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Introduction:

Inflammatory breast cancer (IBC) is the most lethal form of locally advanced
breast cancer and accounts for approximately 6% of new breast cancer cases annually in
the United States (1, 2). IBC has distinct clinical and pathological features. Patients
present with erythema, skin nodules, dimpling of the skin (termed "peau d'orange"), all
features that develop rapidly, typically progressing within 6 months (1-4). One salient
feature of IBC that is observed in tissue sections is that cancer cells form emboli that
spread through the dermal lymphatics. The dermatotropism of IBC is believed to be
responsible for the clinical signs and symptoms and probably enables effective
dissemination to distant sites (2). These observations lead us to conclude that IBC is
highly invasive and it is capable of metastases from its inception. Indeed, at the time of
diagnosis, the majority of patients have locoregional and/or distant metastatic disease (3,
4). In spite of new advances in breast cancer therapy including multimodality approaches,
the 5-year disease-free survival rate is less than 45% (3, 4).

Until recently, no biologic markers defined the IBC phenotype. We hypothesized
that a limited number of genetic alterations, occurring in rapid succession or
concordantly, are responsible for the rapidly progressive and distinct clinical and
pathologic features of IBC. Using a modified version of the differential display technique
and in situ hybridization of human tumors, we identified two genes that are consistently
and concordantly altered in human IBC when compared to stage-matched, non-IBC
tumors: loss of WISP3 and over-expression of RhoC-GTPase (5).

WISP3 is member of the CCN family of proteins, which have important
biological functions in normal physiology as well as in carcinogenesis (6-8). We found
that WISP3 has growth and angiogenesis inhibitory functions in IBC in vitro and in vivo
(9). RhoC-GTPase is a member of the Ras-superfamily of small guanosine
triphosphatases (GTPases). Activation of Rho proteins leads to assembly of the actin-
myosin contractile filaments into focal adhesion complexes that lead to cell polarity and
facilitate motility (10-12). Our laboratory has characterized RhoC as a transforming
oncogene for human mammary epithelial cells, whose overexpression results in a highly
motile and invasive phenotype that recapitulates the IBC phenotype. Predicated on the
high rate of concordance of RhoC and WISP3 changes in IBC, we hypothesize that these
two genes cooperate to determine this highly metastatic, unique breast cancer phenotype.

This is an annual progress report for a project that aims at understanding the
genetic determinants of inflammatory breast cancer (IBC). In particular, we aim to
discern the relative role of the RhoC GTPase gene and WISP3 (formally named LIBC) in
the specific phenotypic characteristics of inflammatory breast cancer. We have made
progress in the last year, which is summarized below.




Body:

Task 1: To identify the signaling pathways involved in growth control affected by
RhoC overexpression or mutation in inflammatory breast cancer.

Inflammatory breast cancer (IBC) is a distinct and aggressive form of locally advanced
breast cancer. IBC is highly angiogenic, invasive, and metastatic at its inception.
Previously, we identified specific genetic alterations of IBC that contribute to this highly
invasive phenotype. RhoC GTPase was overexpressed in 90% of archival IBC tumor
samples, but not in stage-matched, non-IBC tumors.

To study the role of RhoC GTPase in contributing to an IBC-like phenotype, we
generated stable transfectants of human mammary epithelial cells overexpressing the
RhoC gene. The HME-RhoC transfectants formed large colonies under anchorage-
independent growth conditions, were more motile, and were invasive (Appendix #1,
Figures 2-4). In conjunction with an increase in motility, overexpression of RhoC led to
an increase in actin stress fiber and focal adhesion contact formation (Appendix #1,
Figure 5). Levels of vascular endothelial growth factor (VEGF), basic fibroblast growth
factor (bFGF), interleukin-6 (IL-6), and interleukin-8 (IL-8) were significantly higher in
the conditioned media of the HME-RhoC transfectants than in the untransfected HME
and HME-beta-galactosidase control media or the SUM149 IBC cell line (Appendix #2,
Figure 1). Inhibition of RhoC function by introduction of C3 exotransferase decreased
production of angiogenic factors by the HME-RhoC transfectants and the SUM149 IBC
cell line, but did not affect the control cells (Appendix #2, Figure 3). Furthermore,
orthotopic injection into immunocompromised mice led to tumor formation (Appendix
#1, Table 1). These data indicate that RhoC GTPase is a transforming oncogene in
human mammary epithelial cells and can lead to a highly angiogenic and invasive
phenotype, akin to that seen in IBC.

To delineate the signaling pathways responsible for each aspect of the IBC phenotype, we
used well-established inhibitors to the mitogen activated protein kinase (MAPK) and
phosphatidylinositol-3 kinase (PI3K) pathways. We found that activation of the MAPK
pathway was responsible for motility, invasion and production of angiogenic factors
(Appendix #3, Figures 2-5). In contrast, growth under anchorage independent conditions
was dependent on the PI3K pathway (Appendix #3, Figures 2-5). Farnesyl transferase
inhibitors (FTIs) were previously shown to be effective in modulating tumor growth in
Ras-transformed tumor cells. Recently, studies have focused on RhoB as a putative non-
Ras target of FTI action. We assessed the effect of the FTI L-744,832 on RhoC-
overexpressing IBC and RhoC-transfected human mammary epithelial (HME-RhoC)
cells. Treatment of the SUM149 IBC cell line and HME-RhoC transfectants with the FTI
1-744,832 led to reversion of the RhoC-induced phenotype, manifested by a significant
decrease in anchorage-independent growth, motility, and invasion (Appendix #4,
Figures 1-4). Although RhoC expression and activation were not affected, RhoB levels
were increased by FTI treatment (Appendix #4, Figure 3 and Table 1). Transient
transfection of geranylgeranylated RhoB (RhoB-GG) into the same cells reproduced the




effects of the FTI, thus suggesting that FTI-induced reversion of the RhoC phenotype
may be mediated by an increase in RhoB-GG levels.

Task 2: To explore the role of RhoC and IGF-binding proteins in IGF-induced
motility and invasion. . BTy

To begin to address the experimental questions in Task 2, we had to develop cell lines
that have high RhoC expression and low LIBC (WISP3) expression. We decided to use
immortalized mammary epithelial cells (HME) as our model cell line. Using an antisense
approach, inhibition of WISP3 expression in HME cells resulted in a 3-fold increase in
RhoC GTPase transcript levels (Appendix #5, Figure 1). The HME/high RhoC-low
WISP3 cells exhibited increased cellular proliferation and anchorage independent growth
in soft agar (Appendix #5, Figure 2). These high RhoC-low WISP3 clones produced
significantly more colonies in soft agar when compared with the control cells, an average
of 58% of the level of colonies formed by the SUM149 IBC cells. Moreover, these
HME/high RhoC-low WISP3 cells also exhibited decreased production of VEGF in the
conditioned medium (Appendix #5, Figure 2). These results revealed that WISP3
modulates RhoC expression in HME cells and in the IBC cell line SUM149, and provide
further evidence in support that these two genes act in concert to give rise to the highly
aggressive IBC phenotype.

We also investigate the relationship of WISP3 to the IGF signaling cascade. WISP3 was
found to be secreted into the conditioned media and into the lumens of normal breast
ducts (Appendix #6, Figure 2). Once secreted, WISP3 was able to decrease, directly or
through induction of other molecule(s), the IGF-1-induced activation of the IGF-IR, and
two of its main downstream signaling molecules, IRS1 and ERK-1/2, in SUM149 IBC
cells (Appendix #6, Figures 3-5). Furthermore, WISP3 containing conditioned media
decreased the growth rate of SUM149 cells (Appendix #6, Figure 6). This work sheds
light into the mechanism of WISP3 function by demonstrating that it is secreted and that,
once in the extracellular media, it induces a series of molecular events that leads to
modulation of IGF-IR signaling pathways and cellular growth in IBC cells.

Key Research Accomplishments:

1. RhoC GTPase is a transforming oncogene in human mammary epithelial cells and
can lead to a highly angiogenic and invasive cell phenotype.

2. MAPK signaling pathway is responsible for RhoC-mediated cell motility,
~ invasion and production of angiogenic factors.

3. PI3K signaling pathway is responsible for RhoC-mediated anchorage independent
colony formation.

4. FTI treatment leads to reversion of the RhoC-induced phenotype, manifested by a
significant decrease in anchorage-independent growth, motility, and invasion




5. WISP3 was found to directly modulate RhoC GTPase expression in immortalized
mammary epithelial cells.

6. Immortalized mammary epithelial cells with low WISP3 and high RhoC GTPase
displayed neoplastic characteristics, specifically, an increase in cell proliferation,
an increase in anchorage independent growth, and an increase in VEGF
production. ' - '

Reportable Outcomes:
Publications

1. van Golen KL, Wu ZF, Qiao XT, Bao LW, and Merajver SD. RhoC GTPase, a
novel transforming oncogene for human mammary epithelial cells that partially
recapitulates the inflammatory breast cancer phenotype. Cancer Res., 60:5832-
5838, 2000. (Appendix 1)

2. van Golen KL, Wu ZF, Qiao XT, Bao LW, and Merajver SD. RhoC GTPase
overexpression modulates induction of angiogenic factors in breast cells.
Neoplasia, 2:418-425, 2000. (Appendix 2)

3. van Golen KL, Bao LW, Pan Q, Miller FR, Wu ZF, and Merajver SD. Mitogen
activated protein kinase pathway is involved in RhoC GTPase induced motility,
invasion, and angiogenesis in inflammatory breast cancer. Clin. Exp. Metastasis,
19:301-311, 2002. (Appendix 3)

4. van Golen KL, Bao LW, DiVito MM, Wu ZF, Prendergast GC, and Merajver SD.
Reversion of RhoC GTPase-induced inflammatory breast cancer phenotype by
treatment with a farnesyl transferase inhibitor. Mol. Cancer Ther., 8:575-583,
2002. (Appendix 4)
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Neoplasia, 6:179-185, 2004. (Appendix 6)
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Conclusions:

Inflammatory breast cancer (IBC) is the most lethal form of locally advanced breast
cancer, with a 5-year disease free survival of less than 45%. Our work focused on
determining the genetic alterations that result in this aggressive breast cancer phenotype.
Our data indicate that RhoC GTPase is a transforming oncogene in human mammary
epithelial cells and can lead to a highly angiogenic and invasive phenotype, akin to that
seen in IBC. Moreover, our results reveal that WISP3 modulates RhoC expression in
HME cells and in the IBC cell line SUM149, and provide further evidence in support that
these two genes act in concert to give rise to the highly aggressive IBC phenotype.
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APPENDIX 1

[C/}NCER RESEARCH 60, 5832-5838, October 15, 2000}

RhoC GTPase, a Novel Transforming Oncogene for Human Mammary Epithelial
Cells That Partially Recapitulates the Inflammatory Breast Cancer Phenotype’

Kenneth L. van Golen, Zhi-Fen Wu, Xiao Tan Qiao, Li Wei Bao, and Sofia D. Merajver?

Department of Internal Medicine, Division of Hematology and Oncology and Comprehensive Cancer Center, University of Michigan, Ann Arbor, Michigan 48109

ABSTRACT

Inflammatory breast cancer (IBC) is the most aggressive form of breast
cancer and is phenotypically distinct from other forms of locally advanced
breast cancer. In a previous study, we identified specific genetic alter-
ations of IBC that could account for a highly invasive phenotype. RhoC
GTPase was overexpressed in 90% of IBC archival tumor samples, but
not in stage-matched, non-IBC tumors. To study the role of RhoC GTPase
in contributing to an IBC-like phenotype, we generated stable transfec-
tants of human mammary epithelial cells overexpressing the RhoC gene.
The HME-RhoC transfectants formed large colonies under anchorage-
independent growth conditions, were more motile, and were invasive. In
conjunction with an increase in motility, overexpression of RhoC led to an
increase in actin stress fiber and focal adhesion contact formation. Fur-
thermore, orthotopic injection into immunocompromised mice led to tu-
mor formation. Taken together, these data indicate that RhoC GTPase is
a transforming oncogene in human mammary epithelial cells and can lead
to a highly invasive phenotype, akin to that seen in IBC.

INTRODUCTION

Primary IBC® accounts for approximately 6% of new breast cancer

cases annually in the United States (1). IBC is clinically well char-
acterized by skin changes such as erythema, skin nodules, peau
d’aurange, and nipple retraction (2, 3). IBC is also distinguished by a
very rapid onset of characteristics of locally advanced breast cancer,
typically within 6 months. Almost all tumors have lymph node me-
tastases at the time of diagnosis, and approximately 36% have gross
distant metastasis (2, 3). This number greatly increases 1 year after
diagnosis, presumably due to the presence of occult metastases, sug-
gesting that IBC cells acquire metastatic capabilities early in tumor
formation. Not surprisingly, even with multimodality treatment, the
5-year disease-free survival is less than 45%, thus making IBC the
most deadly form of locally advanced breast cancer (3).

Until recently, relatively little was known about the genetic mech-
anisms underlying the development and progression of IBC. In a
previous study, our laboratory identified genes that strongly correlated
with the aggressive and invasive IBC phenotype (4). In this study, we
describe the potential role of one of those genes, RhoC GTPase, in
modulating the invasive IBC phenotype.

RhoC GTPase is a member of the Ras superfamily of small GT-
Pases. Activation of Rho proteins by soluble factors, such as serum or
growth factors, leads to the assembly of actin-myosin contractile
filaments and focal adhesion complexes (5, 6). “Cross-talk” interac-
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tions between the various members of the Ras superfamily lead to the
dynamic reorganization of the cell cytoskeleton, resulting in polarity,
the formation of lamellipodia, and adhesion during directed motility (7).
We hypothesized that, given these known functions of the Rho
proteins, RhoC GTPase would confer to mammary epithelial cells
specific features of enhanced invasiveness and tumorigenic potential.
To test this hypothesis, we set out to determine whether overexpres-
sion of RhoC GTPase could alter the phenotype of nontransformed,
immortalized HME cells. We generated stable HME-RhoC transfec-
tants and tested them for any alterations in their phenotype. In contrast
with either untransfected or HME-B-gal control, the HME-RhoC cells
were able to form colonies under anchorage-independent growth
conditions. Furthermore, these cells were highly invasive in a Matri-
gel invasion assay, exhibited enhanced motility in a random motility
assay, and were tumorigenic in nude mice. These characteristics of the
RhoC transfectants strikingly resemble in vivo behavior of IBC.

MATERIALS AND METHODS

Cell Lines. As described previously, cell lines were maintained under
defined culture conditions for optimal growth in each case (8-10). Briefly,
HME cells were immortalized with human papilloma virus E6/E7 (11) and
grown in 5% FBS (Sigma Chemical Co., St. Louis, MO)-supplemented Ham’s
F-12 medium (JRH BioSciences, Lenexa, KS) containing insulin, hydrocorti-
sone, epidermal growth factor, and cholera toxin (Sigma Chemical Co.). The
SUM149 cell line was developed from a primary IBC tumor and grown in 5%
FBS-supplemented Ham’s F-12 medium containing insulin and hydrocorti-
sone. The HME cells were characterized as being keratin 19 positive, ensuring
that they are from the same differentiation lineage as the SUM149 IBC tumor
cell line.

Transfection Experiments. Low passage (passage 10) immortalized HME
cells were cotransfected with the PTP-2000-hygro vector and either pFLAG-
RhoC GTPase, pFLAG-$-gal, or pFLAG-CMV-4 (Sigma Chemical Co.) alone
using FuGene 6 transfection reagent (Roche-Boehringer Mannheim, Mann-
heim, Germany). Transfection efficiency was 22—85% as determined by B-gal
staining of the pFLAG-f-gal-transfected cells using X-Gal reagent [1 mg/ml
X-Gal, 4 mM potassium ferricyanide, 4 mM potassium ferrocyanide, 2 mm
magnesium chloride-hexahydrate in PBS (pH 7.4); Life Technologies, Inc.,
Gaithersburg, MD] and 2% formaldehyde and 0.2% glutaraldehyde in cation-
free PBS [(pH 7.4), Sigma Chemical Co.] for 16 hat 37°C. Stable transfectants
were established by culturing the cells in the described medium suppiemented
with 100 pg/ml hygromycin (Life Technologies, Inc.) for 14-20 days. Ex-
pression of the transgene was determined by RT-PCR and immunoprecipita-
tion followed by Western blot analysis.

Constructs. RhoC GTPase from the SUM149 cell line was amplified by
RT-PCR and cloned using the pPGEM-T Easy kit (Promega, Madison, W1). The
full-length RhoC GTPase ¢cDNA was sequenced and checked against the
published sequence of any mutations. Using EcoRI (Roche-Boehringer Mann-
heim), the RhoC ¢DNA was excised and ligated into pFLAG-CMV-4 (Sigma
Chemical Co.) and resequenced.

Expression Analysis of RhoC GTPase Transfectants. Total RNA was
isolated from cells using Trizol reagent (Life Technologies, Inc.) according to
the manufacturer’s recommendations. One ug of total RNA was converted to
¢DNA using an avian myeloblastosis virus reverse transcription system (Pro-
mega). A 100-pg aliquot of the resulting cDNA was amplified in a double PCR
with 25 ng each of pFLAG/GAPDH- or RhoC GTPase/GAPDH-specific
primers. PCR products were separated on a 1.2% agarose gel and imaged on
an Alpha Image 950 documentation system (Alpha Innotech, San Leandro,
CA). Densitometry of images was performed using NIH Image version 1.62.
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Proteins were harvested from cell cultures using radioimmunoprecipitation
assay buffer (1X PBS, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 0.1
mg/m! phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, and 0.3
mg/ml aprotinin; Sigma Chemical Co.). Whole cell lysates (100 ug) were
precleared using normal mouse IgG and protein A/G-agarose (Santa Cruz
Biotechnology Inc., Santa Cruz, CA). The cleared supematants were incubated
overnight with antibodies specific for the FLAG epitope (Eastman Kodak,
Rochester, NY). Antibody-bound proteins were precipitated after the addition
of protein A/G-agarose and washed four times with 1X PBS. Immunoprecipi-
tates were resuspended in 20 ut of 2X Laemmli electrophoresis buffer, boiled
for 3 min, and centrifuged briefly to pellet the free protein A/G-agarose.
Samples were separated by SDS-PAGE on an 8% gel under nondenaturing
conditions and transferred to a nitrocellulose membrane. Nonspecific binding
was blocked by overnight incubation with 2% powdered milk (Kroger, Cin-
cinnati, OH) in Tris-buffered saline with 0.05% Tween 20 (Sigma Chemical
Co.). Anti-FLAG immunoprecipitate blots were incubated with the FLAG
antibody. Protein bands were visualized by ECL (Amersham-Pharmacia Bio-
tech, Piscataway, NJ).

Monolayer Growth Rate. Monolayer culture growth rate was determined
as described previously (12) by conversion of MTT (Sigma Chemical Co.) to
a water-insoluble formazan by viable cells. Three thousand cells in 200 pl of
medium were plated in 96-well plates and grown under normal conditions.
Cultures were assayed at 0, 1, 2, 3, 5, and 7 days by the addition of 40 ul of
5 mg/ml MTT and incubation for 1 h at 37°C. The MTT-containing medjum
was aspirated, and 100 ul of DMSO (Sigma Chemical Co.) were added to lyse
the cells and solubilize the formazon. Absorbance values of the lysates were
determined on a Dynatech MR 5000 microplate reader at 540 nm.

Anchorage-independent Growth in Soft Agar. A 2% stock of sterile, low
melting point agarose was diluted 1:1 with 2X MEM. Further dilution to 0.6%
agarose was made using 10% FBS-supplemented Ham’s F-12 medium com-
plete with growth factors, and 1 ml was added to each well of a 6-well plate
as a base layer. The cell layer was then prepared by diluting agarose to 0.3%
and 0.6% with 10> cells in 2.5% FBS-supplemented Ham’s F-12 medium/1.5
ml/well. Colonies greater than or equal to 100 uMm in diameter were counted
after a 3-week incubation at 37°C in a 10% CO, incubator.

Invasion through a Matrigel-coated Filter. The invasion assay was per-
formed as described previously, with minor modifications (12). A 10-ul
aliquot of Matrigel (10 mg/ml) was spread onto a 6.5-mm Transwell filter with
8 pm pores (Costar, Corning, NY) and air dried in a laminar flow hood. Once
dried, the filters were reconstituted with a few drops of serum-free medium.
The lower chamber of the Transwell was filled with either serum-free or
serum-containing media. Cells were harvested and resuspended in serum-free
medium with 0.1% BSA at a concentration of 3.75 X 10° cells/ml, and 0.5 ml
of cell suspension was added to the top chamber. The chambers were incubated
for 24 h at 37°C in a 10% CO, incubator. The cell suspension was aspirated,
and excess Matrigel was removed from the filter using a cotton swab. The
filters were then cut away from the Transwell assembly and fixed with
methanol, gel side down, to a glass microscope slide. The fixed filters were
stained with H&E, and the cells in 20 random X40 magnification fields
counted. These cells were assumed to have invaded through the Matrigelfilter.
The number of cells that had invaded the serum-free containing lower cham-
bers was considered background, and this number was subtracted from the
number of cells that had invaded in response to the serum-containing medium.

Random Motility Assay. Random motility was determined using a gold-
colloid assay (13). Gold-colloid was layered onto glass coverslips and placed
into 6-well plates. Cells were plated onto the coverslips and allowed to adhere
for 1 h at 37°C in a CO, incubator (12,500 cells/3 m! in serum-free medium).
To stimulate the cells, the serum-free medium was replaced with 5% FBS-
containing Ham's F-12 medium supplemented with growth factors and al-
lowed to incubate for 3 h at 37°C. The medium was aspirated, and the cells
were fixed using 2% glutaraldehyde. The coverslips were then mounted onto
glass microscope slides, and areas of clearing in the gold-colloid corresponding
to phagokinetic cell tracks were counted.

Rhodamine-Phalloidin Staining of Actin Filaments. Visualization of ac-
tin filaments was accomplished by staining with a conjugated phallotoxin.
Cells were grown on glass coverslips for 48 h and washed with PBS followed
by fixation with 1:1 ice-cold acetone and methanol. After a 30-min incubation
in PBS containing 1% BSA, 5 ul of methanolic thodamine-phalloidin stock
(Molecular Probes, Eugene, OR) were added to each coverslip and allowed to

stain for 20 min at room temperature. After repeated washing with PBS, the
coverslips were mounted onto glass microscope slides using Gel/Mount (Bio-
media Co., Foster City, CA). Cells were visualized under an Olympus fluo-
rescence microscope equipped with a 573 nm filter.

Orthotopic Injection into Nude Mice. Ten-week-old female NCR athy-
mic nude mice were orthotopically injected with HME-, HME-B-gal-, or
HME-RhoC GTPase-transfected cells. Injection into the MFP of 20 mice/
group was performed as described previously (14). Briefly, cells were har-
vested by trypsinization, washed, and resuspended in HBSS at a concentration
of 1.5 X 10° cells/0.2 ml. Mice were anesthetized using 10 mg/ml ketamine,
1 mg/ml xylazine, and 0.01 mg/ml glycopyrrolate, and an incision below the
thoracic MFP was made. Using a 27-gauge needle, the cell suspension was
injected directly into the exposed MFP, and the wound was closed with a single
wound clip. Tumor growth measurements were taken weekly until tumors
reached 2.5 cm in diameter. Mice were necropsied, and tumor tissues were
dissected for histological analysis.

RESULTS

Expression of RhoC GTPase in Immortalized HME Cells In-
duces Anchorage-independent Growth but Does Not Alter the
Monolayer Growth Rates. To study the effect of RhoC GTPase
overexpression on the phenotype of HPV-immortalized HME cells,
stable HME-RhoC GTPase-overexpressing transfectants were estab-
lished. Quantitative RT-PCR using primers specific for the pFLAG-
CMV vector and for RhoC GTPase verified expression levels of the
RhoC transgene (Fig. 14). Levels of RhoC GTPase expression were
found to be 6—20-fold higher in RhoC GTPase transfectants when
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Fig. 1. Expression of pFLAG-RhoC in HME-RhoC clones. A, quantitative RT-PCR
was performed on mRNA extracts using primers specific for the FLAG vector, the RhoC -
gene, and GAPDH (control). RhoC protein expression was confirmed by immunoprecipi-
tation followed by immunoblotting. B, protein extracts were immunoprecipitated using
antibodies for the FLAG epitope. The immunoprecipitated protein was then separated on
anonreducing gel, followed by immunoblotting with a FLAG antibody. Expression of the
RhoC trans-gene and protein was confirmed in all HME-RhoC clones. Levels of expres-
sion were similar to those detected in the SUM149 IBC cell line and patient samples in
a previous study.
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compared with the untransfected or HME-B-gal control-transfected
HME cells. This level of expression is comparable with that of the
SUM149 IBC cell line, which was found to have an 8-fold higher
expression of RhoC as compared with normal HME cell lines and
non-IBC breast cancer cell lines as determined by Northern blot
analysis (4). Also, this level of expression was comparable to archival
IBC tumor specimens, which were previously found to have 5-12-fold
higher levels of RhoC expression compared with the surrounding
normal tissue as determined by in situ hybridization (4). Expression of
the FLAG-tagged RhoC GTPase protein was confirmed by immuno-
precipitation with an anti-FLAG antibody followed by immunoblot-
ting with the same antibody (Fig. 1B).

Because the Rho proteins can affect activation of transcription (15),
we studied the monolayer growth rate of eight clones of the HME-
RhoC transfectants. As shown in Fig. 24, no significant changes in the
monolayer growth rates were observed for any of the HME-RhoC
transfectant clones or the mixed polyclonal population, as compared
with the control cell lines using the MTT assay. Furthermore, regard-
less of quantitative differences in the level of RhoC transgene expres-
sion, no difference in growth rate was observed between the various
clones and the polyclonal population.

HME HME-beta gal HME-RhoC HME-RhoC HME-RhoC SUM149
clone 3 clone 6 Polyclonal
Cell Line

When tested for their ability grow under anchorage-independent con-
ditions, which is a strong indicator of malignant transformation, the
HME-RhoC transfectants formed 6-176-fold more colonies in 0.6% soft
agar than the control cell lines. As shown in Fig. 2B, the number of
colonies greater than 100 pm in size formed by individual HME-RhoC
clones ranged from 6-176 colonies/well in comparison to the HME-$-
gal cells, which had a range of 0-6 colonies/well. This increase in
anchorage-independent growth directly correlated with levels of expres-
sion of the RhoC transgene. The polyclonal population had the highest
level of colony formation, and this recapitulated the behavior of the
SUM149 IBC cell line in soft agar. The SUM149 cell line expressed
RhoC GTPase at 8-fold higher levels than the HMEs. In the same assay,
using the less stringent condition of 0.3% soft agar, the average HME-
RhoC transfectant colony size was greater than 600 wm.

Overexpression of RhoC GTPase Produces a Motile and Inva-
sive Phenotype in Immortalized HME Cells through Formation of
Actin Stress Fibers and Focal Adhesion Points. The term IBC was
coined in 1924 to describe the appearance of the skin overlaying the
affected breast (16). This term is somewhat of a misnomer because
IBC is not characterized by significant infiltration of inflammatory
cells. The inflamed appearance of the skin is due to edema caused by
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invasion into and obstruction of the dermal lymphatics by tumor
emboli (3).

Rho proteins are most noted for their ability to control polarity,
protrusion, and adhesion during cell motility by rearranging the actin
cytoskeleton (6). Given the clinical observations, coupled with the
finding that RhoC GTPase is overexpressed in patient tumor samples
(4), we sought to ascertain whether RhoC GTPase overexpression
could generate highly invasive and motile HME cells.

Using a modified blind-well chamber model, we measured the
amount of migration of cells across a porous membrane coated with
the extracellular matrix conglomerate Matrigel in response to a che-
moattractant. In this assay, all cell lines tested were invasive to
varying degrees after 24 h. The data in Fig. 3 are expressed as the fold
increase in invasion observed over the invasion level of the untrans-
fected HME cell line. The HME-B-gal control-transfected cell line
was 1.5-fold more invasive than the untransfected cells, whereas the
HME-RhoC transfectants were, on average, 5-fold more invasive than
either the untransfected or HME-B-gal cell lines. In comparison, the
SUM149 primary IBC cell line was 4-fold more invasive than the
control (untransfected and B-gal) HME cell lines. As was observed
previously in the anchorage-independent growth assays, the ability to
invade directly correlated with the level of RhoC GTPase expression
of the HME-RhoC transfectant clones. Invasion rates from 1-19-fold
over the control cell lines were observed, depending on the RhoC
transgene expression levels. These data demonstrate that expression of
RhoC GTPase directly correlates with the ability of the cells to invade,
with a clear threshold effect dependent on RhoC expression level.

Similar results were obtained when the cells were assessed for their
ability to move in response to stimulation during a random motility
assay. Fig. 4A depicts representative photomicrographs of a gold-
colloid random motility assay comparing HME-B-gal and HME-
RhoC transfectants. In this assay, cells are layered onto a gold-colloid,
on which motile cells produce tracks that can then be quantitated. The
data depicted in Fig. 4B are represented as a percentage of the total
number of cells of each clone that moved in response to serum
activation over a 3-h period. In this assay, we found that more than
90% of the HME-RhoC cells were highly motile in response to serum
stimulation. This was true for the different HME-RhoC GTPase
clones. In comparison, only 10% of the HME-B-gal control-trans-
fected HME cells were motile under the same conditions. Further-
more, in this assay, none of the untransfected HME cells were motile.

Rho proteins are reported to form actin stress fibers and focal
adhesion points, whereas rac and Cdc42 are involved in lamelli-
podia and filopodia formation (17). The dynamic balance of for-
mation and reformation of these structures leads to cellular motil-
ity. Recent evidence has implicated Rho in the control of
lamellipodia through activation of Rho effector proteins (18). To
test whether RhoC GTPase was effecting the motility of the HME
transfectants through the formation of stress fibers and focal ad-
hesions, we stained the cells with a rhodamine-tagged phallotoxin
that targets actin structures and compared the patterns with those of
the HME controls (untransfected and -gal HME cells). As seen in
Fig. 5, B and C, focal adhesion points and actin stress fibers are
clearly visible and abundant in the HME-RhoC transfectants. The
same was true for the SUM149 IBC cell line (data not shown).
These prominent structures were not seen in the untransfected
HME cells (data not shown) or in HME-B-gal control-transfected
cells (Fig. 5A). The HME-RhoC clone 3 cell highlighted in Fig. 5B
clearly shows actin stress fiber formation emanating from a focal
adhesion point and leading to a discernible lamellipodial extension.
Taken together, these features imply much greater motility and
ability to effect cytoskeletal reorganization in the RhoC transfec-
tants than control HMEs.

Malignant Transformation of HME Cells by RhoC GTPase.
The HME-RhoC GTPase transfectants were assessed for their
ability to form tumors in athymic nude mice. The SUM149 IBC
cell line, untransfected HME, HME-B-gal, and the polyclonal
population of the HME-RhoC GTPase transfectants were each
injected into the MFP of female nude mice. As shown in Table 1,
none of the untransfected HME cells or HME-B-gal cells formed
tumors in nude mice. Untransfected HME cells have never been
known to form tumors in nude mice. In contrast, both the SUM149
IBC cell line and the RhoC GTPase HME cells grew tumors in
nude mice, in 86% (17 of 20) and 25% (5 of 20) of cases,
respectively. The incidence of tumor growth by the SUM149 cell
line is comparable with the SUM190 cell line, the only other
known available IBC cell line (data not shown). These data indi-
cate that overexpression of RhoC GTPase is weakly sufficient for
malignant transformation of immortalized HME cells and that
other genetic abnormalities in the IBC cell lines derived
from established tumors contribute to the full-blown malignant
phenotype.
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Fig. 4. A, representative photomicrographs of HME-B-gal control cells
and HME-RhoC cells in a gold-colloid random motility assay. Cells in
serum-free medium were seeded onto gold-colloid layered coverslips and
allowed to adhere for 1 h. To stimulated motility, the serum-free medium
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3 h after stimulation. The percentage of motile cells is given in B. The
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DISCUSSION

Differential display and more recently, gene arrays, are leading to
the isolation of many genes with altered patterns of expression in
cancer. The task of sorting out their specific role and relative impor-
tance in the cancer phenotype is, in general, exceedingly complex. In
the case of IBC, however, our previous work indicated that RhoC
GTPase overexpression is specifically correlated with this phenotype
in contrast to slow-growing locally advanced breast cancers. By
exploiting insight from the clinical behavior of IBC, we focused on
sorting out the specific contributions of RhoC GTPase to the IBC
phenotype. In deciding how to go about defining the role of RhoC
GTPase in IBC, we also considered the known functions of the Rho
family members.

The mammalian Rho GTPase family can be divided in six different
groups with the following members: (a) Rho (RhoA, RhoB, and
RhoC); (b) Rac (RhoG and Rac1-3); (c) Cdc42 (Cdc42Hs, G25K, and
TC10); (d) Rnd (Rho6, Rho7, and RhoE); (¢) RhoD; and (f) TTF (19).
RhoA, RhoB, and RhoC share a high degree of homology with one
another, with RhoA and RhoC being the most homologous (20).
Studies performed on Swiss 3T3 cells have helped to define the

role that each of the Rho GTPase family members plays in con-
trolling cytoskeletal reorganization (21). Rho controls actin stress
fiber and focal adhesion contact formation, whereas rac and Cdc42
are responsible for the formation of lamellipodia and filopodia,
respectively (17). Several upstream pathways that activate Rho as
well as the downstream targets of activated Rho have been iden-
tified (15, 22-25). The ability of Rho to form stress fibers and focal
adhesions is due to the phosphorylation and activation of two of
these targets, Rho-kinase/ROK/ROCK (24, 26, 27) and the myo-
sin-binding subunit of myosin phosphatase (18, 28). Phoshoryla-
tion of myosin-binding subunit by Rho inhibits myosin phospha-
tase, whereas activated Rho-kinase directly phosphorylates the
myosin light chain. The phosphorylation of myosin light chain
regulates the formation of stress fibers and focal adhesion contacts.
Rho-kinase can also phosphorylate adducin, which leads to cell
membrane ruffling and cell motility (29). It is also becoming clear
that the various members of the Rho family (Rho, rac, and Cdc42) ‘
are able to undergo molecular “cross-talk,” creating dynamic molec-
ular interactions leading to cell motility (30, 31).

There is increasing evidence that the effects of Rho family mem-
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Fig. 5. Rhodamine-tagged phallotoxin staining of actin filaments in (A) HME-B-ga! control cells and (B and C) HME-RhoC transfectants. A and B, X20; C, X40. Diffuse actin
staining is seen in the HME-B-gal control cells, whereas distinct actin stress fibers and focal adhesion contacts are seen in the HME-RhoC transfectants.

bers are, in fact, cell type specific and can extend beyond the actin
cytoskeleton (reviewed in Ref. 6). For example, in keratinocytes,
activated Rho and rac are responsible for cadherin-based adherens

junctions (32). However, the opposite is true in Madin-Darby canine’

kidney epithelial cells, in which activated Rho and rac decrease
cadherin expression (33). These observations demonstrate that expres-
sion of activated Rho GTPase can affect the expression of molecules,

such as cadherins, that are integral in signal transduction pathways,

thereby influencing transcription of other downstream genes (34, 35).
Transcription of other genes, including those influencing motility, can
also be regulated directly through activation of the mitogen-activated
protein kinase subfamilies c-Jun NH,-terminal kinase (35), and p38
kinase (36).

Our initial finding that RhoC was a key molecule in an invasive
cancer such as IBC was consistent with observations of other groups
in different tumor types (37). Suwa ez al. (37) established a correlation
between RhoC GTPase overexpression and the progression and prog-
nosis of aggressive ductal adenocarcinoma of the pancreas. Other
studies have demonstrated that activated Rho is an integral component
for mediating cell motility required for producing intrahepatic metas-
tasis of hepatocellular carcinoma (39).

Overexpression of RhoC GTPase in immortalized HME cells pro-
duced a striking phenotypic change that, for the most part, recapitu-
lates that of the SUM149 IBC cell line. The extent of the phenotypic
change appears to correlate with the level of RhoC expression in the
various HME-RhoC clones. However, the highest expressers do not
completely recapitulate the SUM149 cell line, suggesting that other
genetic alterations in the IBC cell line contribute to the full-blown
malignant phenotype of the IBC cell. Growth under anchorage-inde-
pendent conditions was greatly enhanced in the RhoC transfectants.
Almost all of the control untransfected or B-gal-transfected HME cells
either underwent apoptosis (as determined by morphological changes)
or were cytostatic under the same conditions. In comparison with the
control cells, the RhoC transfectants produced up to 100-fold more
colonies, which approached 63% of the level of colony formation of
the SUM149 IBC cell line. Similarly, the effect of RhoC on both
random and directed motility reproduced that of the SUM149 pheno-
type. As seen with anchorage-independent growth, the level of ex-
pression of RhoC GTPase influenced the level of bulk motility. As
expected, there appears to be a threshold effect at the cellular level;
even at lower (but still increased) expression levels, stress fiber and

Table 1 Tumor take for various cell lines

Cell line No. of mice with tumor Tumor take (%)
HME 0120 0
HME-B-gal 0/20 0
HME-RhoC 5120 25
SUM149 17120 86

focal adhesion contact formation are seen. Further work in our labo-
ratory* indicates that RhoC overexpression modulates the angiogenic
potential of the transfectants.

Finally, RhoC-HME cells produced tumors in nude mice. As ex-
pected, however, the uptake was considerably lower than that of
wild-type SUM149. This is likely due to the absence of many other
genetic events that contribute to tumor growth in the RhoC-HME
transfectants. To quantitatively reproduce the in vivo tumorigenic
phenotype of the SUM149 cell line, other genes, such as Ras, p53, or
antiapoptotic genes may need to be altered as well. Therefore, over-
expression of RhoC GTPase represents a single but important com-
ponent of HME transformation.

The set of experiments that test the potential oncogenicity of a gene
vary according to cell type and study. However, in general, they
comprise a battery of assays that test in vitro- and in vivo-specific
qualities of the phenotypic behavior (40, 41). The experiments we
chose for this work were guided by the specific IBC phenotypic

_characteristics of the human tumors and the IBC parent cell line

(SUM1409) as well as by the putative function of the Rho proteins. For
this particular system, we conclude that all of our experiments cre-
dential RhoC GTPase as an oncogene in breast cancer, which, to a
significant extent, recapitulates the invasive behavior of our IBC
model system. In addition, given the specific role that RhoC plays in
the invasive phenotype of IBC, interfering with its function suggests
a new therapeutic target in a particularly challenging form of breast
cancer. As the upstream and downstream signaling pathways are
explored, these too may preserit new targets for therapeutic interven-
tion.
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Abstract

_Inflammatory breast cancer (IBC) is a distinct and
aggressive form of locally advanced breast cancer. IBC
is highly angiogenic, invasive, and metastatic at its
inception. Previously, we Identified specific genetic
alterations of IBC that contribute to this highly invasive
phenotype. RhoC GTPase was overexpressed in 90% of
archival IBC tumor samples, but not in stage-matched,
non-IBC tumors. To study the role of RhoC GTPase in
contributing to an IBC-like phenotype, we generated
stable transfectants of human mammary epithelial cells
overexpressing the RhoC gene, and studied the effect of
RhoC GTPase overexpression on the modulation of
anglogeneslis In IBC. Levels of vascular endothelial
growth factor (VEGF), basic fibroblast growth factor
(bFGF), interleukin-6 (IL-6), and interleukin-8 (IL-8)
were significantly higher in the conditioned media of the
HME-RhoC transfectants than in the untransfected HME
and HME - 3-galactosidase control media, similar to the
SUM149 IBC cell line. Inhibition of RhoC function by
introduction of C3 exotransferase decreased production
of anglogenic factors by the HME-RhoC transfectants
and the SUM149 IBC cell line, but did not affect the
control cells. These data support the conclusion that
overexpression of RhoC GTPase is specifically and
directly Implicated In the control of the production of
angiogenic factors by IBC cells. Neoplasia (2000) 2,
418-425.

Keywords: inflammatory breast cancer, human mammary epithelial cells, RhoC GTPase,
angiogenesis, angiogenic factors.

Introduction .

Primary inflammatory breast cancer (IBC) accounts for
approximately 6% of new breast cancer cases annually in the
United States [1]. IBC is characterized by a very rapid
course, progressing within 6 months to cause the clinical
manifestations of erythmea, skin nodules, peau d'aurange,
and nipple retraction due to tumor infiltration of lymphatic and
connective tissue [2,3]. IBC tumors are highly angiogenic
and at the time of diagnosis nearly all patients have nodal
metastasis, whereas approximately 36% have gross distant
metastases [2,3]. This number greatly increases 1 year after
diagnosis, presumably due to the progression of occult
metastases, suggesting that IBC cells acquire metastatic

capabilities early in tumor formation. Not surprisingly, even
with multimodality treatment, the 5-year disease-free survi-
val is less than 45%, making iBC the most deadly form of
locally advanced breast cancer [3].

Until recently, relatively little was known about the genetic
mechanisms underlying the development and progression of
IBC. In a previous study, our laboratory identified genes that
strongly correlate with the aggressive and invasive IBC
phenotype [4]. RhoC GTPase is overexpressed in 90% of
archival IBC tumors, but not in stage-matched non-1BC
tumors. Our laboratory has also demonstrated that RhoC
GTPase is a transforming oncogene of human mammary
epithelial cell [5]. RhoC is a member of the Ras superfamily
of small GTP-binding proteins, which play a crucial role in the
control of actin cytoskeletal reorganization and DNA tran-
scription [6—8]. Another oncogene, ras, has been shown to
induce the production of angiogenic cytokines such as
vascular endothelial growth factor (VEGF) [9,10]. Recent
evidence suggests that overexpression of RhoA, a member
of the Rho family that is 95% homologous to RhoC, can
induce angiogenesis in human prostate cancer as well as
interleukin-8 (IL-8) in human endothelial cells [11].

To study the effect of RhoC GTPase overexpression on
the modulation of angiogenic factors in human mammary
epithelial cells, stable human mammary epithelial (HME)-
RhoC transfectants were established as previously de-
scribed [5]. We found that production of active VEGF, basic
fibroblast growth factor (bFGF), IL-6 and IL-8, were
significantly increased in the HME-RhoC cells compared
with the controls and were comparable to the SUM149 IBC
cell line, which also overexpresses RhoC GTPase. The
production of these factors was specifically inhibited by the
introduction of an inhibitor of Rho activity, C3 exotransferase,
into HME - RhoC cells.

Abbreviations: IBC, inflammatory breast cancer; HME, human mammary epithelial cell;
VEGF, vascular endothelial growth factor; bFGF, basic fibroblast growth factor; IL,
interleukin
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Materials and Methods

Cell Lines

Cell lines were maintained under defined culture condi-
tions for optimal growth in each case as previously described
[12-14]. Briefly, human mammary epithelial (HME) cells
were immortalized with human papilloma virus E6/E7 [15]
and grown in 5% FBS (Sigma Chemical Co., St. Louis, MO)
supplemented Ham’s F-12 medium (JRH BioSciences,
Lenexa, KS) containing insulin, hydrocortisone, epidermal
growth factor, and cholera toxin (Sigma). HME cells were
transfected with either §-galactosidase or RhoC GTPase
[5]. Stable HME-3-gal and HME-RhoC cells were main-
tained in the medium described above supplemented with
100 pg/ml hygromycin (LifeScience Technologies). The
SUM149 cell line was developed from a primary IBC tumor
and grown in 5% FBS supplemented Ham’s F-12 medium
containing insulin and hydrocortisone. The HME cells were
characterized as being keratin-19 positive, ensuring that
they are from the same differentiation lineage as the
SUM149 IBC tumor cel! line [4].

Cytokine ELISA Assays

Levels of soluble cytokines were determined from cell-
conditioned media. Cells were incubated in normal growth
medium for 4 days. The cell-conditoned media was
harvested, centrifuged for § minutes at 2500 rpm, and
divided into 1-ml aliquots. The Quantikine hVEGF and
human bFbF immunoassays (R&D Systems, Minneapolis,
MN) were used to measure protein levels of the 165 amino
acid species of VEGF and of bFGF. ELISA was performed
per the manufacture recommendations. ELISAs for IL-6, IL-
8, and IL-12 were performed by the University of Maryland
Cytokine Core Laboratory (www.cytokinelab.com).

Quantitative RT-PCR of Cytokines

Levels of cytokine mRNA was determined by quantitative
RT-PCR. Briefly, total RNA was harvested from cells using
Trizol reagent (Life Technologies, Gaithersburg, MD) per
the recommendations of the manufacturer. One microgram
of total RNA was reverse transcribed to cDNA using the AMV
reverse transcription kit (Promega, Madison, WI). Aliquots
of cDNA totaling 50 ng were amplified by PCR using primers
specific for either IL-86, IL-8, bFGF, or VEGF (10 ng/ul final
concentration) and B-actin (1 ng/ul final concentration).
PCR products were separated on a 1.2% agarose gel and
imaged on an Alpha Image 950 documentation system
(Alpha Innotech, San Leandro, CA). Densitometry of images
was performed using NIH Image (version 1.62).

Rat Aortic Ring Assay

The rat aortic ring assay was used to measure the
functional potency of angiogenic factors [16]. Briefly, the
aorta was removed from a freshly sacrificed Sprague-
Dawley rat and rinsed in ice-cold Hank's buffered saline
solution (HBSS) containing penicillin and streptomycin (Life
Technologies). Segmental rings, approximately 1 mm in
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width, were cut from the aorta and embedded in a 50 pul
aliquot of 10 mg/ml Matrigel in six-well plates. The rat aortic
rings were incubated overnight at 37°C in 2 ml of serum-free
medium. The serum-free medium was then exchanged for 2
ml of the same cell-conditioned medium that was used for
cytokine determination. Rat aortic ring segments were
incubated for 4 days at 37°C, and then analyzed by
phase-contrast microscopy for microvessel growth.

C3 Exotransferase Inhibition of RhoC GTPase Activity

The HME-3-gal, HME-RhoC, and SUM149 cells were
transiently transfected with pEF-myc C3 transferase using
FuGene 6 transfection reagent (Roche-Boehringer Man-
nheim, Mannheim, Germany). Cells were incubated for 2
days at 37°C, at which time cell-conditioned media and
protein were harvested. Expression of C3 transferase was
confirmed by Western blot analysis using an antibody to the
c-myc-epitope tag. Control cells were transfected with
pFLAG - 8-galactosidase or FuGene 6 alone.

Active C3 exoenzyme was introduced into cells using a
method based on liposome encapsulation and membrane
fusion, which we have termed lipoporation. Briefly, cells were
grown in six-well plates until reaching a confluence of 40% to
50% and the medium replaced with fresh medium. Three
micrograms of human recombinant C3 exotransferase
(Cytoskeleton Inc., Denver, CO) was combined with
FuGene 6 transfection reagent (Roche-Boehringer Man-
nheim) and added to the cultures. As controls either an
equal quantity of human recombinant tubulin or FuGene 6
alone were added to cell cultures. The cells were incubated
for 2 days at 37°C, at which time cell-conditioned medium
was harvested, for cytokine assays. Presence of the
intracellular C3 exoenzyme was confirmed by visualizing
the rhodamine -tagged protein using fluorescent microscopy.
The efficiency and activity of both the transfected and
lipoporated C3 exoenzyme were confirmed by a quantitative
ADP-ribosylation assay [17].

ADP-Ribosylation Assay

The efficiency of in vivo ADP-ribosylation of RhoC
GTPaseby C3 exotransferase was determined as previously
described [17]. Active C3 exotransferase was efficiently
introduced into HME - 8-gal, HME-RhoC, and SUM149, as
described above. Cells were collected 48 hours later,
washed in medium, and pelleted. The cells were lysed in
20 mM Hepes pH 8.0 (Sigma) by three repeated freeze/
thaw cycles. Cell lysates (10 ug) were combined with 50 ng/
mi C3 exotransferase and 5x10° cpm [32P]NAD (Amer-
sham) in ADP -ribosylation buffer (20 mM Hepes, pH 8.0, 1
mM MgCl,, 1 mM AMP, and thymidine, Sigma) and
incubated for 30 minutes at 37°C. TCA-precipitable material
was then recovered and radioactivity was counted on a
Packard scintillation counter.

Labeling of C3 Exotoxin
Cellular internalization of C3 exotoxin was visualized by
fluorescence microscopy. C3 exotoxin was labeled using the
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FluorReporter Rhodamine Red-X Protein Labeling Kit
(Molecular Probes Inc., Eugene, OR). HME-3-gal, HME-
RhoC, and SUM149 (100,000 cells/chamber) were plated
into the chambers of Lab-Tek slides (Nalgene Nunc
International, Naperville, IL). C3 exotoxin was introduced
into cells as described above and cells were visualized 48
hours later using an Olympus fluorescent microscope
equipped with a 573 nm filter.

Results

IBC is highly angiogenic, giving rise to profusely vascularized
tumors at the primary and metastatic sites, including the skin
overlying the breast (reviewed in Ref. [18]). Previous
observations by our laboratory have demonstrated that IBC
tumors and IBC cell lines produce high levels of angiogenic
factors such as VEGF and bFGF (unpublished results). To
determine if overexpression of RhoC GTPase could lead to
increased production of angiogenic cytokines in mammary
epithelial cells, we performed ELISAs on cell-conditioned
media from the untransfected HME, HME - 8- galactosidase
control transfectants, HME-RhoC transfectants, and the
wild-type SUM149 IBC cell lines. Cell-conditioned media
were tested for the presence of the pro-angiogenic cytokines

VEGF, bFGF, IL-86, IL-8, and the anti-angiogenic cytokine

IL-12. Results were similar for all of the individual HME-
RhoC clones tested (data not shown); thus, for brevity, only
data from the polyclonal population is represented in this
manuscript. The HME-RhoC polyclonal transfectants pro-
duced 10-fold more VEGF and bFGF, and five-fold more IL -
6 and IL-8 than the untransfected HME and HME-3-gal
control transfected cell lines. Compared with the SUM149
IBC cells, the HME-RhoC cells produced approximately
90% of the level of VEGF, twice the levels of IL-6 and IL.-8,
and equivalent levels of bFGF (Figure 1). IL-12 production
was minimal in all cell lines tested (data not shown),
suggesting that IL- 12 is not an important angiogenic inhibitor
in this system. To determine if the increased production of
angiogenic factors correlated with an increase in cytokine
message, we performed quantitative RT-PCR on mRNA
from the untransfected HME, HME-3-gal control transfec-
tants, HME - RhoC transfectants, and the wild-type SUM149
IBC cell lines. As determined by quantitative RT-PCR, the
mRNA levels of IL-6, IL-8, bFGF, and VEGF was 2- to 10-
fold higher in the RhoC transfectants and SUM149 IBC cell
line compared with the control cell lines (data not shown).
These data suggest that the increased cytokine levels were
due in part to increased transcription of these genes.

The functional activity of the angiogenic cytokines was
determined using the rat aortic ring assay (Figure 2). A
fresh 1 mm segment of rat aorta was embedded in Matrige!
and incubated with cell-conditioned medium for 4 days.
Negligible microvessel growth was observed from the rings
incubated with conditioned media from the untransfected
HME (panel A) or HME-g-gal control (panel B). In
contrast, prominent microvessel growth was observed for
cell-conditioned medium from the HME-RhoC (panel C)
and the SUM149 IBC (pane! D) cell lines. The control
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Figure 1. Comparison of levels of angiogenic factors by HME-RhoC
transfectants, SUM149 IBC cell line and the HME -3 -gal control cell line as
determined by ELISA. The HME-RhoC cells produced significantly higher
levels of angiogenic factors compared with the HME - 8 - gal control cell line,
nearly recapitulating the levels produced by the SUM149 IBC cell line.
Significant differences (p<0.001) between the control cells and the HME -
RhoC cells are denoted by an asterisk (*) with standard deviations within
10% of the reported values.

samples incubated in growth medium alone did not
stimulate microvessel growth in this system (data not
shown).

To determine whether the production of angiogenic
factors elicited by RhoC GTPase was directly related to its
activity, we used C3 exotransferase to inhibit RhoC
function. Specific inhibition of RhoC GTPase activity by
C3 exotransferase led to decreased production of angio-
genic factors. The HME, HME - 8- gal control, HME-RhoC,
and SUM149 IBC cells were transiently transfected with a
c-myc-tagged C3 exotransferase expression construct
and assayed 48 hours later for production of VEGF, bFGF,
IL-6, and IL-8. As shown in Figure 34, VEGF production
was unchanged in the HME-f3-gal controls transiently
transfected with C3 exotransferase. In contrast, there was
a 4.9- and 1.8-fold decrease in VEGF production by the
HME-RhoC and SUM149 cells inhibited with C3, respec-
tively. Expression of C3 exotransferase decreased the
production of VEGF by the HME-RhoC and SUM149 cells
to a level equivalent to that of the control cells. The levels
of bFGF were decreased 37% and 34% in the HME-RhoC
and SUM149 cells expressing C3 exotransferase, respec-
tively. The levels of IL-6 production were reduced by 42%
and 25% in the HME-RhoC and SUM149 cells, respec-
tively, whereas production of these cytokines in the HME-
B-gal control remained unchanged. Production of IL.-8 was
reduced 2.1- and 1.3-fold in the HME-RhoC and SUM148
cell lines by C3 inhibition.

The activity of the C3 exotransferase was confirmed by
measuring the efficiency of in vivo ADP-ribosylation. As
shown in Figure 3B, compared with their non—C3-expres-
sing counterparts, all the C3-expressing cell lines had a
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Figure 2. Results of a rat aortic ring assay for functional angiogenic factors produced by untransfected HME (panel A), HME -8 - gal control transfectants (panel
B), HME-RhoC transfectants (panel C) and the SUM149 IBC cell line (panel D). Segments of rat aorta were embedded in Matrigel and cultured in the
corresponding cell- conditioned media for 4 days and then observed for microvessel outgrowth. Conditioned media from the control cell lines (panels A and B) did
not induce microvessel outgrowth. However, conditioned medium from the HME - RhoC transfectants (panel C) produced similar levels of new vessel growth as the

SUM149 IBC cell line (panel D).

significant reduction in the levels of available sites that could
be ADP-ribosylated in the in vitro assay. Specifically, the
C3-expressing HME-RhoC and SUM149 cells had a two-
fold decrease in the number of ADP-ribosylated sites
compared to the nontransfected controls. These data
indicate that at least half of the RhoC proteins have been
ADP-ribosylated in vivo, and therefore inhibited by C3
exotransferase.

To confirm these results by another approach, RhoC
GTPase function was inhibited by direct introduction of C3
exotransferase protein into the cells. Equivalent results were
observed when active recombinant C3 exotransferase

Neoplasia » Vol. 2, No. 5, September —October 2000

protein was introduced into the cells using a lipoporation
technique. The recombinant C3 protein was rhodamine-
labeled and, as demonstrated in Figure 4, the presence of
the protein in the cell was confirmed by fluorescent
microscopy 48 hours later. VEGF production was signifi-
cantly reduced in both the HME-RhoC and SUM149 cells,
upon introduction of active C3 exotransferase. As shown in
Figure 34, HME-RhoC cells treated with C3 exoenzyme had
a 5.8-fold decrease in VEGF production, whereas the
SUM149 cells had a 1.9-fold decrease. A 2.8- and 3.0-
fold decrease in bFGF production was observed in the HME -
RhoC and SUM149 cells, respectively. Levels of IL-6
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production were also moderately affected by C3 treatment.
IL-6 levels were decreased by 37% and 53% in the HME-
RhoC and SUM149 cell lines, respectively. Treatment of the
HME-3-gal control cells with C3 exoenzyme did not effect
the production of VEGF or IL-6. As before, introduction of C3
exotransferase reduced the levels of IL -8 production by 2.4 -
and 1.3-fold for the HME-RhoC and SUM149 cell lines,
respectively. These results were also confirmed by a third
method namely, RhoC inhibition using C3 exotoxin purified
from Clostridium botulinum (data not shown). As demon-
strated in the C3 exotransferase plasmid transfection
experiment, there was a two-fold decrease in the number
of ADP-ribosylated sites in all the C3-treated cell lines
(Figure 3B). Therefore, at least half of the active Rho
proteins were inhibited by the introduction of active C3
transferase.

Taken together these data indicate that RhoC GTFase
overexpression can directly lead to the increased production
of the pro-angiogenic factors VEGF, bFGF, IL-6 and IL-8.
Specific inhibition of RhoC by C3 exotransferase significantly
reduced the production of VEGF, bFGF, and IL-8. However,
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Figure 3. Panel A demonstrates the effect on production of angiogenic factors
by inhibition of RhoC GTPase with C3 exotransferase. Similar levels of
inhibition were accomplished by expressing a C3 exotransferase construct or
introducing the active protein directly into the cells. Significant differences
(p<0.05) between the untreated and C3 exotransferase treated cells are
denoted by an asterisk (*) with standard deviations within 10% of the reported
values. Panel B demonstrates the results of an in vitro ADP - ribosylation study
to determine the in vivo efficiency of C3 exotransferase inhibition of Rho
activity. The assay was performed as outlined in the Materials and Methods
section. The potential ADP-ribosylated sites in both the HME -RhoC and
SUM149 cell lines were significantly reduced after C3 treatment, thus
indicating efficient in vivo inhibition of RhoC GTPase.

Figure 4. Rhodamine-labeled C3 exotransferase was introduced into cells
using a lipid mediated transfer method (see Materials and Methods section ).
The presence and efficiency of C3 protein transfer was determined by
visualizing cells under a fluorescent microscope. '

production of IL-6 was only moderately affected by the C3
exoenzyme.

Discussion
Despite recent advances in multimodality treatments, the
prognosis for patients with IBC is guarded, leading to poor
overall survival and to significant impairment of local control
of the disease in the breast and chest wall. This is primarily
due to the ability of the tumor to grow quickly and
disseminate to distant organs where metastatic cells can
establish secondary tumors. Both of these properties are
facilitated by and dependent on neovascularization, which
provide both nutrients for the primary tumor and a means for
metastatic cells to access the circulation [19,20].
Angiogenesis in IBC is dependent on the active produc-
tion of several potent pro-angiogenic factors and cytokines
and the inhibition of anti-angiogenic cytokines [21-23].
Two well-described pro-angiogenic factors that are active in
IBC are VEGF and bFGF. These two angiogenic factors can
act synergistically to induce angiogenesis [24,25]. Produc-
tion of VEGF and bFGF has been demonstrated for a variety
of tumors such as melanoma, prostate, and lung cancer
[26~-28]. Previous unpublished studies in our laboratory
have demonstrated that IBC cell lines and tumors produce
large quantities of VEGF and bFGF. Other laboratories have
demonstrated that VEGF expression and production is
increased early in preinvasive breast cancers, whereas
bFGF is increased in invasive breast tumors in general [29].
The relationship between oncogenic transformation and
angiogenesis has been explored in several studies.
Exposure of NIH3T3 cells to TPA, IL-18, PDGF, or TGF-
B can induce expression of VEGF mRNA [30—33]. As these
mechanisms use the same signal transduction pathways as
ras, other groups have investigated and demonstrated
upregulation of VEGF by mutant and/or overexpressed
oncogenes such as H- and K- ras, v-rafand v-src [34-37].
Itis believed that activation of the MAP kinase pathway leads
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to the induction of the AP -1 transcription factor, which could
bind to four potential AP-1 consensus sites in the human
VEGF gene [38,39]. Another hypothesis is that induction of
VEGF expression could occur through the phosphatidylino-
sitol 3-kinase pathway, as has been demonstrated in
endothelial cell models [40]. An increasing body of evidence
suggests that the mode of VEGF induction (i.e., MAPK vs
PI3K) by activated H-rasis a cell-type specific process, with
cells of epithelial origin signaling more commonly through the
MAP kinase pathway whereas those of fibroblastic origin
utilizing the PI3K pathway [10].

The Rho genes, which were originally cloned on the basis
of their homology to ras, also use the same signal
transduction pathways to induce gene transcription (re-
viewed in Ref. [41]). However, it was not previously known
whether the Rho proteins modulate the production of
angiogenic factors in cancer cells. In this study, we
demonstrate strikingly high levels of VEGF production by
HME cells overexpressing RhoC GTPase and not by HME -
B-gal controls. The HME-RhoC cells had a five-fold
increase in VEGF production over the control transfected
cells, nearly recapitulating the VEGF levels produced by the
SUM149 IBC cell line. Furthermore, VEGF levels were
reduced to a level equivalent to the control cells when the
HME-RhoC cells were treated with recombinant human C3
exotransferase, a specific inhibitor of Rho activity (reviewed
in Ref. [42]). Similar results were seen for the SUM1489 cell
line, which also overexpresses RhoC GTPase, when treated
with the C3 exoenzyme. In contrast to the RhoC over-
expressing cells, the HME-3-gal controls were unaffected
by C3 treatment. Although the C3 exotransferase is not a
specific inhibitor of RhoC itself, it may therefore be inhibiting
more than one Rho molecule or more than one process.
However, because both the HME - 3-gal and the HME - RhoC
transfectants’ are genotypically identical except for the
expression of RhoC GTPase, we can confidently state that
inhibition of angiogenic factor production is due to inhibition
of RhoC GTPase. Taken together, these results not only
demonstrate that the specific GTPase function of RhoC is
required for the increased production of VEGF and bFGF,
but that RhoC overexpression is specifically responsible for
this effect. This latter conclusion derives from the lack of
effect of C3 exotransferase on VEGF and bFGF production
in HME- 8-gal controls that express RhoA, RhoB, and other
members of the Rho family, at normal levels.

A recent study has demonstrated that acidic FGF is
transcriptionally regulated by ras, rac, and cdc42 [43]. Ras
and rac were shown to activate the bFGF promoter, although
it is not known whether bFGF transcription was increased.
Our data clearly indicate that RhoC GTPase overexpressing
cells produce more bFGF than the corresponding controls.
Similar to the results obtained for VEGF, production of bFGF
by these cells was diminished, although not entirely
eliminated, by treatment with C3 exotransferase. This
suggests that the basal production of bFGF may be RhoC
independent in IBC.

IL-6 is an inflammatory cytokine that has become known
as an indirect effector of angiogenesis because it can induce
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VEGF expression [44]. Whether RhoC overexpression can
directly induce IL-6 production has yet to be addressed.
Although the data in this study demonstrate that expression
levels of IL-6 are higher in both the HME-RhoC and
SUM148 IBC cells as compared with normal and HME-5-
gal control cells, the increase in expression may not be a
direct effect, but due to induction of expression by bFGF.
Other studies suggest that bFGF, acting in an autocrine and
paracrine fashion, can induce IL-6 expression through the
p38-MAP kinase pathway [45]. Levels of IL-6 were
moderately reduced when the cells were treated with C3
exotransferase, suggesting that the presence of bFGF could
be inducing IL-6 expression independent of RhoC activity. it
is therefore unknown at this time whether induction of IL-6 is

* directly linked to RhoC expression. However, it is clear from

these data that VEGF expression is induced by RhoC, at
least in part, independently of IL-6.

It has been suggested that Rho proteins and the p38-
MAP kinase pathway modulate the expression of IL-8
[11,46]. IL-8 expression has profound biologic conse-
quences: it is a potent angiogenic, mitogenic, and chemo-
tactic factor, as has been shown for several tumor types,
particularly melanoma, breast, prostate, bladder, and lung
cancers [47-51]. Furthermore, IL-8 can increase the
growth rate of both tumor and endothelial cells, and although
its role in the establishment of metastases is unclear, it can
increase both tumor cell growth rates and metastatic
potential in nude mice [52]. In this study, we demonstrate
a 10-fold increase in IL-8 expression by the HME-RhoC
cells over the control-transfected cells, and a two-fold
increase over the SUM149 IBC cell lines. IL-8 production
was significantly reduced in the HME - RhoC transfectants by
treatment with C3 exotransferase. However, these levels are
not significantly decreased by inhibition of RhoC by C3
exotransferase in the SUM149 IBC cell line. IL-8 production
in these cells may be driven by another factor that signals to
the nucleus in the presence of RhoC overexpression, with
bFGF being one possible candidate.

Conclusion

We have demonstrated increased expression of VEGF,
bFGF, IL-6, and IL-8 in HME-RhoC stable transfectants
compared with HME control transfectants. These levels
recapitulated those of the wild-type SUM149 IBC cell line,
which also overexpresses RhoC GTPase, thus demonstrat-
ing a key role for RhoC overexpression in modulation of
angiogenesis by mammary epithelial cells. Further studies
are needed to understand in detail the molecular basis for the
modulation of production of the individual angiogenic factors
by RhoC GTPase.
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Abstract

Inflammatory breast cancer (IBC) is the most lethal form of locally advanced breast cancer known. IBC carries a guarded
prognosis primarily due to rapid onset of disease, typically within six months, and the propensity of tumor emboli to invade
the dermal lymphatics and spread systemically. Although the clinical manifestations of IBC have been well documented,
until recently little was known about the genetic mechanisms underlying the disease. In a comprehensive study aimed at
identifying the molecular mechanisms responsible for the unique IBC phenotype, our laboratory identified overexpression
of RhoC GTPase in over 90% of IBC tumors in contrast to 36% of stage-matched non-IBC tumors. We also demonstrated
that overexpression of RhoC GTPase in human mammary epithelial (HME) cells nearly recapitulated the IBC phenotype
with regards to invasion, motility and angiogenesis. In the current study we sought to delineate which signaling pathways
were responsible for each aspect of the IBC phenotype. Using well-established inhibitors to the mitogen activated protein
kinase (MAPK) and phosphatidylinositol-3 kinase (PI3K) pathways. We found that activation of the MAPK pathway was
responsible for motility, invasion and production of angiogenic factors. In contrast, growth under anchorage independent
conditions was dependent on the PI3K pathway.

Abbreviations: ELISA — enzyme linked immunoabsorbant assay; FBS — fetal bovine serum; FGF2 ~ basic fibroblast growth
factor; FGF-BP — fibroblast growth factor binding protein; HME — human mammary epithelial; IBC - inflammatory
breast cancer; IGFBP-tP — insulin-like growth factor binding protein related protein; IL - interleukin, LABC — locally
advanced breast cancer; MAPK — mitogen activated protein kinase; MEM - minimal essential medium; MTT - 3-[4,5-
Dimethylthiazol-2-y1}-2,5-diphenyltetrazolium bromide; PI3K — phosphatidylinositol-3 kinase; TCA - tricholoracetic acid;
VEGF - vascular endothelial growth factor

Introduction

Inflammatory breast cancer (IBC) is a phenotypically dis-
tinct form of locally advanced breast cancer (LABC) that
has a propensity to invade, grow and spread in the dermal
lymphatics of the skin overlying the breast [1-3]. It is the
ability of the tumor emboli to invade and block the dermal
lymphatics that leads to its poor prognosis [1-4].

Although the clinical manifestations of IBC have been
well documented in the literature, until recently little was
known about the molecular mechanisms involved in con-
ferring the unique IBC phenotype. In an effort to identify
genetic alterations involved in determining the IBC phe-
notype, our laboratory isolated two genes that were con-
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sistently and concordantly altered in IBC compared with
stage-matched non-IBC tumors [5]. RhoC GTPase, was
found to be over-expressed in 90% of IBC tumors versus
36% of the stage-matched controls. '

RhoC GTPase is a member of the Ras-superfamily of
small GTP binding proteins and is primarily responsible
for re-organization of the actin cytoskeleton leading to the
formation of lamellipodia and fillipodia resulting in cellu-
lar motility [6-13]. Transfection of the RhoC homologue,
RhoB, into Ras-transformed NIH3T3 cells leads to increased
focus formation suggesting a role for the Rho proteins as a
transforming oncogene or as a metastasis gene [14]. Simi-
larly, our laboratory has demonstrated that RhoC transfected
HME cells become highly motile and invasive, grow under
anchorage independent conditions, produce angiogenic fac-
tors, and are tumorigenic and metastatic when orthotopically
implanted into nude mice [15-17].
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These in vitro data have additional clinical significance
as RhoC overexpression is associated with the transition
to metastatic disease in other cancers [18—20]. It has been
proposed that Rho proteins act through and potentiate sig-
naling via the c-Jun kinase/stress activated protein kinase
(INK/SAPK) and mitogen activated protein kinase (MAPK)
pathway (reviewed by Takai et al. [21]). Evidence from other
laboratories suggest that Rho proteins can signal through
both the MAPK pathway as well as the phosphoinositol-3
kinase (PI3K) pathway, while cdc42 and Racl are associ-
ated with the INK/SAPK pathway [22-25]. Furthermore, it
has been demonstrated that in certain cell types, the MAPK
pathway is involved in signaling and the production of an-
giogenic factors while the PI3K pathway is involved in
growth and survival [26-33].

In the present study we set out to determine the major
pathways involved in RhoC signaling in IBC. Specifically,
we attempted to determine which pathways and cascades
were involved in conferring specific aspects of the RhoC-
induced phenotype. Many of the published studies that
describe the signal transduction pathways involved in Rho
signaling were performed in transfected NIH3T3 cells, thus
our study focused on the RhoC signaling pathways spe-
cific to IBC and HME cells. We treated HME-RhoC stable
transfectants, control HME-B-galactosidase (HME-g-gal)
transfectants or the SUM149 IBC cell line with C3 exo-
transferase (a specific inhibitor of Rho proteins), a variety
of MAPK inhibitors, or a PI3K inhibitor and assayed them
for specific biological functions. The inhibitors were used at
concentrations that would inhibit signal transduction without
affecting cellular viablility. We found that the PI3K pathway
was involved in anchorage independent growth and survival,
while multiple arms of the MAPK pathway were involved
in motility and invasion, and that p38 is a downstream mod-
ulator in the production of angiogenic factors. These data
provide significant new insight as to how overexpression of
RhoC can lead to a variety of phenotypic effects in breast
cells.

Materials and methods

Cell culture

Cell lines were maintained under defined culture condi-
tions for optimal growth in each case [34-36]. Briefly,
human mammary epithelial (HME) cells were immortal-
ized with human papilloma virus E6/E7 [37] and grown
in 5% fetal bovine serum (FBS; Sigma Chemical Co.,
St. Louis, Missouri) supplemented Ham’s F-12 medium
(JRH BioSciences, Lenexa, Kansas) containing insulin, hy-
drocortisone, epidermal growth factor, and cholera toxin
(Sigma Chemical Co.). Stable HME transfectants containing
either the human wild-type RhoC GTPase or control -
galactosidase genes were produced and maintained in the de-
scribed medium supplemented with 100 zg/ml hygromycin
(LifeScience Technologies) as previously published [15—
17]. The SUM149 cell line was developed from a primary
IBC tumor and grown in 5% FBS supplemented Ham’s F-12
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medium containing insulin and hydrocortizone. The HME
cells were characterized as being keratin 19 positive, ensur-
ing that they are from the same differentiation lineage as the
SUM 149 IBC tumor cell line [5].

Cells actively growing in culture were treated with
MAPK inhibitors, 2.0 uM PD98059, 1.5 uM UO0126,
1.5 uM SKF86002, or 1.5 uM SB220025 (all obtained
from Calbiochem, San Diego, California) 24 h prior to as-
says and treated everyday with fresh inhibitor until the end
of the assay. Treatment of cells with 2.5 uM LY294002
(Calbiochem), a PI3K inhibitor, was performed in the same
manner as described for the MAPK inhibitors. These con-
centrations were below the ICsg of the compounds to avoid
direct cell toxicity to allow for meaningful biological assays.

Western blot analysis

Proteins were harvested from cell cultures using RIPA buffer
(1x PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, 0.1 mg/ml PMSF, 1 mM sodium orthovanadate
and 0.3 mg/ml aprotinin; Sigma Chemical Co.). Ten ug
aliquots were mixed with Laemelli buffer, heat denatured
for 3 min, separated by SDS-PAGE, and transferred to ni-
trocellulose. Non-specific binding was blocked by overnight
incubation with 2% powdered milk in tris-buffered saline
with 0.05% Tween-20 (Sigma Chemical Co.). Immobilized
proteins were probed using antibodies specific for total
MAPK proteins, the membranes were then stripped and
reprobed for the phosphorylated form of the MAPK protein.
Specifically, p38/pp38, pINK/ppINK, and pErk/ppErk (Cell
Signaling Technologies, Beverly, Massachusettes). Pro-
tein bands were visualized by ECL (Amersham-Pharmacia
Biotech, Piscataway, New Jersey).

C3 exotransferase treatment

Active C3 exoenzyme was introduced into the HME, HME-
B-gal, HME-RhoC, and SUM149 cells using a method based
on liposome encapsulation and membrane fusion, which we
have termed lipoporation [16]. Briefly, cells were grown in
6-well plates until reaching a confluence of 40-50% and the
medium replaced with fresh medium. Three micrograms of
human recombinant C3 exotransferase (Cytoskeleton Inc.,
Denver, Colorado) was combine with FuGene™ 6 trans-
fection reagent (Roche-Boehringer Mannheim) and added to
the cultures. As controls either an equal quantity of human
recombinant tubulin or FuGene™ 6 alone were added to cell
cultures. The cells were incubated for 2 days at 37 °C, at
which time cell-conditioned medium was harvested. Pres-
ence of the intracellular C3 exoenzyme was confirmed by
visualizing the rhodamine-tagged protein using fluorescent
microscopy. The efficiency and activity of both the trans-
fected and lipoporated C3 exoenzyme were confirmed by a
quantitative ADP-ribosylation assay [38].

The efficiency of in vivo ADP-ribosylation of RhoC GT-
Pase by C3 exotransferase was determined as previously
described [16). Active C3 exotransferase was efficiently in-
troduced into HME-8-gal, HME-RhoC, and SUM149, as
described above. Cells were collected 48 h later, washed
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in medium, and pelleted. The cells were lysed in 20 mM
HEPES pH 8.0 (Sigma Chemical Co.) by 3 repeated
freeze/thaw cycles. Cell lysates (10 ng) were combined with
50 ng/ml C3 exotransferase and 5 x 108 cpm (with a specific
activity of 1 x 106 cpm/ul) [*2P]NAD (Amersham) in ADP-
ribosylation buffer (20 mM HEPES, pH 8.0, 1 mM MgCl,,
1 mM AMP and thymadine, Sigma Chemical Co.), and in-
cubated for 30 min at 37 °C. TCA-percipitable material was
then recovered and radioactivity was counted on a Packard
scintillation counter.

Growth assays

Monolayer culture growth rate was determined as
previously described [39] by conversion of MTT (3-
[4,5-dimethylthiazol-2-y1}-2,5-diphenyltetrazolium bromide;
Sigma Chemical Co.) to a water insoluble formazon by vi-
able cells. Three thousand cells in 200 pl medium were
plated in 96-well plates and grown under normal conditions.
Cultures were assayed at 0, 1, 2, 3, 5 and 7 days by the
addition of 40 xl 5 mg/ml MTT and incubating for 1 h at
37 °C. The time points of the assay were chosen to suffi-
ciently discern any effect that the inhibitors may have on cell
viability, which may affect the outcomes of the phenotypic
experiments. The MTT containing medium was aspirated
and 100 ] DMSO (Sigma Chemical Co.) added to lyse the
cells and solublize the formazon. Absorbance values of the
lysates were determined on a Dynatech MR 5000 microplate
reader at 540 nm.

For anchorage independent growth assays, a 2% stock
of sterile low-melt agarose was diluted 1:1 with 2x MEM.
Further dilution to 0.6% agarose was made using 10% FBS
supplemented Ham’s F-12 medium complete with growth
factors, and 1 ml was added to each well of a six-well plate
as a base-layer. The cell layer was then prepared by diluting
agarose to 0.3% and 0.6% with 10> cells in 2.5% FBS sup-
plemented Ham’s F-12/1.5 ml/well. Colonies greater than
or equal to 100 u in diameter were counted after a 3-week
incubation at 37 °C in a 10% CO; incubator.

Random motility assay

Random motility was determined using a gold-colloid assay
[40]. Gold-colloid (Sigma Chemical Co.) was layered onto
glass coverslips and placed into 6-well plates. Cells were
plated onto the coverslips and allowed to adhere for 1 h
at 37 °C in a CO, incubator (12500 cells/3 ml in serum-
free medium). To stimulate the cells, the serum-free medium
was replaced with 5% FBS containing Ham’s F-12 supple-
mented with growth factors and allowed to incubate for 3 h at
37 °C. The medium was aspirated and the cells fixed using
2% gluteraldehyde (Sigma Chemical Co.). The coverslips
were then mounted onto glass microscope slides and areas
of clearing in the gold-colloid corresponding to phagokinetic
cell tracks counted.

Invasion assay

The invasion assay was performed as previously described
with minor modification [39]. A 10 ul aliquot of 10 mg/ml
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Matrigel (Becton Dickenson, Bedford, Massachusetts) was
spread onto a 6.5 mm Transwell filter with 8 um pores
(Costar, Corning, New York) and air dried in a laminar
flow hood. Once dried, the filters were reconstituted with
a few drops of serum-free medium. The lower chamber of
the Transwell was filled with either serum-free or serum
containing media. Cells were harvested and resuspended in
serum-free medium with 0.1% BSA at a concentration of
3.75 x 10° cells/ml and 0.5 ml was added to the top chamber.
The chambers were incubated for 24 h at 37 °C in a 10%
CO; incubator. The cell suspension was aspirated and excess
Matrigel removed from the filter using a cotton swab. The
filters were then cut away from the Transwell assembly and
fixed with methanol, gel side down, to a glass microscope
slide. The fixed filters were stained with hematoxylin and
eosin, and the cells on the entire filter were counted at a
40x-magnification individually by two investiagtors. These
cells were assumed to have invaded through the Matrigel and
filter. The number of cells that had invaded in the serum-free
containing lower chambers was considered background and
this number was subtracted from the number of cells that had
invaded in response to the serum-containing medium.

Quantitation of vascular endothelial growth factor

Levels of soluble cytokines and chemokines were deter-
mined from cell-conditioned media. Cells were incubated in
normal growth medium for four days. The cell-conditioned
media was harvested, centrifuged for 5 min at 2,500 rpm
and divided into 1 ml aliquots. The Quantikine human vas-
cular endothelial growth factor (hWWEGF; R&D Systems,
Minneapolis, Minnesota) were used to measure protein lev-
els of the 165 amino acid species of hVEGFE. The enzyme
linked immunoabsorbant assay (ELISA) was performed per
the manufacturers recommendations.

Results

C3 exotransferase inhibition of RhoC GTPase

In a previous study we demonstrated that inhibition of RhoC
GTPase activity by C3 exotransferase treatment led to de-
creased production of angiogenic factors [16, 17]. In order
to demonstrate that the other phenotypic changes seen in
the HME-RhoC transfectants are indeed due to RhoC ex-
pression, we treated the cells with C3 exotransferase. C3
exotransferase is not a specific inhibitor of RhoC per se,
but a specific inhibitor of Rho proteins (reviewed in [41]).
C3 has been demonstrated to have an affinity for RhoC and
affects the formation of actin filaments in vivo [42]. Given
that the untransfected HME, the HME-B-galactosidase con-
trol transfectants, and the HME-RhoC transfected cells were
all derived from the same culture, they are likely to share the
same distribution of Rho proteins, except for RhoC. There-
fore, main changes of phenotype produced by'C3 treatment
would be ascribed to C3 induced changes in RhoC GTPase
activity.
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Table 1. Comparison of monolayer population doubling time and anchorage indepen-
dent growth of untreated and C3 treated HME, HME transfectants and SUM149 IBC
cell lines. Despite treatment of the cells with C3, monolayer population doubling time
was not affected. In contrast, the ability of the RhoC expressing HME and SUM149 cells
to grow under anchorage independent conditions was significantly reduced (* P = 0.01,

P = 0.001).
Population doubling time Anchorage independent growth
(hours) {number of cholonies)
Untreated  C3 Treated Untreated  C3 Treated
HME 34h 36h 00 0+0.1
HME-B-gal 35h 34h 5+08 17+£75
HME-RhoC 33h 36h 10254 40+ 13.6%
SUM149 39h 39h 75+49 47:+£33*

Active C3 exotransferase was introduced into the cells
using a liposome mediated method termed lipoporation [16].
As shown in Table 1, the population doubling time of all the
cell lines tested was not significantly affected by C3 treat-
ment. However, the ability of the HME-RhoC transfectants
and the SUM149 IBC cell line to grow under anchorage
independent conditions, a hallmark of malignant transfor-
mation, was significantly reduced. In contrast, C3 treatment
of the HME untransfected or the HME-8-gal control did not
result in any changes in their ability to grow in soft agar. The
monolayer growth rate was not influenced by transfection or
RhoC expression, as the HME-RhoC transfectants did not
differ from the untransfected or control transfected HME
counterparts, or by C3 treatment so, these data suggest that
RhoC confers the ability to HME-RhoC cells to grow under
anchorage independent conditions.

As demonstrated in Figure 1A, C3 treatment significantly
reduced HME-RhoC and SUM149 IBC motility in a ran-
dom colloidal gold assay. The HME-8-galactosidase control
transfectants were unaffected by C3 treatment. Similarly, the
ability of the HME-RhoC and SUM149 cells to invade a
Matrigel coated filter in response to a chemoattractant was
significantly reduced after C3 treatment (Figure 1B).

The activity of the C3 exotransferase was confirmed by
measuring the efficiency of in vivo ADP-ribosylation. As
shown in Figure 1C, in comparison with their non-C3 treated
counterparts, all the C3 treated cell lines had a significant
reduction in the levels of available sites that could be ADP-
ribosylated in the in vitro assay. Specifically, the C3-treated
HME-RhoC and SUM149 cells had a 2-fold decrease in
the number of ADP-ribosylated sites compared to the non-
transfected controls. These data indicate that at least half of
the Rho proteins have been ADP-ribosylated in vivo, and
therefore inhibited by C3 exotransferase. Taken together,
these data demonstrate that expression and activity of RhoC
GTPase is responsible for conferring the ability to grow un-
der anchorage independent conditions, and the production of
a motile and invasive cell.

Inhibition of anchorage independent growth by the
LY294002 PI3K inhibitor :

To determine whether the PI3K or the MAPK pathways
were involved in RhoC signaling, the cells were treated with
either LY294002 (a potent PI3K inhibitor) or PD98059 (a
general MAPK inhibitor that blocks all arms of the MAPK
pathway). To avoid confounding effects due to direct cy-
totoxicity, we chose concentrations of the inhibitors that
inhibited signal transduction but were not cytotoxic. The
cells were treated 48 h prior to plating in 0.6% soft agar and
fresh medium containing each of the inhibitors was layered
onto the soft agar daily. The MCF10AT cl cell line, with
a constituitvely active Ras was used as a positive control
[43]. The ability of the HME-RhoC and SUM149 cells to
form colonies in 0.6% soft agar was significantly reduced
by treatment with the PI3K inhibitor (Figure 2). In contrast,
treatment with the general MAPK inhibitor PD98059 had
little effect on the colony number. The reduction in colony
formation was not due to a significant change in the pop-
ulation doubling time of the cells treated with LY294002,
as determined by an MTT monolayer growth assay per-
formed on cells treated long-term with the inhibitors (data
not shown). These data indicate the PI3K pathway, and not
the MAPK pathway is involved in RhoC conferring the abil-
ity of the cells to survive and form colonies under anchorage
independent conditions.

MAPK status in cell lines after inhibitor treatment

In order to determine which arms of the MAPK pathway
were involved in the different aspects of the RhoC-induced
phenotype, the cells were treated with a variety of MAPK
inhibitors that affect different points of the pathway. The
general MAPK inhibitor PD98059 effects the MAPK path-
way at 2 distinct, points; (1) MEKK-1 (which activates p38
and MEK1 & 2, and therefore ERK1 & 2), and (2) directly at
MEK1 & 2. The inhibitor U0126 specifically inhibits MEK 1
& 2 activation. The inhibitors SKF86002 and SB22025 are
inhibitors of p38 activation and of p38 itself, respectively. As
demonstrated in Figure 3, all cell lines expressed p38, ERK
(p42/p44), and INK/SAPK. However, none of the untreated
cell lines (A) expressed activated phospho-JINK/SAPK, sug-
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Figure 1. Comparison of the average area of migration in a colloidal gold motility assay by control HME-$-gal and RhoC overexpressing mammary cells
after treatment with C3 exotransferase. Treatment of cells with C3 exoenzyme significantly reduced the motile ability of the RhoC overexpressing cells
HME-RhoC and SUM149. Similarly, as demonstrated in panel B, the invasive capabilities of the RhoC overexpressing cells were also significantly reduced
after C3 treatment as determined in a Matrigel invasion assay. To determine the extent of Rho inhibition by C3 exotransferase, an in vitro ADP-ribosylation
assay was performed (panel C). The number of ADP-ribosylated targets was greatly reduced in the HME-RhoC and SUM149 cells, thus indicating that C3
exotransferase treatment had effectively blocked the Rho targets within those cells.
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Figure 2. Anchorage independent growth in 0.6% soft agar after treatment with either the PI3K inhibitor 1Y294002 or the general MAPK inhibitor
PD98059. The ability of the RhoC overexpressing cells HME-RhoC and SUM149 was significantly reduced after treatment with the LY294002, but not
with PD98059. These data suggests that RnoC-mediated anchorage independent growth, is signaled through the PI3K and not the MAPK pathway in these
mammary cells.
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Figure 3. Western blot analysis of basal and phosphorylated (activated) levels of different arms of the MAPK pathway before (A) and after inhibitor
treatment with SKF86002 (B), PD98059 (C), U0126 (D), or C3 exotransferase (E). All the cell lines tested expressed ERK (p42/p44), INK/SAPK, and
p38. However, none of the untreated cell lines (A) expressed activated phospho-JNK/SAPK, suggesting that only pp38 and phospho-ERK are involved
in RhoC signal transduction. Each set of Western blots looking at p38, INK/SAPK and ERK were performed separately on the same cell lysates. Each
individual blot in the set (i.e. total protein versus the phosphorylated form of that protein) was the same blot stripped and re-probed.
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gesting that only pp38 and phospho-ERK are involved in
RhoC signal transduction. Each set of Western blots looking
at p38, INK/SAPK and ERK were performed separately on
the same cell lysates. Each individual blot in the set (i.e.,
total protein versus the phosphorylated form of that pro-
tein) was the same blot stripped and re-probed. Each set of
Western blots looking at p38, JNK/SAPK and ERK were
performed separately on the same cell lysates. Each set of
Western blots compares total protein versus the phospho-
rylated form of that protein of the same blot. Treatment of
the cells for 24 h with SKF86002 (B), PD98059 (C), U0126
(D), or C3 exotransferase (E), led to a decrease in the levels
of the active phosphorylated form of the target protein(s),
while the basal levels remained unchanged. Interestingly, C3
treatment of the cells lead to increased phosphorylation of
JNK/SAPK.

Effect of inhibition of MAPK on motility and invasion

Because of the postulated relationship between Rho-induced
motility and Ras activation of the MAPK pathway, we
set out to understand how are the MAPK signaling cas-
cades are involved in Rho-modulated motility and invasion.
To accomplish this we treated the cells with the various
MAPK inhibitors described above. The cells were treated
with the MAPK inhibitors 48 h prior to assessing motility
and invasion. No significant decrease in population doubling
time was observed for the cells treated with inhibitors, as
determined over a seven-day assay (data not shown).

As demonstrated in Figure 4A, all of the MAPK in-
hibitors had a significant (P = 0.01) effect on the motility
of the HME-RhoC and SUM149 cell lines. The areas of the
phagokinetic tracks were reduced to nearly the level of the
HME-B-gal control cell line, which was unaffected by any
of the MAPK inhibitors. Since all of the MAPK inhibitors
had an effect on the motility of the cells, this suggested
that multiple arms of the MAPK pathway are involved in
RhoC mediated motility. Motility of the MCF10AT c1 posi-
tive control cell line that has a constituatively active Ras was
also affected by all four of the MAPK inhibitors, although
the motility of these cells is much reduced compared to the
HME-RhoC and SUM 149 cells.

Next, we concentrated on the cells ability to invade
through a Matrigel coated filter (Figure 4B). The invasive
capabilities of the cells are described as fold-increase in
invasion over untransfected HME controls. Treatment with
all four of the MAPK inhibitors reduced the invasive ca-
pabilities of the HME-RhoC and SUM149 cell lines. The
HME-B-gal control cells were not significantly affected, by
the other MAPK inhibitors. The invasive capabilities of
the MCF10AT cl cells were the same as the HME-g-gal
control cells, and were likewise unaffected by the MAPK
inhibitors. When cells were treated with a combination of the
LY294002 and PD98059 inhibitors, the level of inhibition
was similar to that of the PD98059 inhibitor alone (data not
shown), suggesting that the PI3K pathway is not involved in
either motility or invasion.

Taken together, these data suggest that RhoC induced
motility and invasion is mediated to a significant extent by

the p38 and ERK arms of the MAPK pathway. This is shared
with Ras alone induced motility, but active Ras is not suffi-
cient to produce an invasive phenotype in the MCF10A cells.
In all these experiments the concentrations of inhibitors used
did not effect cell doubling times or cell viability.

VEGF production after inhibition of the MAPK pathway

In a previous study, we demonstrated that RhoC overex-
pression leads to increased production of angiogenic factors,
particularly vascular endothelial growth factor (VEGF) [16,
17]. Since VEGF production was significantly increased in
RhoC expressing breast cells, and considering its importance
in as an angiogenic factor, VEGF expression was the log-
ical endpoint to study after inhibitor treatment. Treatment
of the mammary cells with the different MAPK inhibitors
resulted in decreased VEGF production by the HME-RhoC
and SUM149 IBC cell lines (Figure 5). The greatest re-
duction in VEGF production was seen when the cells were
treated with the inhibitor SB22025, which prevents p38
activation. Treatment with the inhibitor SKF86002, an in-
hibitor of phosho-p38 activity, resulted in the second greatest
decrease in VEGF production. Taken together, these data
suggest that activation of the p38 arm of the MAPK pathway
is responsible for production of VEGF simultaneously by
RhoC overexpression.

Discussion

The highly invasive and metastatic phenotype of IBC is one
of the hallmarks of its unique clinical manifestations and the
major cause of the poor outcome of many patients who are
diagnosed with IBC. In a previous set of studies, our labo-
ratory identified RhoC GTPase to be overexpressed in IBC
and responsible for anchorage independent growth, cellular
motility and invasion, and production of angiogenic factors.

In the current study, we begin to delineate the signaling
pathways responsible for each aspect of the RhoC-mediated
phenotype. We hypothesized that for RhoC GTPase to
achieve diverse phenotypic attributes, cell signaling must
take place through several signal transduction pathways. We
utilized specific inhibitors of different points of the PI3K and
MAPK pathways, an approach which has proven successful
in similar previous studies [44, 45].

The MAPK pathway has been previously implicated in
Ras and RhoA signaling, while the JNK/SAPK pathway
has been shown to be mediated by Racl and cdc4?2 sig-
naling, and all have been shown to use the PI3K pathway
(reviewed in [46, 47]). These pathways, depending on cell
type, have been attributed to participate in growth/survival
and motility (reviewed in [29]). However, the signal trans-
duction pathway(s) utilized by RhoC during growth, motility
and invasion has not been described in any cell type. In
the current study we examined RhoC signal transduction
in the SUM149 IBC and HME-RhoC breast cell lines. Be-
cause RhoC appears to be a major determinant of a clinically
well-defined mammary cancer metastatic phenotype it is es-
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Figure 4, Effects on motility and invasion of RhoC overexpressing cells after treatment with PD98059, U0126 or the p38 inhibitor SB220225. Panel A
demonstrates a significant decrease in the motility of the RhoC overexpressing HME-RhoC and SUM 149 cells treated with the various MAPK inhibitors.
Similarly, the ability of these cells to invade through a Matrigel coated filter was also significantly reduced after treatment with the MAPK inhibitors (panel
B). These data suggest that RhoC mediated motility and invasion is mediated through the MAPK pathway, to a large extent through activated p38.

pecially relevant to understand how RhoC elicits multiple ~conditions without effecting monolayer growth. We also
actions in breast tissue. determined that signaling through the MAPK pathway is in-

Using MAPK and PI3K inhibitors at concentrations be-  volved in motility, invasion and the production of angiogenic
low cytotoxic and cytostatic levels, we have determined factors. Specifically, we found that the ERK and p38 arms of
that the PI3K pathway is involved in the ability of RhoC the MAPK signaling complex are involved in motility and
overexpressing cells to grow under anchorage independent invasion, as no one inhibitor of the individual arms com-
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Figure 5. The effect of MAPK inhibitors on the production and secretion of the pro-angiogenic molecule vascular endothelial growth factor (VEGP).
Production of VEGF by the HME-RhoC and SUM149 cell lines were significantly reduced when the cells were treated with the p38 inhibitors S$B220225
or SKF86002. Taken together, these data suggest that activation of the p38 arm of the MAPK pathway is responsible for production of VEGF simultaneously

by RhoC overexpression.

pletely blocked motility of the HME-RhoC or SUM149 IBC
cell lines. In addition, although it is expressed, we know that
JNK/SAPK does not appear to be involved given that it is
not phosphorylated or active in any of the breast lines (IBC
or HME) studied.

Previous experiments have demonstrated that the var-
ious signal transduction pathways have diverse effects in
different cell types activated by a variety of stimuli. For
example in Schwann cells, PI3K activation by Racl lead-
ing to lamellipodia formation and motility has been shown
to occur upon stimulation by insulin-like growth factor-I
[25]. Whereas stimulation of adipocytes with insulin leads
activation of the PI3K pathway and Rho-mediated glucose
uptake [48). In support of our data, Amundadottir and
Leder [49] demonstrated that regardless of the oncogene in-
volved in transformation, the PI3K pathway was involved
in conferring anchorage independent growth to transformed
mammary epithelial cells. They also demonstrated that an-
chorage independent growth of mammary cells transformed
by Her2/neu, v-Ha-ras, and c-myc, could not be inhibited by
treatment with the MAPK inhibitor PD98059. Thus consis-
tent with our study of RhoC-expressing cells, it appears that
the PI3K pathway is exclusively involved in conferring an-
chorage independent growth, without involving the MAPK
pathway.

Several studies have demonstrated that activation of the
MAPK pathway can lead to cell migration and invasion of
fibroblasts, keratinocytes and endothelial cells [50-52]. Fur-
ther, it has been well documented that the Rho proteins can

activate the MAPK cascade stimulating various aspects of
cellular motility [29, 53-55]. Racl and cdc42 have been
shown to signal gene transcription through JNK/SAPK and
RhoA through p38, or when bound to fibronectin, ERK 1
& 2 [22, 53, 56, 57]. Akin to RhoA, we have made simi-
lar observations for RhoC, having demonstrated activation
of both p38 and ERK, but not JNK/SAPK, in IBC and
transfected HME cells. During motility, a dynamic interplay
between Racl, cdc42 and Rho must occur to form lamellipo-
dia, fillipodia, focal adhesions, and stress fibers [7, 58, 59].
‘Cross-talk’ between these molecules results in reciprocal
activation of Rho with Rac1 and cdc42 [59-61]. Therefore,
each arm of the MAPK pathway may be involved in motility
and invasion during some point of the process.

In a previous study we demonstrated that levels of VEGF
was significantly elevated due to RhoC overexpression [16].
In support, other laboratories have demonstrated that expres-
sion of angiogenic factors is mediated by the p38 MAPK
cascade [26-28]. An increasing body of evidence suggests
that the mode of VEGF induction (i.e., MAPK vs. PI3K)
by activated H-ras is a cell-type specific process, with cells
of epithelial origin signaling more commonly through the
MAPK pathway and those cells of mesodermal origin utiliz-
ing the PI3K pathway [62]. Stimulation of a variety of breast
cancer cell lines with heregulin results in activation of p38
and subsequent upregulation of VEGF expression and se-
cretion [28]. Similarly, epidermal growth factor stimulation
of squamous cell carcinoma cell lines, results in activation
of both p38 and ERK, which in turn, leads to expression
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of fibroblast growth factor-binding protein (FGF-BP), a po-
tent angiogenic modulator [26]). Furthermore, it has been
suggested that Rho proteins and the p38-MAP kinase path-
way modulate IL-8 expression [63, 64]. IL-8 expression has
profound biological consequences: it is a potent angiogenic,
mitogenic and chemotactic factor in several malignancies in-
cluding breast and prostate cancer [65-69]. Still others have
suggested that FGF2, acting in an autocrine and paracrine
fashion, can induce IL-6 expression through p38. In future
studies we will determine whether IL-6, IL-8, and FGF2
production is also modulated by the p38 pathway in RhoC
overexpressing mammary cells.

In conclusion, we have begun to identify the differ-
ent signal transduction pathways involved in RhoC GTPase
driven phenotypes associated with highly metastatic inflam-
matory breast cancer. We specifically demonstrated that
anchorage independent growth is mediated via the PI3K
pathway. Induction of motility and invasion are mediated
through activation of the ERK and p38 arms of the MAPK
pathway, and the production of VEGF is mediated primarily
by p38 activation. This study provides new insight into the
signal transduction pathways of an aggressive disease medi-
ated by overexpression and activation of RhoC GTPase and
suggests new potential targets for therapeutic interventions
focused on the biological actions of RhoC.
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Abstract

Inflammatory breast carcinoma (IBC} is a highly ‘
aggressive form of locally advanced breast cancer that
has the ability to invade and block the dermal
lymphatics of the skin overlying the breast. In a
previous series of studies, our laboratory identified
overexpression of RhoC GTPase in >90% of IBCs (K. L.
van Golen et al., Clin. Cancer Res., 5: 2511-2519, 1999)
and defined RhoC as a mammary oncogene involved in
conferring the metastatic phenotype (K. L. van Golen et
al., Cancer Res., 60: 5832-5838, 2000). RhoC GTPase is
involved in cytoskeletal reorganization during cellular
motility. Farnesyl transferase inhibitors (FTls) were
previously shown to be effective in modulating tumor
growth in Ras-transformed tumor cells. Recently,
studies have focused on RhoB as a putative non-Ras
target of FTI action. In the present study, we assessed
the effect of the FTI L-744,832 on RhoC-overexpressing
IBC and RhoC-transfected human mammary epithelial
(HME-RhoC}) cells. Treatment of the SUM149 IBC cell
line and HME-RhoC transfectants with the FTI L-
744,832 led to reversion of the RhoC-induced
phenotype, manifested by a significant decrease in
anchorage-independent growth, motility, and invasion.
Although RhoC expression and activation were not
affected, RhoB levels were increased by FTI treatment.
Transient transfection of geranylgeranylated RhoB
(RhoB-GG) into the same cells reproduced the effects
of the FTl, thus suggesting that FTl-induced reversion
of the RhoC phenotype may be mediated by an
increase in RhoB-GG levels. These data provide direct
evidence that FTls may find use in the clinic when
directed against RhoC-overexpressing tumors and
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suggest appropriate biological markers to evaluate
during FTI treatment.

Introduction
The term IBC® was first coined in 1924 by Drs. Lee and
Tannenbaum to describe a phenotypically distinct form of
locally advanced breast cancer (LABC) (1, 2). IBC is a fast-
growing, highly invasive, and metastatic form of LABC, which
is clinically characterized by primary skin changes (1-4).
These primary skin changes are the result of blockage of the
dermal lymphatics of the skin overlying the breast resulting in
edema, peau d’ aurange, and nipple retraction (1-4). At the
time of diagnosis, nearly all tumors have spread to the re-
gional lymph nodes and on close inspection, more than
one-third of patients have gross distant metastases (1-4).
Despite aggressive multimodality treatments, the 5-year
disease-free survival rate for women with IBC is <45%,
making IBC the deadliest form of breast cancer (1-4).

During investigation of the genetic mechanisms responsi-
ble for the unique IBC phenotype, our laboratory identified
overexpression of RhoC GTPase in >90% of IBCs (5). RhoC
GTPase is a member of the Ras-homology family of small
GTP-binding proteins and is responsible for cytoskeletal re-
organization during cellular motility (6—10). RhoC belongs to
a highly homologous subfamily comprised of RhoA, RhoB,
and RhoC (11). Although these family members have >90%
sequence homology to one another, their roles in the cell are
distinct (11). To determine the contribution of RhoC GTPase
overexpression to the IBC phenotype, we generated stable
RhoC-overexpressing HME cell lines (HME-RhoC) (12). The
HME-RhoC clones nearly recapitulated the invasive features
of the IBC phenotype. Specifically, the cells grew under
anchorage-independent conditions and produced tumors
when orthotopically injected into athymic nude mice (12-14).
The cells were highly motile and invasive and produced
conditioned medium rich in pro-angiogenic cytokines in vitro
(12-14). Taken together, these data demonstrate that over-
expressed, active RhoC GTPase is a mammary oncogene
leading to advanced disease.

Regulation of the GTPase activity of both the Ras and the
Rho proteins is achieved through interactions of GAPs, GDls,
GDF, and GEFs (15, 16). RhoA, RhoC, and a fraction of RhoB

3 The abbreviations used are: IBC, inflammatory breast cancer; FT), far-
nesy! transferase inhibitor; HME, human mammary epithelial (cells); FBS,
fetal bovine serum; RT-PCR, reverse transcription-PCR; PI, propidium
iodide; RhoB-GG, geranylgeranylated RhoB; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; GST, glutathione S-transferase; PI3K, phos-
phatidylinositol 3'-kinase; B-gal, B-galactosidase; GAP, GTPase-activat-
ing proteins; GDI, GDP-dissociation inhibitor, GDF, GDI dissociation
factor; GEF, guanine nucleotide exchange factor; SEM, scanning electron
microscopy.
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are geranylgeranylated, and the remaining portion of RhoB is
farnesylated (17-19). For the Rho proteins to enter the GDP/
GTP cycle they must be transported and localized to the
membrane (19, 20). GTP binding produces a conformational
change in the GTPase, thereby allowing interaction with
downstream effector proteins (15, 21). Hydrolysis of GTP to
GDP by the intrinsic Rho GTPase activity modulates the
interaction with the effector protein (22, 23). The GTPase
activity is greatly increased by activated GAPs, thus leading
to increased hydrolysis of GTP (24). The entire process is
balanced by the GDis, which prevent GDP dissociation by
binding to the prenylation group of the GTPase and seques-
tering the complex in the cytoplasm (25). The GTPase is
subsequently liberated from the GDI by GDFs, closing the
cycle (25). ’

In light of evidence demonstrating that FTls can target
non-Ras molecules, such as the RhoB protein, and recent
work suggesting that RhoB alterations, specifically, the ac-
cumulation of RhoB-GG, may interfere with transforming Rho
signals, we sought to test the effect of FTls on RhoC-trans-
formed breast cells.

Materials and Methods

Cell Culture. Cell lines were maintained under defined cul-
ture conditions for optimal growth in each case as described
previously (26-28). E6/E7 immortalized HME cells (29) were
grown in 5% FBS (Sigma Chemical Co., St. Louis, MO)-
supplemented Ham’s F-12 medium (JRH BioSciences, Le-
nexa, KS) containing insulin, hydrocortisone, epidermal
growth factor, and cholera toxin (Sigma Chemical Co.). Sta-
ble HME transfectants containing either the human RhoC
GTPase or control B-gal genes were maintained in the de-
scribed medium supplemented with 100 pg/ml hygromycin
(LifeScience Technologies; Gaithersburg, MD) as described
previously (12, 13). The SUM149 IBC cell line was grown in
5% FBS-supplemented Ham’'s F-12 medium containing in-
sulin and hydrocortisone. The HME cells were characterized
as being keratin 19 positive, thus ensuring that they are from
the same differentiation lineage as the SUM149 IBC tumor
cell line. For FTI treatment, actively growing cells were
treated with 25 um FT1 L-744,832 and harvested 48 h later.
Cell viability was assessed prior to assays using a trypan
blue exclusion assay. Harvested cells were washed in 10 ml
of HBSS (LifeScience Technologies). A 100-ul aliquot was
taken, diluted 1:1 with prediluted trypan blue (Sigma Chem-
ical Co.), and counted on a hemacytometer.

Transient transfections were performed by growing cells in
100-mm plates until reaching 50% confluence. Expression
constructs for wild-type RhoB, RhoB-GG, and a gera-
nylgeranyl-deficient RhoB mutant were generated as de-
scribed previously (30-32). The RhoB containing vectors or
a vector control were introduced into the cells using Fu-
Gene8 transfection reagent (Roche, Indianapolis, IN) as de-
scribed previously (12). Transient transfectants were used in
biological assays 24 h after transfection.

Anchorage-independent Growth and Focus Formation.
For anchorage-independent growth assays, a 2% stock of
sterile low-melt agarose was diluted 1:1 with 2X MEM. Fur-
ther dilution to 0.6% agarose was made using 10% FBS-

supplemented Ham's F-12 medium complete with growth
factors, and 1 ml was added to each well of a six-well plate
as a base-layer. The cell layer was then prepared by diluting
agarose to 0.3% and 0.6% with 10° cells (either untreated or
25 uM FTI L-744,832 for 24 h) in 2.5% FBS-supplemented
Ham's F-12/1.5 ml/well. A 1-ml layer of medium was main-
tained on top of the agar to provide nutrients and, in the case
of the treated cells, additional inhibitor. Colonies =100 um in
diameter were counted after a 2-week incubation at 37°C in
a 10% CO, incubator,

A modified focus formation assay was performed by har-
vesting treated and untreated cells and plating at dilutions of
1000, 500, and 100 cells/35-mm dish. The cells were then
cultured for 2 weeks at 37°C in a 10% CO, incubator. The
plates were washed with 10 ml of PBS, fixed for 10 min with
ice-cold methanol, and stained for 10 min with 2% methyl-
ene blue in 50% ethanol, and visible foci were counted.

Western Blot and RhoC Activation Analysis. Proteins
were harvested from cell cultures using radiocimmunoprecipi-
tation assay buffer (1X PBS, 1% NP40, 0.5% sodium de-
oxycholate, 0.1% SDS, 0.1 mg/m! phenylmethylsuifonyi fiu-
oride, 1 mm sodium orthovanadate, and 0.3 mg/ml aprotinin;
Sigma Chemical Co.) Ten-ug aliquots were mixed with Lae-
mmli buffer, heat-denatured for 3 min, separated by SDS-
PAGE, and transferred to nitrocellulose. Nonspecific binding
was blocked by overnight incubation with 2% powdered milk
in Tris-buffered saline with 0.05% Tween 20 (Sigma Chem-
ical Co.). Immobilized proteins were probed using antibodies
specific for RhoC GTPase (33), or RhoB GTPase (Cytoskel-
eton Inc. Denver, CO). Protein bands were visualized by ECL
{Amersham-Pharmacia Biotech, Piscataway, NJ).

A RhoC activation assay was performed as described -
previously (34, 35). Cells grown to 40% confluence were
incubated in the presence or absence of 25 um FT1 L-744,832
for 24 h. Proteins were harvested using GST-FISH buffer (34)
and were centrifuged. The supernatant was mixed with a
slurry of GST-rhotekin fusion protein bound to glutathione-
sepharose beads. Only GTP-bound Rho binds to the GST-
rhotekin fusion protein. The mixture was centrifuged, sepa-
rated by SDS-PAGE, transferred to nitrocellulose and probed
using a RhoC-specific antibody (33). Protein bands were
visualized by ECL and exposed to Hyperfilm (Amersham).

Semiquantitative RT-PCR. Total RNA was harvested
from actively growing cells at 50% confluence using Trizol
Reagent (Life Technologies), and cDNA was made using the
AMV-reverse transcriptase kit (Promega, Madison, WI).
RhoC and RhoB transcripts were PCR amplified from ali-
quots of cDNA using a 1:100 dilution of Rho-specific primers
mixed with GAPDH primers. PCR products were then sep-
arated on a 1.2% TAE-agarose gel and were visualized by
ethidium bromide. The relative intensity of the Rho and
GAPDH bands was measured using an Alpha Imager 2200
(Alpha Innotech Co., San Leandro, CA).

Motility and Invasion Assays. Random motility was de-
termined using a gold-colloid assay (36). Gold colloid was
layered onto glass coverslips and placed into 6-well plates.
Cells were seeded onto the coverslips and allowed to adhere
for 1 h at 37°C in a CO, incubator (12,500 cells/3 ml in
serum-free medium). To stimulate the cells, the serum-free
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medium was replaced with 5% FBS containing Ham's F-12
supplemented with growth factors and allowed to incubate
for 3 h at 37°C. The medium was aspirated and the cells fixed
using 2% gluteraldehyde (Sigma Chemical Co.). The cover-
slips were then mounted onto glass microscope slides and
areas of clearing in the gold colloid corresponding to phago-
kinetic cell tracks were counted.

The invasion assay was performed as described previ-
ously with minor modification (37). A 10-ul aliquot of 10
mg/ml Matrigel (BD Biosciences, Bedford, MA) was spread
onto a 6.5-mm Transwell filter with 8 pm pores {Costar,
Corning, NY) air-dried in a laminar flow hood, and reconsti-
tuted with a few drops of serum-free medium. The lower
chamber of the Transwell was filled with either serum-free or
serum-containing media. Cells were harvested and resus-
pended in serum-free medium with 0.1% BSA at a concen-
tration of 3.75 X 10° cells/m!, and 0.5 ml was added to the
top chamber. The chambers were incubated for 24 h at 37°C
in a 10% CO, incubator. The cell suspension was aspirated,
and excess Matrigel was removed from the filter using a
cotton swab. The filters were then cut away from the Tran-
swell assembly and fixed, gel side down, with methanol to a

"glass microscope slide, stained with H&E, and 20 random
%40 magnification fields were counted. The number of cells
that had invaded into the serum-free medium-containing
lower chambers were considered background and were sub-
tracted from the number of invaded cells in the serum-
containing samples.

Statistical analysis was performed using a two-tailed Stu-
dent t test.

Apoptosis Assay. Cytofluorometric analysis of cell cycle
distribution and apoptosis was performed by Pl staining of
nuclei as reported previously (38, 39). Briefly, cells were
treated with 25 um FTI L-744,832 (Merck) alone, 10 um
LY294002 (Calbiochem, San Diego, CA) alone, or a combi-
nation of both FTI L-744,832 and LY294002. Untreated and
treated cells, 1 X 10°, were harvested from 35-mm wells,
washed once with ice-cold PBS (Fisher Scientific, Pitts-
burgh, PA) and pelleted; supernatants were removed and
500 ul of Pl-hypotonic lysis buffer [0.1% sodium citrate,
0.1% Triton X, 100 pg/m! RNAse type |-A, 50 pg/ml P!
(SIGMA)] were added. Samples were analyzed by flow cy-
tometry after a 20-min incubation at 25°C.

Rhodamine-Phallodin Staining of Actin Filaments. Vi-
sualization of actin filaments was accomplished by staining
the cells with a rhodamine-conjugated phallotoxin. Briefly,
cells were grown on glass coverslips for 48 h and washed
with PBS followed by fixation with 1:1 ice-cold acetone and
methanol. After a 30-min incubation in PBS containing 1%
BSA, 5 ul of methanolic rhodamine-phalloidin stock (Molec-
ular Probes, Eugene, OR) were added to each coverslip and
allowed to stain for 20 min at room temperature. After re-
peated washing with PBS, the coverslips were mounted onto
glass microscope slides using Gel/Mount (Biomedia Co.,
Foster City, CA). Cells were visualized under a Zeiss scan-
ning laser confocal microscope equipped with a §73-nm
fluorescence filter.

SEM. Cells (12,000) were fixed with buffered 2.5% glut-
araldehyde for 1 h, rinsed, and post-fixed for an additional

hour with buffered osmium tetroxide. After dehydration in
ascending strengths of ethanol, the cells were critical-point
dried, mounted onto standard SEM stubs, and gold-sputter
coated. They were viewed using an AMRAY 1000-B Scan-
ning Electron Microscope.

Results

Effect of FTI Treatment on RhoC-overexpressing Breast
Cells. The ability of cells to grow in soft agar is a hallmark of
malignant transformation (40). Previously, we found that
RhoC overexpression led to the growth of mammary epithe-
lial cells under anchorage-independent conditions (12, 14).
As demonstrated in Fig. 1A, treatment of RhoC-overexpress-
ing HME cells and the SUM149 IBC cell line with 25 um FTI
L-744,832 resulted in a significant decrease in anchorage-
independent growth. Although the HME-B-gal control-trans-
fected cells did not readily grow under anchorage-indepen-
dent conditions, they were slightly affected by FTl treatment.
The 80% decrease in anchorage-independent growth of the
Rho-expressing cells did not correlate with a decrease in
monolayer growth rate as determined by a 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
(data not shown). It has been suggested that FTI treatment
sensitizes cells to apoptotic death on treatment with the PI3K
inhibitor LY294002 (31). However, in our system, we did not
observe an increase in apoptosis in cells treated with FTI
L-744,832 alone, LY294002 alone, or a combination of the
two, as has been observed for Ras-transformed cells (data
not shown).

To evaluate the effect of FTi treatment on RhoC-mediated
cellular motility, we assessed the same treated cell lines in
colloidal-gold random motility assay. Cells were seeded onto
glass coverslips overlayed with a gold colloid and stimulated
with serum to induce motility. Discernable and quantifiable
tracks were left as the cells moved and phagocytized the
gold colloid. At 24 h after stimulation, the SUM149 and
HME-RhoC cells treated with FTI L-744,832 were 1.8- to
2-fold less motile than their untreated counterparts (Fig. 1B).
Both the HME-B-gal control and the MCF10AT c1 (an
MCF10A clone transfected with a constituitively active Ras;
Ref. 41) were unaffected by FTl treatment. As determined by
a trypan blue dye exclusion assay, the reduction in cell
motility was not caused by a decrease in the number of
viable cells (data not shown). :

As shown in Fig. 1C, when the FTi-treated cells were
tested for their ability to invade through a Matrigel-coated
filter in response to a chemoattractant, it was found that the
SUM149 and HME-RhoC cells were 2-fold less invasive than
the untreated cells. Again, the control cell lines, HME-B-gal
and MCF10AT c1, were unaffected by FTI treatment.

Taken together, these data suggest that treatment of
RhoC-overexpressing cells with a FTI leads to the inhibition
of RhoC-mediated anchorage-independent growth, motility,
and invasion without significantly affecting cell growth or
viability.

As demonstrated in Fig. 2, C and E, rhodamine-phallodin
staining for actin filaments shows a highly organized and
polarized cytoskeleton in the RhoC-overexpressing cells.
These actin bundles are lost or diminished on treatment with
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Fig. 1. A, comparison of anchorage-independent growth of untreated
and FTI L-744,832 treated cell lines in 0.6% soft agar. The growth of RhoC
overexpressing cell lines, HME-RhoC and SUM149, were significantly
inhibited (P = 0.001) by FTI treatment, which suggests a reversion of
malignant transformation. B demonstrates a significant reduction in the
motility of FTl-treated HME-RhoC cells. A reduction in motility, although
not significant, was also observed for the SUM149 cells. A significant
reduction (P = 0.01) in the ability to invade through a Matrigel-coated filter
was also observed for the HME-RhoC and SUM149 cells (C). None of the
effects that resulted from treatment with FTI could be attributed to a
decrease in viable cells, as determined by trypan blue dye-exclusion
assays or by apoptosis assays.

FTi L-744,832 (Fig. 2, D and F). Numerous focal adhesions
were visible on the periphery of the treated cells. However,
loss of cytoskeletal polarity led to morphological changes
towards a rounded shape, as demonstrated by laser scan-
ning confocal microscopy and scanning electron microscopy
(Fig. 2, G-J). The morphology of the control HME-B-gal cells
was also similarly affected, albeit to a lesser degree, by FTI
treatment, as these cells became dissociated and flattened
(Fig. 2, A and B).

Rho Protein Levels Increase as a Result of FTI Treat-
ment. To determine the effect of FT| treatment on RhoC
expression, we performed semiquantitative RT-PCR and
Western blot analysis. As shown in Fig. 34, RhoC mRNA
expression increased in all of the cell lines on FTI treatment.
A concordant increase in RhoC protein levels was also ob-
served, as determined by Western blot analysis using a
RhoC-specific antibody developed in our laboratory (33). The
activity of RhoC was assessed using a GST-pulldown assay
(34, 35). This assay utilizes a GST-fusion protein of a Rho-
binding domain motif found in a variety of Rho-effector pro-
teins. GTP-bound Rho is in its active state and can bind the
Rho-binding domain (35). Using this assay, we found that in
the SUM149 and HME-RhoC cell, the levels of GTP-bound
RhoC were not affected by FTI treatment, which indicated
that RhoC activation itself was unaffected by RhoB and
RhoC accumulation. As expected from the mRNA and pro-
tein levels, activated RhoC was elevated in all of the FTi-
treated cells, including the HME-B-gal control cells.

Because previous studies suggested a role for RhoB in
reverting the malignant phenotype of Ras-transformed cells
treated with FT1 {42), we performed semiquantitative RT-PCR
and Western blot analysis for RhoB. As shown in Fig. 3B,
RhoB mRNA levels markedly increased 24 h after treatment
with FTI L-744,832 in all of the cell lines tested. Furthermore,
RhoB protein levels were also significantly increased.

These results support earlier observations that the accu-
mulation of RhoB, likely RhoB-GG but not farnesylated
RhoB, leads to a reversion of the malignant phenotype by FT}
(30, 42, 43). The mechanism of FTI inhibition of the RhoC-
induced phenotype appears to be independent of direct
action of the FTl on geranylgeranylated RhoC. This is dem-
onstrated by an accumulation of RhoC protein and no
change in its activity.

Expression of RhoB-GG Recapitulates the FTIl-medi-
ated Effects on RhoC-overexpressing Breast Cells. In
light of the previous experiments, we hypothesized that the
accumulation of RhoB protein, specifically the RhoB-GG
isoform that accumulates in FTl-treated cells, would be suf-
ficient to revert the RhoC-induced phenotype. To test this
hypothesis, we transiently transfected breast cells with a
RhoB-GG construct and performed a focus formation and
random motility assay. As controls, we also transfected cells
with a geranylgeranyl-deficient mutant RhoB construct.
Transfection efficiency was assessed by cotransfection with
a B-gal reporter gene and found to be ~30-50% for the
SUM149 and HME-RhoC cells. This assay could not be
performed for the HME-B-gal controls since these cells
already express the B-gal gene. However, RT-PCR using
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Untreated FTI Treated

RhoB-GG
Transfected

Fig. 2. Laserscanning confocal fluorescence microscopy (A-F) of untreated and L-744,832 treated cells after staining with a rhodamine-tagged phallotoxin
that targets F-actin bundles. A and 8, the HME-g-gal control cells untreated and FTI L-744,832-treated, respectively. C and E demonstrate a highly
organized and polarized cytoskeleton in the SUM149 and HME-RhoC cells, respectively. D and F demonstrate dissociated actin bundles and decreased
cellular polarity on FTI treatment. G and H, are laser scanning confocal microscopy images, and / and J are scanning electron microscopy images of
untreated and FTi-treated HME-RhoC cells, respectively, showing the changes in cell morphology. K and L are RhoB-GG-transfected HME-RhoC and
SUM149 cells, respectively.

vector-specific primers demonstrated mRNA expression in siently transfected with RhoB-GG, formed significantly fewer
all of the cell lines tested. foci than did the RhoB-GG-deficient mutant transfectants or
Table 1 shows the results of a focus formation assay for the nontransfected cells. The morphology of the RhoB-GG-

the transfectants. The SUM149 and HME-RhoC cells, tran- transfected cells were similar to their FTl-treated counter-
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Fig. 3. Results of semiquantitative RT-PCR and Western blot analysis for
RhoC GTPase (A) and RhoB GTPase (8). Densitometric comparison of the
PCR products with a GAPDH internal standard demonstrated a modest
increase in RhoC mRNA expression in all of the cell lines treated with FTi
L.-744,832 as compared with the untreated cell line. Similarly, an increase
in RhoB mRNA expression was observed only for the HME-RhoC and
SUM1489 cell lines (B). A concurrent increase in RhoC protein levels was
observed for the FTl-treated cell lines (A). This was accompanied by a
slight increase in RhoC activity as determined by a C21-GST pulldown
assay. As shown in B, RhoB protein levels increased in FTI-treated cells.
kDa, M, in thousands.

Table 1 Mean focus formation and SD after transient transfection with
RhoB-GG, a geranylgeranyl-deficient RhoB (RhoB-A3), and vector alone

The number of foci were assessed in triplicate 35-mm plates. The data
presented are from a seeding density of 100 cells/plate. However, similar
trends were seen when cells were seeded at 1000 or 500 cells/plate.
Focus formation was dramatically reduced in the RhoC-overexpressing
HME-RhoC and SUM149 cells by expression of geranylgeranylated RhoB,
but not an unprenylated mutant (RhoB-A3). Although a trend was noted,
statistical analysis by a Kruskal-Wallis test did not demonstrate a signif-
icant difference between the groups.

Cell line Vector alone RhoB-GG RhoB-A3
HME-B-gal 48555 2451 36,5+ 25
HME-RhoC 85+3 235+ 1 69 + 6.5
SUM149 195+ 15 5+0.5 2051
MCF10AT c1 535+ 05 255+ 6 46 + 1.5

12000
M Vector alone [IRhaB-GG {IRhoB-A3
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Fig. 4. Random motility assay of HME-g gal, HME-RhoC, and SUM149
cells transfected with either vector alone, RhoB-GG, or a geranylgeranyl
mutant RhoB-A3. Although cell motility was not significantly altered, a
trend was seen in the HME-RhoG and SUM149 cells transfected with
RhoB-GG that resembled FTI treatment.

parts (Fig. 2, K-L). Similarly, the RhoB-GG transfectants were
less motile when tested in the colloidal-gold assay (Fig. 4).
Although statistical significance was not reached for the
transfectants, the trends indicate that expression of
RhoB-GG leads to decreased motility in RhoC-overexpress-
ing breast cells. These data provide evidence for a role for
RhoB-GG as a mechanism for inhibiting or reverting the
RhoC-induced phenotype in these cells.

Discussion

The observation that H-Ras was inactive and not localized to
its specific membrane compartment after FTi treatment led
to the idea that these inhibitors could be used therapeutically
(44-48). Like Ras, the Rho GTPases are posttranslationally
modified to locate them to their distinct cellular compart-
ment, so that they can carry out their specific function (17—
19). Each Rho protein contains a COOH-terminal CAAX do-
main that determines prenylation and polybasic residues in
the hypervariable domain, upstream of the CAAX domain,
which dictate proper membrane localization (49).
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Membrane localization and trafficking of the Rho GTPases
are complex phenomena. Rho proteins are, in their inactive
state, localized in the cytosol, sequestered there by specific
RhoGD (25). On activation, the GTP-bound protein is preny-
lated and transported to its specific membrane compart-
ment. The type of prenylation is dependent on the Rho
protein (50-53). RhoC GTPase is geranylgeranylated,
whereas RhoB is both geranylgeranylated and farnesylated
(17-19, 50, 51).

It has been demonstrated that in vitro, Rho GTPases can
self-aggregate (54). Cdc42 and Rac2 homodimer formation
has been implicated in the negative regulation of the activity
of those proteins (55). RhoB and RhoC GTPase have been
found to exist, not as homodimers, but as either monomeric
or oligomeric complexes. In addition, RhoC has been shown
to have an arginine finger motif COOH-terminal to the CAAX
domain, which imparts self-activated GTPase regulatory
function (54). Specifically, GTP-bound RhoC, when in com-
plex with itself, can self-convert to RhoC-GDP. In contrast,
RhoB does not contain this arginine domain and, therefore,
does not have intrinsic GAP activity. It is yet unknown
whether RhoB and RhoC can form heterodimers either in
vitro or in vivo. Because FTl cannot directly block gera-
nylgerany! RhoC function, one possible explanation for FTI
suppression of RhoC function is that accumulation of
RhoB-GG leads to the oligomerization of RhoC, which leads
to increased intrinsic GAP activity and GTPase deactivation.

The promise of FTls as a potent therapeutic reagent has
been supported by in vivo studies. Mammary tumors that
develop in K-Ras transgenic mice can be growth inhibited by
FTl treatment (56). Lebowitz et al. (30) and Prendergast et al.
(67-59) have provided have evidence that FTI suppression of
Ras transformation was accomplished by interfering with
Rho activity, because Rho was shown to be critical in Ras-
induced transformation. Subsequent experiments demon-
strated that a shift from farnesylated RhoB GTPase to
RhoB-GG occurred on FTI treatment (30, 31, 60, 61). The
shift in the specific forms of prenylated RhoB is accompa-
nied by the accumulation and mislocalization of RhoB-GG,
which is normally a short-lived protein (with a half-life of 2-4
h in cells; Refs. 30, 62). Our present data support these
observations. In this study, we observed increased expres-
sion and accumulation of RhoB, presumably RhoB-GG, on
treatment with FTl L-744,832, We also demonstrated that
transient transfection of RhoC-overexpressing breast cells
with RhoB-GG, recapitulated the effects of FTI treatment,
inhibiting focus formation and random motility, whereas
transfection with the RhoB GG-deficient mutant failed to
mimic FTI effects.

In Ras-transformed cells, the effects of RhoB-GG may be
attributable to a “gain-of-function” and relocalization of the
protein (42, 43, 59, 63). Normally, RhoB GTPase is involved
in vesicular and receptor trafficking (64). However, after FT}
treatment, the inhibition of farnesylated RhoB and the accu-
mulation of RhoB-GG, may lead to altered functions. The
biosynthesis of geranylgeranyl PP, is the next step after the
synthesis of farnesyl PP, in the acetyl-CoA pathway of cho-
lesterol synthesis (reviewed by Cohen et al.; Ref. 48). There-
fore, FTl treatment may provide more substrate for the gera-

nylgeranyl PP, synthase to produce geranylgeranyl PP, and,
ultimately, functionally geranylgeranylated Rho. Further-
more, several investigators suggest that a membrane recep-
tor may exist that binds to the Rho prenyl-group, thereby
helping to specifically localize it to a membrane compart-
ment (51, 65-67). In this scenario, the accumulation of
RhoB-GG may compete with RhoC, displacing it and possi-
bly preventing it from interacting with downstream effector
molecules.

In our experiments, we demonstrate that on FTl-treatment,
RhoC levels also increase; however, the ratio of RhoB:RhoC
remains increased over pretreatment levels, Furthermore, we
speculate that RhoC may be accumulating in the cytoplasm,
or, if it is reaching the inner membrane, its effect on the cell
is attenuated by RhoB-GG. These ideas have yet to be
tested. As demonstrated by labeling the actin cytoskeleton
with a rhodamine-labeled phallotoxin, the polarized actin
bundles associated with the motile RhoC cells are nearly lost
on FTl treatment. Although focal adhesions are visible in both
treated and untreated cells, they are located exclusively
around the outside edges of the FTl-treated cells. Both laser
confocal and scanning electron microscopy demonstrate
that, as observed previously (67), the cells have lost their
polarity and are flattened.

In contrast with Ras-transformed cells, the growth rate of
the RhoC-overexpressing cells was only slightly affected by
FTi treatment. Cell viability was also unaffected. Again, this is
in contrast to previous experiments, which demonstrated
that a combination of FTI and LY294002 (an inhibitor of
P13K) led to increased apoptosis in Ras-transformed cells
(31) but not in RhoC-overexpressing cells.

Taken together, these data suggest that FTls may prove a
potent novel therapeutic agent against tumors that overex-
press RhoC GTPase. This is the first report of FTI inhibition of
the cancer phenotype induced specifically by overexpres-
sion of RhoC GTPase. The mechanism of FTI action in RhoC-
overexpressing IBC and HME transfectants may be similar to
that previously described for Ras-transformed cells, namely,
that the effect is mediated by the accumulation of RhoB-GG.
However, as described above, there are notable differences
in how FTI treatment affects cell growth in Ras-transformed
versus RhoC-overexpressing cells. In addition to IBC, it has
been demonstrated that aggressive noninflammatory, meta-
static breast cancers, advanced pancreatic cancer, and met-
astatic melanoma overexpress RhoC GTPase, and this event
significantly contributes to their clinical behavior; therefore,
FTI treatment may be effective against these aggressive
cancers (33, 68, 69). Our data support testing whether FTI
treatment is efficacious in these aggressive RhoC-driven
malignancies.
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Abstract

Background: Inflammatory breast cancer (IBC) is the most
lethal form of locally advanced breast cancer. We found
concordant and consistent alterations of two genes in 90% of
IBC tumors when compared with stage-matched non-IBC
tumors: overexpression of RhoC guanosine triphosphatase and
loss of WNT-1 induced secreted protein 3 (WISP3). Further
work revealed that RhoC is a transforming oncogene for human
mammary epithelial (HME) cells. Despite the aggressiveness of
the RhoC-driven phenotype, it does not quantitatively reach
that of the true IBC tumors. We have demonstrated that
WISP3 has tumor growth and angiogenesis inhibitory functions
in IBC. We proposed that RhoC and WISP3 cooperate in the
development of IBC.

Methods: Using an antisense approach, we blocked WISP3
expression in HME cells. Cellular proliferation and growth were
determined using the 3-[4,5-dimethylthiazol-2-y(]-2,5-diphenyl-

tetrazolium bromide (MTT) assay and anchorage-independent
growth in a soft agar assay. Vascular endothelial growth factor
(VEGF) was measured in conditioned medium by enzyme-
linked immunosorbent assay.

Results: Antisense inhibition of WISP3 in HME cells increased
RhoC mRNA levels and resulted in an increase in cellular
proliferation, anchorage-independent growth and VEGF levels
in the conditioned medium. Conversely, restoration of WISP3
expression in the highly malignant IBC cell line SUM149 was
able to decrease the expression of RhoC protein.

Conclusion: WISP3 modulates RhoC expression in HME cells
and in the IBC cell line SUM149. This provides further
evidence that these two genes act in concert to give rise to the
highly aggressive IBC phenotype. We propose a model of this
interaction as a starting point for further investigations.

Keywords: CCN proteins, motility, oncogene, tumor suppressor gene, vascular endothelial growth factor, WNT-pathway

Introduction ,

Inflammatory breast cancer (IBC) is the most lethal form of
locally advanced breast cancer and accounts for approxi-
mately 6% of new breast cancer cases annually in the
United States [1,2]. IBC has distinct clinical and patholog-
ical features. Patients present with erythema, skin nodules,
dimpling of the skin (termed 'peau d'orange’), all features
that develop rapidly, typically progressing within 6 months
[1-4]. One salient feature of IBC that is observed in tissue

sections is that cancer cells form emboli that spread
through the dermal lymphatics. The dermatotropism of
IBC is believed to be responsible for the clinical signs and
symptoms and probably enables effective dissemination to
distant sites [2]. These observations lead us to conclude
that IBC is highly invasive and that it is capable of metas-
tases from its inception. Indeed, at the time of diagnosis,
most patients have locoregional and/or distant metastatic
disease [3,4]. In spite of new advances in breast cancer

FBS = fetal bovine serum; GTPase = guanosine triphosphatase; HME = human mammary epithelial; IBC = inflammatory breast cancer; MTT = 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; PCR = polymerase chain reaction; RT-PCR = reverse transcriptase PCR; VEGF = vas-
cular endothelial growth factor; WISP3 = WNT-1 induced secreted protein 3.



therapy including multimodality approaches, the 5-year
disease-free survival rate is less than 45% [3,4].

Until recently, no biological markers defined the IBC phe-
notype. We proposed that a limited number of genetic
alterations, occurring in rapid succession or concordantly,
are responsible for the rapidly progressive and distinct
clinical and pathological features of IBC. Using a modified
version of the differential display technique and in situ
hybridization of human tumors, we identified two genes
that are consistently and concordantly altered in human
IBC when compared with stage-matched non-IBC tumors:

. loss of WISP3 and overexpression of RhoC guanosine

triphosphatase (GTPase) [5].

WNT-1 induced secreted protein 3 (WISP3) is a member
of the CCN family of proteins, which have important bio-
logical functions in normal physiology as well as in car-
cinogenesis [6-8]. We found that WISP3 has growth and
angiogenesis inhibitory functions in IBC in vitro and in vivo
[9]. RhoC GTPase is a member of the Ras superfamily of
small GTPases. Activation of Rho proteins leads to assem-
bly of the actin—myosin contractile filaments into focal
adhesion complexes that bring about cell polarity and
facilitate motility [10—12]. Our laboratory has character-
ized RhoC as a transforming oncogene for human
mammary epithelial (HME) cells; its overexpression results
in a highly motile and invasive phenotype that recapitulates
the IBC phenotype. Predicated on the high rate of concor-
dance of RhoC and WISP3 changes in IBC, we propose
that these two genes cooperate to determine this highly
metastatic, unique breast cancer phenotype.

Materials and methods

Cell culture

The derivation of the SUM149 cell line has been
described previously by Ethier et al [13]. This cell line was
developed from a human primary IBC and has lost WISP3
expression [9]. HME cells were immortalized with human
papilloma virus E6/E7 and were characterized as being
keratin 19 positive, ensuring that they are from the same
differentiation lineage as the SUM149 IBC tumor cell line
[14,15]. MCF10A cells are spontaneously immortalized
human mammary epithelial cells. Cells were cultured in
Ham's F-12 medium supplemented with 5% fetal bovine
serum (FBS), hydrocortisone (1 pug/ml), insulin (5 pg/ml),
fungizone (2.5pg/ml), gentamycin (5ug/ml), penicillin
(100U/ml) and streptomycin (10pg/ml) at 37°C under
10% CO.,,.

Construction of expression vectors and stable
transfections

Total RNAs were isolated from HME cells with a Trizol kit
(Life Technologies, Inc, Gaithersburg, MD). First-strand
cDNA synthesis was performed by using 1pg of total
RNA with AMV reverse transcriptase (Promega, Madison,
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WI) and oligo(dT) as a primer. A 2l portion of the reac-
tion mixture was used for amplification by polymerase
chain reaction (PCR). Human WISP3 cDNA was amplified
by PCR with the forward and reverse primers
5-ACGAATTCAATGAACAAGCGGCG-3’ and 3-GCG-
AATTCTTTTACAGAATCTTG-5, respectively, under the
following conditions: denaturing for 1 min at 94°C, anneal-
ing for 1 min at 58°C, and elongation for 1 min at 72°C, for
35 cycles. PCR products were cloned into pGEM-T Easy
vector (Promega). The 1.1kb full-length cDNA encoding
WISP3 was excised by EcoRIl and subcloned into the
EcoRl site of pFlag-CMV4 vector (Sigma, St Louis, MO).
The insert was confirmed by DNA sequencing. The plas-
mids were purified. Subsequently, the SUM149 cells were
transfected with pFlag-WISP3 sense (SUM149/WISP3),
and HME cells were transfected with pFlag-WISP3 anti-
sense (HME/AS WISP3). MCF10A cells were stably tran-
fected with full-length RhoC cDNA (MCF10A/RhoC).
pFlag control vectors were used as controls (FuGene
TM 6 transfection reagent; Roch—Boehringer-Mannheim,
Germany). Transfectants were selected in the medium
containing 150ug/ml G418. The cells surviving during
selection were expanded and maintained in the selected
medium.

Reverse transcriptase PCR (RT-PCR) analysis

Total RNA {1g) from HME/AS WISP3 clones and empty
vector controls were reverse-transcribed with Superscript
reverse transcriptase (Invitrogen) using oligo(dT) and
random hexanucleotide primer for first-strand cDNA synthe-
sis. PCRs were performed directly on 1pl of first-strand
cDNA using 500 nmol of each of the following gene-specific
primers: WISP3, 5-ATGCAGGGGCTCCTCTTCTGC-8
(forward primer) and 5-ACTTTTCCCCCATITGCTTG-3'
(reverse primer); RhoC , 5-ATGGCTGCAATCCGAAAG-3’
(forward primer) and 5-GATCTCAGAGAATGGGACAGC-3’
{reverse primer); GAPDH, 5-CGGAGTCAACGGATTTG:-
GTCGTAT-3’ (forward primer) and 5-AGCCTTCTCCATG-
GTGGTGAAGAC-3’ (reverse primer). The 100pl reaction
volume consisted of 50mM KCI, 10mM Tris-HCl pH 8.3,
1.5mM MgCl,, and deoxynucleotide triphosphates (each at
200 uM). PCR was performed for initial denaturation at 94°C
for 5min, followed by 35 cycles of denaturation (94°C,
1 min), annealing (65°C, 1 min), and extension (72°C, 1 min)
with 5 units of Tag polymerase (Invitrogen). This was fol-
lowed by a final extension step at 72°C for 10 min. The prod-
ucts were analyzed on 1% agarose gels stained with
ethidium bromide and detected with ultraviolet illumination.

Western immunoblots

Western immunoblots were performed with polyclonal
anti-RhoC and anti-WISP3 antibodies. Cultured cells were
washed in ice-cold phosphate-buffered saline, lysed in
lysis buffer (10% glycerol, 50mM Tris-HCl pH 7.4,
100mM NaCl, 1% Nonidet P40, 2mM MgCl,, 1pug/m!
leupeptin, 1 pg/ml aprotinin, 1 mM phenylmethylsulphonyl
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fluoride) on ice for 5 min, and then centrifuged for 5 min at
4°C. Cleared lysates (each containing 50ug of protein)
were subjected to SDS—polyacrylamide-gel electrophore-
sis and transferred to poly(vinylidene difluoride) mem-
brane. Western blots were performed as described
previously, with anti-RhoC rabbit polyclonal antibody and
anti-B-actin goat antibody (Sigma) at dilutions of 1:1500
and 1:2000, respectively [16].

Anchorage-independent growth

For studies of anchorage-independent growth we per-
formed soft agar assays on stable clones of HME/AS
WISP3, HME/Flag, and SUM149 cells. Each well of a six-
well plate was first layered with 0.6% agar diluted with
10% FBS-supplemented Ham's F-12 medium complete
with growth factors. The cell layer was then prepared by
diluting agarose to concentrations of 0.3% and 0.6% with
103 cells in 2.5% FBS-supplemented Ham's F-12/1.5
ml/well. Plates were maintained at 37°C under 10% CO,
for 3 weeks. Colonies 100 um or more in diameter were
counted under the microscope with a grid.

Monolayer growth rate

Monolayer culture growth rate was determined by qualita-
tive measurement of the conversion of 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma) to
a water-insoluble formazan by viable cells. In all, 3000
cells obtained for HME/AS WISP3 clones, HME/Flag, and
HME wild-type cells, suspended in 200pl of culture
medium, were plated in 96-well plates and grown under
normal conditions. Cultures were assayed at O, 2, 4, 6,
and 8days by the addition of MTT and incubation for
1 hour at 87°C. The MTT-containing medium was aspi-
rated and 100pl of dimethyl sulphoxide (Sigma) was
added to lyse the cells and solubilize the formazan.
Optical densities of the lysates were determined on a
Dynatech MR 5000 microplate reader at 595 nm.

Analysis of vascular endothelial growth factor
Conditioned medium was generated by incubating
HME/AS WISP3 cells, HME/Flag cells, and SUM149
cells in serum-free medium. After 3 days the medium was
collected, cleared of cell debris by centrifugation, concen-
trated approximately 10-fold through a Centriplus YM-10
column (Millipore, Bedford, MA). The levels of vascular
endothelial growth factor (VEGF), which is a factor known
to be secreted by IBC, were measured in the cell culture
supernatants by enzyme-linked immunosorbent assay, as
described previously [9,17].

Results

Inhibition of WISP3 increases RhoC mRNA levels in
immortalized HME cells and induces proliferation,
anchorage-independent growth, and VEGF production
To study the effects of inhibition of WISP3 expression on
the phenotype of HME cells, we established clones of

Figure 1

Inhibition of WISP3 in human mammary epithelial (HME) cells results in
an increase in RhoC transcript levels. Reverse transcriptase
polymerase chain reaction was conducted on vector and HME cells
that have inhibition of WISP3 expression using full-length WISP3
antisense mRNA. HME/AS WISP3 cells showed increased levels of
RhoC transcript in comparison with controls.

HME cells stably transfected with antisense WISP3 con-
structs (HME/AS WISP3). Effective inhibition of WISP3
expression was confirmed by RT-PCR (Fig. 1). Inhibition
of WISP3 expression in HME cells resulted in increased
expression of RhoC transcript in comparison with HME
cells transfected with the control empty vector (Fig.1).
After 14 days of growth in soft agar, inhibition of WISP3
expression in HME cells resulted in a significant increase
in the number of colonies formed in comparison with the
empty vector control (ttest, P<0.05 for both clones;
Fig. 2a). Inhibition of WISP3 expression resulted in an
increase in cellular proliferation (-test, P<0.05; Fig. 2b).

Previously, we had shown that restoration of WISP3
expression in an IBC cell line decreases the production of
VEGF, a major pro-angiogenic factor secreted by IBC [9].
To determine the effect of WISP3 inhibition on the secre-
tion of VEGF, we measured the concentration of VEGF in
the conditioned medium of the stably transfected HME/AS
WISP3 cells. Figure 2c shows that inhibition of WISP3
expression resulted in increased levels of VEGF in the
conditioned medium (t-test, P<0.05 for all clones).

Restoration of WISP3 expression in SUM149 cells
decreases RhoC expression

Because decreased expression of WISP3 in HME cells
induced a significant increase in RhoC expression and
some features of RhoC induced functional changes
including anchorage-independent growth and production
of VEGF, we sought to determine whether restoration of
WISP3 expression in the SUM149 IBC cell line, which
has lost WISP3 expression in the wild type, has an effect
in RhoC expression. To test this, we stably transfected
WISP3 in SUM149 cells and measured RhoC expression
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Inhibition of WISP3 induces anchorage-independent growth, proliferation and secretion of vascular endothelial growth factor (VEGF) in human
mammary epithelial (HME) cells. (a) Inhibition of WISP3 expression in HME cells. HME cells greatly increased the number of colonies formed in
soft agar in comparison with empty vector control (HME/Flag; t-test, P<0.05 for both clones). (b) Effect of inhibition of WISP3 expression on the
proliferation of HME cells was studied with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The stable HME/AS
WISP3 cells have a significant increase in the proliferation rate in comparison with the empty vector control. Results are expressed as
means £ SEM of three independent experiments. In all, 3000 cells were assessed in each plate (t-test, P<0.05). (c) Increase in VEGF measured
by enzyme-linked immunosorbent assay, as a result of inhibition of WISP3 expression in HME cells. Results are expressed as means £ SEM; ttest,

P<0.05 for all clones.

Figure 3

Figure 4

Corrected Rho C (%)
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0

Restoration of WISP3 expression in SUM149 inflammatory breast
cancer cells decreases RhoC protein expression. Western immunoblot
of cell culture of SUM 149 cells, empty vector control (SUM149/Flag),
and two WISP83-expressing clones with antibodies against RhoC and
actin. Gels were scanned and pixe! intensity values were obtained.
Values for RhoC were corrected for loading by dividing the RhoC pixel
intensity by the actin pixel intensity.

by Western blotting. Restoration of WISP3 expression in
SUM149 cells resulted in a decrease in RhoC protein
expression in comparison with the empty vector control
(Fig. 8). To investigate whether the relationship between
WISP3 and RhoC expression is reciprocal, we developed
MCF10A cells stably transfected with RhoC. These cells
showed a 2.5-fold decrease in WISP3 mRNA expression
(Fig. 4).

Discussion

Our previous work showed that the overexpression of
RhoC GTPase and the loss of WISP3 expression are’
alterations that occur concordantly, more often in IBC than

RhoC overexpression in MCF10A cells restlts in a decrease in WISP3
mRNA level. Reverse transcriptase polymerase chain reaction was
conducted on vector and MCF10A cells stably overexpressing RhoC.
RhoC-overexpressing cells had decreased levels of WISP3 mRNA.

in slow-growing locally advanced breast cancers. WISP3
loss was found in concert with RhoC GTPase overexpres-
sion in 80% of archival patient samples of IBC, but rarely
in stage-matched non-IBC tumors. Our laboratory further
demonstrated that RhoC GTPase is a transforming onco-
gene for HME cells and that WISP3 has tumor inhibitory
functions in IBC. However, neither alteration occurring in
isolation seems to be sufficient to develop the full-blown,
highly malignant IBC phenotype. Here we postulate that
dysregulation of WISP3 might upregulate RhoC GTPase
and thus enhance the aggressiveness of the phenotype
that results when these two alterations are present.

We have shown that overexpression of RhoC GTPase in
immortalized HME cells produced a striking tumorigenic
effect that, for the most part, recapitulates the phenotype
of the SUM149 IBC cell line. HME cells stably transfected
with RhoC exhibited greatly increased growth under
anchorage-independent conditions [18]. HME cells over-
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expressing RhoC produced up to 100-fold more colonies
than the controls, about 0% of the level of colony forma-
tion of the SUM149 IBC cell line. RhoC overexpression
induced motility and invasion in HME cells, and markedly
induced the production of angiogenic mediators including
VEGF [17]. The HME/RhoC transfectants formed tumors
when injected into the mammary fat pad of athymic nude
mice [15].

Importantly, restoration of WISP3 in SUM140 cells ame-
liorated these features of the malignant phenotype. The
SUM149/WISP3* cells exhibited decreased growth in
vitro and in vivo in comparison with SUM149 cells trans-
fected with the empty vector. The invasiveness of
SUM149 cells was greatly decreased by restoring WISP3
expression. We also found that WISP3 markedly
decreased the concentration of angiogenic mediators in
the conditioned medium, especially VEGF, basic fibroblast
growth factor, and interleukin-6 [9]. Given the high speci-
ficity of WISP3 and RhoC alterations in IBC and their
interrelated functions in tumorigenesis, we propose that
they cooperate in the development of IBC.

Using an antisense approach, inhibition of WISP3
expression in HME cells resulted in a threefold increase
of RhoC GTPase transcript levels. The HME/AS WISP3
cells also exhibited increased cellular proliferation and
anchorage-independent growth in soft agar. The
HME/AS WISP3 cells produced significantly more
colonies in soft agar in comparison with the control
cells, an average of 58% of the level of colonies formed
by the SUM149 IBC cells. HME/AS WISP3 cells also
exhibited decreased production of VEGF in the condi-
tioned medium.

The relationship between RhoC and WISP3 expression
seems to be reciprocal. Restoration of WISP3 expression
in SUM149 cells, which have lost WISP3 in the wild-type
state, induced a 1.5-fold decrease in RhoC GTPase
expression. These results are intriguing because changes
in expression in Rho proteins by subtle factors such as
1.5-1.8 can be sufficient to modulate cellular behavior.
Overexpression of RhoC in spontaneously immortalized
HME cells, MCF10A, resulted in a 2.5-fold decrease in
WISP3 mRNA expression.

In summary, overexpression of RhoC GTPase and loss of
WISP3 are key genetic alterations in the development of
IBC, and they have complementary functions. RhoC
GTPase has a primary a role in motility, invasion, and
angiogenesis [15,17]. WISP3 has a pivotal role in tumor
growth, invasion, and angiogenesis [9]. Here we have
further strengthened the evidence that these genes coop-
erate in the development of IBC, because WISP3 expres-
sion modulates the expression of RhoC GTPase and its
functions.

Conclusion

IBC is the most lethal form of locally advanced breast
cancer, with a 5-year disease-free survival of less than
45%. Our work focused on determining the genetic alter-
ations that result in this aggressive breast cancer pheno-
type. Previously, we have found that RhoC and WISP3 are
consistently and concordantly altered in IBC tissues.
RhoC functions as an oncogene, and WISP3 as a tumor
suppressor gene. Here we provide evidence supporting
the hypothesis that these two genes act in concert to give
rise to the highly aggressive IBC phenotype. We propose
a model of this interaction as a starting point for further
investigations.
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Abstract

Inflammatory breast cancer (IBC) is the most lethal
form of locally advanced breast cancer. We have found
that WISP3 is lost in 80% of human IBC tumors and
that it has growth- and angiogenesis-inhibitory func-
tions in breast cancer in vitro and in vivo. WISP3 is a
cysteine-rich, putatively secreted protein that belongs
to the CCN family. It contains a signal peptide at the
N-terminus and four highly conserved motifs. Here, for
the first time, we investigate the function of WISP3
protein in relationship to its structural features. We
found that WISP3 is secreted into the conditioned
media and into the lumens of normal breast ducts.
Once secreted, WISP3 was able to decrease, direct-
ly or through induction of other molecule(s), the
IGF-1-induced activation of the IGF-IR, and two of its
main downstream signaling molecules, IRS1 and ERK-
1/2, in SUM149 IBC cells. Furthermore, WISP3 contain-
ing conditioned media decreased the growth rate of
SUM149 cells. This work sheds light into the mecha-
nism of WISP3 function by demonstrating that it is
secreted and that, once in the extracellular media, it
induces a series of molecular events that leads to
modulation of IGF-IR signaling pathways and cellular
growth in IBC cells.

Neoplasia (2004) 6, 179—185

Keywords: IGF-binding proteins, MAPK signaling, cell proliferation, cell cycle control,
ERK-1/2 phosphorylation.

Introduction
Inflammatory breast cancer (IBC) is the most lethal form of
locally advanced breast cancer [1,2]. Itis also a very distinct
clinical and pathological type of carcinoma. Clinically,
patients present with what has been classically termed
“peau d'orange,” characterized by skin thickening and
dimpling, also with nodularity, erythema, and, often, nipple
retraction [1—4]. IBC is highly angiogenic and angioinva-
sive. Clusters of malignant cells invade the dermal lym-
phatics, forming tumor emboli that likely cause the clinical
symptoms, and disseminate to distant sites [1].

in our previous work, we found that WISP3 is lost in 80%
of human IBC tumors and is a key genetic determinant of
the IBC phenotype [5]. WISP3 has growth-, invasion-, and

angiogenesis-inhibitory functions in IBC in vitro and in vivo [6].
WISP3 is a member of the CCN family of proteins, which also
includes connective tissue growth factor (CTGF), Cyr61, Nov,
WISP1, and WISP2 [7,8]. A putatively secreted protein with a
secretory signal peptide at the NH, terminus, WISP3 contains
36 conserved cysteine residues that are organized into four
highly conserved modules: 1) a motif associated with insulin-
like growth factor binding protein (IGFBP) (GCGCCXXC); 2) a
von Willebrand type C-like motif; 3) a thrombospondin 1
module; and 4) a carboxyl-terminal domain putatively involved
in dimerization [8,9]. The role of each of these conserved
domains in the function of the CCN proteins, in general, and
of WISP3, in particular, remains to be elucidated.

IGF-I and its major receptor, IGF-IR, play an important role
in normal breast biology and in the development of breast
cancer [10—13]. A large body of work implicates the IGF family
in breast cancer progression. High concentrations of IGF-1 in
serum are associated with increased mammographic density
(one of the strongest predictors of breast cancer risk), and also
reliably predict increased breast cancer risk specifically in
premenopausal women [14]. In vitro, IGF-l is a strong mitogen
for human breast cancer cells and has been found in the
epithelial and stromal component of breast cancers [13]. High
expression of IGF-IR has been demonstrated in most primary
human breast cancers when compared to normal or benign
breast tissues, and hyperactivation of IGF-IR in breast cancer
has been linked to increased radioresistance and cancer
recurrence at the primary site [13,15,16]. High levels of IRS-1,
a major signaling molecule downstream of the IGF-IR, corre-
late with tumor size and shorter disease-free survival in ER*
breast cancer patients [17,18]. Based on the protein sequence
of WISP3 and the important role of IGF signaling in breast
cancer, we hypothesized that WISP3 is secreted into the
extracellular medium and that the growth-inhibitory effect of
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WISP3 in IBC may be dependent, at least in part, on
modulation of IGF-I signaling. To test this hypothesis, we
investigated the downstream effects of WISP3 starting at the
IGF-IR receptor and signaling pathway. Here, we demon-
strate that WISP3 is a secreted protein and that, once in the
conditioned media, it can effectively modulate 1GF-IR acti-
vation and its signaling cascade and the cellular growth of
IBC cells.

Materials and Methods

Cell Culture and Transfections

SUM149 cells derive from a primary IBC that has lost
WISP3 expression [6,19). SUM149 cells and their trans-
fectants were cultured in Ham’s F-12 media supplemented
with 5% fetal bovine serum (FBS), hydrocortisone (1 pg/mi),
insulin (5 pg/ml), fungizone (2.5 pg/ml), gentamycin
(5 pg/ml), and penicillin/streptomycin (100 p/ml each), at
37°C under 10% CO,. HEK-293 cells derived from human
embryonic kidney epithelial cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% FBS.
SUM149 and HEK-293 cells were transfected with HIS™
tagged (pcDNA 3.1/V5-HIS TOPO TA expression vector,
Invitrogen, Carlsbad, CA) and Flag™~ tagged (pFlag-CMV
vector; Sigma, St. Louis, MO) full-length WISP3 cDNA, and
clonal cell lines were established as described previously [6].
Control cell lines were generated by transfecting the
SUM149 and HEK-293 cell lines with the empty vectors.
The inserts were confirmed by sequencing. Cells were
incubated in serum-free medium. WISP3 and control condi-
tioned media were collected 3 days later. The conditioned
media were cleared of cell debris by centrifugation, and
concentrated 10-fold through a Centriplus YM-10 column
(Millipore, Bedford, MA} before use.

IGF-1 Stimulation

Seventy percent confluent SUM149 cells were shifted to
serum-free medium. After 24 hours of starvation, the cells
were cultured in WISP3 and contro! conditioned media for
24 hours. Subsequently, SUM149 cells were stimulated with
20 ng/ml human recombinant IGF-1 (Upstate Biotechnology
Inc., Lake Placid, NY) for 15 minutes.

Immunoprecipitation and Western Blotting

Cells were lysed in lysis buffer composed of 50 mM Tris—
HCI (pH 7.4), 150 mM NaCl, 1% NP-40, 0.25% sodium
deoxycholate, 1 mM EGTA, 1 mM NagVO,4, 1 mM PMSF,
and 1 pg/m! aprotinin. The lysates were clarified by centrifu-
gation at 14,000g for 10 minutes. A total of 500 pg of
cell lysates was incubated with 1 pg/ml anti-IGF-IR mAb
(Calbiochem, San Diego, CA) overnight at 4°C. Immune
complexes were precipitated by adding 50 l of protein A/G
plus agarose bead slurry for 2 hours. The agarose beads
were collected and washed three times with ice-cold lysis
buffer, and resuspended in 25 pl of 2 x Laemmli sample
buffer for sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE). Fifty micrograms of protein extract
was separated by SDS-PAGE and transferred onto a PVDF

membrane (Amersham Pharmacia Biotech). The precipitat-
ed IGF-IR was detected with anti—IGF-IR 8 subunit poly-
clonal Ab (Santa Cruz Biotechnology, Santa Cruz, CA).
Tyrosine phosphorylation of immunoprecipitated IGF-IR
was assessed with anti—phosphotyrosine mAB PY20
(Transduction Laboratories, Lexington, KY). Total IGF-IR,
phosphorylated and total IRS1, and ERK-1/2 were measured
with appropriate antibodies (Transduction Laboratories; Up-
state Biotechnology Inc.). WISP3 expression was confirmed
by Western blot using a polyclonal anti~WISP3 antibody (gift
from Dr. Warman) and an antibody against the HIS tag
(Invitrogen). The protein bands were visualized using en-
hanced chemiluminescence (Amersham Pharmacia Biotech,
Piscataway, NJ). All experiments were repeated at least
three times and the optical density of the bands was quan-
tified by densitometry (Scio Image software for Win 95/98,
version 0.4). Statistical analysis was performed using 85%
confidence intervals for the estimates of the means. A
P value of < .05 was considered statistically significant.

Effect of WISP3 in the Proliferation of SUM149 cells

SUM149 cells were plated in 96-well tissue culture plates
atadensity of 5 x 10* cells/mlin Ham'’s F-12 media with 5%
FBS. One hundred microliters of serum-free medium was
added for 24 hours. Ten-fold concentrated WISP3 and
control conditioned media were added in the presence and
absence of IGF-l simulation as described above. MTT
reagents were added 24 hours later according to the man-
ufacturer's protocol (Sigma), and the plate was read at a
wavelength of 595 nm. The experiment was performed in
triplicate.

Human Breast Tissues and Immunohistochemistry

WISP3 protein expression was studied by immunohisto-
chemistry in normal human breast tissues obtained from 10
reduction mammoplasty procedures. Immunchistochemical
analysis was performed by using a polyclonal anti-WISP3
antibody at 1:500 dilution with overnight incubation and
microwave antigen retrieval [20]. The detection reaction
followed the Dako Envision* System Peroxidase kit protocol
(Dako, Carpinteria, CA). Diaminobenzidine was used as
chromogen and hematoxylin was used as counterstain.
Positive and negative controls were tumor xenografts de-
rived from cell lines shown to express high levels of WISP3
(SUM149 cell line stably transfected with WISP3) and from a
cell line that does not express WISP3 (SUM149 wild type),
respectively.

Results

WISP3 Protein Is Secreted by Human Breast Epithelial Cells

WISP3 protein contains a multimodular structure with a
secretory signal peptide at the N-terminus. To investigate
whether WISP3 is secreted by breast epithelial cells,
SUM149 IBC cells previously characterized with a loss
in WISP3 expression were stably transfected to express
full-length WISP3. Conditioned media from SUM149/
WISP3-overexpressing clones were collected and
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Figure 1. WISP3 protein is secreted and detected in the conditioned media.
(A) Western immunoblot using anti-WISP3 polyclonal antibody detects
WISP3 protein in the conditioned media of SUM149 cells transfected with
WISP3 full-length cDNA. WISP3 protein is not detected in the conditioned
media of SUM149 cells transfected with the empty vector. (B) Western
immunoblot of the conditioned media of HEK-293 cells transfected with
WISP3, detected using an anti—HIS antibody. WISP3 is not detected in the
conditioned media of the control cells.

detected for WISP3 by Western blot analysis using a
polyclonal anti—-WISP3 antibody. WISP3 protein was
detected in the media of SUM149-expressing WISP3
(SUM149/WISP3), and not in the media of empty vector—
transfected SUM148 cells (SUM149/Flag) (Figure 1A). In
order to explore these results from a different perspec-

tive, we performed transient transfections of WISP3 in
SUM149 cells using a HIS ™ tagged full-length WISP3 expres-
sion vector. In this case, WISP3 protein was detected in the
conditioned media using both anti—-WISP3 antibody and
anti—HIS antibody (data not shown). To specifically address
whether WISP3 would be detected in the conditioned media
of a nonmammary cell, we repeated these experiments with
the HEK293 cell line, derived from human embryonic kidney
epithelial cells. WISP3 was detected in the conditioned media
of these cells and not in the conditioned media of the empty .
vector controls (Figure 1B).

In situ expression of WISP3 protein was determined by
immunohistochemical analysis of normal breast tissues de-
rived from reduction mammoplasty procedures. In all 10
tissues examined, WISP3 protein was expressed at low
levels in the cytoplasm of normal epithelial cells from ducts
and acini and, interestingly, was present in the luminal
secretions of ducts and lobules (Figure 2A). Xenografts
derived from wild-type SUM149 cells (WISP37) and from
SUM149/WISP3* cells were used as negative and positive
controls, respectively (Figure 2, B and C).

WISP3 Containing Conditioned Media Reduces IGF-I-
Induced IGF-IR Activation and Signaling Pathways

The effect of WISP3 on the activation of the IGF-|
signaling pathway was studied in SUM149 cells derived from
aprimary IBC [5,6,19,21)]. The activation of the IGF signaling

Figure 2. In situ expression of WISP3 protein in normal breast tissues. (A) Immunohistochemical analysis of normal breast tissues using a polyclonal anti—WISP3
antibody shows that WISP3 protein is expressed at low levels in the cytoplasm of normal epithelial cells and in the luminal secretions of ducts and acini (arrows)
(% 200). (B and C) Xenografts derived from wild-type SUM149 and SUM149/WISP3 cells were used as negative and positive controls, respectively (x 400).
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cascade plays a central role in breast cancer development
and progression. To investigate whether the presence of
WISP3 in the conditioned media has an effect on IGF-IR
signaling pathways in IBC cells, phosphorylation of IGF-IR,
IRS1, and ERK-1/2 was determined in wild-type SUM149
cells in the presence or absence of WISP3 in the conditioned
media. Experiments were carried out under baseline con-
ditions without addition of IGF-I and after stimulation with
IGF-I. In the presence of WISP3 in the conditioned media,
SUM149 cells exhibited decreased IGF-{R phosphorylation
(Figure 3). The effect of WISP3 in the phosphorylation of the
IGF-IR was evident in the presence of IGF-I stimulation
because WISP3 was able to ameliorate the effect of IGF-I
stimulation on the activation of the IGF-IR (Figure 3). Simi-
larly, WISP3 conditioned media decreased the IGF-I-
induced IRS1 and ERK-1/2 phosphorylation (Figures 4
and 5).
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Figure 3. WISP3 decreases IGF-I-induced phosphorylation of the IGF-IR.
(A) Western blot analysis of SUM149 cell lines bathed in WISP3* and control
(WISP3~) conditioned media. The experiment was carried out under baseline
conditions (without IGF-1) and after stimulation with 20 ng/ml IGF-I. The IGF-
IR was precipitated from 500 pg of protein lysate with an anti—IGF-IR mAb
and subsequently detected by immunoblot with an anti~IGF-IR B subunit
polyclonal Ab. Tyrosine phosphorylation of immunoprecipitated IGF-IR was
assessed with an anti-phosphotyrosine mAb PY20. (B) Relative protein
levels of IGF-IR phosphorylation normalized for total IGF-IR. Blots were
scanned and the pixel intensity measured using Scn Image program. Results
are expressed as mean + SEM of three independent experiments. (C) Quan-
titation of the differences in the percent activation of the IGF-IR. The
difference in normalized IGF-IR phosphorylation under baseline conditions
and after IGF-1 stimulation was calculated for each cell line. Results were
corrected using the difference in IGF-IR phosphorylation in the absence
of IGF-1 stimulation as reference. WISP3 was able to decrease the
IGF-1-induced activation of the IGF-IR (t test, P < .05).
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Figure 4. WISP3 decreases IGF-I1-induced phosphorylation of IRS1. (A)
Western blot analysis of SUM149 cell lines bathed in WISP3* and control
WISP3-conditioned media. The experiment was carried out under baseline
conditions (without IGF-I) and after stimulation with IGF-I. The expression of
phosphorylated IRS1 was detected by Western blot using a polyclonal
antibody against phosphorylated IRS1. The Western blot was stripped and
probed with an antibody against total IRS1. (B) Relative protein levels of IRS1
phosphorylation normalized for total IRS1. Blots were scanned and the pixel
intensity measured. Results are expressed as mean + SEM of three
independent experiments. (C) The differences in the percent activation of
IRS-1 were quantitated. The difference in the corrected IRS1 phosphorylation
under baseline conditions and after IGF-I stimulation was calculated for each
cell line and results were normalized using the difference in IRS1
phosphorylation in the absence of IGF-I stimulation as reference. WISP3-
rich conditioned media was able to decrease the phosphorylation of IRS-1
triggered by IGF-1 (t test, P < .05).

WISP3 Containing Conditioned Media Reduces the Growth
of IBC Cell Lines

After establishing that the presence of WISP3 in the
conditioned media was able to modulate IGF-I signaling
pathways, its effect on cellular proliferation was determined
in the presence and absence of IGF-| stimulation. SUM149
cells bathed in the WISP3 conditioned media had signifi-
cantly lower growth rates than the control SUM149 cells
bathed in control (WISP3-deficient) conditioned media, both
in the presence and absence of IGF-I stimulation (t test,
P < .05; Figure 6).

Discussion

We have previously demonstrated that WISP3 is lost in 80%
of IBC tumors and that it has tumor-suppressor functions in
IBC [5,6]. Studies on the SUM149 IBC cell line showed that
restoration of WISP3 expression has potent growth- and
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angiogenesis-inhibitory functions in vitro and in vivo [6].
Restoration of WISP3 resulted in a significant decrease in
anchorage-independent growth in soft agar and cellular
proliferation, as well as a drastic decrease in the invasive
capabilities of the SUM149 cells, which are highly invasive in
their wild-type state. Furthermore, restoration of WISP3
expression in SUM149 cells resulted in a biologically relevant
decrease in the level of angiogenic factors (VEGF, bFGF,
and IL-6) in the conditioned media of the cells. /In vivo,
restoration of WISP3 expression in SUM149 cells caused a
drastic decrease in tumor volume and rate of tumor growth
when injected in nude mice [6]. Taken together, this body of
work had strongly supported a tumor-suppressor role for
WISP3 in mammary tumor progression. In the present study,
we sought to discover the molecular mechanisms underlying
the tumor-suppressor function of WISP3.
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Figure 5. WISP3 decreases IGF-1-induced phosphorylation of ERK-1/2. (A)
Western blot analysis of SUM149 cell lines bathed in WISP3* and control
(WISP3™) conditioned media, under baseline conditions (without IGF-I) and
after stimulation with IGF-l. The expression of ERK-1/2 was detected by
Western blot using a polyclonal antibody against phosphorylated ERK-1/2.
The blot was stripped and probed with an antibody against B-actin. (B)
Relative protein levels of ERK-1/2 phosphorylation normalized using actin.
Blots were scanned and the pixel intensity measured. Results are expressed
as mean = SEM of three independent experiments. (C) Quantitation of the
differences in the percent activation of ERK-1/2. The difference in the
corrected ERK-1/2 phosphorylation under baseline conditions and after IGF-I
stimulation was calculated for each cell line. Results were normalized using
the difference in ERK-1/2 phosphorylation in the absence of IGF-I stimulation
as reference. WISP3-rich conditioned media ameliorated the phosphorylation
of ERK 1 and ERK 2 induced by IGF-I stimulation (t test, P < .05).
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Figure 6. WISP3 decreases the growth of IBC cells. The growth of SUM149
cells was measured in the absence (WISP3~) and presence of WISP3
(WISP3*) in the conditioned media under baseline conditions (no IGF-I) and
after IGF-I stimulation by an MTT assay. SUM149 cells were grown in 96-well
plates at a density of 5 x 107 cells/ml. Serum-starved cells were incubated
for 24 hours in the WISP3 and control conditioned media, with or without
IGF-1 stimulation. Results are expressed as mean + SEM of three
independent experiments. WISP3* conditioned media decreases significantly
the growth of SUM149 cells (t test, P < .05 for both clones).

WISP3 belongs to the CCN family of proteins, which are
highly conserved, putatively secreted proteins with important
roles in development during chondrogenesis and skeleto-
genesis [7]. The CCN proteins have been recently also
implicated in carcinogenesis [7,22-26]. It is not well under-
stood, however, how the functions of the CCN proteins in
development relate to their role in cancer. Moreover, their
expression during tumorigenesis cannot be generalized
across different tissue types. This may be due to tissue-
specific functions of the CCN proteins, perhaps mediated by
their multimodular structure and the presence of different
affinities for binding partners and ligands in different tissues
[7]. The presence of different receptors and differential
processing of the CCN proteins (e.g., cleavage by pro-
teases) may account also for their diverse functions in
different tissues. In this paper, we focused on determining
whether WISP3 is secreted into the conditioned media and
its relationship to IGF signaling pathways.

Analysis of the protein sequence of WISP3 revealed that
it contains a signal peptide at the N-terminal region that may
participate in the secretion of the protein into the extracellular
media [7-9]. Indeed, by Western blot, using two different
specific antibodies, we were able to detect WISP3 protein in
the conditioned media of SUM149 and HEK293 cells trans-
fected with WISP3. Furthermore, consistent with these
results, by immunohistochemical analysis, WISP3 protein
was detected in the secretions accumulated in the lumens of
ducts and lobules in normal breast tissues. The fact that
WISP3 is secreted and present in the conditioned media
(thereby alluding to its stability in solution) led us to the
hypothesis that it may directly or indirectly regulate IGF
signaling.

Although the signaling pathways that are required for
the effects of IGF-1 in breast cancer have not been com-
pletely elucidated, the contribution of IGF-I-induced IGF-IR
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activation appears to be critica! in hormone-dependent and
-independent breast cancer [27-30]. IGF-1 is locally re-
leased by breast cancer cells and stromal fibroblasts, and
it is involved in autocrine and paracrine stimulation of the
mammary epithelium [31]. In breast cancer cells, when |GF-|
binds IGF-IR, signaling occurs mainly through activation of
IRS-1 and RAS-dependent phosphorylation of MAP kinase
with subsequent activation of nuclear transcription factors
[32,33). IGF-| signaling promotes cell growth, survival, and
motility of breast cancer cells, as well as resistance to
therapeutic interventions [10—12,14—18]. We hypothesized
that expression of WISP3 could result in a series of molec-
ular events that leads to the modulation of IGF-IR activation
and downstream signaling. Contributing to this hypothesis is
the fact that we have shown that WISP3 is secreted into the
media where it has the opportunity to directly or indirectly
modulate the strength of IGF signaling. Indeed, in the
presence of IGF-I, WISP3 containing conditioned media
decreased IGF-IR phosphorylation and the phosphorylation
of two main downstream IGF-IR signaling molecules, IRS1
and ERK-1/2. This inhibition was not evident under baseline
conditions, without stimulation with IGF-I. Our experiments
thus show that even relatively small concentrations of
WISP3 secreted by WISP3-transfected cells are able to
modulate, directly or indirectly, IGF-! signaling in the setting
of IGF-I stimulation.

A major growth-regulatory IGF-IR downstream pathway
that regulates breast cancer growth and survival converges
on ERK-1/2 cascade [34]. We observed a decrease in ERK-
1/2 phosphorylation by addition of WISP3 containing condi-
tioned media in the presence of IGF-I stimulation. ERK-1/2
influence chromatin remodeling and activation of gene ex-
pression, leading to enhanced cellular proliferation and
decreased apoptosis [35-37]. Specifically, ERK-1/2 have
been shown to activate the transcription of key genes
involved in cell cycle progression including cyclin D1 and
cyclin E. We have shown previously that restoration of
WISP3 expression in the highly malignant SUM14¢ 1BC cell
line markedly decreased the levels of cyclin E and PCNA, a
reliable marker of cellular proliferation [6].

The mechanism whereby WISP3 may modulate IGF-IR
activation in the presence of IGF-| remains to be elucidated.
WISP3 contains a highly conserved motif (GCGCCXXC)
characteristic of IGFBPs, which may provide the proper
protein folding to interact with IGF-like ligands, thereby
enabling interference with IGF signaling. Although initial
studies reported that two other CCN proteins, CTGF (CTGF)
and Nov, specifically bind to IGF-l [38,39], these results
have not been subsequently built on and they remain to
be duplicated by other investigators. Whether WISP3
physically binds to IGF-I warrants further investigation, in
light of out data.

Another mechanism that may explain the modulation of
IGF-IR phosphorylation by WISP3-containing conditioned
media is the formation of a WISP3/IGF-l complex that may
bind to the IGF-IR and occupy !GF binding sites, but the
complex may be either inhibitory or may be only a weak
agonist of the receptor. In another system [40], this hypoth-

esis is supported by recent data showing that IGF-| can still
freely bind to the receptor even when complexed to a trun-
cated N-terminal fragment of IGF-binding protein 5 (mini-
IGFBP5); interestingly, the N-terminal portion of IGFBP5 has
high homology to the N-terminal portion of WISP3. Mini-
IGFBP5 binding to IGF-I resulted in incomplete inhibition of
receptor binding [40]. In a similar manner, a WISP3/IGF-I
complex might still bind to the IGF-IR but exert only a weak
agonist effect, effectively resulting in physiologic antagonism
of IGF-| action under conditions of high IGF-I stimulation.
WISP3-rich conditioned media was able to significantly
decrease the proliferation rate of IBC cells. The fact that this
effect was seen both in the presence and absence of IGF-|
simulation suggests that, in addition to interfering with
IGF-| signaling pathways, WISP3 may have IGF-indepen-
dent functions in IBC. In sum, we show that WISP3 is a
secreted protein that modulates IGF-! signaling pathways,
leading to a decrease in the growth of IBC cells.
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