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Abstract

Deregulation of Rho GTPase expression and activity levels is found in a number of
cancers, including breast cancers. Aberrant Rho GTPase signaling promotes tumorigenic
behaviors in a cell-autonomous manner. The development of conditional knockout and
overexpression mouse models of Rho GTPases and their regulators has allowed for
investigation of the impact of aberrant Rho signaling in the context of the complex
in vivo environment. These studies, including studies from our laboratory investigating
the effects of Cdc42 and p190B RhoGAP overexpression in the developing
mammary gland, indicate that altered Rho signaling in the epithelium impacts the
microenvironment. We propose that hyperactivated Rho signaling in neoplastic cells
may contribute to tumor formation by promoting the development of a pro-tumorigenic
and pro-invasive microenvironment. The availability of conditional Rho GTPase mouse
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models will facilitate these studies in the future.

ABBREVIATIONS

Rho: Ras Homologous; GTPase: Guanosine Triphosphatase;
RhoGAP: Rho GTPase activating protein; Cdc42: Cell Division Cycle
42; ECM: Extracellular Matrix; MMP: Matrix Metalloprotease;
CAF: Carcinoma Associated Fibroblast; CXCL10: CXC Chemokine
Ligand 10; IL-12: Interleukin-12; CSF-2: Colony Stimulating
Factor-2; IFN: Interferon

INTRODUCTION

Breast cancer is the leading cancer diagnosis and the second
leading cause of cancer related deaths among women in the
United States [1]. The vast majority of breast cancer related
deaths occur from distant metastases. While the 5-year survival
rate of women diagnosed with localized breast cancer is 98.6%,
this rate drops below 25% for women with distant metastases [1].
Therefore, inhibiting breast cancer development and progression
to ultimately prevent metastasis offers the best hope of extending
survival.

The development, progression, and metastasis of breast
cancer require reciprocal tumor-stromal interactions. These

interactions involve a complex interplay between tumor cells,
fibroblasts, and immune cells. Secreted factors and mechanical
signaling loops between these cells induce pro-tumorigenic and
pro-invasive changes in the microenvironment characterized by
increased Extracellular Matrix (ECM) deposition and remodeling
as well as elevated expression of pro-tumorigenic growth
factors and cytokines [2]. The effects of the microenvironment
on breast tumor cell proliferation, invasion, metastasis,
and chemoresistance have been intensely investigated [3].
Furthermore, increased infiltration and activation of fibroblasts
and immune cells such as macrophages in human breast tumors
correlate with poor prognosis [4,5]. However, the mechanisms
by which neoplastic breast cells promote the development of
the pro-tumorigenic and pro-invasive microenvironment are
less well understood. Defining these mechanisms may provide
new targets whose inhibition could serve to block development
of the aberrant microenvironment or to restore the normal
microenvironment, which naturally functions to restrain tumor
formation and progression [6].

The Ras homologous (Rho) sub-family of Ras GTPases
regulates a multitude of cellular processes that are important
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for tumorigenesis and metastasis [7]. Elevated expression and
activity levels of a number of Rho GTPases have been documented
in many cancers, including invasive breast cancers [8-10]. While
the cell autonomous effects of deregulated Rho signaling in
cancer cells are fairly well understood [11], how aberrant Rho
signaling impacts the microenvironment is now just beginning
to be elucidated. This likely reflects the fact that for many
years the effects of abnormal Rho signaling have been studied
in isolated cells in culture. More recently, the development of
conditional knockout and overexpression mouse models for
several Rho family members and their regulators has allowed
for investigation of the impact of altered Rho signaling in the
context of the complex in vivo environment [12]. Furthermore,
the increased use of three-dimensional culture models that
mimic aspects of the connective tissue environment as well as
heterotypic co-cultures have facilitated dissection of the cellular
and molecular mechanisms governing epithelial-stromal cell
cross-talk that disrupt epithelial architecture and proliferation
control, and promote invasive behavior. Collectively, these
models have provided tools to investigate the mechanisms by
which altered Rho signaling in the epithelium may contribute
to the development of the pro-tumorigenic and pro-invasive
microenvironment.

Our laboratory has been interested in understanding how
aberrant Rho signaling disrupts epithelial morphogenesis in the
developing postnatal mammary gland as a first step towards
understanding how it contributes to the development and
progression of breast cancer. Most recently, we have focused
on Cell Division Cycle 42 (Cdc42), one of the best-characterized
members of the Rho GTPase family. Overexpression and
hyperactivation of Cdc42 in human breast Invasive Ductal
Carcinomas (IDC) has been demonstrated [9,10], and numerous
in vitro studies and a few in vivo xenograft studies have
demonstrated tumor cell autonomous functions for Cdc42 in
breast tumor proliferation, migration, invasion, and metastasis
[13-15]. Using a tetracycline (Tet)-regulatable Cdc42 mouse
model that conditionally over expresses Cdc42 in the mammary
epithelium, we have shown that Cdc42 overexpression during
mammary gland development disrupts ductal morphogenesis
leading to hyperbudded and trifurcated terminal end buds (TEBs,
the structures that drive ductal elongation) and increased side
branching [16]. Importantly, these ductal abnormalities were
associated with stromal alterations reminiscent of an activated
tumor microenvironment, including increased ECM deposition,
elevated expression of matrix remodeling enzymes, and altered
expression of pro-inflammatory cytokines (unpublished results).

A myriad of published studies investigating the effects of
conditional knockout of Cdc42 have demonstrated cell type
and tissue specific functions for Cdc42 in developing epithelia
[17]. In addition to cell autonomous roles, loss of Cdc42 in
some developing epithelia markedly impacts the adjacent
microenvironment. For example, conditional knockout of Cdc42
in the developing epidermis results in epidermal hyperplasia
in association with increased basement membrane protein
deposition and altered epithelial-mesenchymal interactions
[18]. Similarly, Cdc42 knockout in the developing lung impairs
basement membrane deposition disrupting epithelial-stromal
interactions [19]. Furthermore, in the developing pancreas

loss of Cdc42 in the developing epithelium disrupts cell fate
specification in a non-cell autonomous manner by disrupting
the microenvironment [20]. Together, these studies support
the notion that Cdc42 signaling in the epithelium impacts the
microenvironment in developing tissues.

Interestingly, there are several parallels between our studies
investigating Cdc42 and our previous studies investigating
the effects of overexpression of p190B Rho GTPase activating
protein (RhoGAP), and inhibitor of Rho and Rac GTPases, in the
developing mammary gland. P190B elicited a similar response
when conditionally overexpressed in the developing mammary
epithelium of a Tet-regulatable p190B mouse model. P190B
overexpressing mammary glands exhibited a disorganized,
hyperbranched ductal tree in conjunction with features of
aberrant stromal activation, including increased ECM deposition
and elevated expression of lysyl oxidase, a collagen cross-linking
enzyme [21,22]. Collectively, these studies suggest that Rho
GTPase signaling in the epithelium plays a substantive role in
relaying signals to the adjacent microenvironment and that its
misregulation can lead to stromal activation and phenotypes
that are known to contribute to the disruption of normal tissue
architecture and increase invasive behavior.

Studies have shown that the development of pro-
tumorigenic and pro-invasive fibroblasts, carcinoma association
fibroblasts (CAFs), occurs in a progressive manner where CAFs
acquire increasingly pro-tumorigenic behaviors coincident
with progression of mammary hyperplasia to adenoma to
adenocarcinoma [23]. Interestingly, the pro-angiogenic and pro-
invasive behaviors of CAFs can be blocked by Rho kinase and
myosin inhibitors, indicating a key role for cytoskeletal tension
in CAF behavior. Our published data indicate that epithelial
overexpression of Cdc42 or p190B increases mammary epithelial
cell contractility and activation of myosin, which correlated with
increased production of ECM proteins and remodeling enzymes
in the developing mammary gland [16,22]. These studies suggest
that deregulated Rho GTPase activity in epithelia may trigger
activation of stromal fibroblasts in part by increasing tissue
tension.

In addition to CAFs, the importance of macrophages during
breast cancer development, invasion, and metastasis is well
known [24]. Furthermore, macrophage infiltration and activation
correlates with poor prognosis in breast cancer patients [5,25].
Data indicate that macrophages express pro-inflammatory
cytokines during early stages of mammary tumorigenesis and
switch to an anti-inflammatory phenotype during later stages
of mammary tumorigenesis [26,27]. While a number of studies
have provided insight into the mechanisms by which anti-
inflammatory macrophages promote later stages of tumor
progression, less is known about the contribution of pro-
inflammatory macrophages to the development and progression
of early stage lesions. Our unpublished results indicate that
stromal cells isolated from mice overexpressing Cdc42 in the
developing mammary epithelium rapidly upregulate several
markers of pro-inflammatory macrophages (e.g. CXCL10 and
IL-12) as well as cytokines that activate pro-inflammatory
phenotypes in macrophages (e.g. CSF-2 and INF-y) following just
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Figure 1 Epithelial Cdc42 overexpression induces a pro-tumorigenic
microenvironment that may contribute to the development and
progression of breast cancer.

Studies using conditional Cdc42 overexpressing mice have revealed
that Cdc42 overexpression in the developing mammary gland induces
aberrant epithelial morphogenesis and hyperbranching in association
with increased ECM deposition and expression of collagen, MMPs,
and pro-inflammatory cytokines [16]. Secreted and mechanical
signals between the neoplastic epithelium and stromal cells likely
contribute to these pro-tumorigenic and pro-invasive changes in the
microenvironment.
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In conclusion, our data and studies from other laboratories
indicate that the Rho signaling network within epithelia
regulates signaling loops that affect fibroblast and macrophage
behavior in the adjacent microenvironment. It is attractive to
speculate that Cdc42 overexpression and hyper activation in pre-
neoplastic and transformed cells may drive tumor development
and progression in part by inducing pro-tumorigenic and pro-
invasive changes in the microenvironment (Figure 1). While
the tumor cell autonomous actions of several Rho GTPases,
including Cdc42, are well known [11,13], the contribution of
Rho GTPase overexpression and hyper activation in tumor cells
to regulation of macrophage and fibroblast activities within the
tumor microenvironment remains to be determined. Recently,
there have been significant advances towards developing specific
inhibitors that target Cdc42 [29,30]. Thus, targeting Cdc42 or
its downstream effectors may provide a unique opportunity
to simultaneously inhibit both the tumor cells and the tumor
microenvironment. A deeper understanding of the contribution
of epithelial Cdc42 overexpression to the development of the
tumor microenvironment will facilitate the development of
effective breast cancer therapeutics that target these crucial

2. Polyak K, Haviv I, Campbell IG. Co-evolution of tumor cells and their
microenvironment. Trends Genet. 2009; 25: 30-38.

3. Boudreau A, van’t Veer L], Bissell M]. An “elite hacker”: breast tumors
exploit the normal microenvironment program to instruct their
progression and biological diversity. Cell Adh Migr. 2012; 6: 236-248.

4. Finak G, Bertos N, Pepin F, Sadekova S, Souleimanova M, Zhao H, et al.
Stromal gene expression predicts clinical outcome in breast cancer.
Nat Med. 2008; 14: 518-527.

5. DeNardo DG, Brennan DJ, Rexhepaj E, Ruffell B, Shiao SL, Madden
SF, et al. Leukocyte complexity predicts breast cancer survival and
functionally regulates response to chemotherapy. Cancer Discov.
2011; 1: 54-67.

6. Bissell MJ, Hines WC. Why don’t we get more cancer? A proposed role
of the microenvironment in restraining cancer progression. Nat Med.
2011; 17: 320-329.

7. Rathinam R, Berrier A, Alahari SK. Role of Rho GTPases and their
regulators in cancer progression. Front Biosci (Landmark Ed). 2011;
16:2561-2571.

8. Tang Y, Olufemi L, Wang MT, Nie D. Role of Rho GTPases in breast
cancer. Front Biosci. 2008; 13: 759-776.

9. Fritz G, Just I, Kaina B. Rho GTPases are over-expressed in human
tumors. Int ] Cancer. 1999; 81: 682-687.

10.Fritz G, Brachetti C, Bahlmann F, Schmidt M, Kaina B. Rho GTPases
in human breast tumours: expression and mutation analyses and
correlation with clinical parameters. Br ] Cancer. 2002; 87: 635-644.

11.Li H, Peyrollier K, Kilic G, Brakebusch C. Rho GTPases and cancer.
Biofactors. 2014; 40: 226-235.

12.Heasman SJ, Ridley AJ. Mammalian Rho GTPases: new insights into
their functions from in vivo studies. Nat Rev Mol Cell Biol. 2008; 9:
690-701.

13.Stengel K, Zheng Y. Cdc42 in oncogenic transformation, invasion, and
tumorigenesis. Cell Signal. 2011; 23: 1415-1423.

14.Bouzahzah B, Albanese C, Ahmed F, Pixley F, Lisanti MP, Segall JD, et
al. Rho family GTPases regulate mammary epithelium cell growth and
metastasis through distinguishable pathways. Mol Med. 2001; 7: 816-
830.

15.Reymond N, Im JH, Garg R, Vega FM, Borda d’Agua B, Riou P, et al.
Cdc42 promotes transendothelial migration of cancer cells through
%1 integrin. ] Cell Biol. 2012; 199: 653-668.

16.Bray K, Gillette M, Young J, Loughran E, Hwang M, Sears JC, et al. Cdc42
overexpression induces hyperbranching in the developing mammary
gland by enhancing cell migration. Breast Cancer Res. 2013; 15: R91.

17.Melendez ], Grogg M, Zheng Y. Signaling role of Cdc42 in regulating
mammalian physiology. ] Biol Chem. 2011; 286: 2375-2381.

18.Wu X, Quondamatteo F, Lefever T, Czuchra A, Meyer H, Chrostek A,

J Cancer Biol Res 2(1): 1022 (2014)

3/4


http://www.cancer.org/research/cancerfactsfigures/cancerfactsfigures/cancer-facts-figures-2013
http://www.cancer.org/research/cancerfactsfigures/cancerfactsfigures/cancer-facts-figures-2013
http://www.ncbi.nlm.nih.gov/pubmed/19054589
http://www.ncbi.nlm.nih.gov/pubmed/19054589
http://www.ncbi.nlm.nih.gov/pubmed/22863741
http://www.ncbi.nlm.nih.gov/pubmed/22863741
http://www.ncbi.nlm.nih.gov/pubmed/22863741
http://www.ncbi.nlm.nih.gov/pubmed/18438415
http://www.ncbi.nlm.nih.gov/pubmed/18438415
http://www.ncbi.nlm.nih.gov/pubmed/18438415
http://www.ncbi.nlm.nih.gov/pubmed/22039576
http://www.ncbi.nlm.nih.gov/pubmed/22039576
http://www.ncbi.nlm.nih.gov/pubmed/22039576
http://www.ncbi.nlm.nih.gov/pubmed/22039576
http://www.ncbi.nlm.nih.gov/pubmed/21383745
http://www.ncbi.nlm.nih.gov/pubmed/21383745
http://www.ncbi.nlm.nih.gov/pubmed/21383745
http://www.ncbi.nlm.nih.gov/pubmed/21622195
http://www.ncbi.nlm.nih.gov/pubmed/21622195
http://www.ncbi.nlm.nih.gov/pubmed/21622195
http://www.ncbi.nlm.nih.gov/pubmed/17981586
http://www.ncbi.nlm.nih.gov/pubmed/17981586
http://www.ncbi.nlm.nih.gov/pubmed/10328216
http://www.ncbi.nlm.nih.gov/pubmed/10328216
http://www.ncbi.nlm.nih.gov/pubmed/12237774
http://www.ncbi.nlm.nih.gov/pubmed/12237774
http://www.ncbi.nlm.nih.gov/pubmed/12237774
http://www.ncbi.nlm.nih.gov/pubmed/24375503
http://www.ncbi.nlm.nih.gov/pubmed/24375503
http://www.ncbi.nlm.nih.gov/pubmed/18719708
http://www.ncbi.nlm.nih.gov/pubmed/18719708
http://www.ncbi.nlm.nih.gov/pubmed/18719708
http://www.ncbi.nlm.nih.gov/pubmed/21515363
http://www.ncbi.nlm.nih.gov/pubmed/21515363
http://www.ncbi.nlm.nih.gov/pubmed/11844870
http://www.ncbi.nlm.nih.gov/pubmed/11844870
http://www.ncbi.nlm.nih.gov/pubmed/11844870
http://www.ncbi.nlm.nih.gov/pubmed/11844870
http://www.ncbi.nlm.nih.gov/pubmed/23148235
http://www.ncbi.nlm.nih.gov/pubmed/23148235
http://www.ncbi.nlm.nih.gov/pubmed/23148235
http://www.ncbi.nlm.nih.gov/pubmed/24074261
http://www.ncbi.nlm.nih.gov/pubmed/24074261
http://www.ncbi.nlm.nih.gov/pubmed/24074261
http://www.ncbi.nlm.nih.gov/pubmed/21115489
http://www.ncbi.nlm.nih.gov/pubmed/21115489
http://www.ncbi.nlm.nih.gov/pubmed/16510873

Vargo-Gogola et al. (2014)
Email: vargo-gogola. 1@nd.edu

@SCiMedCentra]

et al. Cdc42 controls progenitor cell differentiation and beta-catenin
turnover in skin. Genes Dev. 2006; 20: 571-585.

19.Wan H, Liu C, Wert SE, Xu W, Liao Y, Zheng Y, et al. CDC42 is required
for structural patterning of the lung during development. Dev Biol.
2013; 374: 46-57.

20.Kesavan G, Sand FW, Greiner TU, Johansson JK, Kobberup S, Wu X,
et al. Cdc42-mediated tubulogenesis controls cell specification. Cell.
2009; 139: 791-801.

21.Vargo-Gogola T, Heckman BM, Gunther EJ, Chodosh LA, Rosen JM.
P190-B Rho GTPase-activating protein overexpression disrupts ductal
morphogenesis and induces hyperplastic lesions in the developing
mammary gland. Molecular Endocrinology. 2006; 20: 1391-1405.

22.Gillette M, Bray K, Blumenthaler A, Vargo-Gogola T. P190B RhoGAP
overexpression in the developing mammary epithelium induces
TGFB-dependent fibroblast activation. PLoS One. 2013; 8: e65105.

23.Calvo F, Ege N, Grande-Garcia A, Hooper S, Jenkins RP, Chaudhry SI,
et al. Mechanotransduction and YAP-dependent matrix remodelling
is required for the generation and maintenance of cancer-associated
fibroblasts. Nat Cell Biol. 2013; 15: 637-646.

24.Qian BZ, Pollard JW. Macrophage diversity enhances tumor
progression and metastasis. Cell. 2010; 141: 39-51.

Cite this article

25.Campbell M], Tonlaar NY, Garwood ER, Huo D, Moore DH, Khramtsov
Al, et al. Proliferating macrophages associated with high grade,
hormone receptor negative breast cancer and poor clinical outcome.
Breast Cancer Res Treat. 2011; 128: 703-711.

26.Biswas SK, Sica A, Lewis CE. Plasticity of macrophage function during
tumor progression: regulation by distinct molecular mechanisms. ]
Immunol. 2008; 180: 2011-2017.

27.Biswas SK, Allavena P, Mantovani A. Tumor-associated macrophages:
functional diversity, clinical significance, and open questions. Semin
Immunopathol. 2013; 35: 585-600.

28.Wiseman BS, Werb Z. Stromal effects on mammary gland development
and breast cancer. Science. 2002; 296: 1046-1049.

29.Hong L, Kenney SR, Phillips GK, Simpson D, Schroeder CE, Néth J,
et al. Characterization of a Cdc42 protein inhibitor and its use as a
molecular probe. ] Biol Chem. 2013; 288: 8531-8543.

30.Friesland A, Zhao Y, Chen YH, Wang L, Zhou H, Lu Q. Small molecule
targeting Cdc42-intersectin interaction disrupts Golgi organization
and suppresses cell motility. Proc Natl Acad Sci U S A. 2013; 110:
1261-1266.

Gillette MR, Vargo-Gogola T (2014) Regulation of the Microenvironment by Rho GTPase Signaling in the Epithelium: Implications for Breast Cancer Development

and Progression. J Cancer Biol Res 2(1): 1022.

J Cancer Biol Res 2(1): 1022 (2014)

4/4


http://www.ncbi.nlm.nih.gov/pubmed/16510873
http://www.ncbi.nlm.nih.gov/pubmed/16510873
http://www.ncbi.nlm.nih.gov/pubmed/23219958
http://www.ncbi.nlm.nih.gov/pubmed/23219958
http://www.ncbi.nlm.nih.gov/pubmed/23219958
http://www.ncbi.nlm.nih.gov/pubmed/19914171
http://www.ncbi.nlm.nih.gov/pubmed/19914171
http://www.ncbi.nlm.nih.gov/pubmed/19914171
http://www.ncbi.nlm.nih.gov/pubmed/16469769
http://www.ncbi.nlm.nih.gov/pubmed/16469769
http://www.ncbi.nlm.nih.gov/pubmed/16469769
http://www.ncbi.nlm.nih.gov/pubmed/16469769
http://www.ncbi.nlm.nih.gov/pubmed/23717689
http://www.ncbi.nlm.nih.gov/pubmed/23717689
http://www.ncbi.nlm.nih.gov/pubmed/23717689
http://www.ncbi.nlm.nih.gov/pubmed/23708000
http://www.ncbi.nlm.nih.gov/pubmed/23708000
http://www.ncbi.nlm.nih.gov/pubmed/23708000
http://www.ncbi.nlm.nih.gov/pubmed/23708000
http://www.ncbi.nlm.nih.gov/pubmed/20371344
http://www.ncbi.nlm.nih.gov/pubmed/20371344
http://www.ncbi.nlm.nih.gov/pubmed/20842526
http://www.ncbi.nlm.nih.gov/pubmed/20842526
http://www.ncbi.nlm.nih.gov/pubmed/20842526
http://www.ncbi.nlm.nih.gov/pubmed/20842526
http://www.ncbi.nlm.nih.gov/pubmed/18250403
http://www.ncbi.nlm.nih.gov/pubmed/18250403
http://www.ncbi.nlm.nih.gov/pubmed/18250403
http://www.ncbi.nlm.nih.gov/pubmed/23657835
http://www.ncbi.nlm.nih.gov/pubmed/23657835
http://www.ncbi.nlm.nih.gov/pubmed/23657835
http://www.ncbi.nlm.nih.gov/pubmed/12004111
http://www.ncbi.nlm.nih.gov/pubmed/12004111
http://www.ncbi.nlm.nih.gov/pubmed/23382385
http://www.ncbi.nlm.nih.gov/pubmed/23382385
http://www.ncbi.nlm.nih.gov/pubmed/23382385
http://www.ncbi.nlm.nih.gov/pubmed/23284167
http://www.ncbi.nlm.nih.gov/pubmed/23284167
http://www.ncbi.nlm.nih.gov/pubmed/23284167
http://www.ncbi.nlm.nih.gov/pubmed/23284167

	Regulation of the Microenvironment by Rho GTPase Signaling in the Epithelium: Implications for Breas
	Abstract
	Abbreviations
	Introduction
	Acknowledgement
	References
	Figure 1

