 pi of the reaction mixture 
containing 40 mM Tris-HCl (pH 7.5), 2 mM EDTA, 1 
mM DTT, 7 mM MgCl2, 0.1% CHAPS, 0.1 pM calyculin 
A, 100 pM [7-32P]ATP (15-600 mCi/mmol), purified 
enzymes (e.g., 100 ng Met-1 ROK, or 20 ng GST-CAT) 
and 1 pg cellular proteins (e.g., smooth muscle myosin 
light chain, CD44v3,8_10 and FLAG-tagged CD44 cyto- 
plasmic  domain  (FLAG-CD44cyt)]  in  the presence 
or  absence of GTP7S-GST-RhoA (complexed  with 
CD44v3,8_10) (1 pM) or GTP7S-RhoA (dissociated from 
CD44v3i8_10-RhoA complex by 0.6 M NaCl) (1 pM) or 
GTP7S-GST-RhoA fusion protein (1 pM) (or GST-RhoA 
alone) or inhibitors such as GFP-RB (1 pM) or staurospo- 
rine (1 pM). After an incubation for various time intervals 
(e.g., 0, 10, 20, 30, 60, and 120 min) at 30°C, the reaction 
mixtures were boiled in SDS-sample buffer and subjected 
to SDS-PAGE. The protein bands were revealed by silver 
stain and the radiolabeled bands were visualized by 
fluorography or analyzed by liquid scintillation counting 
as described previously [Matsui et al., 1998]. 

Binding of 125I-labeled ankyrin to CD44v3(8_i„ 
and FLAG-tagged CD44 cytoplasmic domain (FLAG- 
CD44cyt). Purified 125I-labeled ankyrin (=0.32 nM pro- 
tein, 1.5 x 104 cpm/ng) was incubated with purified 
CD44v3,8-io (bound to anti-CD44v3-conjugated beads) 
or FLAG-tagged CD44 cytoplasmic domain (FLAG- 
CD44cyt) (bound to anti-FLAG-conjugated beads) (-0.75 
pg protein in phosphorylated or unphosphorylated form) 
in 0.5 ml of the binding buffer [20 mM Tris-HCl (pH 7.4), 
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150 mM NaCl, 0.1% (w/v) BSA and 0.05% Triton 
X-100] Binding was carried out at 4°C for 5 h under 
equilibrium conditions. Equilibrium conditions were de- 
termined by performing a time course (e.g., 1-10 h) of the 
binding reaction. Following binding, the beads were 
washed in the binding buffer and the bead bound radioac- 
tivity was determined. Non-specific binding was deter- 
mined in the presence of either a 100-fold excess of 
unlabeled ankyrin or using bovine serum albumin conju- 
gated Sepharose beads. Non-specific binding was approxi- 
mately 20-30% of the total binding, and was subtracted 
from the total binding. 

Tumor cell migration assays. Twenty-four trans- 
well units were used for monitoring in vitro cell migration 
as described previously [Merzak et al., 1994]. Specifi- 
cally, the 8 jam porosity polycarbonate filters were used 
for the cell migration assay [Merzak et al., 1994]. Met-1 
cells [~1 x 104 cells/well in phosphate buffered saline 
(PBS), pH 7.2] [in the presence or absence of rabbit 
anti-CD44v3 antibody (50 ug/ml) or cytochalasin D (20 
ug/ml)] were placed in the upper chamber of the transwell 
unit In some cases, Met-1 cells were transfected with 
either GFP-tagged RB cDNA or pEGFPCl vector alone. 
The growth medium containing high-glucose DMEM 
supplemented by 10% fetal bovine serum was placed in 
the lower chamber of the transwell unit. After 18 h 
incubation at 37°C in a humidified 95% air/5% C02 

atmosphere, cells on the upper side of the filter were 
removed by wiping with a cotton swap. Cell migration 
processes were determined by measuring the cells that 
migrate to the lower side of the polycarbonate filters by 
standard cell number counting methods as described 
previously [Merzak et al., 1994]. Each assay was set up in 
triplicate and repeated at least 3 times. All data were 
analyzed statistically using the Student's f-test and statis- 
tical significance was set at P < 0.01. 

RESULTS 
Characterization of CD44 Variant Isoform(s) 
in Met-1 Cells 

Breast tumor cells (Met-1 cell line) were derived 
from a high metastatic potential tumor in transgenic mice 
expressing polyoma virus middle T oncogene [Cheung et 
al., 1997; Guy et al., 1992]. They are capable of inducing 
a high level of intratumoral microvessel formation 
[Cheung et al., 1997]. Our recent results indicate that 
Met-1 cells express a CD44 variant isoform, CD44v3,8_10, 
which contains v3 and v8-10 exon insertions [Bour- 
guignon et al, 1998a,b]. This CD44v3,M0 variant exon 
structure was previously identified in human breast 
carcinoma samples [Bourguignon et al., 1998a,b; Iida and 
Bourguignon, 1995]. In this study, we have used biotinyla- 
tion labeling of NP-40 solubilized plasma membranes 

and SDS-PAGE analyses to resolve a number of cellular " 
proteins (ranging from =300 kDa to «25 kDa) (Fig. 1, 
lane 1) in the membrane-cytoskeleton fraction of Met-1 
cells. Immunoblotting with anti-CD44v3 antibody indi- 
cates that a single polypeptide (M. W. « 260 kDa) 
expressed in Met-1 cells belongs to the CD44v3,8_i0 

isoform (Fig. 1, lane 3). No CD44v3-containing material 
is observed in control samples when preimmune rabbit 
serum is used (Fig. 1, lane 2). These results are consistent 
with a previous report that determined the molecular 
mass of this CD44v3,8_10 isoform to be -260 kDa [Bennet 
et al., 1995]. 

Recently, the 260 kDa CD44v3,8_io molecule has 
been found to be closely associated with a matrix 
metalloproteinase (MMP-9) and also interacts with the 
cytoskeleton during "invadopodia" formation and tumor 
cell migration [Bourguignon et al., 1998a,b]. These 
findings suggest that CD44v3,8_i0 and the associated 
cytoskeleton play an important role in metastatic tumor 
cell behavior [Bourguignon et al., 1998a,b]. The question 
regarding which transmembrane signaling pathways are 
involved in regulating these CD44v3,8_i0- mediated cyto- 
skeletal activities in metastatic breast tumor cells is the 
focus of this study. 

Physical Linkage Between CD44v3,8_io { 
and RhoA GTPase 

Certain cytoskeleton functions are regulated by 
activation of Rho GTPases such as RhoA, Racl, and 
Cdc42 [Hall, 1998; Narumiya, 1996]. Specifically, RhoA 
is required for actin filament bundling to regulate stress 
fiber formation and acto-myosin-based contractility [Hall, 
1998; Narumiya, 1996]. The rationale for our focusing on 
the interaction between small molecular weight GTPases 
and CD44v3,8_io-cytoskeleton-linked invasive pheno- 
types is based on a previous report by Hirao and 
co-workers suggesting the involvement of CD44-associ- 
ated cytoskeletal proteins (ERM) in Rho-induced cytoskel- 
etal effects [Hirao et al., 1996]. In this study, we have 
detected that the 260 kDa CD44v3,8_io band and a 25 kDa 
RhoA-like protein are physically associated as a complex 
(Fig. 1, lanes 4 and 5). Specifically, we have used Met-1 
cells and anti-RhoA-mediated or anti-CD44v3-immun- 
precipitation followed by anti-CD44v3 immunoblot (Fig. 
1, lane 4) or anti-RhoA immunoblot (Fig. 1, lane 5), 
respectively. Together, our results clearly indicate that the 
CD44v3 8_10 band is revealed in anti-RhoA-immunopre- 
cipitated materials (Fig. 1, lane 4). The RhoA band is also 
detected in the anti-CD44v3-immunoprecipitated materi- 
als (Fig. 1, lane 5). Control results confirm the specificity 
of these immunological techniques. For "example, very 
little RhoA is detected in anti-CD44v3-immunprecipi- V. 
tated materials blotted by an ■anti-RhoA-free serum 
(anti-RhoA antibody pre-absorbed by an excess amount 
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Fig.  1. Analysis of CD44v38_10 expression and CD44v38_10-RhoA 
complex in mouse breast tumor cell (Met-1 cells). Met-1 cells (5 x 105 

cells) were washed in 0.1M phosphate buffered saline (PBS; pH 7.2) 
and incubated with a solution containing 5 mM HEPES (pH 7.5), 150 
mM KC1, 1 mM MgCl2 , and 100 uM GTP7S. Cells were then 
solubilized in 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 1% 
Nonidet P-40 (NP- 40) buffer followed by immunoblot and/or immuno- 
precipitation by rabbit anti-CD44v3 or mouse anti-RhoA. The immuno- 
precipitated material  was  solubilized in SDS  sample buffer and 
analyzed by SDS-PAGE (with 7.5% gel). The procedures for identify- 
ing RhoA by [35S]GTP7S binding or botulinum toxin C3-mediated 
[32P]ADP-ribosylation are described in Materials and Methods. Lane 1: 
Biotinylated total NP-40 solubilized plasma membrane-associated 
proteins. Lane 2: Immunoblot of Met-1 cells with preimmune rabbit 
serum. Lane 3: Identification of CD44v3 8_10 by immunoblotting Met-1 
cells with rabbit anti-CD44v3-specific antibody. Lane 4: Detection of 
CD44v3 8_I0 in the complex by anti-RhoA-mediated immunoprecipita- 

tion followed by immunoblotting with anti-CD44v3-specific antibody. 
Lane 5: Detection of RhoA in the complex by anti-CD44v3-mediated 
immunoprecipitation followed by immunoblotting with anti-RhoA- 
speciflc antibody. Lane 6: Control experiments to detect RhoA in the 
complex by anti-CD44v3-mediated immunoprecipitation followed by 
immunoblotting with anti-RhoA-free serum (anti-RhoA antibody pre- 
absorbed by an excess amount of RhoA). Lane 7: Autoradiogram of 
[35S]GTP7S binding (in the absence of unlabeled GTP7S) to RhoA 
obtained from anti-RhoA-mediated immunoprecipited materials. 
Lane 8: Autoradiogram of [35S]GTP7S binding (in the presence of 
unlabeled GTP7S) to RhoA obtained from anti-RhoA-mediated immu- 
noprecipited materials. Lane 9: Autoradiogram of [32P]ADP-ribosyla- 
tion of RhoA obtained from anti-RhoA-mediated immunoprecipited 
materials in the presence of botulinum toxin C3. Lane 10: Autoradio- 
gram of [32P]ADP-ribosylation of RhoA obtained from anti-RhoA- 
mediated immunoprecipited materials in the absence of botulinum 
toxin C3. 

of RhoA) (Fig. 1, lane 6). Similarly, no CD44v3,8_10 is 
observed in anti-RhoA- immunprecipitated materials blot- 
ted by an anti-CD44v3-free serum (anti-CD44v3 anti- 
body pre-absorbed by an excess amount of CD44v3i8_i0) 
(data not shown). Preliminary data indicate that approxi- 
mately 50% of CD44 is associated with RhoA in the 
plasma membrane fraction of Met-1 cells. These findings 
establish the fact that CD44v3j8_10 and RhoA are closely 
associated with each other as a complex in vivo. 

Using an in vitro [35S]GTP7S binding assay, we 
have determined that the 25 kDa RhoA-like protein 
displays guanine nucleotide binding activity (Fig. 1, lane 
7). In the presence of excess amounts of unlabeled 
GTP7S, no radioactive labeling was observed (Fig. 1, 
lane 8). Since RhoA has been shown to possess an 
intrinsic GTPase activity [Hall, 1998], we decided to test 
whether there is GTPase activity associated with this 
CD44v3i8_10-RhoA complex. As shown in Figure 2, the 
CD44v3i8_10-RhoA complex clearly displays GTPase ac- 

tivity, which hydrolyzes [/Y-
32

P]GTP in a linear time- 
dependent manner (Fig. 2A). 

However, it is also possible that other small GTP- 
binding proteins, such as Rac or Cdc42, are also com- 
plexed with CD44v3]8_10 and contribute some of the 
GTPase activity measured in these experiments. One way 
to address this issue is to utilize specific Rho inhibitors. 
For example, RhoA (but not Rac and Cdc42) is a substrate 
for certain bacterial toxins such as Clostridium botulinum 
C3 toxin [Aktories et al, 1987; Ohashi and Narumiya, 
1987]. C3 toxin ADP-ribosylates RhoA (but not Rac and 
Cdc42) and inactivates RhoA GTPase [Aktories et al., 
1987; Ohashi and Narumiya, 1987]. Here, we have found 
that the 25 kDa protein complexed with CD44v38_10 can 
be [32P]ADP-ribosylated by C3 toxin (Fig. 1, lane 9). In 
a  control   sample,   when   [32P]ADP-ribosylation  of 
CD44v38_io bound RhoA was carried out in the absence 
of C3 toxin, no labeling of RhoA was observed (Fig. 1, 
lane 10). Most importantly, C3-mediated ADP-ribosyla- 
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Fig 2 GTPase activity assay of RhoA complexed with CD44v3]8_i0. 
Aliquots of RhoA complexed with CD44v3,8_10 (as described in Fig.l) 
(20 pmol) were incubated with 1 uM [7-32P]GTP (4 x 10* cpm/pmol) 
for various time periods. The amount of 32Pi liberated was determined 
as described in Materials and Methods. Data represent an average of 
triplicates. The standard deviation was less than 5%. A: In the absence 
of C3-mediated ADP-ribosylation; B: in the presence of C3-mediated 
ADP-ribosylation. 

tion of RhoA complexed with CD44v3,8-io eliminates 
more than 90% of the GTPase activity (Fig. 2B). These 
data suggest that CD44v3,8-io-bound RhoA displays 
GTPase activity and also contains a site for ADP- 
ribosylation mediated by the RhoA inhibitor. 

Rho-Kinase (ROK) as a Downstream Effector for 
RhoA (Complexed With CD44v3,a-io) in Met-1 Cells 

Characterization of rho-kinase (ROK) in Met-1 
cells. In order to identify the downstream target(s) for 
RhoA GTPase complexed with CD44v3,8_i0 (Fig. 1), we 
have initially focused on Rho-Kinase (ROK), one of the 
known effectors for Rho GTPases [Leung et al., 1996; 
Matsui et al., 1996]. ROK is composed of four functional 
domains: a kinase domain (catalytic site or CAT), a 
coiled-coil domain, a Rho-binding (RB) domain, and a 
pleckstrin-homology (PH) domain (Leung et al., 1996; 
Matsui et al., 1996) (Fig. 3A-a). Both the kinase (CAT) 
and Rho-binding (RB) domains share a great deal of 
sequence homology with a family of related kinases 
known to bind Rho GTPase and participate in cell 
motility and cytoskeleton functions [Amano et al., 1997]. 
To analyze the expression of ROK in Met-1 cells, we 
have prepared a ROK-specific antibody that is raised 
against the N-terminal sequence of ROK. Using the 
ROK-specific antibody and immunoblot of cellular pro- 
teins from Met-1 cells, we have identified a 160 kDa 
polypeptide (Fig. 3B, lane 1). We believe that this 
antibody is specific since no protein is detected in 
these cells in the presence of preimmune rabbit IgG 

(Fig. 3B, lane 4). Furthermore, we have incubated ( 
pSJGTP-vS-GST-RhoA with nitrocellulose papers con- 
taining ROK (prepared by anti- ROK-mediated immuno- 
precipitation followed by transfer to nitrocellose papers). 
Our results indicate that the 160 kDa polypeptide is 
capable of binding to GST-RhoA directly (Fig. 3B, lane 
2), (but not GST alone) (Fig. 3B, lane 3), and therefore, it 
is a RhoA-binding protein. 

In addition, we have constructed two ROK cDNAs 
(e.g., CAT cDNA and RB cDNA). These two constructs 
encode for proteins consisting of 537 amino acids [1-1,611 
bp (or aal-aa537), designated as the constitutively active 
form of ROK containing the catalytic domain (CAT, also 
the kinase domain)] (Fig. 3A-b) and 173 amino acids 
[2,719-3,237bp (or aa907-aal070), designated as the 
dominant-negative form of ROK containing the Rho- 
binding domain (RB)] (Fig. 3A-c), respectively [Amano 
et al., 1997]. The CAT cDNA was cloned into a GST- 
tagged expression vector (pESP-2 vector) and then intro- 
duced to an eukaryotic expression system such as yeast 
(S. pombe) to produce GST-CAT fusion protein. The RB 
cDNA was cloned into a green fluorescent protein 
(GFP)-tagged expression vector (pEFGPCl vector) fol- 
lowed by a transient transfection of GFP-RB cDNA into 
Met-1 cells. 

Using mouse anti-GST (Fig. 3C, lane 1) and rabbit ( 
anti-ROK immunoblot (Fig. 3C, lane 2) analyses, we 
have detected the GST-CAT fusion protein as a single 
polypeptide with a molecular mass of 80 kDa. We have 
also identified the presence of GFP-RB (M.W =50kDa) 
in Met-1 cells (Fig. 3D, lane 1) by anti-GFP immunoblot. 
No immuno-labeling was observed if normal mouse IgG 
was used in these samples (Fig. 3C, lane 4 and Fig. 3D, 
lane 4). To test the ability of these ROK-related proteins 
to bind RhoA, we have incubated nitrocellulose papers 
containing ROK-related proteins (e.g. GST-CAT or GFP- 
RB) with [35S]GTP7SGST-RhoA. Our results indicate 
that GST-CAT fails to bind RhoA (Fig. 3C, lane 3); 
whereas GFP-RB binds specifically to [35S]GTP-yS-GST- 
RhoA (Fig. 3D, lane 2) (but not GST alone) (Fig. 3D, lane 
3). These findings strongly suggest that the Rho-binding 
site reside in the RB domain but not in the CAT domain. 

To determine whether there is kinase(s) activity 
associated with the 160 kDa protein and/or the two 
ROK-related proteins (e.g., GST- CAT or GFP-RB), we 
have carried out the kinase reaction using smooth muscle 
myosin light chain as a substrate [Amano et al., 1997; 
Leung et al, 1996] in the presence of various ROK- 
related proteins including 160 kDa (isolated from Met-1 
cells by anti-ROK immuno-beads), GST-CAT and 
GFP-RB and [y-32P]ATP. As shown in Figure 4A, a 
significant amount of 160 kDa protein-mediated "myosin v 
light chain (MLC) phosphorylation occurs in the presence 



A: ROK-RELATED PROTEINS 

CAT 

a:  ROK 

b: GST-CAT 

I      78 406 

m 

CD44v38_io in Breast Cancer Cells       277 

Coiled to coil RB PH 

■■■■■ ■ 

c:   GFP-RB 

968  1047    1143 1338  1388 

537 

907       1070 

B:ROK 

1        2       3      4 

160 kDa 

M.W. x 10 3 

~ 260 
200 

116 

C: GST-CAT 

1 

D: GFP-RB 

80 kDa 50 kDa 

Fig. 3. Characterization of three ROK-related proteins (e.g., 160 kDa 
protein, GIT-CAT, and GFP-RB). Three ROK-related proteins (e.g., 
160 kDa protein, GFP-CAT, and GFP-RB) were analyzed by immuno- 
blot analyses and [35S]GTP7SGST-RhoA binding as described in 
Materials and Methods. A: Illustration of ROK-related mutant cDNA 
constructs, a: The full-length ROK contains a kinase domain (catalytic 
domain or CAT), a coiled-coil domain, a rho-binding (RB) domain, and 
a pleckstrin-homology (PH) domain, b: GST-CAT fusion protein 
represents the catalytic (CAT) domain of ROK (aal-aa537). c.GFP-RB 
fusion protein represents the rho-binding (RB) domain (aa907- 
aal070). B: ROK expression in Met-1 cells. Lane 1: Identification of 
ROK by immunoblotting Met-1 cells with rabbit anti-ROK-specific 
antibody. Lane 2: Autoradiogram of [35S]GTP7SGST-RhoA binding 
to ROK (obtained from anti-ROK-mediated immunoprecipited materi- 
als). Lane 3: Autoradiogram of [35S]GTP7S binding [in the presence of 
GST alone (without RhoA)]  to ROK (obtained from anti-ROK- 

mediated immunoprecipited materials). Lane 4: Immunoblot of Met-1 
cells with preimmune rabbit serum. C: Characterization of GST-CAT 
fusion protein. Lane 1: Immunoblot of GST-CAT with mouse anti- 
GST antibody. Lane 2: Immunoblot of GST-CAT with rabbit anti-ROK 
antibody. Lane 3: Autoradiogram of [35S]GTP7SGST-RhoA binding 
to GST-CAT Lane 4: Immunoblot of GST-CAT with normal mouse 
IgG. D: GFP-RB expression in Met-1 cells transfected with GFP-RB 
cDNA. Lane 1: Immunoblot of Met-1 transfectants with mouse 
anti-GFP antibody. Lane 2: Autoradiogram of [35S]GTP7SGST-RhoA 
binding to GFP-RB (obtained from Met-1 transfectants using anti-GFP- 
mediated immunoprecipition). Lane 3: Autoradiogram of [35S]GTP7S 
binding [in the presence of GST alone (without RhoA)] to GFP-RB 
(obtained from Met-1 transfectants using anti-GFP-mediated immuno- 
precipited materials). Lane 4: Immunoblot of Met-1 transfectants with 
normal mouse IgG. 

KX 

of GTP7SGST-RhoA(Fig. 4A, lane 1). GST-CAT is also 
found to phosphorylate myosin light chain in the absence 
of GTP7S-GST-RhoA (Fig. 4A, lane 2). A minimal 
amount of myosin light chain phosphorylation is detected 
in the presence of GFP-RB plus GTP-ySGST-RhoA 
(Fig.  4A,  lane  3)  or  staurosporine  (a  serine-threo- 

nine kinase inhibitor)-treated 160 kDa ROK in the 
presence of GTT^SGST-RhoA (Fig. 4A, lane 4). These 
results are consistent with previous findings [Amano et 
al., 1996, 1997] suggesting this 160 kDa polypeptide 
expressed in Met-1 cells belongs to a family of kinases 
known to bind RhoA GTPase [also called Rho-Kinase 
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Fig. 4. Effects of ROK and ROK mutant proteins on protein phosphor- 
ylation. The kinase reaction was carried out in the reaction mixture 
containing 100 uM h>-32P]ATP (15-600 mCi/mmol), purified enzymes 
[e.g., 100 ng Met-1 ROK (isolated from anti-ROK-conjugated beads) 
or 20 ng GST-CAT] and 1 ug cellular proteins [e.g., smooth muscle 
myosin light chain, CD44v3,s_10 and FLAG- tagged CD44 cytoplasmic 
domain (FLAG-CD44cyt)] with or without GTP7S-RhoA (isolated 
from CD44v3>8_,0-RhoA complex) (1 uM) or GTP7S GST-RhoA (1 
uM) or GST-RhoA (1 uM) or certain inhibitor (e.g., GFP-RB) as 
described in Materials and Methods. A: Myosin light chain phosphory- 
lation. Lane 1: Autoradiogram of myosin light chain phosphorylation 
by 160 kDa ROK (isolated from Met-1 cells) activated by GTP7SGST- 
RhoA. Lane 2: Autoradiogram of myosin light chain phosphorylation 
by GST-CAT in the absence of GTP7S GST-RhoA. Lane 3: Autoradio- 
gram of myosin light chain phosphorylation by GFP-RB (isolated from 
Met-1 transfectants) in the presence of GTP7SGST-RI10A. Lane 4: 
Autoradiogram of myosin light chain phosphorylation by 160kDa 
ROK in the presence of unactivated GST-RhoA. B: CD44v38_10 

phosphorylation. Lane 1: Autoradiogram of CD44v3,8_i0 phosphoryla- 
tion by 160 kDa ROK (isolated from Met-1 cells) in the presence of 
GTP7S-RhoA (isolated from CD44v38_10-RhoA complex). Lane 2: 
Autoradiogram of CD44v3,8_,0 phosphorylation by GST-CAT in the 
absence of GTP7SRI10A. Lane 3: Autoradiogram of CD44v3i8_10 

phosphorylation by 160 kDa ROK in the presence of GTP7SRhoA 
(isolated from CD44v3i8_,0-RhoA complex) and GFP-RB. Lane 4: 
Autoradiogram of CD44v3i8_,0 phosphorylation by 160 kDa ROK in the 
presence of unactivated GST- RhoA. C: FLAG-tagged CD44cyt 
phosphorylation. Lane 1: Autoradiogram of FLAG-CD44cyt phosphor- 
ylation by GTP7SGST-RhoA-activated ROK. Lane 2: Autoradiogram 
of FLAG-CD44cyt phosphorylation by GST-CAT in the absence of 
GTP7SGST- RhoA. Lane 3: Autoradiogram of FLAG-CD44cyt 
phosphorylation by 160kDa ROK in the presence of GTP7SRhoA 
(isolated from CD44v3i8_I0-RhoA complex) and GFP-RB. Lane 4: 
Autoradiogram of FLAG-CD44cyt phosphorylation by 160 kDa ROK 
in the presence of unactivated GST-RhoA. 

(ROK)] and to phosphorylate MLC. The CAT (but not  ( 
RB) of ROK acts as a constitutively active form of kinase. 

Effects of ROK-mediated CD44v3,8_10 phosphor- 
ylation on membrane-cytoskeleton interaction and 
tumor cell migration. To identify other possible cellular 
substrate(s) of ROK in Met-1 cells, we have examined the 
ability of various ROK-related proteins (e.g., ROK, 
GST-CAT, and GFP-RB) to CD44 [e.g., CD44v3i8_10 

and/or E. co/i-derived FLAG tagged-CD44 cytoplasmic 
domain fusion protein (designated as FLAG-CD44cyt)]. 
Specifically, we have found that GTP-yS-RhoA stimulates 
160 kDa ROK to phosphorylate CD44v3,8_10 (Fig. 4B, 
lane 1). In the presence of unactivated RhoA (e.g., 
GST-RhoA), ROK-mediated CD44v3,8_10 phosphoryla- 
tion is significantly blocked (Fig. 4B, lane 4). The 
constitutively active form of ROK (GST-CAT) also 
causes phosphorylation of CD44v3i8_10 (Fig. 4B, lane 2); 
whereas the dominant-negative form (GFP-RB) of ROK 
inhibits ROK-mediated CD44v3>8_i0 phosphorylation in 
the presence of GTP-ySRhoA (Fig. 4B, lane 3). 

Similarly, our data show that the 160 kDa protein 
isolated from Met-1 cells is capable of phosphorylating 
the cytoplasmic domain of CD44 (FLAG-CD44cyt) (Fig. 
4C). Specifically, there is a significant increase of 160 
kDa protein-mediated phosphorylation of FLAG-CD44cyt 
in the presence of activated GTP7S GST-RhoA (Fig. 4C, |< 
lane 1). The level of ROK-mediated FLAG-CD44cyt 
phosphorylation becomes very low if unactivated GST- 
RhoA is used (Fig. 4C, lane 4). Furthermore, GST-CAT 
(Fig. 4C, lane 2) causes a significant stimulation of 
FLAG-CD44cyt phosphorylation (with no addition of 
GTP-/S-GST-RhoA). In the presence of GFP-RB, phos- 
phorylation of FLAG-CD44cyt by GTPvSGST- RhoA- 
activated ROK is inhibited (Fig. 4C, lane 3). These 
findings support the notion that GST-CAT acts as a 
constitutively active form of ROK and GFP-RB functions 
as a dominant-negative form of ROK. Together, we 
conclude that the cytoplasmic domain of CD44 serves as 
one of the cellular substrates for the 160 kDa Rho-binding- 
dependent kinase, such as ROK. 

In addition, we have analyzed the stoichiometry of 
CD44 phosphorylation by Rho-Kinase (ROK), along 
with a time course, and myosin light chain phosphoryla- 
tion as a positive control. As shown in Figure 5, =1.25 
mol of phosphate is maximally incorporated into 1 mol of 
FLAG-CD44cyt (the cytoplasmic domain of CD44 fu- 
sion protein tagged with FLAG) by ROK in the presence 
of activated GTP7S-GST-RhoA in a time-dependent 
manner (Fig. 5 A-a). Phosphorylation of CD44cyt appears 
to be minimal (at most ~0.1 mol of phosphate incorpo- 
rated into per mol of FLAG-GD44cyt) using ROK treated 
with unactivated GST-RhoA (Fig. 5A-b). In addition, we 
have found that approximately 1 mol of phosphate becomes 
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Fig. 5. Measurement of FLAG-CD44cyt phosphorylation by ROK- 
related proteins. The kinase reaction used in these experiments was the 
same as described in the legend of Figure 4. The amount of (/y-32P]ATP 
incorporated into FLAG-CD44cyt by 160 kDa ROK (in the presence of 
activated GTP7S GST-RhoA or unactivated GST-RhoA) was measured 
at various time intervals (e.g., 0, 10, 20, 30, 60, and 120 min) as 
described in Materials and Methods. Data are means ± SEM of 

triplicate determinations from 3-5 different experiments. A-a: ROK- 
mediated FLAG-CD44cyt phosphorylation in the presence of activated 
GTP7SGST-RhoA. A-b: ROK-mediated FLAG-CD44cyt phosphory- 
lation in the presence of unactivated GST-RhoA. B-a: ROK-mediated 
myosin light chain (MLC) phosphorylation in the presence of activated 
GTP7SGST- RhoA. B-b: ROK-mediated mysoin light chain (MLC) 
phosphorylation in the presence of unactivated GST-RhoA. 

maximally incorporated into 1 mol of myosin light 
chain (MLC) by GTP-yS-GST-RhoA-activated ROK (Fig. 
5B-a). In contrast, the level of ROK-mediated MLC 
phosphorylation is greatly reduced [only —0.28 mol of 
phosphate incorporated into 1 mol of myosin light chain 
(MLC)] in the presence of unactivated GST-RhoA (Fig. 
5B-b). Since the stoichiometry of CD44 phosphorylation 
by activated ROK is comparable to that of MLC phosphor- 
ylation (by activated ROK), we conclude that CD44 is a 
good cellular substrate for ROK. 

Phosphorylation of CD44's cytoplasmic domain 
has been shown to be important for its interaction with the 
cytoskeletal proteins such as ankyrin [Bourguignon et al., 
1992; Kalomiris and Bourguignon, 1989]. In this study, 
we decided to examine the effect of ROK-mediated CD44 
phosphorylation on ankyrin binding. Specifically, the 

highly phosphorylated form of FLAG-CD44cyt (by 
GTP7S-GST-RhoA-activated ROK; as shown in Fig. 4, 
lane 1) or the minimally phosphorylated form of FLAG- 
CD44cyt (using ROK treated with unactivated GST- 
RhoA; as shown in Fig. 4, lane 4) was incubated with 
various concentrations of 125I-labeled ankyrin under equi- 
librium binding conditions. Our results indicate that the 
total amount of 125I- ankyrin binding to the highly 
phosphorylated form of FLAG-CD44cyt is significantly 
higher (Fig. 6C-a) than that detected in the minimally 
phosphorylated form of FLAG-CD44cyt (Fig. 6C-b). 
Further Scatchard plot analyses indicate that ankyrin 
binds to either highly phosphorylated FLAG-CD44cyt or 
minimally phosphorylated CD44cyt at a single site (Fig. 
6A and B). Importantly, the highly phosphorylated FLAG- 
CD44cyt displays at least 40-fold higher ankyrin binding 
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Fie 6 125I-Ankyrin binding to ROK-phosphorylated FLAG-CD44cyt 
by Scatchard plot analyes. Purified '25I-labeled ankyrin (=0.32 nM 
protein 1 5 x 104 cpm/ng) was incubated with FLAG-tagged CD44 
cytoplasmic tail (FLAG-CD44cyt) [bound to anti-FLAG-conjugated 
beads] (=0 75 ng protein in ROK- phosphorylated or unphosphory- 
lated form) in 0.5 ml of the binding buffer [20 mM Tris-HCl (pH 7.4), 
150 mMNaCl, 0.1% (w/v) BSA, and 0.05% Triton X-100] as described 
in Materials and Methods. Following binding, the beads were washed 
in the binding buffer and the bead bound radioactivity was determined. 
Non-specific binding was determined in the presence of a 100-fold 

affinity (with an apparent Kd «0.05 nM) (Fig. 6A) than 
the minimally phosphorylated FLAG-CD44cyt (with an 
apparent Kd «2.1 nM) (Fig. 6B). These results clearly 
support the notion that phosphorylation of the cytoplas- 
mic domain of CD44 by ROK enhances its binding 
interaction with ankyrin, which may be required for 
cytoskeleton-mediated function. 

Previous studies indicate that CD44v3,8_i0-mediated 
invasive phenotype of breast tumor cells (e.g. Met-1 
cells) characterized by an "invadopodia" structure (or 
membranous projections) and tumor cell migration is 
closely associated with ankyrin-linked cytoskeleton func- 
tion [Bourguignon et al., 1998b]. Ankyrin is a family of 
membrane-associated cytoskeletal proteins expressed in a 
variety of biological systems including epithelial cells 

excess of unlabeled ankyrin. A: Scachard plot analysis of the 125I- 
Ankyrin binding to highly phosphorylated FLAG-CD44cyt (by 
GTP7SGST-RhoA-activated ROK). B:Scachard plot analysis of the 
125I-Ankyrin binding to minimally phosphorylated FLAG-CD44cyt (by 
GTP-vS-GST-RhoA-treated ROK in the presence of staurosporine). 
C: The total amount of 125I-Ankyrin binding to highly phosphorylated 
FLAG-CD44cyt (by GTP7SGST-RhoA-activated ROK) (a) or mini- 
mally phosphorylated FLAG-CD44cyt (by GTP-ySGST- RhoA-treated 
ROK in the presence of staurosporine) (b). 

and tissues [Peters and Lux, 1993]. Presently, at least 
three ankyrin genes have been identified: ankyrin 1 (Ank 
1 or ankyrin R), ankyrin 2 (Ank 2 or ankyrin B), and 
ankyrin 3 (Ank 3 or ankyrin G) [Lux et al., 1990; Otto, et 
al., 1991; Kordeli, et al., 1995; Peters, et al., 1995]. These 
molecules belong to a family of related genes that 
probably arose by duplication and divergence of a 
common ancestral gene. Using specific anti-Ankl and 
anti-Ank3 antibody, we have identified the presence of at 
least two ankyrin species (e.g., Ankl and Ank3) in breast 
tumor cells such as Met-1 (Fig. 7). In particular, we have 
found that microinjection of CAT domain' (Fig. 7A-D) 
promotes CD44 (e.g., CD44v3,8- lo) (Fig- 7A and C) 
co-localization with ankyrin [e.g., Ankl (Fig. 7B) and 
AnK3 (Fig. 7D)] in the plasma membranes and mem- 

( 
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|   brane projections (Fig. 7A-D). In contrast, treatment of 
Met-1 cells (microinjected with CAT domain) with rabbit 
anti-CD44v3-antibody (specific for v3 sequence) (Fig. 7a 
and b) or cytochalasin D, the microfilament inhibitor 
(Fig. 7c and d) blocks CD44 (Fig. 7a and c) and ankyrin 
(Fig. 7b and d)-associated membrane projections. Cells 
that are not injected (Fig. 7e and f) and COS cells that do 
not express CD44 but were injected with CAT of ROK 

• (Fig. 7g and h) fail to display active membrane motility 
(e.g., membrane projections). Moreover, our data show 
that CD44-ankyrin-associated membrane projections is 
significantly inhibited in Met-1 cells microinjected with 
RB domain (Fig. 7E and F). Together, these findings 
suggest that ROK (in particular CAT domain but not RB 
domain)-activation and ankyrin-CD44v3 signaling are 
closely coupled in Met-1 cell membrane motility. 

Furthermore, using in vitro migration assays, we 
have found that CD44v3i8_I0-containing Met-1 cells un- 
dergo active cell migration (Table I). Treatments of Met-1 
cells with various agents such as anti-CD44v3 antibody 
and cytochalasin D, cause a significant inhibition of 
tumor cell migration (Table I). Importantly, transfection 
of Met-1 cells with the dominant-negative form of ROK 
cDNA (e.g.,  GFP-RB  cDNA)  but not vector alone 
(pEGFPCl vector) also effectively blocks CD44v3|8_10- 
cytoskeleton-dependent Met-1 tumor cell motility (Table 
I). Together, these findings suggest that CD44v3,8_10, 
cytoskeleton and ROK must be functionally linked during 
metastatic breast tumor progression. 

DISCUSSION 

CD44 [CD44 standard form (CD44s) and variant 
isoforms (CD44v)] belong to a family of transmembrane 
glycoproteins known to bind extracellular matrix compo- 
nents [e.g., hyauronic acid (HA)] in its extracellular 
domain and interact with the cytoskeletal protein, an- 
kyrin, at its cytoplasmic domain [Bourguignon, 1996; 
Lesley et al., 1993]. Cells expressing a high level of 
CD44 isoforms often display enhanced hyaluronic acid 
binding, which is directly related to tumor cell growth 
and migration [Zhang et al., 1995]. HA binding to CD44s 
has been shown to stimulate the pl85HER2-associated 
tyrosine kinase, which is linked to CD44s via a disulfide 
linkage [Bourguignon et al., 1997], and results in direct 
"cross-talk" between two different signaling pathways 
(e.g., proliferation vs. motility/invasion) [Bourguignon et 
al., 1998a,b]. Most importantly, certain angiogenic fac- 
tors and matrix degradating enzymes (MMPs) are also 
tightly associated with CD44v isoforms [Bourguignon et 
al., 1998b], and are believed to play synergistic roles in 
the generation of oncogenic signals leading to tumor- 
specific behaviors (e.g., invasion and motility/migration) 

in a cytoskeleton-dependent manner [Bourguignon et al 
1998b]. 

As the histologic grade of each tumor progresses, 
the percentage of lesions expressing CD44 variant iso- 
forms increases. In particular, the CD44v3-containing 
isoforms (e.g., CD44v3,8_10) are expressed preferentially 
on highly malignant breast carcinoma tissue samples 
[Bourguignon et al., 1995b; Bourguignon, 1996; Iida and 
Bourguignon, 1997] and metastatic breast tumor cells 
(Fig. 1) [Bourguignon et al., 1998a,b]. In fact, there is a 
direct correlation between CD44v3 isoform expression 
and increased histologic grade of the malignancy [Bour- 
guignon et al., 1995b; Iida and Bourguignon, 1997; Sinn 
et al., 1995]. One study indicates that expression of the 
CD44v3 isoform in breast tumors may be used as an 
accurate predictor of overall survival [Kaufmann et al., 
1995]. Previously, CD44v38_10has been shown to contain 
sulfated oligosaccharides [Bennet et al., 1995; Jackson et 
al.,  1995]. Our recent results indicate that 35S04

2" is 
incorporated into the glycosaminoglycan (GAG) chains 
of CD44v3,8_io isolated from Met-1 cells [Bourguignon et 
al., 1998a,b]. The GAG chains of CD44v3-containing 
isoforms appear to be important in the linkage of heparin 
binding growth factors [Bennet et al., 1995; Bourguignon 
et al.,  1998a,b; Jackson et al.,  1995]. For example, 
CD44v3i8_I0 of Met-1 cells binds preferentially to vascu- 
lar endothelial growth factor (VEGF), but not basic 
fibroblast growth factor (bFGF) [Bourguignon et al., 
1998a,b]. VEGF is a specific mitogen for endothelial cells 
and a potent microvascular permeability factor [Dvorak 
et al., 1995; Folkman, 1985]. It plays an integral role in 
angiogenesis and thus in potentiation of solid tumor 
growth [Dvorak et al, 1995; Folkman, 1985]. Therefore, 
the attachment of VEGF to the heparin sulfate sites on 
CD44v3i8_10 may be responsible for the onset of breast 
tumor-associated angiogenesis. It is also speculated that 
some of these CD44v3 isoforms on epithelial cells may 
act as surface modulators to facilitate unwanted growth 
factor receptor-growth factor interactions [Bennet et al., 
1995; Bourguignon et al, 1998a,b; Jackson et al., 1995] 
and subsequent tumor metastasis. Recently, we have 
found that the CD44v3i8_i0 isoform expressed on Met-1 
cell surface is closely associated with the matrix metallo- 
proteinase, MMP-9, and interacts with the cytoskeleton to 
promote tumor cell-specific phenotypes including "inva- 
dopodia" formation and tumor cell migration »[Bour- 
guignon et al.,  1998a,b]. These findings suggest that 
CD44v38_10 and its  associated  cytoskeleton play an 
important role in metastatic tumor cell behavior. 

Cytoskeletal reorganization has been linked to the 
activation of Rho-like proteins including RhoA, Racl, 
and Cdc42 [Hall, 1998; Narumiya, 1996]. Specifically, 
RhoA is required for actin filament bundling, stress fiber 
formation, and acto-myosin-based contractility  [Hall, 
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TABLE I. Measurement of Tumor Cell Migration* 

■ Cell migration (% of control) 

No Anti-CD44v3- Cytochalasin 
Cells treatment treated D treated 

Untransfected cells 
(control) 100 27 . 24 

Vector-transfected 
cells 98 25 22 

GFP-RB cDNA-trans- 
fected cells 21" <5 <5 

*Met-l cells [=1 X 104 cells/well in phosphate buffered saline (PBS), 
pH 7.2] [in the presence or absence of rabbit anti-CD44v3 antibody (50 
ug/ml) or cytochalasin D (20 ug/ml)] were placed in the upper chamber 
of the transwell unit. In some cases, Met-1 cells were transfected with 
either GFP-tagged RB cDNA or GFP-vector alone. After 18 h 
incubation at 37°C in a humidified 95% air/5% C02 atmosphere, cells 
on the upper side of the filter were removed by wiping with a cotton 
swab. Cell migration processes were determined by measuring the cells 
that migrate to the lower side of the polycarbonate filters by standard 
cell number counting methods as described previously (58). Each assay 
was set up in triplicate and repeated at least 3 times. All data were 
analyzed statistically by Student's f-test and statistical significance was 
set at P < 0.01. In these experiments =30 to 40% of input cells 
(=1 X 104 cells/well) undergo in vitro migration in the control 
samples. The values expressed represent an average of triplicate 
determinations of 3-5 experiments with a standard deviation less 
than ±5%. 

1998; Narumiya, 1996]. In this study we have demon- 
strated that RhoA is closely associated with CD44v38_10 

as a complex (Fig. 1). RhoA complexed with CD44v3,8_10 

binds GTP and displays GTPase activity which can be 
inhibited by C3 toxin-mediated ADP-ribosylation (Fig. 
2). In order to establish the functional involvement of this 
CD44v3?8_10-RhoA complex in regulating the metastatic 
phenotype, we have searched for the downstream effec- 
tor(s) for this transmembrane complex. Rho-Kinase (ROK) 
(also called Rho-binding Kinase) is known to bind Rho 
GTPase and participate in cytoskeleton functions and 
membrane motility [Amano et al., 1997; Leung et al., 
1996; Matsui et al, 1996]. ROK also phosphorylates 

myosin light chain phosphatase and myosin light chain 
[Amano et al., 1996; Kimura et al.,  1996], thereby 
activating myosin adenosine triphosphatase (ATPase) and 
generating  actomyosin-mediated  membrane  motility 
[Amano et al, 1996; Kimura et al., 1996]. ROK is also 
responsible for the phosphorylation of CD44-associated 
cytoskeletal proteins [e.g., Ezrin/Radixin/Moesin (ERM)] 
during actin filament and plasma membrane interaction 
[Matsui et al, 1998]. When ROK is overexpressed or 
constitutively activated, changes in actin cytoskeleton 
organization occur that are similar to those observed 
during Rho-activated conditions [Kimura et al., 1996; 
Leung et al.,   1996].  This evidence prompted us to 
investigate ROK as a possible downstream effector for 
RhoA (complexed with CD44v3>8_10). In Met-1 cells, we 
have identified a 160 kDa protein as a ROK-like protein 
containing RhoA-binding properties (Fig. 3B). This 160 
kDa ROK activity can be  activated by binding to 
activated RhoA but not unactivated RhoA (Figs. 4 and 5). 
Both 160 kDa ROK and the catalytic domain (GST- 
CAT) (but not the Rho-binding domain, GFP-RB) of 
ROK appear to be essential for activating ROK-mediated 
phosphorylation of cellular proteins including myosin 
light chain (Fig. 4A), CD44v3,8_10 (Fig. 4B), and the cyto- 
plasmic domain of CD44 (Figs. 4C and 5). These results 
clearly indicate that ROK acts as one of the downstream 
effectors of RhoA (complexed with CD44v38_10). 

Ankyrin (e.g., Ankl, Ank2, or Ank3) is known to 
bind to a number of plasma membrane-associated pro- 
teins including band 3, two other members of the anion 
exchange gene family [Bennet, 1992], Na+/K+- ATPase 
[Zhang et al, 1998], the amiloride-sensitive Na+ channel 
[Smith et al., 1991], the voltage-dependent Na+ channel 
[Kordeli et al., 1995], Ca2+ channels [Bourguignon et al., 
1993b, 1995a; Bourguignon and Jin, 1995], and the 
adhesion molecule, CD44 [Bourguignon et al., 1995b, 
1997; Bourguignon, 1996]. It has been suggested that the 
binding of ankyrin to certain membrane-associated mol- 

, 

Fig. 7. Double immunofluorescence staining of CD44 and ankyrin in 
Met-1 cells microinjected with CAT or RB domain. Met-1 cells 
(microinjected with CAT or RB domain) grown in the presence and 
absence of certain agents [e.g., rabbit anti-CD44v3 antibody (50 ug/ml) 
or cytochalasin D (20 ug/ml)] were fixed by 2% paraformaldehyde. 
Subsequently, cells were surface labeled with FITC-labeled rat anti- 
CD44 antibody. These cells were then rendered permeable by ethanol 
treatment and stained with rhodamine (Rh)-labeled mouse anti-Ankl 
IgG or Rh-labled rabbit anti-Ank3 IgG. To detect non-specific antibody 
binding, FITC-CD44-labeled cells were incubated with Rh-conjugated 
normal mouse IgG or Rh-conjugated rabbit preimmune serum. No 
labeling was observed in such control samples. A-D: Staining of 
surface CD44 with FITC-conjugated rat anti-CD44 antibody (A and C); 
and intracellular ankyrin (Ankl) with Rh-conjugated mouse anti-Ankl 
antibody (B) andAnk3 antibody (D) in Met-1 cells microinjected with 
CAT domain. E,F: Staining of surface CD44 with FITC-conjugated rat 

anti-CD44 antibody (E); and intracellular ankyrin with Rh-conjugated 
mouse anti-Ankl antibody (F) in Met-1 cells microinjected with RB 
domain. a,b: Staining of surface CD44 with FITC-conjugated rat 
anti-CD44 antibody (a), and intracellular ankyrin with Rh-conjugated 
mouse anti-Ankl antibody (b) in Met-1 cells microinjected with CAT 
domain and incubated with rabbit anti-CD44v3 antibody. c^i^Staining 
of surface CD44 with FITC-conjugated rat anti-CD44 antibody (c), and 
intracellular ankyrin with Rh-conjugated mouse anti-Ankl antibody 
(d) in Met-1 cells microinjected with CAT domain and incubated with 
cytochalasin D. e,f: Staining of surface CD44 with FITC-conjugated 
rat anti-CD44 antibody (e), and intracellular Ankl with Rh-conjugated 
mouse anti-Ankl antibody (f) in Met-1 cells without any injection 
treatment, g, h: Staining of surface CD44 with FITC-conjugated rat 
anti-CD44 antibody (g), and intracellular ankyrin with Rh-conjugated 
mouse anti-Ankl antibody (h) in COS-7 cells (a CD44-negative cell 
line) microinjected with CAT domain. 
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Fig. 8. A proposed model for the regulation of membrane-cy toskeleton 
interaction and cell motility in metastatic breast tumor cells by 
CD44v3,8_io-RhoA signaling and ROK activation. Step I: CD44v3,8_10 

(containing oncogenic signaling-related v3 exon-encoded structure) is 
tightly coupled with RhoA in a complex which can up-regulate 
Rho-Kinase (ROK) activity. Step II: Activated ROK phosphorylates 
cellular proteins including the cytoplasmic domain of CD44v3,8_io and 

ecules may be needed for signal transduction, cell adhe- 
sion, cell migration, and tumor metastasis [Bourguignon 
et al., 1993a,b, 1995a,b]. The cytoplasmic domain of 
CD44s (approximately 70 a. a. long) is highly conserved 
(= 90%) in most of the CD44 isoforms, and is clearly 
involved in specific ankyrin binding [Lokeshwar et al., 
1994; Zhu and Bourguignon, 1998]. The ankyrin-binding 
domain of CD44 has also been mapped using deletion 
mutation analyses and mammalian expression systems 
[Lokeshwar et al., 1994; Zhu and Bourguignon, 1998]. 

possibly myosin light chain (MLC-P-shown by a thin dotted line). Step 
III: Phosphorylation of CD44v3iM0's cytoplasmic domain by ROK 
promotes the binding of CD44v3iW0 to the cytoskeletal protein, ankyrin 
(Ank), which in turn interacts with fodrin and actin-myosin-based 
microfilamenteous contractile elements. Step IV: This membrane- 
cytoskeleton interaction is required for cell motility including tumor 
cell migration during breast cancer progression. 

The results of these experiments indicate that at least two 
subregions within the CD44 cytoplasmic domain consti- 
tute the ankyrin binding-region I (i.e., the high-affinity 
ankyrin-binding region) and region II (i.e., the regulatory 
region). In particular, the region I ankyrin-binding do- 
main (e.g., "NGGNGTVEDRKPSEL" between aa 306 and 
aa 320 in the mouse CD44 and "NSGNÖAVEDRKPSGL" 
aa 304 and aa 318 in human.CD44) is required for cell 
adhesion, Src kinase recruitment, and tumor cell transfor- 
mation [Lokeshwar et al., 1994; Zhu and Bourguignon, 
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1998]. Recent data indicate that the amino acid sequence- 
"NGGNGTVEDRKPSEL" (located between aa 480 and 
aa 494 of CD44v3i8_10) in Met-1 cells binds specifically to 
the cytoskeletal protein, ankyrin (but not fodrin or 
spectrin), and belongs to the ankyrin-binding domain of 
CD44v3j8_10 [Bourguignon et al., 1998a,b]. 

Previously, it has been shown that the binding 
interaction between CD44 and ankyrin is up-regulated by 
.several factors including protein kinase C-mediated phos- 
phorylation [Bourguignon et al., 1992; Kalomiris and 
Bourguignon, 1989], palmityolation [Bourguignon et al., 
1991] and GTP-binding [Hirao et al., 1996; Lokeshwar 
and Bourguignon, 1992]. In this study, we have provided 
new evidence that phosphorylation of CD44 by RhoA- 
activated ROK also stimulates its binding to ankyrin (Fig. 
6). Further analyses using double immunofluorescence 
staining show that Met-1 cells express both Ankl (Fig. 
7B) and Ank3 (Fig. 7D). In particular, the catalytic 
domain (CAT) but not the Rho-binding domain (RB) of 
ROK is responsible for promoting CD44 phosphorylation 
(Figs. 4 and 5), which up-regulates CD44-ankyrin (e.g., 
Ankl and/or Ank3)-mediated membrane motility (Fig.7A- 
D). Moreover, Met-1 tumor cell migration is inhibited by 
cytochalasin D (Table I), suggesting that some actin 
polymerization or microfilamenteous cytoskeleton might 

| be required. Our findings are consistent with a previous 
study indicating CD44 and its associated cytoskeletal 
proteins [e.g., ERM (ezrin, radixin, and moesin)-F-actin 
complex] appear to be an essential prerequisite for the 
Rho GTPase-induced cytoskeletal changes [Hirao et al., 
1996; Tsukita et al., 1994]. This membrane-cytoskeleton 
interaction could also lead to abnormal tumor cell motil- 
ity (e.g., membrane projections and cell migration) (Fig. 
7A-D; and Table I) in Met-1 cells. In addition, we have 
found that treatment of Met-1 cells with anti-CD44v3 
antibody/cytochalasin D (Fig. 7a-d) or overexpression of 
the Rho-binding (RB) domain of ROK (by transfecting 
Met-1 cells with RBcDNA) (Fig. 7E and F) induces 
reversal of tumor cell-specific phenotypes such as mem- 
brane motility and tumor cell migration (Table I). To- 
gether, these findings strongly suggest that oncogenic 
signaling  (derived  from  the  v3-coded  structure  of 
CD44v38_10) and ROK activation are closely coupled 
during the onset of cytoskeleton function and tumor- 
specific behavior in metastatic breast tumor cells. As 
summarized in Figure 8, we propose that CD44v38_,0 

(containing oncogenic signaling-related v3 exon-encoded 
structure) is tightly coupled with RhoA in a complex that 
can up-regulate Rho-Kinase (ROK) activity (Step I). 
Activated ROK then phosphorylates certain cellular pro- 
teins including the cytoplasmic domain of CD44v3^10 

and possibly myosin light chain (Step II). Most impor- 
tantly, phosphorylation of CD44v38_10's cytoplasmic do- 
main by ROK promotes the binding of CD44v3 8_I0 to the 

cytoskeletal protein, ankyrin (e.g., Ankl and/or Ank3) 
(Step III), which in turn interacts with fodrin and 
actin-myosin based micro filaments. We proposed that this 
membrane-cytoskeleton interaction is required for stimu- 
lating membrane motility and tumor cell migration (Step 
IV) during breast cancer progression. 
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Ankyrin-Tiaml Interaction Promotes Racl Signaling and Metastatic 
Breast Tumor Cell Invasion and Migration 
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Abstract. Tiaml (T-lymphoma invasion and metastasis 
1) is one of the known guanine nucleotide (GDP/GTP) 
exchange factors (GEFs) for Rho GTPases (e.g., Racl) 
and is expressed in breast tumor cells (e.g., SP-1 cell 
line). Immunoprecipitation and immunoblot analyses 
indicate that Tiaml and the cytoskeletal protein, 
ankyrin, are physically associated as a complex in vivo. 
In particular, the ankyrin repeat domain (ARD) of 
ankyrin is responsible for Tiaml binding. Biochemical 
studies and deletion mutation analyses indicate that the 
11-amino acid sequence between amino acids 717 and 
727 of Tiaml (717GEGTDAVKRS727L) is the ankyrin- 
binding domain. Most importantly, ankyrin binding to 
Tiaml activates GDP/GTP exchange on Rho GTPases 

) (e.g., Racl). 
Using an Escherichia co/Z-derived calmodulin-bind- 

ing peptide (CBP)-tagged recombinant Tiaml (amino 
acids 393-728) fragment that contains the ankyrin- 
binding domain, we have detected a specific binding in- 
teraction between the Tiaml (amino acids 393-738) 

fragment and ankyrin in vitro. This Tiaml fragment also 
acts as a potent competitive inhibitor for Tiaml binding 
to ankyrin. Transfection of SP-1 cell with Tiaml cDNAs 
stimulates all of the following: (1) Tiaml-ankyrin asso- 
ciation in the membrane projection; (2) Racl activa- 
tion; and (3) breast tumor cell invasion and migration. 
Cotransfection of SP1 cells with green fluorescent pro- 
tein (GFP)-tagged Tiaml fragment cDNA and Tiaml 
cDNA effectively blocks Tiaml-ankyrin colocalization 
in the cell membrane, and inhibits GDP/GTP exchange 
on Racl by ankyrin-associated Tiaml and tumor-spe- 
cific phenotypes. These findings suggest that ankyrin- 
Tiaml interaction plays a pivotal role in regulating 
Racl signaling and cytoskeleton function required for 
oncogenic signaling and metastatic breast tumor cell 
progression. 

Key words:   Tiaml • ankyrin • Racl signaling • inva- 
sion/migration • metastatic breast tumor cells 

Introduction 
Members of the Rho subclass of the ras superfamily (small 
molecular masses GTPases, e.g., Racl, RhoA, and Cdc42) 
are known to be associated with changes in the mem- 
brane-linked cytoskeleton (Ridley and Hall, 1992; Hall, 
1998). For example, activation of Racl, RhoA, and Cdc42 
has been shown to produce specific structural changes in 
the plasma membrane cytoskeleton associated with mem- 
brane ruffling, lamellipodia, filopodia, and stress fiber for- 
mation (Ridley and Hall, 1992; Hall, 1998). The coordi- 
nated activation of these GTPases is thought to be a 
possible mechanism underlying cell motility, an obvious 
prerequisite for metastasis (Jiang et al., 1994; Dickson and 
Lippman, 1995; Lauffenburger and Horwitz, 1996). 

Address correspondence to Dr. Lilly Y.W. Bourguignon, Department of 
Cell Biology and Anatomy, University of Miami Medical School, 1600 
N.W. 10th Avenue, Miami, FL 33101. Tel.: (305) 547-6691. Fax: (305) 545- 
7166. E-mail: Lbourgui@rhed.miami.edu 

Several guanine nucleotide exchange factors (GEFs,1 

the dbl or DH family) have been identified as oncogenes 
because of their ability to upregulate Rho GTPase activity 
during malignant transformation (Van Aelst and D'Souza- 
Schorey, 1997). One of these GEFs is Tiaml (T-lymphoma 
invasion and metastasis 1), which was identified by retrovi- 
ral insertional mutagenesis and selected for its invasive 
cell behavior in vitro (Habets et al., 1994,1995). This mol- 
ecule is largely hydrophilic and contains several functional 
domains found in signal transduction proteins. For exam- 
ple, the COOH-terminal region of the Tiaml molecule has 
a Dbl homology (DH) domain (Hart et al., 1991,1994; Ha- 
bets et al., 1994) and an adjacent pleckstrin homology 

1Abbreviations used in this paper: ARD, ankyrin repeat domain; CBP, 
calmodulin-binding peptide; DH, Dbl homology; GFP, green fluorescent 
protein; GFP-SBD, GFP-tagged spectrin binding domain; GEF, guanine nu- 
cleotide exchange factor; HA, hemagglutinin; PH, pleckstrin homology; PHn, 
NH2-

termma' PH; Rh, rhodamine; SIP, sphingosine-1-phosphate; SBD, spec- 
trin binding domain; Tiaml, T lymphoma invasion and metastasis 1. 
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(PH) domain, which exists in most GEFs (Hart et al., 1991, 
1994; Habets et al., 1994; Lemmon et al., 1996). In particu- 
lar, the DH domain of these proteins exhibits GDP/GTP 
exchange activity for specific members of the Ras super- 
family of GTP-binding proteins (Hart et al., 1991, 1994). 
Tiaml also contains an additional PH domain, a Discs- 
large homology region (DHR; Habets et al., 1994; Pon- 
tings and Phillips, 1995), and a potential myristoylation 
site in the NH2-terminal part of the protein (Habets et al., 
1994). 

Overexpression of both NH2 and COOH terminally 
truncated as well as full-length Tiaml proteins induces the 
invasive phenotype in otherwise noninvasive lymphoma 
cell lines (Michiels et al., 1995). It is also well established 
that Tiaml is capable of activating Racl in vitro as a GEF, 
and induces membrane cytoskeleton-mediated cell shape 
changes, cell adhesion, and cell motility (Woods and Bry- 
ant 1991; Michiels et al., 1995; Nobes and Hall, 1995; Van 
Leeuwen et al., 1995). These findings have prompted in- 
vestigations into the mechanisms involved in the regula- 
tion of Tiaml. In fact, it has been found that addition 
of certain serum-derived lipids (e.g., sphingosine-1-phos- 
phate [SIP] and LPA) to T-lymphoma cells promotes 
Tiaml-mediated Racl signaling and T-lymphoma cell in- 
vasion (Stam et al., 1998). A Tiaml transcript has been de- 
tected in breast cancer cells (Habets et al., 1995). Tiaml is 
shown to function as a GEF in activating Racl signaling in 
breast tumor cells (Bourguignon et al., 2000). The ques- 
tion of how this molecule is regulated in invasive and met- 
astatic processes of breast cancer cells is addressed in the 
present study. 

Ankyrin belongs to a family of cytoskeletal proteins that 
mediate linkage of integral membrane proteins with the 
spectrin-based skeleton in regulating a variety of biologi- 
cal activities (Bennett, 1992; Bennett and Gilligan, 1993; 
De Matteis and Morrow, 1998). Presently, at least three 
ankyrin genes have been identified: ankyrin 1 (ANK1 or 
ankyrin R), ankyrin 2 (ANK2 or ankyrin B), and ankyrin 3 
(ANK3 or ankyrin G) (Lambert et al., 1990; Lux et al., 
1990; Tse et al., 1991; Otto et al„ 1991; Peters and Lux 
1993; Kordeli et al., 1995; Peters et al., 1995). All ankyrin 
species (e.g., ANK1, ANK2, and ANK3) are monomers 
comprised of two highly conserved domains and a variable 
domain. Both conserved domains are located in the NH2- 
terminal region and include a membrane-binding site 
(~89-95 kD,  also  called the  ankyrin repeat domain 
[ARD]; Davis and Bennet, 1990; Lux et al., 1990), and a 
spectrin binding domain (SBD, ~62 kD; Platt et al., 1993). 
The striking feature shared by all three forms of ankyrins 
is the repeated 33-amino acid motif present in 24 contigu- 
ous copies within the ARD. The ARD of ANK1, ANK2, 
and ANK3 is highly conserved. A number of tumor cells 
express ankyrin such as ANK1 and ANK3 (Bourguignon 
et al., 1998a,b; Zhu and Bourguignon, 2000). Most re- 
cently, we have found that ankyrin's ARD interacts with 
the adhesion molecule, CD44, and promotes tumor cell 
migration (Zhu and Bourguignon, 2000). In addition, the 
ARD domain (also referred to as cdc 10 repeats, cdclO/ 
SW16 repeats, and SW16/ANK repeats) has been detected 
in a number of functionally distinct proteins participating 
in protein-protein binding and protein-DNA interactions 
(Davis and Bennett, 1990; Lux et al., 1990). 

In this study, we have focused on the regulatory aspect 
of Tiaml-Racl signaling in metastatic breast tumor cells 
(SP-1 cell line). Our results indicate that Tiaml interacts 
with ankyrin in vivo and in vitro. In particular, the ankyrin 
repeat domain (ARD) is directly involved in Tiaml bind- 
ing. Biochemical analyses show that the Tiaml fragment 
(amino acids 393-738) contains an ankyrin-binding site 
and competes for Tiaml binding to ankyrin. Most impor- 
tantly, the binding of ankyrin, in particular, the ankyrin re- 
peat domain (ARD), to Tiaml activates Rho-like GTP- 
ases such as Racl. Overexpression of Tiaml in SP-1 cells 
by transfecting Tiaml cDNA induces Tiaml-ankyrin asso- 
ciation in the cell membrane, Racl signaling, and meta- 
static phenotypes. Both Tiaml-ankyrin interaction and 
tumor-specific behaviors are significantly inhibited by 
cotransfecting SP-1 cells with the Tiaml (amino acids 393- 
738) fragment cDNA and Tiaml cDNA. Our observations 
suggest that Tiaml interaction with ankyrin promotes Rho 
GTPase activation and cytoskeletal changes required for 
metastatic breast tumor cell invasion and migration. 

Materials and Methods 

Cell Culture 

Mouse breast tumor cells (e.g., SP1 cell line; provided by Dr. Bruce El- 
liott, Department of Pathology and Biochemistry, Queen's University, 
Kingston, Ontario, Canada) were used in this study. Specifically, the SP1 
cell line was derived from a spontaneous intraductal mammary adenocar- 
cinoma that arose in a retired female CB A/J breeder in the Queen's Uni- 
versity animal colony. These cells were capable of inducing lung me- 
tastases by sequential passage of SP1 cells into mammary gland (Elliott ( 
et al., 1988). These cells were cultured in RPMI 1640 medium supple- 
mented with either 5 or 20% FCS, folk acid (290 mg/1), and sodium pyru- 
vate (100 mg/1). COS-7 cells were obtained from American Type Culture 
Collection and grown routinely in DME containing 10% FBS, 1% 
glutamine, 1% penicillin, and 1% streptomycin. 

Antibodies and Reagents 

For the preparation of polyclonal rabbit anti-Tiaml antibody, specific syn- 
thetic peptides (~15-17 amino acids unique for the COOH-terminal se- 
quence of Tiaml) were prepared by the Peptide Laboratories of the De- 
partment of Biochemistry and Molecular Biology using an automatic 
synthesizer (model ACT350; Advanced Chemtech). These Tiaml-related 
polypeptides were conjugated to polylysine and subsequently injected into 
rabbits to raise the antibodies. The anti-Tiaml-specific antibody was 
collected from each bleed and stored at 4°C containing 0.1% azide. The 
anti-Tiaml IgG fraction was prepared by conventional DEAE-cellulose 
chromatography. Mouse monoclonal anti-hemagglutinin (HA epitope) 
antibody (clone 12 CA5) and mouse monoclonal anti-green fluorescent 
protein (GFP) antibody were purchased from Boehringer Mannheim and 
PharMingen, respectively. Escherichia coli (E. co//)-derived GST-tagged 
Racl/Cdc42 and GST-tagged RhpA was provided by Dr. Richard A. Ceri- 
one (Cornell University, Ithaca, NY) and Dr. Martin Schwartz (Scripps 
Research Institute, La Jolla, CA), respectively. Mouse monoclonal eryth- 
rocyte ankyrin (ANK1) and ANK3 antibodies were prepared as described 
previously (Bourguignon et al., 1993a). Rabbit anti-ANK3 antibody was 
provided by Dr. L.L. Peters (Jackson Laboratory, Bar Harbor, ME; Peters 
et al., 1995). 

Cloning, Expression, and Purification of GST-tagged 
Ankyrin Repeat Domain (GST-ARD) and GFP-tagged 
Spectrin Binding Domain (GFP-SBD) of Ankyrin 

pGEX-2TK recombinant plasmid expressing GST-ARD (NH2-terminal     - 
portion of ankyrin, residues 1-834) was constructed as follows. Two 
pGEX-2TK recombinant plasmids pA3-79 (expressing epithelial Ank3 
NH2-terminal 1-455 amino acids) and pA3-88 (expressing epithelial Ank3 
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NHrterminal 317-834 amino acids; Peters et al., 1995) were provided by 
Dr LL Peters from the Jackson Laboratory. The two plasmids were di- 
gested by EcoRI (one of pGEX-2TK vector cloning sites) and Nhel (in 
ankyrin cDNA 1,176 bp) sequentially. The digested products were run in 
1 % agarose gel and purified with a purification kit (QIAGEN). The larger 
cDNA fragment in pA3-79-digested products (containing the pGEX-2TK 
vector and ankyrin cDNA 1-1,176 bp) and the smaller one in pA3-88- 
digested products (containing ankyrin cDNA 1,176-2,556 bp) were cut 
and purified. These two cDNA fragments were ligated and transformed to 
INVaF'-competent cells. The obtained clones were sequenced to verify 
the correct generation of the full-length ARD. 

Spectrin binding domain (SBD) cDNA of human erythrocyte ankyrin 
was cloned into the eukaryotic expression vector, GFPN1 (CLONTECH 
Laboratories, Inc.) using the PCR-based cloning strategy. Ankynn's SBD 
cDNA was amplified by PCR with two specific primers (left, 5'-CGCTC- 
GAGATGAAGGCTGAGAGGCGGGATTCC-3' and right, 5'-ATAA- 
GCTTCAGGGGCGTCGGGGTCCTTCT-3') linked with specific en- 
zyme digestion site (Xhol and HindHI). The PCR product, which was 
digested with Xhol and HindHI, was purified with QIAquick PCR purifi- 
cation kit (QIAGEN). Ankyrin's SBD cDNA fragment was cloned into 
GFPN1 vector digested with Xhol and HindHI. The cDNA sequence was 
confirmed by nucleotide sequencing analysis. The GFP-tagged spectrin 
binding domain (GFP-SBD) of ankyrin is expressed as an 89-kD polypep- 
tide in SP1 or COS-7 cells by SDS-PAGE and immunoblot analyses. The 
89-kD GFP-SBD (but not ARD) displays specific spectrin binding prop- 
erty as described previously (Platt et al., 1993). Subsequently, GFP-SBD 
was isolated from anti-GFP-conjugated affinity columns and used in vari- 
ous in vitro binding experiments as described below. 

Expression Constructs 
Both the full-length mouse Tiaml cDNA (FL1591) and the NH2 termi- 
nally truncated Tiaml cDNA (C1199) were provided by Dr. John G. Col- 
lard (The Netherlands Cancer Institute, The Netherlands). Specifically, 
the full-length Tiaml (FL1591) cDNA was cloned into the eukaryotic ex- 
pression vector, pMT2SM. The truncated C1199 Tiaml cDNA (carrying a 
hemagglutinin epitope [HA] tag at the 3' end) was cloned in the eukary- 

1 otic expression vector, pUTSVl (Eurogentec, Belgium). 
The deletion construct, HA-tagged C1199 TiamlA717-727 (deleting the 

sequence between amino acids 717 and 727 of Tiaml) was derived from 
C1199 Tiaml using QuickChange™ site-directed mutagenesis kit (Strat- 
agene). In brief, two complimentary mutagenic oligonucleotide primers 
containing the desired deletion (5'-CCCAACCATCAACCAGGTGTT- 
TGAGGGAATATTTGATG-3') was designed and synthesized. First, 
the cycling reaction, using 30-ng double-stranded DNA template of C1199 
Tiaml plasmid and two complimentary primers, was performed to pro- 
duce mutated cDNA according to the manufacturer's instruction. Subse- 
quently, 1 al of the Dpnl restriction enzyme (10 U/ul) was added directly 
to the cycling reaction products to digest the parental supercoiled double- 
stranded DNA. This DpnI-treated cDNA was used to transform super- 
competent cells (e.g., Epicurian coli XL l-blue). Finally, the deletion con- 
struct was confirmed by DNA sequencing. 

The Tiaml (amino acids 393-728) fragment was cloned into calmodu- 
lin-binding peptide (CBP)-tagged vector (pCAL-n; Stratagene) using the 
PCR-based cloning strategy. Using human Tiaml cDNA as a template, 
the Tiaml fragment was amplified by PCR with two specific primers (left, 
5'-AACTCGAGATGAGTACCACCAACAGTGAG-3' and right, 5'- 
AAAAAGCTTTCAGCCATCTGGAACAGTGTCATC-3') linked with 
a specific enzyme digestion site (Xhol or HindHI). The PCR product, 
which was digested with Xhol and HindHI, was purified with QIAquick 
PCR purification kit (QIAGEN). The Tiaml fragment cDNA was cloned 
into pCAL-n vector digested with Xhol and HindHI. The inserted Tiaml 
fragment sequence was confirmed by nucleotide sequencing analyses. The 
recombinant plasmids were transformed to BL21-DE3 to produce CBP- 
tagged Tiaml fragment fusion protein. This fusion protein was purified 
from bacteria lysate by calmodulin affinity resin column (Sigma Chemi- 
cal Co.). 

The Tiaml fragment cDNA was also cloned into pEGFPNl vector 
(CLONTECH Laboratories, Inc.) digested with Xhol and HindHI to cre- 
ate GFP-tagged Tiaml fragment cDNA. The inserted Tiaml fragment se- 
quence was confirmed by nucleotide sequencing analyses. This GFP- 
tagged Tiaml fragment cDNA was used for transient expression in SP1 
cells as described below. The GFP-tagged Tiaml fragment is expressed as 
a 68-kD polypeptide in SP1 or COS-7 cells by SDS-PAGE and immuno- 
blot analyses. 

Cell Transfection 
To establish a transient expression system, cells (e.g., SP-1 or COS-7 cells) 
were transfected with various plasmid DNAs including Tiaml cDNAs 
(e.g„ the full-length mouse Tiam 1 cDNA [FL1591], or HA-tagged C1199 
Tiaml cDNA, or HA-tagged C1199 TiamlA717-727 cDNA, or GFP- 
tagged Tiaml fragment cDNA, or HA-tagged C1199 Tiaml cDNA plus 
GFP-tagged Tiaml fragment cDNA (cotransfection), or vector control 
constructs) using electroporation methods. In brief, cells (e.g. SP-1 or 
COS-7 cells) were plated at a density of 106 cells per 100-mm dish, and 
were transfected with 25 u.g/dish plasmid DNA using electroporation at 
230 V and 960 uFD with a gene pulser (Bio-Rad). Transfected eel s were 
grown in 5 or 20% FCS-containing culture medium for at least 24-4» n. 
Various transfectants were analyzed for the expression of Tiaml or HA- 
tagged (or GFP-tagged) Tiaml mutant proteins by immunoblot, immuno- 
precipitation, and functional assays as described below. 

Immunoprecipitation and Immunoblotting Techniques 
SP-1 cells or COS cells (e.g., untransfected or transfected by various 
Tiaml cDNAs including the full-length mouse Tiaml cDNA [FL1591J or 
HA-tagged C1199 Tiaml cDNA) were first extracted with a solution con- 
taining 50 mM Tris-HCl, pH 7.4,150 mM NaCl, and 1 % NP-4C) buffer fol- 
lowed by solubilizing in SDS sample buffer, and analyzed by SDS-PAGE 
(with 7 5% gel). Separated polypeptides were transferred onto mtrocel u- 
lose filters. After blocking nonspecific sites with 3% BSA, the nitrocellu- 
lose filters were incubated with 5 |xg/ml either of rabbit anti-Tiaml or 
mouse anti-HA (or preimmune serum) plus peroxidase-conjugated goat 
anti-rabbit IgG or goafanti-mouse IgG (1:10,000 dilution), respectively. 
In controls, peroxidase-conjugated normal mouse IgG or preimmune rab- 
bit IgG was also incubated with anti-Tiaml-mediated immunocomplex. 
The blots were developed using ECL chemiluminescence reagent (Amer- 
sham Life Science) according to the manufacturer's instructions 

In some cases, SP-1 cells (transfected with HA-tagged C1199 Tiaml 
cDNA, or HA-tagged C1199 TiamlA717-727 cDNA, or GFP-tagged 
Tiaml fragment cDNA, or cotransfected with HA-tagged C1199 Tiaml 
cDNA and GFP-tagged Tiaml fragment cDNA) were immunoblotted 
with anti-HA antibody (5 u.g/ml) or anti-GFP antibody (5 L,g/ml), respec- 
tively, followed by incubation with HRP-conjugated goat anti-mouse igO 
(1:10,000 dilution) at room temperature for 1 h. 

SP-1 cells were also immunoprecipitated with rabbit anti-Tiaml (5 u.g/ml) 
or mouse antiankyrin antibodies (e.g., 5 u.g/ml of either mouse anti-ANK3 
antibody or mouse anti-ANKl antibody), followed by immunoblotting/re- 
blotting with ankyrin antibodies (e.g., 1 u.g/ml mouse anti-ANK3 anti- 
body or 5 M/ml mouse anti-ANKl antibody, or 1 |ig/ml rabbit anti- 
Tiaml) respectively, followed by incubation with HRP-conjugated goat 
anti-möuse IgG or goat anti-rabbit IgG (1:10,000 dilution) at room tem- 
perature for 1 h. In reblotting controls, both peroxidase-conjugated nor- 
mal mouse IgG or rabbit preimmune IgG was also used. The blots were 
developed using ECL chemiluminescence reagent (Amersham Lite sci- 
ence) according to the manufacturer's instructions. 

Effects of Synthetic Peptides on 
Ankyrin-Tiaml Interaction 
Nitrocellulose discs (1-cm diam) were coated with -1 u.g of a panel 
of synthetic peptides including the ankyrin-binding regi°n peptide 
f717GEGTDAVKRS727L), a scrambled peptide (GRATLEGSDKV) and 
another Tiaml-related peptide (^GTIKRAPFLG^'P; synthesized by Dr. 
Eric Smith, University of Miami). After coating, the unoccupied sites on 
the discs were blocked by incubation with a solution containing 20 mM 
Tris-HCl pH 7 4, and 0.3% BSA at 4°C for 2 h. The discs were incubated 
with various concentration of 125I-labeled cytoskeletal proteins (erythro- 
cyte ankyrin/ARD/ankyrin's SBD/spectrin; -3000 cpm/ng) at 4 C for 2 h 
in 1 ml binding buffer (20 mM Tris-HCl, pH 7.4, 150 mM Nap, 0.2/o 

BSIn)some experiments, "5I-labeled Tiaml (-3,000 cpm/ng) was incu- 
bated with ankyrin-coated beads in the presence of various cuncenttations 
(10-10-10-6 M) of unlabeled synthetic peptide (e.g., CJLCJIUAV- 
KRS727L or the scrambled sequence, GRATLEGSDKV, or another 
Tiaml-related peptide, »GTKRAPFLO*»P) at 4°C for 2! hi hiL 1 m bind- 
ing buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.2% BSA). «»I- 
labeled Tiaml fragment (-3,000 cpm/ng) was also incubated with beads 
containing 1.0 ug of each of the following four proteins: intact ankyrin, 
ARD or spectrin binding domain of ankyrin (GFP-SBD), or GFP alone. 
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After binding, the peptide-coated discs (or cytoskeletal protein-conju- 
gated beads) were washed three times in the binding buffer, and the ra- 
dioactivity associated with the peptide-coated discs (or cytoskeletal pro- 
tein-conjugated beads) was estimated. As a control, the ligands were 
also incubated with uncoated nitrocellulose discs (or beads) to determine 
the binding observed because of the stickiness of various ligands. Non- 
specific binding was observed in these controls. In the peptide competi- 
tion assay, the specific binding observed in the absence of any of the 
competing peptides is designated as 100%. The results represent an aver- 
age of duplicate determinations for each concentration of the competing 
peptide used. 

Binding ofAnkyrin or ARD to Tiaml In Vitro 
Aliquots (0.5-1.0 |xg of protein) of purified Tiaml (e.g., intact Tiaml, or 
C1199 Tiaml, or Tiaml fragment)-conjugated beads were incubated in 
0.5 ml of binding buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% 
BSA, and 0.05% Triton X-100) containing various concentrations (10-800 
ng/ml) of 125I-labeled intact ankyrin (purified from human erythrocytes; 
5,000 cpm/ng protein) or 125I-labeIed recombinant ARD fragment at 4°C 
for 4 h. Specifically, equilibrium binding conditions were determined by 
performing a time course (1-10 h) of 125I-labeled ankyrin (or ARD) bind- 
ing to Tiaml at 4°C. The binding equilibrium was found to be established 
when the in vitro ankyrin (or ARD)-Tiaml binding assay was conducted 
at 4°C after 4 h. After binding, beads were washed extensively in binding 
buffer, and the bead-bound radioactivity was counted. 

As a control, I25I-labeled ankyrin or 125I-labeled ARD was also incu- 
bated with uncoated beads to determine the binding observed because of 
the nonspecific binding of various ligands. Nonspecific binding, which 
represented ~20% of the total binding, was always subtracted from the 
total binding. Our binding data are highly reproducible. The values ex- 
pressed in the Results represent an average of triplicate determinations 
of three to five experiments with an SD less than ±5%. In some cases, 
125I-ankyrin (1-10 ng) was incubated with a polyacrylamide gel contain- 
ing purified Tiaml (obtained from anti-Tiaml affinity column chroma- 
tography) in the absence or the presence of 100-fold excess amount of 
unlabeled ankyrin/spectrin (in the same binding buffer as described 
above) for 1 h at room temperature. After incubation, the gel was washed 
five times with the same binding solution and analyzed by autoradio- 
graphic analyses. 

An in vitro binding assay designed to measure the stoichiometry of 
GST-ARD fusion protein and C1199 Tiaml was also carried out. Specifi- 
cally, in each reaction, 15-60 (il of glutathione-Sepharose bead slurry con- 
taining GST-ARD or GST alone was suspended in 0.5 ml of binding 
buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% BSA, and 0.05% 
Triton X-100). Purified C1199 Tiaml (0.5-1.0 u.g) was added to the bead 
suspension in the absence or the presence of an excess amount of CBP- 
tagged Tiaml fragment (100 u.g) at 4°C for 4 h. After binding, the GST fu- 
sion protein was eluted with its associated C1199 Tiaml using 150 u.1 of 
50 mM Tris-HCl, pH 8.0, buffer containing 30 mM glutathione. The 
amount of eluted GST fusion protein and C1199 Tiaml was determined 
by SDS-PAGE and Coomassie blue staining followed by densitometric 
scanning using a software NIH Image V1.54. The amount of ARD (mol) 
per C1199 Tiaml (mol) was calculated. Values represent relative binding 
abilities averaged from three experiments ± SEM. 

Binding of 125I-Labeled Ankyrin to C1199 Tiaml and 
the Mutant Protein 
SPl cells were transfected with HA-tagged C1199 Tiaml cDNA, or HA- 
tagged C1199 TiamlA717-727 cDNA, or vector alone. These transfectants 
were extracted with a solution containing 50 mM Tris-HCl, pH 7.4,150 mM 
NaCl, and 1% NP-40, and immunoprecipitated with anti-HA irhmunoaf- 
finity beads. Subsequently, aliquots (50 ng proteins) of these beads were 
incubated with 0.5 ml of a binding buffer (20 mM Tris-HCl, pH 7.4,150 mM 
NaCl, 0.1% BSA, and 0.05% Triton X-100) in presence of various concen- 
trations (10-400 ng/ml) of 125I-labeled ankyrin (5,000 cpm/ng protein) at 
4°C for 5 h. After binding, beads were washed extensively in binding 
buffer and the bead-bound radioactivity was counted. 

As a control, I2SI-labeled ankyrin was also incubated with uncoated 
beads to determine the binding observed because of the nonspecific bind- 
ing of the ligand. Nonspecific binding, which represented ~15-20% of the 
total binding, was always subtracted from the total binding. The values ex- 
pressed in the Results represent an average of triplicate determinations of 
three to five experiments with an SD less than ±5%. 

Tiaml-mediated GDP/GTP Exchange for Rho GTPases 
Purified E. co/i'-derived GST-tagged GTPases (e.g., Racl, Cdc42, or 
RhoA; 20 pmol) were preloaded with GDP (30 yM) in 10 u.1 buffer con- / 
taining 25 mM Tris-HCl, pH 8.0, 1 mM DTT, 4.7 mM EDTA, 0.16 mM 
MgCl2, and 200 |xg/ml BSA at 37°C for 7 min. To terminate preloading 
procedures, additional MgCl2 was added to the solution (reaching a final 
concentration of 9.16 mM) as described previously (Zhang et al., 1995). 
Tiaml was isolated from COS-7 cells (transfected with either the full- 
length Tiaml cDNA or HA-tagged C1199 Tiaml cDNA) or SPl cells 
(transfected with various plasmid DNAs such as HA-tagged C1199 Tiaml 
cDNA, GFP-tagged Tiaml fragment cDNA, or HA-tagged C1199 Tiaml 
cDNA plus GFP-tagged Tiaml fragment cDNA [as cotransfection] or 
vector alone) using anti-Tiaml (or anti-HA or anti-GFP)-conjugated 
beads. In some cases, ankyrin-associated Tiaml was isolated from SPl 
cells (transfected with HA-tagged C1199 Tiaml cDNA, GFP-tagged 
Tiaml fragment cDNA, or HA-tagged CU99 Tiaml cDNA plus GFP- 
tagged Tiaml fragment cDNA [as a cotransfection], or vector alone) using 
antiankyrin-conjugated beads. 

Subsequently, 2 pmol of Tiaml, isolated from untransfected or trans- 
fected cells according to the procedures described above, was preincu- 
bated with no ankyrin or ankyrin (e.g., 1 u.g/ml of either intact ankyrin or 
ARD), followed by adding to the reaction buffer containing 20 mM Tris- 
HCl, pH 8.0,100 mM NaCl, 10 mM MgCl2,100 uM AMP-PNP, 0.5 mg/ml 
BSA, and 2.5 uM GTP-7-35S (-1,250 Ci/mmol). Subsequently, 2.5 pmol 
GDP-loaded GST-tagged Rho GTPases (e.g., Racl, RhoA, or Cdc42) or 
GDP-treated GST were mixed with the reaction buffer containing Tiaml 
and GTP-7-35S to initiate the exchange reaction at room temperature. At 
various time points, the reaction of each sample was terminated by adding 
ice-cold termination buffer containing 20 mM Tris-HCl, pH 8.0,100 mM 
NaCl, and 10 mM MgCl2 as described previously (Michiels et al., 1995; 
Zhang et al., 1995). The termination reactions were filtered immediately 
through nitrocellulose filters, followed by one wash with the termination 
buffer. The filters were dissolved completely in scintillation fluid, and the 
radioactivity associated with the filters were measured by scintillation 
fluid. The amount of GTP-7-35S bound to Tiaml or control sample (pre- 
immune serum-conjugated Sepharose beads) in the absence of Rho GTP- 
ases (e.g., Racl, Cdc42, or RhoA) was subtracted from the original values. /''"'-, 
Data represent an average of triplicates from three to five experiments, f ' 
SD<5%. 

Double Immunofluorescence Staining 
SPl cells (untransfected or transfected with various plasmid DNAs such 
as HA-tagged C1199 Tiaml cDNA, GFP-tagged Tiaml fragment cDNA, 
or HA-tagged C1199 Tiaml cDNA plus GFP-tagged Tiaml fragment 
cDNA [as a cotransfection], or vector alone) were first washed with PBS 
(0.1 M phosphate buffer, pH 7.5, and 150 mM NaCl) buffer and fixed by 
2% paraformaldehyde. Subsequently, cells were rendered permeable by 
ethanol treatment followed by staining with different immunoreagents. 
Specifically, untransfected cells were incubated with rhodamine (Rh)-con- 
jugated mouse anti-ANK3 (50 u.g/ml) and fluorescein (FITC)-conjugated 
rabbit anti-Tiaml (50 u-g/ml), respectively. HA-tagged C1199 cDNA- 
transfected cells were stained with Rh-conjugated mouse anti-ANK3 anti- 
body (50 ng/ml) and FITC-conjugated mouse anti-HA IgG (50 u.g/ml), re- 
spectively. GFP-tagged Tiaml fragment cDNA-transfected cells were 
labeled with Rh-conjugated anti-ANK3 (50 (ig/ml). Some SPl transfec- 
tants (cotransfected with Tiaml fragment cDNA and HA-tagged C1199 
Tiaml cDNA) were stained with Rh-conjugated anti-HA (50 u,g/ml) or 
Rh-conjugated anti-ANK3 (50 u.g/ml), respectively. To detect nonspecific 
antibody binding, vector-transfected cells were labeled with Rh-conju- 
gated anti-ANK3 (50 |xg/ml) followed by incubating with FITC-conju- 
gated anti-HA (50 u.g/ml). No anti-HA labeling was observed in such 
control samples. In some experiments, GFP-tagged Tiaml fragment 
cDNA-transfected cells were also incubated with Rh-labeled rabbit pre- 
immune IgG (50 u.g/ml). No nonspecific rhodamine staining was detected 
in these samples. The FITC- and Rh-labeled samples were examined with 
a confocal laser scanning microscope (MultiProbe 2001 inverted CLSM 
system; Molecular Dynamics). 

Tumor Cell Migration and Invasion Assays 
24 transwell units were used for monitoring in vitro cell migration and in-     {■ 
vasion as described previously (Merzak et al., 1994; Bourguignon et al., 
1998b, 2000). Specifically, the 5-u.m porosity polycarbonate filters coated 
with the reconstituted basement membrane substance Matrigel (Collabo- 
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rative Research) were used for the cell invasion assay (Merzak et al., 1994; 
Bourguignon et al., 1998b). The 5-(j,m porosity polycarbonate filters (with- 
out Matrigel coating) were used for the cell migration assay (Merzak et al., 
1994; Bourguignon et al., 1998b, 2000). SP-1 cells transfected with various 
Tiaml-related cDNAs (e.g., full-length Tiaml cDNA, HA-tagged C1199 
Tiaml cDNA, or GFP-tagged Tiaml fragment cDNA, or HA-tagged 
C1199 Tiaml cDNA plus GFP-tagged Tiaml fragment cDNA [cotransfec- 
tion], or vector alone) (~10~4 cells/well in PBS, pH 7.2, untreated or 
treated with cytochalasin D [20 |xg/ml] or DMSO alone) were placed in 
the upper chamber of the transwell unit. The growth medium containing 
high glucose DME supplemented by 10% FBS was placed in the lower 
chamber of the transwell unit. After an 18-h incubation at 37°C in a hu- 
midified 95% air/5% C02 atmosphere, cells on the upper side of the filter 
were removed by wiping with a cotton swap. Cell migration and invasion 
processes were determined by measuring the cells that migrate to the 
lower side of the polycarbonate filters by standard cell number counting 
methods as described previously (Merzak et al., 1994; Zhu and Bour- 
guignon, 2000). Each assay was set up in triplicate and repeated at least 
five times. All data were analyzed statistically by r test and statistical sig- 
nificance was set at P < 0.01. 

Results 

Identification of the GEF, Tiaml in Breast Tumor 
Cells (SP-1 Cells) 

Rho GTPases such as Racl become activated when bound 
GDP is exchanged for GTP by a process catalyzed by 
GEFs such as Tiaml (Habets et al., 1994). A Tiaml tran- 
script has been detected previously in breast cancer cells 
(Habets et al., 1995). In this study, we have analyzed 
Tiaml expression (at the protein level) in SP-1 breast tu- 
mor cells. Immunoblot analysis, using anti-Tiaml antibody 
designed to recognize the specific epitope located at the 
COOH terminus of Tiaml molecule, reveals a single 
polypeptide (~200 kD; Fig. 1, lane 1). This 200-kD Tiaml- 
like molecule, expressed in SP-1 cells, is very similar to the 
Tiaml detected in COS-7 cells that were transiently trans- 
fected with the full-length Tiaml cDNA (Fig. 1, lane 2) or 
NH2 terminally truncated C1199 Tiaml cDNA (Fig. 1, 
lane 3 revealing primarily C1199 Tiaml [160 kD] and a 
low level of endogenous Tiaml [200 kD]). We believe that 
the Tiaml detected in SP-1 cells or COS-7 transfectants, 
revealed by anti-Tiaml-mediated immunoblot, is specific 

< MW.IC Figure 1. Detection of 
Tiaml expression in SP-1 
cells or COS-7 transfectants. 
SP-1 and COS-7 cells, which 
were transfected with the 
full-length Tiaml cDNA 
(FL1591) or NH2 terminally 
truncated C1199 Tiaml 
cDNA or vector alone, were 
solubilized in SDS sample 

buffer and analyzed by SDS-PAGE and immunoblot as de- 
scribed in Materials and Methods, (lane 1) Anti-Tiaml-mediated 
immunoblot of SP-1 cells, (lane 2) Anti-Tiaml-mediated immu- 
noblot of COS-7 cells transfected with the full-length Tiaml 
cDNA (FL1591). (lane 3) Anti-Tiaml-mediated immunoblot of 
COS-7 cells transfected with the NH2 terminally truncated C1199 
Tiaml cDNA. (lane 4) Immunoblot of SP-1 cells with preimmune 
rabbit serum, (lane 5) Immunoblot of COS-7 cells, which were 
transfected with Tiaml cDNA [FL1591], with preimmune rabbit 
serum, (lane 6) Immunoblot of COS-7 cells, which were trans- 
fected with the NH2 terminally truncated C1199 Tiaml cDNA, 
with preimmune rabbit serum. 

since no protein is detected in these cells using preimmune 
rabbit IgG (Fig. 1, lanes 4-6). 

To confirm that the Tiaml-like molecule functions as a 
GDP/GTP exchange factor (or a GDP-dissociation stimu- 
lator protein) for Racl, we have isolated Tiaml from SP-1 
cells using anti-Tiaml-conjugated Sepharose beads. Our 
results indicate that SPl's Tiaml activates GDP/GTP ex- 
change on GST-Racl (Fig. 2 A, a) and, to a lesser extent, 
on GST-Cdc42 (Fig. 2 A, b) and GST-RhoA (Fig. 2 A, c). 
The initial onset of the exchange reaction on GST-Racl 
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Figure 2. Tiaml-mediated GDP/GTP exchange for Rho GTP- 
ases. Purified E. cofi-derived GST-tagged GTPases (e.g., Racl, 
Cdc42, or Rho A) were preloaded with GDP. First, 2 pmol Tiaml 
that was isolated from SP1 cells or COS-7 transfectants was 
added to the reaction buffer containing 20 mM Tris-HCl, pH 8.0, 
100 mM NaCl, 10 mM MgCl2, 100 u.M AMP-PNP, 0.5 mg/ml 
BSA, and 2.5 p,M GTP-7-35S (~1,250 Ci/mmol). Subsequently, 
2.5 pmol GDP-loaded GST-tagged Rho GTPases (e.g., Racl, 
RhoA, Cdc42, or GST alone) were mixed with the reaction buffer 
containing Tiaml and GTP-7-35S to initiate the exchange reac- 
tion at room temperature. At various time points, the reaction of 
each sample was terminated by adding ice-cold termination 
buffer as described in Materials and Methods. The termination 
reactions were filtered immediately through nitrocellulose filters, 
and the radioactivity associated with the filters were measured by 
scintillation fluid. The amount of GTP-y-35S bound to Tiaml or 
control sample (preimmune serum-conjugated Sepharose beads) 
in the absence of Rho GTPases (e.g., Racl, Cdc42, or RhoA) was 
subtracted from the original values. Data represent an average of 
triplicates from three to five experiments. SD < 5%. (A) Kinetics 
of GTP-7-35S bound to GDP-loaded GST-Racl (a), GST-Cdc42 
(b), or GST-RhoA (c), or GST alone (d) in the presence of 
Tiaml (isolated from SP-1 cells). (B) The maximal level of GTP- 
7-35S bound to GST-Racl in the presence of Tiaml isolated from 
SP1 grown in 5% FCS (a, shaded bar) or 20% FCS (a, blank bar); 
or the full-length Tiaml (1,591) isolated from COS-7 transfec- 
tants grown in 5% FCS (b, shaded bar) or 20% FCS (b, blank 
bar); or the C1199 Tiaml isolated from COS-7 transfectants 
grown in 5% FCS (c, shaded bar), or 20% FCS (c, blank bar); or 
Tiaml isolated from vector-transfected COS-7 cells grown in 5% 
FCS (d, shaded bar) or 20% FCS (d, blank bar). 
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occurs within 0.5-1 min after the addition of Tiaml, and 
the reaction reaches its maximal level ~16 min after 
Tiaml addition (Fig. 2 A, a). In contrast, the initial rate of 
Tiaml-catalyzed GDP/GTP exchange on Cdc42 (Fig. 2 A, 
b) and RhoA (Fig. 2 A, c) appears to be significantly lower 
than that detected on Racl (Fig. 2 A, a). In the control 
samples, the amount of [35S]GTP-7-S associated with GST 
alone is found to be significantly decreased (Fig. 2 A, d). 
Further analysis indicates that the ability of Tiaml isolated 
from SP-1 cells to promote GDP/GTP exchange on Racl 
(Fig. 2 B, a) is identical to that carried out by the Tiaml 
isolated from COS-7 transfected with the full-length 
Tiaml cDNA (Fig. 2 B, b) or NH2 terminally truncated 
C1199 Tiaml cDNA (Fig. 2 B, c). Therefore, we believe 
that the Tiaml in SP-1 cells clearly functions as a GDP/ 
GTP exchange factor for Rho-like GTPases such as Racl 
GTPase. 

We have also noticed that Tiaml isolated from non- 
transfected COS-7 cells grown in the presence of 20% FCS 
is capable of catalyzing GDP/GTP exchange on Racl at a 
much higher level (Fig. 2 B, d, blank bar) than Tiaml iso- 
lated from nontransfected COS-7 cells grown in the pres- 
ence of 5% FCS (Fig. 2 B, d, shaded bar). This observation 
is consistent with the previous findings that some serum 
components play an important role in upregulating the 
ability of Tiaml to promote GDP/GTP exchange on Racl 
(Stam et al., 1998). In SP1 cells (Fig. 2 B, a, blank and 
shaded bars) or Tiaml cDNA-transfected COS-7 cells 
(Fig. 2 B, b and c, blank and shaded bars), neither high nor 
low serum causes significant changes in the ability of 
Tiaml to catalyze GDP/GTP exchange on Racl. These 
differential serum effects on the activity of Tiaml isolated 
from low or high Tiaml-expressing cells await future in- 
vestigation. 

Interaction between Tiaml and the Cytoskeletal 
Proteins, Ankyrin 

Certain cytoskeleton proteins, such as ankyrin, are known 
to be involved in regulating a variety of cellular activities 
(Bennett, 1992; Bennett and Gilligan, 1993; Bourguignon, 
1996; Bourguignon et al., 1998a; De Matteis and Morrow, 
1998). Both ankyrinl (ANK1) and ankyrin 3 (ANK3) have 
been shown to be expressed in breast tumor cells (Bour- 
guignon et al., 1998b, 1999). In this study, we have carried 
out anti-ANKl or anti-ANK3-mediated immunoprecipi- 
tation of SP-1 cellular proteins, followed by anti-Tiaml 
immunoblot (Fig. 3, A and B, lane 2) and anti-ANKl (Fig. 
3 A, lane 3)/ANK3 (Fig. 3 B, lane 3) immunoblot, respec- 
tively. Our results indicate that the Tiaml band is revealed 
in antiankyrin (e.g., ANK1 or ANK3)-mediated immuno- 
precipitated materials (Fig. 3, A and B, lane 2). Appar- 
ently, Tiaml is coprecipitated with ANK1 and/or ANK3 
(revealed by reblotting with anti-ANKl/ANK3 antibody; 
Fig. 3, A and B). In control samples, immunoblotting of 
anti-ANKl or anti-ANK3-immunoprecipitated material 
using rabbit preimmune serum (Fig. 3, A and B, lane 1) 
does not reveal any protein associated with this material. 
Anti-Tiaml-mediated immunoprecipitation of SP-1 cellu- 
lar proteins, followed by anti-ANKl (Fig. 3 A, lane 4) or 
anti-ANK3 (Fig. 3 B, lane 4)-mediated immunoblot also 
shows that both ANK1 (Fig. 3 A, lane 4) and ANK3 (Fig. 
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Figure 3. Detection of Tiaml-ankyrin complex in SP1 cells. SP1 
cells (5 X 10s cells) were solubilized by 1% NP-40 buffer and pro- 
cessed for antiankyrin or anti-Tiaml-mediated immunoprecipi- 
tation, followed by immunoblotting with anti-Tiaml or anti- 
ANKl (or anti-ANK3) antibody, respectively, as described in 
Materials and Methods. (A) Analysis of Tiaml-ANKl complex 
(lane 1). Anti-ANKl-mediated immunoprecipitation followed 
by immunoblotting with rabbit preimmune serum, (lanes 2 and 3) 
Detection of Tiaml in the complex by mouse anti-ANKl-medi- 
ated immunoprecipitation, followed by immunoblotting with rab- 
bit anti-Tiaml antibody (lane 2) or reblotting with mouse anti- 
ANK-1 antibody (lane 3). (lanes 4-7) Detection of ANK1 in the 
complex by rabbit anti-Tiaml-mediated immunoprecipitation, 
followed by immunoblotting with mouse anti-ANKl antibody 
(lane 4) or reblotting with rabbit anti-Tiaml antibody (lane 5), or 
peroxidase-conjugated normal mouse IgG (lane 6) or peroxi- 
dase-conjugated rabbit preimmune IgG (lane 7). (B) Analysis of 
Tiaml-ANK3 complex: (lane 1) anti-ANK3-mediated immuno- 
precipitation followed by immunoblotting with rabbit preim- 
mune serum, (lanes 2 and 3) Detection of Tiaml in the complex #" , 
by mouse anti-ANK3-mediated immunoprecipitation, followed % 
by immunoblotting with rabbit anti-Tiaml antibody (lane 2) or 
reblotting with mouse anti-ANK-3 antibody (lane 3). (lanes 4-7) 
Detection of ANK3 in the complex by rabbit anti-Tiaml-medi- 
ated immunoprecipitation, followed by immunoblotting with 
mouse anti-ANK3 antibody (lane 4) or reblotting with rabbit 
anti-Tiaml antibody (lane 5), or peroxidase-conjugated normal 
mouse IgG (lane 6), or peroxidase-conjugated rabbit preimmune 
IgG (lane 7). 

3 B, lane 4) can be coprecipitated with Tiaml (revealed 
by reblotting with anti-Tiaml antibody; Fig. 3, A and B, 
lane 5). In controls, very little material is detected in this 
anti-Tiaml-mediated immunocomplex using either nor- 
mal mouse IgG (Fig. 3, A and B, lane 6) or rabbit preim- 
mune serum-mediated immunoblot (Fig. 3 A, lane 7). 
These findings clearly establish the fact that Tiaml and 
ankyrin (e.g., ANK1 and ANK3) are closely associated 
with each other as an in vivo complex in breast tumor cells. 

Further analyses using an in vitro binding assay 
show that 125I-labeled ankyrin (i.e., erythrocyte ankyrin 
[ANK1]) binds Tiaml, which was isolated from SP1 cells, 
specifically (Fig. 4 A, a). In addition, we have used 125I- 
labeled ankyrin to bind purified Tiaml (isolated from SP-1 
cells) on a gel (Fig. 4 B, a). Our data indicate that Tiaml 
binds to ankyrin (ANK1; Fig. 4 B, a) directly. In the pres- 
ence of an excess amount of unlabeled ankyrin, the bind- || 
ing between ankyrin and Tiaml is greatly reduced (Fig. 4, 
A and B, b). Other cytoskeletal proteins, such as spectrin, 
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Figure 4. Binding interaction between Tiaml and the cytoskele- 
tal protein ankyrin. (A) Tiaml (isolated from SP-1 cells) bound 
to the anti-Tiaml immunobeads were incubated with 125I-labeled 
ankyrin (5,000 cpm/ng protein) in the absence (a) or the presence 
of 100-fold excess of unlabeled ankyrin (b) or spectrin (c). After 
binding, the immunobeads were washed extensively in binding 
buffer and the bead-bound radioactivity was estimated. (B) Au- 
toradiogram of 125I-labeled ankyrin binding to a polyacrylamide 
gel containing purified Tiaml (isolated from SP-1 cells) in the ab- 
sence (a) or the presence of 100-fold excess of unlabeled ankyrin 
(b) or spectrin (c). 

do not interfere with ankyrin binding to Tiaml (Fig. 4, A 
and B, c). However, the precise functional domain of 
ankyrin involved in Tiaml binding remains to be deter- 
mined. 

The NH2-terminal region of ankyrin's membrane bind- 
ing domain (Fig. 5 A, a) is comprised of a tandem array of 
24 ankyrin repeats (so-called ankyrin repeat domain, 
ARD; Fig. 5 A, b). The question of whether the mem- 
brane-binding domain of ankyrin (in particular, ARD) is 
involved in Tiaml binding is now addressed in this study. 
First, the pGEX-2TK recombinant plasmid encoding ARD 
(NH2-terminal portion of ankyrin, from amino acids 1 to 
834) was constructed with a GST tag and expressed in E. 
coli (Zhu and Bourguignon, 2000). The purified GST- 
tagged ARD fusion protein is expressed as a 116-kD pro- 
tein (Fig. 5 B, lane 1). After the removal of GST tag by 
thrombin digestion, the ARD itself is found to be an 89-kD 
polypeptide (Fig. 5 B, lane 2), which is similar to the 89-kD 
ARD obtained by enzymatic digestion of erythrocyte 
ankyrin (Davis and Bennett, 1990). 

Next, we have used the ARD fragment of ANK3 (GST- 
ARD) and purified Tiaml to identify the exact Tiaml 
binding site(s) on the ankyrin molecule. Specifically, we 
have tested the binding of Tiaml to 125I-labeled intact 
erythrocyte ankyrin (ANK1), or 125I-labeled GST-ARD 
fragment of ANK3, under equilibrium binding conditions. 
Scatchard plot analyses indicate that intact erythrocyte 
ankyrin (ANK1) binds to Tiaml at a single site (Fig. 5 C) 
with high affinity (an apparent dissociation constant [Kd] 
of ~0.72 nM). This ankyrin-Tiaml binding interaction is 
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Figure 5. Ankyrin structure and ankyrin repeat domain (ARD) 
fusion protein. (A, a) Schematic illustration of functional do- 
mains in full-length ankyrin: ankyrin repeat domain (ARD), 
spectrin binding domain (SBD), and regulatory domain (RD). 
(A, b) ARD cDNA was constructed according to the strategy 
described in Materials and Methods. This ARD cDNA construct 
encodes for the NH2-terminal region of the ankyrin membrane 
binding domain with a tandem array of 24 ankyrin repeats. (B) A 
Coomassie blue stain of the 116-kD GST-ARD fusion protein 
purified by affinity column chromatography (lane 1), and the 
89-kD ARD (lane 2) after the removal of GST by thrombin di- 
gestion. (C and D) Scatchard plot analyses of the equilibrium 
binding between 125I-labeled ankyrin and Tiaml. Various con- 
centrations of 125I-labeled ankyrin (e.g., intact erythrocyte 
ankyrin [ANK1] or ARD) were incubated with purified Tiaml - 
coupled beads at 4°C for 4 h. After binding, beads were washed 
extensively in binding buffer and the bead-bound radioactivity 
was counted. As a control, 125I-labeled ankyrin or 125I-labeled 
ARD was also incubated with uncoated beads to determine the 
binding observed because of the nonspecific binding of various 
ligands. Nonspecific binding, which represented ~20% of the to- 
tal binding, was always subtracted from the total binding. Our 
binding data are highly reproducible. Scatchard plot analysis of 
the equilibrium binding data between 125I-labeled intact erythro- 
cyte ankyrin (ANK1) and Tiaml (C); and Scatchard plot analysis 
of the equilibrium binding data between 125I-labeled ARD and 
Tiaml (D). 

comparable in affinity to Tiaml binding (Kd M.42 nM) 
to ANK3's ARD fragment (Fig. 5 D). These findings 
strongly support the notion that ankyrin (in particular, the 
ARD) is involved in the Tiaml binding site. 

Determination of Tiaml's Ankyrin-binding Domain 

Previous studies indicate that Tiaml's NH2-terminal pleck- 
strin homology (PHn) domain and an adjacent protein in- 
teraction domain (i.e., a sequence between amino acids 
393 and 738 of Tiaml; Fig. 6 A, a-c) is required for the ac- 
tivation of Racl signaling pathways leading to membrane 
ruffling and c-Jun NH2-terminal kinase activation (Michiels 
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Figure 6. Properties of Tiaml and Tiaml mutant proteins. (A, a) 
The full-length Tiaml  contains DH, dbl homology domain; 
DHR, discs-large homology domain; two pleckstrin homology 
(PH) domains (including the NHrterminal PH [PHn] and the 
COOH-terminal PH [PHc]). (A, b) The NH2 terminally trun- 
cated C1199 Tiaml encodes the COOH-terminal 1,199 amino ac- 
ids. (A, c) The Tiaml fragment encodes the sequence between 
amino acids 393 and 738. (B) Characterization of Tiaml fragment 
(amino acids 393-738) fusion proteins. Coomassie blue staining 
of E. co/t'-derived CBP-Tiaml fragment fusion protein purified 
by calmodulin affinity column chromatography (lane 1); and 
GFP-tagged Tiaml fragment fusion purified by anti-GFP-conju- 
gated affinity column chromatography (lane 2). (C, a) Binding of 
125I-Tiaml fragment to ankyrin. (C, b) Binding of 125I-Tiaml frag- 
ment to ARD. (C, c) Binding of 125I-Tiaml fragment to the spec- 
trin binding domain of ankyrin. (C, d) Binding of 125I-Tiaml frag- 
ment to spectrin. (D and E) Binding analysis between GST-ARD 
and the recombinant C1199 Tiaml in vitro. In each reaction, glu- 
tathione-Sepharose bead slurry containing GST-ARD or GST 
alone was suspended in the binding buffer (20 mM Tris-HCl, pH 
7.4,150 mM NaCl, 0.1% BSA, and 0.05% Triton X-100). Purified 
C1199 Tiaml (0.5-1.0 u.g) was added to the bead suspension in 
the absence or the presence of an excess amount of CBP-tagged 
Tiaml fragment (100 u,g) at 4°C for 4 h. After binding, the GST 
fusion protein was eluted with its associated C1199 Tiaml using 
150 \L\ of 50 mM Tris-HCl, pH 8.0, buffer containing glutathione. 
The amount of eluted GST fusion protein and C1199 Tiaml was 
determined by SDS-PAGE and Coomassie blue staining, fol- 
lowed by densitometric scanning using a software NIH Image 
V1.54. The amount of ARD (mol) per C1199 Tiaml (mol) was 
calculated. Values represent relative binding abilities averaged 
from three experiments ± SEM. (D) The amount of C1199 
Tiaml (mol) associated with GST-ARD (mol) was measured in 
the absence (lane 1) or the presence of the recombinant Tiaml 
fragment (lane 2) or C1199 Tiaml associated with GST-coated 
beads (lane 3) using SDS-PAGE and Coomassie blue staining 
followed by densitometric analyses. (E) Coomassie blue staining 
of C1199 Tiaml associated with GST-ARD in the absence (lane 
1) or the presence of recombinant Tiaml fragment (lane 2) or 
C1199 Tiaml associated with GST-coated beads (lane 3). 

et al., 1997; Stam et al., 1997). Using a 49-kD E. coli- 
derived CBP-tagged Tiaml fragment (i.e., amino acids 
393-738 of Tiaml; Fig. 6 B, lane 1) and an in vitro binding 
assay (Fig. 6 C), we have detected a specific binding inter- 
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action between the Tiaml fragment and ankyrin (Fig. 6 C, 
a) and ARD (Fig. 6 C, b) but not the spectrin binding do- 
main of ankyrin (Fig. 6 C, c) or spectrin (Fig. 6 C, d). 

Furthermore, we have evaluated the binding interaction ( 
between GST-ARD fusion protein and the recombinant 
C1199 Tiaml (NH2 terminally truncated Tiaml; Fig. 6 D). 
First, glutathione-Sepharose beads containing GST-ARD 
were incubated with C1199 Tiaml in the absence (Fig. 6, 
D and E, lane 1) or the presence of an excess amount of 
Tiaml fragment (Fig. 6, D and E, lane 2). In controls, 
C1199 Tiaml was also added to Sepharose beads contain- 
ing GST alone (Fig. 6, D and E, lane 3). After binding, the 
GST fusion protein was eluted with its associated C1199 
Tiaml using a buffer containing glutathione. The amount 
of eluted GST fusion protein and C1199 Tiaml was deter- 
mined by SDS-PAGE and Coomassie blue staining (Fig. 6 
E) followed by densitometric scanning analyses (Fig. 6 D). 
Our results indicate that the stoichiometry of ARD-C1199 
Tiaml interaction is ~1:1 (Fig. 6 D, lane 1, and Fig. 6 E, 
lane 1, a and b). In the presence of an excess amount 
(~400-fold) of recombinant Tiaml fragment, the binding 
between ankyrin ARD and C1199 Tiaml is significantly 
reduced (Fig. 6, D and E, lane 2, a and b). The control 
beads containing GST alone fail to bind C1199 Tiaml (Fig. 
6 D, lane 3, and Fig. 6 E, lane 3, a and b). These observa- 
tions suggest that ankyrin ARD directly interacts with 
Tiaml, and that the ankyrin-binding domain (ARD)-con- 
taining Tiaml fragment act as a potent competitive inhibi- 
tor of Tiaml binding to ankyrin in vitro. 

Protein sequence analyses show that Tiaml contains 
the sequence 717GEGTDAVKRS727L (in mouse), or . 
717GEGTEAVKRS727L (in human) that shares a great #| 
deal of sequence homology with the ankyrin-binding do- * 
main of the cell adhesion receptor, CD44 family (Lokesh- 
war et al., 1994; Zhu and Bourguignon, 1998). To test 
whether the sequence GEGTDAVKRSL of Tiam 1 pro- 
tein is in fact involved in ankyrin binding, we have exam- 
ined the ability of an 11-amino acid synthetic peptide, 
identical to GEGTDAVKRSL, to bind various cytoskele- 
tal proteins. As shown in Table I, this synthetic peptide 
binds specifically to intact ankyrin and the ARD, but not 
the SBD of ankyrin or other cytoskeletal proteins such as 
spectrin. Control peptides, containing the scrambled se- 
quence (GRATLEGSDKV) with the same amino acid 
composition as that of the synthetic peptide or another 
peptide (GTIKRAPFLGP) from a different region (i.e., 
the sequence between amino acids 399 and 409) of Tiaml, 
fail to bind any cytoskeletal proteins tested (Table I). 

We have also used the synthetic peptide corresponding 
to Tiaml's amino acid 717-727 sequence to compete for 
the binding of purified Tiaml to ankyrin. As shown in Fig. 
7 A (c), the synthetic peptide competes effectively with 
Tiaml to bind ankyrin with an apparent inhibition con- 
stant (K{) ~0.5 nM. However, control peptides such as 
GRATLEGSDKV (Fig. 7 A, a) or GTIKRAPFLGP (Fig. 
7 A, b) do not compete at all with Tiaml in ankyrin bind- 
ing. These results suggest that the amino acid 717-727 se- 
quence of Tiaml is a critical part of the ankyrin-binding 
domain of Tiaml. Finally, we have constructed an HA- 
tagged C1199 Tiaml deletion mutant lacking the ankyrin § 
binding sequence, amino acids 717-727 (designated as 
C1199 TiamlA717-727; Fig. 7 B, b). The truncated C1199 
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Table I. Binding of 125I-Labeled Cytoskeletal Proteins to 
Synthetic Peptides 

nM X CPM Bound 

Binding to GEGTDAVKRSL 
(the sequence between amino acids 717 and 727 
ofTiaml) 

125I-Labeled ankyrin 15,260 ± 120 
125I-Labeled ARD 14,560 ± 105 
!25I-Labeled ankyrin's spectrin binding 770 ± 22 

domain 
125I-Labeled spectrin 850 ± 34 

Binding to GRATLEGSDKV 
(the scrambled sequence) 

125I-Labeled ankyrin 1,020 ± 36 
125I-Labeled ARD 920 ± 29 
125I-Labeled ankyrin's spectrin binding 901 ± 24 

domain 
125I-Labeled spectrin . 996 ± 27 

Binding to GTIKRAPFLGP 
(the sequence between amino acids 399 and 409 
ofTiaml) 

125I-Labeled ankyrin 899 ± 23 
125I-LabeledARD 854 ± 17 
125I-Labeled ankyrin's spectrin binding 842 ± 19 

domain 
125I-Labeled spectrin 863 ± 20 

125I-labeled cytoskeletal proteins (e.g., Intact ankyrin [100 ng] or ARD [100 ng] or 
spectrin binding domain of ankyrin [100 ng] or spectrin [100 ng] were incubated with 
nitrocellulose discs coated with either the synthetic peptide GEGTDAVKRSL 
(corresponding to the sequence between amino acids 717 and 727 ofTiaml), or 
the scrambled peptide GRATLEGSDKV, or another Tiaml -related peptide, 
GTIKRAPFLGP (corresponding to the sequence between amino acids 399 and 409 of 
Tiaml) at 4°C for 4 h as described in Materials and Methods. As a control, the 
radiolabeled ligands including ,23I-labeled ankyrin, 125I-labeled ARD, and 125I-labeled 
spectrin were also incubated with uncoated beads to determine the binding observed 
because of the nonspecific binding of various ligands. Nonspecific binding, which 
represented ~20% of the total binding, was always subtracted from the total binding. 

Tiaml 717-727 cDNA (Fig. 7 B, b) and the wild-type 
C1199 Tiaml (Fig. 7 B, a) were transiently transfected into 
SP-1 cells. Our results indicate that both the C1199 
TiamlA717-727 mutant (Fig. 7 C, lane 3) and the wild-type 
C1199 Tiaml (Fig. 7 C, lane 2) are expressed as a 160-kD 
polypeptide in SP-1 transfectants using anti-HA-mediated 
immunoblotting. No protein band was detected in vector- 
transfected SP-1 cells (Fig. 7 C, lane 1). In vitro binding 
data reveal that there is a strong binding interaction be- 
tween ankyrin and FIA-tagged C1199 (Fig. 7 D, b). In con- 
trast, the HA-tagged C1199 TiamlA717-727 mutant pro- 
tein isolated from SP-1 transfectants displays a drastic 
reduction (~90-95% inhibition) in ankyrin-binding ability 
(Fig. 7 D, c) compared with the HA-tagged wild-type 
C1199 Tiaml (Fig. 7 D, b). No ankyrin binding is observed 
in materials associated with anti-HA beads using cell ly- 
sate isolated from vector-transfected cells (Fig. 7 D, a). 
These findings suggest that the amino acid 717-727 region 
is critical for the interaction ofTiaml with ankyrin. 

Most importantly, we have found that the binding of 
ankyrin (e.g., erythrocyte ankyrin [ANK1], Fig. 8 A, or 
ANK3's ARD, Fig. 8 B) to Tiaml significantly increases 
the GDP/GTP exchange activity of Racl GTPase as com- 
pared with untreated Tiaml-mediated Racl activation 
(Fig. 8 C). The SBD of ankyrin or other cytoskeletal pro- 
teins, such as spectrin, fails to stimulate Tiaml-mediated 
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Figure 7. Identification of the ankyrin binding domain of Tiaml. 
(A) 125I-labeled Tiaml was incubated with ankyrin-coated beads 
in the presence of various concentrations of unlabeled synthetic 
peptide (GEGTDAVKRSL, corresponding to the sequence be- 
tween amino acids 17 and 727 ofTiaml) (c), or the scrambled se- 
quence (GRATLEGSDKV; a), or another Tiaml-related pep- 
tide (GTIKRAPFLGP, corresponding to the sequence between 
amino acids 399 and 409 of Tiaml; b) as described in Materials 
and Methods. The specific binding observed in the absence of 
any of the competing peptides is designated as 100%. The results 
represent an average of duplicate determinations for each con- 
centration of the competing peptide used. (B) Schematic illustra- 
tion of the in vitro mutagenesis approach used in this study. Both 
C1199 Tiaml (a) and C1199 Tiaml 717-727 (lacking the sequence 
between amino acids 17 and 727; b) were constructed according 
to the strategy described in Materials and Methods. (C) Anti- 
HA-mediated immunoblot of SP-1 cells transiently transfected 
with vector alone (lane 1), or HA-tagged C1199 Tiaml cDNA 
(lane 2), or HA-tagged C1199 Tiaml 717-727 cDNA (lane 3). (D) 
The amount of 125I-ankyrin binding to anti-HA-mediated immu- 
noprecipitates isolated from SP-1 cells transfected with vector 
alone (a), or HA-tagged C1199 Tiaml cDNA (b), or HA-tagged 
C1199 Tiaml 717-727 cDNA (c). 

GDP/GTP exchange on Racl GTPase (data not shown). 
Therefore, we believe that ankyrin binding to Tiam 1 plays 
a pivotal role in the upregulation of Tiam 1-mediated 
GDP/GTP exchange activity of Rho-like GTPases (e.g., 
Racl). 

Effect ofTiaml or the Tiaml Fragment on Racl 
Activation, Tumor Cell Invasion, and Migration 

Previous studies have indicated that both ankyrin and 
Tiaml are closely associated with certain tumor-specific 
behaviors, characterized by an invadopodia structure (or 
membranous projections) during epithelial tumor cell mi- 
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Figure 8. Stimulation of Tiaml-catalyzed GDP/GTP exchange 
activity by ankyrin. Purified E. cofi-derived GST-tagged GTP- 
ases (e.g., Racl, Cdc42, or RhoA) was preloaded with GDP. Sub- 
sequently, 2 pmol of Tiaml (isolated from untransfected or trans- 
fected cells according to the procedures described above) was 
preincubated with no ankyrin or ankyrin (e.g., intact ankyrin or 
ARD; 1 u-g/ml), followed by adding to the reaction buffer con- 
taining 20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 10 mM MgCl2> 
100 [xM AMP-PNP, 0.5 mg/ml BSA, and 2.5 p,M GTP-7-35S 
(~1,250 Ci/mmol). Subsequently, 2.5 pmol of GDP-loaded GST- 
tagged Rho GTPases (e.g., Racl, Racl, or Cdc42) was mixed 
with the reaction buffer containing Tiaml and GTP-7-35S to 
initiate the exchange reaction at room temperature. At various 
time points, the reaction of each sample was terminated by add- 
ing ice-cold termination buffer containing 20 mM Tris-HCl, pH 
8.0, 100 mM NaCl, and 10 mM MgCl2 as described in Materials 
and Methods. The termination reactions were filtered immedi- 
ately through nitrocellulose filters, and the radioactivity associ- 
ated with the filters was measured by scintillation fluid. The 
amount of GTP-7-35S bound to Tiaml or control sample (preim- 
mune serum-conjugated Sepharose beads) in the absence of Rho 
GTPases (e.g., Racl, Cdc42, or RhoA) was subtracted from the 
original values. Data represent an average of triplicates from 
three to five experiments. SD < 5%. (A-C) Kinetics of GTP-7-35S 
bound to GDP-loaded GST-Racl by Tiaml (isolated from SP-1 
cells) in the absence (C) or in the presence of ankyrin, e.g., intact 
erythrocyte ankyrin (ANK1; A) or ARD fragment (B). 

gration (Bourguignon et al., 1998a,b, 2000; Zhu and Bour- 
guignon, 2000). In this study, using double immunolabel- 
ing staining, we have observed that both ankyrin (Fig. 10 
A) and Tiaml (Fig. 10 B) are colocalized in the plasma 
membrane and long projections of SP1 cells (Fig. 10 C). 
Furthermore, we have transiently transfected breast tumor 
cells (e.g., SP-1 cells) with HA-tagged NH2 terminally 
truncated C1199 Tiaml cDNA. Our results show that the 
C1199 Tiaml is expressed as a 160-kD protein (Fig. 9 B, a) 
detected by anti-HA-mediated immunoblot in SP1 cells. 
No protein band was detected in vector-transfected SP1 
cells by anti-HA-mediated immunoblotting (Fig. 9 A, a). 
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Figure 9. Transfection of SP1 cells with HA-tagged C1199 Tiaml 
cDNA (A) or GFP-tagged Tiaml fragment cDNA (B) or 
cotransfection of HA-tagged C1199 Tiaml cDNA and GFP- 
tagged Tiaml fragment cDNA (C). Detection of C1199 Tiaml 
expression by anti-HA-mediated immunoblot in HA-tagged 
C1199 Tiaml cDNA-transfected cells (B, a) or in vector-trans- 
fected cells (A, a). Detection of Tiaml fragment expression by 
anti-GFP-mediated immunoblot in GFP-tagged Tiaml fragment 
cDNA-transfected cells (C, b) or vector-transfected cells (A, b). 
Detection of coexpression of C1199 Tiaml and Tiaml fragment 
by immunoblotting of cells (cotransfected with HA-tagged C1199 
Tiaml cDNA and GFP-tagged Tiaml fragment cDNA) with 
anti-HA antibody (D, a) and anti-GFP antibody (D, b), respec- 
tively. In controls, no signal was detected in HA-tagged C1199 
Tiaml cDNA-transfected cells or GFP-tagged Tiaml fragment 
cDNA-transfected cells using anti-GFP (B, b) or anti-HA (C, a)- 
mediated immunoblotting, respectively. 

Double immunofluorescence staining data show that anky- 
rin (Fig. 10 D) and C1199 Tiaml (Fig. 10 E) are also colo- 
calized on the plasma membrane-related long projections 
of these C1199 Tiaml cDNA-transfected cells (Fig. 10 F). 
Furthermore, we have demonstrated that transfection of 
SP1 cells with C1199 Tiaml cDNA stimulates ankyrin- 
associated Tiaml-catalyzed GDP/GTP exchange on Racl 
(Fig. 11a), and induces a significant amount of increase in 
breast tumor cell invasion (Table II, A) and migration 
(Table II, B) as compared with vector-transfected SP1 
transfectants (Fig. 11 b and Table II, A and B). These re- 
sults are consistent with previous findings indicating that 
transfection of NIH3T3 cells with the NH2 terminally trun- 
cated C1199 Tiaml cDNA confers potent oncogenic prop- 
erties (Van Leeuwen et al., 1995). 

Treatment of SP1 cells (e.g., untransfected or trans- 
fected cells) with certain agents (e.g., cytochalasin D, a mi- 
crofilament inhibitor) causes a remarkable inhibition of 
tumor cell invasion (Table II A) and migration (Table II 
B). Tiaml-Racl signaling initiates oncogenic cascades in- 
cluding c-Jun kinase (JNK) activation, which triggers gene 
transcription through c-jun and promotes cell transforma- 
tion (Michiels et al., 1995, 1997). In addition, Tiaml-acti- 
vated Racl stimulates the novel family of serine/threonine 
kinases, p-21 activated kinases (Manser et al., 1994; Knaus 
et al., 1995; Bagrodia and Cerione, 1999), which mediates 
actin assembly and induce the formation of membrane ruf- 
fling and lamellipodia (membrane projections). In fact, 
cytoskeleton-associated membrane projections are often 
tightly linked to matrix degrading enzymes during breast 
tumor cell invasion and migration (Bourguignon et al., 
1998b). These findings suggest that Tiaml-Racl signaling 
and selective effector(s) play an important role in promot- 
ing certain gene expression required for cellular trans- 
formation and the upregulation of cytoskeletal changes 
needed for tumor cell invasion and migration. Identifica- 
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Figure 10. Double immunofluorescence staining of ankyrin and Tiaml in untransfected SP1 cells or SP1 transfectants. SP1 cells (un- 
transfected or transfected with HA-tagged C1199 Tiaml cDNA or GFP-tagged Tiaml fragment cDNA or cotransfected with HA- 
tagged C1199 Tiaml cDNA plus GFP-tagged Tiaml fragment cDNA) were fixed by 2% paraformaldehyde. Subsequently, cells were 
rendered permeable by ethanol treatment and stained with various immunoreagents as described in Materials and Methods. (A-C) Rh- 
labeled anti-ANK3 staining (A) FITC-anti-Tiaml staining (B) and colocalization of ankyrin and Tiaml (C) in untransfected SP1 cells. 
(D-F) Rh-labeled anti-ANK3 staining (D) FITC-anti-HA-labeled C1199 Tiaml staining (E), and colocalization of ankyrin and C1199 
Tiaml (F) in HA-tagged C1199 Tiaml cDNA-transfected SP1 cells. (G-I) Rh-labeled anti-ANK3 staining (G), GFP-tagged Tiaml frag- 
ment (H), and colocalization of ankyrin and Tiaml fragment (I) in GFP-tagged Tiaml fragment cDNA-transfected SP1 cells, (a-c) Rh- 
labeled normal mouse IgG staining (a), GFP-tagged Tiaml fragment (b), and colocalization of normal mouse IgG and Tiaml fragment 
(c) in GFP-tagged Tiaml fragment cDNA-transfected SP1 cells. (J-L) Rh-labeled anti-HA staining of C1199 Tiaml (J), GFP-tagged 
Tiaml fragment (K), and colocalization of C1199 and Tiaml fragment (L) in SP1 cells cotransfected with HA-tagged C1199 cDNA and 
GFP-tagged Tiaml fragment cDNA. (d-f) Rh-labeled anti-ANK3 staining (d), GFP-tagged Tiaml fragment (e), and colocalization of 
ankyrin and Tiaml fragment (f) in SP1 cells cotransfected with HA-tagged C1199 cDNA and GFP-tagged Tiaml fragment cDNA. 

tion of immediate downstream targets for ankyrin-medi- 
ated Tiaml-Racl signaling is currently under investigation 
in our laboratory. 

We have also found that SP1 cells transfected with GFP- 
tagged Tiaml fragment cDNA express a 68-kD protein as 
detected by anti-GFP antibody (Fig. 6 B, lane 2; Fig. 9 C, 
b). In vector-transfected SP1 cells, we are not able to de- 

tect any protein band by anti-GFP-mediated immunoblot- 
ting (Fig. 9 A, b). Double immunofluorescence staining 
shows that both ankyrin (Fig. 10 G) and the GFP-tagged 
Tiaml fragment (Fig. 10 H) are colocalized in the cell 
membranes in SP1 transfectants (Fig. 10 I). We believe 
that the ankyrin staining detected in these SP1 transfec- 
tants, revealed by antiankyrin-mediated immunostaining, 
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Table II. Measurement of Tumor Cell Invasion and Migration 

3    4     5     6     7 
Time (mill) 

Figure 11. Kinetics of GTP-7-35S bound to GDP-loaded GST- 
Racl in the presence of ankyrin-associated Tiaml isolated from 
SP-1 cells: transfected with HA-tagged C1199 Tiaml cDNA (a) 
or GFP-tagged Tiaml fragment cDNA (d); or cotransfected with 
HA-tagged C1199 Tiaml cDNA plus GFP-tagged Tiaml frag- 
ment cDNA (c) or vector alone (b). Purified E. co/i-derived 
GST-tagged GTPases (e.g., Racl, Cdc42, or RhoA) were pre- 
loaded with GDP. First, 2 pmol ankyrin-associated Tiaml iso- 
lated from various SP1 transfectants was added to the reaction 
buffer containing 20 mM Tris-HCl, pH 8.0,100 mM NaCl, 10 mM 
MgCl2,100 uM AMP-PNP, 0.5 mg/ml BSA, and 2.5 uM GTP- 
7-35S (~1,250, Ci/mmol). Subsequently, 2.5 pmol GDP-loaded 
GST-tagged Rho GTPases (e.g., Racl, RhoA, Cdc42 or GST 
alone) were mixed with the reaction buffer containing ankyrin- 
associated Tiaml and GTP-7-35S to initiate the exchange reac- 
tion at room temperature. At various time points, the reaction of 
each sample was terminated by adding ice-cold termination 
buffer as described in Materials and Methods. The termination 
reactions were filtered immediately through nitrocellulose filters, 
and the radioactivity associated with the filters were measured by 
scintillation fluid. The amount of GTP-7-35S bound to Tiaml or 
control sample (preimmune serum-conjugated Sepharose beads) 
in the absence of Rho GTPases (e.g., Racl, Cdc42, or RhoA) was 
subtracted from the original values. Data represent an average of 
triplicates from three to five experiments. SD < 5%. 

is specific since no label (Fig. 10 a) is detected in these 
GFP-Tiaml fragment-overexpressed cells (Fig. 10 b) us- 
ing normal mouse IgG (Fig. 10 a). No colocalization (Fig. 
10 c) of normal mouse IgG (Fig. 10 a) and GFP-Tiaml 
fragment (Fig. 10 b) is observed in these transfectants. 
Moreover, we have demonstrated that overexpression 
of the GFP-tagged Tiaml fragment in SP1 transfectants 
downregulates ankyrin-associated Tiaml-Racl signaling 
(Fig. 10 d), tumor cell invasion (Table II, A), as well as cell 
migration (Table II, B). 

Finally, cotransfection of SP1 cells with HA-tagged 
C1199 Tiaml cDNA and GFP-tagged Tiaml fragment 
cDNA was carried out. Using anti-HA or anti GFP-medi- 
ated immunoblotting technique, we have detected coex- 
pression of both C1199 Tiaml (Fig. 9 D, a) and Tiaml 
fragment (Fig. 9 D, b) in SP1 transfectants. In controls, no 
signal was detected in HA-tagged C1199 Tiaml cDNA- 
transfected cells or GFP-tagged Tiaml fragment cDNA- 

Cell invasion* Percent control* 

DMSO- Cytochalasin 
treated D-treated 

In vitro cell invasion 
Untransfected cells (control) 100 22 
Vector-transfected cells 96 24 
Tiaml fragment 95 20 
cDNA-transfected cell 

Cl 199 Tiaml 155 50 
cDNA-transfected cells 

C1199 Tiaml cDNA and Tiaml 90 17 
fragment cDNA-cotransfected 
cells 

In vitro cell migration 
Untransfected cells (control) 100 20 
Vector-transfected cells 98 23 
Tiaml fragment 93 22 
cDNA-transfected cell 

Cl 199 Tiaml 158 55 
cDNA-transfected cells 

Cl 199 Tiaml cDNA and Tiaml 
fragment cDNA-cotransfected 
cells 88 14 

c 

*SP1 cells (MO4 cells/well in PBS, pH 7.2), in the presence or absence of 20 ng/ml 
cytochalasin D (dissolved in DMSO) or DMSO alone, were placed in the upper 
chamber of the transwell unit. In some cases, SP1 cells were transfected with either 
HA-tagged Cl 199 Tiaml cDNA or GFP-tagged Tiaml fragment cDNA or HA-tagged 
Cl 199 Tiaml cDNA plus GFP-tagged Tiaml fragment cDNA, or vector alone. After 
an 18-h incubation at 37°C in a humidified 95% air/5% C02 atmosphere, cells on the 
upper side of the filter were removed by wiping with a cotton swap. Cell migration 
processes were determined by measuring the cells that migrate to the lower side of the 
polycarbonate filters containing serum by standard cell number counting assays as 
described in Materials and Methods. Each assay was set up in triplicate and repeated at 
least three times. All data were analyzed statistically by t test and statistical^ 
significance was set at/> < 0.01. In these experiments ~30-40% of input cells (~104i 
cells/well) undergo in vitro cell invasion and migration in the control samples. 
*The values expressed in this table represent an average of triplicate determinations of 
three to five experiments with an SD less than ± 5%. 

transfected cells using anti-GFP (Fig. 9 B, b) or anti-HA 
(Fig. 9 C, a)-mediated immunoblotting, respectively. Fur- 
thermore, immunocytochemical staining results show that 
ankyrin (Fig. 10 d) and the GFP-tagged Tiaml fragment 
(Fig. 10 e) are colocalized (Fig. 10 f) in the plasma mem- 
branes of SP1 transfectants. In contrast, C1199 Tiaml (Fig. 
10 J) fails to display plasma membrane localization. Con- 
sequently, the level of colocalization (Fig. 10 L) between 
C1199 Tiaml (Fig. 10 J) and Tiaml fragment (Fig. 10 K) is 
greatly reduced. In addition, it is noted that no significant 
stimulation of long membrane projections was observed in 
these transfectants (Fig. 10, J-L and d-f). Other tumor- 
specific behaviors such as Tiaml-Racl activation (Fig. 11 
c) and cytoskeleton-mediated breast tumor cell invasion 
(Table II, A) and migration (Table II B) are also greatly 
inhibited. These findings suggest that the ankyrin-binding 
domain-containing Tiaml fragment acts as a dominant 
negative mutant that effectively competes for ankyrin 
binding to C1199 Tiaml in vivo and blocks ankyrin-regu- 
lated Tiaml function associated with tumor-specific phe- 
notypes. 

Discussion |p 
The invasive phenotype of breast tumors, determined by 
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characteristics such as tumor cell motility and membrane 
perturbations, is clearly linked to cytoskeletal function. For 
example, recent studies have shown that certain metasta- 
sis-specific molecules (e.g., CD44v3ig_10 isoform [Bour- 
guignon et al, 1998b, 1999] and its associated matrix me- 
talloproteinase, MMP-9 [Bourguignon et al., 1998b; Yu and 
Stamenkovic, 1999], as well as Rho kinase [Bourguignon 
et al., 1999]) are closely associated with the cytoskeleton 
during tumor cell function. To further examine the regula- 
tory mechanism(s) involved in cytoskeleton-mediated on- 
cogenic signaling leading to tumor cell invasion and migra- 
tion, we have focused on GEFs (the Dbl or DH family), 
such as Tiaml, which are known to display oncogenic ca- 
pability and function as upstream activators of Rho-like 
GTPases (e.g., Racl or Cdc42; Woods et al., 1991; Habets 
et al, 1994; Michiels et al., 1995; Nobes and Hall, 1995; Van 
Leeuwen et al., 1995). In breast tumor cells, such as SP-1 
cells, Tiaml is detected as a 200-kD protein (Fig. 1), which 
is similar to the Tiaml described in other cell types 
(Woods and Bryant, 1991; Michiels et al., 1995; Nobes and 
Hall, 1995; Van Leeuwen et al., 1995,1997; Hordijk et al., 
1997; Stam et al., 1997; Bourguignon et al, 2000). Tiaml, 
isolated from SP-1 cells, is also capable of carrying out 
GDP/GTP exchange for Racl in vitro (Fig. 2). Sequence 
analysis of Tiaml suggests that its association with the in- 
vasive and metastatic phenotype is mediated via mem- 
brane-linked cytoskeletal regulation and/or activation of 

: Rho family GTPases (Habets et al, 1994; Nobes and Hall, 
!   1995). 
1 Racl acts downstream of Tiaml signaling and regulates 
'' the function of several cell adhesion molecules such as the 

laminin receptor, aößl integrin (Van Leeuwen et al, 
1997), E-cadherin (Hordijk et al, 1997), and the hyaluro- 
nan receptor, CD44 (Bourguignon et al, 2000). Tiaml- 
Racl activation also has been shown to be stimulated by 
certain serum-derived growth activators (e.g., SIP and 
LPA) during T-lymphoma cell invasion (Stam et al, 1998). 
However, in epithelial MDCK cells, Tiaml-Racl signaling 
plays an invasion/suppressor role in Ras-transformed 
MDCK cells (Hordijk et al, 1997). Apparently, various re- 
sponses by Tiaml-catalyzed Racl signaling may be con- 
trolled by selective upstream activators (e.g., availability 
of certain cytoskeletal proteins [e.g., ankyrin], cell adhe- 
sion receptors [e.g., CD44, integrin or E-cadherin], growth 
activators [e.g., serum, SIP, or LPA] or extracellular ma- 
trix components [hyaluronic acid, collagen, or fibronectin, 
etc.]). Moreover, Tiaml is found to be involved in promot- 
ing both Racl- and RhoA-mediated pathways during neu- 
nte formation in nerve cells (Van Leeuwen et al, 1997). 
the balance between Racl and RhoA determines a partic- 
ular cellular morphology and migratory behavior (Sander 
et al, 1999). 

Ankyrin is a family of membrane-associated cytoskeletal 
proteins expressed in a variety of biological systems in- 
cluding epithelial cells and tissues (Peters and Lux, 1993). 
Presently, at least three ankyrin genes have been identi- 
fied: ankyrin 1 (Ank 1 or ankyrin R), ankyrin 2 (Ank 2 or 
ankyrin B), and ankyrin 3 (Ank 3 or ankyrin G; Lux et al, 
1990; Otto et al, 1991; Kordeli et al, 1995; Peters et al, 
1995). These molecules belong to a family of related genes 
that probably arose by duplication and divergence of a 
common ancestral gene. Ankyrin is known to bind to a 

number of plasma membrane-associated proteins includ- 
ing the following: band 3, two other members of the anion 
exchange gene family (Bennet, 1992), Na+/K+-ATPase 
(Nelson and Veshnock, 1987; Zhang et al, 1998), the 
amiloride-sensitive Na+ channel (Smith et al, 1991), the 
voltage-dependent Na+ channel (Kordeli et al, 1995), 
Ca2+ channels (Bourguignon et al, 1993b, 1995a; Bour- 
guignon and Jin, 1995) and the adhesion molecule CD44 
(Bourguignon et al, 1986, 1991, 1992, 1993a; Kalomiris 
and Bourguignon, 1988, 1989; Lokeshwar and Bourguig- 
non, 1991,1992; Lokeshwar et al, 1994,1996). It has been 
suggested that the binding of ankyrin to certain mem- 
brane-associated molecules is necessary for signal trans- 
duction, cell adhesion, membrane transport, cell growth, 
migration, and tumor metastasis (Bennet, 1992; Bourguig- 
non et al, 1995b, 1996,1997,1998a; De Matteis and Mor- 
row, 1998; Zhu and Bourguignon, 1998,2000). 

In this study, we have presented new evidence showing 
the interaction between ankyrin and Tiaml. Specifically, we 
have demonstrated that Tiaml and ankyrin (e.g., ANK1 
and ANK3) are physically linked to each other as a com- 
plex in vivo (Figs. 3 and 10) and in vitro (Figs. 5-7), and 
that ankyrin binding to Tiaml promotes Racl activation 
(Figs. 8 and 11). Using purified Tiaml and GST-tagged 
ankyrin repeat domain (GST-ARD; Fig. 5) to examine the 
interaction between Tiaml and ankyrin in vitro, we have 
found that ARD is directly involved in the binding of 
Tiaml (Fig. 5, C and D, and Fig. 6, C-E). In fact, the bind- 
ing affinity of ARD to Tiaml is very comparable to that of 
intact erythrocyte ankyrin binding to Tiaml (Fig. 5, C and 
D). These findings support the conclusion that the ARD 
fragment of ankyrin is directly involved in the recognition 
of Tiaml. The 24 ankyrin repeats within the ARD are 
known to form binding sites for at least seven distinct 
membrane protein families (Michaely and Bennett, 1995). 
Often, ARD is organized into four folding subdomains: 
subdomain 1 (SI), subdomain 2 (S2), subdomain 3 (S3), 
and subdomain 4 (S4)). Recently, we have shown that the 
S2 subdomain, but not the other subdomains, of ARD 
binds to the adhesion molecule CD44 directly (Zhu and 
Bourguignon, 2000). Overexpression of subdomain (S2) 
of ARD promotes CD44-mediated tumor cell migration 
(Zhu and Bourguignon, 2000). The question of which 
ARD subdomain fragment(s) is (are) involved in regulat- 
ing Tiaml function remains to be determined. 

The structural homology between the ankyrin binding 
domain of Tiaml (the sequence between amino acids 717 
and 727) and CD44 is quite striking (Lokeshwar et al, 
1994). The cytoplasmic domain of CD44 (~70 amino acids 
long) is highly conserved (>90%) in most of the CD44 iso- 
forms; and it is clearly involved in specific ankyrin binding 
(Lokeshwar et al, 1994; Zhu and Bourguignon, 1998). The 
ankyrin-binding domain of CD44 has also been mapped 
using deletion mutation analyses and mammalian expres- 
sion systems (Lokeshwar et al, 1994; Zhu and Bour- 
guignon, 1998). In particular, the ankyrin-binding domain 
(e.g., NGGNGTVEDRKPSEL between amino acids 306 
and 320 in the mouse CD44 [Lokeshwar et al, 1994] and 
NSGNGAVEDRKPSGL amino acids 304 and 318 in hu- 
man CD44 [Zhu and Bourguignon, 1998]) is required for 
cell adhesion (Lokeshwar et al, 1994; Zhu and Bour- 
guignon, 1998), the recruitment of Src kinase (Zhu and 
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Bourguignon, 1998), and the onset of tumor cell transfor- 
mation (Bourguignon et al., 1998b; Zhu and Bourguignon, 
1998). The facts that (1) the recombinant C1199 Tiaml in- 
teracts with ARD fusion protein directly with a stoichiom- 
etry of 1:1 (Fig. 6, D and E); (2) a peptide with the se- 
quence 717GEGTDAVKRS727L of Tiaml binds to ankyrin 
and ARD but not ankyrin's spectrin binding domain or 
spectrin (Table I); (3) a Tiaml peptide (amino acids 717- 
727) competes with Tiaml for the binding to ankyrin (Fig. 
7 A); (4) the Tiaml deletion mutant protein (e.g., C1199 
TiamlA717-727; Fig. 7 B) fails to bind ankyrin (Fig. 7 D); 
and (5) ankyrin stimulates Tiaml-catalyzed GDP/GTP ex- 
change activity on Racl (Fig. 8) strongly suggest that the 
sequence (717GEGTDAVKRS727L) of Tiaml is an im- 
portant region for ankyrin binding. 

Furthermore, we have shown that transfection of SP-1 
cells with HA-tagged NH2 terminally truncated C1199 
Tiaml cDNA stimulates ankyrin-associated GDP/GTP ex- 
change on Racl (Fig. 11) as well as tumor cell invasion (Ta- 
ble II, A) and migration (Table II, B). These Tiaml-acti- 
vated oncogenic responses are consistent with previous 
studies indicating that Tiaml-activated Rho-like GTPases 
may act as downstream effectors of Ras in both tumori- 
genesis and progression to metastatic diseases (Habets et 
al., 1994,1995; van Leeuwen et al., 1995). The amino acids 
393-738 Tiaml fragment (Fig. 6 C) contains not only the 
putative ankyrin-binding domain (amino acids 717-727), 
but also the NH2-terminal pleckstrin homology (PHn), the 
coiled-coil region (CC) and an additional adjacent region 
(Ex) (also designated as PHn-CC-Ex domain; Michiels et 
al., 1997). This Tiaml fragment has been shown to be re- 
sponsible for Tiaml's membrane localization, Racl-depen- 
dent membrane ruffling, and C-Jun NH2-terminal kinase 
activation in fibroblasts and COS cells (Michiels et al., 
1997; Stam et al., 1997). In this study, we have found that 
cotransfection of SP1 cells with Tiaml fragment cDNA 
and C1199 Tiaml cDNA effectively blocks tumor cell- 
specific behaviors (e.g., C1199 Tiaml association with 
ankyrin in the cell membrane [Fig. 10], Racl activation 
[Fig. 11], tumor cell invasion [Table II, A], and migration 
[Table II B]). These findings further support our conclu- 
sion that the ankyrin-binding domain-containing Tiaml 
fragment acts as a potent competitive inhibitor, which is 
capable of interfering with C1199 Tiaml-ankyrin interac- 
tion in vivo. Recently, we have also demonstrated that the 
Tiaml fragment is required for CD44 (the hyaluronan re- 
ceptor) binding (Bourguignon et al., 2000). Most impor- 
tantly, Tiaml-CD44 interaction promotes Racl activation 
and hyaluronic acid-mediated breast tumor cell migration 
(Bourguignon et al., 2000). These observations clearly sug- 
gest that the amino acids 393-738 of Tiaml contains multi- 
ple functional domains (e.g., membrane localization site(s) 
and cytoskeleton binding domains) required for the regu- 
lation of Tiaml-Racl signaling and cytoskeleton function. 
Taken together, we believe that ankyrin-Tiaml interac- 
tion plays a pivotal role in regulating Racl-activated on- 
cogenic signaling and cytoskeleton-mediated metastatic 
breast tumor cell progression. 
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In this study we have explored the interaction be- 
tween CD44 (the hyaluronic acid (HA)-binding receptor) 
and Tiaml (a guanine nucleotide exchange factor) in 
metastatic breast tumor cells (SP1 cell line). Immuno- 
precipitation and immunoblot analyses indicate that 
both the CD44v3 isoform and the Tiaml protein are ex- 
pressed in SP1 cells and that these two proteins are 
physically associated as a complex in vivo. Using an 
Escherichia coJi-derived  calmodulin-binding peptide- 
tagged Tiaml fragment (i.e. the NH2-terminal pleckstrin 
homology (PHn) domain and an adjacent protein inter- 
action domain designated as PHn-CC-Ex, amino acids 
393-738 of Tiaml) and an in vitro binding assay, we have 
detected  a specific binding interaction between the 
Tiaml PHn-CC-Ex domain and CD44. Scatchard plot 
analysis indicates that there is a single high affinity 
CD44 binding site in the PHn-CC-Ex domain of Tiaml 
with an apparent dissociation constant (Kd) of 0.2 nM, 
which is comparable with CD44 binding (Kd = -0.13 nM) 
to intact Tiaml. These findings suggest that the PHn- 
CC-Ex domain is the primary Tiaml-binding region for 
CD44. Most importantly, the binding of HA to CD44v3 of 
SP1 cells stimulates Tiaml-catalyzed Racl signaling and 
cytoskeleton-mediated tumor cell migration. Transfec- 
tion of SP1 cells with TiamlcDNA promotes Tiaml asso- 
ciation with CD44v3 and up-regulates Racl signaling as 
well as HA/CD44v3-mediated breast tumor cell migra- 
tion. Co-transfection of SP1 cells with PHn-CC-Ex cDNA 
and Tiaml cDNA effectively inhibits Tiaml association 
with  CD44   and   efficiently  blocks  tumor  behaviors. 
Taken together, we believe that the linkage between 
CD44v3 isoform and the PHn-CC-EX domain of Tiaml is 
required for HA stimulated Racl signaling and cytoskel- 
eton-mediated tumor cell migration during breast can- 
cer progression. 

The transmembrane glycoprotein CD44 isoforms are all ma- 
jor hyaluronic acid (HA)1 cell surface receptors that exist on 
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many cell types, including macrophages, lymphocytes, fibro- 
blasts, and epithelial cells (1-6). Because of their widespread 
occurrence and their role in signal transduction, CD44 isoforms 
have been implicated in the regulation of cell growth and acti- 
vation as well as cell-cell and cell-extracellular matrix interac- 
tions (1-7). One of the distinct features of CD44 isoforms is the 
enormous heterogeneity in the molecular masses of these pro- 
teins. It is now known that all CD44 isoforms are encoded by a 
single gene that contains 19 exons (8). Of the 19 exons, 12 exons 
can be alternatively spliced (8). Most often, the alternative 
splicing occurs between exons 5 and 15, leading to an insertion 
in tandem of one or more variant exons (vl-vl0 (exon 6-exon 
14) in human cells) within the membrane-proximal region of 
the extracellular domain (8). The variable primary amino acid 
sequence of different CD44 isoforms is further modified by 
extensive N- and O-glycosylations and glycosaminoglycan ad- 
ditions (9-12). In particular, CD44v3-containing isoforms have 
a heparin sulfate addition at the membrane-proximal extracel- 
lular domain of the molecule that confers the ability to bind 
heparin sulfate-binding growth factors (9, 10). Cell surface 
expression of CD44v isoforms changes profoundly during tu- 
mor metastasis, particularly during the progression of various 
carcinomas including breast carcinomas (13-17). In fact, 
CD44v isoform expression has been used as an indicator of 
metastasis. 

It has been shown that interaction between the cytoskeletal 
protein, ankyrin, and the cytoplasmic domain of CD44 isoforms 
plays an important role in CD44 isoform-mediated oncogenic 
signaling (6, 18, 19). Specifically, the ankyrin-binding domain 
(e.g. NGGNGTVEDRKPSEL between amino acids 306 and 320 
in the mouse CD44 (20) and NSGNGAVEDRKPSGL amino 
acids 304 and 318 in human CD44 (21)) is required for the 
recruitment of Src kinase and the onset of tumor cell transfor- 
mation (21). Furthermore, HA binding to CD44 stimulates a 
concomitant activation of pl85HER2-linked tyrosine kinase 
(linked to CD44s via a disulfide linkage) and results in a direct 
cross-talk between two different signaling pathways (e.g. pro- 
liferation versus motility/invasion) (22). In tumor cells, the 
transmembrane linkage between CD44 isoform and the cy- 
toskeleton promotes invasive and metastatic-specific tumor 
phenotypes (e.g. matrix degradation (matrix metalloprotein- 
ases) activities (23, 24), "invadopodia" formation (membrane 
projections), tumor cell invasion, and migration) (23). These 
findings strongly suggest that the interaction between CD44 
isoform and the cytoskeleton plays a pivotal role in the onset of 
oncogenesis and tumor progression. 

The Rho family proteins (e.g. Rho, Rac, and Cdc42) are mem- 
bers of the Ras superfamily of GTP-binding proteins structur- 
ally related to but functionally distinct from Ras itself (25, 26). 
They are associated with changes in the membrane-linked 
cytoskeleton (26). For example, activation of RhoA, Racl, and 
Cdc42 have been shown to produce specific structural changes 
in the plasma membrane-cytoskeleton reorganization leading 
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to membrane ruffling, lamellipodia, filopodia, and stress fiber 
formation (26). The coordinated activation of these GTPases is 
considered to be a possible mechanism underlying cell motility, 
an obvious prerequisite for metastasis (27-29). In particular, 
Racl activation is known to initiate oncogenic signaling path- 
ways that promote cell shape changes (33, 34), influence actin 
cytoskeleton organization (33, 34), and stimulate gene expres- 
sion (35-37). The question of whether Racl activation is also 
involved in CD44v3-related cytoskeleton function that results 
in the metastatic phenotypes (e.g. tumor cell migration) of 
breast tumor cells remains to be answered. 

Tiaml (T lymphoma invasion and metastasis 1) has been 
identified as an oncogene because of its ability to activate 
Rho-like GTPases during malignant transformation (38, 39). 
Specifically, Tiaml is capable of activating Racl in vitro as a 
guanine nucleotide exchange factor and inducing membrane 
cytoskeleton-mediated cell shape changes, cell adhesion, and 
cell motility (34, 40-42). It also acts as a Rac-specific guanine 
nucleotide exchange factor in vivo and induces an invasive 
phenotypes in lymphoma cells (40). These findings have 
prompted several research groups to investigate the mecha- 
nisms involved in the regulation of Tiaml. For example, addi- 
tion of certain serum-derived lipids (e.g. sphingosine-1-phos- 
phate and lysophosphatidic acid) to T-lymphoma cells promotes 
Tiaml-mediated Racl and Cdc42 signaling and T-lymphoma 
cell invasion (43). Tiaml has also been found to be phosphoryl- 
ated by protein kinase C in Swiss 3T3 fibroblasts stimulated by 
lysophosphatidic acid (44) and platelet-derived growth factor 
(45). Most recently, Exton and co-workers (46) demonstrate 
that phosphorylation of Tiaml by Ca2+/calmodulin-dependent 
protein kinase II (but not protein kinase C) regulates Tiaml- 
catalyzed GDP/GTP exchange activity in vitro. These findings 
support the notion that posttranslational modifications of 
Tiaml by certain serine/threonine kinase(s) during surface re- 
ceptor-mediated activation may play an important role in 
Tiaml-Racl signaling. Tiaml transcript has been detected in 
breast cancer cells (39). However, it is not known at the present 
time whether there is any structural and functional relation- 
ship^) between Tiaml-Racl signaling and CD44v3-mediated 
invasive and metastatic processes of breast cancer cells. 

In this paper, using a variety of biochemical, molecular bio- 
logical, and immunocytochemical techniques, we have found 
that the cell adhesion molecule, CD44v3 isoform, which binds 
directly to HA, is closely associated with Tiaml (in particular, 
the NH2-terminal pleckstrin homology (PHn), a putative coiled 
coil region (CC), and an additional adjacent region (Ex), desig- 
nated as PHn-CC-Ex domain of Tiaml) in SP1 breast tumor 
cells. Most importantly, HA binding to CD44v3 isoform stimu- 
lates Tiaml-specific GDP/GTP exchange for Rho-like GTPases 
such as Racl and promotes cytoskeleton-mediated tumor cell 
migration. These findings suggest that a transmembrane in- 
teraction between CD44v3 and Tiaml plays an important role 
in promoting oncogenic signaling and tumor cell-specific phe- 
notypes required for HA-mediated breast tumor cell migration. 

MATERIALS AND METHODS 

Cell Culture—Mouse breast tumor cells (e.g. SP1 cell line) (provided 
by Dr. Bruce Elliott, Department of Pathology, and Biochemistry, 
Queen's University, Kingston, ON, Canada) were used in this study. 
Specifically, SP1 cell line was derived from a spontaneous intraductal 
mammary adenocarcinoma that arose in a retired female CBA/J 
breeder in the Queen's University animal colony. These cells were 
capable of inducing lung metastases by sequential passage of SP1 cells 
into mammary gland (47). These cells were cultured in RPMI 1640 
medium supplemented with 5-7% fetal calf serum, folic acid (290 mg/ 
liter), and sodium pyruvate (100 mg/liter). COS-7 cells were obtained 
from American Type Culture Collection and grown routinely in Dulbec- 
co's modified Eagle's medium containing 10% fetal bovine serum, 1% 
glutamine, 1% penicillin, and 1% streptomycin. 

Antibodies and Reagents—For the preparation of polyclonal rabbit 
anti-Tiaml antibody or rabbit anti-CD44v3 antibody, specific synthetic 
peptides ( = 15-17 amino acids unique for the COOH-terminal sequence 
of Tiaml or the CD44v3 sequence) were prepared by the Peptide Lab- 
oratories of Department of Biochemistry and Molecular Biology using 
an Advanced Chemtech automatic synthesizer (model ACT350). These 
Tiaml-related or CD44v3-related polypeptides were conjugated to poly- 
lysine and subsequently injected into rabbits to raise the antibodies, 
respectively. The anti-Tiaml-specific or anti-CD44v3-specific antibody 
was collected from each bleed and stored at 4 °C containing 0.1% azide. 
The anti-Tiaml IgG or anti-CD44v3 IgG fraction was prepared by 
conventional DEAE-cellulose chromatography, respectively. Mouse 
monoclonal anti-HA (hemagglutinin epitope) antibody (clone 12 CA5) 
was purchased from Roche Molecular Biochemicals. Mouse monoclonal 
anti-green fluorescent protein (GFP) was purchased from PharMingen. 
Escherichia co/i-derived GST-tagged Racl was kindly provided by Dr. 
Richard A. Cerione (Cornell University, Itheca, NY). 

Cell Surface Labeling Procedures—SP1 cells suspended in PBS were 
surface labeled using the following biotinylation procedure. Briefly, 
cells (107 cells/ml) were incubated with sulfosuccinimidyI-6-(bioti- 
namido)hexanoate (Pierce) (0.1 mg/ml) in labeling buffer (150 JUM NaCl, 
0.1 M HEPES, pH 8.0) for 30 min at room temperature. Cells were then 
washed with PBS to remove free biotin. Subsequently, the biotinylated 
cells were used for anti-CD44v3-mediated immunoprecipitation as de- 
scribed previously (23). These biotinylated materials precipitated by 
anti-CD44v3 antibody were analyzed by SDS-polyacrylamide gel elec- 
trophoresis, transferred to the nitrocellulose filters, and incubated with 
ExtrAvidin-peroxidase (Sigma). After an addition of peroxidase sub- 
strate (Pierce), the blots were developed using ECL chemiluminescence 
reagent (Amersham Pharmacia Biotech) according to the manufactur- 
er's instructions. 

Immunoprecipitation and Immunoblotting Techniques—SP1 cells 
were solubilized in 50 mM Tris-HCl (pH 7.4), 150 mil NaCl, 1% Triton 
X-100 buffer and immunoprecipitated using rabbit anti-CD44v3 anti- 
body or rabbit anti-Tiaml antibody followed by goat anti-rabbit IgG, 
respectively. The immunoprecipitated material was solubilized in SDS 
sample buffer, electrophoresed, and blotted onto the nitrocellulose. 
After blocking nonspecific sites with 3% bovine serum albumin, the 
nitrocellulose filter was incubated with rabbit anti-Tiaml antibody (5 
Hg/ml) or rabbit anti-CD44v3 antibody (5 /ig/ml), respectively, for 1 h at 
room temperature followed by incubation with horseradish peroxidase- 
conjugated goat anti-rabbit IgG (1:10,000 dilution) at room temperature 
for 1 h. The blots were developed using ECL chemiluminescence rea- 
gent (Amersham Pharmacia Biotech) according to the manufacturer's 
instructions. 

In some experiments, SP1 cells or COS cells (e.g. untransfected or 
transfected by various Tiaml cDNAs including the full-length mouse 
TiamlcDNA (FL1591) or HA-tagged NH2-terminally truncated C1199 
TiamlcDNA or GFP-tagged PHn-CC-ExcDNA or C1199TaimlcDNA 
plus GFP-tagged PHn-CC-ExcDNA (as co-transfection) or vector only) 
were immunoblotted with mouse anti-HA antibody (5 /^g/ml) or anti- 
GFP antibody (5 fig/ml), respectively, for 1 h at room temperature 
followed by incubation with horseradish peroxidase-conjugated goat 
anti-mouse IgG or goat anti-mouse IgG (1:10,000 dilution) at room 
temperature for 1 h. The blots were developed using ECL chemilumi- 
nescence reagent (Amersham Pharmacia Biotech) according to the 
manufacturer's instructions. 

Cloning, Expression, and Purification of CD44 Cytoplasmic Domain 
(CD44cyt) from E. coli—The procedure for preparing the fusion protein 
of the cytoplasmic domain of CD44 was the same as described previ- 
ously (48). Specifically, the cytoplasmic domain of human CD44 
(CD44cyt) was cloned into pFLAG-AST using the PCR-based cloning 
strategy. Using human CD44 cDNA as template, one PCR primer pair 
(left, FLAG-£coRI; right, FLAG-X&al) was designed to amplify com- 
plete CD44 cytoplasmic domain. The amplified DNA fragments were 
one-step cloned into a pCR2.1 vector and sequenced. Then the DNA 
fragments were cut out by double digestion with ficoRI and Xbal and 
subcloned into EcoRVXbal double-digested pFLAG-AST (Eastman 
Kodak Co., Rochester, NY) to generate FLAG-pCD44cyt construct. The 
nucleotide sequence of FLAG/CD44cyt junction was confirmed by se- 
quencing. The recombinant plasmids were transformed to BL21-DE3 to 
produce FLAG-CD44cyt fusion protein. The FLAG-CD44cyt fusion pro- 
tein was further purified by anti-FLAG M2 affinity gel column (East- 
man Kodak Co.). The nucleotide sequence of primers used in this 
cloning protocol are: FLAG-ÄcoRI, 5'-GAGAATTCGAACAGTCGAA- 
GAAGGTGTCTCTTAAGC-3', and FLAGJffial, 5'-AGCTCTAGATTA- 
CACCCCAATCTTCAT-3'. 

Expression  Constructs—Both  the  full-length  mouse  TiamlcDNA 
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(FL1591) and the NH2-terminally truncated TiamlcDNA (C1199) were 
kindly provided by Dr. John G. Collard (The Netherlands Cancer Insti- 
tute, Amsterdam, The Netherlands). Specifically, the full-length Taiml 
(FL1591) cDNA was cloned into the eukaryotic expression vector, 
pMT2SM. The NH2-terminally truncated C1199 Tiaml cDNA (carrying 
a HA epitope tag at the 3' end) was cloned into the eukaryotic expres- 
sion vector, pUTSVl (Eurogentec, Belgium). The Tiaml fragment, 
PHn-CC-Ex domain was cloned into calmodulin-binding peptide (CBP)- 
tagged vector (pCAL-n) (Stratagen) using the PCR-based cloning strat- 
egy. Using human Tiaml cDNA as a template, PHn-CC-Ex domain was 
amplified by PCR with two specific primers (left, 5'-AACTCGAGAT- 
GAGTACCACCAACAGTGAG-3', and right, 5'-AAAAAGCTTTCAGC- 
CATCTGGAACAGTGTCATC-3') linked with specific enzyme digestion 
site (Xhol or ffiradlll). PCR product digested with Xhol and ffmdIII was 
purified with QIAquick PCR Purification Kit (Qiagen). The PHn-CC-Ex 
domain cDNA fragment was cloned into pCAL-n vector digested with 
Xhol and ffmdIII. The inserted PHn-CC-Ex domain sequence was 
confirmed by nucleotide sequencing analyses. The recombinant plas- 
mids were transformed to BL21-DE3 to produce CBP-tagged PHn- 
CC-Ex fusion protein. This fusion protein was purified from bacteria 
lysate by calmodulin affinity resin column (Sigma). 

The PHn-CC-Ex domain cDNA fragment was also cloned into pEG- 
FPN1 vector (CLONTECH) digested with Xhol and ffindlll to create 
GFP-tagged PHn-CC-Ex cDNA. The inserted PHn-CC-Ex domain se- 
quence was confirmed by nucleotide sequencing analyses. This GFP- 
tagged PHn-CC-Ex domain cDNA was then used for transient expres- 
sion in SP1 cells as described below. The molecular mass of the GFP- 
tagged PHn-CC-Ex is expressed as 68 kDa in SP1 or COS-7 cells by 
SDS-polyacrylamide gel electrophoresis and immunoblot analyses. 

Cell Transfection—To establish a transient expression system, SP1 
cells (or COS-7 cells) were transfected with various plasmid DNAs (e.g. 
HA-tagged C1199 TiamlcDNA, GFP-tagged PHn-CC-ExcDNA, or HA- 
tagged C1199TiamlcDNA plus GFP-tagged PHn-CC-ExcDNA (as co- 
transfection) or vector alone) using electroporation methods according 
to those procedures described previously (74). Briefly, SP1 cells were 
plated at a density of 2 X 106 cells/100-mm dish and transfected with 25 
fj,g/dish plasmid cDNA using electroporation at 230 V and 960 micro- 
faraday with a Gene Pulser (Bio-Rad). Transfected cells were grown in 
the culture medium for at least 24-48 h. Various transfectants were 
then analyzed for their protein expression (e.g. Tiaml-related proteins) 
by immunoblot, GDP/GTP exchange reaction on Racl, and tumor cell 
migration assays as described below. 

In Vitro Binding of Tiaml I Tiaml Fragment to CD44— Aliquots 
(0.5-1 ng of protein) of purified FLAG-CD44cyt fusion protein bound to 
Anti-FLAG M2 antibody immunoaffinity beads were incubated in 0.5 
ml of binding buffer (20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.1% 
bovine serum albumin, and 0.05% Triton X-100) containing various 
concentrations (10-800 ng/ml) of 125I-labeled intact Tiaml (purified 
from SP1 cells) (5000 cpm/ng protein) or 125I-labeled recombinant 
Tiaml fragment (CBP-tagged PHn-CC-Ex) at 4 °C for 4 h. Specifically, 
equilibrium binding conditions were determined by performing a time 
course (1-10 h) of 125I-labeled Tiaml (or CBP-tagged PHn-CC-Ex) bind- 
ing to CD44 at 4 °C. The binding equilibrium was found to be estab- 
lished when the in vitro Tiaml (or PHn-CC-Ex)-CD44 binding assay 
was conducted at 4 °C after 4 h. Following binding, the immunobeads 
were washed extensively in binding buffer, and the bead-bound radio- 
activity was counted. Nonspecific binding was determined using a 50- 
100-fold excess of unlabeled Tiaml (or PHn-CC-Ex) in the presence of 
the same concentration of 125I-labeled Tiaml or 125I-labeled CBP- 
tagged PHn-CC-Ex. Nonspecific binding, which was approximately 20% 
of the total binding, was always subtracted from the total binding. Our 
binding data are highly reproducible. The values expressed in Fig. 5 
represent an average of triplicate determinations of three to five exper- 
iments with a standard deviation less than ± 5%. 

In some cases, 0.1 jxg of surface biotinylated CD44v3 was incubated 
with various Tiaml-related proteins (e.g. purified intact Tiaml, HA- 
tagged C1199, CBP-PHn-CC-Ex, or HA/CBP-coated beads) in the pres- 
ence and absence of 100-fold excess amount of CBP-PHn-CC-Ex at room 
temperature in the binding buffer (20 mM Tris-HCl (pH 7.4), 150 mM 
NaCl, 0.1% bovine serum albumin, and 0.05% Triton X-100) for 1 h. 
After binding, biotinylated CD44v3 bound to the beads was analyzed by 
SDS-polyacrylamide gel electrophoresis, transferred to the nitrocellu- 
lose filters, and incubated with ExtrAvidin-peroxidase (Sigma). After 
an addition of peroxidase substrate (Pierce), the blots were developed 
using ECL chemiluminescence reagent (Amersham Pharmacia Biotech) 
according to the manufacturer's instructions. 

Tiaml-mediated GDP/GTP Exchange for Racl Proteins—Purified E. 
eoZi-derived GST-tagged Racl (20pmol) was preloaded with GDP (30 

im) in 10 ju,l of buffer containing 25 mM Tris-HCl (pH 8.0), 1 mM 
dithiothreitol, 4.7 mM EDTA, 0.16 mM MgCl2, and 200 jug/ml bovine 
serum albumin at 37 °C for 7 min. To terminate preloading procedures, 
additional MgC12 was then added to the solution (reaching a final 
concentration of 9.16 mM) as described previously (40, 49). Subse- 
quently, 2 pmol of Tiaml (in anti-Tiaml (or anti-HA or anti-CD44v3)- 
Sepharose bead-conjugated forms) isolated from COS-7 cells (trans- 
fected with either the full-lengh TiamlcDNA or NH2-terminally 
truncated TiamlcDNA) or SP1 cells (transfected with various plasmid 
DNAs such as HA-tagged C1199 TiamlcDNA, GFP-tagged 
PHn-CC-ExcDNA or HA-tagged C1199TiamlcDNA plus GFP-tagged 
PHn-CC-ExcDNA (as co-transfection) or vector alone, grown in the 
presence or absence of hyaluronic acid (100 /ig/ml)) or control samples 
(nonspecific cellular material associated with preimmune serum-conju- 
gated Sepharose beads) was preincubated with 2.5 /uM [36S]GTPyS 
(=1,250 Ci/mmol) (in the presence or absence of 2.25 JUM GTP7S for 10 
min followed by adding 2.5 pmol of GDP-loaded GST-tagged 
RaclGTPase as described previously) (49). The amount of [35S]GTPyS 
bound to Tiaml (conjugated to anti-Tiaml-Sepharose beads) or control 
sample (preimmune serum-conjugated Sepharose beads) in the absence 
of RaclGTPase was subtracted from the original values. Data represent 
an average of triplicates from three to five experiments. The standard 
deviation was less than 5%. 

Double Immunofluorescence Staining—SP1 cells (transfected with 
various plasmid DNAs such as HA-tagged C1199 TiamlcDNA, GFP- 
tagged PHn-CC-ExcDNA, or HA-tagged C1199TiamlcDNA plus GFP- 
tagged PHn-CC-ExcDNA (as co-transfection) or vector alone) were first 
washed with PBS buffer (0.1 M phosphate buffer (pH 7.5) and 150 mM 
NaCl) and fixed by 2% paraformaldehyde. Subsequently, SP1 transfec- 
tants were stained with rhodamine (Rh)-labeled rabbit anti-CD44v3 
antibody. In some cases, Rh-labeled cells were then rendered permeable 
by ethanol treatment followed by incubating with FITC-conjugated 
mouse anti-HA IgG. To detect nonspecific antibody binding, Rh- 
CD44v3-labeled cells were incubated with FITC-conjugated normal 
mouse IgG. No labeling was observed in such control samples. The 
fluorescein- and rhodamine-labeled samples were examined with a 
confocal laser scanning microscope (MultiProbe 2001 Inverted CLSM 
system, Molecular Dynamics, Sunnyvale, CA). 

Cell Adhesion Assay—SP1 cells were metabolically labeled with 
Tran35S label (20 /j,Ci/ml) as described above. After labeling, the cells 
were washed in PBS and incubated in PBS containing 5 mM EDTA at 
37 °C to obtain a nonadherent single cell suspension. Labeled cells 
(=9.1 x 105 cpm/105 cells) (in the presence or absence of anti-CD44v3 
antibody) were plated on the HA-coated plates at 4 °C for 30 min. 
Following incubation, the wells were washed three times in PBS, the 
adherent cells were solubilized in PBS containing 1% SDS, and the well 
bound radioactivity was determined by liquid scintillation counting. 
Nonspecific binding was determined by including 300 /u,g/ml soluble HA 
during the incubation of cells on HA-coated wells. The nonspecific 
binding was 10-15% of the total well-associated radioactivity and has 
been subtracted. 

Tumor Cell Migration Assays—Twenty-four transwell units were 
used for monitoring in vitro cell migration as described previously (23). 
Specifically, the 5-jum porosity polycarbonate filters (CoStar Corp., 
Cambridge, MA) were used for the cell migration assay. SP1 cells (=1 X 
104 cells/well in PBS, pH 7.2) (in the presence or absence of anti- 
CD44v3 antibody (50 |iig/ml)) were placed in the upper chamber of the 
transwell unit. In some cases, cells were transfected with either 
C1199TiamlcDNA, PHn-CC-ExcDNA, C1199TiamlcDNA plus 
PHn-CC-ExcDNA, or vector alone. The growth medium containing high 
glucose Dulbecco's modified Eagle's medium supplemented with 200 
fig/ml hyaluronic acid was placed in the lower chamber of the transwell 
unit. After 18 h of incubation at 37 °C in a humidified 95% air/5% C02 

atmosphere, the 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (Promega) was added at a final concentration of 0.2 mg/ml to 
both the upper and the lower chambers and incubated for an additional 
4 h at 37 °C. Migrative cells at the lower part of the filter were removed 
by swabbing with small pieces of Whatman filter paper. Both the 
polycarbonate filter and the Whatman paper were placed in dimethyl 
sulfoxide to solubilize the crystal. Color intensity was measured in 450 
nm. Cell migration processes were determined by measuring the cells 
that migrate to the lower side of the polycarbonate filters by standard 
cell number counting methods as described previously (23, 49). The 
CD44-specific cell migration was determined by subtracting nonspecific 
cell migration (i.e. cells migrate to the lower chamber in the presence of 
anti-CD44v3 antibody treatment) from the total migrative cells in the 
lower chamber. The CD44-specific cell migration in vector-transfected 
cells (control) is designated as 100%. Each assay was set up in triplicate 
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CD44v3 

FIG. 1. Expression of CD44v3 in breast tumor cells. Breast tu- 
mor cells (SP1 cell line) were surface biotinylated (or unlabeled) and 
solubilized in a buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM 
NaCl, and 1% Triton X-100. The solubilized materials were then im- 
munobloted or immunoprecipitated by anti-CD44v3 antibody as de- 
scribed under "Materials and Methods." Lane 1, immunoblot of unla- 
beled SP1 cell lysate using rabbit anti-CD44v3 antibody; lane 2, 
immunoblot of unlabeled SP1 cells with preimmune rabbit serum; lane 
3, immunoprecipitation of surface biotinylated SP1 cells using rabbit 
anti-GD44v3 antibody; lane 4, immunoprecipitation of surface biotiny- 
lated SP1 cells with preimmune rabbit serum. 

and repeated at least three times. All data were analyzed statistically 
using the Student's t test, and statistical significance was set at p < 
0.01. 

RESULTS 

Identification of CD44 Variant Isoform(s) as HA Receptor(s) 
in SP1 Cells—The expression of CD44 variant isoforms such as 
CD44v3 is known to be closely correlated with metastatic and 
proliferative behavior of a variety of tumor cells including 
various carcinomas such as human breast tumor cells (14-19). 
Immunoblotting with anti-CD44v3 antibody (recognizing the 
v3-specific sequence located at the membrane-proximal region 
of the extracellular domain of CD44) indicates that a single 
CD44v3 protein (molecular mass = -260 kDa) is expressed in 
SP1 cells (Fig. 1, lane 1). Furthermore, we have utilized surface 
biotinylation techniques and anti-CD44v3-mediated immuno- 
precipitation to characterize this CD44v3 molecule. Our results 
show that the 260-kDa CD44v3 molecule can be surface-bioti- 
nylated and is located on the surface of SP1 cells (Fig. 1, lane 3). 
No CD44v3-containing material is observed in control samples 
when preimmune rabbit serum is used in either immunoblot 
(Fig. 1, lane 2) or immunoprecipitation experiments (Fig. 1, 
lane 4). Further analyses using reverse transcriptase-PCR, 
cloning, and nucleotide sequence techniques indicate that this 
CD44v3 belongs to the CD44v3>8_10 isoform in SP1 cells (data 
not shown). This CD44v3 8_10 variant exon structure was pre- 
viously identified in human breast carcinoma samples (14-19), 
and its molecular mass (expressed at the protein level) has 
been shown to be =260 kDa (9). 

CD44 is the major hyaluronan cell surface receptor (50), and 
a cellular adhesion molecule in many different cell types (51). 
Specific HA-binding motifs have been identified and localized 
in the extracellular domain of all CD44 isoforms (52, 53). To 
determine whether HA promotes cell adhesion, breast tumor 
cells (SP1 cell line) were incubated with plastic dishes coated 
with HA. As shown in Table I, SP1 cells adhere to the HA- 
coated dishes very well. In addition, because preincubation 
with anti-CD44v3 antibody blocks the adhesion of SP1 cells to 
HA-coated dishes, these data clearly indicate that CD44v3 
isoform involves a specific binding interaction with the extra- 
cellular matrix component such as HA and is a cell surface 
adhesion molecule in SP1 cells. 

Analysis of a Complex Formed between CD44v3 and Tiaml 
in SP1 Cells in Vivo—Both CD44v isoforms (14-19) and Tiaml 
(39) have been detected in a variety of tumor cells. In this study 
we have addressed the question of whether there is an inter- 
action between CD44v3 isoform and Tiaml in breast tumor 
cells (e.g. SP1 cells). First, we have analyzed Tiaml expression 

TABLE I 
CD44v:)-mediated adhesion of metabolically labeled SP1 

cells to HA-coated plates 
Trans',5S-labeled SP1 cells were pretreated with or without anti- 

CD44v.j antibody treatment. Subsequently, these cells were incubated 
in tissue culture wells coated with HA as described under "Materials 
and Methods." The background level of binding was determined by cell 
adhesion performed in the presence of an excess amount of soluble HA. 
The results were expressed in terms of HA-specific binding in which the 
background levels of binding have been subtracted. Data are expressed 
as mean cpm ± S.E. of triplicate determinations. 

Treatments CD44v:rspeci(ic adhesion to HA- 
coated plates 

Untreated cells (control) 
Anti-CD44v,-treated cells 

cpm 
5,057 ± 201 
1,091 ± 136 

% of control 

100 
21 

(at the protein level) in breast tumor cells such as SP-1 cell line. 
Immunoblot analysis, utilizing anti-Tiaml antibody designed 
to recognize the specific epitope located at the COOH-terminal 
sequence of Tiaml reveals a single polypeptide (molecular 
mass = -200 kDa) (Fig. 2, lane 2). We have demonstrated that 
Tiaml detected in SP1 cells revealed by anti-Tiaml-mediated 
immunoblot is specific because no protein is detected in these 
cells using preimmune rabbit IgG (Fig. 2, lane 1). Furthermore, 
we have carried out anti-CD44v3-mediated and anti-Tiaml- 
mediated precipitation followed by anti-Tiaml immunoblot 
(Fig. 2, lane 3) or anti-anti-CD44v3 immunoblot (Fig. 2, lane 4), 
respectively, using SDS-polyacrylamide gel electrophoresis 
analyses. Our results clearly indicate that the Tiaml band is 
revealed in anti-CD44v3-immunoprecipitated materials (Fig. 
2, lane 3). The CD44v3 band can also be detected in the anti- 
Tiaml-immunoprecipitated materials (Fig. 2, lane 4). These 
findings clearly establish the fact that CD44v3 and Tiaml are 
closely associated with each other in vivo in breast tumor cells. 

In Vitro Binding Between Tiaml (or PHn-CC-Ex Domain) 
and CD44—Previous studies indicate that Tiaml membrane 
localization (through its NH2-terminal PHn domain and an 
adjacent protein interaction domain (designated as PHn-CC- 
Ex, a sequence between amino acids 393-738 of Tiaml)) (Fig. 3, 
A and C) is required for the activation of Racl signaling path- 
ways leading to membrane ruffling and c-Jun NH2-terminal 
kinase activation (37, 54). To test whether CD44 is one of the 
membrane proteins involved in the direct binding to Tiaml, we 
have used purified CBP-tagged PHn-CC-Ex fusion protein 
(Figs. 3C and 4, lane 1) and the FLAG-tagged cytoplasmic 
domain of CD44 (FLAG-CD44cyt) fusion protein (Fig. 4, lane 2) 
to identify the CD44 binding site on the Tiaml molecule. Spe- 
cifically, we have tested the binding of FLAG-CD44cyt to 125I- 
labeled CBP-PHn-CC-EX (or 12rT-labeled intact Tiaml) under 
equilibrium binding conditions. Scatchard plot analyses pre- 
sented in Fig. 5 indicate that PHn-CC-Ex binds to the cytoplas- 
mic domain of CD44 (CD44cyt) at a single site (Fig. 5A) with 
high affinity (an apparent dissociation constant (Kd) of =0.2 
mi). This interaction between PHn-CC-Ex and CD44 is compa- 
rable in affinity with CD44 binding (Kd = -0.13 mvi) to intact 
Tiaml (Fig. 5B). These findings clearly indicate that Tiaml (in 
particular, PHn-CC-Ex domain) contains the CD44 binding 
site. 

Further analyses using an in vitro binding assay show that 
surface biotinylated CD44v3 (isolated from SP1) specifically 
binds to Tiaml (including intact Tiaml (Fig. 6, lane 1), HA- 
tagged C1199 Tiaml (Fig. 6, lane 2) or Tiaml fragment (PHn- 
CC-Ex) (Fig. 6, lane 3))-coated beads. In the presence of an 
excess amount (=100-fold) of recombinant PHn-CC-Ex Tiaml 
fragment, the binding interaction between CD44v3 and these- 
Tiaml-related proteins is readily abolished (Fig. 6, lanes 4-6). 
These observations suggest that (i) the breast tumor cell-spe- 
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FIG. 2. Detection of Tiaml and Tiaml-CD44v3 complex in SP1 
cells. SP1 cells (5 X 105 cells) were solubilized by 1% Nonidet P-40 
buffer followed by immunoprecipitation and/or immunblot by anti- 
Tiaml antibody or anti-CD44v3 antibody, respectively, as described 
under "Materials and Methods." Lane 1, immunoblot of SP1 cells with 
preimmune rabbit serum; lane 2, detection of Tiaml with anti-Tiaml- 
mediated immunoblot of SP1 cells; lane 3, detection of Tiaml in the 
complex by anti-CD44v3-immunoprecipitation followed by immunoblot- 
ting with anti-Tiaml antibody; lane 4, detection of CD44v3 in the 
complex by anti-Tiaml immunoprecipitation followed by immunoblot- 
ting with anti-CD44v3 antibody. 

A TiamMFull Length) 
PHn CC 

2Li 
V- DHR DH   PHc 

738 

^ 

^ 

B CT199(N-Terminally 
Truncated Tiaml) 

C PHn-CC-Ex 
(Tiaml Fragment) 

FIG. 3. Illustration of Tiaml full-length (A) and deletion mu- 
tant cDNA constructs (B and C). The full-length Tiaml contains a 
Dbl homology domain (DH), a Discs large homology region (DHR), two 
pleckstrin homology (PH) domains (including the NH2-terminal PH 
(PHn) and the COOH-terminal PH (PHc)), a putative coiled coil region 
(CC), and an additional adjacent region (Ex). The NH2-terminally trun- 
cated C1199 Tiaml encodes the COOH-terminal 1199 amino acids (B). 
PHn-CC-Ex domain of Tiaml encodes the sequence between amino 
acids 393 and 738 (C). 
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FIG. 4. Characterization of various recombinant proteins used 
in the in vitro binding assay. Lane 1, a Coomassie Blue staining of 
CBP-PH-CC-Ex fusion protein purified by calmodulin affinity resin 
column chromatography; lane 2, a Coomassie Blue staining of FLAG- 
CD44cyt fusion protein eluted from affinity column chromatography 
with FLAG peptide. 

cific CD44v3 is also capable of interacting with Tiaml (e.g. 
intact Tiaml (Fig. 6, lane 1), HA-tagged C1199 Tiaml (Fig. 6, 
lane 2), or Tiaml fragment (PHn-CC-Ex) (Fig. 6, lane 3)); and 
(ii) the Tiaml fragment such as PHn-CC-Ex acts as a potent 
competitive inhibitor for Tiaml binding to CD44v3 in vitro 

(Fig. 6, lanes 4-6). 
Tiaml-catalyzed Racl Activation in SP1 Cells—Racl GTPase 

becomes activated when bound GDP is exchanged for GTP by a 

0.005       0.010       0.015       0.020       0.025       0.030       0.035       0.040 

Bound PHn-CC-Ex ( pM ) 

0.04 0.06 

Bound Tiam 1 ( pM ) 

FIG. 5. Binding of 125I-labeled PHn-CC-Ex (or Tiaml) to FLAG- 
CD44cyt. Various concentrations of 125I-labeled PHn-CC-Ex (or Tiaml) 
were incubated with FLAG-CD44cyt-coupled beads at 4 °C for 4 h. 
Nonspecific binding was determined in the presence of 50-fold excess of 
unlabeled PHn-CC-Ex (or Tiaml) and subtracted from the total bind- 
ing. Results represent an average of duplicate determinations from the 
same experiment. Data presented are the representative of three indi- 
vidual binding experiments. A, Scatchard plot analysis of the equilib- 
rium binding data between 125I-labeled PHn-CC-Ex and FLAG- 
CD44cyt. B, Scatchard plot analysis of the equilibrium binding data 
between 125I-labeled intact Tiaml and FLAG-CD44cyt. 

CD44v3 
^^JÜEIF   ^PPPPTSP^   *pp$^%^'"°- 

FIG. 6. In vitro binding between CD44v3 and Tiaml-related 
protein. CD44v3 was immunoprecipitated from surface biotinylated 
SP1 cells by anti-CD44v3 antibody as described under "Materials and 
Methods." Subsequently, purified surface biotinylated CD44v3 was in- 
cubated with Tiaml, C1199 Taiml, or PHn-CC-Ex-coated beads in the 
binding buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% bovine 
serum albumin, and 0.05% Triton X-100) at room temperature for 1 h. 
After extensive washing, protein bound on the beads were eluted and 
analyzed with Extravidin (horseradish peroxidase-conjugated). Lane 1, 
binding of CD44v3 to Tiaml-conjugated beads; lane 2, binding of 
CD44v3 to C1199 Tiaml-conjugated beads; lane 3, binding of CD44v3 to 
PHn-CC-Ex-conjugated beads; lane 4, binding of CD44v3 to Tiaml- 
conjugated beads in the presence of an excess amount (=100-fold) of 
soluble PHn-CC-Ex; lane 5, binding of CD44v3 to C1199 Tiaml-conju- 
gated beads in the presence of an excess amount (=*100-fold) of soluble 
PHn-CC-Ex; lane 6, binding of CD44v3 to PHn-CC-Ex-conjugated beads 
in the presence of an excess amount (»«100-fold) of soluble PHn-CC-Ex. 

process catalyzed by guanine nucleotide (GDP-GTP) exchange 
factors or GDP dissociation stimulator proteins (i.e. promoting 
GTP binding to RhoA by facilitating the release of GDP) (25, 
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FIG. 7. Tiaml-mediated GDP/GTP exchange for Racl protein. 
Tiaml isolated from SP1 cells (treated with HA or without any treat- 
ment) was preincubated for 10 min with 0.25 ^M [35S]GTPyS (1,250 
Ci/mmol) and 2.25 /XM GTPyS (or in the presence of 1 mm unlabeled 
GTPyS) followed by adding GDP-loaded GST-Racl GTPases (or GST 
alone). The amount of [35S] GTPyS bound to samples in the absence of 
GTPases was subtracted from the original values. Data represent an 
average of triplicates from three to five experiments. The standard 
deviation was less than 5%. Line a, kinetics of [35S]GTPyS bound to 
GDP-loaded GST-Racl in the presence of Tiaml (isolated from SP1 cells 
treated with HA); line b, kinetics of GTPy35S bound to GDP-loaded 
GST-Racl in the presence of Tiaml (isolated from SP1 cells without any 
treatment); line c, kinetics of [35S] GTPyS bound to GDP-treated GST in 
the presence of Tiaml (isolated from SP1 cells treated with HA); line d, 
kinetics of [36S] GTPyS bound to GDP treated GST in the presence of 
Tiaml (isolated from SP1 cells without any treatment). 

26). Tiaml is known to function as an exchange factor for the 
Rho-like GTPases such as Racl (34, 40-42). To investigate 
whether Tiaml complexed with CD44v3 acts as a GDP/GTP 
exchange factor (or a GDP dissociation stimulator protein) for 
E. co/i-derived GST-Racl, we have isolated Tiaml complexed 
with CD44v3 from SP1 cells using anti-Tiaml-conjugated 
Sepharose beads. Our data show that Tiaml complexed with 
CD44v3 from SP1 cells causes the exchange of preloaded GDP 
for [35S]GTPyS on GST-Racl in a time-dependent manner (Fig. 
7, lines a and b). Most importantly, addition of HA to CD44v3 

containing SP1 cells stimulates the total amount of bound 
[35S]GTPyS to GST-Racl (Fig. 7, line b) (at least 1.5-fold in- 
crease) as compared with Tiaml isolated from untreated SP1 
cells (Fig. 7, line b) or HA-treated SP1 cells in the presence of 
anti-CD44v3 antibody (data not shown). No [35S]GTPyS-bound 
material was detected in these samples containing GST alone 
under the same GDP/GTP exchange reaction using Tiaml iso- 
lated from SP1 cells (in the presence (Fig. 7, line c) or absence 
(Fig. 7, line d) of HA treatment). These findings suggest that 
the HA interaction with CD44v3 isoform-containing SP1 cells 
promotes Tiaml activation of Racl. 

CD44v3-Tiaml Interaction in Racl Signaling and Cytoskel- 
eton-mediated Tumor Cell Migration—Previous studies indi- 
cate that the invasive phenotype of tumor cells characterized 
by an invadopodia structure (or membranous projections) (56, 
57) and tumor cell migration (28, 29) is closely associated with 
CD44v3 8^10-linked cytoskeleton function (23). In this study we 
have transiently transfected breast tumor cells (e.g. SP-1 cells) 
with HA-tagged NH2-terminally truncated C1199 Tiaml cDNA 
(Fig. 3B). Our results show that the C1199 Tiaml is expressed 
as a 150-kDa protein (Fig. 8A, lane 1) detected by anti-HA- 
mediated immunoblot in CD44v3-positive breast tumor cells 
(SP1 cells). No protein band was detected in vector-transfected 
SP1 cells by anti-HA-mediated immunoblotting (Fig. 8A, lane 
3). Using anti-CD44v3 immunoprecipitation of SP1 cellular 
protein followed by immunoblotting with anti-HA antibody, we 
have found that the 150-kDa C1199 Tiaml is co-precipitated 
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FIG. 8. Transfection of SPlcells with HA-tagged 
C1199TiamlcDNA (A) or GFP-tagged PHn-CC-ExcDNA (B) or 
co-transfection of HA-tagged C1199TiamlcDNA and GFP- 
tagged PHn-CC-ExcDNA (C). A, detection of C1199 Tiaml expres- 
sion by anti-HA-mediated immunoblot in HA-tagged C1199 
TiamlcDNA transfected cells (lane 1) or in vector-transfected cells (lane 
3); immunoblot of anti-CD44v3 immunoprecipitated materials (lane 2) 
or rabbit preimmune IgG precipitated materials (lane 4) from HA- 
tagged C1199 TiamlcDNA transfected cells with anti-HA antibody. B, 
detection of PHn-CC-Ex expression by anti-GFP-mediated immunoblot 
in GFP-tagged PHn-CC-Ex cDNA transfected cells (lane 1) or vector- 
transfected cells (lane 3); immunoblot of anti-CD44v3 immunoprecipi- 
tated materials (lane 2) or rabbit preimmune IgG precipitated materi- 
als (lane 4) from GFP-tagged PHn-CC-Ex cDNA transfected cells with 
anti-GFP antibody. C, detection of co-expression of C1199 Tiaml and 
PHn-CC-Ex by immunoblotting of cells (co-transfected with HA-tagged 
C1199 TiamlcDNA and GFP-tagged PHn-CC-Ex cDNA) with anti-HA 
antibody (row a, lane 1) and anti-GFP antibody (row 6, lane 1), respec- 
tively; immunoblotting of vector-transfected cell lysate with anti-HA 
antibody (row a, lane 3) and anti-GFP antibody (row b, lane 3), respec- 
tively; immunoblot of anti-CD44v3 immunoprecipitated materials 
(from HA-tagged C1199 TiamlcDNA and GFP-tagged PHn-CC-Ex 
cDNA co-transfected cells) using anti-HA antibody (row a, lane 2) and 
anti-GFP antibody (row b, lane 2), respectively. Immunoblot of rabbit 
preimmune IgG-precipitated materials (from HA-tagged C1199 
TiamlcDNA and GFP-tagged PHn-CC-Ex cDNA co-transfected cells) 
using anti-HA antibody (row a, lane 4) and anti-GFP antibody (row b, 
lane 4), respectively. 

with CD44v3 (Fig. 8A, lane 2). In control samples, immunoblot- 
ting of rabbit preimmune IgG-precipitated material using an- 
ti-HA antibody does not reveal any protein associated with this 
material (Fig. 8A, lane 4). Double immunofluorescence staining 
data also confirms the close association between CD44v3 (Fig. 
9A) and the C1199 Taiml (Fig. 9B) in the plasma membranes 
and long membrane projections. In contrast, vector-transfected 
cells expressing CD44v3 on the surface (Fig. 9, inset a) (with no 
detectable C1199 Tiaml by anti-HA label (Fig. 9, inset b)) fail 
to display long membrane projections. Furthermore, we have 
demonstrated that transfection of SP1 cells with C1199 Tiaml 
cDNA stimulates CD44v3-associated Tiaml-catalyzed GDP/ 
GTP exchange on Racl (Table II) and induces a significant 
amount of increase in CD44v3-specific and HA-mediated breast 
tumor cell migration (Table II) compared with vector-trans- 
fected SP1 transfectants (Table II). These results are consist- 
ent with previous findings indicating that transfection of 
NIH3T3 cells with the NH2-terminally truncated C1199 Tiaml 
cDNA confers potent oncogenic properties (42). Treatment of 
SP1 cells (e.g. untransfected cells or transfected cells) with 
certain agents (e.g. cytochalasin D (a microfilament inhibitor)) 
causes a remarkable inhibition of CD44v3/HA-specific tumor 
cell migration (Table II). These observations suggest that 
CD44v3-associated Tiaml signaling and cytoskeleton-medi- 
ated tumor cell motility are closely coupled. 

Moreover, we have found that SP1 cells transfected with 
GFP-tagged PHn-CC-Ex Tiaml cDNA express a 68-kDa pro- 
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FIG. 9. Double immunofluorescence staining of CD44v3 and Tiaml cDNA (e.g. C1199 Tiaml cDNA or PHn-CC-Ex 
cDNA)-transfected SP1 cells. SP1 cells (transfected with HA-tagged C1199 Tiaml cDNA or GFP-tagged PHn-CC-Ex cDNA or co-transfected 
with HA-tagged C1199 Tiaml cDNA plus GFP-tagged PHn-CC-Ex cDNA) were fixed by 2% paraformaldehyde. Subsequently, cells were surface 
labeled with Rh-labeled rabbit anti-CD44v3 antibody. Some cells were then rendered permeable by ethanol treatment and stained with 
FITC-labeled mouse anti-HA IgG. A and B, Rh-labeled anti-CD44v3 staining (A) and FITC-anti-HA-labeled C1199 Tiaml staining (B) in 
HA-tagged C1199 Tiaml cDNA transfected SP1 cells. Insets a and b, Rh-labeled anti-CD44v3 staining (a) and FITC-anti-HA staining (b) in 
vector-transfected SP1 cells. C and D, Rh-labeled anti-CD44v3 staining (C) and GFP-tagged PHn-CC-Ex domain (D) in GFP-tagged PHn-CC-Ex 
cDNA transfected SP1 cells. Insets c and d, Rh-labeled preimmune IgG staining (c) and GFP-tagged PHn-CC-Ex domain (d) in GFP-tagged 
PHn-CC-Ex cDNA transfected SP1 cells. E and F, Rh-labeled anti-HA staining of C1199 Tiaml (E) and GFP-tagged PHn-CC-Ex domain (F) in SP1 
cells co-transfected with HA-tagged C1199 cDNA and GFP-tagged PHn-CC-Ex cDNA. Insets e and f, Rh-labeled anti-CD44v3 staining (e) and 
GFP-tagged PHn-CC-Ex domain (/) in SP1 cells co-transfected with HA-tagged C1199 cDNA and GFP-tagged PHn-CC-Ex cDNA. 

tein as detected by anti-GFP antibody (Fig. 8B, lane 1). In 
vector-transfected SP1 cells, we are not able to detect any 
protein band by anti-GFP-mediated immunoblotting (Fig. 8B, 
lane 3). Using anti-CD44v3 immunoprecipitation of SP1 cellu- 
lar protein followed by immunoblotting with anti-GFP anti- 
body, we have found that the 68-kDa PHn-CC-Ex Tiaml frag- 
ment is co-precipitated with CD44v3 (Fig. 8B, lane 2). No 
protein band was found when immunoblotting of rabbit preim- 
mune IgG-precipitated materials with anti-GFP antibody was 
used (Fig. 8B, lane 4). It is also noted that both GFP-tagged 
PHn-CC-Ex domain (Fig. 9D) and CD44v3 are co-localized in 
the plasma membranes (Fig. 9C). However, no significant stim- 
ulation of long membrane projection was observed in these cells 
(Fig. 9, C, D, and insets c and d). Furthermore, we have dem- 
onstrated that CD44v3 staining detected in these SP1 trans- 
fectants revealed by anti-CD44v3-mediated immunostaining is 
specific because no surface label (Fig. 9, inset c) is detected in 
these GFP-PHn-CC-Ex overexpressed cells (Fig. 9, inset d) 
using preimmune rabbit IgG (Fig. 9, inset c). Additionally, we 
have demonstrated that overexpression of GFP-tagged PHn- 
CC-Ex domain in SP1 transfectants does not cause any signif- 
icant changes of breast tumor cell properties (e.g. CD44v3- 
associated Tiaml-Racl signaling or HA-mediated tumor cell 
migration (Table ID) 

Finally, we have conducted co-transfection of SP1 cells with 
HA tagged C1199 Tiaml cDNA and GFP-tagged PHn-CC-Ex 
cDNA. Our results indicate that C1199 Tiaml and PHn-CC-Ex 
Tiaml fragment are co-expressed as a 150-kDa protein (Fig. 
8C, row a, lane 1) and a 68-kDa protein (Fig. 8C, row b, lane 1), 
respectively, in SP1 cells. No protein band was revealed in 
vector-transfected SP1 cells by anti-HA (Fig. 8C, row a, lane 3) 
or anti-GFP-mediated (Fig. 8C, row b, lane 3) immunoblotting. 
Using anti-C44v3 antibody immunoprecipitation of SP1 cell 
lysate followed by immunoblotting with anti-GFP antibody and 

anti-HA, respectively, we have found that the 68-kDa PHn- 
CC-Ex Tiaml fragment (Fig. 8C, row b, lane 2) (but not 150- 
kDa C1199 Tiaml (Fig. 8C, row a, lane 2)) is co-precipitated 
with CD44v3. In control samples, immunoblotting of rabbit 
preimmune IgG-precipitated material using anti-HA antibody 
(Fig. 8C, row a, lane 4) or anti-GFP antibody (Fig. 8C, row b, 
lane 4) does not reveal any protein associated with this mate- 
rial. Immunocytochemical staining results confirm that the 
PHn-CC-Ex Tiaml fragment (Fig. 9, inset e) is co-localized with 
CD44v3 (Fig. 9, inset f) in the plasma membranes of SP1 
transfectants. In contrast, the C1199 Tiaml (Fig. 9E) fails to 
display plasma membrane localization as the PHn-CC-Ex do- 
main does (Fig. 9^. Co-expression of PHn-CC-Ex domain and 
C1199 Tiaml also efficiently blocks CD44v3-associated Tiaml- 
Racl activation and CD44v3-dependent and HA-mediated 
breast tumor cell migration (Table II). These results are con- 
sistent with a previous report showing that co-transfection of 
COS-7 cells with PHn-CC-Ex cDNA and C1199 Tiaml cDNA 
results in an inhibition of C1199 Tiaml-induced Racl signaling 
and membrane ruffling (54). These findings suggest that the 
NH2-terminal PHn domain and an adjacent protein interaction 
domain (PHn-CC-Ex) play an important role in regulating 
Tiaml localization to the plasma membrane proteins such as 
CD44v3 isoforms and for oncogenic signaling during extracel- 
lular matrix component (e.g. hyaluronic acid)-regulated breast 
tumor cell invasion and migration. 

DISCUSSION 

CD44 denotes a family of glycoproteins (e.g. CD44s (standard 
form), CD44E (epithelial form), and CD44v (variant isoforms)) 
that are expressed in a variety of cells and tissues (1-6). 
Clinical studies indicate that a number of CD44v isoforms have 
been detected at high levels on the surface of tumor cells during 
tumorigenesis and metastasis (13-17). As the histologic grade 
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TABLE II 
Measurement ofCD44v3-associated Tiaml-catalyzed Racl activation 
and HA-mediated I cytoskeleton-mediated breast tumor cell migration 

CD44v3-associated Tiaml- 
catalyzed Racl activation: 

Amount of [y-35S]GTP 
bound to GST-Racl0 

Untransfected cells (control) 
Vector-transfected cells 
PHn-CC-ExcDNA-transfected cells 
C1199 Tiaml cDNA-transfected cells 
C1199 Tiaml cDNA and PHn-CC-Ex 

cDNA co-transfected cells 

pmol 
1.50 
1.47 
1.42 
2.28 
1.35 

% of control* 
100 
98 
95 

152 
90 

In vitro HA-mediated/CD44v3- 
specific cell migration0 

Me2SO-treated 
control 

Cytochalasin 
D-treated 

Untransfected cells (control) 
Vector-transfected cells 
PHn-CC-ExcDNA-transfected cells 
C1199 Tiaml cDNA-transfected cells 
C1199 Tiaml cDNA and PHn-CC-Ex 

cDNA co-transfected cells 

% of control" 
100 20 
97 25 
95 23 

155 50 
90 15 

" SP1 cells (=1 X 104 cells/well in PBS, pH 7.2) (in the presence or 
absence of 20 /xg/ml cytochalasin D (dissolved in Me2SO) or Me2SO 
alone) were placed in the upper chamber of the transwell unit. In some 
cases, SP1 cells were transfected with either HA-tagged C1199 Tiaml 
cDNA or GFP-tagged PHn-CC-ExcDNA or HA-tagged C1199 Tiaml 
cDNA plus GFP-tagged PHn-CC-ExcDNA or vector alone. After 18 h of 
incubation at 37 °C in a humidified 95% air/5% C02 atmosphere, cells 
on the upper side of the filter were removed by wiping with a cotton 
swab. Cell migration processes were determined by measuring the cells 
that migrate to the lower side of the polycarbonate filters containing HA 
by standard cell number counting assays as described under "Materials 
and Methods." Procedures for measuring CD44v3-associated Tiaml- 
catalyzed GDP/GTP exchange reaction on GST-Racl were described 
under "Materials and Methods." Each assay was set up in triplicate and 
repeated at least three times. All data were analyzed statistically by 
Student's t test, and statistical significance was set atp < 0.01. In these 
experiments ^30-40% of input cells (=1 x 104 cells/well) undergo in 
vitro cell invasion and migration in the control samples. 

6 The values expressed in this table represent an average of triplicate 
determinations of three to five experiments with a standard deviation of 
less than 5%. 

of each of the tumors progresses, the percentage of lesions 
expressing an associated CD44v isoform increases. In particu- 
lar, the CD44v3-containing isoforms are detected preferentially 
on highly malignant breast carcinoma tissue samples. In fact, 
there is a direct correlation between CD44v3 isoform expression 
and increased histologic grade of the malignancy (14, 17, 57). 

It has been speculated that some of these CD44v3 isoforms 
on epithelial cells may act as surface modulators to facilitate 
unwanted growth factor receptor-growth factor interactions (9, 
10) and subsequent tumor formation. The CD44-related glyco- 
proteins are also known to mediate cell adhesion to extracellu- 
lar matrix components (e.g. HA) and to function as the major 
hyaluronate receptor (50). In this study we have demonstrated 
that a 260-kDa CD44v3 isoform is expressed on the surface of 
breast tumor cells (SP1 cell line) (Fig. 1) and that it interacts 
with extracellular matrix HA as an adhesion receptor (Table I). 
Furthermore, addition of HA to SP1 cells stimulates tumor cell 
migration in a CD44v3-specific and cytoskeleton-dependent 
manner (Table II). These findings are consistent with previous 
findings that CD44v isoforms expressed in tumor cells often 
display enhanced hyaluronic acid binding, which increases cell 
migration capability (58, 59). 

The invasive phenotype of CD44v3-mediated breast tumor 
cells, characterized by invadopodia formation (23), matrix met- 
alloproteinase-9 activation (23, 24), and tumor cell motility (23, 
48) has been linked to cytoskeletal function, a process in which 

the small GTP-binding proteins such as RhoA and Racl are 
shown to play important roles. Tsukita and co-workers (60) 
have reported that Rho-like proteins participate in the inter- 
action between the CD44 and the ERM cytoskeletal proteins. 
Our recent study determined that RhoA is physically linked to 
CD44v3 isoform (e.g. CD44v3 8_10) in breast tumor cells (48). 
Rho-kinase stimulated by activated RhoA (GTP-bound form of 
RhoA) appears to play a pivotal role in promoting CD44v3 8_10- 
ankyrin interaction during membrane-cytoskeleton function 
and metastatic breast tumor cell migration (48). Signaling to 
the RacGTPase known to regulate actin assembly associated 
with membrane ruffling, pseudopod extension, cell motility, 
and cell transformation (33-37) has been shown to be abnormal 
in breast tumor cells as compared with normal breast epithelial 
cells (61). The fact that Racl induces stress fiber formation in 
a Rho-dependent manner suggests that cross-talk occurs be- 
tween the Rho and Racl signaling pathways (33). The question 
of whether the activation of Racl signaling is involved in 
CD44v3-cytoskeleton-mediated breast tumor-specific events 
remains to be answered. 

Tiaml, which was identified by retroviral insertional mu- 
tagenesis and selected for its invasive cell behavior in vitro, has 
been shown to regulate Racl activation (38, 39). This molecule 
is largely hydrophilic and contains several functional domains 
including a Dbl homology domain (38, 62, 63), a Discs large 
homology region (38, 64), and two pleckstrin homology (PH) 
domains (e.g. PHn (the PH domain located at the NH2-terminal 
region of the molecule; and PHc (the PH domain located at the 
COOH-terminal region of the molecule)) (Fig. 3) (38). In par- 
ticular, the Dbl homology domain of Tiaml exhibits GDP/GTP 
exchange activity for specific members of the Ras superfamily 
of GTP-binding proteins (62, 63) and plays an important role in 
Racl signaling and cellular transformation (33-37). In breast 
tumor cells (e.g. SP1 cells), Tiaml is detected as a 200-kDa 
protein (Fig. 2) that is capable of carrying out GDP/GTP ex- 
change for Racl (Fig. 7), similar to Tiaml described in other 
cell types (34, 40-42, 65, 66). Other functional domains such as 
Discs large homology region have been implicated in the bind- 
ing of membrane protein networks (38, 64). The PH domain 
may mediate association with the submembrane region of the 
cell via protein-protein or protein-lipid interactions (67). Based 
on mutational analyses and immunofluorescence staining, Col- 
lard and co-workers (37, 54) report that the NH2-terminal PHn 
domain (but not PHc) and an adjacent protein interaction do- 
main (e.g. PHn-CC-Ex domain) (Fig. 3) are required for Tiaml 
targeting to the plasma membrane and Racl activation in 
fibroblasts. At the present time, identification of the membrane 
protein(s) involved in Tiaml binding has not been established. 

In this study we have presented new evidence that a close 
interaction occurs between Tiaml and certain plasma mem- 
brane proteins such as CD44v3 isoform. Using two recombi- 
nant proteins (CBP-tagged PHn-CC-Ex domain (Fig. 4, lane 1) 
and FLAG-tagged CD44 cytoplasmic domain (FLAG-CD44cyt) 
(Fig. 4, lane 2)), we have demonstrated that the PHn-CC-Ex 
domain of Tiaml is directly involved in the binding to the 
cytoplasmic domain of CD44 (Figs. 5 and 6). In fact, the binding 
affinity of the PHn-CC-Ex domain of Tiaml to CD44 is compa- 
rable with the intact Tiaml binding to CD44 (Figs. 5 and 6). In 
the presence of PHn-CC-Ex, the binding between Tiaml and 
CD44 (e.g. CD44v3) is greatly reduced (Fig. 6). The ability of 
PHn-CC-Ex to effectively compete for Tiaml binding to the 
plasma membrane proteins such as CD44v3 (Fig. 6) strongly 
suggests that the PHn-CC-Ex of Tiaml is responsible for the 
recognition of CD44 in vitro. 

In addition, we have detected that Taiml and CD44v3 are 
physically linked to each other as a complex in vivo (Figs. 2, 8, 
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and 9) and that HA binding to CD44v3 promotes Tiaml-cata- 
lyzed Racl activation (Fig. 7 and Table II) and tumor cell 
migration (Table II). Our data also indicate that overexpression 
of Tiaml (by transfecting SP1 cells with C1199 TiamlcDNA) 
(Figs. 8 and 9) not only promotes C1199 Tiaml association with 
CD44v3 (Figs. 8 and 9) but also enhances the metastatic capa- 
bility of tumor cells (e.g. Racl activation and tumor cell migra- 
tion (Table II)). These results suggest that Tiaml and CD44v3 
are not only structurally linked but also functionally coupled. 
Previously, it has been shown that Tiaml-activated Racl ini- 
tiates oncogenic signaling cascades that involve activation of 
c-Jun NH2-terminal kinase (37, 54) and a novel family of ser- 
ine/threonine kinases, Paks (p-21 activated kinases) (68, 69). 
However, the identification of CD44v3-Tiaml-mediated down- 
stream targets (e.g. c-Jun NH2-terminal kinase and/or Paks 
activities) during HA-mediated breast tumor progression and 
metastasis remains to be answered. 

Furthermore, we have found that co-transfection of SP1 cells 
with PHn-CC-Ex cDNA and C1199 TiamlcDNA (Figs. 8 and 9) 
effectively blocks tumor cell-specific behaviors (e.g. C1199 
Tiaml association with CD44v3 (Figs. 8 and 9), Racl signaling 
(Table II), and tumor cell migration (Table ID). These findings 
further support our conclusion that PHn-CC-Ex acts as a po- 
tent competitive inhibitor that is capable of interfering with 
C1199 Tiaml-CD44v3 interaction in vivo. Recently, we have 
also identified a unique sequence residing within the PHn- 
CC-Ex domain as the putative cytoskeletal binding site of 
Tiaml (70). Most importantly, interaction between Tiaml and 
the cytoskeleton up-regulates the GDP/GTP exchange activity 
of Rho-like GTPases and stimulates breast tumor cell invasion/ 
migration (70). These observations clearly suggest that the 
PHn-CC-Ex fragment of Tiaml is one of the important regula- 
tory domains required for Tiaml function. 

In fibroblasts, Tiaml-induced membrane ruffling is depend- 
ent on Racl (but not RhoA) activity (71). The fact that Tiaml is 
involved in both Racl- and RhoA-mediated pathways during 
neurite formation in nerve cells suggests that the balance be- 
tween two Tiaml-activated Rho-like GTPases (e.g. Racl and 
RhoA) determines a particular biological activity (65). Tiaml- 
Racl signaling is also implicated in promoting integrin-medi- 
ated cell-cell and cell-extracellular matrix interaction and 
lymphoid cell invasion (34, 65). In addition, the laminin recep- 
tor, aeßt integrin appears to require Racl as a downstream of 
Tiaml signaling in neuroblastoma cell activation (65). In epi- 
thelial Madin-Darby canine kidney cells, fibronectin and/or 
lamininl-induced Tiaml-Racl signaling up-regulates E-cad- 
herin-mediated adhesion and plays an invasion-suppressor role 
in Ras-transformed Madin-Darby canine kidney cells (66). 
However, if Madin-Darby canine kidney cells were grown on 
different collagen substrates, the expression of Tiaml or con- 
stitutively activated Racl (V12Rac) in these cells is able to 
inhibit the appearance of E-cadherin adhesion and promote cell 
migration (72, 73). Our studies show that approximately 60% 
(63 ± 4%, n = 5) of the GDP dissociation activity can be 
detected in the guanine nucleotide exchange assay using Tiaml 
isolated from untreated breast tumor cells (Fig. 7 and Table II). 
We have also observed that approximately 90% (92 ± 5%, n = 
5) of Racl is exchanging GDP for GTP in the presence of Tiaml 
isolated from either HA-treated cells (Fig. 7) or C1199 Tiaml 
cDNA-transfected breast tumor cells (Table II). These findings 
suggest that Tiaml-catalyzed Racl activation is tightly regu- 
lated by various signals. Apparently, different responses by 
Tiaml-catalyzed Rho-like GTPases are controlled by specific 
upstream activators (in particular, cell adhesion receptors (e.g. 
CD44, integrin, or E-cadherin, etc.) or extracellular matrix 
components (e.g. HA, collagens, laminin, or fibronectin, etc.)), 

which may result in selective Tiaml-activated Rho-like 
GTPases and distinct biological outcome. In summary, we be- 
lieve that Tiaml-CD44v3 interaction plays a pivotal role in 
regulating oncogenic signaling required for RhoGTPase activa- 
tion and cytoskeleton function during HA-mediated metastatic 
breast tumor cell progression. This could be one of the critical 
steps in CD44 variant isoform-mediated breast tumor spread 
and metastasis. 
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CD44-Mediated Oncogenic Signaling and Cytoskeleton 
Activation During Mammary Tumor Progression 

Lilly Y. W. Bourguignon1'2 

CD44, a hyaluronan (HA)3 receptor, belongs to a family of transmembrane glycoproteins 
which exists as several isoforms. Cell surface expression of certain CD44 isoforms is closely 
correlated with the progression and prognosis of breast cancers. A number of angiogenic fac- 
tors (e.g., VEGF and FGF-2) and matrix degrading enzymes (MMPs) are tightly complexed 
with CD44 isoforms, suggesting that they are involved in the onset of oncogenic signals required 
for breast tumor cell invasion and migration. Most importantly, interaction of extracellular 
matrix components (e.g., HA) with cells triggers the cytoplasmic domain of CD44 isoforms to 
bind its unique downstream effectors (e.g., the cytoskeletal protein ankyrin or various onco- 
genic signaling molecules-Tiaml, RhoA-activated ROK, c-Src kinase and pl85HER2) and to 
coordinate intracellular signaling pathways (e.g., Rho/Ras signaling and receptor-linked/non- 
receptor-linked tyrosine kinase pathways), leading to a concomitant onset of multiple cellular 
functions (e.g., tumor cell growth, migration and invasion) and breast tumor progression. 

KEY WORDS: CD44; oncogenic signaling; ankyrin; Rho GTPases; breast tumor progression. 

INTRODUCTION 

Most breast cancers develop from mammary ep- 
ithelial tissue. The resulting tumors (carcinomas) are 
very heterogeneous—ranging from very slow grow- 
ing to highly aggressive, metastatic forms resistant to 
chemotherapy (1, 2). Breast carcinomas in situ (ei- 
ther ductal or lobular in origin) can progress to in- 
filtrating carcinomas in the breast stroma, and finally 
metastasize to distant tissues (most often bone, lung, 
liver or brain) via the extensive breast lymphatic net- 
work (1,2). Diagnosis of whether a lesion is benign or 

1 Department of Cell Biology and Anatomy, University of Miami 
Medical School, Miami, Florida 33136. e-mail: lbourgui@.med. 
miami.edu 

2 Present address: Department of Medicine, University of 
California San Francisco, VA Medical Center, San Francisco, 
California 94121. 

3 Abbreviations: hyaluronic acid (HA); glycosaminoglycan 
(GAG); fibroblast growth factor-2 (FGF-2); interleukin 8 (IL-8); 
vascular epithelial growth factor (VEGF); matrix metallopro- 
teinases (MMPs); ankyrin repeat domain (ARD); Rho-Kinase 
(ROK); guanine nucleotide exchange factors (GEFs); T lym- 
phoma invasion and metastasisl (Tiaml). 

malignant is often difficult, since definitive breast can- 
cer cellular markers are lacking. Furthermore, the ba- 
sic cellular and molecular processes underlying breast 
tumor cell invasion and metastasis are poorly under- 
stood. It is quite clear, however, that cell membrane- 
cytoskeleton interactions are generally involved in 
tumor cell motility, invasion of surrounding tissue 
and metastasis (2, 3). In particular, it is known that 
membrane-associated cytoskeletal proteins and the 
actomyosin-based contractile machinery are required 
for tumor cell movement and infiltration of surround- 
ing tissue (2, 3). The details of this process, however, 
remain to be determined. 

A number of studies have been aimed at identi- 
fying molecules expressed by breast tumor cells which 
correlate with metastatic behavior. Among such can- 
didates are the CD44 isoforms, a family of transmem- 
brane glycoproteins that contain a variable extracel- 
lular domain, a single 23 amino acid transmembrane 
domain and a 70 amino acid cytoplasmic domain (4). 
A distinct feature of CD44 isoforms is the enormous 
heterogeneity in the molecular masses of these pro- 
teins. CD44 isoforms are the major hyaluronan cell 
surface receptors (5). The extracellular domain of 
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Fig. 1. Exon map of CD44 in human and schematic illustration of the CD44 isoforms, CD44s (the standard form), CD44E (the 
epithelial form), CD44vl(), CD44v3.8-10 and CD44v2,Av3-10 isoform detected in primary breast tumor tissues and axillary 
lymph nodal metastases. 

CD44 isoforms mediates cell adhesion to hyaluronic 
acid (HA), the major glycosaminoglycan in the extra- 
cellular matrix (ECM) of most mammalian tissues (6). 
Both CD44 and HA are overexpressed at sites of tu- 
mor attachment, and are involved in cell aggregation, 
proliferation, migration and angiogenesis (7-10). 

All CD44 isoforms are encoded by a single gene 
which contains 19 exons (Fig. 1) (11). The most com- 
mon form, CD44s (CD44 standard form), contains 
exons 1-4 (N-terminal 150 a.a.), exons 5, 15 and 16 
(membrane proximal 85 a.a.), exon 17 (transmem- 
brane domain), and a portion of exons 17 and 19 (cy- 
toplasmic tail, 70 a.a.) (Fig. 1) (11). Out of the 19 ex- 
ons, 12 exons can be alternatively spliced (Fig. 1) (11). 
Most often, the alternative splicing occurs between 
exons 5 and 15, leading to an insertion in tandem of 
one or more variant exons (exon 6-exon 14;vl-vl0 in 
human cells) within the membrane proximal region 
of the extracellular domain (Fig. 1) (11). For example, 
epithelial cells contain additional exons 12-14 which 
are inserted into the CD44s transcripts (Fig. 1) (11). 
This isoform has been designated as CD44E (Fig. 1) 
(11). Various tumor cells and tissues express differ- 
ent CD44 variant (CD44v) isoforms in addition to 
CD44s and CD44E (Fig. 1) (11). These CD44v iso- 
forms have the same amino acid sequences at the two 
ends of the molecule but differ in a middle region 

which contains a variable number of exon insertions 
(exons 6-14) within the CD44 membrane proximal 
region located at the external side of the membrane 
(Fig. 1) (11). Different CD44 isoforms are further 
modified by extensive N-and O-glycosylations and 
glycosaminoglycan (GAG) additions (12-14). Appar- 
ently, both post-translational modifications and/or the 
alternative splicing within the CD44 isoform structure 
determine the functional attributes of this molecule. 

CD44s (CD44 STANDARD FORM) AND ITS 
INTERACTION WITH TYROSINE KINASES 
IN ONCOGENESIS 

CD44 isoforms are often up-regulated in breast 
carcinomas (15-19). In fact, the presence of a high 
level of CD44 isoform (particularly CD44s) expres- 
sion is emerging as an important metastatic tumor 
marker in a number of carcinomas and is also im- 
plicated in the unfavorable prognosis of a variety 
of cancers (15-19). Carcinomas expressing high lev- 
els of CD44s are more malignant than those carci- 
nomas with a low level of CD44s expression (16). 
Cells expressing a high level of CD44s also display 
enhanced hyaluronic acid (HA) binding, which in- 
creases their migration capability (20, 21). It is likely 
that the binding of extracellular matrix materials (e.g., 
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hyaluronic acid) to overexpressed CD44s triggers 
specific oncogenic signaling pathways leading to 
metastatic breast tumor cell-specific behaviors. 

Specifically, CD44s is tightly coupled with at least 
two different tyrosine kinase oncogenic regulators, 
pl85HER2 (22) and c-Src kinase (23, 24), in epithelial 
tumor cells. Both CD44s and tyrosine kinases (e.g., 
pl85HER2 and c-Src kinase) are often overexpressed 
in human tumor cells (15-28). In particular, CD44s 
and the receptor-linked tyrosine kinase pl85HER2 are 
shown to be closely associated in a complex involv- 
ing interchain disulfide bonds in metastatic epithe- 
lial tumor cells (22). Based on the predicted sequence 
obtained from cDNA cloning of the human CD44s 
gene, 8-9 cysteine residues have been identified: 6-7 
cysteine residues in the external domain, one cys(aa 
286) in the transmembrane region and one cys(aa 
295) in the cytoplasmic domain (11). The functional 
significance of the cysteine residues in the external 
domain of CD44s is not clear at the present time. 
However, point mutation of 286cys (but not 295cys) of 
human CD44s has been reported to cause a reduction 
(or loss) of hyaluronic acid (HA) binding (29). Two 
cysteine residues (e.g., 286cys in the transmembrane 
domain and/or 295cys in the cytoplasmic domain) in 
mouse CD44s have been shown to play an impor- 
tant role in signal transduction and cell adhesion (29). 
For example, these residues appear to be involved in 
CD44s fatty acylation required for CD44s and ankyrin 
interaction (30). It is possible that some of these cys- 
teine residues of CD44s are also involved in the disul- 
fide linkage with one or more cysteine residues in 
p 185HER2. Most importantly, the binding of HA to 
tumor cells stimulates CD44-associated p 185HER2 ty- 
rosine kinase activity (shown to activate Ras signal- 
ing), causing an increase in tumor cell growth (22). 

Several lines of evidence indicate that phos- 
phorylation of proteins on tyrosine residues by 
non-receptor-linked protein tyrosine kinases, such as 
those in the Src family, is involved in the progression 
of human breast cancer (26). The activity of c-Src 
kinase appears to be closely correlated with its ability 
to interact with tyrosine-phosphorylated pl85HER2 

(31). The Src kinase family signaling pathway is also 
closely associated with CD44-mediated cytoskeleton 
function (23, 24). Recent studies have shown that a 
specific interaction occurs between the cytoplasmic 
domain of CD44s and c-Src kinase in epithelial tumor 
cells (24). The binding of HA to tumor cells promotes 
c-Src kinase recruitment to CD44s and stimulates 
c-Src kinase activity which, in turn, increases tyrosine 
phosphorylation of the cytoskeletal protein, cortactin. 

Subsequently, tyrosine phosphorylation of cortactin 
attenuates its ability to cross-link filamenteous actin 
in vitro (24). Furthermore, overexpression of a 
dominant-active form of c-Src kinase, by transfecting 
CD44s-positive tumor cells with c-Src (Y527F) 
cDNA, promotes the activation of CD44s/c-Src 
kinase-regulated cortactin function and tumor cell 
migration. Transfection of CD44s-positive tumor 
cells with a dominant-negative mutant of c-Src kinase 
(K295R-kinase dead) effectively blocks the tumor 
cell-specific phenotype. Therefore, CD44 activated 
c-Src kinase signaling appears to be directly involved 
in stimulating the cortactin-cytoskeleton interaction 
and HA-mediated tumor cell migration. In addition, 
the CD44s/c-Src kinase interaction also initiates 
epithelial tumor cell growth and transformation (23). 
An active form of Src tyrosine kinase has been shown 
to be closely linked to G-protein-coupled receptors 
during MAP kinase activation in PC-12 cells (32). 
These results suggest that the preferential binding 
of the active form of c-Src tyrosine kinase(s) to the 
cytoplasmic domain of CD44s is required for HA- 
mediated tumor cell transformation and migration. 

CD44 VARIANT (CD44v) ISOFORMS IN 
MAMMARY TUMOR PROGRESSION 

Breast cancer cells and tissues have been found 
to express numerous patterns of CD44 alternative 
splicing, compared to their normal tissue counter- 
parts, during tumor growth and metastasis (15-19). 
One such CD44 variant isoform containing v6 (i.e., 
CD44v6) has been correlated with a poor prognosis 
in a rat pancreatic carcinoma and non-Hodgkin's lym- 
phoma (33, 34). In the case of breast cancer, it is still 
controversial whether CD44v6 has prognostic value 
for survival, since some studies indicated that CD44v6 
might serve as a differentiation marker but not a 
predictor of tumor progression in human mammary 
carcinoma (35). Among tumor-associated CD44 iso- 
forms several variant CD44 isoforms (CD44vlO and 
CD44v3) have been detected from the early stage of 
mammary tumor development to lymph node metas- 
tasis (Fig. 1) and appear to play an important role in 
promoting breast tumor progression. 

CD44vlO and Mammary Tumor 
Cell Transformation 

Cell surface expression of CD44vlO changes 
profoundly  during tumor metastasis—particularly 
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during the progression of various carcinomas, in- 
cluding breast carcinomas (15-19). Overexpression 
of CD44vlO on epithelial tumor cells (HBL100 
cell line) alters several important biological prop- 
erties when compared to the normal epithelial 
cells (36). Specifically, breast tumor cells overex- 
pressing CD44vlO display a significant reduction in 
hyaluronic acid (HA)-binding and cell adhesion to 
HA-coated plates and show an increased migra- 
tion capability in collagen-matrix gels (36). Further- 
more, breast tumor cells expressing a high level 
of CD44vlO constitutively produce certain angio- 
genic factors, such as interleukin 8 (IL-8) and fi- 
broblast growth factor-2 (FGF-2), and effectively 
promote tumorigenesis in athymic nude mice (36). 
These findings suggest that the overexpression of 
CD44vlO may play a pivotal role in triggering the on- 
set of cell transformation required for breast cancer 
development. 

CD44vlO is also known to undergo extensive 
posttranslational modification, including N-/0-linked 
glycosylation and chondroitin sulfate addition (14). 
The inclusion of glycosylation and/or chondrotin sul- 
fate in the vlO-encoded structure at a membrane prox- 
imal region may prevent the dimerization (clustering) 
of CD44 molecules known to provide high affinity 
binding to HA (37). The insertion of an additional 
68 amino acids in the CD44vlO may cause a con- 
formational change in the HA-binding domains lo- 
cated in the extracellular domains of this molecule, 
resulting in a loss of HA binding. It is also pos- 
sible that overexpression of CD44vlO induces hep- 
aran sulfate-chondroitin sulfate switching (38), which 
causes a decrease in cell adhesion. The reduction of 
HA-mediated binding and cell adhesion in CD44vlO- 
overexpressing breast tumor cells may be one of the 
earliest changes occurring in mammary epithelial cell 
transformation. However, the lack of HA-binding and 
adhesion does not result in a loss of intracellular sig- 
naling. In fact, overexpression of the CD44vl() iso- 
form stimulates invasive potential and tumorigene- 
sis, as demonstrated in vivo by tumor formation in 
nude mice and altered secretion of angiogenic fac- 
tors, such as interleukin 8 (IL-8) and FGF-2 (37). 
These observations lead to the interesting hypothesis 
that overexpression of CD44vlO in mammary ep- 
ithelial cells is sufficient to trigger CD44-mediated 
intracellular signaling without binding to the HA 
ligand. The loss of HA-mediated cell adhesion in cells 
expressing CD44vlO may be one of the earliest events 
in the onset of breast tumor migration and invasion 
processes. 

CD44v3 and Mammary Tumor Cell 
Invasion and Migration 

The level of CD44v3 isoform expression often in- 
creases as the histologic grade of each of the breast 
tumors progresses. In fact, there is a direct correlation 
between CD44v3 isoform expression and increased 
histologic grade of the malignancy (16,19). These lines 
of evidence suggest that expression of certain CD44v3 
isoform(s) may be an accurate predictor of eventual 
survival (e.g.. nodal status, tumor size, and grade) dur- 
ing breast cancer progression (17). CD44v3 has a hep- 
arin sulfate addition site in the membrane-proximal 
extracellular domain of the molecule that confers the 
ability to bind heparin sulfate-binding growth fac- 
tors (39). In particular, CD44v3 (with heparan sul- 
fate addition) has been found to bind FGF-2 in vitro 
(39). Both CD44v3 and FGF-2 are also colocalized 
in normal skin and epidermal skin cancers (40). Most 
importantly, the binding of FGF-2 to CD44v3 stim- 
ulates cell proliferation of normal and transformed 
keratinocytes (40). In breast tumor cells, the exter- 
nal domain of sulfated glycosaminoglycan-containing 
CD44v3 preferentially binds vascular epithelial 
growth factor (VEGF), but not FGF-2 (41). VEGF is a 
specific mitogen for endothclial cells and a potent mi- 
crovascular permeability factor (42). It plays an inte- 
gral role in angiogenesis, and thus potentiates solid tu- 
mor growth (42). A previous study showed that breast 
tumor cells containing CD44v3 are capable of induc- 
ing a high level of intratumoral microvessel formation 
(43, 44). Therefore, the attachment of VEGF to the 
heparin sulfate sites on CD44v3 may be responsible 
for the onset of breast tumor-associated angiogenesis. 

A number of different matrix metalloproteinases 
(MMPs). including the 72 kDa gelatinase (gelatinase 
A, type IV collagenase, MMP-2), the 92 kDa gelati- 
nase (gelatinase B, type V collagenase, MMP-9), the 
stromelysins (MMP-3, MMP-11) and the interstitial 
fibroblast-typc collagenase (MMP-1) are thought 
to play an important role in degrading extracellular 
matrix components during tumor invasion and 
metastases (45). In breast tumor cells, CD44v3 and 
MMP-9 (gelatinase B) are closely associated in 
the plasma membrane (44). Furthermore, MMP-9 
is present in a proteolytically active form and is 
preferentially localized at the "invadopodia" of the 
breast tumor cells (Fig. 2). These findings are con- 
sistent with previous findings indicating that certain 
proteases are localized on "invadopodia" of human 
malignant melanoma cells (46). Therefore, it is likely 
that the close interaction between CD44v3 and the 



CD44-Mediated Signaling in Human Breast Cancers 291 

Fig. 2. Immunofluorescence staining of membrane-bound MMP-9 using fluorescein-labeled rabbit anti-MMP- 
9 IgG and confocal analysis of "Invadopodia" structures (indicated by an arrow) in breast tumor cells (Met-1 cell 
line) expressing CD44v3 isoform. 

active form of MMP-9 in the "invadopodia" of breast 
tumor cells may be required for the degradation of 
extracellular matrix (ECM) during breast tumor cell 
invasion and metastasis. 

Overexpression of CD44v3 isoforms also pro- 
motes breast tumor cell migration (44). CD44v3 
is found to be closely linked to the cytoskeleton 
and actomyosin contractile system required for "in- 
vadopodia" formation and tumor cell migration (44). 
Treatment of breast tumor cells with certain agents, 
including cytochalasin D (a microfilament inhibitor) 
and W-7 (a calmodulin antagonist), but not colchicine 
(a microtubule disrupting agent), effectively inhibits 
"invadopodia" formation, matrix degradation activi- 
ties and subsequent tumor cell migration (44). These 
findings support the notion that CD44v3 interaction 
with the cytoskeleton plays an important role in breast 
tumor progression. 

CD44 ISOFORM INTERACTION WITH THE 
CYTOSKELETAL PROTEIN ANKYRIN IN 
MAMMARY TUMOR PROGRESSION 

CD44 isoforms bind extracellular matrix com- 
ponents (e.g., hyaluronic acid) via their extracellular 

domain (23,47,48). The cytoplasmic domain of CD44 
(approximately 70 a.a. long) is highly conserved in 
most CD44 isoforms and is clearly involved in a spe- 
cific binding interaction with certain cytoskeletal pro- 
teins, such as ankyrin (23,48). Deletion mutation anal- 
ysis indicates that at least two subregions within the 
cytoplasmic domain of CD44 isoforms constitute the 
ankyrin binding-region I (the high affinity ankyrin- 
binding region) and region II (the regulatory region) 
(48). In particular, the region I of the ankyrin-binding 
domain plays an important role in HA-mediated func- 
tions. Further studies have shown that the ankyrin 
binding region of CD44 isoforms is also necessary for 
both oncogenic signaling and tumor cell transforma- 
tion (23,48). Therefore, we proposed that the binding 
of HA to CD44's external region and the linkage of 
ankyrin to CD44's internal tail region are directly in- 
volved in tumor cell adhesion, invasion and metasta- 
sis in a variety of human solid neoplasms, particularly 
those of mammary epithelial origin. 

Ankyrin belongs to a family of cytoskeletal pro- 
teins that mediate linkage of integral membrane pro- 
teins with the spectrin-based skeleton and thereby 
can regulate a variety of biological activities (49, 50). 
Presently, at least three ankyrin genes have been iden- 
tified: ankyrin 1 (ANK 1 or ankyrin R), ankyrin 2 
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(ANK 2 or ankyrin B) and ankyrin 3 (ANK 3 or 
ankyrin G) (49, 51). All three ankyrin species are 
monomers comprised of two highly conserved do- 
mains and a variable domain. Both conserved do- 
mains are located in the N-terminal region and include 
a membrane-binding site (molecular mass «89- 
95 kDa), also called the ankyrin repeat domain 
(ARD) (52), and a spectrin binding domain (SBD) 
(molecular mass «62 kDa) (53). The striking feature 
shared by all three forms of ankyrins is the repeated 
33-amino acid motif present in 24 contiguous copies 
within the ARD The ARD of ANK 1, ANK 2 and 
ANK 3 is highly conserved. A number of tumor cells, 
including breast tumor cells, express a high level of 
ankyrin (54, 55). A recent study determined that the 
ankyrin repeat domain (ARD) is directly involved in 
the binding of ankyrin to CD44. In fact, subdomain 
2 (S2, aa218-aa381) of ankyrin is the only ankyrin re- 
peat domain sequence which binds strongly to CD44. 

Other ankyrin subdomains, such as subdomain 1 (SI), 
subdomain 3 (S3) or subdomain 4 (S4), do not bind 
to CD44. Overexpression of S2 ankyrin fragment or 
ARD by microinjection of S2 or ARD fusion pro- 
teins into CD44s-positive ovarian tumor cells (e.g., 
SK-OV-3) induces CD44-ankyrin association in the 
membrane projections (54). We have also observed 
that transfection of SK-OV-3 cells with S2cDNA or 
ARDcDNA promotes HA-mediated tumor cell mi- 
gration (54). These findings support the notion that in- 
teraction between the ankyrin repeat domain and the 
cytoplasmic region of CD44 is required for hyaluronic 
acid-regulated CD44 function, including tumor cell 
migration. 

In human mammary epithelial cells, HA or a 
small fragment of HA (10-15 disaccharide units) stim- 
ulates CD44s-specific chemokine (e.g., interleukin-8) 
expression at both the transcriptional (Fig. 3A) and 
protein levels (Fig. 3B) (56). Recent data indicate 
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Fig. 3. Effects of HA or HA fragments on IL-8 gene expression (A) and protein production 
(B) in human mammary epithelial tumor cells (HBL100 cell line) treated with no HA (a); 
or treated with small HA fragments of =»2 disaccharide units (b), 2-3 disaccharide units (c), 
10-15 disaccharide units (d). intact HA (e), or anti-CD44 antibody plus intact HA (f). 
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Table I.  Measurement of HA-Mediated Breast Tumor Cell 
Adhesion and IL8 Production 

(% of control) 

Transfectants Cell Adhesion   IL8 Production 

Untransfected cells (control) 100 
Control (neo-transfected) 98 
CD44sA304-361cDNA 

transfected cells 23 

100 
96 

20 

All numbers represent an average of triplicate determinations of at 
least three separate experiments with a standard deviation <±5%. 

that the cytoplasmic deletion mutant CD44s A304-361 
(a mutant cDNA with 58 aa cytoplasmic deletion), 
which lacks an ankyrin binding site (23), functions 
as a potent dominant-negative inhibition mutant and 
effectively down-regulates HA-mediated cell adhe- 
sion (Table I) and IL-8 gene expression (56) as well 
as IL-8 production (Table I). These findings further 
support the notion that the cytoplasmic domain of 
CD44s (containing the ankyrin binding site) plays a 
pivotal role in HA-mediated signaling required for 
both oncogenic signaling and angiogenic factor (e.g., 
IL-8) production during human mammary epithelial 
cell transformation. 

CD44-MEDIATED Rho SIGNALING IN 
CYTOSKELETON-REGULATED BREAST 
TUMOR PROGRESSION 

Members of the Rho subclass of the Ras super- 
family, small molecular weight GTPases, (e.g., Rho A, 
Racl and Cdc42) are known to transduce signals reg- 
ulating many cellular processes (57). In particular, ac- 
tivation of RhoA, Racl and Cdc42 has been shown to 
be associated with the membrane-linked cytoskele- 
ton and produce specific structural changes result- 
ing in membrane ruffling, lamellipodia, filopodia, and 
stress fiber formation (57). The coordinated activa- 
tion of these RhoGTPases is considered to be a pos- 
sible mechanism underlying cell motility, an obvious 
prerequisite for metastasis (2, 3). Our recent study 
also supports the notion that CD44v isoforms, such as 
CD44v3>8„io, and RhoGTPases are both structurally 
and functionally coupled in breast tumor cells (58). 

RhoA-Activated Rho-Kinase (ROK) 
In CD44 Signaling 

Several enzymes have been identified as possi- 
ble downstream targets for RhoGTPases (e.g., RhoA) 

in regulating cytoskeleton-mediated cell motility 
(59-61). One such enzyme is Rho-Kinase (ROK, 
also called Rho-binding kinase) which is a serine- 
threonine kinase (59). ROK interacts with RhoA 
in a GTP-dependent manner and phosphorylates 
a number of cellular proteins (58-60). In particu- 
lar, phosphorylation of myosin light chain (59) and 
myosin light chain phosphatase (60) by ROK ac- 
tivates myosin adenosine triphosphatase (ATPase), 
leading to actomyosin-mediated cell movement 
(59, 60). Structurally, ROK is composed of catalytic 
(CAT), coiled-coil, Rho-binding (RB) and pleckstrin- 
homology (PH) domains. Expression of the catalytic 
(CAT) domain alone by deleting the Rho-binding 
(RB) domain causes ROK to be constitutively ac- 
tive (61). If the RB domain is overexpressed alone, 
ROK activity is readily inhibited (61). Therefore, the 
catalytic (CAT) fragments appears to act as a domi- 
nant active form, and the Rho-binding (RB) fragment 
functions as a dominant negative form of the ROK 
molecule (61). ROK is overexpressed in breast tumor 
cells (58) and is capable of phosphorylating the cy- 
toplasmic domain of CD44v3 (58). Moreover, phos- 
phorylation of the cytoplasmic domain of CD44 by 
ROK enhances its binding interaction with ankyrin 
(58). Overexpression of the Rho-binding domain (a 
dominant-negative form) of ROK by transfecting 
breast tumor cells with RB cDNA induces reversal 
of tumor cell-specific phenotypes (58). Therefore, the 
CD44v3 and RhoA-mediated signaling appear to be 
involved in the up-regulation of ROK needed for 
membrane-cytoskeleton interactions and tumor cell 
migration during the progression of metastatic breast 
tumor cells. 

Tiaml-Catalyzed Racl Activation 
in CD44 Signaling 

Signaling to the RacGTPase is known to regu- 
late actin assembly associated with membrane ruf- 
fling, pseudopod extension, cell motility and cell trans- 
formation (57,62) and has been shown to be abnormal 
in transformed cells (63). The fact that Racl induces 
stress fiber formation in a Rho-dependent manner in- 
dicates that "cross-talk" occurs between the Rho and 
Racl signaling pathways (62). 

Several guanine nucleotide exchange factors 
(GEFs, the dbl or DH family) have been identified as 
oncogenes by their ability to upregulate RhoGTPase 
activity during malignant transformation (57, 63). 
One of these GEFs is Tiaml (T lymphoma invasion 
and metastasis), which was identified by retro viral 
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insertional mutagenesis and selected for its invasive 
cell behavior in vitro (64). It has been shown to 
regulate Racl activation (64, 65). Tiaml is a largely 
hydrophilic molecule that contains several functional 
domains, including a Dbl homology (DH) domain, 
a Discs-large homology region (DHR), and two 
pleckstrin homology (PH) domains (PHn, the PH 
domain located at the NH2-terminal region of 
the molecule; and PHc, the PH domain located at the 
COOH-terminal region of the molecule) (64). The 
DH domain of Tiaml exhibits GDP/GTP exchange 

activity for specific members of the Ras superfamily 
of GTP-binding proteins (64) and plays an important 
role in Racl signaling and cellular transformation 
(64, 65). In breast tumor cells (e.g., SP1 cells), Tiaml 
is detected as a 200 kDa protein that is capable of 
catalyzing GDP/GTP exchange for Racl as described 
for Tiaml in other cell types (55, 66). Recently, we 
have presented new evidence that a close interaction 
occurs both //; vivo and in vitro between Tiam 1 and 
the CD44v3 isoform. The CD44v} isoform is closely 
associated with Tiaml aa393-aa738 containing the 

ExonMap ■ 1 
HI 2 ■I 3 ■ 4 ■ 5 

V1 □ 
V2 □ 6 
V3 □ 7 
V4 □ 8 
V5 □ 9 
V6 □ 10 
V7 □ 11 
V8 □ 12 
V9 □ 13 
V10D 14 ■ 15 ■ 16 m 17 □ 18 

CD44 

V>-  P185HER2 

1
 19 

She 

Kinase Cascade 

Tumor Cell Migration and Invasion Growth 

Fig. 4. Current model for CD44 isoform-cytoskeleton interaction in oncogenic signaling and breast tumor progression. 
Specific CD44 signaling events including CD44 (by itself) signaling and CD44 (complexed with pl85lu R2) signaling are 
described as follows: (1) CD44 (by itself) Signaling: Binding of HA to CD44 isoform (containing variant exon-coded 
structures) induces CD44 isoform interaction with both ankyrin and Tiaml which, in turn, activates RhoGTPase (Racl) 
signaling leading to PAK (p21 activated kinase)-mediated cytoskeleton activation. The cytoplasmic domain of CD44 iso- 
forms is also tightly coupled with c-Src kinase or RhoA in a complex which up-rcgulates the activities of c-Src kinase or 
Rho-Kinase (ROK). respectively. Specifically, CD44-mediated stimulation of c-Src kinase promotes tyrosine phosphory- 
lation of cortactin and cytoskeleton reorganization. ROK activation by CD44-associated RhoA is responsible for myosin 
light chain phosphorylation (MLC-P) and actomyosin-mediated contractility. All these events lead to breast tumor cell 
migration and invasion. (II) CD44 (complexed with p!85h ) Signaling: HA binding to CD44 isoform-p 185" ,'-l<- complex 
(formed by a disulfidc linkage) is also involved in the onset of pl85"rR2 tyrosine kinase (TK) activation which triggers 
Shc/Grb2/Sos & Ras-mcdiated signaling leading to Raf-rclated kinase cascade and tumor cell growth. 

In conclusion, we believe that the selective interaction of the cytoplasmic domain of CD44 isoforms with its unique 
downstream effectors plays a pivotal role in coordinating intracellular signaling pathways (e.g.. Rho/Ras signaling and 
reccptor-linked/non-receptor-linked tyrosine kinase pathways) to generate a concomitant onset of tumor cell growth, 
migration and invasion leading to mammary tumor progression. 
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NH2-terminal pleckstrin homology (PHn), a putative 
coiled coil region (CG) and an additional adjacent 
region (Ex) (designated as PHn-CC-Ex domain of 
Tiaml) in breast tumor cells (66). Most importantly, 
HA binding to the CD44v3 isoform stimulates 
Tiaml-specific GDP/GTP exchange for Rho-like 
GTPases such as Racl, and promotes cytoskeleton- 
mediated tumor cell migration (66). These findings 
are consistent with a study by Oliferenko et al. (67) 
showing that Racl activation can be induced by HA 
binding to CD44. 

A recent study in our laboratory has demon- 
strated that the PHn-CC-Ex domain of Tiaml also 
contains an ankyrin binding site (55). The structural 
homology between the ankyrin binding domain of 
Tiaml (the sequence between aa717 and aa727 within 
the PHn-CC-Ex domain) and CD44 is quite striking. 
Most importantly, the Tiaml-ankyrin interaction pro- 
motes Racl activation and breast tumor cell migration 
(55). These observations suggest that Tiaml contains 
multiple functional domains (e.g., a CD44-specific 
membrane localization site and a cytoskeleton bind- 
ing region for ankyrin) required for the regulation 
of Tiaml-Racl signaling and cytoskeleton function. 
Taken together, these results suggest that the Tiaml 
interaction with CD44v3 and ankyrin plays a pivotal 
role in regulating Racl-activated oncogenic signaling 
and cytoskeleton-mediated metastatic breast tumor 
progression. 

CONCLUSION 

As summarized in Fig. 4, the binding of HA to 
CD44 isoforms (e.g., CD44s and/or CD44v isoforms), 
which are physically linked to pl85HER2 tyrosine ki- 
nase (via a disulfide linkage) and c-Src kinase, trig- 
gers direct "cross-talk" between two different tyro- 
sine kinase-linked signaling pathways (cell growth vs 
cortactin-mediated cell migration). In addition, cer- 
tain angiogenic factors (e.g., VEGF or FGF-2) and 
matrix-degradating enzymes (MMPs) are also tightly 
complexed with CD44v isoforms, suggesting that they 
play a synergistic role in the generation of onco- 
genic signals leading to tumor-specific behaviors (e.g., 
invasion and motility/migration) in a cytoskeleton- 
dependent manner. Most importantly, the cytoplas- 
mic domain of CD44 isoforms binds unique down- 
stream effectors (e.g., cytoskeletal proteins, ankyrin 
or various oncogenic signaling molecules, Tiaml and 
RhoA-activated ROK) and coordinates intracellu- 
lar signaling pathways (e.g., Rho/Ras signaling and 

receptor-linked/non-receptor-linked tyrosine kinase 
pathways) to generate a concomitant onset of multi- 
ple cellular functions (e.g., tumor cell growth, migra- 
tion and invasion) leading to mammary tumor pro- 
gression. 
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In this study we have examined the interaction be- 
tween CD44 (a hyaluronan (HA) receptor) and the trans- 
forming growth factor ß (TGF-/3) receptors (a family of 
serine/threonine kinase membrane receptors) in human 
metastatic breast tumor cells (MDA-MB-231 cell line). 
Immunological data indicate that both CD44 and TGF-ß 
receptors are expressed in MDA-MB-231 cells and that 
CD44 is physically linked to the TGF-/J receptor I (TGF- 
ßRI) (and to a lesser extent to the TGF-/3 receptor II 
(TGF-/3RII)) as a complex in vivo. Scatchard plot analy- 
ses and in vitro binding experiments show that the cy- 
toplasmic domain of CD44 binds to TGF-/3RI at a single 
site with high affinity (an apparent dissociation con- 
stant (Kd) of -1.78 nM). These findings indicate that TGF- 
ßBl contains a CD44-binding site. Furthermore, we have 
found that the binding of HA to CD44 in MDA-MB-231 
cells stimulates TGF-/3RI serine/threonine kinase activ- 
ity which, in turn, increases Smad2/Smad3 phosphoryl- 
ation and parathyroid hormone-related protein (PTH- 
rP)    production    (well   known   downstream    effector 
functions of TGF-/J signaling). Most importantly, TGF- 
ßRI kinase activated by HA phosphorylates CD44, which 
enhances its binding interaction with the cytoskclelal 
protein, ankyrin, leading to HA-mediated breast tumor 
cell migration. Overexpression of TGF-/3RI by transfec- 
tion of MDA-MB-231 cells with TGF-/3RIcDNA stimulates 
formation of the CD44 TGF-/3RI complex, the association 
of ankyrin with membranes, and HA-dependent/CD44- 
specific breast tumor migration. Taken together, these 
findings strongly suggest that CD44 interaction with the 
TGF-/3RI kinase promotes activation of multiple signal- 
ing pathways required for ankyrin-membrane interac- 
tion,  tumor cell migration, and important oncogenic 
events {e.g. Smad2/Smad3 phosphorylation and PTH-rP 
production) during HA and TGF-j8-mediated metastatic 
breast tumor progression. 

CD44, a hyaluronan (HA)1 receptor (1), belongs to a family of 
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transmembrane glycoproteins that exist as several isoforms 
(2). Cell surface expression of certain CD44 isoforms is closely 
correlated with breast tumor development and metastasis (3- 
8). Most often, CD44 isoforms are up-regulated in breast car- 
cinomas (3-8). In fact, the presence of a high level of various 
CD44   isoform   (particularly   CD44s   (the   standard   form), 
CD44v3, and CD44vlO) expression is emerging as an important 
metastatic tumor marker in a number of carcinomas and is also 
implicated in the unfavorable prognosis for a variety of cancers 
(7). Carcinomas expressing high levels of CD44 isoforms are 
more malignant than those carcinomas with a low level of 
CD44 isoform expression (3-8). Cells expressing a high level of 
CD44 isoforms also display enhanced HA binding that in- 
creases their migration capability (9-12). Recently, a number 
of studies indicate that interaction of certain extracellular ma- 
trix components (e.g. HA) with cells triggers the cytoplasmic 
domain of various CD44 isoforms to bind unique downstream 
oncogenic signaling molecules: Tiaml (9), Vav2 (10), RhoA- 
activated ROK (11), c-Src kinase (12), and pl85HER2 (13) and to 
coordinate intracellular signaling pathways (e.g. Rho/Ras sig- 
naling and receptor-linked/non-receptor-linked tyrosine kinase 
pathways) leading to the onset of multiple cellular functions 
(e.g. tumor cell growth, migration, and invasion) and breast 
tumor progression. 

CD44 isoforms are also directly involved in the binding of 
eytoskeletal proteins such as ankyrin (14, 15). Deletion muta- 
tion analyses indicate that at least two sub-regions within the 
CD44 cytoplasmic domain contribute to the ankyrin binding: 
region I (e.g. the high affinity ankyrin-binding region) and 
region II (e.g. the regulatory region). In particular, the region I 
ankyrin-binding domain (e.g. NGGNGTVEDRKPSEL between 
amino acids 306 and 320 in the mouse CD44 (14) and NSGN- 
GAVEDRKPSGL between amino acids 304 and 318 in the 

f human CD44 (15)) is required for hyaluronan-mediated bind- 
ing and cell adhesion (14, 15). An ankyrin-binding domain of 
CD44 isoforms has also been shown as necessary for oncogenic 
signaling and tumor cell transformation (15, 16). Moreover, 
certain ankyrin fragments (e.g. the ankyrin repeat domain 
(ARD) and/or the subdomain 2 (S2) of ARD)) have been iden- 
tified as an ankyrin-binding region for both CD44 (16) and 
Tiaml (17). Overexpression of these ankyrin fragments pro- 
motes hyaluronan-dependent and CD44-specific tumor cell mi- 
gration (16). These observations support the notion that CD44- 
ankyrin interaction is not only very important for presenting 
CD44 properly for hyaluronan binding but is also required for 

growth factor ft PTH, parathyroid hormone; PTH-rP, parathyroid hor- 
mone-related protein; DMEM, Dulbecco's modified Eagle's medium- SF 
serum-free; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-l-pro- 
panesulfonic acid; MMP^metalloproteinase; ARD, ankyrin repeat 
domain. AQ:R 
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cytoskeleton activation during hyaluronan signaling. 
Cytokines, such as the transforming growth factor ß (TGF-jS) 

superfamily (18,  19), are multifunctional peptides that are 
known to regulate a diverse set of cellular processes by binding 
to their specific surface receptors (18, 19). Three mammalian 
TGF-/3 isoforms (TGF-/31, TGF-^2, and TGF-/33), coded by dif- 
ferent genes, have been identified (20). TGF-ß interacts with 
three surface receptors known as type I (TGF-/3RI), type II 
(TGF-/3RII), and type III (TGF-/3III) receptors (18, 19). TGF-/31 
mediates its activity by high affinity binding to the type II 
(TGF-ßll) receptor, which has been identified as a 70-80-kDa 
transmembrane protein with a cytoplasmic serine/threonine 
kmase domain (18-22). For cellular signaling, the TGF-/3RII 
requires both its kinase activity and association with members 
of a series of related 55-kDa TGF-ßRIs (designated as activin 
receptor-like kinase-ALK (1-6 different subtypes)). Of these, 
only ALK5 has been shown to represent a functional TGF-ßRI 
(18-23). Subsequently, the TGF-/3 signal is propagated from 
the plasma membranes (via TGF-/3RH/TGF-/3RI kinases) by 
phosphorylation of the Smad proteins that belong to a class of 
intracellular mediators known to regulate transcriptional re- 
sponses and gene expression in the nucleus (24-26) The type 
III receptor (TGF-ßRIII) also binds TGF-ß and may function in 
capturing TGF-/3 for presentation to the signaling receptors 
(27, 28). In cancers, the TGF-ß receptors on tumor cells are 
often mutated or functionally defective (29). For example, de- 
fective ligand binding to the cell surface caused by the absence 
of TGF-/3EII, or expression of a truncated form or splice variant 
of TGF-/3RII, may account for the resistance to activated TGF-0 
in cancer cells (30-32). Some studies also indicate that de- 
creased expression of TGF-ßRII may contribute to breast can- 
cer progression and is related to a more aggressive phenotype 
in both in situ and invasive carcinomas (33-36). 

TGF-ß is known to increase parathyroid hormone-related 
protein (PTH-rP) production by cancer cells (37). PTH-rP 
shares many, but not all, properties of parathyroid hormone 
(PTH). Both of these hormones share homology in 8 of the first 

CD44 class of glycoproteins. For the preparation of polyclonal rabbit 
anti-GD44v3 antibody, specific synthetic peptides (-15-17 amino acids 
unique for the v3 sequence of CD44) were prepared, respectively, by the 
Peptide Laboratories using an Advanced Chemtech automatic synthe- 
sizer (model ACT350) All CD44 antibodies were prepared using con- 
ventional DEAE-cellulose chromatography and tested to be monospe- 
cific (by immunoblot assays). Mouse monoclonal anti-ankyrin was 
prepared as described previously (42). Monoclonal mouse anti-HAl 
(hemagglutimn epitope) antibody (clone 12 CA5) and rabbit anti-phos- 
pho-Smad2 (Ser-465/467)/Smad3 IgG were obtained from Roche Molec- 
ular Biochemicals and Upstate Biotechnology, Inc., respectively. Both 
rabbit anti-TGF-ßKI IgG (specific for the ALK-5 form of TGF-ßRI p55) 
and rabbit anti-TGF-/3RII IgG (specific for TGF-ßRII p70) were pur- 
chased from Santa Cruz Biotechnology. Rabbit anti-phosphothreonine 
antibody and rabbit anti-phosphoserine antibody were purchased from 
Zymed Laboratories Inc.. 

^ni7i1f'fXPre^n' and Purification ofCD44 Cytoplasmic Domain 
n-n4 ™£r\Escherichia coli-The cytoplasmic domain of human 
CD44 (CD44cyt) was cloned into pFLAG-AST using the PCR-based 
cloning strategy. By using human CD44 cDNA as template, one PCR 
pnmer pair (left, FLAG-£coRI; right, FLAG-^al) was designed to 
amplify complete CD44 cytoplasmic domain. The amplified DNA frag- 

tT
n^e!J °ne"Step Cl0ned int0 a pCR21 vector and sequenced. Then 

the UNA fragments were cut out by double digestion with EcoRI and 
Xbal and subcloned into EcoRVXbal double-digested pFLAG-AST 
(Eastman Kodak Co.) to generate FLAG-pCD44cyt construct. The nu- 
cleotide sequence of FLAG/CD44cyt junction was confirmed by sequenc- 
ing. The recombmant plasmids were transformed to BL21-DE3 to pro- 
duce FLAG-CD44cyt fusion protein. The FLAG-CD44cyt fusion protein 
was further purified by anti-FLAG M2 affinity gel column (Kodak) The 
nucleotide sequence of primers used in this cloning protocol is as fol- 
lows: FLAG-£coRI, 5'-GAGAATTCGAACAGTCGAAGAAGGTGTCTC- 
TCAT-3'C"3'; FLAG"X6aI' 5'-AGCTCTAGATTACACCCCAATCT- 

tA?\el-1 Tnnsfection—The cDNA encoding human TGF-ßRI (full-length) 
(43) is driven by the cytomegalovirus promoter and preceded by the 
nemagglutinin epitope (HAD tag in the expression vector pCGN-Bam 
which contains the hygromycin-resistant gene as a selection marker To' 
establish a transient expression system, cultured cells (e.g MDA-MB- 
231 cells or COS-7 cells) were transfected with two plasmid DNAs (eg 
™™~t£Fd TGF-0RIcDNA <"■ vector alone) using LipofectAMINE 
MÜQ. ihese transfectants were then analyzed for their protein expres- 
M°? mÄjCElEI"related Proteins) by immunoprecipitation/immuno- 

"      '     e ^IH' 1S a P°tent activator of bone resorption but -"> f1^"' as weI1 as breast tumor cell migration assays as described 
unlike PTH does not appear to stimulate bone formation (38-        l0w' 
40). Thismakes PTH-rP a particularly potent osteolytic agent 
(38-401 Thus, cells expressing PTH-rP in bone are likely to 
gam a foothold ttie^eby stimulating the removal of the calcified 
matrix (38-40pTowever, buried within the matri-.- „I h«n~ ;u.. 

-    high concentrations of certain cytokines (e.g. TGF-ß) that can 
feed back on the metastases to promote their tumor growth 
(33-36). Mice inoculated with breast tumor cells (e "  MDA- 
MB-231 cells) engineered to express a dominant-negative form 
of the TGF-ß receptor had fewer and smaller osteolytic metas- 
tases (35, 36, 41). The net result in this situation is that 
PTH-rP production by breast cancers increases metastasis If 
breast cancer to bone. Because both CD44 and TGF-ß-mediated 
signaling events are important in breast tumor progression, 
the question of whether the interaction between CD44 and 
TGF-ß receptor(s) plays a significant role in regulating meta- 
static breast tumor cell-specific behaviors (e.g. Smad activa- 
tion, PTH-rP production, membrane-cytoskeleton interaction, 
and tumor cell migration) is the primary focus of this study. ' 

MATERIALS AND METHODS 

Cell Culture—The breast tumor cell line (MDA-MB-231 cells) was 
obtained from the American Type Culture Collection (ATCC) and grown 
in Eagle's minimum essential medium supplemented with Earle's salt 
solution, essential and non-essential amino acids, vitamins, and 10% 
fetal bovine serum. 

Antibodies and Reagents—Monoclonal rat anti-human CD44 anti- 
body (Clone, 020; isotype, IgG2b; obtained from CMB-TECH, Inc San 
Francisco) used in this study recognizes a common determinant o'f the 

Immunoblotting and Immünoprecipitation Techniques—Unlabeled 
••™4.r?1L3i if* (°r surface-bi°tinylated) were soiubilized in 50 mM 

HM ES (pH 7.5), 150 mM NaCl, 20 mM MgCl2, 1.0% Nonidet P-40 0 2 
. mM NaaV04, 0.2 mM phenylmethylsulfonyl fluoride, 10 w/ml leupeptin 

and 5 ng/ml aprotmin. The sample was then centrifuged at 14,927 x g 
for 15 min, and the supernatant was analyzed by SDS-PAGE in a 5 or 
7.5% polyacrylamide gel. Separated polypeptides were then transferred 
onto nitrocellulose filters. After blocking nonspecific sites with 2% bo- 
vine serum albumin, the nitrocellulose filters were incubated with each 
of the specific immuno-reagents (e.g. rat anti-CD44 IgG (5 ug/ml) 
rabbit anti-CD44v3 IgG (5 ng/ml), rabbit anti-TGF-SRI IgG (5 ue/ml)' 

'   and rabbit anti-TGF-ßRII IgG ffijafciULMsBBLta incubating with 
horseradish' Peroxidase-labeled^^^ti^JgG^Ws^äSperoxi: 
c^seJaBeled^oat^nti^abtiiU£G,.J5r_hQrseradish.peroxidase,labeled 
gsa^BtfcnjouseJgG or ExtrAvidin peroxidase (to detect surface-bioti- 
nylated proteins). The blots were then developed by the ECL system 
(Amersham Biosciences). For analyzing the complex formation between 

Mn0/ZUoo, GF,"/3R1, TGF-0RI1' °r a"kyrin into CD44v3 complex, 
MDA-MB-231 cells treated with various reagents (e.g. HA (50 us/ml- 
S,gma) or TGF-ßl (50 ng/ml; R&D Systems) or pre-treated with 
anti-CD44 antibody followed by HA (50 ng/ml) or TGF-ßl (50 ng/ml) ~~" 
treatment or without any treatment) were soiubilized by 1 0% Nonidet 
P-40 and immunoprecipitated with rat anti-CD44 antibody followed by 
ant.-TGF-ßRI (or anti-TGF-SRII or anti-ankyrin)-mediated immuno- 
blot, or anti-phosphoserine/anti-phosphothreonine-mediated immuno- 
blot, or immunoprecipitated with anti-TGF-ßRI antibody followed by 
anti-GD44-mediated immunoblot or anti-phosphoserine/anti-phospho- 
,nTnZe?o<;   a?fd imraunoblot. respectively. In some experiments, 
™* ^7™,.        ieg- untransfected or transfected with HAl-tagged 
TGF-ßEIcDNA or vector only) (either treated with HA (50 ,xg/ml) or 
l G-F-ßl (50 ng/ml) or without any treatment) were immunoprecipitated 
with rabbit anti-CD44v3 IgG followed by immunoblotting with rat 
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anti-CD44 (or mouse anti-HAl (hemagglutinin epitope) IgG or mouse 
anti-ankyrin IgG) for 1 h at room temperature followed by incubation 
with horseradish peroxidase-conjugated goat anti-rabbit IgG (or goat 
anti-mouse IgG) (1:10,000 dilution) at room temperature for 1 h. 

In some experiments, Nonidet P-40-solubilized cell lysate (isolated 
from cells treated with HA (50 ^g/ml) or TGF-ßl (50 ng/ml) or pre- 
treated with anti-CD44 antibody followed by HA (50 ng/ml} or TGF-/31 
(50 ng/ml) treatment or without any treatment) was analyzed by SDS- 
PAGE followed by immunoblotting with rabbit anti-phospho-Smad2 (50 
/ig/ml) or immunoprecipitated with anti-Smad3 followed by anti-phos- 
phothreonine, anti-phosphoserine, and anti-Smad3-mediated immuno- 
blot, respectively. These blots were then treated with peroxidase-con- 
jugated goat anti-rabbit IgG and ECL cherniluminescence reagent 

In Vitro Binding ofCD44cyt to the TGF-ßRI—PAiquots (0.5-1 ng of 
protein) of HAl-tagged TGF-/3RI (isolated from COS-7 or MDA-MB-231 
cells)-conjugated Sepharose beads were incubated in 0.5 ml of binding 
buffer (20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.1% bovine serum 
albumm, and 0.05% Triton X-100) containing various concentrations 
(10-800 ng/ml) of 125I-labeled cytoplasmic domain of CD44 (CD44cyt) 
fusion protein (5,000 cpm/ng protein) at 4°C for 4 h. Specifically, 
equilibrium-binding conditions were determined by performing a time 
course (1-10 h) of 125I-labeled CD44cyt binding to TGF-0RI at 4 °C. The 
binding equilibrium was found to be established when the in vitro 
CD44-TGF-ßRI binding assay was conducted at 4 °C after 4 h. Follow- 
ing binding, the CD44-TGF-/3RI-conjugated beads were washed exten- 
sively in binding buffer, and the beads-bound radioactivity was counted. 
Nonspecific binding was determined using a 50-100-fbld excess of un- 
labeled CD44cyt in the presence of the same concentration of 125I- 
labeled CD44cyt. Nonspecific binding, which represented -20% of the 
total binding, was always subtracted from the total binding. Our bind- 
ing data are highly reproducible. The values expressed under "Results" 
represent an average of triplicate determinations of 3-5 experiments 
with an S.D. less than ±5%. 

Protein Phosphorylation Assay in Vitro—The kinase reaction was 
carried out in 50 jil of the reaction mixture containing 40 mM Tris-HCl 
(pH 7.5), 2 mM EDTA, 1 mM dithiothreitol, 7 mM MgCl2, 0.1% CHAPS 
0.1 ßM calyculin A, 100 /xM [7-32P]ATP (15-600 mCi/mmol), purified 
enzymes (e.g. 100 ng of TGF-0RI kinase isolated from MDA-MD-231 
cells either treated with HA (50 /i.g/ml) or TGF-ßl (50 ng/ml) or without 
any treatment), and 1 fig of cellular proteins (e.g. myelin basic protein 
and purified CD44v3). After incubating at 30 °C for 2 h, the reaction 
mixtures were boiled in SDS-sample buffer and subjected to SDS- 
PAGE. The protein bands were revealed by silver stain, and the radio- 
labeled bands were visualized by fluorography or analyzed by liquid 
scintillation counting. 

Binding of ,25I-Labeled Ankyrin to CD44v3-SEBmMBll-labeled  
ankyrin (0.35 nMprotein, 1.5 X 104 cpm/ng) was inculaleftl lÜjjurified 
CD44v3 (bound to anti-CD44v3-conjugated beads) (O/SOff H protein in    s 
TGF-/3RI phosphorylated or unphosphorylated form, prepared accord-  '" 
mg the methods described above) in 0.5 ml of the binding buffer (20 mM 
Tris-HCl (pH 7.4), 150 mM NaCl, 0.1% (w/v) bovine serum albumin, and 
0.05% Triton X-100). Binding was carried out at 4 °C for 5 h under 
equilibrium conditions. Equilibrium conditions were determined by per- 
forming a time course (e.g. 1-10 h) of the binding reaction. Following 
binding, the beads were washed in the binding buffer, and the bead-, 
bound radioactivity was determined. Nonspecific binding was deter- 
mined in the presence of either a 100-fold excess of unlabeled ankyrin 
or using bovine serum albumin-conjugated Sepharose beads. Nonspe- 
cific binding was -20-30% of the total binding and was subtracted frorff 
the total binding. 

Measurement of PTH-rP Production—Breast tumor cells (MDA-MB- 
231 cells) were washed three times with serum-free (SF)-DMEM and 
incubated in 3 ml of SF-DMEM containing various reagents (e g HA (50 
fx.g/ml) or TGF-/31 (50 ng/ml) or anti-CD44 antibody plus HA (50 Mg/ml) 
or TGF-/31 (50 ng/ml) treatment or without any treatment) for 24 h at 
37 °C in a 5% C02 humidified chamber. Subsequently, PTH-rP concen- 
trations in the conditioned medium and cells were determined using a 
two-site immunoradiometric assay (Nichols Institute Diagnostics, San 
Juan Capistrano, CA) that detects concentrations as low as 0.3 pM 
PTH-rP (35, 36). Statistical analysis was done using the Student's t 
test. All data were expressed as the mean ± S.D. 

Cell Migration Assay—Twenty four transwell units were used for 
monitoring in vitro cell migration as described previously (9-12). Spe- 
cifically, the 8-fim porosity polycarbonate filters were used for the cell 
migration assay (9-12). MDA-MB-231 cells (~1 X 104 cells/well in 
phosphate-buffered saline, pH 7.2) (in the presence or absence of HA (50 
Mg/ml) or TGF-ßl (50 ng/ml) rat anti-CD44 antibody (50 /xg/ml) or 
cytochalasm D (20 Mg/ml)) were placed in the upper chamber of the 

M.W.xlO* 

4 

!0^ . TGF-pRI- 

-TGF-BRII 

FIG 1 Analysis of CD44V3-TGF-/J receptor complex in human 
breast tumor cells (MDA-MB-231 cells). Unlabeled MDA-MB-231 
cells (or surface-biotinylated) were solubilized in 50 mM HEPES (nH 

I   Qn5
0°m™aCI',20 mM MgC'2' and 1% Nonidet P"40 buffer followed 

by faDb-PAGE analyses and immunoblot and/or immunoprecipitation 
by various immuno-reagents (e.g. rabbit anti-CD44v3 and/or anti-TGF- 
ßKl and -RII antibodies) as described under "Materials and Methods " 
Lane 1, immunoprecipitation of surface-biotinylated MDA-MB-231 cells 
using monoclonal rat anti-CD44 antibody (recognizing a common deter- 
minant of the CD44 class of glycoproteins, including variant isofbrms) 
Lone 2immunoblot of rat anti-CD44-immunoprecipitated materials 
with rabbit anti-CD44v3 antibody. Lane 3, immunoprecipitation of sur- 
face-biotinylated MDA-MB-231 cells using rabbit anti-CD44v3 anti- 
body (note that a 55-kDa polypeptide is in the complex with CD44v3) 
Lane 4, detection of TGF-/3RI in the CD44v3 complex by anti-CD44v3- 
£™ O^T 

lmn™n°Prec'Pitation followed by immunoblotting with anti- 
TGF-/3RI-specific antibody (note that the TGF-/3RI is detected in the 
complex with CD44v3). Lane 5, detection of TGF-/3RII in the CD44v3 
complex by anti-CD44v3-mediated immunoprecipitation followed by 
T^^TT""'"? 7lth a"«-TGF-ßRII-specific antibody (note that the 
lyv-ßKLL is not detected in the complex with CD44v3). Lane 6 detec- 
tion of CD44v3 in the TGF-/3RI complex by anti-TGF-/3RI-mediated 
immunoprecipitation followed by immunoblotting with anti-CD44v3- 
Sp!"^Sn„ti,br°rdy- L?ne 7> iramunoMot of MDA-MB-231 cell lysate with anti-lirf-jSRII antibody. 

transwell unit. In some cases, MDA-MB-231 cells were transfected with 
either HAl-tagged TGF-/3RI bcDNA or vector alone. The medium con- 
taining high glucose DMEM supplemented with 50 ^g/ml hyaluronan 
was placed in the lower chamber of the transwell unit. After 18 h of 
incubation at 37 °C in a humidified 95% air, 5% C02 atmosphere, vital 
stain 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoIium bromide 
IbigmaXwas added at a final concentration of 0.2 mg/ml to both the 
o?P.n ??-d the l0W6r chambers and incubated for an additional 4 h at 

• d7 C Migratory cells at the lower part of the filter were removed by 
swabbing with small pieces of Whatman filter paper. Both the polycar- 
bonate filter and the Whatman paper were placed in dimethyl sulfoxide 
to solubihze the crystal. Color intensity was measured in 570 nm Cell 
migration was determined by measuring the percent of total cells that 
migrated to the lower side of the polycarbonate filters by standard cell 
number counting methods as described previously (9-12) The CD44- 
specific cell migration was determined by subtracting nonspecific cell 

»migration (i.e. cells migrate to the lower chamber in the presence of rat 
anti-CD44 antibody treatment) from the total migratory cells in the 
lower chamber. Each assay was set up in triplicate and repeated at least 
i times. All data were analyzed statistically using the Student's t test, 
and statistical significance was set atp < 0.01. 

AQ.-G 

RESULTS 

Characterization ofCD44and TGF-ß Receptor Expression in 
Breast Tumor Cells—Breast cancer cells overexpress several 
variant isoforms of the transmembrane protein, CD44 (3-8) 
These different CD44 variant (CD44v) isoforms appear to con- 
fer on breast cancer cells the malignant properties of increased 
invasion, migration, and proliferation (46). 

To examine CD44 expression on the surface of breast tumor 
cells (MDA-MB-231 cells), we have utilized surface biotinyla- 
tion techniques and a specific monoclonal rat anti-CD44 anti- 
body (recognizing a common determinant of the CD44 class of 
glycoproteins, including various variant isoforms)-mediated 
immunoprecipitation (Fig. 1, lane 1). Our results indicate that 
multiple surface-biotinylated polypeptides (-125, 85, 70, and 

Fl 
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55 kDa) are selectively immunoprecipitated with the mono- 
clonal rat anti-CD44 antibody (Fig. 1, lane 1). In order to 
further identify the presence of particular CD44 isoform(s) in 
MDA-MB-231 cells, we immunoblotted these rat anti-CD44- 
precipitated surface proteins with a specific rabbit antibody 
against CD44v3.  Our data show that a single band of the 
CD44v3 protein is expressed in MDA-MB-231 cells (Fig. 1, lane 
2) which corresponds to the surface-labeled 85-kDa polypeptide 
(Fig. 1, lane 1). No CD44-containing material is observed in 
control samples when normal rat IgG or pre-immune rabbit 
IgG is used in these experiments (data not shown). 

Cytokines, such as TGF-ß, are known to regulate cellular 
processes by binding to their specific surface receptors (18, 19). 
Previous studies (47) have shown that both TGF-/3 receptor I 
(RI, ~55-kDa polypeptide) and TGF-ß receptor II (RII, -70- 
80-kDa polypeptide) are expressed in breast tumor cells such as 
MDA-MB-231 cells. In this study, using surface biotinylation 
techniques and specific anti-CD44v3 immunoprecipitation, we 
have determined that the 85-kDa surface CD44v3 and a 55- 
kDa surface protein are closely associated in a complex in 
MDA-MB-231 cells (Fig. 1, lane 3). We have also analyzed these 
anti-CD44v3-precipitated immunocomplexes by immunoblot- 
ting with either anti-TGF-ßRI (Fig. 1, lane 4) or TGF-ßRII 
antibody (Fig. 1, lane 5). Our results reveal the presence of the 
TGF-ßRI protein (~55-kDa polypeptide) (Fig. 1, lane 4) but not 
the TGF-ßRII protein (Fig. 1, lane 5) in the anti-CD44v3- 
immunoprecipitated materials. Furthermore, we have carried 
out anti-TGF-/3RI-mediated immunoprecipitation followed by 
anti-CD44v3 immunoblot (Fig. 1, lane 6). The results of this 
procedure indicate that the 85-kDa CD44v3 band is also pres- 
ent in anti-TGF-ßRI-immunoprecipitated materials (Fig.  1, 
lane 6). In order to confirm that the failure of the TGF-ßRII 
association with CD44v3 is not due to the lack of TGF-ßRII 
expression in MDA-MB-231 cells, we have conducted an immu- 
noblot analysis of MDA-MB-231 cell lysate.using anti-TGF- 
ßRII antibody. Our results clearly indicate that the 70-80-kDa 
TGF-ßRII is expressed in MDA-MB-231 cells (Fig. 1, lane 7). 
These findings clearly establish the fact that CD44v3 is phys- 
ically linked to the TGF/3RI in vivo in the breast tumor cells 
(MDA-MB-231 cells). The fact that CD44v3 forms a complex 
with TGF-ßRI (but not TGF-ßRII) suggests that a specific , 
interaction occurs between CD44v3 and TGF-ßRI. 

To further test whether TGF-ß receptors such as TGF-ßRI 
are involved in the direct binding to CD44 in vitro, we have 
used purified recombinant TGF-ßRI and the FLAG-tagged cy- 
toplasmic domain of CD44 (FLAG-CD44cyt) fusion protein to 
identify the TGF-ßRI-binding site on the CD44 molecule, Spe- 
cifically, we have tested the binding of TGF-ßRI to 125I-labeled 
FLAG-CD44cyt under equilibrium binding conditions. The re- 
sults of a Scatchard plot analysis presented in Fig. 2 demon? 
strate that the cytoplasmic domain of CD44 (CD44cyt) binds to 
TGF-ßRI at a single site with high affinity with an apparent 
dissociation constant (Kd) of -1.78 nM. These findings further 
support the notion that a strong binding interaction occurs 
between CD44 and TGF-ßRI. 

HA-activated CD44^TGF-ßRI Kinase and Signaling 
Events—HA. is known to be involved in certain pathophysiolog- 
ical processes. For example, high levels of HA in solid tumors 
{e.g. breast tumors) appear to be closely associated with tumor 
progression and metastasis (48, 49). In this study, we have 
determined that CD44v3-associated TGF-ßRI serine/threonine 
kinase is significantly up-regulated by HA treatment as de- 
tected by anti-phosphoserine immunoblot (Fig. 3A, lane 2) or 
anti-phosphothreonine immunoblotting, respectively (Fig. 35, 
lane 2). The level of TGF-ßRI serine/threonine phosphorylation 
is relatively low in untreated cells (Fig. 3, A, lane 1, and B, lane 
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FIG. 2. Scatchard plot analysis of the binding interaction be- 
tween 125I-labeled FLAG-CD44cyt and TGF-/3RI. Various concen- 
trations of 125I-labeled FLAG-CD44cyt were incubated with the TGF- 
0RI-coupled beads at 4 °C for 4 h. Following binding, beads were 
washed extensively in binding buffer, and the bead-bound radioactivity 
was counted. As a control, 125I-labeled FLAG-CD44cyt was also incu- 
bated with uncoated beads to determine the binding observed due to the 
nonspecific binding of the ligand. Nonspecific binding, which repre- 
sented -20% of the total binding, was always subtracted from the total 
binding. Our binding data are highly reproducible. The values ex- 
pressed under "Results" represent an average of triplicate determina- 
tions of 3-5 experiments with an S.D. less than ±5%. 

Immunoblot: 

Anti- 
p-Serine 

IP:Anti-TGF-pRI 

FIG. 3. Detection of TGF-/JRI phosphorylation. MDA-MB-231 
-cells treated with various reagents (e.g. HA (50 /tg/ml) or TGF-/31 (50 
ng/ml) or pre-treated with anti-CD44 antibody followed by HA (50 
fig/m!) or TGF-/3 (50 ng/ml) treatment or without any treatment) were 
solubilized by 1.0% Nonidet P-40 and immunoprecipitated (IP) with 
anti-TGF-/3RI antibody followed by anti-phosphoserine- (A) and anti- 
phosphothreonine (S)-mediated immunoblot as described under "Mate- 
pals and Methods." Lane 1, untreated cells; lane 2, cells treated with 
HA (50 fig/ml); lane 3, cells pre-treated with anti-CD44 antibody fol- 
lowed by HA (50 Mg/ml); lane 4, cells treated with TGF-/31 (50 ng/ml); 
lane 5, cells pre-treated with anti-CD44 antibody followed by TGF-Ö1 
(50 ng/ml) treatment. 

1) or those cells pre-treated with anti-CD44 followed by HA 
treatment (Fig. 3, A, lane 3,  and B, lane 3). As a positive 
control, we have confirmed that TGF-ß activates TGF-ßRI ser- 
ine and threonine kinases (Fig. 3, A, lane 4, and B, lane 4). No 
significant inhibition of serine/threonine phosphorylation on 
TGF-ßRI is observed in cells treated with anti-CD44 followed 
by TGF-ß treatment (Fig. 3, A, lane 5, and B, lane 5). These 
observations strongly support the conclusion that HA-mediated 
TGF-ßRI kinase activity is CD44-dependent, whereas TGF-ß- 
stimulated TGF-ßRI kinase activity does not involve CD44. Of 
course, we cannot preclude the possibility that HA is also 
capable of interacting with other binding protein(s) which 
is(are) linked to TGF-ß-regulated signaling pathways. 

Both   Smad2/Smad3   phosphorylation   (24-26,   37)   and 
PTH-rP production (35-37, 41) are known to be closely associ- 
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FIG. 4. Detection of Smad protein phosphorylation. MDA-MB- 
231 cells treated with various reagents (e.g. HA (50 jug/ml) or TGF-ßl 
(50 ng/ml) or pre-treated with anti-CD44 antibody followed by HA (50 
jig/ml) orTGF-/31 (50 ng/ml) treatment or without any treatment) were 
immunoblotted with anti-phospho-Smad2 (A) or solubilized by 1.0% 
Nonidet P40 and immunoprecipitated (IP) with anti-Smad3 (B) fol- 
lowed by anti-phosphothreonine (a), anti-phosphoserine (6), and anti- 
Smad3 (e)-mediated immunoblot as described under "Materials and 
Methods." Lane 1, untreated cells; lane 2, cells treated with HA (50 
Mg/ml); lane 3, cells pre-treated with anti-CD44 antibody followed by 
HA (50 Mg/ml); lane 4, cells treated with TGF-/31 (50 ng/ml); lane 5, cells 
pre-treated with anti-CD44 antibody followed by TGF-/31 (50 ng/ml) 
treatment. 

ated with TGF-0 signaling. In this study, we have observed 
that both Smad2/Smad3 phosphorylation (Fig. 4, A, lane 2, and 
B, lane 2) and PTH-rP production (Fig. 5B) occur during HA 
activation of TGF-/3RI serine/threonine'kinases (Fig. 3, A, läne 
2, and B, lane 2). As a positive control, we have confirmed that 
activation of TGF-/3RI serine/threonine kin.nu.- bv TGI-'-/'' J|K0 

promotes Smad2/Smad3 phosphorylation (Fig. 4, A, lane 4, and 
B, lane 4) and PTH-rP production (Fig. 5D) in MDA-MB-231 
cells. We believe that HA-mediated TGF-/3RI kinase activation 
(Fig. 3, A, lane 2, and B, lane 2) leading to Smad2/Smad3 
phosphorylation and PTH-rP production is CD44-sp(<cific be- 
cause control samples (either without HA treatment (Fig. 4, A, 
lane 1, and B, lane 1, and Fig.  5A) or pre-tn\itiiu-i.l v.iih 
anti-CD44 followed by HA addition (Fig. 4, A, liri. 3, ,m,l 11 
lane 3, andFig. 5C)) display very low levels of CD-I 1-.n-ieuli-il 
TGF-/3RI kinase activity (Fig. 3, A, lane 2 and B, lane 2). 
Consequently, no significant amount of Smad2/Sma<l.,l pho- 
phorylation (Fig. 4, A, lanes 1 and 3, and B, lanes 1 and 3) and 
PTH-rP (Fig. 5, A and C) is detected under these conditions. If 
is also noted that no significant reduction of Smad2/Smad3 
phosphorylation (Fig. 4, A, lane 5, and B, lane 5) or PTH-rP 
production (Fig. 5E) occurs in cells pre-treated with anti-CD44 
followed by TGF-0 treatment. Therefore, we believe that these 
results provide strong evidence that the physiological ligand for 
CD44v3, HA, plays an important role in activating CD44v3- 
associated TGF-/3RI kinase activity required for the onset of 
Smad2 (or Smad3)-mediated nuclear activities and PTH-rP 
production during the progression of breast cancers. 

Effects ofTGF-ß Receptor Kinase-mediated CD44 Phospho- 
rylation on Ankyrin Binding and Tumor Cell Migration—A 
number of serine/threonine kinases have been shown to be 
involved in the regulation of CD44 phosphorylation during HA 
signaling (11, 50-52). In MDA-MB-231 cells, the level of 
CD44v3 phosphorylation in the absence of HA treatment is 
very low (Fig. 6, A, lane 1, and B, lane 1), whereas the amount 

™S?'     Measurement of PTH-rP production. Breast tumor cells 
(MDA-MB-231 cells) were washed three times with SF-DMEM and 
incubated in 3 ml of SF-DMEM containing various reagents (e g HA (50 
Mg/ml) or TGF-/31 (50 ng/ml) or anti-CD44 antibody plus HA (50 fig/ml) 
or TGF-01 (50 ng/ml) treatment or without any treatment) for 24 h at 
37 °C in a 5% C02 humidified chamber. Subsequently, both cells and 
the conditioned medium will be collected and analyzed for the produc- 
tion of PTH-rP using a25I-labeled anti-PTH-rP antibodies and radioim- 
munoassay according to the procedures described under "Materials and 
Methods." Statistical analysis was done using the Student's t test All 
data are expressed as the mean ± S.D. A, untreated cells- B   cells 
treated with HA (50 ^g/ml); C, cells pre-treated with anti-CD44 anti- 
body followed by HA (50 jig/ml); D, cells treated with TGF-/31 (50 
ng/ml); E,   cells pre-treated with  anti-CD44  antibody followed bv 
TGF-/31 (50 ng/ml) treatment. y 

Immunoblot: 
A •■■»--•                   _u«a.           ... I*-   An«-   . 

1      n-Thronninp 
     . 

B <?>#*.              ,wA*t j^, H-pSlne 

IP:Antt-CD44v3 

FIG. 6. Detection of CD44 phosphorylation. MDA-MB-231 cells 
treated with various reagents (e.g. HA (50 fig/ml) or TGF-/31 (50 ng/ml) 
or pre-treated with anti-CD44 antibody followed by HA (50 jig/ml) or 
TGF-/31 (50 ng/ml) treatment or without any treatment) were solubi- 
lized by 1.07» Nonidet P-40 and immunoprecipitated (IP) with anti- 
CD44v3 followed by anti-phosphothreonine (A) or anti-phosphoserine 

'(B) as described under "Materials and Methods." Lane 1 untreated 
cells; lane 2, cells treated with HA (50 W/ml); lane 3, cells pre-treated 
with anti-CD44 antibody followed by HA (50 jig/ml); lane 4, cells 
treated with TGF-/31 (50 ng/ml); lane 5, cells pre-treated with anti- 
CD44 antibody followed by TGF-/31 (50 ng/ml) treatment 

of CD44v3 phosphorylation increases significantly during HA 
treatment (Fig. 6, A, lane 2, and B, lane 2) as detected by 
anti-threonine and anti-serine antibody, respectively. To test 
whether CD44 functions as a possible cellular substrate(s) of 
TGF-ßRI kinases in MDA-MB-231 cells during HA signaling, 
we have examined the ability of TGFßRI kinase to phosphoryl- 
ate CD44v3. Specifically, we have analyzed the stoichiometry 
of CD44 phosphorylation by TGF-/3RI kinase, along with mye- 
lin basic protein (MBP) phosphorylation as a positive control 
(Table I). Our results indicate that approximately -1.2 mol of 
phosphate  becomes  maximally incorporated into  1  mol of 
CD44v3 using TGF-/3RI kinase isolated from MDA-MB-231 
cells treated with HA (Table I). We have also found that ~1 mol 
of phosphate becomes maximally incorporated into 1 mol of 

Tl 
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TABLE I 
Stoichiometry analysis of CD44v3 phosphorylation by TGF-ßRI kinase 

inc^rd^ and Methods." The amount of [^PJATP 
described under "Materials and Methods » y ß " (lS°lated fr°m ^^^ °r -untreated cells) was measured as 

Sample 

TGF-j3RI kinase isolated from untreated cells 

TGF-ßRI kinase isolated from HA-treated cells 

mol 32P-incorporated/mol CD44v3 mol 32P-incorporated/mol MBP 
0.1 ± 0.013 

1.2 ± 0.06 

0.15 

1.0: 

: 0.005 

0.04 

MBP byHA-activated TGF-ßRI kinase (Table I). In contrast, 
phosphorylation of CD44v3 and MBP appears to be minimal (at 
most -0.1 mol of phosphate incorporated into per mol of 
CD44v3 or -0.15 mol of phosphate incorporated into per mol of 
MBP) using TGF-ßRI kinase isolated from MDA-MB-231 cells 
without any HA treatment (Table I). Because the stoichiometry 
of CD44 phosphorylation by HA-activated TGF-/3RI is compa- 
rable with that of MBP phosphorylation (by HA-activated TGF- 
ßRI), we conclude that CD44v3 is a good cellular substrate for 
TGF-ßRI. 

Phosphorylation of the cytoplasmic domain of CD44 has been 
shown to be important for its interaction with certain cytoskel- 
etal proteins such as ankyrin (11, 14, 15, 50, 53-55). In this 
study we have examined the effect of TGF-ßRI kinase-medi- 
ated CD44 phosphorylation on ankyrin binding. Specifically, 
the highly phosphorylated form of CD44v3 (by TGF-ßRI kinase 
isolated from HA-activated MDA-MB-231 cells) (as shown in 
Table I) was incubated with 12SI-labeled ankyrin. Our results 
indicate that the total amount of 125I-ankyrin binding to the 
TGF-ßRI kinase-phosphorylated form of CD44v3 (Fig. 7A) is 
significantly  higher   than   that   unphosphorylated   form   of 
CD44v3 (Fig. IB). These results clearly support the notion that 
phosphorylation of the cytoplasmic domain of CD44v3 by acti- 
vated TGFßRI kinase enhances its binding interaction with 
ankyrin. It is likely that this interaction is required for the 
activation of membrane-associated cytoskeleton function. 

We have also demonstrated that in the absence of HA a low 
amount of ankyrin is associated with CD44v3 as analyzed by 
anti-CD44v3-mediated immunoprecipitation followed by anti- 
ankyrin immunoblot in MDA-MB-231 cells (Fig. 8, lane 1). HA 
treatment of cells recruits a significant amount of ankyrin (Fig. 
8, lane 2) into a complex with CD44v3 (Fig. 8, lane 2). When 
cells were pre-treated with anti-CD44 antibody followed by HA 
treatment, the recruitment of ankyrin into CD44v3 is greatly 
reduced (Fig. 8, lane 3). These results are consistent with'. 
previous findings showing HA is capable of inducing the accu- 
mulation of ankyrin into CD44 complexes (42). Interestingly, 
TGF-ß is also causing ankyrin recruitment into CD44v3 (Fig. 8, 
lane 4). No obvious reduction of CD44v3-ankyrin complex for- 
mation is observed in MDA-MB-231 cells pre-treated with anti- 
CD44 antibody followed by TGF-ß treatment (Fig. 8, lane off 
These results strongly suggest that the TGF-ß receptor (in 
particular, TGF-ßRI) is not only physically complexed with 
CD44v3  but also  functionally coupled to CD44v3-ankyrin- 
based cytoskeleton functions. 

Effects of TGF-ßRI Overexpression on CD44-Ankyrin Inter- 
action and HA-mediated Breast Tumor Migration—In order to 
correlate CD44-TGF-/3RI kinase signaling with breast tumor 
cell-specific behaviors (e.g. membrane-cytoskeleton interaction 
and tumor cell migration), we have transiently transfected the 
breast tumor cells (MDA-MB-231 cells) with a HAl-tagged 
TGF-ßRIcDNA (Fig. 9A) and vector alone (Fig. 9B). By using 
anti-CD44v3-mediated immunoprecipitation of MDA-MB-231 
cells transfected with HAl-tagged TGF-ßRIcDNA followed by 
immunoblotting with various antibodies (e.g. anti-CD44, anti- 
HA1,  or anti-ankyrin  antibody),  we have determined that 
CD44v3 is expressed at comparable levels in these two trans- 

__S°-1; „ .I;A^|7m binding to TGF-/3RI-phosphorylated 
CD44v3. Purified I25I-labeled ankyrin (-0.35 nM protein, 1.5 X 104 

cprn/ng) was incubated with CD44v3 (bound to anti-CD44v3-conjugated 
beads]I (-0.80 ßg of protein in TGF-ßRI-phosphorylated or unphospho- 
rylated form) m 0.5 ml of the binding buffer (20 nun Tris-HCl (pH 7 4) 
iS?^iM *I*01' °-1% (w/v) bovine serum albumin, and 0.05% Triton 
X-100) aa described under "Materials and Methods." Following binding 
the beads were washed in the binding buffer, and the bead-bound 

•radioactivity was determined. Nonspecific binding was determined in 
the presence of a 100-fold excess of unlabeled ankyrin. A, the amount of 

1-ankyrin binding to highly phosphorylated CD44v3 (by TGF-ßRI 
T«]^the amount of 125I-ankyrin binding to minimally phospho- 

. ryiated CD44v3 (in the absence of TGF-flRI kinase) 

fectants (Fig. 9, A, lane a, and B, lane a) and that only HAl- 
tagged TGF-ßRI (Fig. 95, lane b), but not the vector control 
sample (Fig. 9A, lane b), is co-precipitated with CD44v3 (Fig. 
95, lane b). By using the same anti-CD44v3-mediated immu- 
noprecipitation procedures, only a low level of ankyrin (Fig. 9A, 
lane c) was detected in the CD44v3 immunocomplex isolated 
from cells transfected with vector alone. Overexpression of 
TGF-ßRI     by     transfecting     MDA-MB-231     cells     with 
TGF-ßRIcDNA promotes a significant increase in ankyrin re- 
cruitment into CD44v3-TGF-ßRI complex. These findings sug- 
gest that TGF-ßRI overexpression mimics HA and/or TGF-ß 
signaling   in   the   induction   of   CD44v3-ankyrin   complex 
formation. 

Furthermore, by using in vitro migration assays, we have 
demonstrated that incubation of untransfected MDA-MB-231 
cells with either HA or TGF-ß stimulates active tumor cell 
migration (Table II). However, transfection of MDA-MB-231 
cells with TGF-ßRIcDNA also significantly stimulates CD44 
cytoskeleton-dependent breast tumor cell migration (Table II) 
as compared with vector-transfected cells (Table II). Further- 
more, treatment of MDA-MB-231 cells with the microfilament 

AQ:H 

T2 
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FIG. 8. Analysis of CD44v3-ankyrin complex in human breast 
tumor cells  (MDA-MB-231   cells). Unlabeled MDA-MB-231 cells 
treated with various reagents (e.g. HA (50 jug/ml) or TGF-01 (50 ng/ml) 
^re'!rft6d With anti-CD44 antibody followed by HA (50 Mg/ml) or 
lUi-ßl (50 ng/ml) treatment or without any treatment) were solubi- 
Iized by 1.0% Nonidet P-40 and immunoprecipitated with anti-CD44v3 
followed by anti-ankyrin as described under "Materials and Methods" 
Lane 1, untreated cells; lane 2, cells treated with HA (50 /xg/ml)- lane 3 
cells pre-treated with anti-CD44 antibody followed by HA (5o'us/ml)' 
lane 4, cells treated with TGF-ßl (50 ng/ml); lane 5, cells pre-treated 
with anti-CD44 antibody followed by TGF-/31 (50 ng/ml) treatment). 

inhibitor, cytochalasin D, causes a significant inhibition of HA- 
and TGF-ß-mediated as well as TGF-ßRIcDNA-transfected 
breast tumor cell migration (Table II). Taken together, these 
findings strongly suggest that both HA and TGF-/3 promote 
CD44-ankyrin-linked cytoskeleton activation required for met- 
astatic breast tumor cell migration. 

Immunoblot: 

AntMJD44 

Anti-HAI 

Antl-AnRyrin 

IP:Anti-eD44v3 

FIB 9. Analysis of the signaling complex formation in MDA- 
MB-231cells transfected with TGF-/3RIcDNA. MDA-MB-231 cells 
transfected with vector alone (A) or HAl-tagged TGF-/3RIcDNA (B) 
ZTf t°^pfedily KS P"4°(as described above) and immunopre- 
cipitated (IP) with anti-CD44v3 antibody followed by immunoblotting 
with various immuno-reagents (e.g. anti-CD44 (lane a), anti-HAl (lane 
6), or anti-ankyrin (lane c), respectively). 

DISCUSSION 

a variable extracellular domain, CD44 contains a variable extracellular domain, a single 
spanning 23-amino acid transmembrane domain, and a 70- 
amino acid cytoplasmic domain (56). Nucleotide sequence anal- 
yses reveal that many CD44 isoforms (derived from alternative 
splicing mechanisms) are variants of the standard form, CD44s 
(2). CD44 isoforms have been detected on highly metastatic 
breast tumor cell lines, and transfection of these molecules 
confers metastatic properties to otherwise non-metastatic cells 
(9-13, 15,16, 46). By using CD44-specific antibodies, we have 
found that metastatic breast tumor cells (e.g. MDA-MB-231 cell 
line) express several CD44 isoforms including CD44v3 (Fig. 1). 
The level of CD44v3 isoform expression often increases as the 
histologic grade of each of the breast tumors progresses. In fact, 
there is a direct correlation between CD44v3 isoform expres- 
sion and increased histologic grade of the malignancy (5, 8). 
These lines of evidence suggest that expression of certain 
CD44v3 isoform(s) may be an accurate predictor of eventual 
survival (e.g. nodal status, tumor size, and grade) during breast 
cancer progression (6). CD44v3 has a heparin sulfate addition 
site in the membrane-proximal extracellular domain of the 
molecule that confers the ability to bind heparin sulfate-bind- 
mg growth factors (58). The attachment of growth factor(s) to 
the heparin sulfate sites on CD44v3 may be responsible for the 

_ onset of breast tumor-associatedangiogenesis. In breast tumof 
cellsT CD44v3 is also closely associated witn*metalloprotein- 

_   ases, MMP-9 (gelatinase B), in the plasma membrane (59) 
Furthermore, MMP-9 is present in a proteolytically active form 
and is preferentially localized at the "invadopodia" of the breast 
tumor cells (59). Therefore, it is likely that the close interaction 
between CD44v3 and the active form of MMP-9 in the inva- 
dopodia structure of breast tumor cells may be required for the 
degradation of extracellular matrix during breast tumor cell 
invasion and metastasis. 

HA is one of the major components of the extracellular ma- 
trix glycosaminoglycan. All CD44 isoforms contain a link mod- 
ule HA-binding site in their extracellular domain (60). Thus, 
CD44 is considered to be one of the major HA receptors (60).' 
Both CD44 and HA are overexpressed at sites of tumor attach- 
ment (48, 49). The binding of HA to CD44 is implicated in the 
stimulation of a variety of cellular functions including tumor 

progression (9-13). It is known that CD44 has intricate links to 
signal transduction processes. In particular, the intracellular 
domain of CD44 binds to certain cytoskeletal proteins such as 
ankyrin (11, 14, 15, 50, 53-55) and ERM proteins (ezrin  ra- 
dixm, and moesin) (61). The transmembrane interaction be- 
tween CD44 isoforms and ankyrin/ERM provides a direct link 
between the extracellular matrix and the cytoskeleton In ad- 
dition, CD44 couples with tyrosine kinases (e.g. c-Src kinase 
and pl85HER2 kinase) (12,13) and serine/threonine kinesis (e g 
protein kinase C and Rho-binding kinase) (11, 50). In cancers 
the selective interaction between CD44 and its binding part- 
ners has been shown to promote a number of downstream 
effector functions leading to HA-mediated tumor cell-specific 
behaviors (1). 

TGF-ß signaling plays a central role in regulating a variety 
of cellular responses and acts as a growth stimulator or inhib- 
itor, depending on the cellular context (18, 19). It is now gen- 
erally accepted that TGF-ß is one of the important regulators in 
the pathogenesis of human cancers, including breast cancers 
(33-36, 62, 63). Many late stage or invasive/metastatic breast 
tumors overexpress TGF-ß which, perhaps due to autocrine 
and paracrine effects of TGF-ß, influences tumor cell growth 
invasion, and metastasis (19, 62, 63). Three types of TGF-ß 
receptors (e.g. RI, RII, and RIII) belonging to the family of 
serine/threonine kinase membrane receptors have been identi- 
fied (18-23, 27, 28). TGF-ß signaling often involves TGF-ß 
binding to TGF-ßRII which recruits and phosphorylates TGF- 
ßRI leading to a series of biological events including phospho- 
rylation of Smad family of proteins (18-26). TGF-ßRIII, which 
has no known signaling motif, appears to bind and present 
TGF-ß to TGF-ßRII (27,28). Alterations of TGF-ß signaling are 
generally thought to contribute to the development and pro- 
gression of human breast cancer (29-32). It has been reported 
that many TGF-ßs are secreted in a latent form and are con- 
verted to an active form. CD44-associated MMP-9 has been 
found to be involved in the cleavage of TGF-ß from a latent 
form into an active form (64). Therefore, it is clear that a close 
relationship exists between CD44-associated MMPs and the 
production of an active form of TGF-ß. However, the question of 
whether there is a direct interaction between CD44 and TGF-ß 
receptor(s) during breast cancer progression has not been ad- 
dressed previously. 
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TABLE II 
Analysis of breast tumor cell migration 

Cells 
Tumor cell migration (% control)" 

No 
treatment Cytochalasin D HA 

Untransfected cells (control) 
Vector-transfected cells 
TGF-0-RIcDNA-transfected cells 

100 
97 

155 

HA and 
cytochalasin D TGF-/3 

<5 
<5 
15 

TGF-/3 and 
cytochalasin D 

156 
148 
245 

14 
12 
20 

150 
153 
250 

15 
16 
22 

| Tumor Cell Migration and Mdastass | 

in the upper chamber of the transwell Ikt. l^Z^^^^^l^^^^^^S^ ^ ™1 ^l?^ 

migration processes were determined by measuringthe'cellsthat ÄtÄ^r TT* 7 ™Pmg W'th * C°tt°n SWap' Cel1 

by standard cell number counting assays as ^^^^^^^^^^^^^^^^^^^^^ 
subtracting non-specific cell migration (i.e. cells migrate to the lower „amber " thpresince of anti ColLn  h^f °f wa« d^te™^ed by 

In this study we have found that both the TGF-/3 type I and 
II receptors (RI and RII) are expressed in MDA-MB-231 cells 
(Fig. 1). However, only TGF-ß type I receptor (RI) (but not type 
II (RII)) is closely associated with CD44 in metastatic breast 
tumor cells (MDA-MD-231 cells) (Fig. 1). An in vitro binding 
assay using two proteins (TGF-/3 type I receptor (TGF-/3RI) and 
FLAG-tagged CD44 cytoplasmic domain (FLAG-CD44cyt)) con- 
firms that the TGF-/3RI is directly involved in the interaction 
with the cytoplasmic domain of CD44 (Fig. 2). Moreover, HA 
activates TGF-)3RI kinase activity (Fig. 3) leading to Smad 
protein phosphorylation (Fig. 4) in a CD44-dependent manner, 
whereas TGF-/3-stimulated TGF-0 kinase activity (Fig. 3) and 
Smad protein phosphorylation (Fig. 4) do not appear to involve 
CD44. Thus, HA and TGF-/3 bind to their own specific receptors 
(e.g. CD44 or TGF-ß receptors), but their respective down- 
stream signaling pathway(s) appear to be tightly linked in 
MDA-MB-231   cells.   Phosphorylated   forms   of  Smad2   (or 
Smad3), which often form a complex with Smad4 in the cytosol, 
have been shown to be translocated into the nucleus for tran- 
scriptional activation of many genes (24-26). A recent study 
(65) demonstrated that human breast carcinoma cells exam- 
ined by tissue microarrays frequently contain the phosphoryl- 
ated form of Smad proteins. Therefore, HA and TGF-^-acti- 
vated Smad protein phosphorylation may contribute one of the 
important factors  required for  the onset of breast cancer 
progression. 

In patients with advanced breast cancers, the malignant 
cells often metastasize to the bone (66-69). It is now known 
that TGF-ß receptor-mediated signaling plays an integral role 
in stimulating osteolytic bone metastasis by inducing the pro- 
duction of PTH-rP by the tumor cells (66). PTH-rP was origi- 
nally isolated and cloned from tumors removed from patients 
with the common paraneoplastic syndrome called humoral b$- 
percalcemia of malignancy (66-69). We have now determined 
that TGF-/3 receptor-mediated signaling leads to an increase in 
PTH-rP production by the breast cancer cells (in the MDA-MB- 
231 cell line) (Fig.  5). The fact that HA activates PTH-rP 
production in a CD44-specific manner (Fig. 5) suggests that 
HA-CD44 signaling is also involved in breast tumor-specific 
hormone production required for breast cancer progression. 
Other studies have shown  that  stimulation of PTH-rP by 
TGF-/3 is regulated through mRNA stabilization (37) or is con- 
trolled by a novel Smad3/Etsl synergism on the P3 promoter of 
the PTH-rP (70). The question of which mechanism(s) (i.e. 
mRNA stabilization and/or Smad3-Etsl interaction) is(are) in- 
volved in HA-CD44-mediated PTH-rP expression in the MDA- 
MB-231 cell awaits future investigation. 

In addition, our results indicate that both HA and TGF-ß are 
capable of inducing CD44 phosphorylation in vivo (Fig. 6) 

FIG. 10. A proposed model for the interaction between CD44v3 
and TGF-0 receptor I (RI) during oncogenic signaling and 
breast tumor progression. CD44v3 (containing the v3 exon-encoded 

4™?„Uo?}, l-S tightIy comPlexed with TGF-ßRI. This CD44v3-associated 
IWt.ßJU kinase can be activated by HA and/or TGF-ß leading to phos- 
phorylation of Smad proteins (Smad2 and Smad 3) and PTH-rP produc- 

' TfSh,ch ,s kn°wn t0 cause metastasis (e.g. osteolytic bone metasta- 
sis). Moreover, HA- and/or TGF-/3-activated CD44v3-TGF-/3RI kinase is 
also capable of phosphorylating CD44v3. Most importantly  CD44v3 
phosphorylation  enhances   its  binding to  the  cytoskeletal  protein 
ankynn which, in turn, interacts with the cytoskeleton and induces 
tumor cell migration. In conclusion, we believe that CD44v3-TGF-/3RI 

f interaction plays a pivotal role in the activation of multiple signaling 
pathways required for ankyrin-membrane interaction, tumor cell mi- 
gration, and important oncogenic events (e.g. Smad2/Smad3 phospho- 
rylation and PTH-rP production) during HA- and TGF-ß-mediated 
breast tumor progression. 

Moreover, TGF-/3RI kinase isolated from MDA-MB-231 cells 
can directly phosphorylate CD44 in vitro (Table I). Biochemical 
analyses indicate that the stoichiometry of CD44 phosphoryl- 
ation by TGF-ßRI isolated from HA-activated MDA-MB-231 
cells is comparable with that of MBP phosphorylation (by HA- 
activated TGF-/3RI) (Table I). Therefore, we conclude that 
CD44 may function as one of the cellular substrates for the 
TGF-0RI kinase. Our findings are consistent with previous 
studies (11, 50-52) showing CD44 can be phosphorylated by 
several serine-threonine kinases. It is likely that TGF-0RI 
kinase is phosphorylating certain CD44 site(s) such as threo- 
nine (amino acids 341, 347, or 351) and serine (amino acids 318 
325, 327, 339, or 356). The identification of the specific phos- 
phorylation   site(s)   is   currently   undergoing   investigation. 
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Isacke and co-workers (51, 52) have reported that serine (ami- 
no acid 325) is the principal CD44 phosphorylation site(s) by 
serine-threonine kinases and that mutation of this residue 
blocks CD44-mediated cell migration but not HA binding (51, 
52). Thus, the interaction between phosphorylated CD44 and 
specific intracellular component(s) (e.g. cytoskeletal protein(s)) 
may be required for cell migration. 

Several lines of evidence indicate that the transmembrane 
interaction between the cytoplasmic domain of CD44 and cy- 
toskeletal proteins (e.g. ankyrin) plays an important role in 
CD44-mediated oncogenic signaling (15, 16). In particular, the 
S2 subdomain (but not other subdomains) of the ARD binds to 
CD44 directly (16); overexpression of the S2 subdomain of ARD 
promotes CD44-mediated tumor cell migration (16). Ankyrin is 
also involved in the up-regulation of a Racl-specific guanine 
nucleotide (GDP/GTP) exchange factor, Tiaml (T lymphoma 
invasion and metastasis), in metastatic breast tumor cell mi- 
gration (17). In this study we have observed that CD44 phos- 
phorylation by HA-activated TGF-ßRI kinase stimulates its 
binding to the cytoskeletal protein ankyrin both in vitro (Fig. 7) 
and in vivo (Fig. 8). To elucidate further TGF-/3RI interaction 
with CD44 and ankyrin in vivo, we have transfected MDA-MB- 
231 cells with HAl-tagged TGF-/3RIcDNA (Fig. 9). Our data 
also confirm that overexpression of the HAl-tagged TGF-/3RI 
promotes its association with CD44v3 (Fig. 9) and stimulates 
recruitment of ankyrin into the CD44v3-TGF-/3RI complex (Fig. 
9) leading to breast tumor cell migration (Table II). Finally, we 
have found that treatment of MDA-MB-231 cells with cytocha- 
lasin D (Table II) induces a reversal of tumor cell-specific 
phenotypes such as tumor cell migration (Table II). This find- 
ing suggests that some actin polymerization or microfilamen- 
tous cytoskeleton is required in this event. It is quite possible 
that the recruitment of ankyrin into CD44v3 induced by either 
HA/TGF-j3 signaling (Fig. 8) or TGF-jSRI overexpression (Fig. 
9) could contribute to cytoskeleton-mediated breast tumor cell 
migration (Table II). A previous study (57) has shown that HA 
is able to bind TGF-/31 directly. Therefore, it is possible that the 
HA-TGF-/31 complex in the extracellular matrix also plays a 
role in stimulating oncogenic signaling and cytoskeletal acti- 
vation during breast tumor progression 

As summarized in Fig. 10, we propose that CD44v3 is tightly 
complexed with TGF-/3RI. This CD44v3-associated TGF-ßRI 
kinase can be activated by HA anoVor TGF-/3 leading to phos-' 
phorylation of Smad proteins (Smad2 and Smad 3) and PTH-rP 
production which is known to cause breast tumor metastasis 
(in  particular,   osteolytic   bone   metastasis).   Moreover,   HA 
and/or TGF-/3-activated CD44v3-TGF-ßRI kinase is also capa- 
ble of phosphorylating CD44v3. Most importantly, CD44v3 
phosphorylation enhances its binding to the cytoskeletal pro- 
tein ankyrin which, in turn, interacts with the cytoskeleton and 
induces  tumor  cell  migration.   Therefore,  we   believe  that 
CD44v3-TGF-ßRI interaction promotes activation of multiple 
signaling pathways required for ankyrin-membrane interac- 
tion, tumor cell migration, and important oncogenic events (e.g. 
Smad2/Smad3 phosphorylation and PTH-rP production) dur- 
ing HA- and TGF-ß-mediated breast tumor progression. 
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