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Abstract
Cell migration is an essential process involved throughout embryonic development, wound
healing, immune cell surveillance, and tumor invasion and metastasis. In order to migrate,
cells must interact with and integrate signals from the extracellular matrix (ECM) and adjacent cells. Migration and invasion require cytoskeletal reorganization which is regulated
by the Rho family small GTPases.
Rho proteins are best known as regulators of cell migration and morphology through control of the actin cytoskeleton. Rho GTPases exert this control through their function as molecular switches by cycling between the inactive GDP-bound state and active GTP-bound
conformation. Once activated, Rho GTPases interact with specific signaling molecules,
termed effectors, to promote downstream signaling. Guanine nucleotide exchange factors
(GEFs) positively regulate Rho GTPases by promoting the dissociation of GDP, allowing
GTP to bind and drive the conformational switch to an activated protein. Conversely, GTPase activating proteins (GAPs) negatively regulate Rho GTPases by enhancing the intrinsic GTPase activity. This causes hydrolysis of GTP to GDP and a conformation change that
disrupts the Rho GTPase interaction with effector proteins. The delicate interplay between
GEF activation and GAP inactivation of Rho GTPases controls downstream signals with
exquisite precision.
When the GTPases and their regulatory proteins are misregulated due to changes in expression level or mutational status, cellular behavior is changed that can result in pathology.
Rho GTPases have been reported to contribute to proliferation, survival, and invasiveness
of many types of tumor cells. This study sets out to determine which regulators of Rho
GTPases are important for breast cancer cell invasion, and gain mechanistic insight into
the process. RNAi screens were carried out with siRNA libraries targeting Rho GEFs and
GAPs, using the invasiveness of MDA-MB-231 breast cancer cells as a model system. This
approach revealed the importance of Cdc42 for invasion, and surprisingly revealed that the
Rac GEF Tiam2 expression is correlated to Ras mutational status in cell lines.
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Chapter 1: Introduction
Overview
Breast cancer is the second most common cancer type found in women in the United States,
second only to skin cancer. Over 200,000 new cases are diagnosed each year [1], and almost 40,000 women will die each year – not from an operable tumor in the breast but from
cancer having spread (metastasized) to distant organs such as the lungs, brain, or bones.
In order for the cancer to metastasize, primary tumor cells must break through the basement membrane underlying the epithelial cell layer in the breast. Then they must invade
the surrounding stroma and intravasate into the blood/lymphatic vessels where they must
somehow survive while detached from the extracellular matrix, in addition to evading the
body’s immune system. Eventually, cancer cells extravasate at a distant site and grow into
a metastasis. [2, 3] Elucidating the mechanisms that cancer cells use during invasion can
lead to the discovery of new molecular targets for cancer therapies.

Cellular Migration and Invasion: Overview
Directional cell motility is a fundamental process essential to almost all forms of life. Similar processes to those used by single celled organisms, such as the slime mold Dictyostelium discoideum, are used by multicellular organisms for embryonic development, tissue
homeostasis, immune responses, and wound healing. [4, 5] Different modes of migration
build upon this basic process depending on the environmental context and the intrinsic
properties of different cell types. Certain cells are able to invade through a surrounding
matrix or tissue (3D migration), in addition to migrating along a surface (2D migration).
[6] The complex processes of migration and invasion can be broken down into a functional
set of component pathways, which include polarization, protrusion, adhesion, translocation, and retraction. [7, 8] The regulation and specific modality of each of these processes
1

Figure 1: Cell Migration
1. lamellipodium extension at the leading edge
2. formation of new focal adhesions complexes
3. secretion of surface protease to ECM contacts and focalized proteolysis
4. cell body contraction by actomyosin complexes
5. tail detachment [9]

2

differs depending on whether the cells adopt one of two major categories of individual cell
migration: amoeboid or mesenchymal, which can occur individually or more collectively
as a group or sheet.

Mesenchymal Migration:
The process of migration can be envisioned as a repetitive cycle of polarization, forward
protrusion, and retraction at the rear of the cell. [7, 9] Polarization occurs in response to
a variety of extracellular stimuli, resulting in an extension of the cell body in the direction of migration. This protrusion is always accomplished by a reorganization of the actin
cytoskeleton resulting in the formation of a narrow spike (filopodia) and/or a wide brushlike lamellipodia. This initial protrusion extends the cell body forward, where it can begin
forming new adhesions to the extracellular matrix (ECM). [10] As these adhesions mature,
the cell moves forward leaving a trailing portion of the cell body that must detach from the
substrate and retract toward the nucleus. Repetition of this sequence results in persistent
directional migration of a cell.

3

Polarization: Differences in molecular processes between the leading edge and rear of the
cell result in polarized cell movement. [8] Cdc42 is often referred to as a master regulator
of polarity as disruption of its activity often results in disorganization of polarity and in
turn, prevents directional migration. [11-13] One way in which cell polarity is achieved is
by proper positioning of the microtubule organizing center and the Golgi apparatus. This
may contribute to enhanced microtubule growth toward the leading edge of the cell and facilitate efficient vesicle transport to the leading edge along microtubules in some cell types.
[12, 14] Cdc42 regulates cell polarity through activation of the Par3/Par6/aPKC (atypical
protein kinase C) pathway in many cell types. [15, 16] Phospholipids also play an important role in targeting the GTPases to the membrane. Upon sensing a migratory attractant, a
cell will extend membrane protrusions in the direction of the chemoattractant. This “directional sensing” is initiated by the recruitment of phosphatidylinositol (PtdIns) 3-kinases of
(PI3K) to the area of attraction, generating phosphatidylinositol-(3,4,5)-trisphosphate (PtdIns(3,4,5)P3 (PIP3). [17] Simultaneously, the phosphatase PTEN activated at the rear and
sides of the cell, lowering PIP3 levels, [18] thereby amplifying the internal difference in
PIP3 levels. [19] Localization of Cdc42 to the PIP3-rich leading edge inactivates PTEN locally, thus creating a negative feedback loop. [20] Rac is also involved at the leading edge
of the cell, and can recruit and/or activate PI3K to the leading edge to maintain the lipid
gradient in addition regulating actin polymerization and membrane extension. [21, 22]

Protrusion: Membrane protrusion is driven by the polymerization of actin monomers into
helical filaments initiated on the sides of existing filaments and extending toward the front
edge of the cell. [23] Lamellipodia formation, one form of membrane protrusion commonly
seen in migrating cells, results from a highly branched actin network mediated by the activity of the Arp2/3 complex. This complex of seven subunits binds the side of actin fibers and
facilitates ATP-dependent nucleation of new branches at a characteristic 70° angle to the
mother filament. [24] This branching is controlled spatially by the WASP/WAVE proteins,
4

which interact with a wide variety of signaling molecules to activate Arp2/3. [25, 26] The
rate and organization of actin polymerization is controlled by an array of regulatory proteins. Profilin binds to actin monomers, preventing random nucleation and directing them
toward the barbed end. [27] Capping proteins terminate actin polymerization, confining
polymerization to the plasma membrane of the leading front. [28] Cross-linking by filamin
A and α-actinin stabilizes the entire actin network, while cortactin binding stabilizes actin
branches and recruits additional Arp2/3 to promote cell migration. [29] Disassembly of
actin filaments occurs when proteins like severin, gelsolin, and villin cleave the fiber, releasing monomers back into the cytosolic pool. [30, 31]

Filopodia represent a second type of actin-dependent protrusion seen at the leading edge of
migrating cells, consisting of unbranched, aligned filaments. These filaments elongate from
the barbed end, and release actin monomers from the pointed end in a treadmill fashion.
[32] The tips of filopodia include proteins that prevent capping and encourage elongation;
such as Ena/VASP (Vasodilator-stimulated phosphoprotein) family proteins found at high
levels in the growth cones of neurons, but whose precise roles are still unclear. [33] One
actin crosslinking protein, fascin, is able to hexagonally pack bundles of actin filaments
together in a way that increases stiffness and supports filopodia extension. [34] Filopodia
may also function as a type of cellular antennae, sensing environmental cues such as epidermal growth factor (EGF) and transport those activated receptors toward the cell body
(retrograde transport). [35]

More specialized protrusive structures exist in different cell types. Highly invasive cancer
cells extend invasive feet that have high levels of protease activity, termed invadopodia.
[36] In breast cancer, invadopodia formation is closely linked to the aggressiveness of cells
to metastasize. [37, 38] Intravital imaging has demonstrated that this phenomenon also occurs in vivo during tumor invasion. [39]
5

Adhesion: After polarization is established and cell membranes are extended, the cell must
attach to the surroundings in order to generate the force required to move in space. The
exact receptors vary between cell types but integrins are a key family of transmembrane receptors that mediate attachment of a cell to surrounding tissues and the extracellular matrix
(ECM). [10] Integrins are found in all animals as heterodimers of α and β subunits and are
key links between the ECM and the actin cytoskeleton. [40, 41] The degree to which different integrins bind to the ECM and how they cluster dictate the strength of cell attachment.
[42] Signaling can occur bidrectionally, such that extracellular information is relayed to the
cell, and the cell can determine the appropriate degree of adhesion. [10, 43] As a cell moves
along a surface, some adhesion sites are dismantled while others mature into more stable
focal adhesions. [44, 45] Focal adhesions were characterized by electron microscopy as
plaques [46] that are closely associated with bundles of actin fibers in chick embryo fibroblasts. [47] These structures facilitate both cell signaling through proteins such as paxillin
and focal adhesion kinase (FAK) [48, 49] as well as supporting the intracellular structures
through proteins such as talin [50] and vinculin. [51]

Amoeboid Migration
Cells that lack the distinctive mesenchymal characteristics of stress fibers and focal adhesions can still migrate across a surface in what is referred to as amoeboid-like movement,
best characterized by Dictyostelium discoideum. [52, 53] Cells using this mode of migration are typically round and rapidly extrude and contract their membrane, resulting in a
blebby morphology. Mammalian cells such as lymphocytes and neutrophils migrate in this
way and appear microscopically to quickly glide over surfaces within the body. [4, 54, 55]
Membrane blebs are extended in the direction of migration, followed by contraction of
cortical actin, pushing the cytoplasm into this new protrusion. [56] Actin then reorganizes
to stabilize the cell in the new position. [57] This process occurs in the absence of Rac
driven protrusions, but requires Rho acting through ROCK to promote contraction of the
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actin:myosin cytoskeleton. [9] While prevalent in circulating lymphocytes and other cell
types, amoeboid movement relies on much weaker cell-matrix interactions and exhibits a
more diffuse cortical actin cytoskeleton [4, 58]. Largely in the absence of integrin contacts
or metalloproteases (MMPs), cells can squeeze through gaps in a three dimensional (3D)
ECM rather than remodel it using amoeboid movement.

Collective Cell Migration
Cells are also capable of moving in concert with one another, while maintaining cell-cell
contacts. This method of migration is commonly observed in embryonic development, for
example when the neural tube closes [59] or when the mammary gland forms ducts, but is
also seen in cancer invasion. [60, 61] Maintaining cell contacts has the interesting effect
of forming a multicellular contractile body due to a special form of cortical actin filament
assembly along junctions. [62] The cells move in concert, with the cells at the front leading
and cells inside the group following. [63] Whether or not cells migrate individually or as a
group is likely to be related to the level of differentiation, where more differentiated cells
are likely to maintain contacts and invade collectively. [64]

Cancer Cell Invasion
Cell migration that occurs in three dimensions is termed invasion. All of the processes
described above not only apply to normal biology, but are also used by cancer cells to disseminate throughout the body. [65-67] Immune cells accomplish this primarily through
amoeboid invasion, extending membrane blebs through the ECM, and contracting the cytoskeleton to push the cell forward, and allowing them to quickly pass through tissues.
[4, 54, 55] Carcinoma, which develops from epithelial tissues, can undergo an epithelial
to mesenchymal transition (EMT) in which cells begin to develop mesenchymal modes
of migration. [68, 69] This requires secretion of matrix metalloproteinases (MMPs) that
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remodel the ECM, facilitating a path for invasion. [70] Specific cancer-related integrins
convey signals from the ECM to the cancer cell that further facilitate invasion in a RhoGTPase dependent manner. [40, 71]

In different contexts, cancer cells are able to switch between modes of migration. [57, 72]
This may be due the expression, or lack thereof, of specific integrins or other receptors
that respond to a changing environment. [73] This plasticity in the type of migration is one
explanation why drugs targeting one particular type of invasion may fail to stop the spread
of disease. [74] For example, an individually migrating cell that can no longer degrade the
ECM due to inhibition of MMPs can switch to an amoeboid mode of migration and back
again as necessary. [56, 75] Similarly, collectively migrating cells can either change from
sheets into strands or individual cells and back again by regulating cell-cell adhesions. [64,
66] Changes in the balance of Rho/ROCK and Rac activity levels have also been shown to
be important for switching between modes of migration. [57]

Using 3D culture models, it has been shown that cancer cells are capable of switching from
mesenchymal to amoeboid migration when treated with MMP or integrin antagonists [56,
76]. This has been termed a mesenchymal-amoeboid transition (MAT) [76]. This has also
been proven to occur in patients and is exemplified by the failure of current MMP inhibitory drugs in the clinic [77, 78]. Cancer cells exhibit great plasticity in migration mechanisms and can undergo EMT and MAT and thereby escape anti-cancer therapies. [56, 75,
76, 79, 80] Due to their important role in cytoskeleton control, migration and invasion, Rho
GTPases may control critical factors responsible for all types of cellular migration.

Interestingly, Rho GTPases are important at multiple steps of the cell migration process,
in EMT, MAT, and collective migration. Increased Rho expression is common in mesen-
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chymal migration of metastatic breast tumors [57, 81, 82]. The Rho effector, Rho Kinase
(ROCK), is important for MAT migration [83, 84].

Rho Family GTPases
Cell migration and invasion are reliant on coordinated reorganization of the actin (and
sometimes microtubule) cytoskeleton. Key regulators of these processes are Rho family
GTPases that act as molecular switches to control the transduction of signals from outside
the cell to downstream effectors in a spatially controlled manner.

Figure 2: Rho Family Tree
The RHO proteins can be subdivided on the basis of functional, biochemical and sequence data.
This phylogenetic tree has been altered to take functional and biochemical studies into account.
The RND proteins and RHOH have been grouped together because of their predicted lack of GTPase activity. [85]
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Introdution: Rho (Ras Homologous) proteins are a distinct family within the Ras superfamily of small GTPases (guanosine triphosphate hydrolases), sharing 30% homology with
other Ras family proteins (and 40-90% homology with each other). [86, 87] Rho itself was
first isolated in 1985 from the marine snail Aplysia californica, and shares 85% homology
with its human ortholog. [88] In humans, there are 20 Rho family members, with conserved
orthologs in many other species including yeast, plants, worms, and flies. [89] The three
most well studied members of the Rho family are RhoA, Rac1, and Cdc42. [90, 91] Most
members actively cycle between inactive GDP-bound and active GTP-bound states, thus
functioning as molecular switches within the cell. [92] Structurally, the Rho proteins are
distinct from other members of the Ras superfamily due to the insertion of a 12 amino acid
“Rho insert sequence” within the GTPase domain, forming and extra alpha-helix within
the structure. [93] A hypervariable domain is found at the carboxy-terminus and includes
a CAAX motif, allowing for the addition of post-translational modifications such as the
addition of lipids, resulting in a 21-25 kDa molecule. [94] Rho proteins are best known as
regulators of cell migration and morphology through control of the actin cytoskeleton. For
instance, Rho activation leads to the formation of actin:myosin filaments, focal adhesions,
and integrin adhesion complexes, lending rigidity and structure to cells and providing the
contractile forces necessary for migration. [95, 96] Rac promotes actin polymerization
at the at the cell periphery producing lamellipodia and membrane ruffling, while active
Cdc42 promotes filopodia formation – both processes associated with directed cell migration. [97] Cdc42 also plays vital roles in cell polarity, controlling apical-basal polarity
in epithelial cells [12, 98], in addition to influencing the direction of cell migration and
invasion. [12, 16, 99] Together, Rho proteins are major regulators of the cytoskeleton and
actin-dependent processes including cell polarity and migration in addition to cell-cycle
progression and gene expression. Tight regulation of these GTPases is critical for proper
cell behavior, and misregulation can have serious consequences such as contributing to
tumor development and metastasis. [85]
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Figure 3: Regulation of Rho Family GTPases
RHO proteins can bind either GTP or GDP. When bound to GDP, they can be sequestered in the
cytoplasm by RHO–GDP dissociation inhibitors (RHO–GDIs). The exchange of GDP for GTP is
promoted by RHO guanine nucleotide exchange factors (RHO–GEFs), and is often associated with
translocation of RHO proteins to cell membranes. GTP-bound RHO proteins interact with a range
of effector proteins and modulate their ability to regulate cell behaviour. Most RHO proteins have
an intrinsic ability to hydrolyse GTP to GDP and inorganic phosphate (P), which can be promoted
by RHO–GTPase-activating proteins (RHO–GAPs). RND1, RND2 , RND3/RHOE and RHOH are
unable to hydrolyse GTP, and their regulation is likely to be through changes in protein level or
localization, not through GDP/GTP binding. [85]
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Regulation: Three families of proteins regulate the molecular switch function of Rho GTPases. Guanine nucleotide exchange factors (GEFs) bind the GTPase and catalyze dissociation of GDP, allowing GTP to bind, leaving the GTPase in an active conformation.
[13] GTPase activating proteins (GAPs) catalyze the inherently slow rate of hydrolysis of
GTP to GDP, resulting in conformational inactivation. This regulation between active and
inactive states allows GTPases to function as molecular switches. Only in the active state
can GTPases interact with their downstream effector molecules. Upstream in the signaling
cascade, Rho family GEFs and GAPs are themselves regulated by an extensive array of extracellular and intracellular signals. [100] The interactions between various components of
the Rho GTPase signaling pathway are highly specific, allowing a wide array of upstream
signals to couple to an equally diverse set of downstream effectors. The third family of
Rho GTPase regulators is guanine nucleotide dissociation inhibitors (GDIs), which prevent
spontaneous cycling between GDP and GTP bound states, and promote sequestration in the
cytoplasm. [101-104] They bind the lipid moiety of the GDP-bound state of the GTPase
and prevent signaling to downstream effector molecules. [105]

Crosstalk: GTPases can signal to one another, adding a layer of complexity in GTPase
signaling biology. [106] This can occur between families; Ras for example, can regulate
the activity of Rac1 through the GEFs Tiam1 and SOS1. [107] Rac1 and Cdc42 are capable of downregulating RhoA levels, demonstrating that crosstalk also occurs within the
Rho family GTPases. [108] Rac was shown to mediate reactive oxygen species production
to downregulate Rho activity through p190RhoGAP, resulting in membrane ruffling and
increased cell spreading. [109] An interesting winner-take-all model has been proposed,
using a hypothetical crosstalk between Rho Rac and Cdc42 to model the behavior of the
neuronal growth cone. [110]
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Functions: GTPases act as switches, regulating various functions in the cell through the
binding of effector molecules. [13] Many kinases have been identified as targets of Rho
GTPase regulation including ROCK [111-113], PAK [114], and PKN families; [115, 116]
but in addition, scaffolds [117], adapters [118], phosphatases [119], and lipases have been
found. [120, 121] This diversity of effector proteins positions Rho GTPases as key regulators of a wide variety of biological processes including cell shape, size, polarity, proliferation, transformation and differentiation. [13, 90, 122]

The best-characterized role of Rho GTPase is in regulating the actin cytoskeleton. Microinjection of recombinant Rho protein first revealed its role in promoting actin stress fiber
formation in fibroblasts [96] Later, it was shown that RhoA controls cell shape through
two targets, the Rho-associated protein kinase (ROCK), which can phosphorylate myosin
light chain (MLC), LIM kinase, and MLC phosphatase, and mDia which promotes linear
actin filament assembly. [112, 123] These proteins alter the organization and contractility
of actin fibers, and thus cellular morphology. In migrating cells, asymmetric Rho activity is
important to restrict membrane protrusions to the leading edge of the cell. [124]

The microtubule cytoskeleton is a network of cylindrical polymers of α- and β-tubulin dimers. Rho and Rac have been shown to play a role in microtubule stability and directional
migration through p160Rho kinase and p65Pak, respectively. [125] Cdc42 controls polarity through proper microtubule spindle orientation [98] in mammals and proper bud site
positioning in yeast. [12, 126] Through control of the cytoskeleton, Rho GTPases exert
control over other cellular processes, including tight junction assembly [127] and transcription. [128]

Cancer progression leading to cellular invasion subverts normal pathways regulating cell
migration during development. [118] For instance, PAK is upregulated in some breast can13

cers [129], and induces anchorage independent growth as well as disorganized mitotic
spindles in MCF-7 cells. [130] Expression of ROCK might affect testicular tumor cell
migration, contributing to metastasis. [110, 131]

Guanine Nucleotide Exchange Factors (GEFs)
Introduction: Activation of Rho family GTPases is facilitated by guanine nucleotide exchange factors (GEFs), which facilitate release of GDP, allowing GTP to bind (since the
intracellular GTP concentration is around ten times higher than that of GDP). [132] GEFs
respond to intracellular and extracellular cues to couple an upstream signal to the activation
of the appropriate Rho GTPase at the proper time and location. In humans, approximately
80 GEFs have been identified and are classified as part of either the Dbl family, or DOCK
family branches. [133]

Dbl Family: This family’s namesake, Dbl (diffuse B-cell lymphoma), was identified as
an oncogene based on its ability to induce focus formation in NIH-3T3 cells. [134] It harbors a catalytically essential Dbl-homology (DH) domain that shares sequence homology
with the Cdc42-activating protein Cdc24 in S. cerevisiae. Genetic analysis placed Cdc24
upstream of Cdc42 in the bud assembly pathway, and this yielded the initial clue that the
DH domain acts as a GEFs for Rho GTPases. [135] Since then, the Dbl family of GEFs has
expanded to include approximately 70 family members in humans. This common ability
to transform fibroblasts when truncated forms are overexpressed in cells has helped identify new members and expand the family. A pleckstrin homology (PH) domain invariably
follows the DH domain, and is important for proper cellular localization and in vivo GEF
activity. This DH-PH domain combination defines the Dbl subfamily of GEFs. [136, 137]

While GEFs have a diversity of structures and domains, the small (~200 residues) DH
domain is the minimal domain required to exchange GDP for GTP in vitro. This domain
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is itself helical, being comprised of multiple alpha-helices and 310-helices, and forms a
structure resembling a chaise longue that interacts with the surface of the interacting GTPase. [138] The sequences comprising this interacting region vary among GEFs and are
considered important for conferring specificity. When a Dbl-family GEF binds to a GTPase, a structural rearrangement occurs in the switch I and switch II regions of the GTPase. This alters the shape of the nucleotide-binding pocket, freeing the GDP and Mg2+ to
disassociate. The GEF-bound GTPase only remains nucleotide-free until GTP binds (due
to its greater abundance than GDP in the cytoplasm), releasing the GEF and allowing the
now-active GTPase to bind downstream effectors. Some, but not all, GEFs acting on other
members of the Ras superfamily share this general mechanism of structural remodeling to
facilitate nucleotide exchange. For instance, when Sos binds to Ras the conformation of
the switch II region of Ras is disrupted, releasing the metal ion and nucleotide. In contrast,
some Ras GEFs are able to insert residues into the nucleotide-binding pocket to dislodge
GDP, a mechanism more similar to the DOCK-family GEFs (see below).

The PH domain is found immediately c-terminal to the DH domain in most Dbl-family
GEFs. Evidence exists for a variety of roles for the PH domain. [139] Some studies show
that it enhances the rate of nucleotide exchange, while others suggest a role in localization
at phospholipid membranes, or even orientation at those membranes. Structurally, there
are a wide variety of orientations between the DH and PH domains, suggesting that this
may also help to confer specificity for both the GTPase and its subcellular localization.
For example, Cdc42 contacts the PH domains of Dbl, Trio, and Dbs but not that of ITSN
suggesting that it is not essential in manipulating the conformation of the GTPase. [140]

Membrane localization is a key feature of Rho GTPase activation, and the PH domain has
been implicated in proper membrane targeting through its capacity to bind phospholipids
such as PIP3. This membrane anchoring function of the PH domain seems to either be
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dispensable, or superseded by other targeting domains. [100] Whether or not the PH domain is important for proper membrane orientation or allosteric regulation of GEF activity is subject to much debate. Reports of mild increases, no effect, and mild decreases in
GTPase activity have clouded the issue and no reports have included strong physiological
significance. Stronger evidence exists for a role in membrane orientation, as point mutations within the PH domain of Dbs will block phospholipid binding, but do not alter the
membrane localization. [133] The in vitro GEF activity is unaffected by these mutations,
but the protein loses the ability to transform fibroblasts, suggesting that binding to phospholipids such as PIP3 is required for proper GEF function. PH domains are not limited to
binding phospholipids, but can also bind other proteins. The PH domain of Trio interacts
with filamin to properly localize the GEF to actin filaments and promote membrane ruffling
in the malignant melanoma M2 cell line, while Dbl interacts with ezrin via its PH domain.
[141] Despite the sometimes mysterious role that PH domains play, their consistent presence adjacent to the DH domain implies an important role in Dbl-family GEF function.

DOCK Family: The founding member of the second family of Rho GEFs is the dedicator of cytokinesis of 180 kDa (DOCK180). [142] Orthologs in flies and worms go by the
names Myoblast city and Ced-5, respectively. Alternatively, this family is referred to as
CZH proteins, an acronym, combining Ced-5, Dock180, and Myoblast city as CDM and
Zizimin homologous proteins. [143] The DOCK family proteins lack a DH-PH domain,
yet are still capable of catalyzing nucleotide exchange on Rac and Cdc42 (but not Rho)
GTPases. DOCK180 (or DOCK1) was identified originally as interacting with c-Crk, and
later was shown to be involved in cytoskeletal reorganization in fibroblasts. [144] There are
currently 11 members of the DOCK family of GEFs. [145]

To activate Rho GEFs, DOCK proteins use the second of two DHR domains to catalyze
nucleotide exchange. [142] This catalytic DHR2 domain alone has been shown to increase
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the rate of GTPase activation using biochemical studies. Structural evidence points to a
direct insertion mechanism used to displace the Mg2+ ion and the GDP. In contrast, the
DH-PH domain disorganizes the nucleotide-binding pocket rather than directly disrupting
nucleotide binding, while DOCKs can use both. Specifically, DOCK9 has been shown to
require a conserved valine that disrupts Mg2+ binding in addition to inducing conformational changes that disrupt the structure of the switch I region in Cdc42. [146]

The DHR1 domain precedes the DHR2 domain in DOCK proteins and has been shown to
bind phosphoinositides such as PIP3. It is dispensable for GTPase activation in vitro, but
is necessary for proper targeting of DOCK180 to the plasma membrane and in vivo activation. Replacing the DHR1 domain with a PH domain is sufficient to induce cell migration in the CHO variant LR73 cells, supporting the notion that DHR1 properly localizes
DOCK180 to the plasma membrane. More recent studies reveal the structural basis for this
localization a pocket that binds the PIP3 lipid head group. [147, 148]

GTPase Activating Proteins (GAPs)
Introduction: Rho GTPases are capable of inactivating themselves due to their intrinsic
ability to hydrolyze GTP. The rate of hydrolysis, and thus inactivation, is greatly enhanced
by interaction with GTPase activating proteins (GAPs). In this way, a GAP’s ability to
inactivate a GTPase in a specific biological context complements the ability of GEFs to
specifically control GTPase activation. [149] The first Rho GAP, p50RhoGAP, was purified
from spleen extracts and shown biochemically to enhance the intrinsic rate of Rho, Rac,
and Cdc42 GTP hydrolysis. [150] Since then, approximately 70 human Rho GAPs have
been identified. All these proteins share a conserved approximately 170 amino acid domain
known as the RhoGAP domain (also sometimes referred to as the BH domain), that defines
the family and is catalytically active. While there is little sequence similarity between
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Rho GAPs and Ras GAPs, they appear to share a similar 3D structure as well as a similar
mechanism of activity. [149]

The Rho GAP domain consists of 9 α-helices in a loop structure with a key arginine residue
that is evolutionarily conserved. [151] This “arginine-finger” is capable of inserting into
the active site of GTPases, while the rest of the structure stabilizes the switch I, switch
II, and P-loop. Crystal structure models suggest that RhoGAP does not participate in the
hydrolysis reaction chemically, but stabilizes the transition state structure of GTP, resulting in efficient cleavage of the terminal phosphate by H2O and leaving GDP-bound. [152]
Structural studies have yet to address exactly how substrate specificity is achieved. The interaction between the GAP domain of p190RhoGAP, with different chimeras of RhoA and
Cdc42, showed that residues outside the catalytic domain do affect specificity. [153] Further studies have shown that the presence of different lipids or phosphorylation status of the
GAP can alter specificity of p190RhoGAP for different GTPases, but these modifications
are not found in the conserved regions. [154, 155] Additional work remains to confirm the
specificity of GAPs to different GTPases in a physiological context.

Rho GTPases in Cancer
In cancer, Rho GTPase dependent signaling pathways may become disregulated. Unlike
the Ras proteins, which are commonly mutated in many types of human cancer, Rho GTPases mutants are very rare and have only recently been described for Rac1 in melanoma.
[156] Instead, they are often overexpressed as compared to paired normal tissue, especially
in breast cancer. [81, 157] Prominent examples include RhoC overexpression in inflammatory breast cancer (IBC) and Rac1b overexpression in breast and colorectal tumors. [82,
157, 158]
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A few examples of mutated regulators have been reported in cancer. In 10% of renal cell
carcinomas (RCC), an activating mutant of the Rac-specific GEF Tiam-1 has been identified that causes focus formation using in vitro cell culture studies [159]. Truncated forms
of the GEFs Ect2, Dbl, and other family GEFs are able to transform fibroblasts in culture,
although they have not been found in human cancers. [137, 160, 161] ErbB receptors in
breast cancer cell lines can activate the Rac GEF P-Rex1. The expression of P-Rex1 has
also been shown to correlate with ErbB2 and ER expression. [162] Recently, the Rho
GEFs Vav2 and Vav3 were implicated in transcriptional control of proteins that promoted
tumorigenesis and lung-specific metastasis of breast cancer, identifying potential targets
for cancer therapy and solidifying importance of GEFs in human tumor biology. [163, 164]

Deletions or decreased expression levels of the DLC-1 and DLC-2 Rho GAPs have been
linked to increased GTPase activity in breast and hepatocellular carcinomas, implicating
a role for these proteins as tumor suppressors. Loss of the related protein DLC-3 has been
shown to contribute to oncogenesis by disrupting for adherens junctions and enhancing an
epithelial to mesenchymal transition. [165] In addition, ARHGAP8 mutations have been
discovered in colorectal and breast cancers. [166] Any mutations in GEFs or GAPs can
shift the balance of normal GTPase activity, promoting oncogenesis and metastasis. Therefore, a systematic analysis of all the GEFs and GAPs would provide a clearer picture of
how Rho GTPase activation affects cellular migration and invasion.
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Chapter 2: Materials and Methods
Cell Culture
Cell Lines and Culture Conditions
Breast Cell Lines
MDA-MB-231 cells were acquired from ATCC (catalog #HTB-26) and grown in Leibovitz’s L-15 Medium (Invitrogen, catalog #11415-114) supplemented with 10% fetal bovine
serum (FBS) (BenchMark, Lot #A27A00X) and a mixture of penicillin (100 U/mL) and
streptomycin (100 µg/mL) antibiotics (Invitrogen, catalog #15140-163). Cells were grown
in 100% air humidified incubator at 37°C. Cells were passaged by rinsing once with phosphate buffered saline (PBS) (MSKCC Media Facility), treating with Trypsin-EDTA 0.05%
(Invitrogen, catalog #25300-062) and split 1:4 after reaching 80% confluence, approximately every 2-3 days.

Hs578t cells were obtained from ATCC (catalog #HTB-126). Cells were grown in DMEM
supplemented with FBS (Omega Scientific, Lot #104021) and a mixture of penicillin (100
U/mL) and streptomycin (100 µg/mL) antibiotics (Invitrogen). Cells were grown at 5%
CO2 in a humidified incubator at 37°C. Cells were passaged by rinsing once with PBS,
treating with Trypsin-EDTA 0.05% and split 1:4 after reaching 80% confluence, approximately every 2-3 days.

SkBr7 cells were provided by Dr. F. Giancotti (MSKCC) and grown in Roswell Park Memorial Institute medium 1640 (RPMI1640) (MSKCC Media Facility) supplemented with
10% FBS (Omega Scientific, Lot #104021), 10 µM Non Essential Amino Acids (NEAA)
(Invitrogen, catalog #11140-050) and a mixture of penicillin (100 U/mL) and streptomycin
(100 µg/mL) antibiotics (Invitrogen). Cells were grown at 5% CO2 in a humidified incuba20

tor at 37°C. Cells were passaged by rinsing once with PBS, treating with Trypsin-EDTA
0.05% and split 1:4 after reaching 80% confluence, approximately every 4 days.

SkBr3 cells were obtained from ATCC (catalog #HTB-30) and grown in Dulbecco’s Modified Eagle’s Medium/Ham’s Nutrient Mixture F-12 (DME/F12) supplemented with 10%
FBS (Omega Scientific, Lot #104021), 10 µM Non Essential Amino Acids (NEAA) (Invitrogen, catalog #11140-050) and a mixture of penicillin (100 U/mL) and streptomycin (100
µg/mL) antibiotics (Invitrogen). Cells were grown at 5% CO2 in a humidified incubator at
37°C. Cells were passaged by rinsing once with PBS, treating with Trypsin-EDTA 0.05%
and split 1:4 after reaching 80% confluence, approximately every 4 days.

T47D cells were obtained from ATCC (catalog #HTB-133) and grown in DME/F12 supplemented with 10% FBS (Omega Scientific, Lot #104021), 10 µM NEAA and a mixture
of penicillin (100 U/mL) and streptomycin (100 µg/mL) antibiotics. Cells were grown at
5% CO2 in a humidified incubator at 37°C. Cells were passaged by rinsing once with PBS,
treating with Trypsin-EDTA 0.05% and split 1:4 after reaching 80% confluence, approximately every 4 days.

MCF-7 cells were obtained from ATCC (catalog #HTB-22). Cells were grown in DMEM
supplemented with FBS (Omega Scientific, Lot #104021), 10 µM NEAA, and a mixture of
penicillin (100 U/mL) and streptomycin (100 µg/mL) antibiotics. Cells were grown at 5%
CO2 in a humidified incubator at 37°C. Cells were passaged by rinsing once with PBS,
treating with Trypsin-EDTA 0.05% and split 1:4 after reaching 80% confluence, approximately every 2-3 days.

MCF-10a cells were obtained from ATCC (catalog #CRl-10317) and grown in DME/F12
supplemented with 5% horse serum (Invitrogen, catalog #11965-118), 20 µg/mL epidermal
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growth factor (EGF) (Peprotech; Catalog # 100-15), 5 µg/mL hydrocortizone (Sigma; catalog# H-0888), 1 µg/mL cholera toxin (Sigma; Catalog # C-8052),10 µg/mL insulin (Sigma,
Catalog # I-1882) and a mixture of penicillin (100 U/mL) and streptomycin (100 µg/mL)
antibiotics (Invitrogen). The serum, EGF, hydrocortisone, cholera toxin, and insulin were
premixed in 10 mL of DME/F12 and filtered through a 0.2 µ filter. Cells were grown at 5%
CO2 in a humidified incubator at 37°C. Cells were passaged by rinsing once with PBS,
treating with Trypsin-EDTA 0.05% and split 1:4 after reaching 70% confluence, approximately every 2-3 days.

HMEC cells were obtained from Lonza (catalog #CC-2551). Cells were grown in Mammary Epithelial Basal Medium (MEBM) with BulletKit defined supplements (catalog#
CC-3150). Cells were incubated at 37°C in a humid atmosphere of 5% CO2/95% air. Upon
reaching 60% confluence (approximately 3-4 days), cells were passaged by rinsing twice
with PBS, treating with Trypsin-EDTA 0.05% for up to 8 minutes, and then quenching with
and equal volume Defined Trypsin Inhibitor (Invitrogen, catalog# R-007-100). Cells were
pelleted in a clinical centrifuge at (175 x g), re-suspended in fresh media and re-plated at
a 1:3 ratio.

BT-474 cells were obtained from ATCC (catalog #HTB-20). Cells were grown in RPMI1640
(MSKCC Media Facility) supplemented with 10% FBS (Omega Scientific, Lot #104021),
10 µM Non Essential Amino Acids NEAA and a mixture of penicillin (100 U/mL) and
streptomycin (100 µg/mL) antibiotics. Cells were cultured at 5% CO2 in a humidified incubator at 37°C. Cells were passaged by rinsing once with PBS, treating with Trypsin-EDTA
0.05% and split 1:4 after reaching 80% confluence, approximately every 4 days.
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Pancreatic Cell Lines
HPDE-E6/E7 human pancreatic duct epithelial cells (HPDE) were provided from Dr. M.
Resh Lab (MSKCC), and grown in keratinocyte serum-free medium pre-supplemented
with epidermal growth factor (EGF) and bovine pituitary extract (Invitrogen, catalog#
17005-075). Cells were grown at 5% CO2 in a humidified incubator at 37°C. Cells were
passaged by rinsing once with PBS, treating with Trypsin-EDTA 0.05% and split 1:4 after
reaching 90% confluence, approximately every 2-3 days.

MiaPaCa2 cells were provided by Dr. M. Resh (MSKCC) and grown in DMEM supplemented with 10% FBS, and a mixture of penicillin (100 U/mL) and streptomycin (100 µg/
mL) antibiotics. Cells were incubated at 37°C in a humid atmosphere of 5% CO2/95% air.
Cells were passaged by rinsing once with PBS, treating with Trypsin-EDTA 0.05% and
split 1:4 after reaching 70% confluence, approximately every 2-3 days.

AsPc1 cells were provided by Dr. M. Resh (MSKCC) and grown in DMEM supplemented
with 10% FBS, and a mixture of penicillin (100 U/mL) and streptomycin (100 µg/mL)
antibiotics. Cells were incubated at 37°C in a humid atmosphere of 5% CO2/95% air. Cells
were passaged by rinsing once with PBS, treating with Trypsin-EDTA 0.05% and split 1:4
after reaching 70% confluence, approximately every 2-3 days.

Panc 05.04 cells were provided by Dr. M. Resh (MSKCC) and grown in RPMI1640 supplemented with 15% FBS, insulin (20 U/mL), and a mixture of penicillin (100 U/mL) and
streptomycin (100 µg/mL) antibiotics. Cells were incubated at 37°C in a humid atmosphere
of 5% CO2/95% air. Cells were passaged by rinsing once with PBS, treating with TrypsinEDTA 0.05% and split 1:4 after reaching 70% confluence, approximately every 2-3 days.
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Other Cell Lines
HEK293T cells were obtained from (ATCC) (catalog #CRL-11268). Cells were grown in
Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen, catalog #11995-065) supplemented with 10% FBS (Omega Scientific, Lot #104021) and a mixture of penicillin (100
U/mL) and streptomycin (100 µg/mL) antibiotics (Invitrogen). Cells were grown at 5%
CO2 in a humidified incubator at 37°C. Cells were passaged by rinsing once with PBS,
treating with Trypsin-EDTA 0.05% and split 1:8 after reaching 80% confluency, approximately every 2-3 days.

Transfections with siRNA and cDNA
Transfection of HEK293T cells with plasmid DNA
2.5x105 cells were seeded in each well of a 6-well cell tissue-culture dish (Nunc, catalog
# 140685) and allowed to adhere overnight resulting in approximately 35% confluence the
following day. Lipofectamine LTX with Plus reagent (Invitrogen, catalog #15338-100)
was mixed with DNA in a 1:1:3 ratio (LTX:Plus:DNA) (v/v/w) typically using 3 µg DNA
per the manufacturers instructions in a volume of 200 µL Opti-MEM Reduced-Serum Medium (Invitrogen, catalog #31985-070). The transfection mixture was added dropwise to 2
mL of fresh antibiotic-free media in the well and incubated for 3 hours before replacement
with fresh complete growth media including antibiotics.
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Transfection of MDA-MB-231 cells with siRNA
2.5 x 105 cells were seeded in each well of a 6-well cell culture dish and allowed to adhere
overnight resulting in approximately 30% confluence the following day, when the medium
is changed to antibiotic-free (2mL/well). Equal volumes (5 µL) of siRNA (20 µM) and
Dharmafect-1 (Dharmacon, catalog# T-2001-03) were independently mixed with 100 µL
Opti-Mem in separate 0.6 mL micro-centrifuge tubes and incubated for 5 minutes at room
temperature. The contents of the two tubes (210 µL) were mixed gently by pipetting and
incubated for 15 minutes at room temperature, and then added dropwise to each well for
a final concentration of 50 nM. After overnight incubation (16 hours), the medium was
replaced with complete growth media.

Virus Production and Purification
One day prior to transfection, 1.5 x 106 HEK 293T cells were seeded in T-25 cm flasks
(Nunc, catalog# 136196) coated with fibronectin (Sigma, catalog# F-0895). Plasmids encoding VSV-G with appropriate gag-pol (pCPG for retrovirus, pDeltaR8.9 for lentivirus)
were mixed with the required viral plasmid at a 1:1:3 (µg), respectively. Transfection proceeded as above, using Lipofectamine LTX and Plus reagent, except that after 3-hours
the medium and incubator conditions were changed to match the growth requirements for
the cells to be infected (indicated above). The medium was collected daily for three days,
pooled, centrifuged at 2500 x g for 5 minutes and passed through a 0.45μm filter (Sarstedt).
For retroviral gene expression, purified viral supernatants were stored at -80°C in 1 mL
aliquots. Purified lentiviral shRNA viral supernatant was concentrated by centrifugation at
28,000 x g (Sorvall RC6 Plus, SS-34 rotor) at 4°C for two hours. The resulting virus pellet
was resuspended in 1 mL PBS and stored at -80°C in 100 µL aliquots.
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Infection
2.5 x 105 cells were seeded in each well of a 6-well cell culture dish and allowed to adhere
overnight resulting in approximately 30% confluence the following day. Viral supernatant
or pellets were diluted in each well to 2 mL using antibiotic-free medium supplemented
with 8 µg/mL polybrene (Sigma, catalog# H9268). Plates were centrifuged at 900 x g for
30 minutes at room temperature, then the media containing virus was discarded and replaced with fresh complete medium. Antibiotic selection began two days post-infection using 2 µg/mL puromycin (Sigma, catalog# P8833) and continued indefinitely. Control cells
died completely after 3 days in selective media.
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Table 1: siRNA Duplexes used in this study.
Target
RGNEF
RGNEF
RGNEF
RGNEF
Tiam2
Tiam2
Tiam2
Tiam2
Tiam2
Tiam2
Tiam2
Tiam2
Cdc42
Cdc42
Cdc42
Cdc42
ITSN2
ITSN2
ITSN2
ITSN2
Dbs
Dbs
Dbs
Dbs
Fgd6
Fgd6
Fgd6
Fgd6
DOCK5
DOCK5
DOCK5
DOCK5

Duplex
1
2
3
4
1
2
3
4
Plus-11
A59
A60
A61
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4

Target Sequence
GCAAGGAUGCCAAAGAUAA
GUGCGUGAAUUAACAGUAU
GAUAUUAAACUCUUCCGGA
GACUAGCCCUCGGAAUAAA
GAACUUCAGGCGUCACAUA
CGACCUAAAUUCUGUUCUA
GUGUAAGGAUCGCCUGGUA
UAAGAGAGCCGUCAUACUG
GAGCACUUCUCCCGGGAAA
GCCUGGUACCUCUUAAGAA
CCAACAUUGUUAAGGUGAU
CCACUGGAGAAAACGUGUA
GGAGAACCAUAUACUCUUG
GAUUACGACCGCUGAGUUA
GAUGACCCCUCUACUAUUG
CGGAAUAUGUACCGACUGU
GAUCAAACGUGACAAGUUG
GACAGGAGCUUCUCAAUCA
CCAAACAUGUGGGCUAUUA
AAACUCAGCUGGCUACUAU
AAACAGAGCUGCCCAAUGA
CGACAUCGCUUUCAAAUUC
UCAAGGAAAUGCUGAAAUA
CAACAGGCCUUCACAACAA
GCUCAAAGAUGCCUUAAUA
GAAUUCCGAGUCUAAAGUA
GCUCGUCUGUUACGCCAAA
GAUUGAAAGUGUAGAACGU
AGAACUAUCUAAUUCGUUG
GUAACGGGAUGCCCAAGGA
GAGUGGCAGUGAUGGAUAU
UAUCAUACAUGGGAAGGUG
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Table 2: Short hairpin shRNA used in this study.
Name
Tiam2

Clone ID
Target Sequence
Hairpin Sequence
TRCN0000107210 GCCCTACTAAAGACATC- 5'-CCGG-GCCCTACTAAAGA-

sh-10

GAAA

CATCGAAA-CTCGAG-TTTCGAT-

Tiam2

CCACTTCAGAATGAGA-

GTCTTTAGTAGGGC-TTTTTG-3'
5'-CCGG-CCACTTCAGAATGAGA-

CCTTT

CCTTT-CTCGAG-AAAGGTCT-

CCTTTCTCACTTTA-

CATTCTGAAGTGG-TTTTTG-3'
5'-CCGG-CCTTTCTCACTTTA-

sh-12

AGAGTAA

AGAGTAA-CTCGAG-TTACTCT-

Tiam2

TAAAGTGAGAAAGG-TTTTTG-3'
CCCTTGACAGTCAGTCT- 5'-CCGG-CCCTTGACAGT-

TRCN0000107211

sh-11
Tiam2

TRCN0000107212

TRCN0000107213

GAAA

sh-13

CAGTCTGAAA-CTCGAGTTTCAGACTGACTGTCAAGGG-

CCTTTATTACGCGGAC-

TTTTTG-3'
5'-CCGG-CCTTTATTACGCGGAC-

sh-14

CACTT

CACTT-CTCGAG-AAGTGGTCC-

pLKO.1 TRCN0000208001

CCGGACACTCGAG-

GCGTAATAAAGG-TTTTTG-3'
N/A

Tiam2

TRCN0000107214

CACTTTTTG
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Tumor growth and Metastasis
Modified Boyden Chamber Transwell Invasion Assay
BD BioCoat Matrigel Invasion Chambers (24-well, 8-µm) (BD Biosciences, catalog#
354480) were rehydrated with 500 µL additive-free L-15 media in the upper and lower
chambers for 2 hours prior to the desired start time. MDA-MB-231 cells were trypsinized
in 400 µL trypsin for 5 minutes followed by the addition of 1 mL complete media and agitation by pipetting to disrupt cell aggregates. A 50 µL aliquot of cells was counted using a
Coulter counter (Beckman). Cells were pelleted in a clinical centrifuged for 4 minutes at
175 x g, and re-suspended in enough serum-free media to achieve a concentration of 4 x
105 cells/mL.

The medium remaining in the upper chamber of the transwell insert was carefully aspirated using a glass Pasteur pipette, leaving the hydrated Matrigel undisturbed. Inserts were
placed into a single well of the provided 24-well plate after the addition of 750 µL of complete medium. Into the top chamber, 500 µL of the re-suspended cells were pipetted, resulting in 2 x 105 cells total. The inserts were inspected for the presence of bubbles (removed
by pipetting), and then the complete plate was incubated overnight.

After 16 hours, the medium was carefully aspirated from both sides of the insert using
a Pasteur pipette, being careful not to touch the lower surface. Two cotton-tipped swabs
(Fisher, catalog# 23-400-119) were used to completely remove any remaining Matrigel
from the inner surface of the insert. Inserts were fixed for 10 minutes in neat methanol,
stained for 15 minutes (1% methylene blue, 1% sodium borate (w/v) in water), rinsed twice
in water and allowed to dry at room temperature.
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Imaging and quantification of invasion membranes
Cursory scans of the inserts were made by using a flatbed scanner and visually inspected
for artifacts. For accurate quantification, membranes were scanned using the 5x phasecontrast objective of a Zeiss Axiovert 200 equipped with a motorized stage controlled by
Axiovision v4.7 software. Mosaic images of the inserts were aligned and stitched together
automatically using the same software resulting in a single image of the entire insert (approximately 9000 pixels2). Quantification was performed using Metamorph software to
first convert the image to black and white using a single empirically determined threshold
value which yields an image where the area of an invaded cell is black and the background
is white. Then, the ratio of black-to-total pixels is calculated. A high number indicates
more invasion than a lower number. The amount of invasion is normalized by expression
as a percentage of control, which allows comparison between experiments.

Wound-Healing Scratch Assay
Cells are seeded in 6-well dishes at 2.5 x 105 for siRNA treatment, and 5 x 105 for stable
lines and allowed to reach confluence (usually after 3-4 days). In a tissue culture hood, the
cells are scratched using a P-10 pipette tip (0.5 µm) vertically across the entire diameter of
the well. The medium is then exchanged to remove floating debris. Cells are returned to
the incubator overnight, or imaged by time-lapse microscopy using a Zeiss Axiovert 200
equipped with a motorized stage and XL-3 incubator at 37% and appropriate CO2 levels.
The width of the wound was measured at zero and 18 hours using a 10x phase objective on
an Axiovert 200 microscope with Axiovision acquisition software.

Tumor Colony Formation Assay – Soft Agar
MDA-MB-231 cells stably expressing shRNA were counted using a coulter counter and
2 x 104 were suspended in 350 µL warm complete medium containing 0.4% bacto-agar.
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The total volume was carefully layered onto a bed of 350 µL 0.6% soft agar in the center
8 wells of a 24-well plate (Nunc). The outer wells were filled with sterile distilled water to
avoid edge effects. Medium was changed twice weekly. After 3 weeks, plates were stained
with MTT ([3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide) and colonies
larger than 0.5 µm were quantified using a Gelcount automated colony counter scanner
(Oxford Optronix).

FACS cell cycle analysis
Trypsinized cells were fixed in 70% ethanol at 4°C overnight. Cells were washed twice
with PBS, stained with a mixture of 0.2 mg/ml propidium iodide (Sigma, catalog# P4170),
0.2 mg/ml RNAase A (Qiagen, catalog# 19101), and 0.1% Triton X-100 (Sigma, catalog#
T8787). Samples were analyzed on a FACSCalibur (BD Biosciences) instrument by the
MSKCC flow cytometry core facility.

Molecular Biology
Table 3: DNA constructs shRNA used in this study.
Insert Name

Source

Vector

STEF-FL

M. Hoshino

pBabe-HA

STEF-∆N

M. Hoshino

pBabe-HA

STEF-PHnTSS

M. Hoshino

pBabe-HA

Tiam1

Open Biosystems

pCR-XL-TOPO

Tiam2

Open Biosystems

pCR-XL-TOPO

Tiam2

J. Smith

pBabe-HA

Tiam2-AB

J. Smitih

pBabe-HA

Tiam2-CD

J. Smith

pBabe-HA
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DNA agarose gel electrophoresis
0.8% agarose gels were prepared by mixing 800 mg agarose (Sigma) in 100 mL TAE (40
mM Tris-acetate, 1 mM EDTA pH 8) and boiling in a microwave oven. Ethidium bromide
(Sigma) was then added for a final concentration of 500 ng/mL and the gel was allowed
to polymerize for 45 minutes. 8x DNA loading buffer consisted of 50% glycerol (v/v),
0.1% bromophenol blue (w/v), and 0.1% xylene cyanol (w/v) and was mixed with DNA
samples to achieve 1x final loading dye concentration. Gels were run for approximately 1
hour at 120 V in TAE buffer with 1 ng/mL ethidium bromide until adequate separation was
achieved and the bands revealed using a UV transilluminator.

Site Directed Mutagenesis
Mutagenesis of cDNA was performed using overlap-extension two-step polymerase chain
reaction (PCR) using Phusion high-fidelity DNA polymerase (Finnzyme, catalog# F-530L).
Overlapping primers (50 pmol) (Integrated DNA Technologies) with the desired mutations
were designed to bidirectionally amplify the necessary fragment of template DNA (1 ng)
with a complimentary specific primer matching the opposite end of the desired region.
Samples were placed on an Eppendorf Mastercycler Gradient and cycled 30 times with the
following parameters: 10 seconds at 98°C, 30 seconds at 55-75°C annealing, 60 seconds at
72°C (with 30 second initial 98°C denaturation and final 10 minute 72°C elongation). The
full PCR reaction was loaded onto a 1% agarose gel, separated by electrophoresis (125 V,
45 mins), and purified using a QIAquick Gel Extraction Kit (Qiagen, catalog# 28706) following manufacturers directions using 20 µL sterile water for elution.

A second round of PCR was performed using 5 µL of each PCR product from the firstround reactions as template. The outermost primer sets are used in the same conditions as
the previous reaction resulting in a full-length product harboring the desired mutations.
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After purification as above and eluting in 30 µL sterile water, the fragment was directly
cloned into a shuttle vector for sequencing using a Zero Blunt® TOPO PCR Cloning Kit
(Invitrogen, catalog# K2830-20). The sequence was verified (MSKCC sequencing facility)
and then the insert was sub-cloned into the desired vector.

Sub-cloning was performed by digesting 15 µL of mini-prepped plasmid DNA in the Topo
vector with appropriate restriction enzymes (New England Biolabs). The destination vector was similarly digested and both were separated via agarose gel electrophoresis, gel
purified, and eluted in 20 µL sterile water. The insert and vector were ligated using 10 µL
Mighty Mix DNA Ligation Kit (TaKaRa, catalog# 6023) mixed with 7 µL insert and 3 µL
vector for 1 hour at 18 °C. After ligation, 10 µL of the reaction were used to transform 50
µL of Subcloning Efficiency DH5α competent E. coli (Invitrogen, catalog# 18265-017).

Plasmid DNA Purification & Quantification
Plasmid DNA was purified from E. coli using one of two methods. Small amounts (approximately 12 µg) were purified from 3 mL culture using the QIAprep Spin Miniprep
Kit (Qiagen, catalog# 27106). Large amounts (approximately 650 µg) were purified from
a 250 mL culture using the QIAfilter Plasmid Maxi Kit (Qiagen, catalog# 12263). DNA
was eluted in TE buffer and stored at 4°C. Quantification (A260) and quality (A260/A280)
were determined by UV spectroscopy using a NanoDrop 2000.

Quantitative PCR
Total cellular RNA was isolated from cells in each well of a 6-well dish using the RNAeasy
Mini kit (Qiagen, catalog# 74104) and QIAshredder columns (Qiagen, catalog# 79656)
following manufacturer instructions. SuperScript III One-Step RT-PCR kit (Invitrogen,
catalog# 12574-026) was used to perform reverse transcription-PCR using 200 ng RNA
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primed by random hexamers. Taqman reagents were used to perform quantitative PCR
using an Applied Biosystems 7500 Real-time PCR instrument in 384-well format (samples loaded in triplicate). TaqMan probes used were: Hs99999905_m1 amplifies GAPDH,
Hs00608460_m1 amplifies Tiam2 (long and short), and Hs01076261_m1 amplifies Tiam2
(long only).

Sequencing MDA-MB-231 endogenous Tiam2
Total cellular RNA was isolated as above and reverse transcribed by the Genomics Core
Lab (GCL) at MSKCC. Nine primer pairs were designed by Dr. Agnes Viale (GCL) to
amplify nine approximately 1000 bp of overlapping fragments of the Tiam2 transcript.
Fragments were amplified by PCR [98° 30 sec; 30x 98°C 10 sec, 64°C 30 sec, 72°C 1 min;
70°C 10 min, 4°C hold] and separated on a 1% agarose gel. Fragments of the predicted
size were directly sequenced by the MSKCC sequencing facility and SNPs identified by
comparison to reference sequence NM_012454.3.
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Table 4: Primer Pairs for Tiam2 Sequencing
Pair Name Primer Name
Set 1

Set 2

Set 3

Set 4

Set 5

Set 6

Set 7

Set 8

Set 9

Primer Sequence

Set 1 Top

CTGACGGAAGCACTAAAGGCAAT

Set 1 Bottom

TGGTGACGGATCTGCGCCT

Set 2 Top

AGAGTGACATCCTGAGCGATGAA

Set 2 Bottom

CTTATTTTCCTTTTACTATACAGCTTGG

Set 3 Top

GGCTCTGTGTATGAATGACAAGG

Set 3 Bottom

CCAGCGTTTTGATGAGCACTC

Set 4 Top

AACGCTGGGGAAGCTGGAT

Set 4 Bottom

TTCTATGTTCTCAGTGTTGGTCCT

Set 5 Top

GACTACTTTGACAGTCGCTCTGA

Set 5 Bottom

TTCTCAAGATTCTGCTCCCA

Set 6 Top

CAGAAGACAGCATAGTGCAGTCTG

Set 6 Bottom

GATCCCTACAGTAACTCCGTGA

Set 7 Top

GCATCTTGTCTGTTTCCTCTTTCCA

Set 7 Bottom

AGGAGGGGGCAGCAGACTCTT

Set 8 Top

AGGTGGATGAGCGTCAGCATC

Set 8 Bottom

CCAAAAAGTGACTCCATCTCATCT

Set 9 Top

TCATCCAGGAGCTTGTGGACA

Set 9 Bottom

TCAGAAGCTCTCCCATCGAAAGT
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Protein Biochemistry
Cell Lysate Preparation
Cells were rinse once in ice-cold PBS and lysed by scraping in ice-cold 100 µL buffer containing 150 mM NaCl, 50 mM Tris-base pH 8, 1% NP-40, 50 mM NaF, 0.1% SDS, 0.5%
sodium deoxycholate (Sigma), and Complete Protease Inhibitor cocktail (Roche, catalog#
11-836-153-001). Lysates were cleared by centrifugation at 28,000 x g for 5 minutes at
4°C. Protein concentration was determined using the DC Protein Assay Kit II (Bio-Rad,
catalog# 500-0112) and a Synergy 2 plate reader (BioTek) in 96-well format. For samples
that are probed with phospho-specific antibodies, the lysis buffer was supplemented with
β-Glycerophosphate (to 10 mM) and sodium orthovanadate (to 100 µM). After quantification, the soluble fraction was mixed with 6x LSB protein sample buffer (50 mM Tris-HCl
pH 6.8, 10% (v/v) glycerol, 2% (w/v) SDS, 100 mM DTT, 100 mM β-mercaptoethanol,
0.1% (w/v) bromophenol blue).

Western blot analysis
Lysates were loaded onto 3-8% NuPAGE Tris-Acetate gel system (Invitrogen) using TrisAcetate SDS Running Buffer and electrophoresed at 150 V for 60 minutes at room temperature. Following separation, gels were transferred onto nitrocellulose membrane (Whatman)
in a solution of NuPAGE transfer buffer (Invitrogen, catalog# NP00061) supplemented
with 10% methanol for 1 hour at 4°C under constant 400 mA current. Membranes were
briefly washed in water, followed by blocking with TBS (Fisher, catalog# BP2471-1) containing 0.1% Tween-20 (Sigma, catalog# P1379) and 1% (w/v) dry milk. Primary antibodies were incubated overnight at 4°C with TBS containing 0.1% Tween-20 (TBS-T) on
a rocking platform. Three washes in TBS-T (5 minutes each) preceded incubation with
HRP-conjugated secondary antibodies of appropriate species for 45 minutes at room temperature on an orbital shaker. Three more five minute TBS-T washes followed, and then
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a one minute rinse in pure distilled water to remove detergent. Proteins were revealed using ECL Western Blotting Detection Reagents (GE Healthcare, catalog# RPN2209) for all
proteins except Tiam2, which required SuperSignal West Dura extended duration substrate
(Thermo Scientific, catalog# 34076) for 1 minute and then exposing to Amersham Hyperfilm (GE Healthcare, catalog# 28906837).

GTPase Pulldown
The E. coli strain BL21 DE3 pLysS transformed with the plasmid pGEX-PAK CRIB was
grown overnight at 37°C in 100 ml Lysogeny broth (LB) containing 100 µg/mL ampicillin and 25 µg/mL chloramphenicol (Amp/Chlor) inside a shaking incubator. The next day,
50 mL of the culture was added to 450 mL LB and grown for 2 hours at 30°C. To induce
protein production, isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final
concentration of 0.5 mM for 5 hours. The bacteria was pelleted by centrifugation at 4700 x
g at 4°C in a conical tube (Corning, catalog# 430776), and supernatant removed by careful
decanting. Pellets were stored at -80°C after snap freezing in liquid nitrogen.

Pellets were thawed on ice and resuspended by vigorous pipetting in 20 mL GTLB I buffer
(50 mM Tris pH 8.0, 40 mM EDTA pH 8.0, 25% sucrose, 1 mM PMSF, Complete Protease
Inhibitors). Lysis was accomplished by addition of 8 mL GLTB II buffer (50 mM Tris pH
8.0, 100 mM MgCl2, 0.2% Triton X-100, 1 mM PMSF, Complete Protease Inhibitors) and
incubaton at 4°C for 10 minutes with rotation. Genomic DNA was sheared by sonication
in a ice water bath using short (3-5 second) pulses separated by 30 seconds of rest to allow
cooling until the solution was no longer viscous but before becoming opaque. Lysates were
clarified by centrifugation in an Oak Ridge Tube (Nalgene, catalog# 3119-0050) at 12,000
x g at 4°C for 45 minutes. The supernatant was carefully pipetted without disturbing the
pellet into a clean 50 mL conical tube containing 1 mL glutathione agarose beads (Sigma,
catalog# G4510) (50% slurry in water) and rotated at 4°C for 1 hour to bind GST-PAK
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CRIB. Beads were then washed four times in 5 mL wash buffer (50 mM Tris pH 7.6, 50
mM NaCl, 5 mM MgCl2, 1 mM PMSF, Complete Protease Inhibitors) and resuspended in
1 mL wash buffer supplemented with 25% glycerol. 100 µL aliquots were stored at -80°C.

Stably transfected MDA-MB-231 cells were seeded at 2.5 x 105 cells/well in 6-well dishes,
and starved in serum-free media for 48 hours. Cells were treated with 100 ng/mL EGF in
pre-warmed serum-free medium for 4 minutes and then immediately rinsed with ice-cold
TBS on ice followed by addition of 500 µL lysis buffer (50 mM Tris pH 7.6, 1% Triton
X-100, 0.5% Na-DOC, 0.1% SDS, 500 mM NaCl, 50 mM MgCl2, 1 mM PMSF, Complete
protease inhibitors). Cells were gently scraped and lysates were cleared by centrifugation
at 28,000 x g for 5 minutes at 4°C. A 25 µL aliquot is removed and 6x LSB added to serve
as 5% input. The remainder of the lysate was added to a 5 µL aliquot of the previously prepared GST-PAK CRIB beads and incubated on a rotator at 4°C for 40 minutes. The beads
were washed four times with 1 mL wash buffer (50 mM Tris pH 7.6, 1% Triton X-100, 500
mM NaCl, 50 mM MgCl2, 1 mM PMSF, Complete Protease Inhibitors) on ice, and then
pelleted at 900 x g at 4°C for 2 minutes. Finally, 25 µL 2x LSB was added to the beads and
then boiled for 5 minutes and analyzed by western blot using a 4-12% Bis-Tris gel using
MES running buffer (Invitrogen, catalog# NP0002). [167]
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Table 5: Antibodies used in this study All primary antibodies used for western blot
analysis and immunofluorescence microscopy are listed with working concentrations.
In some cases the concentration is not known, and the working dilution is given. Poly:
polyclonal. WB: western blot.

Antibody

Host

Clone

Source

Catalog #

Stock (µg/mL)

WB Dilution (µg/mL)

α-tubulin

rat

YL1/2

Serotec

MCA77S

n/a

0.736111111

HA

rat

3F10

Roche

1867423

100

0.1

Cdc42

mouse

44

BD Transduction 610929

250

0.25

RhoA/C

rabbit

poly

Santa Cruz

sc-179

200

1

Rac

mouse

23A8

GeneTex

GTX13048

50

0.1

β-actin

mouse

AC-74

Sigma

A5316

1700

0.085

ITSN2

mouse

poly

Abnova

H00050618-A01

n/a

1:1000

Tiam1

rabbit

poly

Santa Cruz

sc-872

200

0.2

Dock5

rabbit

poly

Hall Lab

n/a

Tiam2

rabbit

poly

Sigma Prestige

HPA013903

110

0.073

Fam13a

rabbit

poly

Sigma Prestige

HPA038109

250

0.25

Dbs

mouse

poly

Abnova

H00023263-M01

1000

0.5

1:1000
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Mouse Xenograft
All animals were maintained under the care and supervision of the MSKCC Research Animal Resource Center (RARC) and all work adhered to the proper IACUC protocols.

Tumor Cell Injections
Virgin Female NOD.CB17-Prkdcscid/NcrCrl (NOD/SCID) mice were used for orthotopic
tumor injection at 5 weeks old (Charles River, strain code 394). MDA-MB-231 cells stably
expressing Tiam2 shRNA or non-targeting control were grown in 15 cm plates (Nunc).
Next, cells were trypsinized and pelleted at 125 x g for 5 minutes in a conical tube. Cells
were resuspended in 5 mL PBS, counted using a Coulter counter, pelleted again, and resuspended in enough cold sterile PBS to reach 4 x 107 cells/mL. Mice were anesthetized
using 100 mg/mL ketamine in sterile PBS, allowing the mammary fat pad to be exposed via
incision with sterile scissors. Immediately prior to injection, an equal volume of Matrigel
was added to the cells and 40 µL of the resulting mixture was injected bilaterally into the
posterior fat pad using a 20G needle resulting in 2 injections per mouse of 8 x 105 cells
per mammary fat pad. The wound was closed using 7 mm metal clips (Alzet, catalog#
0009972), and the mice were monitored until regaining consciousness and again after 24
hours.
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Tumor Proliferation
Mice were monitored weekly for the presence of tumors by palpation. After 11 weeks,
animals were sacrificed by asphyxiation under CO2 for 5 minutes and the tumors were dissected, photographed, and weighed. Additionally, the lungs were dissected to inspect for
evidence of metastasis. A small portion of the tumor was separated using a scalpel and used
to generate tumor derived cell lines. The lungs and remainder of the tumor were rinsed
in PBS, fixed overnight in 4% PFA (paraformaldehyde) in PBS on a rotator at 4°C, then
washed twice again in PBS and stored in 70% ethanol at 4°C.

Tumor Derived Cell Lines
A small portion of the tumor (approximately 0.2 g) was minced in a tissue culture hood using sterile scalpels in a 10 cm tissue culture dish (Nunc) and transferred to a 50 mL conical
tube. Tissues were digested in 5 mL DMEM containing 15 units Collagenase 3 (Worthington Biochemical, catalog# CLS-3) and 20 units Liberase (Roche, catalog# 05401119001)
for 3 hours at 37°C in a humidified incubator. Digested tissue was pipetted vigorously, then
pressed through a 40 µm cell strainer (BD Falcon, catalog# 352340) with a cell scraper
(Costar, catalog# 3008) into a 10 cm dish. Complete DMEM was added to a volume of 10
mL and the cells incubated overnight at 37°C in a humid atmosphere of 5% CO2. Medium
was exchanged daily for 3 days at which time cells were cultured as MDA-MB-231 cells
and switched to complete L-15 media with appropriate culture conditions.
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Chapter 3: RNAi Screens to Identify Rho GEFs and
GAPs Required for Breast Cancer cell Invasion
Overview
Metastatic spreading of cancer cells from the site of formation into the surrounding tissue
and the rest of the body is the major cause of cancer-related deaths. Understanding the
invasive process that cancer cells use to disseminate into the body is critical in designing
new therapies to prevent metastasis. Rho GTPases play a central role in regulating the
cytoskeletal reorganization necessary for cancer cells to successfully intravasate from the
primary tumor into the circulatory system, eventually extravasating into a new metastatic
niche. The aim of this project was to elucidate the upstream regulators that mediate Rhofamily dependent invasion, and to gain mechanistic insight into the process of invasion.
A cell culture system allows for straightforward manipulation of the molecular regulators
of Rho GTPases and provides a relatively straightforward assay to evaluate the invasive
capacity of different cell types. In this study, a modified Boyden chamber system is used to
model breast cancer invasion to identify which Rho family GEFs and GAPs are necessary
for invasion.

MDA-MB-231 Cells model breast cancer cell invasion
MDA-MB-231 cells were isolated from an epithelial breast adenocarcinoma in 1973 from
the pleural effusion of a 51-year-old Caucasian female at MD Anderson Cancer Center.
[168] These cells are basal-type triple-negative (ER/PR/Her2) and harbor an activating
K-Ras mutation. Furthermore, they are highly invasive both in vitro and in vivo, making
them a suitable model in which to perform a loss-of-function screen for regulators of invasion. [169, 170] In contrast, most other breast cancer cell lines form tumors when studied
in vivo, but do not exhibit invasive behavior in vitro. For these reasons, and because they
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can be efficiently transfected with siRNA, I chose this cell line to perform a siRNA based
screen to study the role of Rho family GTPases and their associated GEF and GAP regulators in breast cancer cell invasion.

Screening of GTPases
The Rho family small GTPases are major regulators of the actin cytoskeleton. The three
best studied members, RhoA, Rac1, and Cdc42, control actin rearrangement that mediates changes in cell shape, size, polarity, and migratory capacity. [13, 85, 90] To explore
whether these GTPases are required for MDA-MB-231 cells to maintain invasiveness,
RNAi was used to deplete endogenous proteins and the effects on invasion through Matrigel determined using a modified Boyden chamber. Cells were transfected overnight at low
density with siRNA SMARTpools targeting RhoA, RhoC, Rac1, or Cdc42. After 96 hours,
cells were loaded on top of a layer of Matrigel in serum-free medium inside an invasion
chamber and allowed to invade toward the lower chamber, which was filled with medium
containing serum as a chemoattractant. After 16 hours, cells that had invaded through the
chamber were fixed, stained, and the amount of invasion determined qualitatively by scanning, or quantitatively by microscopy (see materials and methods).

Rho: Depletion of RhoA protein by the siRNA SMARTpool reduced the ability of cells to
invade through Matrigel to 25% of the level of the siGLO control (Figure 4). Western blot
analysis revealed that the RNAi successfully lowered the levels of endogenous RhoA protein (Figure 4, Panel B). Cells treated with the siRNA SMARTpool targeting RhoC reduced
invasiveness only modestly to 75% of control levels. Unfortunately, the level of RhoC
protein remaining after treatment with siRNA could not be determined since unlike RhoA,
no antibody is available specifically for this isoform. Surprisingly, depletion of RhoC appears to reduce the level RhoA. This observation could indicate that the RhoA antibody
cross-reacts with RhoC, or that the RhoC siRNA SMARTpool also targets RhoA due to
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the high level of sequence identity in the corresponding mRNAs. Curiously, transfection
with RhoA siRNA SMARTpool caused a moderate depletion of Cdc42 (and vice versa) as
demonstrated by western blot (Figure 4, Panel B). One explanation for this may be linked
to RhoGDI, which interacts with all Rho GTPases. [171] Overexpression of one GTPase
has been reported to result in degradation of other GTPases by competing for a limited
amount of RhoGDI. However, this could not account for the results observed after depletion of a GTPase. Perhaps the decrease in GTPase levels was due to an off-target effect of
the siRNA, or other factors that affect the relative levels of Rho family GTPases.

Rac: Transfection of MDA-MB-231 cells with a siRNA SMARTpool targeting Rac1 did
not significantly reduce the number of cells that invaded through Matrigel. However, western blots showed no change in the level of total endogenous Rac protein (Figure 4). Repeat
experiments with different siRNA reagents were also unable to effectively reduce Rac
levels. The study of Rac is further confounded by the lack of antibodies specific for each
of the three known isoforms.

Cdc42: Depletion of Cdc42 protein by a siRNA SMARTpool reduced the ability of MDAMB-231 cells to invade through Matrigel to <5% of the level of siGLO control (Figure 4).
Western blot analysis revealed that protein levels were strongly reduced compared to the
siGLO control (Figure 4, Panel B). This clear reduction in both protein level and number
of invaded cells suggests that Cdc42 may play an important role in controlling invasion
in MDA-MB-231 cells. To test whether this phenotype is due to the specific depletion of
Cdc42, each of the siRNA duplexes comprising the SMARTpool was individually transfected into cells and then assayed for invasiveness and protein expression (Figure 5). All
four of the individual duplexes caused a significant reduction in the number of invading
cells in addition to nearly complete depletion of endogenous protein. All four duplexes,
each targeting a unique sequence in Cdc42 mRNA, reduced both protein levels and num44

ber of cells invaded, supporting a role for Cdc42 in MDA-MB-231 cell invasion. Since the
Cdc42 phenotype is robust, it was used in subsequent experiments as a positive control for
inhibition of invasion when screening for GEFs and GAPs that potentially regulate invasion in MDA-MB-231 cells.
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Figure 4: Rho GTPase depletion inhibit invasion
MDA-MB-231 cells were transfected with indicated SMARTpool siRNA or siGLO positive control. (A) Quantitation of scanned invasion filters expressed as a percentage of siGLO control. (C)
siRNA depleted MDA-MB-231 cells were lysed analyzed by western blot with the indicated antibodies. Left to right, loaded samples are siGLO, RhoA, RhoC, Cdc42, and Rac1.
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Figure 5: Cdc42 depletion inhibits invasion
MDA-MB-231 cells were transfected with indicated siRNAs and control (+) siGLO. (A) Invasion filter scans of MDA-MB-231 cells after invasion through matrigel for 16 hours. Filters were
fixed and stained with methylene blue. (B) Quantification of 3 invasion experiments. (C) siRNA
depleted MDA-MB-231 cells were lysed analyzed by western blot with the indicated antibodies.
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Table 6: GEF siRNAs screened in this study
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

Name
SWAP70
SGEF
PREX1
GEFT
ARHGEF16
ARHGEF10L
FGD6
DNMBP
MCF2
MCF2L
DOCK4
DOCK5
DOCK6
DOCK7
DOCK8
NGEF
FGD2
SPATA13
MCF2L2
DEF6
FGD4
ARHGEF19
FGD3
DOCK10
PLEKHG5
DOCK9
AKAP13
LOC351864
ECT2
FARP1
FARP2
ABR
ALS2
ARHGEF3
ARHGEF4
ARHGEF10
ARHGEF15

Accession #
NM_015055
NM_015595
NM_020820
NM_133483
NM_014448
NM_018125
XM_370702
NM_015221
NM_005369
NM_024979
NM_014705
NM_024940
NM_020812
NM_033407
NM_203447
NM_019850
NM_173558
NM_153023
NM_015078
NM_022047
NM_139241
NM_153213
NM_033086
XM_371595
NM_020631
NM_015296
NM_006738
XM_302177
NM_018098
NM_005766
XM_376193
NM_001092
NM_020919
NM_019555
NM_015320
NM_014629
NM_173728
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Alternative Name(s)
ARHGEF26
p63 RhoGEF
NBR, neuroblastoma
GrinchGEF
Tuba
Dbl
Dbs, ARHGEF14

Ephexin
Asef2
IBP
Frabin

Lbc
*removed*

CDEP
FRG
Alsin
Asef
Vsm-RhoGEF

#
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

Name
BCR
PLEKHG2
DOCK1
DOCK2
DOCK3
PLEKHG6
NET1
ARHGEF39
ARHGEF38
ITSN1
ITSN2
ARHGEF12
ARHGEF2
Obscurin
ARHGEF18
ARHGEF1
ARHGEF17
ARHGEF11
ARHGEF9
ARHGEF6
ARHGEF7
RASGRF1
RASGRF2
SOS1
SOS2
TIAM1
TIAM2
ARHGEF5
TRIO
VAV1
VAV2
VAV3
FGD5
PLEKHG1
RGNEF
ARHGEF40
PLEKHG4B
PLEKHG7

Accession #
NM_004327
NM_022835
NM_001380
NM_004946
NM_004947
NM_018173
NM_005863
NM_032818
NM_017700
NM_003024
NM_006277
NM_015313
NM_004723
XM_290923
NM_015318
NM_004706
NM_014786
NM_014784
XM_377014
NM_004840
NM_003899
NM_002891
NM_006909
NM_005633
NM_006939
NM_003253
NM_012454
NM_005435
NM_007118
NM_005428
NM_003371
NM_006113
XM_371619
XM_027307
XM_371755
XM_370737
NM_052909
NM_001004330
49

Alternative Name(s)
Clg
DOCK180

Intersectin1
Intersectin2
Larg
GEF-H1
p114-RhoGEF
p115-RhoGEF
p116-RhoGEF
PDZ-RhoGEF
Collybistin, h-PEM2
α-PIX
β-PIX

TIM

p190-RhoGEF
SOLO

#
76
77
78
79
80
81
82

Name
LOC401147
ECT2L
DOCK11
FGD1
KALRN
PLEKHG4
PLEKHG3

Accession #
XM_376334
XM_294019
NM_144658
NM_004463
NM_003947
NM_015432
NM_015549
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Alternative Name(s)
*removed*
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Figure 6: GEF Screen Results
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Invasion (Arbitrary Units)

Screening of GEFs
To identify regulators of Rho family GTPases required for invasion, I screened a library of
siRNA SMARTpools targeting the 82 known human GEFs. Each SMARTpool was transfected into MDA-MB-231 cells and were incubated for 4 days, before being assayed for
invasive capacity using a modified Boyden chamber coated with Matrigel. Cdc42 was
used as a positive control and siGLO was used both as a negative control and as a marker
of transfection efficiency (Figure 6). To select candidates that have a strong effect on invasion, the threshold for an “inhibition of invasion” phenotype was set at 10% of siGLO
control (double the invasion of the Cdc42 positive control), which identified nine potential
candidates: Tiam2, Dbs, DOCK4, Fgd6, Fgd2, Fgd4, RGNEF, ITSN2, and ARHGEF19.
These initial candidates were subjected to a second round of screening to confirm the initial
result.
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Figure 7: GEF Screen Confirmation – ITSN2
MDA-MB-231 cells were transfected with indicated siRNAs and control (+) siGLO. (A) Representative invasion filter scans of MDA-MB-231 cells after invasion through Matrigel for 16 hours.
Filters were fixed and stained with methylene blue before scanning. (B) siRNA depleted MDAMB-231 cells were lysed analyzed by western blot with the indicated antibodies.
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ITSN2: The siRNA SMARTpool #48, targeting Intersectin 2 (ITSN2), strongly inhibited
invasion in the initial GEF screen. To confirm the specificity of this result, the four individual duplexes comprising the SMARTpool were individually transfected into MDAMB-231 cells (Figure 7). Three duplexes (#2, #3, and #4) were able to strongly inhibit
invasion, while treatment with duplex #1 showed no difference from the control siGLO.
Western blot analysis revealed that all four duplexes reduced the level of the 140 and 180
kDa isoforms of ITSN2 to similar levels. Concurrent work by a colleague also cast doubt
on the specificity of this siRNA, raising additional concerns that these effects may not be
due to specific effects of ITSN2 protein. Due to a lack of correlation between protein level
and invasiveness, in addition to the above concerns and the availability of more promising
candidates, further investigation of this protein was discontinued.
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Figure 8: GEF Screen Confirmation – RGNEF
MDA-MB-231 cells were transfected with indicated siRNAs and control (+) siGLO. (A) Representative invasion filter scans of MDA-MB-231 cells after invasion through Matrigel for 16 hours.
Filters were fixed and stained with methylene blue before scanning. (B) siRNA depleted MDAMB-231 cells were lysed analyzed by western blot with the indicated antibodies.
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RGNEF: The siRNA SMARTpool #72, targeting RGNEF, inhibited invasion in the initial
GEF screen. To confirm the specificity of this result, the four individual siRNA duplexes
comprising the SMARTpool were individually transfected into MDA-MB-231 cells (Figure 8). Western blot analysis showed that all four duplexes were able to deplete the endogenous 192 kDa protein almost completely. However, only duplexes #2 and #4 were able to
inhibit invasion to a level similar to the SMARTpool. Duplexes #1 and #3 showed a level
of invasion similar to siGLO control. Since the protein levels did not correlate with inhibition of invasion, this candidate was deemed a false positive and excluded from further
investigation.
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Figure 9: GEF Screen Confirmation – Dbs
MDA-MB-231 cells were transfected with indicated siRNAs and control (+) siGLO. (A) Invasion
filter scans of MDA-MB-231 cells after invasion through Matrigel for 16 hours. Filters were fixed
and stained with methylene blue before scanning. (B) siRNA depleted MDA-MB-231 cells were
lysed analyzed by western blot with the indicated antibodies.
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Dbs: The siRNA SMARTpool #10, targeting Dbs (MCF2L) strongly inhibited invasion in
the initial GEF screen. To confirm the specificity of this result, the four individual siRNA
duplexes comprising the SMARTpool were transfected into MDA-MB-231 cells (Figure
9). Only duplex #4 was able to inhibit invasion to a level similar to the SMARTpool,
while the other duplexes (#1, #2, #3) showed a level of invasion similar to siGLO control.
Western blot analysis failed to reveal any protein band of the predicted size (128 kDa),
and showed no differences in staining pattern. The inhibition of invasion by duplex #4
was could be a nonspecific effect although it is possible that the antibody was not sensitive
enough, or the level of expression was undetectable. Since no antibody was available to
correlate protein knockdown to the invasion phenotype and three duplexes had no effect on
invasion, this candidate was excluded from further pursuit.
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Figure 10: GEF Screen Confirmation – DOCK5
MDA-MB-231 cells were transfected with indicated siRNAs and control (+) siGLO. (A) Representative invasion filter scans of MDA-MB-231 cells after invasion through Matrigel for 16 hours.
Filters were fixed and stained with methylene blue before scanning. (B) siRNA depleted MDAMB-231 cells were lysed analyzed by western blot with the indicated antibodies.
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DOCK5: The siRNA SMARTpool #12, targeting DOCK5, strongly inhibited invasion in
the original screen. To confirm the specificity of this result, the four individual siRNA
duplexes comprising the SMARTpool were individually transfected into MDA-MB-231
cells (Figure 10). Western blot analysis revealed that all four duplexes were able to deplete
the endogenous 215 kDa protein to varying degrees. Of the four duplexes, only one (#3)
strongly inhibited invasion. Also, the SMARTpool siRNA only slightly reduced invasion
despite effective protein depletion. These data could suggest that a very strong knockdown
of the protein is necessary to induce a phenotype, or that the effect of duplex 3 is nonspecific. Since the protein levels did not correlate with the inhibition of invasion, and three
duplexes had only a weak effect on invasion, DOCK5 was excluded from further investigation.
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Figure 11: GEF Screen Confirmation – Fgd6
MDA-MB-231 cells were transfected with indicated siRNAs and control (+) siGLO. Invasion filter
scans of MDA-MB-231 cells after invasion through Matrigel for 16 hours. Filters were fixed and
stained with methylene blue before scanning.
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Fgd6: The siRNA SMARTpool #7, targeting Fgd6, was able to inhibit invasion by ~90% in
the original screen. To confirm the specificity of this result, the four individual siRNA duplexes comprising the SMARTpool were individually transfected into MDA-MB-231 cells
(Figure 11). Duplex #4 had no effect on invasion, while duplexes #1-3 showed a modest
inhibition of invasion. None were as effective as the SMARTpool reagent. Unfortunately,
no antibody was commercially available to detect Fgd6 preventing the determination of
protein expression level. Since only the SMARTpool reagent is able to robustly inhibit
invasion, this candidate was excluded from further investigation.
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Figure 12: GEF Screen Confirmation – Tiam2
MDA-MB-231 cells were transfected with indicated siRNAs and control (+) siGLO. (A) Representative invasion filter scans of MDA-MB-231 cells after invasion through Matrigel for 16 hours.
Filters were fixed and stained with methylene blue before scanning. (B) Quantification of 3 invasion experiments. (C) siRNA depleted MDA-MB-231 cells were lysed analyzed by western blot
with the indicated antibodies.
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Table 7: Rho GAPs screened in this study.
Number Group
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

1A
2A
2B
1B
1C
1C
1D
2C
2D
2E
2F
2G
2F
2G
2G
2B
2C
1D
2I
1E
2A
1C
2J
2C
1F
2K
2K
2K
2L
2L
1G
1G
2M
1H
1I
1J
2B
2H
2I

Name
7H3
ARHGAP1
ARHGAP10
ARHGAP11A
ARHGAP12
ARHGAP15
ARHGAP17
ARHGAP18
ARHGAP19
ARHGAP20
ARHGAP21
ARHGAP22
ARHGAP23
ARHGAP24
ARHGAP25
ARHGAP26
ARHGAP28
ARHGAP4
ARHGAP5
ARHGAP6
ARHGAP8
ARHGAP9
BNIP2
C5ORF5
CDGAP
CENTD1
CENTD2
CENTD3
CHN1
CHN2
DEPDC1
DEPDC1B
DLC1
FKSG42
SYDE2
ARHGAP36
FLJ32810
GMIP
GRLF1

Accession #
NM_033025
NM_004308
NM_024605
NM_014783
NM_018287
NM_018460
NM_018054
NM_033515
NM_032900
NM_020809
NM_020824
NM_021226
XM_290799
NM_031305
NM_014882
NM_015071
NM_030672
NM_001666
NM_001173
NM_001174
NM_001017526
NM_032496
NM_004330
NM_016603
NM_020754
NM_015230
NM_015242
NM_022481
NM_001822
NM_004067
NM_017779
NM_018369
NM_006094
NM_032032
XM_086186
NM_144967
XM_370651
NM_016573
NM_004491
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Alternative Name(s)
SYDE1
GRAF2

RICH1

GRAF

ARAP2
ARAP1
ARAP3
Chimaerin-1
Chimaerin-2

STARD12, p112-RhoGAP

*removed*
p190-RhoGAP

Number Group
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

2H
2N
1K
1L
1M
1M
1N
1O
1P
2O
2O
2N
2B
2H
2P
2P
1Q
1R
1S
1D
1T
1U
1U
1U
2M
2M
1V

Name
HA-1
INPP5B
ARHGAP44
ARHGAP39
ARHGAP27
ARHGAP30
LOC285101
ARHGAP40
Fam13a
MYO9A
MYO9B
OCRL
OPHN1
PARG1
PIK3R1
PIK3R2
RACGAP1
RALBP1
RICS
SH3BP1
SNX26
SRGAP1
SRGAP2
SRGAP3
STARD13
STARD8
TAGAP

Accession #
NM_012292
NM_005540
NM_014859
NM_025251
NM_199282
NM_181720
XM_210411
XM_293123
XM_371697
NM_006901
NM_004145
NM_000276
NM_002547
NM_004815
NM_181504
NM_005027
NM_013277
NM_006788
NM_014715
NM_018957
NM_052948
NM_020762
NM_015326
NM_014850
NM_052851
NM_014725
NM_054114

65

Alternative Name(s)

*removed*

INPP5F
ARHGAP29
p85-alpha
p85-beta
Mgc-RacGAP
GRIT, p200-RhoGAP
TCGAP

DLC2
DLC3

Tiam2: The siRNA SMARTpool #64, targeting Tiam2, inhibited invasion by more than
95% of control. To confirm the specificity of this result, the four individual siRNA duplexes
comprising the SMARTpool were individually transfected into MDA-MB-231 cells (Figure 12). Two of the four duplexes (#1 and #3) inhibited invasion to the same level as the
SMARTpool. Duplex #2 inhibited invasion to nearly 50% of control, while duplex #4 was
similar to siGLO control. Western blots analysis showed that duplexes #1 and #3 reduced
Tiam2 protein levels to a similar level as the SMARTpool. Duplex #4 was least effective
at reducing protein levels, which correlates to the lack of inhibition of invasion. Curiously,
duplex #2 was the most effective at reducing Tiam2 protein levels while only moderately
inhibiting invasion. These data were encouraging, although the levels of protein depleted
did not correlate perfectly with the extent of invasion. Thus, although duplex #2 showed
the lowest level of protein after transfection, it induced a modest phenotype; nevertheless,
since Tiam2 depletion was broadly associated with inhibition of invasion, this candidate
was subjected to further investigation.

Fgd2, Fgd4, and ARHGEF19 antibodies were not available, and these candidates were not
pursued further.
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Figure 13: GAP Screen Results
MDA-MB-231 cells were transfected with indicated group of siRNAs (see Table of GAPs) with
and control (–) Cdc42 and (+) siGLO. (A) Quantitation of scanned invasion filters. Red line is
threshold to consider as a hit, Green line is the siGLO control for full invasion. (B) Potential hits
were repeated, and the invasion filters fixed and stained with methylene blue and scanned.
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Screening of GAPs
To identify negative regulators of Rho family GTPases that might influence invasion, I
screened a library of siRNA SMARTpools targeting the 66 known human GAPs in MDAMB-231 cells. This screen was essentially performed as described for the GEFs, except
that SMARTpools targeting related proteins were grouped together based on homology,
prior to transfection to reduce the likelihood of false negative results due to functional redundancy. The transfection concentration of siRNAs was maintained at 50 nM, resulting in
lower concentration of each individual siRNA. Seven potential candidates: ARHGAP19,
ARHGAP20, ARHGAP1 + ARHGAP8, BNIP2, FKSG42, and TAGAP reduced the level
of invasion to 10% or less of the control level (Figure 13). These candidates were prioritized based on published literature and the availability of reagents. The initial candidates
were subjected to a second round of screening to confirm the initial result. The results of
the repeated screen revealed that none of the hits were reproducible.
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Discussion
The work presented in this chapter utilized siRNA-based screening methods to identify
Rho family GTPases, and their positive and negative regulators, which regulate breast
cancer cell invasion.

GTPases
Surprisingly, depletion of Rac1, which is thought to be important for membrane protrusion,
had no effect on invasion in this cell line (Figure 4). One reason for this could be functional
redundancy among the three Rac isoforms. This poses a problem experimentally, as current antibodies are unable to distinguish between endogenous Rac1 and Rac3. Even though
Rac 2 is normally expressed only in hematopoietic cells, it could potentially be expressed
in cancer cells due to aberrant gene regulation. Quantitative RT-PCR could be used to determine which isoforms of Rac are expressed at the mRNA level in MDA-MB-231 cells,
but protein stability and turnover may cause the protein levels to be different from that of
the message. It may be possible to study the effects of Rac on invasion by depleting all
isoforms of Rac, either by using multiple siRNAs or a single siRNA targeting all isoforms.
The results of this approach may be difficult to interpret if incomplete knockdown was
achieved, although qRT-PCR might offer some insight. Alternatively, a dominant negative Rac mutant (N17) could have been expressed which would have interfered with the
function of all Rac isoforms. Finally, MDA-MB-231 cells may utilize a Rac-independent
method of cell invasion, or may be capable of switching between methods of invasion that
would not be detected using the Boyden chamber assay.

Depletion of RhoA reduced the invasive capacity of MDA-MB-231 cells moderately (25%
of control levels)(Figure 4). This result was not confirmed with multiple siRNAs, but would
be consistent with the known functions of RhoA in cell migration. [90, 92, 125] RhoA is
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known to regulate cell contractility and membrane protrusion important for amoeboid cell
migration. It is also important for mesenchymal migration where it controls the retraction
of the trailing edge of the cell body. [13, 122, 172] The level of invasion observed could
be explained by functional redundancy between Rho isoforms, incomplete depletion of
RhoA protein, or the existence of redundant mechanisms of invasion. Similar strategies as
proposed for the study of Rac (see above) could also be used here to further elucidate the
role of Rho in MDA-MB-231 cell invasion.

Cdc42 depletion strongly reduced the invasive capacity of MDA-MB-231 cells using
multiple siRNA reagents (Figure 5). [12, 16, 99, 114, 173] Cdc42 activation induces filopodia formation, which can initiate cell migration. Cdc42 regulates actin polymerization
through its effector protein N-WASP/WASP, which in turn activates Arp2/3 to stimulate
actin branching and increased polarization. Cdc42 controls polarity during cell migration
through recruitment of the Par3/Par6/aPKC complex. [174-176] Activation of this complex
has been show to induce membrane ruffling by Rac and Cdc42 activation at the leading
edge through binding of PDZ and CRIB motifs. [175] Interfering with either polarization
or cytoskeleton reorganization could prevent cell migration in the modified Boyden chamber assay.

Since RhoA and Cdc42 were identified as regulators of cell invasion, and other GTPases
may also contribute, I set out to identify the specific GEFs that activate Rho family GTPases in this context.

GEF Screen
In order to study how Rho Family GTPases affect breast cancer cell invasion, I screened
a library of SMARTpool siRNAs using a modified Boyden chamber assay. Because GEFs
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are activators of GTPase function, and active GTPases promote migration, the screen was
designed to identify genes that would interfere with, rather than promote, invasion.

Since GEF activity could potentially affect cell proliferation as well as invasion, the invasion assay was optimized for the minimal time to invade, 16 hours, to reduce the contribution of proliferation to the observed phenotype. This is less than the 28-hour doubling time
for MDA-MB-231 cells, so the contribution of daughter cells invading through Matrigel
should be minimal but, but not completely avoided. One limitation of this screen is that
it cannot distinguish between methods of cellular invasion. It is known that some cancer
cells can sometimes switch between mesenchymal and amoeboid modes of invasion, so if
depleting a GEF caused cells to switch invasion types it would not be recognized in this
end-point assay. [74] The method of cellular invasion could be studied using time-lapse
microscopy.

Another weakness, as mentioned earlier in the case of Cdc42, is that disruption of cell
polarity could inhibit directional cell invasion. Without the ability to persistently sense direction, cells would fail to migrate directionally, and would therefore appear not to invade.
This would increase the number of candidate GEFs that regulate invasion, but since either
phenotype is of equal interest this was not felt to be a problem at this stage.

GEF Screen Results
The first step after identifying potential candidates in the GEF screen was to confirm that
inhibition of invasion was specifically related to depletion of the indicated protein. The
primary method used to improve confidence that siRNA effects are specific is to use multiple siRNA duplexes that target non-overlapping regions of the mRNA sequence. [177]
The observed phenotype should correspond to the level of protein knockdown achieved,
keeping in mind that certain proteins may require a minimal threshold level to be reached
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before any phenotype is revealed. [178] RNAi prediction algorithms suggest that unique
siRNA duplexes are unlikely to have similar off-target effects even when targeted against
the same protein. Mixtures of siRNAs at low concentrations should allow for robust depletion of the specific target protein and mitigate off-target effects. This was the rationale for
using SMARTpool mixtures of siRNAs in the original screen of Rho GEFs.

Transfection of individual siRNA duplexes comprising the SMARTpool for each of the
GEF candidates allowed us to correlate protein level with the amount of invasion. Candidates were excluded from consideration when western blot analysis revealed no clear
correlation between the level of protein present and the amount of residual invasion. For
a complex phenotype like invasion, the use of siRNA SMARTpools in the initial round of
screening may not be ideal. Such a complex phenotype may be sensitive to the disruption
of many cellular processes, such that multiple siRNAs could increase the chance that an
off-target effect would yield a false positive.

In addition, the duplex nature of siRNA results in both the targeting strand and the guide
strand being incorporated into the silencing complex, potentially increasing the possibility of off-target effects. Chemical modifications to the guide strand have been shown to
reduce the number of off target effects by interfering with its proper binding to the RISC
complex. [179] This technology was only beginning to be offered commercially during
the time when the library was purchased. Another concern when introducing exogenous
siRNA duplexes is that they may interfere with the endogenously expressed small RNA
molecules that regulate gene expression. In this case, transfection of siRNA can disrupt
endogenous microRNAs from the RISC complex, resulting in re-expression of previously
degraded transcripts.[180] For this reason, it is important to transfect cells at the lowest
siRNA concentration that achieves sufficient target protein depletion.
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GAP Screen
After identifying one potential positive regulator of Rho GTPase signaling in breast cancer cells, I investigated the role of Rho GAPs in cancer invasion. One consideration when
performing the GAP screen using the siRNA SMARTpool library was to try and limit the
number of false negatives identified as compared to the GEF screen. To avoid the possibility that structurally related GAPs might be functionally redundant, I grouped highly related
GAPs together before transfection (Table 7). By grouping related GAP siRNAs such that
related proteins were simultaneously depleted, I aimed to increase the chances of successfully identifying positive regulators of GTPase signaling. Since a system was already in
place to screen for molecules that inhibit invasion, the same modified Boyden chamber
assay used in the GEF screen was used to screen a library of 66 known GAPs.

In retrospect, this protocol may not have been ideal for identifying GAPs involved in invasion. Rho GAPs inhibit signaling through Rho family GTPases, which are positive regulators of cell migration. It is more likely that a reduction in GAP levels would increase
the activity of GTPases, resulting in promotion of an invasive phenotype. This would not
have been detectable using the current assay conditions. However, inactivation of GTPases
could disturb cell polarity, which would have caused cells to migrate randomly instead
of directionally. The modified Boyden chamber assay cannot distinguish between these
phenotypes and should still yield candidates involved in cell polarization. Additionally,
aberrant regulation of any type could cause cells to lose the ability to invade due to the
importance of a precise balance of GTPase activity both spatially and temporally.

More candidates may have been identified had a more weakly invasive cell type been used.
Alternatively, if fewer MDA-MB-231 cells were used in the invasion assay after transfection with siRNAs targeting GAPs, it might be possible to detect an increase in invading
cells.
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There are at least three potential reasons for the low number of GEFs and GAPs identified
in this screen. First, invasion in MDA-MB-231 cells may not require any Rho family GEF
or GAP function, though this is highly unlikely given the strong effect that Cdc42 depletion
has on cell invasion. Second, functional redundancy between closely related homologues
could have resulted in false negatives from the screen. An attempt was made to avoid this
in the GAP screen but without success. Third, and most likely, is that the level of knockdown achieved was insufficient to interfere with protein function. These libraries of siRNA
SMARTpools were not validated, so the duplexes were predicted but not proven to target
the indicated proteins. Nonetheless, this screen identified Tiam2 as potential regulator of
invasion (Figure 12).
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Chapter 4: Tiam2 Invasion and Growth
The data presented in Chapter 3 suggest that Tiam2 is required for MDA-MB-231 cell invasion. This finding was further pursued through studies of both invasion and proliferation
in multiple breast cancer cell lines in addition to an animal model of tumor growth. These
studies aimed to characterize the wider role of Tiam2 in breast cancer progression.

Tiam1 (T-cell lymphoma invasion and metastasis) was first identified in a genetic screen
for factors that could increase the invasiveness of a lymphoma cell line using Moloney
murine leukemia virus insertion.[181] Five years later, Tiam2 was identified using a degenerative PCR-screen by homology to Tiam1 and the DH-PH domain was shown to catalyze
nucleotide exchange on Rac, but not Cdc42 or RhoA in a biochemical assay. [182] The
mouse ortholog of Tiam2 is referred to as SIF or TIAM1-like exchange factor (STEF)
where SIF is the name of the drosophila ortholog. This sub-family of proteins belongs to
the Dbl family of GEFs due to the presence of characteristic DH-PH domains. All three
proteins are similar in size (~190 kDa) and share a well-conserved domain organization. In
addition to the GEF domain, an amino-terminal PH domain lies adjacent to a “coiled-coil
and extra region” (PHN-CC-Ex), which is conserved across all family members. Crystal
structures reveal that the PHN-CC-Ex domain folds into a single globular domain and this
is important for binding to membranes in addition to important signaling partners such as
Par3. [183] Other important domains include a PSD-95/DlgA/ZO-1 (PDZ) domain and
a Ras binding domain (RBD) in addition to two PEST degradation signals and a myristoylation site at its N terminus. Since MDA-MB-231 cells express oncogenic Ras, Tiam2
may be a potentially interesting candidate that links Ras and Rac signaling pathways.
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Figure 15: Tiam2 siRNA inhibits invasion in MDA-MB-231 cells
MDA-MB-231 cells were transfected with indicated siRNAs and control (+) siGLO. (A) Invasion
filter scans of MDA-MB-231 cells after invasion through Matrigel for 16 hours. Filters were fixed
and stained with methylene blue. (B) siRNA depleted MDA-MB-231 cells were lysed analyzed by
western blot with the indicated antibodies.
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Depletion of Tiam2 using siRNA
The data presented in Chapter 3 suggest that Tiam2 expression is necessary for MDAMB-231 cells to invade through Matrigel. The observation that Tiam2 si-2 can strongly reduce the protein level while only minimally inhibiting invasion is inconsistent with the results using si-1 and si-3 (Figure 12). This could indicate that the invasion inhibition effects
of si-1 and si-3 are off-target, or that si-2 has an off-target effect that somehow bypasses
the need for Tiam2 in invasion. To directly test this hypothesis, the individual duplexes
si-1 and si-3 were mixed with si-2 in equimolar ratios and transfected into MDA-MB-231
cells. The dominant phenotype after mixing should indicate whether or not si-2 is sufficient
for cells to regain the ability to invade in the absence of Tiam2. Co-depletion reduces the
protein level but cells are capable of invasion at levels close to that of control siGLO (Figure 15). This suggests that si-2 is likely to have an off-target effect that permits invasion
independently of Tiam2 protein level. With this in mind, further experiments utilizing si-1
or si-3 siRNA reagents were used to examine the effect of Tiam2 depletion on invasion.
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Figure 16: Dilution of Tiam2 siRNA
MDA-MB-231 cells were transfected with indicated dilution of either Tiam2 si-1 or si-3. (A, B)
Invasion filter scans of cells after invasion through Matrigel for 16 hours. Filters were fixed and
stained with methylene blue. (C) siRNA depleted MDA-MB-231 cells were lysed analyzed by
western blot with the indicated antibodies.
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To further investigate the hypothesis that siRNA depletion of Tiam2 inhibits invasion, an
attempt was made to test the relationship between Tiam2 expression and invasiveness more
directly. The two duplexes that best depleted Tiam2 protein levels, si-1 and si-3, were individually transfected into MDA-MB-231 cells at different concentrations between 50 nM
and 0.0125 nM. To maintain a consistent total siRNA concentration of 50 nM, the balance
was made up with siGLO or a non-targeting siRNA. Tiam2 si-1 (Figure 16, panel A) shows
that 12.5 nM siRNA is sufficient to inhibit invasion to the same level as 50 nM. A concentration of 1.25 nM was able to partially inhibit invasion, whereas cells transfected with
lower concentrations behaved similarly to control cells. Tiam2 si-3 (Figure 16, panel B)
shows an strong inhibition of invasion at 50 nM and 12.5 nM, with modest inhibition even
at concentrations as low as 1.25 nM. Western blot analysis (Figure 16, panel C) reveals the
level of Tiam2 appears to have a direct relationship to the number of cells able to invade
through Matrigel. This supports the notion that Tiam2 protein is necessary for invasion,
with the caveat that dilution of the siRNA duplexes would also dilute any off-target effects.
The fact that such low levels of siRNA are still able to suppress invasion and effectively
lower Tiam2 levels implies that the effect is specific, because the contribution of off-target
effects of siRNA are thought to disappear more quickly than the specific effect (this is the
principle behind using SMARTpool siRNA). Due to variability in the invasion assay, it is
difficult to draw an exact link between invasion efficiency and protein levels, but should be
considered a good approximation.
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Figure 17: Tiam2 siRNA inhibits invasion in SkBr7 Cells
SKBr-7 cells were transfected with indicated siRNA. (A) Invasion filter scans of cells after invasion through Matrigel for 16 hours. Filters were fixed and stained with methylene blue. (B) siRNA
depleted SKBr-7 cells were lysed analyzed by western blot with the indicated antibodies.
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To support a wider role for Tiam2 in invasion, another breast cancer cell line, SkBr7, was
transfected with Tiam2 duplexes si-1 and si-3 and assayed for invasion (Figure 17). This
cell line is less invasive than MDA-MB-231, as judged by the lighter staining of the siGLO
control (Figure 17, panel A), however, they do reproducibly invade. Depletion of Tiam2 by
si-1 and si-3 reduced the ability of SkBr7 cells to invade through Matrigel to levels similar
to that of Cdc42. Western blot analysis revealed that both siRNA duplexes strongly reduce
the level of Tiam2 protein in SkBr7 cells (Figure 17, panel B), supporting a wider role for
Tiam2 in breast cancer cell invasion.
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Figure 18: Tiam2 shRNA does not inhibit invasion in MDA-MB-231 cells
MDA-MB-231 cells were stably infected with indicated shRNA targeting Tiam2 or non-targeting
control pLKO.1. (A) Invasion filter scans of MDA-MB-231 cells after invasion through Matrigel
for 16 hours. Filters were fixed and stained with methylene blue. (B) Stable cells were lysed and
analyzed by western blot with the indicated antibodies.
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Depletion of Tiam2 using shRNA
Thus far, only chemically synthesized duplex siRNAs have been used to deplete Tiam2
mRNA, and in turn its translated protein product. In order to increase confidence in the
observed inhibition of invasion in MDA-MB-231 cells, small hairpin RNAs (shRNA) were
utilized as an alternate method to deplete Tiam2 protein. Five different plasmids containing hairpins targeted against Tiam2 were obtained and virus produced by transfection into
HEK293T cells along with VSV-G and Gag/Pol. The viral particles were purified from the
growth media and used to infect MDA-MB-231 cells. A stable cell line was generated after
puromycin selection for 2 weeks. These stable cell lines were then assayed for invasion
using the modified Boyden chamber. Cell lines expressing hairpins against Tiam2 were
able to invade through Matrigel to the same extent as cells expressing control pLKO.1
non-targeting hairpin (Figure 18, panel A). Protein levels were determined by western blot
and this revealed that hairpins sh-10 and sh-13 strongly depleted Tiam2 protein. Hairpin
sh-12 reduced Tiam2 levels only modestly, and sh-11 and sh-14 were similar to the control
non-targeting hairpin (Figure 18, panel B). This result conflicts with the data obtained with
siRNA, and raises doubt that Tiam2 plays a role in MDA-MB-231 cell invasion.
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Figure 19: STEF cannot rescue invasion lost by Tiam2 siRNA
MDA-MB-231 cells stably expressing the indicated plasmids were treated with siRNA targeted
against Tiam2 si-1, si-3, or control siGLO. (A-C) Invasion filter scans of MDA-MB-231 cells after
invasion through Matrigel for 16 hours. Filters were fixed and stained with methylene blue. (D)
Stable cells were lysed and analyzed by western blot with anti-HA antibody. (E) Aligned mouse
STEF and human Tiam2 sequences in regions targeted by siRNA. Differences indicated in red.
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Rescue of Invasion by STEF expression
To directly assess whether the defect in invasion seen with siRNA is due to specifically
depleting Tiam2 or to an off-target effect, an attempt was made to rescue invasion of MDAMB-231 cells using the mouse ortholog of Tiam2, STEF. Mouse STEF harbors sequence
variations compared to human Tiam2 that should render it insensitive to the siRNA (Figure
19, panel E). The laboratory of M. Hoshino graciously provided three expression plasmids
for: full-length STEF, STEF with an N-terminal deletion (∆N), and a short internal fragment containing the PH, coil-coiled, and Ex domains (PHNTSS). These three HA-tagged
constructs, along with a pcDNA3 control, were stably expressed in MDA-MB-231 cells
after selection with puromycin. Each stable cell line was transfected with siGLO, Tiam2
si-1, or Tiam2 si-3 duplex siRNA and assayed for invasion using a modified Boyden chamber assay. All the cell lines maintained the ability of the parental MDA-MB-231 line to
invade (Figure 19, panel A). In all cell lines, however, transfection of Tiam2 si-1 and si-3
siRNA still strongly decreased the number of cells that were able to invade through Matrigel (Figure 19, panels B and C). Western blots were used to determine the expression level
of the HA-tagged STEF constructs (Figure 19, panel D). Full-length STEF expressed very
weakly at ~190 kDa. The N-terminal truncation expressed at levels similar to the PHnTSS
construct at ~150 kDa and ~40 kDa, respectively. Human Tiam2 and mouse STEF antibodies are not cross-reactive, making it difficult to determine if STEF is expressed at levels
similar to endogenous Tiam2. Expression of STEF at a lower level than endogenous Tiam2
could be an explanation for the failure to rescue invasion. It was not determined whether or
not the 2–3 base pair differences were sufficient to render STEF resistant to Tiam2 si-1 or
si-3 due to the availability of reagents to perform a similar experiment with human Tiam2
(see below). Although this data does not support a specific role for Tiam2, it is possible
that mouse STEF protein was not expressed at high enough levels or, less likely, that it is
functionally unable to compensate for loss of the human protein.
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Rescue of Invasion by siRNA resistant human Tiam2
To address the concern that mouse STEF may not be able to rescue the function of human
Tiam2 protein, a rescue experiment was performed using siRNA-resistant human Tiam2. A
plasmid containing the cDNA for full-length human Tiam2 was obtained from Open Biosystems and mutations were introduced to create mismatches between it and siRNAs si-1
and si-3 (rendering the mRNA resistant to degradation) without altering the encoded amino
acids (Figure 20, panels D & E). Mutagenesis was performed using PCR, and confirmed by
Sanger sequencing. Tiam2-AB was designed to be resistant to si-3, and Tiam2-CD resistant
to si-1. These sequences were sub-cloned into the pBabe retroviral expression vector and
transfected into HEK293T cells along with VSV-G and Gag/Pol plasmids. The resulting viral particles were purified and used to infect MDA-MB-231 cells. Stable cell lines emerged
after selection for 8 days in puromycin.

The stable cell lines were each transfected with Tiam2 si-1, Tiam2 si-3, Cdc42 SMARTpool, and siGLO control alongside an untransfected control and assayed for invasiveness
(Figure 20, panels A-C). Tiam2 si-1, si-3 and Cdc42 SMARTpool were all equally effective at reducing the number of cells that invaded through Matrigel in all cell lines. Western
blot analysis showed that Tiam2-AB was resistant to depletion by Tiam2 si-3 with three
mismatched bases, but still sensitive to depletion by si-1 (Figure 20, panels C & E). Surprisingly, Tiam2-CD was only partially resistant to degradation by Tiam2 si-1 with four
mismatched bases (Figure 20, panels B & D), and still fully sensitive to si-3 depletion.
Tiam2 protein was not fully resistant in the Tiam2-CD cell line, but no increase in the
number of invading cells was observed as compared to untransfected and to siGLO control
treated cells. Even though western blot analysis shows that the Tiam2-AB cell line was
fully resistant to Tiam2 siRNA depletion, no increase in invaded cells was observed. These
results show that siRNA-resistant Tiam2 is unable to rescue the invasion defect caused by
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Figure 20: Human Tiam2 cannot rescue invasion lost by Tiam2 siRNA
MDA-MB-231 cells stably expressing the indicated plasmids or control (pBabe empty vector)
were treated with siRNA targeted against Tiam2 si-1, si-3, using siGLO and Cdc42 as positive
and negative controls, respectively, as well as untreated cells. (A-C) Invasion filter scans of MDAMB-231 cells after invasion through Matrigel for 16 hours. Filters were fixed and stained with
methylene blue. Transfected cells were analyzed by western blot using anti-Tiam2 antibody. (D
& E) Tiam2 sequences targeted by si-1 and si-3. Mutations created are indicated in red. Sanger
Sequencing was performed to confirm the mutated Tiam2 sequences.
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Tiam2 si-1 and si-3 siRNA. This data suggests that Tiam2 is not involved in invasion, and
that the previous results represented a false positive effect of two distinct siRNAs. The
level of siRNA-resistant Tiam2 protein expression was expressed at higher levels than
endogenous Tiam2, ruling out an expression problem in the rescue experiments. A final
alternative explanation for the failure of these wild-type Tiam2 plasmids to rescue the invasion phenotype could be that endogenous Tiam2 is mutated in a way that alters its function.
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Figure 21: Sequencing of Tiam2 from MDA-MB-231 cells
RNA was isolated from MDA-MB-231 cells and a library of expressed cDNA fragments was generated by reverse transcription. (A) Sanger sequencing of the Tiam2 reverse-transcribed mRNA.
(B) Reference NM_123454.3 sequence aligned with the sequence of Tiam2 isolated from MDAMB-231 cells indicating the translated proteins. Differences are indicated in red. (C) Database
dbSNP search revealed a known SNP rs931312 matches the observed mutation.
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Sequencing of genomic Tiam2 in MDA-MB-231 cells
To determine whether MDA-MB-231 cells might harbor a mutation in Tiam2, mRNA was
purified from MDA-MB-231 cells and subjected to reverse transcription. PCR primer pairs
were designed (with the help of Agnes Viale, MSKCC GCL) to amplify ~1000 bp fragments of Tiam2 which were then sequenced and assembled to achieve full coverage of the
expressed Tiam2. The sequencing results revealed one difference between the reference sequence NM_012454.3 and endogenous Tiam2 from MDA-MB-231 cells (Figure 21, panel
A). This mutation is G to A at position 1203 in the reference sequence. At the protein level,
this results in substitution of arginine to histidine at position 332 (Figure 21, panel B).
Both histidine and arginine are basic residues, making this a conservative substitution. The
database dbSNP identifies this mutation as SNP rs931312 (Figure 21, panel C), indicating
that this is a recognized genetic variation. The remainder of the Tiam2 sequence exactly
matched the reference sequence. Position 332 is located in a region devoid of any known
functionally folded domain. The conservative nature of this mutation and the lack of any
association between the reported SNP and any pathology suggested that this mutation was
unlikely to significantly alter the function of Tiam2, so it was pursued no further. Only a
rescue experiment showing functional rescue of invasion after incorporating this change
into the siRNA-resistant Tiam2 expressed would conclusively rule-out the possibility that
Tiam2 is involved in MDA-MB-231 invasion.
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Figure 22: Tiam2 affects cell-cycle progression
MDA-MB-231 cells were transfected with indicated siRNAs using Ect2 as a control for inhibition
of cell cycle. (A-G) Cell-cycle plots of cells stained with propidium iodide to quantify DNA. (H)
Quantification of the cell-cycle plots.
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Effect of Tiam2 on Cell Proliferation
During the course of these studies, Tiam2-depleted cells were found to proliferate more
slowly than controls. Since a possible role for Tiam2 in cell proliferation would be significant with respect to breast cancer, this possibility was examined directly. The siRNA
SMARTpool or individual duplexes targeting Tiam2 were transfected into MDA-MB-231
cells along with control siGLO or Ect2 SMARTpool as negative and positive controls,
respectively. Depletion of Ect2 blocks cytokinesis, which increases the number of multinucleated cells (%>G2). Four days after siRNA transfection, cells were fixed, stained with
propidium iodide, and analyzed by FACS for DNA content. Compared to siGLO control,
Ect2 treated cells showed an increase in %G2 cells and a decrease in %S phase cells (Figure 22, panels A & B). Tiam2 SP, si-2, and si-4 showed a slight increase in %G1 cells, and
a slight decrease in %S phase, but no other appreciable differences (Figure 22, panels C, E,
& H). Tiam2 si-1 and si-3, however, showed a modest decrease in %G2 cells and a stronger
decrease in %S phase cells, which is strongest in si-1 treated cells (Figure 22, panels D &
F). These results are quantified and tabulated in Figure 22, panel H. This data, along with
the fact that si-1 and si-3 strongly deplete Tiam2 protein, suggests that Tiam2 may play a
role in cell proliferation.
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Figure 23: Tiam2 does not affect growth in soft agar
MDA-MB-231 cells stably expressing the indicated plasmids expressing hairpins targeting Tiam2,
along with control non-targeting pLKO.1 were grown in soft agar for three weeks. (A) Colonies
were stained with MTT and quantified using a colony counter. (B) Cells grown in parallel were
lysed and analyzed by western blot using the indicated antibodies.
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Effect of Tiam2 on Colony Formation in Soft Agar
To determine whether Tiam2 plays a role in anchorage-independent growth, I performed a
soft agar colony formation assay. MDA-MB-231 cells stably expressing shRNA targeted
against Tiam2 were grown in soft agar for three weeks (Figure 23). Samples were stained
with MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), scanned, and
counted using a colony counter. Western blot analysis revealed that sh-10 and sh-13 were
the only two hairpins that effectively depleted Tiam2 protein levels. Hairpin sh-10 most
strongly inhibited colony formation, and sh-13 also reduced colony formation compared
to controls. However, hairpins sh-11 and sh-12 also inhibited colony formation, but without depleting of Tiam2 protein. The lack of correlation between colony number and the
level of Tiam2 protein expressed suggests that Tiam2 does not play a role in anchorageindependent growth.
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Effect of Tiam2 on Tumor formation in Mice
All the assays performed thus far have studied the behavior of cells using in vitro assays.
To determine whether Tiam2 plays a role in tumor formation more directly, we employed
an orthotopic xenograft model of tumor formation. MDA-MB-231 cells stably expressing
hairpins Tiam2 sh-10 and sh-13, which were previously shown to strongly reduce the level
of Tiam2 protein, were mixed with Matrigel and bilaterally injected into the mammary fat
pads of NOD/SCID mice (Q. Chang & M. Berishaj, J. Bromberg Lab, MSKCC). Tumors
were palpated weekly, and after 11 weeks the mice were sacrificed and the tumors were
dissected and weighed (Figure 24, panel A). Tumors expressing sh-10 weighed approximately 40% less than tumors expressing non-targeting control shRNA vector pLKO.1.
Western blot analysis of harvested tumor tissue shows that 3 of the 4 tumors had increased
expression of Tiam2 compared to control tumors (Figure 24, panel B). This is surprising as
tumor cells not only regained Tiam2 expression, but also up-regulated the protein in half
the tumors analyzed. Tumors expressing sh-13, on the other hand, weighed 200% more
than tumors expressing control shRNA (Figure 24, panel A). Western blots showed that
Tiam2 was largely absent in all sh-13 expressing tumors (including one mammary metastasis), presumably due to stable expression of the shRNA (Figure 24, panel B). These
results suggest a role for Tiam2 in tumor suppression, since the sh-10 tumors were smaller
and showed higher Tiam2 expression than controls, while the inverse was true for sh-13
tumors.

To determine if Tiam2 overexpression can suppress tumor formation, similar orthotopic
xenograft experiments were performed using Tiam2 overexpressing MDA-MB-231 cells.
The cell lines Tiam2-AB and Tiam2-DC were originally generated to perform the siRNA
rescue experiments (Figure 24, panel C). Prior to injection, the level of Tiam2 expression in
each of the cell lines was determined by western blot. The Tiam2-AB cell line showed in96
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Figure 24: Effect of Tiam2 expression in Xenografts
NOD/SCID mouse mammary fat pads were bilaterally injected with MDA-MB-231 cells stably
expressing the indicated plasmids and tumors were grown for 11 weeks. (A, C) Dissected tumors
were weighed. (B, D) Tumor fragments were lysed and analyzed by western blot using the antibodies indicated. (E) Before injection, expression of the indicated constructs was confirmed by
western blot using the antibodies indicated.
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creased Tiam2 levels compared to control, and the expression in the CD cell line was even
further elevated (Figure 24, panel E). Cell lines expressing sh-10 and sh-13 both expressed
very low levels of Tiam2. Unfortunately, the Tiam2 sh-10 cell line became contaminated
in cell culture during expansion so it was destroyed. The four remaining cell lines were
bilaterally injected into the mammary fat pad of NOD/SCID mice as before, and allowed to
grow for 11 weeks. Tumors expressing sh-13 grew to more than double the size of control
tumors, consistent with the previous experiment (Figure 24, panel C). Tumors expressing
Tiam2-AB were half the weight of control tumors, but Tiam2-CD expressing cells formed
tumors that were the same weight as control. Western blot analysis showed that control
tumors had lost expression of Tiam2, with levels similar to sh-13 tumors (Figure 24, panel
D). Similarly, only one of the five Tiam2-AB tumor samples showed any appreciable Tiam2
protein. The Tiam2-CD cell line, however, showed strong Tiam2 expression in three of the
five tumors, with moderate expression in the other two. If Tiam2 was important for tumor
formation or proliferation in this mouse model, the protein levels should correlate with the
weight of the tumor. These data show no correlation between Tiam2 protein levels and tumor size, suggesting that Tiam2 expression does not influence tumor formation or growth.
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Figure 25: Expanded panel of Tiam2 siRNA
MDA-MB-231 cells were transfected with indicated siRNAs and control (+) siGLO. (A) Invasion
filter scans of MDA-MB-231 cells after invasion through Matrigel for 16 hours. Filters were fixed
and stained with methylene blue. (B) siRNA depleted MDA-MB-231 cells were lysed analyzed by
western blot with Tiam2 (top) and Tubulin (bottom) antibodies.
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Expanded panel of siRNA targeting Tiam2 and Invasion
Taken together, the data presented so far fails to offer a clear picture of whether or not
Tiam2 depletion or overexpression has any specific effect on MDA-MB-231 cell invasion or proliferation. To clarify whether Tiam2 depletion affects invasion, four additional
siRNAs were designed using a different targeting algorithm. Ambion SilencerSelect siRNA numbers 59, 60, 61, and Dharmacon OnTarget-Plus number 11 all effectively deplete
Tiam2 protein (as evidenced by western blot) but have little effect on the ability of MDAMB-231 cells to invade (Figure 25).
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Discussion
Tiam2 siRNA Experiments
Tiam2 emerged as a likely candidate in a siRNA screen for regulators of invasion in MDAMB-231 cells. In order to validate this result, the RNAi data was further tested as follows.
While many of the candidate molecules could be excluded from consideration at an early
stage, Tiam2 required closer consideration. Two siRNA duplexes (Tiam2 si-1 and si-3)
were capable of depleting the protein and inhibiting invasion, while si-4 did not deplete
Tiam2 protein nor did it inhibit invasion. Of some concern, duplex si-2 strongly reduced
Tiam2 protein levels but showed only a modest inhibition of invasion. Four additional
siRNAs that successfully reduced Tiam2 protein levels but did not interfere with MDAMB-231 cell invasion, indicated that the effects of si-1 and si-3 on invasion were most
likely unrelated to Tiam2 levels (Figure 25).

Tiam2 shRNA Experiments
Chemically synthesized siRNA can be easily transfected into cells to specifically reduce
protein levels, but the knockdown achieved is transient. Sustained gene silencing can be
achieved by vector based encoding of short hairpin RNA (shRNA), which is continually
processed into siRNA within the cell to deplete protein levels [184]. Only two of the five
shRNAs used in the study were able to successfully sustain Tiam2 knockdown in MDAMB-231 cells. Neither hairpin, however, was able to inhibit the ability of cells to invade
through Matrigel, reducing confidence that the effects of Tiam2 observed with siRNA were
specific. Additionally, the soft agar assays showed wide variation in the number of colonies formed with any of the hairpins, indicating that Tiam2 was unlikely to play a role in
anchorage independent growth.
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The hairpin nature of the shRNA creates some risks for recombination, however, so care
must be taken both when using molecular biology to manipulate plasmids containing the
hairpins as well as monitoring the cellular expression and interpreting results. Often the
hairpins are encoded by viral plasmids, allowing integration into the genome along with an
antibiotic resistance gene allowing for straightforward creation of stable lines. One caveat
to this approach is that the antibiotic resistance gene may be retained while recombination
destroys the hairpin or expression becomes suppressed by other means (i.e. epigenetic
silencing) if it is detrimental to cell health. Additionally, other genetic alterations may accumulate over time and allow the cell to compensate for the depletion of the specific gene.
As with siRNAs, off-target effects are a serious concern, so multiple hairpins should be
used in combination with other reagents to increase the confidence in attributing a specific
phenotype to protein function.

Tiam2 Rescue Experiments
Even though the use of multiple individual RNAi reagents to inhibit gene expression is
widely used to draw conclusions about gene function, much more confidence can be obtained by re-expression of a resistant gene that rescues the function and restores the phenotype of interest [185]. Often, another mammalian ortholog (usually mouse or rat) will
have the same function as the gene of interest, but its genetic sequence will vary from that
targeted by the human siRNA. It is unclear whether the mouse ortholog of Tiam2, STEF,
could functionally substitute for Tiam2 in MDA-MB-231 cells after depletion by si-1 or si3. Plasmids encoding human Tiam2 became available commercially, and these were used
for further rescue experiments rather than using STEF. It was necessary to mutate the human sequence to render it resistant to the siRNA targeting sequence. The exact number and
position of base pair mismatches required to ensure a gene is fully protected from silencing
is still unclear. [186] In the case of Tiam2-CD, even with four mismatches there was still
considerably lower Tiam2 expression than control after treatment with si-1. For Tiam2102

AB, however, just three mismatches were sufficient to protect the protein from degradation by si-3. This might relate to the position of the mutated nucleotide within the siRNA
duplex, which is dictated in this case by the amino acids encoded.

Even though the protein level was unchanged for Tiam2-AB after treatment with si-3, the
invasion phenotype did not return. One explanation for this is that appropriate expression
levels may not be achieved by exogenous expression systems. Even if expressed at a level
approaching the endogenous protein, some exogenously expressed proteins are not properly localized or modified in the same way due to the presence of epitope tags. Furthermore,
especially when dealing with cancer cells, the gene of interest may harbor a mutation that
changes its function.

Sequencing Endogenous Tiam2
To rule out the possibility that a mutation in Tiam2 that might, for instance, cause it to become aberrantly activated, this gene was sequenced from MDA-MB-231 cells. Only one
base pair was found to be different from the reported reference sequence, resulting in an
amino acid change from arginine to histidine. Although both amino acids residues are similarly polar and basic, any change might affect protein function. Database searches showed
that this mutation matches a reported single nucleotide polymorphisms (SNPs) but was not
associated with any disease. While other studies have linked arginine to histidine mutations
to gene function in cancer [187, 188], these mutations occur within folded protein domains.
This mutation falls outside of any known functional domains of Tiam2 so the likelihood
that this fairly conservative mutation has an effect on protein function is low, yet has not
formally been ruled out.
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Other Effects of Tiam2
While preparing MDA-MB-231 cells for loading into invasion chambers, consistently,
fewer cells were observed growing in samples transfected with Tiam2 si-1 and si-3 siRNA.
This suggested that the invasion phenotype might be related to a defect in cell growth.
To test this hypothesis, cells were subjected to cell-cycle analysis by staining the DNA
content with propidium iodide and analyzed using FACS. Depletion of Tiam2 by si-1 and
si-3 resulted in an increase in %G1 cells, suggesting that the effect occurred prior to DNA
synthesis in S phase. Depletion of Tiam2 using si-2 effectively reduced the protein level
but had a much weaker effect on cell cycle progression. The si-2 phenotype was again inconsistent with si-1 and si-3, and since the si-2 duplex was shown to confer an off-target
invasion phenotype, its effect was questioned. The observed delay in the G1 phase offers
insight into how Tiam2 might be functioning, but growth in 2D is very different from tumor physiology.

The ability of cells to grow in soft agar is a hallmark of malignant transformation and
uncontrolled growth. To explore whether Tiam2 depletion inhibits anchorage independent
growth, soft agar growth assays were utilized. The challenge experimentally is that siRNA
effects typically last 7-10 days under the best circumstances. Soft agar growth assays last
for 21 days, so treatment with siRNA would delay colony formation and at best we could
expect to observe an approximately 50% reduction in colony number. Using shRNA to
stably deplete Tiam2 levels should allow for a greater percentage difference from control
cells. Four hairpins (sh-10,11,12,13) all inhibited colony growth to various degrees. However, this phenotype did not correlate with protein levels, as only expression of sh-10 and
sh-13 lowered the level of Tiam2 protein.

While anchorage independent growth is considered the best in vitro assay to study tumor
formation, may other factors that contribute to tumor development are absent from such
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a model. Specifically, the critically important contributions from the tissue stroma and associated fibroblasts are absent in this model. [189]

In order to address the weakness of the soft agar model and directly probe the role of
Tiam2 in tumor biology, I used an orthotopic xenograft model of tumor growth. The mouse
xenograft model system better represents the human tumor environment. I chose orthotopic injection of MDA-MB-231 cells into the mammary fat pad to maintain physiological
relevance as closely as possible even though it is more complex and time consuming. In
contrast, tail vein injection is less invasive, but immediately introduces cancer cells into the
circulation of animals, better facilitating the study of tumor burden and late-stage metastasis. [190] The orthotopic injection model allows the formation of a primary tumor as well
as metastasis to be studied. [191] This model incorporates all stages of tumor progression,
from initiation through intravasation and extravasion, and eventually metastasis formation.

While mouse tumor models are more representative than any in vitro study of cancer biology, they are not without drawbacks. One important consideration is that the mouse stromal contribution may not completely mimic that found in humans. Similarly, introduction
of human cells into a mouse requires the use of immunodeficient animals. Ignoring the
contribution of immune cells to tumor biology is a necessary consequence in this system,
but it should be kept in mind that the immune system can play both positive and negative
roles in human tumor progression. [192] Despite these caveats, this model system has been
used extensively to study the role of many proteins in tumor formation, proliferation, and
metastatic invasion.

The experiments performed using hairpins sh-10 and sh-13 in suggested that decreased
expression of Tiam2 resulted in larger tumors that were able to metastasize into other lobes
of the breast. During dissection, no obvious metastatic lesions were visible on the lungs.
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Interestingly, 75% of the tumors expressing sh-10 regained expression of Tiam2. This was
unexpected because all earlier evidence suggested depletion of Tiam2 slowed the growth
of MDA-MB-231 cells, in which case loss of sh-10 expression would have been expected
to result in larger tumors. Since sh-10 tumors express high levels of Tiam2 and yield small
tumors, compared to very large tumors with low Tiam2 expression (from sh-13), it is possible that Tiam2 plays a role as a tumor suppressor in vivo. Alternatively, hairpin sh-10 may
be unstable without constant puromycin selection pressure, which was discontinued after
injection into mice.

To test the hypothesis that Tiam2 overexpression inhibits tumor growth, the orthotopic
xenograft experiments were repeated using the MDA-MB-231 cell lines that exogenously
express Tiam2. However, Tiam2-CD expressing tumors, which had very high levels of
Tiam2 protein, were indistinguishable in size from control tumors.

It is not always possible to predict how protein expression will affect tumor biology in
vivo based on in vitro studies. These experiments might have been more revealing had it
been possible to measure tumor size throughout the growth process rather than only at the
endpoint. To do this, it would have been necessary to use cell lines with a reporter such as
luciferase or GFP (green fluorescent protein). This would have facilitated imaging of metastasis to other sites such as the lungs, bones, or brain. Additionally, an inducible expression system would have allowed Tiam2 levels to be modulated after tumor initiation. While
the studies reported here could have been improved, the data collected strongly suggest
that there is no clear role for Tiam2 either in tumor proliferation or invasion, and that the
initial observations using siRNA reagents were likely due to off-target effects.
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Chapter 5: Tiam2 Expression and relationship to Ras
The data presented in Chapter 4 suggest that Tiam2 does not have a specific function in
invasion or proliferation. However, this does not exclude the possibility that Tiam2 plays a
role in breast cancer. In order to further explore this possibility, Tiam1 and Tiam2 expression was studied in breast, and other cancer cell lines, and the mechanisms regulating its
expression were investigated.

Expression of Tiam1/2 proteins in Breast Cell lines
Little is known about Tiam2 protein expression levels in breast cancer. Originally, Tiam2
was reported to be expressed only in brain and testis, [182] so it was surprising to find
expression in breast cancer. The related protein, Tiam1, is a Rac GEF both in vivo and
in vitro. [193] To determine whether Tiam2 expression is common among breast cancer
cells, a panel of normal and breast cancer cell lines with different mutational status was
assembled. MCF-10a and HMEC cell lines represented normal breast cells, since they do
not express oncogenes, but they do express estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2). The MDA-MB-231 cell
line used throughout this work has functional p53 tumor suppressor, but is classified as
“triple negative”, i.e. lacking expression of ER, PR, and HER2. [194, 195] This cell line
also harbors an active Ras mutation, which is not typical in breast cancer. The BT-474 cell
line has normal Ras and hormone receptor expression, but lacks the tumor suppressor p53
and expresses mutant phosphatidylinositol 3-kinase (PI3K). SkBr3 cells do not express ER
or PR, but have normal HER2 levels. SKBr7 and Hs578t cells do not express functional
p53, they are triple negative, and both harbor an activating Ras mutation. The mutational
status of these cell lines is summarized in Figure 26, panel A. Remarkably, western blot
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Figure 26: Tiam2 is expressed in Ras mutant cell lines
(A) A panel of indicated breast cell lines were lysed and analyzed by western blot analysis using
antibodies against Tiam1, Tiam2, and Tubulin as a loading control. The mutational status of each
of the cell lines is listed below. (B) A panel of indicated pancreatic cell lines were lysed and analyzed by western blot using the same antibodies as above. (C) Mammary gland tumors from mice
expressing the indicated oncogenes from the MMTV promoter were lysed and analyzed by western
blot using an anti-Tiam2 antibody.
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analysis revealed no expression of Tiam2 in the “normal” breast or any cancer lines except
MDA-MB-231, Hs578t, and SkBr7. Intriguingly, all three of these cell lines harbor Ras
mutations. Tiam1 expression is higher in cell lines with normal Ras, and lower in the Rasmutant cell lines SkBr7, Hs578t, and MDA-MB-231 (Figure 26, panel A). These data raise
the possibility that mutant Ras is linked to the expression of Tiam2.

Expression of Tiam1/2 proteins in other cancer models
While mutant Ras is uncommon in breast cancer, it is prevalent in pancreatic cancers. [196]
To determine if Ras-dependent Tiam2 expression is important generally or if it is specific
to breast cancer, a panel of pancreatic cells was assembled. The M. Resh lab generously
provided the PANC-1, MiaPaCa-2, AsPc-1, and Panc0504 cell lines, all of which harbor
Ras mutations. [197] Western blot analysis revealed that Tiam2 is most strongly expressed
in Panc0504 cells (Figure 26, panel B). AsPc-1 cells expressed Tiam2 at levels similar to
MDA-MB-231 breast cancer cells, while PANC-1 cells showed weaker expression. Tiam1
expression in PANC-1 and Panc0504 cell lines was lower than that in MDA-MB-231 cells.
MiaPaCa-2 cells show very low expression of Tiam1, while AsPc-1 cells had undetectable
protein levels. This data suggests that Tiam2 expression is high in a subset of mutant Ras
expressing pancreatic cell lines. Thus Tiam2 levels may be associated with Ras mutational
status in multiple cancer types, but the correlation is not perfect.

Both of the previous methods used to test the link between Tiam2 and Ras were performed
in cell lines. To determine if a similar link is present in vivo, we attempted to use a mouse
model of breast tumor formation. The Mouse mammary tumor virus (MMTV) is used to
drive expression of a variety of oncogenes as a useful mouse model for breast cancer. [198]
The J. Bromberg lab generously provided two independent frozen mouse tumor samples
from Wnt, Myc, PyMT, Neu, and Ras genes driven by the MMTV promoter. Western blot
analysis of these samples showed sporadic expression of Tiam2 protein (Figure 26, panel
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C). The MMTV-Ras and MMTV-Wnt tumors showed very low expression of Tiam2, while
one of each of the MMTV-Myc and MMTV-neu tumors showed strong expression but
did not appear to be consistent. Both MMTV-PyMt tumors showed modest expression of
Tiam2. The data do not support a link between Ras and Tiam2 expression since the MMTVRas model did not show strong expression of Tiam2. This could be explained by variations
in the recognition of mouse STEF protein by the Tiam2 antibody, but that is unlikely since
two of the samples showed strong expression. It is highly likely, however, that there are
many ways to drive tumor growth in the complex physiological tumor environment, and
Tiam2 signaling may be only one of many possible avenues available.

Mutant Ras is not sufficient to induce Tiam2 expression
To test if mutant Ras expression can upregulate Tiam2 levels in breast cells directly, mutant
Ras was overexpressed in normal human breast cell lines. Previously, a colleague had generated stable HMEC and MCF-10a cell lines expressing the active K-Ras V12 mutant or a
matched control empty vector. Western blot analysis revealed that K-Ras V12 expression
was not sufficient to increase the level of Tiam2 protein in either cell line (Figure 27, panel
A). This suggests that Ras alone does not drive expression of Tiam2 in breast cancer cells.
However, it does not rule out the possibility that in a different context, Ras signaling might
support Tiam2 expression.
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Figure 27: Ras signaling is correlated witih Tiam2 expression
(A) HMEC and MCF10a cell lines stably expressing KRas V12 (+) or empty vector (–) were
lysed and analyzed by western blot alongside MDA-MB-231 cells and probed with the indicated
antibodies. (B) MDA-MB-231 cells were treated with the MEK inhibitor U0126 (at 20 µM) or the
PI3K inhibitor PIK90 (at 1 µM) in addition to DMSO treated control. The drugs were added to the
media for 24 hours after which cells were lysed and analyzed by western blot using the indicated
antibodies. (C) Cells were treated with the MEK inhibitor PD98059 (at 100 µM) or various concentrations of the MEK inhibitor U0126 for 24 hours. Cells were lysed and analyzed by western
blot using the indicated antibodies.
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Inhibition of MEK, but not PI3K, decreases Tiam2 expression.
To determine if Tiam2 expression is Ras-dependent in MDA-MB-231 cells, signaling was
blocked from two well-characterized targets downstream of Ras: mitogen-activated protein
kinase kinase (MKK, or MEK), and PI3K. The inhibitor U0126 blocks MEK signaling,
and PIK90 inhibitor blocks PI3K signaling. Subconfluent MDA-MB-231 cells were treated
with each inhibitor for 24 hours. Tiam2 protein levels remained unchanged after treatment
with PIK90, but significantly decreased in cells treated with U0126 or a combination of
both inhibitors (Figure 27, panel B). The level of MEK inhibition was determined by western blot detection of phospho-ERK, a downstream target of MEK. Similarly, phospho-AKT
was used to evaluate the effectiveness of PIK90 at inhibiting PI3K signaling. This suggests
that signals transduced through MEK, but not PI3K, are important for Tiam2 expression.
It is possible, however, that the inhibitor is directly decreasing Tiam2 levels through some
unknown mechanism. To control for this possibility, MDA-MB-231 cells were treated with
a structurally unrelated MEK inhibitor, PD98059. Treatment with either MEK inhibitor
resulted in decreased Tiam2 protein expression compared to DMSO control treated cells
(Figure 27, panel C). The dose dependence of this effect was studied using various concentrations of U0126 inhibitor. At high concentrations, U0126 is also able to inhibit AKT
phosphorylation, indicating that it loses specificity at higher doses. Tiam2 protein levels
are inversely proportional to the concentration of U0126, and thus MEK activity (Figure
27, panel C). Taken together, this data suggests that signaling through the MEK/ERK pathway, but not PI3K/AKT, is important for Tiam2 protein expression in MDA-MB-231 cells.
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Discussion
Breast Cancer Expression Patterns
Breast cancers can be broadly categorized based on a common histopathology into three
main groups: invasive ductal carcinoma (IDC), ductal carcinoma in situ (DCIS), and invasive lobular carcinoma (ILC). [199] In order to better treat breast cancer, it is also useful to
classify tumors into molecular subtypes (Triple-Negative/Basal-like, Luminal A/B, HER2enriched, Claudin-low, Luminal ER-/AR+) based on expression of different receptors, tumor grade, and mutational status. [200-202] This work reveals that three triple-negative
basal-like breast cancer cell lines that also harbor Ras mutations express significant levels
of Tiam2 as compared to non-Ras-mutant cell lines. While this is not a comprehensive
study, it suggests that Tiam2 may play a role in Ras signaling in this subset of cells. The
expression level in MDA-MB-231 cells in particular is very high, yet has not been reported
to be upregulated in any published work using DNA microarrays, including microarrays
of MDA-MB-231 cells, to study gene expression. This suggests either that Tiam2 levels
are not often altered in these expression studies, or more likely that current probes used
are insensitive to Tiam2. While Ras mutations in breast cancer are uncommon, they still
represent a large number of cases that are generally associated with poor prognosis.

Pancreatic Cancer Expression
One cancer type in which Ras mutations are much more commonly found is pancreatic
cancer (>80%). [197] In order to determine if the expression of Tiam2 in Ras mutant lines
was specific to breast cancer, a panel of pancreatic cancer cell lines containing Ras mutations was assembled and examined for Tiam1 and Tiam2 expression. Almost all expressed
Tiam2, suggesting that Ras signaling may regulate the level of Tiam2 protein more broadly.
All of the evidence for this link has been observed in cultured cells, which may behave
differently than tumors in vivo.
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Mouse Models of Breast Cancer
To determine if Tiam2 expression was important generally in mammary tumor formation,
we examined a panel of spontaneous tumor mouse models. All of the models utilized a
MMTV promoter system to drive oncogene expression specifically in mouse mammary
tissue where tumors formed. There did not appear to be any pattern of Tiam2 expression
driven by a particular oncogene. Surprisingly, neither of the MMTV-Ras tumors showed
significant expression of Tiam2. This could be a consequence of the MMTV driver system,
or suggest that upregulation of Tiam2 is specific to cultured cell lines. Tumors from the
MMTV-Myc and -Neu mice, however, did show strong Tiam2 expression. This suggests
that Tiam2 expression is not required in all contexts, if at all.

Ras Signaling Pathways and Tiam2 expression
Tiam1 has been shown to interact with activated Ras through its RBD (Ras binding domain), which is linked to Rac activation. [107] Since both Tiam1 and Tiam2 share a common domain organization, it suggests Tiam2 is likely to also be involved in signal transduction through Ras. It does not appear that active Ras signaling is sufficient to upregulate
Tiam2 expression in normal breast cancer cells based on the experiments performed. However, the possibility still exists that Tiam2 expression and Ras activation are unrelated, and
the initial observation is merely coincidental.

To further elucidate if Ras signaling pathways are involved in the regulation of Tiam2
expression, I used inhibitors of two well-characterized pathways, MEK and PI3K. These
pathways are known to regulate the expression of a wide variety of genes and cellular functions, and are commonly misregulated by cancer cells. [203, 204] Inhibition of the RasRaf-MEK-ERK signaling pathway caused a dose-dependent reduction in Tiam2 expression while PI3K inhibition had no effect. This signaling pathway is important for a variety
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of cellular behaviors, but it is still unclear where Tiam2 plays an important role. Without a
defined phenotypic role for Tiam2 in MDA-MB-231 cells, further examination of Tiam2
regulation by Ras signaling pathways was not pursued further.
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Chapter 6: Discussion
Rho Family GTPases control a wide variety of cellular processes including polarization,
migration, and gene expression. Their activation is tightly controlled by GEFs, which stabilize nucleotide-free GTPases. This study set out to determine which regulators of Rho
GTPases are important for controlling the process of cell invasion using MDA-MB-231
breast cancer cells as a model system. Unfortunately, the only GEF identified using a
siRNA-based screen, Tiam2, was eventually shown to have no direct effect on invasion.
Throughout the course of this work, however, it was shown that Tiam2 expression is generally high in cell lines with Ras mutations.

This approach to screening regulators of GTPases was confounded by several instances of
off-target effects not only with Tiam2, but also Fam13a and PKN (data not shown). While
it is a powerful technique that has yielded informative results using other cell types and
cellular functions, there is a significant risk of false positives. This challenge is amplified
when the proteins identified from the screen lack well-characterized reagents to distinguish
between real and false effects. Recent improvements in the algorithms used to design siRNAs and the use of chemical modifications to decrease the prevalence of off-target effects
may improve the results of future screens.

Nevertheless, I identified Cdc42 as an important GTPase controlling MDA-MB-231 cell
invasion. One way to focus specifically on differential regulation of GTPases is to examine
protein interaction through co-immunoprecipitation. For example, GTPases mutants with
different known binding affinities (i.e. dominant negative, nucleotide-free, or specific effector binding) could be overexpressed with a TAP-tag and affinity purified. [205] Western
blotting could be used to identify interacting proteins using a set of candidate antibodies or
an unbiased identification using mass spectrometry could be employed. This biochemical
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approach may be better at identifying Rho effector proteins but this depends highly on the
specific mutants chosen and their behavior upon overexpression.

The mechanisms and contexts in which GEFs and GAPs regulate GTPase activity is still
an open area of study. The loss-of-function screen described in this work is only one approach that could identify important regulators of invasion. While this process is critically
important in embryonic development and cancer biology, it is complex, requiring complex coordination between several processes acting in concert. This implies that loss-offunction studies are likely to reveal a wide variety of candidate molecules because they
could disrupt any of the component sub-processes. However, the multitude of molecular
mechanisms cancer cells can use to invade, in addition to imperfect assays used to study
this process, have yielded fewer candidates than expected.

One potential way to increase the likelihood of identifying a biological regulator of invasion might be to sensitize the cell line by partial reduction of Cdc42 levels. This would necessitate the creation of a stable cell line with an inducible shRNA targeting Cdc42, or cotransfection with a low concentration of siRNA. The level of knockdown could be titrated
such that the invasive capacity of cells is very weakly inhibited, and then transfect a library
of siRNAs to deplete GEFs and GAPs similar to the one in this study. An advantage to this
method is that it may also allow identification of positive regulators of GTPases involved
in invasion as well as negative regulators. Caveats remain, however, due to the variability
of results using the modified Boyden chamber assay in addition to the previously discussed
issues involved whenever RNAi is used. In order to avoid using siRNA, overexpression
of dominant negative forms of GEFs and GAPs could be used to try and inhibit invasion.

Another alternative method of screening for regulators of invasion would be to instead use
a gain-of-function study. This would require the use of a cell line that is weakly invasive.
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In this case, depletion of Rho family GEFs and GAPs might be expected to increase the
capacity of cells to invade. One significant challenge if using siRNA to manipulate protein
expression would be identification of suitable controls that would enhance invasion. It
may be necessary to use overexpression as a control, which has a different set of caveats
entirely.

Proteomic and/or microarray approaches could also be used to identify regulators of specific cellular processes more globally. For instance, clonal populations from the same parental
cell line with different invasive capacities could be selected after serial functional isolation
and labeled for SILAC [206] or microarray [190] analysis to determine differential gene
expression. This would not, however, specifically identify regulators of Rho family GTPases.

This study has revealed the unexpected result that expression of Tiam2 in breast cell lines
correlates generally with mutant Ras expression. The presence of a Ras binding domain
within Tiam1/2 suggests that these proteins may mediate the downstream effects of mutant
Ras signaling. This signaling may be permissive for Tiam2 function, but does not directly
increase Tiam2 levels. Signaling through this pathway is especially interesting in the context of cancer, where the role of Ras has been studied extensively. [195, 207-210] Whether
or not Tiam2 is important in breast cancer generally, and the nature of Ras signaling specificity is still an open question.
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