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Abstract

Guanosine triphosphatases (GTPases) are signaling mediators involved in regulation of diverse cellular
processes including regulation of the actin cytoskeleton, gene transcription, cell cycle regulation,
apoptosis and transformation. - Regulatory. proteins including G protein coupled receptors (GPCR),
GTPase activating proteins (GAP) and guanine nucleotide exchange factors (GEF) influence the activity
of GTPases. Balanced regulation of GTPase activity is critical in coordinating normal cellular responses.
This thesis addresses the contributions of GTPase regulators in cellular growth control, differentiation and
transformation.

Over-expression of G2A or PAR-1, two GPCRSs, in NIH 3T3 fibroblasts induced a full range of phenotypes
characteristic of oncogenic transformation. Co-expression of dominant negative Rho or LscRGS (Lbc's
second cousin regulator of G protein signaling domain), a negative regulator of Gaui2 and Gouiz GTPases,
suppressed transformation via these GPCRs. Activation of Gauz,. Gz and Rho GTPases are thus
required for transformation via these GPCRs. Gouz and Gouz are unique in that they are activated
upstream of Rho. Moreover, Rho GTPase activity is regulated via GEFs. Ga-mediated activation of
GEFs and downstream smaller molecular weight GTPases appears to be an important mechanism of
linking divergent GTPases downstream of GPCR activation. |

To elucidate the role of Gaiz and Gauz GTPases in lymphocyte development, transgenic mice expressing
LscRGS were generated. Analyses of lymphocytes from these mice revealed that LscRGS expression
did not overtly affect lymphocyte development. These results indicate that Goz and Gaus are not
required for lymphocyte development.

Rho and Cdc42 are two GTPases involved in lymphocyte development. Previous studies by others
demonstrated that loss of Rho function partially blocked differentiation and survival of CD4:/CD8- double
negative (DN) thymocytes and expression of another Rho family GTPase, Cdc42, enhanced the
proliferative capacity of DN thymocytes. In addition, results from other studies revealed that expression of
activated Rho augments positive selection and induces CD4+/CD8- and CD4-/CD8* single positive (SP)
thymocyte hypersensitivity to TCR-induced proliferation in vitro. Dbs is a Rho- and Cdc42-activating GEF
normally expressed in thymus. To determine how Dbs influences lymphocyte development, transgenic
mice were generated expressing an activated form of Dbs. Expression of activated Dbs in lymphocytes
promoted the accumulation of early thymocytes and restricted the production of mature thymocytes.
Activated Dbs expression also led to increased proliferation of DN thymocytes. The Dbs fransgene .
caused reduced numbers of SP thymocytes and mature splenic T lymphocytes. In addition, transgenic
CD4+/CD8* double positive (DP) thymocytes expressed higher levels of T cell receptor (TCR) and were
hypersensitive to apoptosis induced by injection of anti-CD3. Moreover, Dbs transgenic thymocytes
displayed impaired positive selection. Thymocyte culture experiments revealed that proliferation in
response to anti-CD3 was reduced in SP thymocytes from Dbs transgenic mice. Expression of activated
Dbs, a positive regulator of Rho and Cdc42, promoted the accumulation of DN thymocytes; this is the
opposite of the DN phenotype observed in thymocytes lacking Rho function and similar to the phenotype
displayed by Cdc42 transgenic mice. Thus the accumulation of DN thymocytes is likely to occur via Rho
andfor Cdc42 activation. Activated Dbs expression also caused reduced in vitro SP thymocyte
proliferation in response to TCR cross-linking and impaired thymocyte positive selection. These results
are contrary to previous reports describing transgenic mice expressing activated Rho; thus, impaired
thymocyte proliferation and positive selection in Dbs transgenic mice is likely to involve a pathway
independent of Rho. Results presented in this thesis provide insights into the contributions of GTPase
regulators in regulation of cellular growth control, differentiation and transformation.
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Chapter 1 - Introduction

1.1 Signaling via guanosine triphosphatases (GTPases)

Guanosine triphosphatases (GTPases) are signaling mediators involved in regulation of diverse cellular
processes and are capable of interacting with numerous regulators and effectors. GTPases transduce
a variety of signals downstream of growth factor, cytokine, antigen and G protein coupled receptors
(Figure 1.1). These proteins function as molecular switches and activity is dependent upon the type of
bound guanine nucleotide. Normal regulation of GTPase proteins is important in cellular growth control
and differentiation. Altering the activity of GTPases, their regulators or effectors often leads to
abnormal cellular responses and may result in cellular transformation or cancer. Therefore,
characterizing the mechanisms by which cells transduce signals is of interest and importance in
understanding diverse cellular processes. This thesis addresses the contributions of GTPase
regulators in signal transduction and regulation of cellular growth control, differentiation and

transformation.

Figure 1.1. GTPases transduce intracellular signals. Two general types of GTPases transduce signals in
response to stimuli; these are referred to as the Rho and Ga GTPase families. Some GTPases are activated in
response to growth factors, cytokines or antigen (left), while others are actived downstream of G protein coupled
receptors (GPCR) in response to ligand binding (chemokines, proteases, lipids and other growth factors; right).
Following GTPase activation, signals are transduced to downstream effectors ultimately leading to distinct
cellular responses. Guanine nucleotide exchange factors (GEF) positively regulate GTPase proteins. Aberrant
activity of any of these signaling components can lead to cellular transformation.

Receptor (growth factor, G protein coupled
cytokine, antigen) receptor

\J v
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Many GTPase regulators, including the ones studied in this thesis, have been isolated in fibroblast
transformation assays. Results presented in this thesis enabled the following general question to be
addressed: how do the GPCRs G2A and PAR-1 mediate cellular transformation? Several GTPase
regulators, in particular guanine nucleotide exchange factors (GEF; positive regulators) and GTPase
activating proteins (GAP; negative regulators), were implicated in various aspects of lymphocyte
development. Additional results presented in this thesis enabled this general question to be addressed:
what are the roles of the GEF, Dbs and the GAP domain of Lsc in lymphocyte development? Specific
thesis objectives are outlined in section 1.6. Prior to the presentation and discussion of experimental

results, relevant topics will be reviewed and introduced.

1.2 Rho family GTPases, regulators and effectors

Rho family proteins comprise a major branch of the Ras superfamily of small GTPases. They are small
molecular weight proteins between 20 and 30 kDa that are activated indirectly by a variety of growth
factors, antigens, cytokines, adhesion molecules and some G protein coupled receptor ligands. There
are at least sixteen mammalian Rho GTPase family members including: Rho (A, B and C isoforms),
RhoD, RhoG, TTF/RhoH, Rac (1, 2 and 3 isoforms), Cdc42/G25K, TC10, Rnd1/Rho6, Rnd2/Rho?,
Rnd3/RhoE, Wrch-1 and TCL, but the best characterized are RhoA, Rac1 and Cdc42 [1] [2] [3]
(reviewed in [4] [5] [6] [7]) (Figure 1.2). Upon activation they coordinate signaling pathways that control
a wide range of cellular processes including regulation of the actin éytoskeleton, gene transcription, cell

cycle regulation, apoptosis and transformation.
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Figure 1.2. Rho family GTPase members. Adapted from [6).




1.2.1 Basic Rho GTPase function: molecular switches

Rho GTPases act as molecular switches and their activity is dependent upon the type of bound
guanine nucleotide. Rho proteins control cellular processes by cycling between active, guanosine
triphosphate (GTP)-bound and inactive, guanosine diphosphate (GDP)-bound states. Conformationally
distinct from the'iﬁactive form, GTP-bound Rho proteins are capable of interacting with numerous
effectors and transducing signals to downstream proteins involved in cellular responses before
returning to their inactive, GDP-bound states. Since Rho proteins possess an intrinsic hydrolytic
capacity, they are capable of rendering themselves functionally inactive via hydrolysis of GTP to GDP.

1.2.2 Structure of Rho GTPases

GTPases contain several domains important in interaction with regulators, effectors and nucleotides..
These domains are referred to as switch, sWitch Il and P-loop regions. The crystal structures of Ras
and Rho GTPases are similar and of the 41 conserved residues, most are located around the guanine-
nucleotide binding site known as the P-loop [8]. The GTP hydrolysis switch operates in the same way
in both families. Although sequence conservation exists within these GTPase families, sequences
diverge considerably between families outside the P-loop, reflecting the fact that they interact with
different effectors and regulators. Mutational studies and structural analyses indicate that the switch |
and Il regions of Rho GTPases are generally involved in guanine nucleotide exchange factor (GEF)
and effector binding [9] [10] [11] [12] [13], while the P-loop is required for guanine nucleotide binding
and stabilization [14]. ‘Residues within all three (switch I, Il and P-Ioop) regions are involved in GTPase
activating protein (GAP) binding during the catalytic cycle, thus stabilizing the transition state of the
GTP-hydrolysis reaction [8]. The core GTP-binding domain observed in all GTPase families is a
conserved structural.unit into which insertions can be built at a number of locations. Rho family
proteins possess a unique thirteen-residue insertion thought to be important in target binding as well as
binding to regulaiors [15][16] [17]. |

1.2.3 Regulation of Rho activation

Rho GTPase activity is dependent upon the type of bound nucleotide. Nucleotide binding and
hydrolytic cycles are slow. The activities of Rho family GTPases are regulated by three groups of
proteins. GEFs regulate Rho proteins by promoting exchange of GDP for GTP, whereas GAPs



inactivate them by-stimulating GTP hydrolysis. Rho guanine nucleotide dissociation inhibitors (Rho-
GDI), stabilize the GDP-bound, or inactive form of the protein (Figure 1.3). Rho-specific GEFs belong

to a family of exchange factors known as Dbl proteins.

Figure 1.3. The GTPase cycle. GTPases cycle between GDP-bound inactive and GTP-bound active states.
The type of bound nucleotide is tightly requlated by GTPase activating proteins (GAPs) and guanine nucleotide
exchange factors (GEFs). Constitutively active (const. act.) GTPases are unable to hydrolyze GTP and remain
in the GTP bound state. Dominant negative GTPases are unable to bind GTP and prevent interaction with
downstream effectors. C3 transferases functionally inactivate some GTPases and also prevent effector
interactions. ' '

- GEFs
; Rho Rho
| ) \ . Y

GDP GTP
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GTPase activation requires GEFs and inactivation requires GAPs. Normally GTPases bind guanine
nucleotides with high affinity and are unstable in the nucleotide-free state. Activation via GEFs involves
the formation of an initial, low-affinity GEF-GTPase-GDP ternary complex that rapidly converts to a high
affinity GEF-GTPase binary complex upon expulsion of GDP and Mg2+. The binary complex is stable in
the absence of exogenous guanine nucleotides, however the relatively high concentration of GTP in
cells favors the binding of the GTP and dissociation of the GEF resulting in activation of the GTPase

(reviewed in [18]).

Rho family protein effectors and downstream targets mediate the cellular responses following Rho

activation. Pathways' involving Rho proteins generally involve the following components and events.




Rho prdtein activation via receptors or other upstream components requires activation and binding of
GEFs. Upon GEF binding Rho proteins bind GTP and become activated. GTP-bound Rho proteins, in
their active conformation subsequently bind to and activate effectors, thus initiating the downstream
signals leading to cellular responses. Regulation of signaling intensity can occur at multiple points in

this pathway.

1.2.4 Manipulating Rho GTPase activity

Interestingly, mutated forms of Rho proteins that alter the rate of nucleotide binding or hydrolysis have
either been isolated or generated and used experimentally. Activating mutants display reduced
GTPase activity and accumulate in the GTP-bound form. Inhibitory mutants however are unable to
bind GTP and accumulate in the GDP-bound form. Furthermore, bacterial protein toxins that alter the
effector binding properties of Rho proteins have also been identified. Sinbe accumulation of either
activated or inhibited forms of Rho family GTPases often lead to striking cellular consequences, use of
mutant proteins or bacterial toxins experimentally has enabled characterization of Rho protein signaling

pathways.

1.2.4.1 Constitutively active and fast-cycling mutants

Activation of Rho proteins is the basis for the oncogenic activity demonstrated by Dbl family GEFs and
mUtationaIIy active Rho proteins are transforming when introduced into cells. Constitutively active
mutants function independently of GEF activation. These mutants are generated by mutation of |
residues critical for GTP hydrolysis, which render the protein GTPase-defective. Notably, introduction
of a GTPase-defective protein into cells leads to persistent GEF-indekpendent signalingand an
exaggerated phenotype that directly demonstrates its involvement in a particular pathway. GTPase-
defective forms of RhoA (Q63L), Rac1 (G12V) and Cdc42 (G12V) are oncogenic in fibroblasts and

immunocompromised mice.

In certain cell lines however, the oncogenic capacity of some GTPase-defective Rho family proteins is
weak. Since proper Rho protein signaling may require a complete cycle of GTP binding and hydrolysis,
fast-cycling mutants of Rho proteins have also been generated. These mutants possess enhanced
intrinsic GTP-GDP exchange rates but maintain normal GTP hydrolytic activity. Expression of fast-
cycling mutants of RhoA (F30L), Rac1 (F28L) and Cdc42 (F28L) also cause loss of serum dependence




and increased saturation density [19]. Thus mutational activétion of Rho family proteins can be
achieved through either impaired GTP hydrolysis or enhanced GTP-GDP exchange.

1.2.4.2 Dominant inhibitory/negative mutants

~ Auseful way of studying the function of a protein is to specifically block its activity within cells via
dominant inhibitory or dominant negative proteins. Notably, these mutant proteins interfere with the
function of their normal cellular counterparts or with proteins that interact with them. Rho proteins have
been mutationally inactivated and were generated by analogy with dominant-negative Ras (17N) [20].
Dominant negative GTPases are useful tools to determine whether GTPase pathways are involved in
cellular processes including transformation. Biochemical characterization of dominant negative Ras
mutants has revealed that GTPase dominant negative mutants display higher affinities for GDP than for
GTP [20]. Consequently, they inefficiently bind GTP and instead remain in the GDP-bound state.
GDP-bound GTPases interact with GEFs within cells. Therefore, these mutants act as dominant
negatives within cells via GEF sequestration and competition with normal GTPases for binding to
GEFs. The GEF-Rho dominant negative interaction forms a ‘dead-end’ complex and prevents the
activation of endogenous Rho within cells (reviewed in [21]). Ihterestingly, studies involving dominant
negative Ras (17N) showed that mutations within the region of Ras that interact with GEFs suppressed
the inhibitory effects of dominant negative Ras [22]. Dominant negative GTPases are therefore direct
inhibitors of GEFs and inhibitors of GTPase activation. Dominant negative GTPases have been useful |
tools in identification of GTPase pathways involved in a variety of cellular processes, including

transformation.

The mechanism of dominant negative action via inhibition of GEF function however suggests that there
are limitations to the interpretation of résults obtained when using these mutants. Dominant negative
mutants do not inhibit the GTPase itself but rather the catalytic domain of GEFs. A failure to observe
an effect of dominant negative expression does not necessarily mean that signals are mediated
independently of the GTPase. GTP to GDP hydrolysis, for example can also be regulated
independéntly of GEFs via decreased GAP activity. Importantly, this regulatory route would not be
influenced by dominant negative expression. Another concern relates to expression levels of the
dominant negative mutant itself. GTPase expression levels vary among cell types and in each case
dominant negative expression levels must be sufficiently high to achieve complete inhibition.

Analogous mutations at conserved residues of related GTPases also does not always guarantee that a




mutant generated will behave like Ras (17N). Ideally, preferential binding of GEFs or a failure to bind
effectors should be demonstrated. Awareness of the limitations associated with these tools is
extremely important in interpretation of results obtained when they are used experiméntally. Their use

has nevertheless been instrumental in defining GTPase pathways involved in many cellular processes.

1.2.4.3 Inactivation via bacterial toxins

GTPases are targets for several bacterial protein toxins and certain Rho family GTPases are ADP-
ribosylated by Clostridium botulinum C3-like transferases and functionally inactivated. In particular, C3
transferases modify Rho (RhoA, RhoB and RhoC) but not Rac or Cdc42 at the same site at asparagine
41 in the effector region of the GTPase [23] [24] [25]. ADP-ribosylation of Rho proteins by C3

~ transferase increases the rate of GTP hydrolysis and either inhibits interaction of Rho with its effectors
or induces sequestration of Rho-activating proteins [26]. Use of C3 transferases has also been

important in determining the role of Rho signaling pathways in cellular processes.

1.2.5 Cellular processes influenced by Rho family GTPases
The Rho family of GTPases coordinate diverse cellular processes including adhesion, migration,
phagocytosis, superoxide production, membrane trafficking, neurite extension and retraction,
morphogenesis, polarization, growth, cell cycle progression, cytokinesis, proliferation apoptosis and
invasion (reviewed in 27, [4], [5], [28], [29], [30] [31]). Rho activation occurs upon receptor stimulation
via growth factors, cytokines, antigens and adhesion molecules. Coordination of cellular processes by
Rho proteins arises via activation of Rho effectors and downstream s';i:gnaling 'c_ascades' that dirécﬂy
mediate the responses. Different Rho proteins exert related but distinct cellular functions due to
interactions with a variety of downstream effectors. A particular cellular response is the end-result of
effector interactions leading to changes in the activities of intracellular signaling mediators, gene
transcription or both. Transduction of signals downstream of Rho proteins and their effectors enable
| Rho GTPases to regulate an array of cellular activities. The contributions of Rho GTPases to changes
in the actin cytoskeleton, transformation, cell cycle progression and gene transcription are of particular
relevance to this thesis and the next sections will focus on the role of Rho GTPases in these

processes.




1.2.5.1 Regulation of the actin cytoskeleton

Rho family proteins were implicated in regulation of the“actin cytoskeleton (reviewed in [4] [B]). In
Swiss 3T3 fibroblasts, RhoA activation via extracellular ligands, including lysophosphatidic acid (LPA)
led to assembly of contractile actin-myosin filaments termed stress fibers as well as associated focal
adhesion complexes [32]. Other members of the Rho family of GTPases have been shown to be
activated by distinct sets of agonists and induce specific actin cytoskeletal changes, distinct from those
~ induced by active Rho. Rac for example is activated by a distinct set of agonists including platelet-
derived growth factor and insulin and induces a meshwork of actin filaments at the cell periphery to
produce lamellipodia and membrane ruffles [33]. More recently, Cdc42 was shown to induce actin‘-rich
protrusions called filopodia as well as formation of multimolecular focal complexes at the plasma
membrane [34] [35]. Interestingly, analysis of Cdc42 also revealed that activation of this GTPase led to
the sequential activation of Rac and then Rho in Swiss 3T3 cells. In fact, Rac and Cdc42 both
stimulate the assembly of multimolecular focal complexes associated with lamellipodia and filopodia
that contain. vinculin, paxillin and focal adhesion kinase [35]. Notably, these complexes are distinct
from and formed independently of Rho-induced focal adhesion [35]. Thus in addition to their abilities to
regulate stress fibers énd lamellipodia, Rho and Rac also regulate the formation of focal complexes at
the plasma membrane. Certain Rho family members can also antagonize the activity of others. For
example, Rac signaling can antagonize Rho GTPase activity directly; thus the reciprocal balance
between Rac and Rho activity influences the cellular.morphology and migratory behaviour in NIH 3T3
fibroblasts [36]. Together these results suggest a molecular model for coordinated control of cell
motility through members of the Rho family of GTPases and indicate that these proteins are key

regulatory molecules linking surface receptors to the organization of the actin cytoskeleton.

Actin cytoskeletal changes induced by Rho proteins have been observed in many other cell types
including neurons, astrocytes, epithelial and endothelial cells as well as in circulating cells such as
lymphocytes, macrophages, mast cells and platelets (reviewed.in [4]). These and other studies have
implicated Rho, Rac and Cdc4é in morphogenetic processes involving changes in cell shape and
polarity, éell movement, phagocytosis, cytokinesis, axonal guidance and membrane trafficking
(secretion, endocytosis, phagocytosis and antigen transport) (reviewed in [27] [5] [28]). It is therefore
likely that Rho GTPases play a role in cellular processes wherever filamentous actin is used. Members
of this GTPase family are key mediators of signal transduction pathways from membrane receptors to

the cytoskeleton.



1.2.5.2 Rnd proteins

Several recently identified Rho GTPases, Rnd1, Rnd2 and Rnd3/RhoE, form a distinct branch within
the Rho GTPase family. Rnd1 displays a low affinity for GDP and spontaneously exchanges nucleotide
rapidly in vitro, suggesting that this protein may be constitutively active in the GTP-bound state [37].
Notably, Rnd1 or Rnd3/RhoE protein expression in fibroblasts antagonized the formation of cytoskeletal
structures by inhibiting the formation of actin stress fibers, membrane ruffles, focal adhesions and
induced loss of cell substrate adhesion [37]. Thus Rnd proteins appear to inhibit the formation of
cytoskeletal structures that are normally induced upon activation of Rho, Rac and Cdc42.

1.2.5.3 Rho family protein signaling pathways and cellular transformation

Transformed cells display a range of cellular phenotypes including enhanced proliferation, increased
saturation density, loss of contact inhibition, anchorage-independent survival and proliferation and
reduced dependence on serum. Moreover, the oncogenic potential of transformed cells is
demonstrated experimentally upon injection of cells into immune-compromised mice and formation of

tumors. These are the hallmarks of oncogenic transformation.

1:2.5.3.1 Rho family protein-mediated transformation

Many studies have demonstrated the transforming and oncogenic potential of Rho family GTPase
signaling pathways. In fact, initial identification of oncogenes encodihg exchange factors for Rho family
members suggested that Rho GTPases were important in cell growth control and mitogenesis. Rho
family GTPases and their regulators have since been implicated in several aspects of cell growth
control. Expression of wild-type RhoA as well as constitutively active RhoA and RhoB caused
transformation of NIH 3T3 fibroblasts through increased saturation density and reduced dependence on
serum and anchorage [38] [39]. Injection of wild type and constitutively active RhoA-expressing
fibroblasts into mice also induced tumors [40]. Furthermore, expression of activated mutants of RhoB
and RhoG caused NIH 3T3 fibroblasts to grow to higher saturation density and display reduced serum
and anchorage requirements for growth [39] [41]. NIH 3T3 fibroblasts expressing constitutively
activated Rac1 displayed several characteristics of malignant transformation [42, 43] and caused
tumors in mice following injection [44]. Expression of fast-cycling mutants of RhoA, Rac1 and Cdc42
also caused loss of serum dependence; increased saturation density and anchorage-independent

- growth of NIH 3T3 fibroblasts and were tumorigenic when injected into mice [19] [45]. Thus a number

of studies have implicated Rho family proteins in oncogenic transformation.




1.2.5.3.2 Rho family proteins and human cancer

The previously described studies have implicated Rho proteins in cellular transformation. In contrast to
Ras, no mutation in the Rho family geﬁes that affect the rates of nucleotide binding or hydrolysis have
been found in association with human cancer (reviewed in [46]). Nevertheless, a number of recent
studies suggest involvement of Rho proteins in certain aspects of human malignancies. Expression
levels of Rho, Rac and Cdc42, for example are elevated in a variety of solid tumors [47]. Moreover,
increased expression of RhoC is associated with progression of human pancreatic adenocarcinoma
[48]. A recently identified human Rac1 splice variant was also highly expressed in colorectal tumors at
various stages of neoplastic progression when compared to adjacent tissues [49]. An important
change during cancer progressioh is the switch from a locally growing tumor to metastatic killer.
Expression of RhoC has also been associated with progression of melanoma cells to a metastatic
phenotype whereas dominant negative RhoC inhibits this progression [50]. Thus in addition to their
apparent role in formation of primary tumors, Rho proteins may also be involved in the acquisition of

metastatic properties by these cells.

Notably, RhoH was isolated by its fusion to the bcl-6 gene in a non-Hodgkin’s lymphoma (NHL) cell line
and has since been identified in a subset of NHL cases [51] [52]. RhoH éxpression is restricted to
hemopoietic tissues [51]. Deregulated expression of either gene is likely to be a consequence of the
translocation. This is the only known example of a recurrent chromosomal alteration involving a Rho
family GTPase géne leading to malignancy.

Activation of Rho proteins is regulated by GEFs. A large number of Rho GEFs have been directly
implicated in human malignancies. These observations indicate that Rho signaling pathways are
extremely important in acquisition and progression of malignancies. GEFs and human disease are
discussed in section 1.2.7.5.

1.2.6 Signal mediation from active Rho proteins: Rho effectors and downstream
components

Rho family proteins influence a range of cellular responses from actin cytoskeletal rearrangements to

oncogenic transformation. How do these proteins coordinate such a diversity of cellular responses?
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Signals are transduced to downstream components upon binding of effectors to GTP-bound or
activated Rho family proteins. Although much is known regarding the cellular processes coordinated
by Rho proteins, the details of signal mediation between activation of Rho proteins and downstream
components involved in the responses are less clear. The cell morphological effects induced by Rho,
Rac and Cdc42 for example are clearly different in appearance [32] [33] [35] [53] [54] [55]. The
mechanisms by which Rho, Rac and Cdc42 coordinate distinct cytoskeletal rearrangements, however
are not well understood. The diversity of effects is the likely result of interactions of these family
members with different sets of downstream effectors. Recent efforts have focused on identification and
characterization of Rho effectors. A number of candidate effectors have been identified in yeast two-
hybrid screens, genetic analysis or affinity column purifications (reviewed in [27] [56]). Many of these

Rho effectors have been characterized and their cellular functions are beginning to be elucidated. The

next few sections will summarize some of what is known regarding signal mediation downstream of

activated Rho. Once again, for the purposes of this thesis emphasis will be placed on what is known
regarding the particular pathways involved in actin cytoskeletal reorganization and regulation of cell

growth control.

1.2.6.1 Rho effectors

Upon activation, GTP-bound Rho can bind to and activate effector proteins. Rho effectors can be
divided into séveral categories: kinase, phosphatase, lipase and scaffold proteins (Table 1.1). The
conformational differences between the GTP- and GDP-bound forms of RhoA are restricted primarily to
two surface loops, switch regions | and Il [57] [58]. Effector proteins are therefore likely to utilize these
differences to discriminate between GTP- and GDP-bound forms, although they may also interact with
other regions of the GTPase. |

Many Rho GTPase effectors have beén identified and the Rho, Rac and Cdc42 membéré each have at
least ten known effectors (reviewed in [7]). Some effectors are specific for one family member while
others are more promiscuous in terms of their binding partners. Upon interaction with Rho proteins,
effectors interact with various downstream mediators and induce the range of cellular responses

coordinated by these GTPases.

A common mechanism of effector activation by Rho proteins involves disruption of intra-molecular
autoinhibitory interactions resulting in exposure of functional domains within the effector protein. The

Rac/Cdc42 kinase target PAK1, for example poséesses an intra-molecular regulatory domain that
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Table 1.1. A selected list of Rho family GTPase effectors. Adapted from[7].

Effec@or Type .Of Functions Rho GTPasg b inding References
protein protein selectivity

Rho-kinase Ser/Thr kinase | Actin/myosin Rho [59] [60]
Citron kinase | Ser/Thrkinase | Cytokinesis Rho (61] [62]
MLK Ser/Thr kinase | JNK Rac Cdc42 | [63][64])
PAK Ser/Thr kinase | JNK/actin Rac Cdc42 | [65][66]
ACK Tyr kinase unknown Cdc42 | [67]

PI3K Lipid kinase PIP; levels Rac Cdc42 | [68][69]
PLC-B2 Lipase DAG/IP; levels Rac Cdcd42 | [70]
Rhotekin Scaffold unknown Rho [71]

Dia Scaffold Actin organization Rho [72]

WASp Scaffold Actin organization Cdc42 | [73][74][75]
p67phox Scaffold NADPH oxidase Rac [76] [77]

inhibits kinase activity. GTPase binding displaces the inhibitory sequence enabling the kinase to bind

to substrates [78]. Activated PAK leads to cytoskeletal rearrangement and ¢-Jun amino-terminal

kinase (JNK) activation in a number of cell types (reviewed in [66]). Rho-kinase (p160Rock), a Rho

effector also contains an autoinhibitory region regulated by‘GTPase binding [79]. Rho-kinase was
identified as a RhoA effector that binds GTP-bound RhoA. Mutation of residues within the effector or
the switch |1 region of RhoA bound to GTP prevented Rho-kinase binding. GTP-bound RhoA also

stimulated Rho-kinase activity [80]. Upon activation Rho kinase is able to regulate the phosphorylation

of several proteins. Activation of this kinase is critical in the formation of actin stress fibers, a hallmark

of Rho activation. Notably, activated Rho-kinase directly phosphorylates the myosin light chain (MLC)

and inactivates the myosin phosphatase through phosphorylation of myosin-binding subunit (MBS) thus

enabling stress fiber formation (reviewed in [7]).

Many Cdc42 and Rac effectors contain a binding motif referred to as the Cdc42/Rac interactive binding

(CRIB). CRIB-motif-containing proteins include the serine/threonine kinase family of p21-associated
kinases (PAK) and mixed-lineage kinase 2,3 (MLK-2, 3), the tyrosine kinase 1,2 (p120Ack Ack2) and
- WASp. Other effectors lacking the CRIB motif are also known to associate with Cdc42/Rac and include

POR1 (partner of Rac1), p67rhox (a phagocytic cell NADPH oxidase complex component), MEK kinase
1,4 (MEKK-1,4) and phosphatidylinositol 4-phosphate 5-kinase (Pl4Ps-kinase). A subset of Rho

effectors also contains a conserved sequence termed Rho effector motif class 1[71]. Effectors
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containing this consensus motif includ.e the serine/threonine kinase protein kinase N and the scaffold
proteins rhophilin and rhotekin [81]. Other putative Rho effectors that lack this binding motif include the
scaffold protein mDia as well as three serine/threonine kinases including protein kinase N (PKN/PRK),
Rho-associated coiled coil-containing protein kinase (p160R0CK) and citron kinase [61]'. The motifs
required for recognition of Rho family GTPases by effectors are thus beginning to be characterized and

others are likely to be identified in the future.

The Wiscott-Aldrich Syndrome protein (WASp) is an effector that binds activated Cdc42 [73]. The WAS
gene is mutated in children with Wiscott-Aldrich syndrome (WAS), a severe X-linked inherited immune
deficiency marked by bleeding, recurrent infections and eczema (reviewed in [75] [82]). WASp plays
an important role in regulating the actin cytoskeleton and over-expression of the protein induces
formation of polymerized actin clusters [73]. Normally, WASp is expressed in hemopoietic cells.
| Individuals with WAS display cytoskeletal abnormalities and impaired T cell proliferative responses to
stimulation via the T cell receptor complex (83]. WASp is thought to mediate its cytoskeletal effects
throUgh direct binding of either actin monomers or the WASp-interacting protein (WIP) that binds
profilin and causes actin polymerization (revie_wed in [7]).

Rhotekin is another scaffold protein Rho effector that binds GTP-bound RhoA, RhoB and RhoC but not
Rac1 or Cdc42 [71]. Although little is known regarding the cellular functions of Rhotekin, biochemical
characterization revealed that binding of the Rho binding domain (RBD) of Rhotekin inhibits both the
intrinsic and GAP-enhanced GTPase activity of endogenous Rho [71]. Interestingly, the fact that Rho
effectors interact only with GTP-bound Rho has been exploited for expérimental purposes. In
particular, the Rho binding domain of Rhotekin has been developed as a tool to affinity-precipitate
cellular GTP-Rho [84]. This assay has proved useful in determining levels of activated endogenous or
exogenous Rho in cells. Despite the large number of Rho effectors identified, the details of signal
mediation of Rho signals downstream of their direct effectors are fragmentary. Rhotekin for example is
known to bind activated Rho, however the cellular consequences of this particular RhoGTP-effector

interaction are not known.

1.2.6.2 Signal convergence on downstream targets
Signals downstream of Rho are beginning to be characterized. Given the diversity of Rho effectors, the

~signaling cascades downstream of these proteins are likely to converge on many targets. In efforts to

v
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elucidate the mechanisms of cellular responses, groups have focused on particular cellular responses
and analyzed components that are likely to be affected. These-components are directly involved in
mediating cellular responses. Approaches such as these have enabled identification of several
components likely to be involved in processes coordinated by Rho proteins. Linking these downstream
components to upstream effectors, however will be the focus of future works in this field. Some of the
downstream components involved in cell growth control responses will be discussed in the following

sections.

1.2.6.2.1 Cell cycle progression _
Signal transduction pathways from Rho family GTPases play an important role in cell cycle control.
Early experiments showed that cell cycle progression throUgh the G phase and subsequent DNA
synthesis in Swiss 3T3 cells occurred upon injection of Rho, Rac and Cdc42. Injec;tion of dominant
negative forms of these GTPases however blocked DNA synthesis in response to serum [85]. The
activity of Gy cyclin-dependent protein kinases (Cdks) consisting of a kinase core and an associated
cyclin subunit increases and decreases periodically during the growth and division of cells. The activity
of these proteins determines the rate of cell cycle progression. Entry into S-phase DNA synthesis
involves the G1 Cdks that consist of Cdk4 and Cdk6é complexed with the D-type cyclins (D1, D2 and
D3) and Cdk2 complexed with cyclin E (E1 and E2). Cdk activity is low in non-proliferating cells due to
combined effects of low D- and E-type cyclin production and association with cyclin-dependent kinase
“inhibitors (CKls) of the Cip/Kip family. Mitogenic stimuli induce production of D-type cyclins that
activate Cdk4/6 and then cyclin E production, activating cyclin-E-Cdk2. Increased Cdk activity results
from increased cyclin expression and sequestration of Cip/Kip inhibitors by the newly formed cyclin-D-
Cdk corhplexes and degradation of p2701, G; Cdks regulate the phosphorylation of the
retinoblastoma protein (pRb'%%) and hypophosphorylated pRb10 assoc'iates with the E2F family of
transcription factors, actively repressing or suppressing E2F from genes required for entry into S-
phase. A consequence of Gi Cdk activation is the hyperphosphorylation of pRb'% by G Cdks, E2F
release and subsequent E2F-dependent transcription of genes necessary for DNA synthesis.

Regulation of Gy Cdk activity occurs at many levels through synthesis of cyclins, formation of
cyclin/Cdk complexes, association with CKls, phosphorylation of Cdks by activating kinases and
transport of cyclin/Cdk complexés to the-nucleus. Although some of these pathways are regulated

upon activation of the cell cycle machinery, other events are directly regulated by intracellular signals
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from the Rho family of GTPases. Activation of the Erk mitogen-activated protein kinase (MAPK)
signaling pathway is a key element in induction of cyclin-D production and Rho signaling is necessary
for sustained activation of ERK in fibroblasts in response to mitogenic stimulation [86]. Although
inhibition of Rho blocked sustained activation of ERK, cyclin D1 was induced earlier and independently
of Erk by Rac [86]. Thus Rho signaling may prevent premature cell cycle entry and maintain the
correct timing of cyclin expression in G1 phase by suppressing the ability of Rac to induce cyclin D1.
Other studies have also shown the importance of Rac signaling for cyclin D1 expression. In primary
endothelial cells, growth factor stimulation induéed cyclin D1 expression only Awheh the cells adhered to
a matrix that supported integrin-dependent Rac activation [87]. Expression of constitutively active Rac
and Cdc42 in NIH 3T3 fibroblasts potently induced E2F transcriptional activity via cyclin D1 |
accumulation and pRb hyperphosphorylation [88]. In addition to the effect of Rho on cyclin D1
induction, Rho activity was also required for promotion of p27C! degradation, a cyclin-dependent
kinase inhibitor, during the G+/S transition [89] [90]. Moreover, constitutively active RhoA stimulated
cyclin E/Cdk2 activity and degradation of p27Cirt [91]. Thus RhoA regulated p27 degradation occurs
through regulation of cyclin E/Cdk2 activity. Rho family GTPase signal transduction pathways directly
regulate the cell cycle via cyclin expression, formation of cyclin/Cdk complexes and degradation of
CKls. Regulation of these components is also likely to be involved in cellular transformation via Rho

- family proteins. Although the cell cycle components influenced upon Rho activation are well
characterized, the proteins mediating signals downstream of Rho and upstream of these components

are not.

1.2.6.2.2 Induction of transcriptional target elements
RhoGTP-effector interactions léad to an array of other nuclear responses. The majority of Rho-
mediated cellular responses are regulated by several proteins including members of the c-Jun amino-
terminal kinase (SAPK/JUNK), c-fos serum response factor (SRF) and nuclear transcription factor-xB
(NF-kB). Althdugh Rho-mediated responses generally do not involve activation of the mitogen-
- activated protein kinases (MAPK), ERK1 and ERK2, some nuclear responses are mediated via
 signaling pathways involving these proteins. . g

Expression of constitutively active Rac and Cdc42, but not Rho induced JNK and p38 activity in Cos-7
and NIH 3T3 cells and expression of dominant negative mutants of these GTPases blocked activation
[92, 93). In human 293T cells however, RhoA, RhoB, RhoC and Cdc42, but not Rac, induced JNK [94].
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Rho family proteins thus appear to signal to JNK in a cell type-specific manner. More recently,
expression of RhoA, but not Rac or Cdc42 stimulated c-jun expression and activity of the ¢c-jun
promoter, independently of JNK activation, through activation of Erk8, a recently identified member of
the p38 family of SAPKs. Interestingly, the transforming ability of RhoA was dependent upon activation
of ERKB, likely by promoting c-jun expression [95].

The c-fos serum response element (SRE) is a growth factor-regulated promoter element that is
essential for the activation of immediate-early genes, such as c-fos and egr-1, by extracellular signals.
The c-fos SRE forms a ternary complex with the SRF and ternary complex factors (TCF) and is a
convergehce point for several signal transduction pathways [96] [97]. TCF activity is regulated by MAP
kinases (reviewed in [98] [99]). ExtraceIILanr signals can also control SRF activity in the absence of
TCF binding by a pathway that involves Rho family GTPases [100] [101]. This pathway is regulated by
serum, lysophosphatidic acid or intracellular activation of heterotrimeric G proteins and is critically
dependent on actin polymerization [101]. Notably, the SRF is a nuclear target of Rho-mediated
signaling pathways and constitutively active RhoA, Rac1, Cdc42 and TC10 activate transcription via
SRF in the absence of extracellular signals; Cdc42 and Rac1 function independently of RhoA [100]
[102]. Phosphatidylinositol 3-kinase (PI-3K) has been implicated in signaling to the SRF via both Rho-
dependent and -independent mechanisms, although this is not detectable in all cell types [103] [104]
[105]. Recently, the actin regulator LIM kinase-1 (LIMK) was identified as a potent SRF activator.
More specifically, LIMK and extracellular signals cooperate to regulate the actin treadmilling cycle and
SRF activity [106]. LIM kinases prevent the dissociation of actin from filament pointed ends and
stabilize F-actin [107]. Thus'Rho GTPases activate SRF via their ability to induce depletion of the G-
actin (sequestered actin) pool. The actin treadmilling cycle represents a convergence point in the
signaling pathways to SRF and reveals a direct link between cytoskeletal reorganization and gene

transcription.

Rho family GTPases are also involved in activation of NF-kB. The NF-xB complex is composed of
different homodimers and heterodimers of the Rel/NF-kB family of transcription factors. NF-kB, in its
inactive state, is located in the cytoplasm where it is retained by the inhibitory protein, IxB. Activation
by external stimuli triggers the phosphorylation and proteolytic degradation of the IkB protein, releasing
the NF-xB dimer, which translocates to the nucleus and binds DNA. RhoA, Rac1 and Cdc42 induced
the transactivation of an NF-KB-dependent HIV promoter in Cos-7, NIH 3T3 and Jurkat cells by
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inducing the phosphorylation of lkBo.. Moreover, expression of dominant negative RhoA and Cdc42
blocked activation of NF-kB by the physiological stimulus, tumor necrosis factor o (TNFor) [108]. Rho

family proteins are important in several signal transduction pathways that modulate gene expression.

1.2.6.3 Complexity of Rho signaling

The mechanisms by which cells transduce certain Rho-induced signals leading to cellular. responses
often result from convergence of signaling cascades. Rho signals regulate JNK, SRF and NF-«xB
proteins, for example and all of these are involved in induction of transcriptional target elements. The
details of signal mediation upstream of JNK, SRF or NF-kB are complex. JNK activation via Rac or
Cdc42, for example can occur via activation of either of these Rho effectors: p21-activated kinase
(PAK) [109] or mixed lineage kinase (MLK) [63]. Activation of multiple upstream effectors converging

on downstream components is a recurrent theme in GTPase signaling.

As rhentioned, Rho pathways also influence NF-«B activation [108] [110]. In some cases, Rho GEF
induction of the cyclin D1 promoter occurs in an NF-xB-dependent manner [111]. Interestingly, NF-«xB
activation by RhoA does not exclusively promote its nuclear translocation and binding to specific kB
sequences. NF-xB also regulates the transcriptiohal activity of the c-fos SRF; SRE-dependent
promoter activation via RhoA can be efficiently interfered with by expression of an lkBow mutant that
inhibits NF-kB activity [112], thus NF-xB is also required for regulation of the c-fos SRF. vMoreover,
there appearevd to be a link between NF-xB and JNK cascades since a dominant negative mutant of
MEKK1 inhibited NF-kB activation via Rac1 and Cdc42 [110]. The signaling components between Rho
activation and NF-kB activation are less clear and although NF-kB activation in fibroblasts may involve
the Rac effector PAK, activation can also occur in a PAK-independent manner [113]. The mediators of
these signals are unknown. Furthermore, the effectors involved in transduction of signals converging
on the SRE are poorly understood. In T cells, SRF activation upon T cell receptor (TCR) stimulation
occurs through a signaling cascade consisting of Rac1/Cdc42 and-the serine/threonine kinases PAK
and MEK [114]. In fibroblasts, however PAK binding is dispensable for SRF activation [114], indicating
that certain responses are cell type-specific.

These studies enable us to envision a general pathway for Rho-induced cellular responses. Rho
activation leads to interaction with effector proteins. These effectors, whether they are scaffold, lipid,

kinase or phosphatase proteins, interact with a variety of distinct downstream mediators thus initiating
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signaling cascades. Ultimately, signals converge on a set of targets specifically required for a particular
cellular response. The nature of the response is thus dependent on a variety of factors including Rho
activators, Rho effectors, downstream targets and the regulatory proteins that act on all of these.

1.2.6.4 Cross talk with other small GTPases

Analysis of Rho and Ras proteins have revealed extensive cross talk and cooperation between
GTPase-regulated signal transduction pathways. Notably, the coordinated activation and functional
cooperation between members of the Ras and Rho GTPase families appears to be importént ina
number of processes including cell cycle progression, transformation and cytoskeletal fearrangements
(reviewed in [115]).

Members of the Rho family of GTPases are known to be required for Ras transformation. In addition to
their roles in regulation of the cytoskeleton, activation of downstream signaling components (lipid
kinases and protein kinases, phospholipase D), and transcriptional regulation, Rho proteins are
essential for transformation of cells by the related small GTPase Ras. Rho, Rac and Cdc42 were
shown to synergize with Ras or Raf in focus formation assays and expression of dominant negative
forms of these GTPases suppressed the ability of Ras to transform NiH 3T3 or Rat1 fibroblasts [116]
[117][42] [39] [118]. Synergistic interactions of Ras and Rho GTPases are involved in promoting cell
cycle progression and this cooperation is likely to increase the proliferative capacity displayed by Ras-
transformed cells. Thus signal cooperation appears to be important in Ras-induced transformation.

More detailed analysis ‘of the cross talk between Rho and Ras have revealed that Rho suppresses an
inhibitor of the cell cycle enabling Ras-induced DNA synthesis. Notably, Rho inhibition led to induction
of the cyclin-dependent kinase inhibitor p21¢t and suppressed entry into S-phase by constitutively
active Ras [119]. Rho activation suppressed induction of p21¢! by Ras leading to Ras-induced DNA
synthesis, indicating that the primary requirement for Rho signaling, after Ras activation, was the
suppression of p21Cirt [119] [120]. This may in part provide a mechanism by which Rho cooperates
with Ras in cellular transformation. Rho protein regulation of other aspects of oncogenic transformation
including activation of the cell survival machinery, cytoskeletal rearrangements and altered adhesive
interactions are also involved in oncogenic Ras transformation (reviewed in [115]). Signal integration
thus appears to be important in coordination of the cellular process induced by the small GTPases.
Integration can occur via branching of upétream signals or via coordinated regulation of downstream
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functions. Importantly, signal convergence is likely to be the rule rather than the exception in GTPase-
induced cellular responses. Regardless of the mechanism of signal integration, Rho regulators and
effectors play a central role in these processes.

1.2.7 Dbl family proteins are GEFs for Rho GTPases

‘Abnormal Rho protein activity can alter the balénce of signals within a cell leading to severe cellular
consequences. Not surprisingly, the activities of these GTPases are tightly regulated. Rho GTPases
are activated by GEFs that share tandem Dbl-homology (DH) and pleckstrin-homology (PH) domains.
The dbl oncogene product was originally isolated from a diffuse B-cell lymphoma [121] [122]. Early in
vitro experiments im)olving Dbl revealed that this protein stimulated the replacement of GDP bound to
Rho family GTPases, with GTP [123] [124]. The DH-PH domains represe'nt the structural module
responsible for catalyzing GDP-GTP exchange and since the isolation of Dbl many other proteins have

been identified that share these catalytic domains. These proteins are referred to as Dbl family GEFs.

1.2.7.1 Current members and estimates

Completed genome sequencing projects and domain-based comparative analyses have revealed that
there are at least 46 Dbl family GEFs in humans [125]. Over 22 mammalian Dbl GEFs have been
identified and characterized to some extent. Some of these GEFs and their properties are listed in
Table 1.2. The specificities of Rho GTPase activation by different members of the Dbl family of
proteins are variable and some members, including Lsc and Tiam1, are specific for a single Rho family
protein [126] [43]. Other members, including Dbl and Dbs however, are more promiscuous and target
multiple Rho GTPases [111] [123] [124]. Dbl family members display a range of motifs in addition to
their conserved’ DH-PH domains and studies have revealed that Dbl proteins are multifunctional
molecules that transduce diverse intracellular signals leading to activation of Rho GTPases. Activation
of Rho GTPases occurs upon stimulation of cytokine receptors, growth factor receptors, cell-to-cell or
extracellular matrix-to-cell adhesion receptors and G protein-coupled receptors (GPCRs). Dbl family
GEFs mediate receptor-initiated intracellular signals and directly stimulate Rho GTPases. Active Rho

proteins interact with effector proteins and transduce signals to downstream signaling components,

resulting in diverse cellular responses.




Table 1.2. A selected list of Dbl family GEFs, their GTPase substrates and some distinguishing

characteristics.
Dbl family | GTPase o .
Biological activities References
member substrate ‘ _
First Rho GEF isolated; proto-oncogene product isolated
Dbl Rho from diffuse B cell ymphoma [122,127]
Lsc/ . .
p115RhoGEF Rho Proto-oncogene product; interacts with Gouz and Gous (126, 128-131]
Rho and
Dbs/ 'Ost Cdcd? Proto-oncogene product | [132] [111]
Tiam1 Ract Proto-onqogene product; Tlymphocyte invasion and 43, 1 33]
metastasis _
Proto-oncogene product; isolated as a fusion partner with
LARG RhoA mixed-lineage leukemia (LARG-MLL); interacts with Gowz | [134, 135]
and Gais
PDZ- Predominantly expressed in brain; interacts with Gatsz
RhoGEF RhoA and Gous [136]

1.2.7.2 Primary Dbl family protéin function: activation of Rho GTPases

Several lines of evidence indicate that Dbl family proteins function via activation of Rho GTPases in

cells. First, the foci induced by expression of Dbl proteins are morphologically similar to those

transformed by activated Rho GTPases, but distinct from those induced by other oncogenes such as
Ras and Raf [121] [137] [128] [132] [132] [138] [139] [140] [141]. Second, expression of dominant
negative Rho GTPase mutants suppresses the transforming abilities of Dbl family proteins [142] [128]

| [143]. Third, deletion or mutation of the residues within the DH domain of Dbl family proteins are

unable to interact or activate Rho proteins and behave as dominant negatives in cells [128, 144] [132]

[132] [145]. Fourth, the cellular responses induced by Dbl family proteins, including actin cytoskeletal

reorganization [146] [147] [148] [143], stimulation of G1 to S phase transition [149], cyclin D1 induction

[150], activation of c-Jun N-terminal kinase [146] [93] [143], serum response factor [143] [151] and

nuclear factor-KB proteins [111] [110], are associated with the activation of signaling pathways

mediated by Rho GTPases or their effector targets. These observations indicate that Dbl family GEFs

serve as positive regulators of Rho proteins and function immediately upstream of these GTPases.
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~ 1.2.7.3 Activation and requlation of Dbl family proteins

1.2.7.3.1 Activation of Dbl proteins

Activation of Dbl prbteins can occur via GTP-binding proteins, kinases and other proteins. Sevéral
types of G protein-coupled receptor stimuli are known to activate Rho GTPase pathways. Biochemical
studies ‘have identified Lsc/p115RhoGEF, LARG and PDZ-RhoGEF as a subset of GEFs containing
additional domains that bind to and may be activated by Gous [130] [136] [135]. Dbl also binds Gous
through its amino-terminal regulatory sequences, however whether this is a mechanism of activation is
not known [152]. Certain Dbl family proteins including Tiam1 and Sos contain either Ras binding
domains or Ras activation domains in addition to the DH-PH domains involved in Rho activation.
Interestingly, Rho, Rac and Cdc42 are involved in Ras-induced transformation. Dbl proteins containing
both Ras and Rho GTPase binding and activation domains may bind and activate multiple GTPase

targets simultaneously or sequentially in response to stimuli.

Some Dbl family proteins are phosphorylated by proteins kinases in response to extracellular
stimulation and this may contribute to their activation. Vav, for example is phosphorylated by Src family
tyrosine kinases after receptor activation. Tyrosine phosphorylation activates Vav by relieving amino-
terminal sequences from the active site of the DH domain (reviewéd in [153]). Ect2, a Dbl family
member involved in regulation of cytokinesis is also activated by phosphorylation [154]. As mentioned
previously phosphoinositol kinases and their lipid products are capable of regulation of some Dbl
members. The mechanisms of spatial and temporal regulation of Dbl proteins are only beginning to be
characterized. Although Dbl activation ultimately leads to Rho GTPase substrate activation, the
mechanisms by which these signals are transduced are likely to be complex and involve coordinate
regulation of many proteins including RhoGAPs, RhoGDls, in addition to the Rho-activating Dbl

proteins.

1.2.7.3.2 Dbl family protein sequences diverge outside the DH-PH domains

Sequences outside of DH-PH domains of Dbl family proteins are divergent. Many Dbl family GEFs
display a wide range of motifs suggesting involvement in other signaling pathways. Figure 1.4
illustrates the diversity of domains outside the DH-PH domains found in Dbl family GEFs. In addition to
the invariant DH-PH domain pair, Dbl proteins display a diversity of domains including protein-protein
(SH3, spectrin, RBD, PDZ), catalytic (RGS, RhoGAP, Cdc25, REM, kinase), lipid binding (C2), calcium
binding (EF), immunoglobulin (Ig) and degradation motif (PEST) domains. The roles of many of these
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domains within their protein contexts are only beginning to be elucidated. Two Dbl family GEFs will be

described in detail in section 1.2.7.4.

Figure 1.4. The diversity of Dbl family proteins. Domain structures of representative Dbl family members.
Abbreviations: Gfy, GBy binding domain; Al, autoinhibitory domain; DH, Dbl homology domain; PH, pleckstrin
homology; CH, calponin homology; Ac acidic amino acid rich motif: CR, cysteine-rich zinc butterfly motif; SH3,
Src homology 3; SH2, Src homology 2; PEST, amino acids P, E, S and T rich, degradation motif; CC, coiled coil;
RBD, Ras-binding domain; PDZ, DHR or GLGF domain; Sec14, sec14-like; kinase, serine/threonine kinase
motif: C2, calcium-dependent lipid binding; RhoGAP, RhoGTPase-activating protein motif; P, proline-rich SH3-
binding motif: RGS, regulator of G protein signaling motif; REM, Ras exchanger motif, Cdc25, RasGEF motif.
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1.2.7.3.3 PH domain-mediated regulation of Dbl family proteins

Many Dbl family proteins appear to exist in an inactive or partially active state before stimulation. While
the DH domain is responsible for catalytic activity, the pleckstrin homology (PH) domain appears to
serve a regulatory role (reviewed in [155] [156] [157]). PH domains are likely to have a special function
given their invariant location; they are always located carboxyl-terminal to the DH domain of Dbl family
members. Moreover, the DH domain together with the PH domain constitutes the minimum structural
unit bearing transforming function. The requirement for the DH-PH domain in transformation has been
demonstrated with a number of different Dbl members including Dbl [158] Lbc [159], Lsc [128], Lfc
[160] and Dbs [132].

PH domains are well known for their ability to bind phosphoinositides (reviewed in [161]). In some
cases the phosphoinositide-binding site is well defined allowing specific and strong ligand binding. Itis
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often assumed however that all PH domains share this common function when they may instead share
only the PH domain fold and form subclasses with quite different functions. It is known that some PH
domains drive protein association with membranes via direct and specific recognition of
* phosphoinositides, however this is seen only in about'ten percent of PH domain-containing proteins
[161]. Intefestingly, the physiological ligands of- many PH domains are not restricted to
polyphosphoinositides. Notably, many PH domains directly mediate protein-protein interactions.

n =
PH domains are known to indirectly regulate the function of Dbl proteins via intracellular targeting. In
fact some PH domains are capable of drivihg Dbl GEF recruitment to the membrane through direct
recognition of phosphoinositides [162] [163]. Membrane recruitment of other Dbl family proteins via
their PH domains is also essential for transforming activity [158] [159] [128] [132] [132]. Interestingly,
replacement of the PH domain of Dbs with a membrane localization signal restores transforming ability
[111]. PH domains are also involved in targeting of Dbl proteins to other intracellular sites. PH
‘domains are required for localization of Lfc and Dbl to particular cytoskeletal components [158] [146].
Also, replacement of the PH domain of Dbl with a Ras membrane targeting sequence was not sufficient
for transformation indicating that PH-domain-mediated recruitment to the proper sub-cellular location
was essential for Dbl function. Thus PH domain-mediated targeting to specific intracellular locations is

~ essential for proper Dbl family protein function.

Oligomerization through intermolecular interaction between DH domains also plays a role in efficient
execution of GEF function. In fact, onco-Dbl protein exists in an oligomeric form in vitro and in cells.
The ability of onco-Dbl to oligomerize allows multiple members to be recruited to the same signaling

complex [164].

PH domains also regulate the activity of Dbl family proteins independently of any possible targeting
role. Intra-molecular interactions between DH and PH domains of certain Dbl family members can
inhibit the effect of the DH domain and regulate protein function. These interactions impose a
constraint on the normal DH and/or PH domain function by masking the access of the GTPase
substrate and/or intracellular targeting mediated by the PH domain. Autoinhibition via the PH domain
of Dbl has been demonstrated [165] [166]. Moreover, binding of phosphoinositides by the PH domain
of certain Dbl family members alleviates inhibition on the DH domain {167] [168]. Lipid products of

phosphoinositol kinases may be involved in regulating intra-molecular interactions by Dbl family protein
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domains. PH domains are also known to directly influence the nucleotide exchange activity of the DH
domain. In vitro measurements of GDP release revealed that the DH-PH domain of Trio catalyzed
nucleotide exchange on Rac1 one hundred-fold better than the DH domain alone [163]. Similar studies
involving Dbi, Dbs and Lsc revealed a similar mode of PH-domain mediated nucleotide exchange [127]
[13][169]. Nucleotide exchange catalysis via PH domains appears to be an important regulatory
mechanism employed by some Dbl family protei'ns. Thus PH domain-mediated autoinhibition,
localization of GEFs to intracellular targets and catalysis of nucleotide exchange appear to be important

mechanisms involved in regulation of Dbl protein function.

1.2.7.4 Lsc and Dbs

Lsc (Lbc’s second cousin)/p115 RhoGEF is a Dbl family GEF that was isolated in library screens for
cDNAs that cause transformation of NIH 3T3 fibroblasts [132] [128]. Full-length Lsc encompasses 920
amino acids and contains an amino-terminal regulator of G protein signaling (RGS) domain in addition

- to its DH-PH domains [128] [131]. This Dbl family member is a specific GEF for Rho, but not Rac or
Cdc42 [126] [129]. Expression of Lsc is restricted to hemopoietic tissues [128]. The RGS domain of
Lsc down-modulates heterotrimeric G proteins by acting as a GAP and stimulating the intrinsic GTPase
activity of the o subunit of the trimer [1'31}. The Lsc RGS domain is specific toward the Gouz and Gous
subunits of G protein-coupled receptors (GPCR). In addition, the Gaus subunit induces Lsc GEF

~ activity on Rho, possibly via binding to the RGS domain [130]. Thus, Lsc regulates the activity of Rho
and is also capable of modulating signals from GPCRs to Rho. Lsc is one of several Dbl family
proteins able to modulate signals from recepfor-coupled Go subunits to Rho proteins. Other members
include PDZ RhoGEF [130], LARG [130] and KIAAQ380 [170].

Dbs (Dbl's big sister) was also isolated by its ability to transform NIH 3T3 fibroblasts [132]. Dbs
expression is high in brain and lung, moderate in kidney, heart and stomach and low in thymus, bone

~ marrow and skeletal muscle. Expression was not detected in liver or spleen [132]. Full-length Dbs

- encompasses 1149 amino acids and contains, in addition to the DH-PH domains, a putative amino-
terminal Sec14 domain, two spectrin-like repeats and a carboxyl-terminal Src homology domain-3
(SH3) [132] [171]. Although the functional roles of the motifs outside the DH-PH domains are not yet
known, they are not required for cellular transformation [132]. Notably, Dbl and Dbs exhibit high
sequence similarity within the DH and PH domains. Consistent with their high degree of sequenée
similarity, Dbl, Dbs and Ost (the rat ortholog) are GEFs specific for Cdc42 and RhoA but not Rac [123]
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[111][172]. Dbland Dbs also both activate multiple signaling pathways including activation of the Elk1,
Jun and NF-B transcription factors and stimulate transcription from the cyclin D1 promoter [150] [111].

As mentioned, the PH domain of Dbs is involved in regulation of nucleotide exchange on Cdc42 and

RhoA and removal of this domain results in reduced nucleotide exchange on GTPase substrates [13].

1.2.7.5 Dbl family proteins and human disease

A number of studies suggest that Dbl proteins play key roles in human disease. Notably, several Dbl
members have been implicated in oncogenesis, metastasis and development. By implication, therefore
Rho GTPases are likely to contribute to these processes. The Dbl family of proteins constitutes the
largest single family of oncogenes (reviewed in [173]). Members have been identified for the most part
via techniques designed to identify oncogenes, namely by transduction of fibroblast cell lines. In fact
several Dbl members were isolated from malignant cell sources. Lbc, for example, was isolated from a
lymphoid blast ecrisis [137] and Vav was isolated from an esophageal carcinoma [141]. Ost was
isolated from an osteosarcoma cDNA expression library [172], while TIM (tumor immortalized |
mammary) was isolated from a mammary epithelial cDNA expression library [138]. Dbs, Lfc, and Lsc
were isolated in cDNA library screens in which retroviral vectors were used to introduce hemopoietic

expression into recipient cells [132] [128] [146].

Dbt family genes have been involved in chromosomal translocations from human leukemias. BCR, a
Dbl member, was isolated from the breakpoint cluster region gene, which along with the ABL tyrosine
kinase, is rearranged in chronic myeloid leukemia (CML) and a type of acute lymphoblastic leukemia
(ALL). Chromosomal rearrangements between chromosomes 9 and 22 produce the Philadelphia
chromosome (Ph’) and oncogenic BCR-ABL fusion proteins. The DH and PH domains are retained
only in the larger p210 form of the BCR-ABL fusion protein found in CML (re\)iewéd in [173]). Itis not
known whether the DH-PH portion of the fusion contributes to the disease. Although only the first 63
amino acids of BCR are required to activate the tyrosine kinase activity of ABL, the DH domain present
in the p210 fusion contributes to the stabilization of. actin fibers [174] [175]. Moreover, removal of the
DH domain from p210 eliminates the ability of BCR-ABL to transform Rat1 fibroblasts, mouse bone
marrow and induce growth factor independence in the cytokine-dependent cell line, Ba/F3 [176]. Thus
the DH portion of the BCR-ABL fusion protein is likely to contribute to CML. More recently, leukemia-
associated RhoGEF (LARG) was found fused to MLL in a patient with acute myeloid leukemia (AML).

The fusion was the likely result of an interstitial deletion rather than a chromosomal translocation [177].
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The role of LARG in AML is not yet known. These findings illustrate the importance of Dbl protein

fusions in the onset of certain human malignancies.

‘Studies involving another Dbl member have demonstrated the importance of Rho regulators in
metastasis. TIAM-1, an oncogenic GEF for Rho, Rac and Cdc42 was isolated using an assay

“designed to identify invasion-inducing genes and was capable of inducing T lymphoma invasiveness
and significant metastases when injected intravenously into immune-deficient mice [133] [43] [148].
Moreover, constitutively active Rac induced an invasive phenotype when expressed in T lymphoma

cells [148]. Thus the metastatic effects of Tiam1 appear to be mediated via activation of Rac.

A DH domain-containing protein has been shown to be responsible for one human disease, faciogenital
dysplasia (FGD). Mutations to FGD1 resulting in translational termination within the DH domain have
been detected in all pativents tested with this disease syndrome [178]. Thus altered Dbl protein activity
can influence oncogenesis, metastasis and development, presumably via altered regulation of targeted
Rho family GTPases.

1.3 G protein-coupled receptors (GPCRs)
Cell surface receptors belonging to the family of guanine nucleotide-binding (G protein) protein-coupled
receptors (GPCRs), also known as seven-transmembrane, serpentiné or heptahelical receptors, are
involved in regulation of diverse signaling processes. These receptors comprise the largest family of
transmembrane receptors in the human genome [125]. Heterotrimeric G proteins, consisting of c, 8
and y subunits provide the signal coupling mechanisms to this family of receptors. Binding of diverse
agoniéts to GPCRs generally occurs in a reversible manner and leads to activation of heterotrimeric G
proteins forwarding the signal to intracellular effectors. GPCRs and the G proteins they couple to are
involved in diverse physiological and pathological processes including cell growth, differentiation and
apoptosis. Since this thesis addresses the roles of GPCR signals in cell growth control, transformation
and lymphocyte development, their involvement in these processes will be emphasized and discussed

in the following sections.
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1.3.1 Structure and function of GPCRs: analogy to GEFs

Signaling via GPCRs is initiated by specific ligands that bind and activate receptors inducing
conformational changes leading to stimulation of G proteins specifically coupled to the receptors. Many
ligands have been shown to interact with different GPCRs including neurotransmitters, hormones,
pfoteases, growth factors, phospholipids, photons, odorants, taste ligands, purine nucleotides and
chemokines. GPCRs are characterizéd by a uniform molecular architecture of seven transmembrane
oc-helic_:es linked by extra and intracellular peptide loops (reviewed in [179]). The amino-terminal
receptor regions of GPCRs interact with ligands and the carboxyl-terminal portions of the receptors
interact with the G proteins. GPCRs exist in either active or inactive states and although the inactive
state is favored in most cases, some GPCRs exhibit cdnstitutive activity under normal circumstances
(reviewed in [180)) | |

Upon activation, GPCRs associate with distinct classes of heterotrimeric G proteins, composed of three
subunits; the o subunit that has the guanine nucleotide binding site and GTPase activity and 3 and y
subunits that form a tightly bound dimer. Go proteins are another guanosine triphosphatase (GTPase)
family bearing functional similarities to the family of smaller molecular weight Rho proteins. Members
of both protein families are activated via GTP binding. As indicated, members of these protein families
are also GTPases, retaining the intrinsic ability to hydrolyze GTP to the GDP. Thus both Go and Rho
proteins behave as molecular switches and appear to differ only in terrhs of their regulatory
counterparts and the effectors they interact with. Currently over 20 o subunits, 5 3 subunits and 11y
subunits have been cloned and identified (reviewed in [181] [182]). Although not all interactions are
favored, multiplicity allows formation of many combinations. This, in conjunction with additional factors,
like tissue specific expression of receptbrs and subunits, may explain how hundreds of GPCRs interact
with an apparently limited repertoire of G proteins to initiate specific intracellular signals. Activated
GPCRs promote the release of. GDP from the inactive Go subunits and binding of GTP. Thus,
functionally, activated GPCRs are analogous to Dbl proteins in that they serve as G protein activators.
Upon binding of GTP, Goc and Gy subunits dissociate and are able to interact with a diverse array of
effector proteins (reviewed in [180]).
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1.3.2 Heterotrimeric G proteins: GPCR signal mediators

1.3.2.1 Heterotrimeric G proteins: ¢, /3 and y subunits

Heterotrimeric G protein subunits are essential for signaling via GPCRs. Like Rho proteins, Go
subunits cycle between inactive GDP-bound and active GTP-bound states. Upon receptor activation
by the appropriate signals, GPCRs catalyze the exchange of guanine nucleotides at the GDP/GTP
binding sites of their coupled Got subunits, replacing the bound GDP with GTP. Got subunits, upbn
GTP binding dissociate from the By subunits and both Gow and By subunits interact with and activate a
variety of effectors thus initiating cellular responses. The Go: subunit-effector interaction is terminated

_ upon hydrolysis of bound GTP to GDP. As with other GTPases, hydrolysis occurs at a very low rate via
the intrinsic GTPase activity of the Gou subunit. Gow-specific GTPase activating broteins' (GAPs) called

regulator of G protein signaling (RGS) proteins catalyze this reaction.

The properties of G proteins appear to be primarily determinéd by the identity of the Gow subunit. Many
Ga, B and y protein subunité have been identified and characterized to some extent (reviewed in
[181]). Two functional units are generated following receptor activation: the GTP-bound Got unit and
the dissociated By complex. Both sets of subunits, once dissociated initiate intracellular signaling
Vp'athways involved in GPCR cellular responsles. Some of the properties of these subunits will be

discussed in the following two sections.

1.3.2.1.1 Gax subunits

Go subunits are large molecular weight GTPases of approximately 45kDa. On the basis of sequence
similarity, Got proteins are classified into four major classes, Gats, Gowo, Gow11, and Gouarrs. Although
classification is arbitrary, there are general signaling mechanisms among members of the family. In

~ general, stimulation of the Gots subunit activates adenylyl cyclase (AC) whereas stimulation of the Goy
subfamily leads to its inhibition. G stimulation activates phospholipase C (PLC), whereas stimulation
of the Gouz subfamily leads to regulation of smaller molecular weight GTP binding proteins (reviewed in
[180]). Most GPCRs, when activated can activate only a limited set of G proteins. In fact, moét GPCRs
can be broadly classified into Gots-, Gatio-, Gotg1- and Gauzns-coupled receptors. Although most
GPCRs are preferentially coupled to a certain subfamily of G proteins, in some cell types they also
activate other classes of G proteins with reduced efficiencies (reviewed in [180]). Thus promiscuity

exists in terms of the recéptors that different Gar subunits couple to.
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1.3.2.1.2 By subunits
The By complex was initially believed to be the more passive partner of the G-protein o subunit
complex. Recent studies however, have shown that By subunits play a very important role in regulation
of a number of effectors, including ion channels, ion pumps, phoépholipases, adenylyl cyclases and
kinases (GPCR kinases, PI3 kinase and, tyrosine kinases) (reviewed' in [183]). Although many of these
processes are regulated directly by the By subunits, others appear to involve other mediators. The
mechanisms for effector interaction via By subunits are only beginning to be elucidated. Interestingly,
the By subunits do not change conformation upon dissociation from Gox [184]. This coupled with the
fact that Gd subunits abrogate the ability of By subunits to activate their effectors, suggests that the

sites for binding Gow and effectors are overlapping.

1.3.2.2 Regulating heterotrimeric G proteins

Go proteins are normally regulated by two sets of proteins: GPCRs and GAPs. Go proteins are
positively regulated by GPCRs that, upon activation, interact with Go subunits and promote exchange
of GTP for GDP. As with Rho proteins, GTPase activating proteins (GAPs), called RGS (regulator of G
proteins signaling) proteins, negatively regulate Go: subunits. [y subunits do not appear to have their
own sets of regulators. The activities of these subunits are dependent upon whether their »
corresponding Ga: subunits are bound to GTP or GDP. Thus By subunits are indirectly regulated via

the guanine nucleotide binding state of their corresponding Go: subunits.

1.3.2.2.1 Gerspecific GAPs: and regulator of G protein signaling (RGS) proteins

GTPase activating proteins (GAPs) negatively regulate heterotrimeric Ga proteins by increasing the
rates by which they hydrolyze GTP, thus returning the Gow subunits to their inactive state (reviewed in
[185]). GAPs are important for several reasons: théy enable signal termination upon removal of

| stimulus, signal attenuation as feedback inhibitors or in response to additional inputs, promotion of
regulatory association with other proteins or signal redirection within a G protein signaling network
(reviewed in [185]). Gor-specific GAPs are called RGS proteins, and they all possess a conserved
RGS domain approximately 130 amino acid residues in length. The RGS domain is capable of binding
Go subunits and accelerating GTP hydrolysis [186] [187]. Approximately 20 mammalian RGS domains

have been identified (reviewed in [185]).
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Several proteins with Got GAP activity belonging to the Dbl family of GEFs have also been described
[188][170] [131] [136]. These proteins display GAP activity toward certain Gow subunits and contain
sequences with similarity to the RGS family of Gt protein GAPs. Thus in addition to their DH-PH
domains required for regulation of Rho proteins, these Dbl proteins co.ntain RGS domains involved in

- regulation of Go. proteins. RGS domain-containing Dbl members include Lsc/p115RhoGEF, PDZ-
RhoGEF, LARG and KIAA0380 [131] [136] [170] [135]. This multi-domain Dbl family subgroup serves
at least two functions: activation of Rho family GTPases via DH-PH domains and inactivation of Go

subunits via RGS domains.

In contrast to GAPs for Rho proteins, structural studies revealed that the RGS domain does not maké
direct contact with GTP (reviewed in [185]). The mechanism of G protein GAP activity appears to be
slightly different. Instead, binding of the RGS domain to the Ga-GTP complex alters the conformation
such that it becomes a better hydrolase (reviewed in [1851). Thus although GAPs for Ga proteins
functionally inactivate Ga proteins upon binding, they do not directly take part in the chemistry of GTP

hydrolysis.

1.322.2 Manipulating Gex activity: inhibition and constitutive activation

The carboxyl-terminal region of Ga subunits represents an important site of interaction between
heterotrimeric G proteins and their receptors. Covalent modification, mutation of residues or binding of
specific antibodies within this region uncouples Got proteins from their receptors. Synthetic peptides
derived from portions of Go subunit carboxyl-termini also inhibit receptor coupling. These synthetic
peptides act as dominant negatives by competing with Go proteins for receptor binding sites and
enable class-specific inhibition of GPCR-initiated signals [189, 190] [191].

Many heterotrimeric G proteins transduce cell growth signals from GPCRs to intracellular effectors and
thus have the potential to lbehave as oncogenes. In fact, several activating mutants of the Gots subunit
displaying impaired GTPase activity were isolated from endocrine tumors [192]. Analogous mutations,
in other G subunits render these proteins GTPase-deficient and hyperactive. Thus as with Rho
proteins, Ga activity can be manipulated experimentally via introduction of mutations that affect their
intrinsic GTP hydrolysis rates. The involvement of G subunit signaling pathways can thus be

elucidated experimentally via expression or injection of constitutively active mutants of Ga: subunits.
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1.3.3 GPCR-mediated cellular responses

Upon activation, both Gor and By subunits bind a variety of effector molecules and regulate their
activities. The pattern of responses of a cell to stimulation of a given GPCR is quite complex.
Signaling specificity depends on the G protein subunits recognized by the receptor, specific effector
molecules expressed in the cell and concentrations of the various components in the signaling
pathway. Although many GPCRs have intermediary roles in metabolism and generally perform these
functions in well-differentiated cells, increasing evidence indicates that GPCRs also regulate

proliferative signaling pathways (reviewed in [193)).

1.3.3.1 Oncogenic potential of GPCRs and heterofrimeric G proteins

1.3.3.1.1 Some GPCRs are transforming

Studies have repeatedly demonstrated the proliferative potential of GPCR-mediated signaling
pathiways. The isolation of the transforming mas oncogene from a human epidermal carcinoma
genomic DNA library provided the first evidence for the oncogenic potential of GPCRs [194]. The mas
gene isolated in the screen did not contain any mutations within the coding sequence but did possess a
rearrangement within the 5" non-coding sequences [194]. Thus, mas transforming activity was
mediated by increased expression rather than mutational activation. The ligand for Mas is not known.
Additional studies involving other GPCRs further illustrated their importance in oncogenesis. In fact,
the serotonin 1C receptor, several subtypes of muscarinic acetylcholine receptors and the ous-
adrenergic receptor caused agonist-dependent transformation of NIH 3T3 fibroblasts while activating
point mutations induced transformation in a ligand-independent manner [195] [196] [197]. Several
types of human cancer are also associated with activating GPCR point mutations. For example,
approximately one-third of hyperfunctioning thyroid adenomas display mutations in the thyrotropin
receptor gene [198] [199]. Activation of this receptor leads to increased intracellular concentrations of
cyclic-AMP (cAMP) and can cause transformation in cell types in which cAMP functions as a mitogen.
Thus some somatically mutated GPCRs can behave as proto-oncogenes via constitutive activation.
Other GPCRs may contribute to tumorigenesis via paracrine and autocrine mechanisms. Gastrin-
reducing peptide (GRP), for example is secreted in human small-cell lung carcinoma (SCLC) and GRP
receptor antagonists can block SCLC cell growth in vitro and in vivo [200].

Recently two GPCRs, G2A and the thrombin receptor PAR-1 were isolated in library screens for cDNAs
that cause transformation of NIH 3T3 fibroblasts [201] [202]. These GPCRs, when over-expressed in
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fibroblasts induced a range of cellular phenotypes characteristic of oncogenic transformation including,
loss of contact inhibition, anchorage-independent survival and proliferation and reduced dependence
on serum. PAR-1 is a member of a family of receptors activated by the serine protease thrombin
(reviewed in [203]). Although a well-known function of thrombin is in blood coagulation, it has also
been shown to act as a powerful agonist capable of eliciting a variety of mitogenic responses in certain
cells [204]. Thrombin receptors have also been implicated in human tumor cell invasion [205] [206].
These and othef results demonstrate the oncogenic potential of GPCR-mediated signaling pathways.

1.3.3.1.2 Certain Ga proteins are transforming

Go proteins are coupled to GPCRs and not surprisingly their oncogenic potential has also been
demonstrated. Interestingly, in out of the twenty Go subunits isolated to date, ten of them, Gas, Gar,
Gou, Gow, Gotg, Gou, Gous, Gz, Gouz and Gou have been shown to be.involved in regulation of cell
growth (reviewed in [182]). Moreover, activating Gos and Goy mutants have been found in a subset of
endocrine tumors [207]. These constitutively activated mutants, subsequently named the gsp (Gas
protein) and gip2 (Gouz protein) oncogenes, lead to abnormal cell growth via upregulation of distinct
signaling pathways. Stimulation of the AC-cCAMP-PKA pathway resulted from gsp mutations and led to
increased DNA synthesis rates in tumor cells and cell lines [208] [209]. Constitutive activation of AC
leads to persistent éctivation of PKA resulting in phosphorylation and activation of cAMP-responsive
element-binding protein (CREBP). Binding of cAMP-responsive elements by activated CREBP leads
to transcription of specific primary genes that initiate cell proliferation (reviewed in [182]). Interestingly,
cell growth via gsp does not involve the Ras-Raf signaling since persistent activation of AC-CAMP-PKA
directly inhibits Raf via phosphorylation. Cell growth via gip2 however does involve the MEK-ERK
pathway and can occur in a Ras-dependent manner [210] [211]. Interestingly, in certain cell types
Gip2-mediated MEK-ERK activation, was unaffected by co-expression of dominant negative H-Ras
suggesting that ERK activation also occurs independently of Ras in certain cells [212]. Gip2 can have
an inhibitory effect on levels of intracellular cAMP via inhibition of AC [213] [214]. Inhibition of the AC-
cAMP-PKA via gsp2 may relieve the PKA-mediated inhibition of Raf thus enabling MEK-ERK activation
independently of Ras. Expression of activated Gog mutants transformed fibroblasts and induced
tumors in immune compromised mice [215] [216]. Gog-mediated proliferation involves activation of
PLCB. Cleavage of phosphatidylinositols via activation of PLCP leads to stimulation of ERK via either
Ras-dependent or Ras-independent pathways (reviewed in [182]). Activation of ERK via either of these
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pathways can couple Goy signals to the nucleus and regulate cell growth. Thus activating mutants of
Gois, Gou and Gog appear to regulate cell growth via either activation of the ERK or CREBP

downstream signaling components that directly regulate transcription of genes involved in mitogenesis.

The Goue family of G proteins, consisting of Goue and Gaous are the most potent transforming Go
subunits that have been isolated so far (reviewed in [182] [193]). Wild type Gouz was isolated from a
soft-tissue carcinoma and identified as a transforming oncogene [217].  Expression of the wild type
form of Gouz induced several hallmarks of cellular transformation including decreased doubling time,
reduced saturatibn density and the ability to form colonies in soft agar. Gouz-expressing cells also
induced tumors in athymic nude mice. Although transformation via wild type Gou2 was dependent on
serum, expression of GTPase-deficient Gouz abrogated Fhe need for serum-dependency in
transformation [217] (reviewed in [182]). These results ae_monstrated a direct role for Gouz in
regulation of cell growth. Subsequent studies have éhown that Gouz and Gous mutants potently
transform other fibroblast cell lines (reviewed in [193] [182]). Gouz and Gous appear to regulate cell
growth independently of any of the conventional second messenger pathways discussed above. The
effects of Gouz and Gous are mediated primarily via activation of the small molecular weight GTPases

and downstream kinase signaling pathways. These pathways will be discussed in the following

section.

1.3.3.2 Ga-mediated activation of smaller molecqlar weight GTPases

Many GPCR-Go-mediated signals activate signaling pathways independently of adenylyl cyclase (AC)
and other second messengers. Instead signaling downstream of these GPCRs involves activation of
Ras and Rh-o family GTPases and downstream kinases and do not appear to involve pathways
downstream of conventional second messengers (reviewed in [218] [182]). However, it is important to
note that afthough in most cases activation of small GTPases is regulated primarily via Gouz and Gous,
other Gat subunits may also be involved. In fact, expression of constitutively active mutants of Goue,
Gous and Gog causes RhoA-dependent formation of stress fibers in certain cells, ingicating that
activation of Rho GTPases are not always restricted to the Gouz and Gous subunits [219] [201].
Importantly, the smaller molecular weight GTPases regulate a variety of processes involved in cell
growth confrol including cell cycle progression, cytoskeletal rearrangement and gene expression.

Moreover, aberrant activation of these proteins can lead to uncontrolled cellular proliferation as well as
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invasion and metastasis of tumor cells. GTPase activation via GPCRs is therefore consistent with their
role in oncogenic transformation. Importantly, GTPase activation requires activation via GEFs, thus the
minimum requirement for GPCR-mediated activation of GTPases involves GEF activation via
heterotrimeric G proteins.

In some cell types Gox subunits also appear to activate ERK via Ras activation (reviewed in [182]).
Although the mechanisms of Ras activation via Go subunits are not clear, evidence suggests that
adapter proteins may be involved. Protease-activated thrombin receptor activation of Ras via Gouz in
astrocytoma cells, for example involves Shc [220]. Since Ras activation requires GEFs, in these cells

the mechanism of Ras activation by Gow subunits may involve adapter protein-mediated GEF activation.

Studies also revealed that expression of activated forms of Gouz (Gou2Q229L) and Gous (GousQ226L)
in a number of different cell lines leads to potent activation of JNKs and that activation also involved
Rho, Rac, Cdc42 and Ras [221] [222] [223]. Additional growth-promoting signals transmitted by Gous
family subunits include Ras and Rac-dependent activation of ERK [224], potentiation of serum-
stimulated arachidonic acid release in NIH 3T3 fibroblasts [225] and activation of several tyrosine
kinases including the FAK, Tec/Bmx and Pyk-2 kinases [226] [227]. Got2 signals also mediate other
growth prombting kinase pathways including PKC and the phosphatidylinositol kinases P14K and PIP5K
via'activation of the sm_all GTPases Ras, Rho, Rac and Cdc42 (reviewéd in [182]).

A number of target-response elements are involved in transformation via Gauz and Gous. In fact, Rac-
and Ras-mediated JNK activation via Gouz leads to enhanced c-jun transcriptional activity [223]. Also,
activation of SRF and induction of SRE-dependent tranécription via Gouz is Rho-dependent [228].
Edg-1, a primary response gene involved in cell proliferation and differentiation is activated by Gous -
and to a-lesser extent by Gouz [229]. Moreover, transcriptional activation of cyclooxygenase-2 via
Gouz provides additional growth signals [225]. Thus a number of transcriptional regulatory targets

contribute to cell growth promotion via Gouz and Gous,

Many signals downstream of Gouz and Gous are mediated by small GTPases. The mechanisms by
which these Gat subunits stimulate these GTPases are beginning to be elucidated. Gouzi1z-mediated

activation of the smaller GTPases can occur via several mechanisms including stimulation of specific

34




Dbl family proteins, competition with GDIs or inhibition of specific GAPs. In fact, both
Lsc/p115RhoGEF and PDZ-RhoGEF interact with and are activated by Gau family subunits [130]
[136]. The Dbl proteins interact with these two Gat subunits via their amino-terminal RGS domains and
interaction is thought to relieve a negative inhibitory influence of the RGS d9main on the DH domain of
the GEF. Cell growth changes induced via Gous, Gauz and Rho can also involve receptor and non-
receptor tyrosine kinases. In fact, inhibition of epidermal growth factor receptor (EGFR) signaling in
fibroblasts blocks stress fiber formation via Gous, but not Gouz [230] [231). Thus Gouz and Gous
display differential involvement in receptor-mediated stress fiber formation. Non-receptor tyrosine
kinases Tec and Bmx are also involved in SRF activation via Gouz and Gots [232]. The mechanisms
of signal transduction from G213 to Rho via these kinases however are not known and it is likely that
kinase activation occurs downstream of Rho activation. Interestingly, JNK activation via the Goue- or
Goua-coupled lysophosphatidic acid (LPA) receptor occurs via PKC-mediated phosphorylation of the
Rac guanine nucleotide exchange factor Tiam1 [233]. These results suggest that Gauz can stimulate
Rac via PKC-mediated activation of Tiam1. Thus mechanisms of Gouz- and Gous-mediated Rho

pathway activation appear to incorporate a range of signaling components.

1.3.3.3 Mas, G2A and PAR-1 transform fibroblasts via activation of Rho family GTPases

Several lines of evidence éuggest that the GPCRs, Mas, G2A and PAR-1, transform fibroblasts via
activation of Rho GTPases. NIH 3T3 fibroblasis transformed by these GPCRs display morphological
characteristics similar to those formed by Rho family members but are distinct from those transformed
with other oncogenes including Ras, Raf or Src [234] [201] [235] [202]. Moreover, like Rho proteins,
Mas and PAR-1 are efficient activators of NF-kB and SRF, but are poor activators of the Ras-Raf-ERK
pathway target, Elk-1 in NIH 3T3 fibroblasts [234] [202]. G2A also activates SRF in a RhoA-dependent
manner in fibroblasts [201]. In contrast to G2A and PAR-1, that appear to transform fibroblasts via
RhoA, Rac is the primary mediator of Mas transformation. More specifically, Mas-transformed cells
display stress fibers, focal adhesion and membrane ruffles that are mimicked by constitutively activated
Rac [234]. Results in this thesis provide additional evidence that G2A- and PAR-1-mediated

transformation involves certain smaller molecular weight GTPases.

What Go proteins mediate signals from these GPCRs to Rho? Studies involving G2A revealed that the

cell morphological and cytoskeletal structures induced by this receptor are identical to those induced by
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Gous [201]. Moreover, G2A can efficiently induce stress fibers in mouse fibroblasts that lack Gouz or
Gogr1, but not Gaus [235]. These results indicate that Gous is a key regulator of RhoA activation via
G2A. Additional experiments presented in this thesis provide further-evidence for the involvement of

Goiizis subunits in G2A and PAR-1-mediated fibroblast transformation.

Although hyperactiv;ty of many different Go subunits can lead to a variety of cellular responses,
including transformation, Gouz and Gous signaling pathways are distinct in that they appear to
incorporate activation of the smaller GTPases rather than pathways downstream of conventional
second messengers. Ultimately, Goue- and Gous-mediated signals converge on pathways regulated by
the smaller GTPases. Activation of the Rho and Ras family GTPases requires GEFs. Thus GTPase
activation and activation of downstream kinases via Gou or Gous Iikely involves activation of GEFs.
Although the components of these pathway_s are only beginning to be characterized, the previous
studies highlight the importance of Rho signaling pathways in cellular responses mediated certain Go

proteins.

1.4 Use of transformation assays to identify modulators of Rho activity
Transformation assays have proven to be extremely useful in isolation and characterization of
oncogenes. These assays: often involve the use of fibroblast cell lines. These cells are particularly
useful because they are sensitive to changes in the activities of numerous signaling pathways,
especially those involved in changes in cell morphology and growth. As a result they are likely to
respond to changes in the signaling intensities of pathways related to these processes. The usefulness
of these cells in terms of their sensitivity to change combined with their relative ease in terms of
manipulation make them éxtremely useful experimentally. In fact the majority of oncogenes identified
to date have either been isolated in library (genomic DNA and cDNA) screens for clones capable of
inducing spécific cellular chahges or they have been further characterized using these cells. Moreover,
most of the GTPases, Dbl proteins, GPCRs and Go. proteins discussed in this thesis were either
isolated or characterized via fibroblast transformation. Transformation or suppression of transformation

using these cells is the basis to the experimental results presented in Chapter 3 of this thesis.
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1.5 The role of Rho family and Go GTPases in Iymphocyte development and |

function
Many studies have implicated GTPases in regulation of cell survival, proliferation and differentiation
during lymphocyte development. Moreover, biochemical, functional and genetic studies have shown
that GTPases are important components of signal transduction via antigen, costimulatory, cytokine and
chemokine receptors in regulation of the immune system. The following sections will summarize data

regarding the role of Rho and Gow GTPases in lymphocyte development and function.

1.5.1 Lymphocyte development: T and B lymphocytes

The goal of lymphocyte development is to generate a large repertoire of cells expressing diverse
receptors that enable them to recognize and react to a broad array of foreign antigens. Both T and B
lymphocyte development are characterized by positive and negative selection of cells based on their
antigen receptor genes and proteins. Developing T and B lymphocytes use signaling complexes to
monitor the progress of antigen receptor gene assembly referred to as pre-T cell receptors (pre-TCR)
and pre-B cell receptors (pre-BCR), respectively. The next two sections will briefly summarize T and B

cell development in mice.

1.5.1.1 T lymphocyte development
Differentiation of T lymphocytes is initiated in the thymus from fetal liver or bone marrow-derived
hemopoietic stem cells (reviewed in [236]). Two major lineage decisions face immature T cells as they
develop in the thymus (reviewed in [237]). Inherent to this process are intrinsic and extrinsic cues that
modify the gene expression profiles of developing cells. At the earliest stages, cells must commit to

- either yd or aff lineages; once committed to the af3 lineage, they commit to either a CD4+ or CD8+ fate
before they can pass through the thymic medulla and exit to the periphery. The thymus, composed of
siromal cells and thymocyies (T cell progenitors) provides the environment necessary to stimulate the

differentiation of stem cells into antigen-reactive T lymphocytes (reviewed in [238]).
The earliest stages of T cell development occur within the thymus before surface expression of the T

cell receptor (TCR). Several important events are involved in development of early thymocytes

including proliferation, commitment to either y6 or of3 lineages and rearrangement and expression of
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the TCR loci. Thymocyte survival at key developmental checkpoints is determined by signaling from
cytokine receptors and the TCR. Upon expression of the TCR, thymocytes undergo rigorous selection
processes. These selection events eliminate thymocytes expressing self-reactive and non-functional

TCRs, allowing thymocytes with TCRs specific for self-MHC.

The earliest recognizable T cell prbgenitors (CD3-CD4wCD8 Thy-1+) progressively lose their
multipotentiality and become committed to the T lineage after acquiring the CD3-CD4-CD8- (referred to
as CD4-CD8- double négative (DN) thymocytes) (reviewed in [236]). DN thymocytes can be subdivided
into four populations according to expression of the cell surface markers CD25 (IL-2Ro. chain) and
CD44 (Pgp-1) and define the following developmental pathway: CD25:CD44+ (DN1) —

CD25+CD44+ (DN2) — CD25+CD44- (DN3) — CD25-:CD44- (DN4). Approximately ten cell divisions
occur between stem cell immigration to the thymus and the DN3 stage and this is thought to generate a
large pool of DN3 thymocytes'prior to initiation of TCR {3 chain rearrangement (reviewed in [236]).
During the DN2 to DN transition Rag-1and Hag-2 genes are expressed and encode essential
components of the rearrangement machinery (reviewed in [239]). Cells that successfully rearrange
their TCR B3 chain loci express a functional pre-TCR complex. The pre-TCR complex is composed of a
TCR B chain, a pre-Ta surrogate o chain and the multisubunit CD3 signaling complex consisting of
CD3e/y and CD3¢e/6 heterodimers and a homodimer CD3( (reviewed in [240]). Assembly of the pre-
TCR on the cell surface of DN thymocytes promotes their survival, signals them to progress to the
CD4+CD8+ DP stage of development and causes them to undergo significant clonal expansion. The
pre-TCR is necessary and sufficient for sustained survival, proliferative expansion and progression of T
cell progenitors via the DN4 stage into DP cortical thymocytes [241] [242] (reviewed in [243] [240]). DP
thymocytes undergo TCR o gene rearrangement and TCR of3 heterodimers are expressed on the cell

surface (Figure 1.5).

DP thymocytes are faced with three cho.ices: deéth by neglect, death by negative selection and life by
positive selection. Most DP thymocytes die within 3-4 days by neglect because their TCR offs cannot
recognize self MHC-peptide complexes on thymic stroma (reviewed in [244]). Thymocytes expressing
TCR oy become subject to immunological selection based on their TCR o8 specificity (reviewed in

[245]). Positive selection is the active process of rescuing MHC-restricted thymocytes from

programmed cell death. DP thymocyte precursors bearing low densities of self-MHC-restricted




Figure 1.5. T lymphocyte development. The stages of thymocyte development can be distinguished based
on expression of CD44 and CD25 in the earliest stages of thymocyte development (DN1 to DN4) as well as CD4
and CD8 in the later stages of thymocyte development (DP and SP).
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receptors are positively selected to survive and differentiate into TCR" CD4 or CD8 SP thymocytes.

DP thymocytes bearing MHC class lI-specific TCR af3 will usually retain expression of CD4, the class |l
MHC-specific co-receptor, whereas those bearing class | MHC-specific TCR o8 will retain expression
of CD8, the class | MHC co-receptor (reviewed in [244]). Negative selection refers to the deletion or
inactivation of potentially autoreactive thymocytes or thymocytes with TCRs specific for self-peptides
(reviewed in [246]). Following these selection events, immunologically competent SP thymocytes exit
to the periphery to create a pool of T cells with diverse repertoire for antigen. Together, these

processes lead to the formation of a functional mature T cell repertoire.

1.5.1.1.1 Thymocyte developmental indicators: cell surface markers CD69, CD5, HSA and CD62L
Thymocytes can be further classified by surface expression of other markers in addition to expression
of CD44, CD25, TCR o8, CD3, CD4 and CD8. TCR-dependent maturational events define the earliest
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stage of positive selection. These events include up-régulation of TCR, bcl-2, CD69 and CD5 and
decreased expression of 'Rag-1 and Rag-2 (reviewed in [244]). Additional changes in surface

~ expression of HSA and CD62L define the latest stages of thymocyte development. These markers
were used in characterization of lymphocytes from transgenic mice presented in later chapters.
Changes in expression levels of some of these markers and the relevance to thymocyte development

are discussed below.

CD5 functions as an inhibitor of TCR signal transduction and surface expression is régulated by TCR
signal intensity during development. Notably, CD5 surface levels on mature thymocytes and T cells
parallel the avidity of the positively selecting TCR/MHC/ligand interaction [247]. The inducible
regulation of CD5 surface expression during thymocyte selection functions to fine tune the TCR
signalling response. CD5 also acts in consort with other signalling molecules thereby ensu'ring that

negative selection is highly efficient (reviewed in [248]).

In the thymus phenotypically and functionally mature SP thymocytes are generated from immature DP
precursors through positive selection. Positive selection is a multistage pfocess involving transition
through an intermediate CD4+CD8+CD69+ phase. Although positive selection is a multistage procéss
initiated by TCR-MHC interactions, continuation of this process and subsequent post-selection events
are independent of ongoing TCR engagement. CD69 expression first appears on thymocytes as they
begin positive selection [249] [250]. Notably, only those DP thymocytes being selected express CD69
[251]. Thus, CDB9* thymocytes include both TCR'ow DP and TCRMe" SP thymocytes and represent a
population that is u'ndergoing positive selection or has just completed that process. Additional evidence
indicates that CD69 is not merely a marker for cells that have begun the selective process. In fact
generation of mature SP thymocytes in vivo is derégulated by CD89 blockade or over-expression; thus

directly implicating CD69 in the processes of thymocyte selection and maturation [252].

Heat stable antigen (HSA) acts as a co-stimulatory molecule for antigen-dependent activation of helper
T cells. HSA is also expressed during the initial stages of T cell development. Expression is very high
on immature DN thymocytes, reduced on DP thymocytes, very low on SP thymocytes and entirely
reduced on immunologically competent CD4+ and CD8* T lymphocytes. 'Importantly, down-regulation
of HSA expressibn at the DP stage is a critical event in thymocyte development and HSA may provide

signals that contribute to determining the efficiency of negative selection [253].
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The homing receptdr CDSQUL-seIectin also defines thymocyte and peripheral T cell developmental
stages. The immune system relies on the export of T cells from the thymus to create a pool of naive T
cells with diverse repertoire for antigen (reviewed in [254]). Naive T cells, after interaction with cognate
antigen give rise to memory cells that provide protection against subsequent exposure to infectious

- agents. Memory T cells are CD62L- anq preferentially target peripheral tissues. In contrast to memory
T cells, naive T cells express CD62L and selectively target to specific tissues including lymph nodes
(LN) (reviewed in [254]). CD62L is the key homing receptor involved in mediating lymphocyte entry into
these tissues. Notably, CD62L expression is up-regulated in SP thymocytes prior to export to the
periphery. SP thymocytes, once expressing CD62L exit to the periphery to create a pool of T cells with

diverse repertoire for antigen.

1.5:1.2 B lymphocyte development
‘B lymphocytes are generated from hemopoietic stem cells by a complex differentiation process, in the
liver before birth and in the bone marrow afterward. B lineage cell development is characterized by
progression through a series of checkpoints defined primarily by rearrangement and expression of the
immunoglobulin (Ig) genes. Functional immunoglobulin gene rearrangement is essential for successful
B cell development. Additionally, stromal cells in the microenvironment in which the cells develop |
further influence progression through these checkpoints. Two major developmental checkpoints are
defined based on expression of the B cell recéptor (BCR) components. The earliest B lineage-
committed progenitors are referred to as pro-B cells and the successful rearrangement and expression
of immunoglobulin heavy chain genes in these progenitors results in their maturation into pre-B cells.
The pre-BCR, consisting of the immunoglobulin u heavy chain, surrogate immunoglobulin light chain
and the Igovlgp. signaling heterodimer is expressed on late pro and pre-B cells. Pre-B cells, upoh
expression of immunoglobulin light chain protein are able to develop into immature B lymphocytes.
Expression of the BCR, consisting of p heavy chain, conventional light chain and Igov/Ig occurs on

both immature and mature B cells (reviewed in [255]).

Extrinsic factors that régulate the growth, differentiation and survival of B lineage cells play an
important role in development of B lymphocytes. In particular, éssociation of developing precursors
with non-hemopoietic stromal cells that form a supportive hemopoietic microenvironment is critical
throughout development. Stromal cells mediate their effects through direct cell-to-cell contacts with the

hemopoietic progenitors and secretion of cytokines that regulate lymphocyte development (reviewed in
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[256]). The stromal cell-derived cytokine IL-7 for example, is indispensable for mouse B cell
development and is required for the transition of pro-B cells to pre-B cells [257] (reviewed in [255]).

One way of defining the stages of pro-B cell development is by expression of CD43 and the pan-B
lineage marker B220 (CD45R) [258]. The pro-B cell compartment includes a continuum of cells at
various stages of development. These stages of pro-B cell development can be resolved based on
expression of heat stable antigen (HSA) and BP-1 antigens. Transition to the pre-B cell stage is
accompanied by down regulation of CD43. Pre-B cells develop into immature B lymphocytes that
express the BCR and these cells mature into IgM+lgD* B lymphocytes that emigrate from the bone
marrow to secondary lymphoid organs including the spleen (Figure 1.6)

Figure 1.6. B lymphocyte development. Bone marrow B cell development can be distinguished based on
expression of Sca-1, CD43, IL-7R, B220, BP-1 and CD25 in the pro- and pre-B cell stages. The stages of
immature and mature B cell development can be distinguished based on expression of B220, IgM and IgD.
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The BCR serves multiple functions in B lymphocytes that differ through various stages of their
development (reviewed in [259] [260]). Pre-BCR and BCR complexes trigger proliferative expansion
and differentiation of pre-B and mature resting B cells, respectively. Alternatively, immature B cells
trigger apoptosis upon clustering of newly expressed BCRs to eliminate autoreactive B cells. Thus
signaling via these receptors regulates positive and negative selection of B lymphocyte precursors.

Intensity of BCR signaling in mature B cells can also regulate V(D)J recombination at the membrane
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immunoglobulin locus as a mechanism to regulate the production of high affinity antibodies. Finally,
antigen processing and peptide presentation to helper T cells is mediated by the BCR. Thus the BCR
utilizes a complex network of signaling cascades to regulate diverse functions. B lymphocyte
development progresses through several critical stages involving commitment, initial establishment of
the Ig repertoire and cellular selection. Together these processes give rise to functional peripheral B

Iymphocyte subsets.

1.5.2 Function of Rho family GTPases in lymphocytes

A number of functional, genetic and biochemical studies have implicated Rho family GTPases in
immune cell biology. In immune cells, Rho family proteins are regulated via receptor stimulation by a
variety of extracellular stimuli including antigens, cytokines, co-stimulatory and adhesion molecules
(reviewed in [261]). As in other cells Rho proteins can regulate gene expression and the actin

- cytoskeleton in immune cells that affect lymphocyte responses to receptor ligation. Notably, altered
Rho family protein activity regulates many facets of lymphocyte development. The following sections
will summarize the current literature regarding the rbles of various Rho family GTPases in lymphocyte
function and development. Where possible the involvement of downstream effector targets in

lymphocytes will be discussed.

1.5.2.1 Rho pathways in lymphocytes

Perhaps the most studied Rho family GTPase member is RhoA. There is compelling evidence
indicating that Rho function is important in many aspects of lymphocyte biology. Targ‘eted expression
of the C3 exoenzyme in particular has aided in understanding the cellular functions of Rho. The C3
bacterial toxin from Clostridium botulinum ADP-ribosylates Rho (A, B and C), but not Rac or Cdc42
proteins and functionally inactivates it by preventing interactions with downstream effector molecules
(reviewed in [262]). The use of this enzyme has implicated Rho in several aspects of lymphocyte
function including, integrin-mediated adhesion, migration and cytotoxicity [263] [264] [265] [266] [267].
More specifically, in T lymphocytes Rho has been shown to be important in several aspects of T cell
activation including TCR-mediated cytokine production, calcium influx and Iy}nphocyte spreading [268]
[269] [270]. Rho proteins are also important in regulating cell shape and immunogenic capacity of

APCs, in particular dendritic cells [271]. Thus Rho function appears to be important in many aspects of

Iymphocyfe function.




Inactivation of Rho function in the thymus has also been achieved via targeted thymic expression of
C3-transferase using specific promoters. These studies illustrated the importance of Rho function in
normal T lymphocyte biology (reviewed in [261]). In thymocytes that lack Rho function from the earliest
developmental stages (Ick promoter), proliferative defects severely impair the generation of normal
numbers of thymocytes and mature peripheral T cells [272]. In particular, Rho regulates the survival of
early CD44+CD25+ and late CD44-/CD25+ DN thymocytes. Normally, the survival of these cells is
controlled by IL-7 [273, 274]. Rho appears to be a component of the receptor signaling pathway used
by IL-7 to control cell survival and the thymic phenotype caused by loss of Rho function resembles that
of IL-7+- mice [272]. IL-7 is believed to regulate survival signaling pathways in thymocytes by
controlling cellular levels of bcl-2 [274]. Interestingly, expression of bcl-2 can rescue the cellular deficit
observed in thymocytes lacking Rho function [275]. Thus Rho may act as an intracellular link between
the IL-7 receptor and events that control bcl-2 family proteins. Notably, loss of Rho function is also
accompanied by the development of thymic lymphoma [276]. Lck-C3 mice develop aggressive
malignant thymic lymphoblastic Iymphom°as between 4 and 8 months of age. Thus in addition to its
effects on cell survival in DN thymocytes, inhibition of Rho function is associated with predisposition to

lymphoid cell transformation.

~ Inactivation of Rho function in later stages of thymocyte development reveals additional Rho functions
in T lymphocyte biology. In fact, expression of C3-transferase under the control of the locus control
region of the CD2 gene, leads to a thymocyte differentiation biock after rearrangement of the TCR 3
chain gene [277]. These results indicate that Rho also acts as an intracellular switch for TCR 3
selection, a cri'tical thymocyte differentiation checkpoint. Thus inhibition of Rho function at different

stages of thymocyte development also reveals different functions of this GTPase in vivo.

Loss of Rho function blocks pre-T cell differentiation and survival, indicating that this GTPase isa
critical signaling molecule during early thymocyte development. Gain of function studies revealed that
RhoA is also important in determining the fate of mature T cells. Transgenic mice expressing an
activated mutant of RhoA did not appear to display defects in early thymocyte development, however
they were hyperresponsive to TCR stimulation and showed augmented positive selection [278]. Thus
in addition to its effects on DN thymocyte survival an‘d differentiation, RhoA is involved in determining

the fate of mature T cells. Also unlike’Rac1, RhoA could not initiate changes in actin dynamics
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necessary for DN thymocyte development in the absence of functional TCR. In fact, activated RhoA
was unable to drive pre-T cell differentiation in the Rag2-* background [278]. Together, the loss and
gain of function studies involving Rho proteins in vivo have revealed multiple roles for Rho GTPases in
several aspects of lymphocyte biology.

1.5.2.2 Rac pathways in lymphocytes

Many studies have highlighted the importance of Rac function in lymphocytes. Induction of cytokine
gene expression is an important component of lymphocyte function. Ras signals in mature
lymphocytes are mediated by.transcription factors of the NFAT (nuclear factor of activated T cells)
family (reviewed in [279]).. NFAT molecules are regulatory targets for antigen receptors in T and B cells
as well as the FceR1 in mast cells and control activation of cytokine genes including IL-2, IL-4, GM-
CSF or TNF-ou upon stimulation [280] [281]. Moreover, NFAT activation réquires the coordinated
interaction of recep{or-induced Ras signaling pathways and receptor-induced calcium/calcineurin
signaling pathwayé [282]. Interestingly activation of NFAT also requires the coordinated action of
multiple Ras effector pathways. Notably, experiments with activated and inhibitory mutants of Rac
revealed that transcriptional activity of AP-1 and NFAT by Ras is dependent on Rac function [280].
Thus it appears that Rac is an effector molecule that couples Ras to the signaling pathways that
regulate AP-1 and NFAT.

Studies involving the Rac exchange factor Vav1, in particular, have shown that Rac signals play a
critical role in other aspects of lymphocyte activation. Vav1 is a Dbl family GEF that specifically
activates Rac1 and is regulated by phosphorylation (reviewed in [261]). Vav1 is rapidly and transiently
tyrosine phosphorylated in response to antigen receptor ligation in T and B cells [283] [284] [284, 285].
Moreover, Vav1-deficient mice display defects in thymoéyte positive and negative selection that result
in reduced numbers of SP thymocytes [286] [284]. Antigen receptor signaling and cytokine expression
by peripheral T cells are also impaired in these mice [287] [288]. These results indicate that Vav1-Rac

signals are Iimportant in lymphocyte function.

Other studies have directly implicated Rac in lymphocyte function and development. For example,
deficiency of the hemopoietically expressed Rac2 protein results in impaired T cell, signaling,
proliferation and actin polymerization [289]. B lymphocytes from Rac2 mice are also reduced in

numbers and exhibit impaired B cell immunoglobulin secretion and responses to antigen and
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chemokines [290]. Also, expression of an activated mutant of Rac1 was shown to regulate pre-T cell
differentiation via proliferation of DN thymocytes at the point of TCR 3 selection [291]. Interestingly,
these effects are retained when a mutant form of activated Rac1 that is unable to bind PAKs or
downstream kinases is expressed [291]. Thus, PAK-mediated kinase signaling caséades are not
essential for Raci-induced pre-T proliferation. Activated Rac1 was also able to drive a small number of
pre-T cells to differentiate into the DP subset in Rag™ mice [291]. Rac1 signals however were not
sufficient to drive T cell proliferation and restore thymic cellularity in Rag2+ mice. These results are
consistent with a model in which the main function of Rac1 is to potentiate signals generated by the
pre-TCR complex. Rac1 signals were unable to regenerate SP thymocytes in the Vav1- background
[291]. Although these results suggest that Rac1 is unable to substitute for Vav1 in TCR regulation of
positive and negative selection, enhanced TCR signaling via activated Rac1 may also lead to impaired
production of SP thymocytes in the Vav1-- background. These and other studies illustrate th.e

importance in Rac signaling in lymphoid and non-lymphoid cells.

1.5.2.3 Cdc42 pathways in lymphocytes

Signaling pathways via Cdc42 have also been implicated in immune cell function. Motility and T cell
interactions with epithelial cells and antigen presenting cells (APCs) require coordinated regulation of
the actin cytoskeleton. Studies with activated and inhibitory mutants of Cdc42 indicate that this
GTPase is important in cytoskeletal regulation in many cells including lymphocytes. In T cells in
particular Cdc42 regulates cytoskeletal polarization toward APCs but is not involved in other T cell
signaling processes including cytokine production [292].

Extensive studies involving the Cdc42 effector WASp have shown that Cdc42-mediated signals are
important in lymphocyte function. WASp interacts with Cdc42 upon activation and patients with WAS
that lack WASp display cytoskeletal and cell activation abnormalities in lymphocytes [293] [294]. In
addition, defective T cell-APC interactions in WASp-deficient cells may result from reduced microvilli on
the cell surface and poor responses to protein antigens in WAS patientsl(reviewed in [74]). WASp
interacts with numerous signaling molecules known to alter the actin cytoskeleton. Recently the effect
of a gain of function mutation in WASp was reported in a family affected with X-linked severe congenital
neutropenia (XLN) [295]. These patients diéplayed increased numbers of activated peripheral T
|ymph_bcytes. Moreover, this WASp mutant was capable of Cdc42-independent activation of actin

polymerization in vitro [295). Thus activating and inactivating mutations in WASp cause distinct

46



hereditary disorders. Notably, WASp provides'a link between Cdc42 and the actin cytoskeleton and
impaired or enhanced activity of this protein may explain the cellular defects underlying WAS and XLN,

respectively.

Cdc42 was directly implicated in thymocyte development and T cell function upon characterization of
transgenic mice expressing an activated mutant of Cdc42 (Q61L). In particular, expression of activated
Cdc42 in transgenic mice induced T cell apoptosis in thymus and peripheral lymph organs [296].

These mice displayed an overall reduction in the number of thymocytes and peripheral T cells.

Analysis of thymocyte subsets revealed that DP and SP thymocyte numbers were reduced while the
numbers of late DN thymocytes were increased. Interestingly, a high proportion of thymocytes and T
cells were apoptotic, explaining the reduced thymocyte and peripheral T cell numbers. Further analysis
revealed that Cdc42 triggered distinct apoptotic pathways in thymocytes and peripheral T cells [296].

1.5.2.4 Multiple Rho, Rac and Cdc42 effector pathways mediate lymphocyte responses

As indicated there is an abundance of evidence implicating Rho family GTPases in many aspects of
immune cell function and development including regulation of cell survival, cell cycle progression,
adhesion and cytokine' gene expression in response to antigen or costimulatory receptor stimulation.
Rho family proteins are known to bind to and activate a variety of effectors including kinases,
phosphatases, lipases and scaffold proteins to initiate cellular responses. The majority of these
effector interactions have been identified and characterized in non-lymphoid cells. Although it is
possible that many of these effectors are involved in cellular responses of Rho GTPases in
lymphocytes, their exact roles in these cells are not well understood. Nevertheless, there are Rho
family targets potentially involved in the cellular responses of Rho proteins in lymphocytes including the
actin cytoskeleton and protein kinases. Regulation of these effector pathway targets by Rho proteins

would have a major irﬁpeet' on IympHocyte biology.

The first biological function ascribed to Rho GTPa_sés was regulation of the actin cytoskeleton in
fibroblasts. Current fibroblast models allow Cdc4§, Rac and Rho to have unique functions in control of
the actin cytoskeleton but importantly link these GTPases in a linear cascade in which Cdc42
stimulates Rac responses, which in turn initiate Rho responses in controlling the organization of the
actin cytoskeleton [35]. As mentioned above, ther."e. is strong genetic evidence-indicating that these |

GTPases regulate the actin cytoskeleton in lymphocytes. Moreover fibroblast models would predict
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that Cdc42 would initiate Rac and Rho-controlled cytoskeletal changes in lymphocytes. Despite
evidence indicating that Rho Iproteins mediate morphological changes upon lymphocyte activation,
integrin-mediated adhesion and cell-mediated cytotoxicity [297] (reviewed in [279]), a general model for
GTPase control of the actin cytoskeleton in these cells has not yet been established. Rho GTPases
regulate a variety of other cellular responses in addition to the cytoskeleton including gene transcription
and cell cycle progression. The roles of Rho GTPases in those responses are likely to be distinct from
th.ose maintaining the actin cytoskeleton. It is important to note that although multiple effectors exist for
Rho, Rac and Cdc42, the effectors involved in regulating the cytoskeleton appear to be quite different
than those involved in other cellular responses.

Additional effectors important for lymphocyte biology are protein kinases. As mentioned, Rac is
important for cytokine gene regulation in lymphocytes and the SAP kinases JNK/p38 appear to be
important in these processes. JNK/p38 are activated by cytokines in lymphocytes, FceR1 in mast cells
and antigen receptors in T and B cells. The transcription factors ATF-2, c-jun and Ets family proteins
are substrates for these kinases. Interestingly, there is evidence for functional coupling of Rac to JNK
in lymphocytes; notably, active mutants of Rac can induce the JNK/p38 pathway [298]. These studies
suggest a preliminary model that links antigen receptors to Rac, then to JNK; and finally to transcription
factors involved in cytokine gene induction. The details of this model however need to be resolved. In
fact activation of this pathway may depend on the exact nature of the receptor signals or cells since
transcription factor activation upon T cell activation does not always involve JNK activation. Rho-
mediated AP-1 activation in Jurkat T lymphocytes upon activation occurs via a MAPK-independent
pathway involving PKCot [299]. Moreover CD46/CD3 co-stimulation of human T cells induces
activation of extracellular signal-regulated kinase (ERK) [297]. As in other cell types, there are multiple
routes to transcriptional target activation via Rho family protein activation. In fact, Rac and Cdc42
GTPases both mediate T cell antigen receptor-induced NF-kB activation. in this pathway, NF-xB
activation and cytokine gene induction downstream of the Rho family GTPases occurs via

phosphorylation of kB kinases by mixed-lineage kinase 3 (MLK3) [300]. Thus MLK3 is an activator of

NF-kB-mediated transcribtional activation that also leads to AP-1-dependent cytokine gene induction.
Together these results indicate that a number of kinase signaling cascades are involved in Rho family T

lymphocyte responses.
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Regulation of inositol lipid metabolism via Rho proteins may also have a major impact on lymphocyte
biology. Evidence in non-lymphoid cells indicates that Rho proteins regulate inositol lipid metabolism
via a mechanism regulated by P14P5 and Pl 3-kinases [68] [301] (reviewed in [56]). More specifically,
Rho and Rac signals regulate cellular levels of D-5 phosphoinositides, particularly phosphatidylinositol
4,5-bisphosphate (PI[4,5]P2) via PI4P5 kinase (reviewed in [56]). This lipid is an important molecule in -
antigen receptor signaling in lymphocytes. In particular, hydrolysis.of PI[4,5]P2 by phospholipase C
members generates inositol 1,4,5-trisphosphate (IP3) and diacylglycerols that regulate intracellular
calcium and proteins kinase C, respectively. Also, phosphorylation of PI{4,5]P. by Pl 3-kinase
generates PI[3,4,5]Ps that can in turn be dephosphorylated to produce phosphatidylinositol 3,4-
bisphosphate (PI[3,4]P2), another important modifier of intracellular signal transduction pathwayé. "
Regulation of these phosphoinositides and their products by Rho family GTPases may be an important
mechanism of lymphocyte responées. Interestingly, defective calcium responses leading to impaired
induction of cyclin D2 of Vav1- B cells are responsible for their impaired proliferative responses to
antigen stimulation [302]. Altered inositol lipid production in the absence of Vav-Rac signaling may
explain the proliferative defects in these cells. Although there is ;10 evidence for direct c.oupling
between Rho proteins and lipid kinases in lymphocytes, this will be an important area of future

research.

Rho GTPases are thus important for the regulation of different cellular responses essential for immune
function. Knowledge regarding the biological function of the effector pathways that mediate Iymphocyte
- responses however is fragmentary. A fundamental feature of the biology of Rho GTPases is that
receptors do not uniformly activate all céllular pathways mediated by a certain GTPase. In fact,
different Rho GTPase effectors can function independently. This is highlighted by the observations that
altered Rho GTPase activity can have rather unique responses in different cell populations within the
thymus. This is likely to be a common theme in Rho-mediated lymphocyte signaling. As in other cells,
the nature of the cellular response are dependent upon the Rho proteins activating signals as well as
the temporal and spatial regulation of Rho effector molecules by adapters, anchoring and scaffold
proteins. Thus the outcome of Rho GTPase activation by various immune stimuli is likely to be
determined, at least in part, by the expression patterns of different Rho effectors in lymphocytes.
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1.5.3 Gouzis have the potential to influence lymphocyte development via Rho
activation

The roles of Gat proteins in lymphocytes are beginning to be elucidated. The majority of studies have
involved chemokines, chemokine feceptors and their roles in lymphocyte migration. Chemokine
receptors are a major subset of GPCRs that couple to a number of different Gow subunits (reviewed in
[303]). Genetic studies indicate that some Gt proteins are required for lymphocyte development and
function. In fact, Goue-deficient mice display a number of lymphocyte defects including decreased
numbers of mature CD4 and CD8 SP thymocytes, defective lymphocyte homing and impaired T cell
trafficking processes [304]. Goc15 is a hemopoietically expressed Gow subunit [305]. Expression of
Gas, the human equivalent of the mouse Gaus, is up and down-regulated following T cell activation
and disruption of this regulation impairs activation-induced responses [306). Interestingly, Gouts-
deficient mice do not display any defects in hemopoiesis or inflammatory responses, despite discrete
signaling defects in some of these cells [307]. Although these studies implicate several Ga subunits in

lymphocyte development, the role of others is much less obvious.

Although both Gouz and Gous e;re expressed in most tissues including thymus and spleen, evidence
implicating these particular Gow subunits in lymphocyte signaling is limited [308]. Characterization of
these Ga. subunits in non-lymphoid cell systems, however indicate that they are capable of influencing
Rho signaling pathways. The influence of Rho proteins in Iymphocyte development is well established.
Therefore by implication, Gouz and Gous are potential mediators of lymphocyte signaling. Interestingly
Goc;;-deficient mice do not display any obvious developmental defects whereas Gous-deficient mice die
by embryonic day 9.5 [309] [181].

Several lines of evidence from studies with potential Gouz and Gous regulators suggest roles for these
Go subunits in lymphocyte signaling. RGS1 is a GAP for Goy and Gog but not Goue, however it
efficiently binds GDP- or GTP-bound Goue [310]. Consequently RGS1, although not a GAP, is a Gouz
effector antagonist. RGS1 expression in fact, impairs downstream signaling via activated Gouz in cell
lines [310].- Thus RGS1 retains the ability to regulate signals from several Ga: subunits. RGS1
expression also impairs B lymphocyte migratory responses to a number of chemokines, including
stromal-derived factor-1 (SDF1) [310] [311]. Interestingly, germinal center B lymphocytes are refractory
to SDF-1-triggered migratory responses and express high levels of RGS1 [310]. In addition, following
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“in vivo activation by antigen, B cells rapidly up-regulate expression of certain RGS proteins, including
RGS1 [311]. RGS1-mediated antagonism of Gau activity may contribute to the refractory migratory -
responses of B lymphocytes, indicating a role for Gauz in lymphocyte signaling. Together these results
indicate that RGS proteins can profoundly affect the directed migration of lymphoid cells. Antigen
receptor-mediated changes in RGS molecule expression may also be involved in the mechanism by

which BCR signaling regulates B cell migration within lymphoid tissues.

Recent'charaoterization of Lsc-deficient mice further implicates Gauzina in lymphocyte function. Lsc
may have a role in modulation of signals that emanate from GPCRs by down-regulating Gouz and Gous
via the RGS domain while it transmits signals to Rho through the GEF domain. In fact, Lsc is required
for marginal zone B (MZB) cells, regulation of lymphocyte motility and immune responses [312].

~ Splenocytes from Lsc mice displayed reduced levels of actin polymerization via agonists implicated in
activation of Gouz and Gous, including lysophosphatidic acid (LPA) and thromboxane Az (TXAz) [312).
Lsc was also required for normél numbers of MZB cells and humoral responses to antigens and
inhibition of basal T cell proliferation [312]. These findings identify Lsc as essential to immune

responses and implicate Gouz and Gous subunits in lymphocyte functions.

Additional evidence has also implicated Gaus in lymphocyte function. G2A is a hemopoietically
expressed GPCR that transforms fibroblasts and is induced in‘B lymphocytes following exposu're to
genotoxic agents [313] [201]. In fibroblasts, G2A is coupled to Gauis and mediates stress fiber
formation via RhoA activation [201] [235]. Thus, G2A is a potential regulator of a number of cellular
processes including proliferation and integration of extracellular signals with cytoskeletal
reorganization. Ablation of G2A in mice has revealed that this receptor plays a critical role in controlling
peripheral lymphocyte homeostasis. In particular, G2A"- mice develop a novel, late-onset éutoimmune
syndrome [314]. Notably, T cells from these mice display enhanced proliferative responses to TCR
cross-linking and co-stimulation even though lymphocytes appear to develop normally [314]. Although
it is not known whether G2A couples to Gous in lymphocytes, it is possible. Thus the molecular basis

to these responses still needs to be addressed. Nevertheless, analyses involving Lsc- and G2A-

deficient lymphocytes reveal important potential roles for Gouz and Gous in lymphocyte signaling.




1.6 Rationale for studies and thesis objectives

Upon activation, both Gouziiz and Rho family GTPases coordinate a wide range of cellular process
primarily through reorganization of the actin cytoskeleton and regulation of gene transcription. The
pathways they coordinate are diverse and deregulated GTPase activity can adversely affect cells.
Enhahcing GTPase activity via increased expression, GEF expression or mutational activation, in fact
often leads to cellular transformation or cancer. Balanced regulation of GTPase activity is thus critical
in coordinating normal cellular responses. Understanding the regulation of these GTPases is therefore
important in understanding both their normal cellular functions and the mechanisms by which they

mediate abnormal cellular responses.

This thesis addresses the contributions of GTPase regulators in cell growth control and transformation
in fibroblasts as well as in lymphocyte development and function. Several GTPase regulators were
utilized in the studies described in this thesis: the Rho-activating G protein-coupled receptors (GPCR),
G2A and PAR-1, and the Dbl family guanine nucleotide exchange factors (GEFs), Lsc and Dbs.
Interestingly, all df these GTPase regulators were isolated in library screens for cDNAs that cause

transformation of fibroblasts.

It was clear that G2A and PAR-1 were sufficient to cause transformation of fibroblasts. Thus, | was
interested in addressing the following general question regarding these two GPCRs: How do the
GPCRs G2A and PAR-1 mediate cellular transformation? Initial experiments revealed that
transformed fibroblasts expressing G2A or PAR-1 displayed cell morphological characteristics similar to
those induced by Rho and distinct from those induced by Ras. It appeared that Rho activation was
important in G2A and PAR-1-mediated transformation. Was Rho required for transformation via these
GPCRs? If so, how did signals from these GPCRs lead to Rho activation? Results presented in this
thesis suggest a model by which G2A and PAR-1 transform fibroblasts.

The Dbl GEFs, Dbs and Lsc also transform fibroblasts via Rho family GTPase activation. Interestingly,
these GEFs are normally expressed in lymphoid tissues. Also, in addition to the DH and PH domains,
Lsc contains an RGS domain that acts as a GAP toward certain Go. proteins. Many studies have
illustrated the importance of both Rho and Go. family GTPases in lymphocyte biology. Since Lsc and

- Dbs are regulators of GTPase activity, | was interested in addressing the following question: What are

the roles of Dbs and Lsc in Iymphocyte’de\ielopment? Results in this thesis suggest a role for Dbs
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in lymphocyte biology. Several approaches were utilized to address the above questions and
experiments can be divided into those involving cell lines (Chapter 3) and those involving lymphocytes
from transgenic mice (Chapters 4 and 5). Listed below are my four thesis objectives.

1.6.1 To determine the role of RhoGEFs in G2A-, PAR-1 and Gouans-induced transformation
1.6.2 To determine the contribution of Gauz or Gous to G2A- or PAR-1-induced transformation
1.6.3 To determine the effect of LscRGS, a GAP for Gcxiz13, on lymphocyte development

1.6.4 To determine the effect of expression of activated Dbs on lymphocyte development
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Chapter 2 — Materials and Methods

2.1 Molecular biology
2.1.1 Vector construction/modification |

Dominant negative GTPase retroviral constructs were generated by sub-cloning cDNAs encoding RhoA
(19N), Rac1 (17N) and H-Ras (17N) into CTV83 vectors. Wild type Gauz and Gous retroviral
constructs were generated by sub-cloning the Miu-Sall fragment of TL18-54-c1 and TL37-2-c1,
respectively, into CTV81 vectors. Constitutively activated mutants of Gouz (pCDNAS-Gouz (Q229L))
and Gaus (pPCDNA3-Gous (Q226L)) were provided by Henry Bourne [315]. These Gow mutants were
also sub-cloned into CTV81 retroviral vectors. G2A retroviral constructs were generated by sub-cloning
TL37-5¢1 into a CTV81 retroviral vector. The human PAR-1 cDNA was provided by Ellen Van
Obberghen-Schilling (Centre de Biochimie, CNRS, France). Mouse PAR-1 retroviral constructs were
generated by sub-cloning TL18-8-c6 into a CTV81 vector. PAR-1 retroviral constructs were generated
by sub-cloning cDNAs encoding human and mouse PAR-1 into CTV81.

2.1.2 cDNA modification/epitope tagging

2.1.2.1 Ga dominant negative (DomN) peptide construction
Short carboxyl-terminal oligonucleotides were generated by sub-cloning the Afllll-Dral fragment of wild-

type Gouz and the Eco471lI-Bgll fragment of the wild-type Gouis CDNA into CTV83 vectors.

2.1.2.2 LscRGS construction

The RGS domain of Lsc consisted of the first 283 amino acids of Lsc (MGEVAGGAAP...
NRGEPSAPDC) fused to a hemagglutinin (HA; PYPYDVPDYASG) epitope-tag at the carboxyl
terminus expressed within a CTV83 retroviral vector. Lsc [128] is identical to human p115 RhoGEF in

122 of 126 amino acids in the RGS domain, with all four differences being structurally conserved.

2.1.2.3 Dbs-HA construction

The amino- and carboxyl-terminally truncated form of Dbs (MSEPRQGRTS...AEGLWYVRDL) (Dbs-
D13) containing 482 amino acids of the full-length cDNA was generated as described in [132]. HA-
tagged Dbs-D13 (Dbs-D13/HA) was generated by sub-cloning the Apal-Dral fragment into an HA fusion
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CTV retroviral vector. Subsequent sequencing analysis revealed a truncating single base-pair deletion
at base pair 3290 of Dbs-D13/HA between the PH and SH3 domains of the Dbs transgenic construct.

This deletion created a premature stbp codon at amino acid 386 of Dbs-D13/HA prior to the SH3

domain and HA'tag within the LIT2 transgenic construct and the error was discovered after the three |

Dbs transgenic lines were generated.

2.1.3 Transgenic fragment preparation

Approximately 20 ug of transgenic vector was digested with Notl for one-half hour. The Noti digested
gel fragment was resolved and cut out following agarose gel electrophoresis in the absence of
ultraviolet illumination. The Not! DNA fragment was further purified without the use of gloves using
filter-sterilized solutions prepared with milliQ water. Agarose gel purified DNA was further purified
using a QIAEX Il gel purification kit (Qiagen, Valencia, CA) according to the manufacturer’s
instructions. After eluting the DNA, it was further purified using Z-spin columns (Gelman Sciences).
Purified DNA was ethanol precipitated, dried and suspended in low TE (5mM Tris; 0.1 mM EDTA; pH
7.45). The transgenic DNA fragments were quantified by agarose gel electrophoresis (final

concentration: 6-8 ng/ul). DNA was stored at -70° Celsius.

2.1.4 RNA isolation and Northern blotting |

“Total RNA was isolated from thymus, spleen and bone marrow of 8 week old non-transgenic or Dbs . |
transgenic mice, separated on 5% formaldehyde agarose gels (4 ug total RNA per lane) and

transferred to Hybond N+ nylon membrane (Amersham). Hybridization and high stringency washing

were performed as described [316] using an Apal fragment of the full-length mouse Dbs cDNA [132]

and labeled with 32P-ATP by extension of random sequence primers. Molecular weight sizes were:

estimated from pictures of ethidium bromide-stained gels containing RNA ladder (Gibco BRL).
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2.1.5 DNA isolation and analysis
2.1.5.1 Genomic DNA isolation

Mouse genomic DNA was isolated from tail clippings. Tails (approximately 1.5 mm long) were

incubated at 50 in 200l tail buffer (0.5 % SDS, 10 mM EDTA, 10 mM Tris (pH 8.0), 50 mM NaCl) for 2

hours. * After digestion, an equal volume of phenol was added and samples were mixed. Polymerase

chain reactions were performed on 1 pl of the aqueous layer following centrifugation.

2.1.5.2 Mouse genotype analysis by PCR

The genotype of LscRGS and Dbs transgenic mice were identified by PCR of tail genomic DNA using
primers for HSA (5'-ACCAAACATCTGTTGCACCGTTTCC-3 and 5'-
ACCTGTGCCCAATTTCAAGTGAGAG-3’) and human growth hormone (hGH) (5'-
vTTCAAGCAGACCTACAGGAAGTTCG-S’ and 5'-GCACTGGAGTGGCAACTTCCAG-3'). The Rag2
genotype of mice was identified by PCR of tail genomic DNA using PCR primers for Rag 2 (5'-
CCAGCTGATAACCACCCACAA-3 and 5-GTATAGTCGAGGGAAAAGCAT-3') and neomycin
phosphotransferase (5-TGGGATCGGCCATTGAACAAG-3' and 5-CACGGGTAGCCAACGCTA TGT-
3'). Standard PCR conditions were used (denaturation: 95%40 seconds; annealing: 60%/40 seconds;

extension: 72%60 seconds; 30 cycles) and products were visualized by agarose gel electrophoresis.

2.1.5.3 DNA sequencing
The LscRGS/HA construct was sequenced with an ABI 377 DNA Sequencer using FS Taq Dye
Terminators (Nucleic Acid-Protein Service Unit, University of British Columbia). ’

2.2 Tissue culture

2.2.1 Cell lines
BOSC23 packaging cells were used for production of retroviruses [317]. NIH3T3 fibroblasts used for

the transformation assays were obtained from American Type Culture Collection (Manassas, Virginia).
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2.2.2 Cell culture

NIH3TS fibroblasts were maintained at low density in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% calf serum. BOSC-23 retroviral packaging cells were cultured in DMEM
supplemented with 10% fetal bovine serum.

' 2.2.3 BOSC-23 transfection

Retroviral plasmids containing the constructs described in 2.1.1 were converted into retroviruses using
the BOSC-23 ecotropic virus packaging cell line. For each retroviral plasmid construct, 5ug was

transfected as described previously [128].

2.2.4 Retroviral transduction of NIH 3T3 fibroblasts

As described 'previously [127], NIH3T3 cells were infected with retroviruses produced by transfection of
the BOSC-23 packaging cell line with CTV81 or CTV83 retroviral vectors carrying resistance for
puromycin (Sigma) or G418 (Geneticin, Invitrogen), respectively. The infection efficiencies of the cells
expressing control or construct viruses were identical as determined by the number of drug-resistant -
colonies following low volume provirus infection. Approximately 7 x 10° NIH 3T3 fibroblasts were
plated into each wells of a 6-well plate the night before retroviral infection. NIH 3T3 fibroblasts were
transduced with 1 ml of proviral supernatant. Following infection, cells-were selected in growth medium
supplemented with 900 mg/ml G418 for 7 days. Vector-, RhoA (19N)-, Rac1 (17N)-, H-Ras (17N)-,
LscRGS-, Gouz (DomN) and Gous (DomN)-expressing NIH 3T3 fibroblasts were established by pooling
multiple G418-resistant colonies. Low density NIH 3T3 fibroblasts expressing vector, RhoA (19N),

Ract (17N), H-Ras (17N), LscRGS, Gaurz(DomN) or Geus(DomN) constructs were transduced with

vector, G2A, mPAR-1, hPAR-1, Gouz (Q229L), Gous (Q226L), Lsc, Vav, H-Ras (12V), Gouz, Gous or

TL37-5¢1 proviruses. Transduced cells were maintained in DMEM supplemented with 10% calf serum

and grown for up to 3 weeks.




2.3 Protein analysis
2.3.1 Immunoblotting |

Cells from thymus, spleen and bone marrow of non-transgenic and LscRGS littermates were isolated
by disaggregation through a wire mesh. Cells were then washed with 4°C PBS and solubilized by
boiling for 2 min with SDS-sample buffer. For protein total cell lysates 108 cell equivalents were
sebarated by SDS-PAGE on a 10% gel, transferred to an Immobilon-P nitrocellulose transfer
membrane (Millipore), and immunoblotted using the mouse monoclonal anti-HA antibody HA.11
(CoVance/BerkeIey ';\ntibody Co., Richmand CA), in PBS 0.05% Tween-20 with 5% BSA. Bound
antibodies were detected with HRP-conjugated secondary antibodies (Santa Cruz Biotechnology, Inc.)
and enhanced chemiluminescence according to the manufacturer's instructions (Amersham Life

Science, Buckinghamshire, England).

2.4 Flow cytometry
2.4.1 Antibodies and flow cytometry

The following mAb conjugates were from BD Pharmingen (San Diego, CA): 'biotinylated monoclonal
antibodies to mouse CD25, anti-CD3¢-FITC, anti-CD44-PE, anti-CD25-PE, anti-CD4-PE, anti-CD8c-
APC, anti-CD24-FITC (HSA) and anti-CD69-FITC. Following mAb staining, cells were suspended in
Hank’s Balanced Salt Solution/2% fetal bovine serum/(HBSS/2%FBS), analyzed usmg a FACScalibur
flow cytometer and CellQuest software (Becton Dickinson, San Jose, CA).

2.4.2 Intracellular LscRGS expression by flow cytometry

Thymocytes from trahsgenic and non-transgenic littermate mice from the TL41 and DL5 lines were
isolated, rinsed once with HBSS/2% FBS and incubated with anti-CD4-APC and anti-CD8-PE for 30
minutes. Thymocytes were then rinsed twice with HBSS/2%FBS and fixed with cytofix/cytoperm
solution (BD Pharmingen) for 20 minutes. Fixed thymocytes were rinsed twice with 1X cytoperm/wash
solution and incubated with FITC-conjugated anti-HA antibody (Santa Cruz Biotechnology) for 30
rminutes. Stained thymocytes were rinsed twice with 1X cytoperm/wash, suspended in HBSS/2% FBS
and analyzed by flow cytometry.
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2.5 Cell analysis

2.5.1 Fibroblast transformation assays

For focus formation assays, NIH 3T3 fibroblasts expressing vector, RhoA (19N), Rac1 (17N), H-Ras
(17N), LscRGS, Gouz(DomN) or Gous(DomN) constructs and either another control vector or cDNA
(G2A, mPAR-1, hPAR-1, Gauz (Q229L), Gaus (Q226L), Lsc, Vav, H-Ra_s (12V), Gausz, Gous or TL37-
5c1) were grown to confluence in DMEM supplemented with 10% calf serum. At 10 days post-
confluence cells were stained with 0.1% methylené blue and foci were quantified by visual inspection.
Two weeks after confluence, pictures were taken of live cells. Graphed results in figures are from ét
least three experiments and, unless otherwise stated, error bars represent standard error of the mean

from multiple experiments.

2.5.2 In vivo BrdU incorporation

Dbs transgenic or non-transgenic littermate mice were injected intra-peritoneally with 2 x 1 mg
‘injections of BrdU, given 2 hours apart. 18 hours later, thymocytes were isolated, incubated with
antibodies directed against anti-CD4 (CyChrome) and anti-CD8c:. (PE), fixed, permeabilized and
incubated with an FITC-conjugated antibody directed against BrdU (Becton Dickinson) according to
manufacturers instructions (BrdU flow kit; Becton Dickinson, San Jose, CA).

2.5.3 Thymocyte proliferation assays
For analysis of in vitro proliferation using carboxyfluorescein succinimidyl ester (CFSE), thymuses wére
isolated, forced through a cell strainer and thymocytes were suspended in RPMI-1640 containing 10%
FBS (HyClong, Logan, Utah), 2 mM glutamine, 25mM HEPES, 50 #M 2-ME, 100 U/ml penicillin, and
100 ug/ml streptomycin (RPMI 1640 media). Thymocytes (108 per ml) were labeled with 2.5 M CFSE
in PBS (Molecular Probes, Eugéne, Oregon) for 10 min at 37 °C. Cells were washed 3x with ice cold
RPMI-164O media, re-counted and incubated in 12-well plates at 2 x 108cells/ml of RPMI-1640 media.
For anti-CD3e stimulation, wells were previously incubated overnight‘ at 4°C with 50 pg/ml rabbit anti- |
hamster IgG (Sigma Chemical Corp.', St. Louis, MO) in PBS, washed with PBS, followed by affinity
| purified anti-CD3¢ [318], at the indicated concentration in PBS for 2 hours at 37 °C. After48and 72
hours, cells were incubated with antibodies directed against CD4 (CyChrome) and anti-CD8c. (APC)

and analyzed by flow cytometry.




2.5.4 Cell-cycle status analysis
Thymocytes were isolated, rinsed in HBSS/2%FBS and fixed with ice-cold 70% ethanol and left at 4°C
overnight. Fixed thymocytes were rinsed twice with HBSS and incubated with propidium iodide

(5ug/ml) at 42 for at least 4 hours and analyzed by flow cytometry.

2.6 Mice
All mice were housed under specific pathogen-free conditions in the Joint Animal Facility (JAF) at the -
British Columbia Cancer Research Centre (BCCRC). C57BL/6 mice were from Taconic Farms
(Germantown, NY). C3H mice were from Jackson Laboratory (Bar Harbor, Maine).

2.6.1 Generation of transgenic mice

2.6.1.1 DNA miéroinjection

Rewa Grewal performed the transgenic DNA microinjections. Founder mice were obtained by
microinjecting the Notl fragment from LIT2-Dbs-D13/HA, 1017D-LscRGS/HA or TXV-20 LscRGS/HA
into (C57BL/6 x C3H) x C57BL/6 F1 embryos, and bred to C57BL/6 mice to establish lines. Transgene
positive mice were identified by PCR amplification of tail genomic DNA using the human growth

hormone primers.

2.6.1.2 LscRGS transgenic mice

The transgenic expression vector p1017D was derived from the Lck proximal promoter vector p1017
[319] by removing multiple introns of the human growth hormone gene (retaining the growth hormone
polyadenylation signal, bp 1361-2154, Genbank accession number M13438), and inserting the second
intron of the rabbit 3-globin gene (bp 551-1242 Genbank number V00878) downstream of the Lck

promoter sequence.

The LscRGS-p1017D transgene expression construct was generated by adding a HA (hemagglutinin)
epitope tag to the 3' end of a C-terminally truncated mouse Lsc cDNA as described in [201]. The
encoded protein has the C-terminal sequence APDCPYPYDVPDYASG (hemagglutinin in bold). The
LscRGS/HA cDNA was inserted into p1017D at the Miul and Sall sites between the 8-globin intron and

the human growth hormone polyadenylation signal. LscRGS/HA founder mice were obtained by
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microinjecting the Notl fragment from p1017D-LscRGS/HA into (C57BL/6 x C3H) x C57BL/6 F;
zygotes, and bred to C57BL/6 mice to establish lines. Transgene positive mice were identified by PCR

of tail DNA using the human growth hormone primers.

2.6.1.3 Dbs transgenic mice _

The LIT2-Dbs (LIT2-Dbs-D13/HA) transgenic expression vector was generated by sub-cloning the HA-
tagged Dbs construct into the LIT2 vector. The transgenic expression vector LIT2 was generated as
described [253]. Briefly, a 270-bp fragment from the HSA cDNA encompassing the complete open
reading frame was placed under the transcriptional control of the TCR V3 promoter and
immunoglobulin  enhancer. Sequences upstream of the Ick gene proximai promoter were also
included, as this region was suspected to function as a locus-activating region. The human growth
hormone (hGH) gene with a frame shift mutation in the coding region was inserted 3’ of the Dbs-
D13/HA cDNA to provide introns that appear to enhance transgene expression. The transgene was
injected into (C57BL/6 X C3H) X C57BL/6 F1 hybrid zygotes and bred to C57BL/6 mice to establish

lines.

2.6.2 Systemic anti-CD3 administration

Dbs transgenic and non-transgenic littermates of varying ages were injected intra-peritoneally with 20
ug of anti-CD3 (clone 145-2C11; Southern Biotechnology Associates, Birmingham, AL) [320]. 48
hours later thymocytes were isolated, incubated with antibodies directed against CD4 and CD8 and
analyzed by flow cytometry. |

2.6.3 Mouse breeding

2.6.3.1 Rag 2 crosses-

Dbs transgenic mice (51DB line) were bred with Rag 2+ mice [321] (Taconic Farms, Germantown, New
York). Dbs transgenic/Rag 2+ progeny were then crossed to Rag 2+ mice for analysis of offspring

between 6 and 12 weeks of age.
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2.6.3.2 TCR HY crosses

Dbs transgenic mice (51DB line) were bred with Rag2-*/TCR HY mice (Taconic farms, Germantown,
New York). Rag2’/TCR HY (H-2DbH-2D¢ heterozygotes) offspring with and without the Dbs transgene
were analyzed between 6 and 10 weeks of age.
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Chapter 3 - Role of RhoGEFs and Go.12113 in GPCR-induced transformation

3.1 Introduction and rationale
G2A and PAR-1 are two GPCRs isolated in cDNA library screens for clones that cause oncogenic
transformation of NIH 3T3 fibroblasts (refer to section 1.3.3.3 for details). Increased expression of G2A
or PAR-1 in NIH 3T3 fibroblasts induced a full range of phenotypes characteristic of oncogenic _
transformation, including focus formation, loss of contact inhibition, anchorage-independent survival
and proliferation and reduced dependence on serum [201] [202]. Foci of transformed cells induced by
G2A or PAR-1 were similar to those induced by activated RhoA and distinct from those induced by
Ras. Rho-transformed cells are distinct from those of Ras-transformed cells in that they are non-
refractory, while Ras transformed cells are elongated (spindle-like) and refractile in appearance when
examined by microscopy. Results presented in this chapter provide a model of G2A- and PAR-1-
mediated cellular transformation. The results presented in this chapter are published [201] [202];

3.2 Results
3.2.1 Role of RhoGEFs in GPCR-, Gau12- and Gaurs-mediated transformation

Rho activation, via RhoGEFs downstream of G2A, PAR-1 and Gouz3 may be sufficient to cause
transformation of NIH3T3 fibroblasts. Dominant negative GTPases are unable o \bind GTP and thus
remain in their inactive GDP-bound state. These mutant GTPases act as dominant negatives by failing
to interact with their effectors and sequejstering GEFs. Expressing dominant negative GTPases with

oncogenes is useful in determining the role of GTPase signaling pathways in cellular transformation.

To examine whether Rho activation is required for transformation via these GPCRs and heterotrimeric
G proteins, dominant negative forms of RhoA (19N), Rac1 (17N) and H-Ras (17N) were co-expressed
with either the GPCRs or G proteins and the effects on transformation were determined. Expression
of dominant negative RhoA (19N) suppressed transformation by G2A and both mouse and human
PAR-1 (Figure 3.1). RhoA (19N) strongly suppressed the transforming ability of constitutively active,

GTPase-deficient Gaus (Gowrs (Q226L)) and partially suppressed transformation via constitutively active

Gauz (Gausz (Q229L)) (Figure 3.2). Transformation via G2A, PAR-1, Gaui2 and Gous, thus occurred via

signals mediated by RhoA. Dominant negative RhoA (19N) expression however did not affect
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transformation via the Rho exchange factor Lsc, the Rac exchange factor Vav and constitutively active
H-Ras (V12) (Figure 3.2). Although the cellular consequences of dominant negative RhoA (19N) are
thought to result from a failure to bind GTP and sequestration of Rho-specific GEFs, over-expression of
Lsc overrode the effect of RhoA (19N). Lsc strongly promotes GDP dissociation from RhoA, but not
Rac1, Cdc42 or Ras [126]. The failure of this dominant negative GTPase to suppress Lsc-mediated
transformation may reflect differences in the relative expression levels of the RhoA (19N) versus Lsc.
G2A-, PAR-1-, Goutz (Q229L)-, Gous (Q226L)-, Lsc-, and Vav-induced transformation were also
suppressed by dominant negative forms of Rac1 (17N) and H-Ras (17N) (Figure 3.2), thus implicating
Rac1 and H-Ras in transformation via these oncogenes. Transformation via constitutively active H-Ras
(V12), however was unaffected by co-expression of dominant negative Rac1 (17N) (Figure 3.2),
suggesting that H-Ras (V12)-induced transformation does not involve downstream signals mediated by
Rac1. Together these results implicate RhoA, Rac1 and H-Ras in transformation via G2A, PAR-1,

Gouz and Gosa.

Figure 3.1. Co-expression of dominant negative Rho, Rac and Ras with G2A and PAR-1. Low density NIH
3713 fibroblasts expressing RhoA (19N), Rac1 (17N) and H-Ras (17N) were infected with a CTV vector encoding
a drug resistance gene, or a CTV vector encoding G2A or PAR-1 as well as a drug resistance gene.

Transduced cells were selected, grown to confluence and foci were scored 10 days later.

a) Co-expression of dominant negative Rho, Rac and Ras with G2A. Bars represent the number of foci at
10 days in control, Rho (19N)-, Rac1 (17N)- or H-Ras (17N)-expressing NIH 373 fibroblasts following infection
with either control vector or G2A.

300-

I control
= S Rho(19N)
o
= 2004 0 Rac(17N)
° E=Ras(17N)
2
§ 1004
2

. I ==

vector G2A

64



b) Co-expression of dominant negative Rho, Rac and Ras with PAR-1.

vector mPAR-1

Pictures represent foci at 10 days.
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¢) Co-expression of dominant negative Rho, Rac and Ras with PAR-1. Bars represent the number of foci at
10 days in control, Rho (19N)-, Rac1 (17N)- or H-Ras (17N)-expressing NIH 3T3 fibroblasts following infection
with control vector, mouse PAR-1 (mPAR-1) or human PAR-1 (hPAR-1).
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Figure 3.2. Co-expression of dominant negative Rho, Rac and Ras with G cy;, Gass, GEFs and Ras. Low
density NIH 3T3 fibroblasts expressing a control vector (control), RhoA (19N), Rac1 (17N) and H-Ras (17N)
were infected with a CTV vector encoding a drug resistance gene (vector), or a CTV vector encoding G2A,
GTPase-deficient Gar2 (Q229L) or Gaus (Q226L), the Dbl proteins Lsc and Vav or activated H-Ras (12V), as

well as a drug resistance gene. Transduced cells were selected, grown to confluence and pictures were taken
14 days later.
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The above results reveal that inhibition of RhoA activation suppresses transformation via G2A, PAR-1,
Gauz and Gaus; however, Rac1 (17N) and H-Ras (17N) also suppressed transformation via G2A, PAR-
1, Lsc (a Rho-specific exchange factor) as well as activated forms of Gouz and Gous. There are two
possible explanations for these results. The first is that these Rho activétors may also activate Rac and
Ras under these experimental conditions, although the cytoskeletal structures of G2A- PAR-1-, Gou1z-
and Gaus-expressing cells indicate that this is not the case [201] {202). The second explanation is that
Rho activation is necessary for transformation via these GPCRs and Ga subunits, but transformation
cannot be attained if the basal levels of Ras or Rac activation provided by growth factors in serum are
suppressed. Although co-expression experiments do not enable discrimination between these two
possibilities, limited evidence suggests that this may be the case. The spontaneous rate of
transformation was strongly suppressed by expression of Rac1 (17N) and H-Ras (19N) and saturation
densities were variably affected by the three different dominant negative GTPases. This indicates that
a variety of growth characteristics can be differentially perturbed by co-expression of these dominant
negatives (Figures 3.1 and 3.2). Although the above results illustrate the Iimitationé associated with
the use of dominant negatives to define signaling pathways contributing to a complex event such as
cellular transformation, they do reveal that transformation signals induced by G2A and PAR-1 are
sensitive to inhibition of these small GTPases. Results from other experiments including the ones
outlined below suggest that Rho is the primary signaling mediator of transformation via these GPCRs
and Ga. proteins, implying that active Rac and Ras are required for, but not directly involved in

transformation by these proteins.

3.2.2 LscRGS is an inhibitor of Gauz- and Gaus-induced transformation
Several studies revealed that activation of Gou2 or Gous leads to activation of Rho (refer to section
1.3.3). The RGS domain of Lsc/p115RhoGEF (LscRGS) specifically abrogates signaling through Gouz
and Gaus by stimulating the intrinsic GTPase activities of these Ga subunits. The RGS domain has no
- effect on Gag, Gauir, Gaz or Gas [131]. Since LscRGS inhibits the enzymatic activity of Gau2 and
Goaus, | determined if LscRGS blocked transformation via Gauz or Gaua. LscRGS was co-expressed
with wild type and constitutively active mutants of Gouz or Gous and the effects on transformation were
determined (Figure 3.3). Expression of LscRGS suppressed the ability of wild type Gou12 and Gous to

transform fibroblasts but had no effect on transformation induced by expression of GTPase-deficient

67



Figure 3.3. Co-expression of LscRGS.

a) Co-expression of LscRGS with Gay; and Gays.

Control (-LscRGS) or LscRGS-expressing - LscRGS + LscRGS
(+LscRGS) NIH 3T3 fibroblasts were

infected at low density with a CTV vector

encoding a drug resistance gene (vector),

or a CTV vector encoding Gaz.0r Gays vector
as well as a drug resistance gene.

Transduced cells were selected, grown

to confluence and foci were scored 10

days later.

Gourz

Gous

b) Co-expression of LscRGS with Gas; and Gaus. Bars represent the number of foci at 10 days in either
control (-LscRGS) or LscRGS-expressing (+LscRGS) NIH 3T3 fibroblast monolayers following infection with
control vector, G aiz- or Gaz-expressing vectors.

1560+
B - [ scRGS
5 1+ LscRGS
o
% 100
|
£
3 504
=
0 | | —

vector Gz Gas

68



¢) Co-expression of LscRGS with Gass, Gass, GEFs and Ras. Low density NIH 3T3 fibroblasts expressing
either a control vector (-LscRGS) or LscRGS (+LscRGS) were infected with a CTV vector encoding a drug
resistance gene (vector), or a CTV vector encoding wild-type (WT) Gasz and Gass, GTPase-defective G ary
(Q229L) and G (Q226L), the Dbl proteins Lsc and Vav or activated H-Ras (12V) as well as a drug resistance
gene. Transduced cells were selected, grown to confluence and pictures were taken 14 days later.

- LscRGS + LscRGS - LscRGS + LscRGS

vector |
Lsc

Vav

H-Ras (12V) |

forms of Gau12 and Gous suggesting that inhibition of transformation occurred via the GAP activity of
LscRGS (Figure 3.3). The effects of LscRGS expression on transformation via other groups of Ga.

subunits were not determined, since expression of wild type forms of Gats, Go; or Goq does not lead to
fibroblast transformation. LscRGS expression also had no effect on transformation induced via Lsc,
Vav, activated Ras and Raf (Figure 3.3). These results demonstrate the high specificity of LscRGS for

suppressing only Gouz or Gauis-mediated transformation.
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The fibroblast experiments outlined abdve involving co-expression of the RGS domain of Lsc with
transforming cDNAs, in addition to the biochemical studies involving this domain [131], suggest that
LscRGS may be a useful inhibitor of Gau2 and Gorts. Morebver, co-expression of LscRGS with

transforming GPCRs may enable characterization of the Go subunits required for transformation.

3.‘2.3 Role of Ga42 and Gaus in G2A and PAR-1-mediated transformation

The GPCRs, G2A and PAR-1 as well as Golg, Gouiz and Gous can activate Rho family GTPases.
Cytoskeletal and cell morphological changes induced by G2A and PAR-1 are identical to those of Rho.
What proteins mediate signals generated via G2A and PAR-1 upstream of Rho? NIH 3T3 fibroblast
transformation via these GPCRs may involve Gai12113 activation downstream of the receptor and

upstreafn of Rho.

To test the hypothesis that Gau12 or Gous mediates transformation signals from the GPCRs, G2A and

PAR-1, LscRGS was co-expressed with each GPCR and the effect on transformation was determined.
Expression of LscRGS suppressed the abilities of G2A, mouse PAR-1 and human PAR-1 to transform
fibroblasts (Figure 3.4). Thus Gouz or Gaus upstream of Rho mediates G2A- and PAR-1-induced NIH

373 fibroblast transformation.

Co-expression of LscRGS with either G2A or PAR-1 resulted in complete reversion of the G2A-
expressing cells to a non-transformed morphology. These results implicate Gow12 and/or Gos in

transformation via these two GPCRs.
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Figure 3.4. Co-expression of LscRGS with G2A and PAR-1.

a) Co-expression of LscRGS with G2A. Control (-LscRGS) or LscRGS-expressing (+LscRGS) NIH 3T3
fibroblasts were infected at low density with either a CTV vector encoding a drug resistance gene (vector) or a
CTV vector encoding G2A (both low and high supematant volumes). Transduced cells were selected, grown to
confluence and foci were scored 10 days later.
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vector

G2A
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G2A
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b) Co-expression of LscRGS with G2A. Bars represent the number of foci at 10 days in either control (-
LscRGS) or LscRGS-expressing (+LscRGS) NIH 3T3 fibroblast monolayers following infection with either control
vector or G2A-expressing vectors (low volume supematant).
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¢) Co-expression of LscRGS with PAR-1. Vector expressing (-LscRGS) or LscRGS-expressing (+LscRGS)
NIH 3T3 fibroblasts were infected at low density with a CTV vector encoding a drug resistance gene (vector) or a
CTV vector encoding mouse (mPAR-1) or human PAR-1 (hPAR-1). Transduced cells were selected, grown to
confluence and pictures were taken 14 days later.
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d) Co-expression of LscRGS with PAR-1. Bars represent the number of foci at 10 days in vector-expressing
(-LscRGS) or LscRGS-expressing (+LscRGS) NIH 3T3 fibroblast monolayers following infection with either
control vector or PAR-1-expressing vectors.
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3.2.4 Distinguishing between Goui2 and Gous involvement in G2A-mediated
transformation -

The above results indicate that G2A-mediated transformation involves Gotiz, Gous or both. The
carboxyl-terminal regions of G subunits represent important sites of interaction between
heterotrimeric G proteins and their receptors. Synthetic peptides derived from portions of Gow subunit
carboxyl-termini inhibit feceptor coupling by stabilizing the high affinity (agonist occupied) state of the
receptor [189] [322] [190]. These synthetic peptides act as dominant negatives by competing with Gox

proteins for receptor binding sites and expression of these peptides may enable class-specific inhibition

of GPCR-mediated transformation.

Early characterization of the transforming properties of Gaie, indicated that expression of wild type
Goue was sufficient to transform NIH 3T3 fibroblasts, however transformation was dependent upon the
presence of serum in the growth medium since serum starvation inhibited the transforming ability of
wild type Gouz [217]. Interestingly, expression of a GTPase-deficient, constitutively active mutant of
Gouz (Goue (Q229L)) abrogated the requirement for serum-dependency for transformation [323].
Althvough wild type and mutationally activated Gouz expression were sufficient to transform cells,
transformation via wild-type Gouie was serum and presumably receptor agonist-debendent. Moreover,
the wild type GTPase may have required agonist-occupied high affinity receptors to stimulate exchange
of GDP for GTP and activate the Got subunit. | predicted, based on these studies that transformation
via wild type Gouz and Gous would-be suppressed, if Go. dominant negative peptides were co-
expressed and competing for high affini'ty receptors. The peptide presence would limit the number of
wild type Ga subunits from binding high affinity receptors and would result in impaired Got activation. |
also predicted that, GTPase-deficient Gauiz-mediated transformation would be unaffected by

- expressioh of Gouz dominant negative peptide, due to a lack of dependence on serum and receptor-

mediated activation.

In order to determine whether Gaue- or Goug-mediated transfo_rmatibn was inhibited via inhibition of
Garz or Gata receptor coupling, peptides derived from the carboxyl-termini of these two Gt subunits
were generated, co-expressed with G subunits and the effect on transformation was determined.

Expression of Gouz dominant negative peptide suppressed transformation via both Gauz and Gous
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(Figure 3.5). Gous dominant negative peptide expression strongly suppressed Gop-mediated
transformation, but suppressed Gd13-mediatéd transformation to a lesser extent. Transformation via
constitutively activated Gouz was unaffected by co-expression of Gouz 6r Gous dominant negative
peptides (Figure 3.5). Although Gouz dominant negative and Gaus dominant negative peptide
expression were sufficient to impair transformation to varying extents via both Gauiz and Gous
presumably through high affinity receptor binding, class-specific inhibition of transformation was not
demonstrated. The usefulness of Goua and Gauz dominant negative peptides as tools in determining

the specific contribution of Gouz or Gous to G2A-mediated transformation was therefore limited.

Despite these limitations, | determined whether G2A-mediated transformation was suppressed at all by
expression of these dominant negative peptides by co-expressing them with G2A and determining the
effect on transformation. Expression of Gouz dominant negative peptide suppressed transformation to
a limited extent via two independent G2A clones (G2A and TL37-5¢1) and Gatis dominant negative
peptide expression had a very limited suppressive effect on transformation via either of these G2A
clones (Figure 3.5). Thus, Gouz dominant negative peptide expression 6ompletely suppressed
transformation via both Gourz and Gaus, but had a limited effect on transformation via G2A, which is
thought to signal through one or both of these Got subunits. There are a number of explanations for
these results. LscRGS may suppress G2A-mediated transformation via inactivation of other Go
subunits in addition to Gauzis. Consequently, G2A-tr‘ansformatio_n would be the result of activation of
Gouzra and another Ga: subunit whose cycling rate is unaffected by expression of Gauz dominant
negative peptide expression. Although this scenario cannot be excluded, it is unlikely. Biochemical
results indicate that LscRGS is a specific GAP for Gaurz and Gous and has no effect on the GTP
hydrolysis rate by other Got subunits including, Go, Gouit, Goz or Gos [131]. Also, wild type Gouz and
Gous are the only Go subunits that are capable of transforming cells [217] [3é4] and Gots, Goie and
Goy are either non-transforming or weakly transforming when mutated to the GTPase-deficient state
and expreésed in fibroblasts [325] [326] [212] [215] [216]. Also, the cell morphological and cytoskeletal
structures induced by G2A expression in fibroblasts were equivalent to those induced by Gais and
expression of dominant negative RhoA suppressed transformation yié G2A [201]. Thus if any other Gat
subunit in addition to Getrzns was involved in G2A transformation, this contribution would be minor.
Presumably the activity of a non-Gauizia subunit would not result in the high number of foci induced by

G2A in the presence of inhibitors of GPCR-Go interactions (Figure 3.5).
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Figure 3.5. Co-expression of Gz and Gaus carboxyl termini.

a) Co-expression of Ga2 and Gz carboxyl termini with Geiz and Gous. NIH 3T3 fibroblasts expressing
either empty vector (nil) or carboxyl terminal peptide sequences derived from Gaz (GoazDomN) or Gos
(GausDomN) were infected at low density with a CTV vector encoding a drug resistance gene (vector) ora CTV
vector encoding Geouz or Gas as well as a drug resistance gene. Transduced cells were selected, grown to
confluence and scored for foci greater than 1mm 10 days later.
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b) Co-expression of Gz and Gy carboxyl termini with Gouz and G2A. NIH 3T3 fibroblasts expressing
empty vector (nil), LscRGS or carboxyl terminal peptide sequences derived from either Gexiz (GazDomN) or
Gais (GausDomN) were infected at low density with a CTV vector encoding a drug resistance gene (vector) or a
CTV vector encoding wild type Gz, GTPase-deficient Geiz (Q229L) or G2A (2 different vector types) as well
as a drug resistance gene. Transduced cells were selected, grown to confluence and scored for foci greater than
1mm 10 days later.
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Another explanation to the previous results highlights an inherent limitation to these experiments.
Altering the amounts of different components (receptors versus Go subunits) involved in GPCR
signaling pathways and observing the effects on transformation are useful only when neither of the
components are limiting. Competition resulting from either increased numbers of GPCRs or Go
subunits with introduced Ge: dominant negative peptides will be reflected in the numbers of foci
generated. If receptors are a limiting component, which may be the case when over-expressing Gouz
and Gous with dominant negative peptides, then the result of competition for a limited number of
receptors between Go peptides and subunits will be reflected in terms of the number of foci generated.
On the other hand, if Go: subunits are the limiting component, which may be the case when over-
expressing G2A with Go dominaht negative peptides, then the result of competition for an unlimited
number of receptors will also be limited in terms of the number of foci generated. Consequently, the
extent of transformation suppression would be less. Thus limiting the number of receptor binding sites
via expression of Ga dominant negative peptides and determining fhe extent of transformation
suppression is dependent upon whether receptors or Ga subunits are a limiting factor. This may
explain why Gouz dominant negative peptide suppressed both Gouz and Goc13¥mediated transformation

but had a limited effect on transformation via G2A (Figure 3.5).

3.3 Discussion
The results described above show that G2A and PAR-1 expression leads to NIH 3T3 fibroblast
transformation downstream of Rho and that transformation via these two GPCRs requires aétivation of
either Gouz or Gous. These results and others were published in two papers characterizing
transformation via G2A [201] and PAR-1 [202] and have enabled us to propose models of G2A- and
PAR-1-mediated transformation.

3.3.1 Model of transformation via G2A

The co-expression studies outlined above involving dominant negative GTPases and the RGS domain
of Lsc revealed that G2A transforms fibroblasts via Rho downstream of Gouz or Gous. The complete
inhibition by RhoA (19N) of the abilities of G2A and Gous to induce NIH 3T3 fibroblast transformation

as well as experiments by collaborators showing that the equivalent alterations induced in the



cytoskeleton of porcine aortic endothelial (PAE) cells by G2A and Gous expression, indicate that G2A
may be activating Gous but not Goue in both these cell types. More recent genetic studies have
revealed that G2A-mediated cytoskeletal changes are dependent upon Gous but not Gouz [235]. The
ability of Gous to activate Rho on its own suggests a linear relationship of activation from G2A to Gaus
to Rho. The simplest mechanism of Rho activation involves direct Gous coupling to G2A, activation of
a Dbl family member by Gous upon activation and consequent Rho activation by the Dbl GEF. Several
Dbl proteins have recently been described as being activated by Gou family subunits and include Lsc,
LARG, PDZ-RhoGEF and KIAA0380 (refer to section 1.2.7.6). Also, several of the components of the
above-mentioned pathway are expressed in NIH 3T3 cells. Lsc in particular is a likely mediator of
signals downstream of G2A since both of these proteins are expressed in the same lymphoid tissues
and cell lines [128] [201]. Rho and Gou:s, the other components of this pathway, are expressed in all
cell types [327] [328]. It remains to be determined if the Gous-Lsc pathway is involved in or required for

transformation via G2A or any other oncogenic GPCR.

It is not known whether the ability of G2A to activate Gous is dependent on ligand binding.
- Lysophosphatidylcholine (LPC) has recently been described as-a ligand for G2A [329]. The role of LPC

in G2A mediated fibroblast transformation also remains to be determined.

The serum response factor (SRF) is important in signaling downstream of Rho and G2A-mediated
signals downstream of Rho activation may involve the SRF. In fact, G2A expression caused Rho-
dependent activation of the SRF in NIH 3T3 fibroblasts [201]. It is not known whether the SRF is
required for transformation via G2A. Moreover, the role of other transcriptional regulators in G2A-
mediated fibroblast transformation has not been determined.

3.3.2 Model of transformation via PAR-1 _
PAR-1 was also isolated in library screens for cDNAs that cause transformation of NIH 3T3 fibroblasts.
Like G2A, PAR-1-expressing cells displayed characteristics similar to those expressing activated RhoA,
but not H-Ras [202]. The results of co-expression studies described in this chapter involving dominant
negative GTPases and the RGS domain of Lsc suggest that PAR-1 transforms fibroblasts via Rho

downstream of Gouz or Gom. These results and others conducted by our collaborators showed that
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PAR-1 has signaling and transforming activities similar to those induced by activated RhoA [202].
Moreover, PAR-1 like RhoA and G2A induced the formation of stress fibers and dominant negative
RhoA, Rac1 and H-Ras blocked PAR-1 transformation. Thrombin stimulation has been shown to
stimulate signaling pathways that promote the activation of RhoA and Ras [330] (reviewed in [331]). As
with G2A, results from the dominant negative co-expression experiments alone do not exclude the
possibility of direct involvement of Rac1 and H-Ras in PAR-1-mediated fibroblast transformation. Cell
morphological characteristics of PAR-1-expressing cells however suggest that the primary mediator of
signals downstream of receptor activation is RhoA. PAR-1-mediated transformation may not be
attained if the basal levels of Ras or Rac activation provided by growth factors in serum are

suppressed.

Unlike G2A, multiple Goc subunits are involved in PAR-1-mediated transformation. Interestingly, PAR-1
was sensitive to both Gouso inhibition via pertussis toxin and down-regulation by the RGS domain of Lsc
that is specific for Gouz family members. Thus a variety of growth promoting Go subunits may mediate

PAR-1-induced fibroblast transformation.

PAR-1 mediated transformation is dependent upon ligand engagement and cleavage, however the
relevant ligand requiréd for transformation does not appear to be thrombin [202]. The protease -
involved in PAR-1-mediated fibroblast transformation remains to be determined.

Elevated expression of the thrombin receptor has been reported in some human cancers and
associated with increased tumor cell invasiveness [332] [205] [206]. Although most studies of thrombin
have concentrated on its normal physiological roIe' in wound healing and blood clotting, our studies
illustrate the broad oncogenic potential of this receptor when it is expressed in the inappropriate

context.

3.3.3 Summary

The GPCRs G2A and PAR-1 transform fibroblasts through activation of Dbl GEFs, leading to activation
of Rho GTPases. G2A, PAR-1 and Mas are all transforming GPCRs known to signal through Rho
proteins. Interestingly, transformation via both G2A and PAR-1, upstream of the Dbl GEFs, involves

members of the Gouz family of GTPases. In this respect G2A and PAR-1 differ in terms of their Got
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specificities; G2A transformation, for example, appears to be mediated primarily via Gous, whereas
tranéformation via PAR-1 involves Gauz and/or Gous as well as Gouo members. G2A and PAR-1 are
two examples of a small number of GPCRs that mediate signals via activation of both large and small
molecular weight GTPases. Moreover, Go-mediated activation of GEFs and ultimately, the smaller
molecular wevight GTPases, appears to be an important mechanism of linking divergent GTPases
downstream of GPCR activation. To date, Gouz and Gous are the only known Go proteins that
activate downstream signaling componénts vié direct activation of GEFs. G2A and PAR-1 are two
GPCRs that couple to Gauz and Gous and activate Rho, presumably via Rho GEF activation, to
transform fibroblasts. The extent to which Go protein-mediated activation of GEFs and, ultimately,

GTPases, is involved in signaling via other GPCRs is not known.
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Chapter 4 — Generation and analysis of LscRGS transgenic mice

4.1 Introduction and rationale
LscRGS specifically stimulates the hydrolysis of GTP to GDP by Garz and Gous but has no effect on
hydrolysis rates by other Gar subunit members including, Gog, Goit, Goz or Gos (refer to section
1.2.7.4 for details) [131]. Moreover, expression of LscRGS suppresses both Gouz- and Gous-mediated ‘
fibroblast transformation but has no effect on transformatibn induced by GTPase-deficient mutants of
these two Gou subunits [201] (seétion 3.2.2). Thus, LscRGS specifically inhibits the biochemical activity
of Gouz and Gous by acting as a GAP and has the potential to suppress the cellular responses of cells

signaling through Gauz- and Gaus-coupled GPCRs.

Gouz and Gous are expressed in many tissues, incIUding those involved in lymphocyte development
[308]. The effects of homozygous inactivation of Gouz and Gous are variable and Gz mice do not
display any obvious defects [181], while Gous’ embryos do not survive past embryonic day 9.5 due to
defective embryonic angiogenesis [309]. G2A is a GPCR that activates Rho through activation of Gous
[201] [235] and is expressed in lymphoid cells [201] [313]. The roles of Gaiz and Gous in signal
mediation from GPCRs in lymphocytes are unknown. LscRGS-mediated inhibition of Goz and Gous
activiiy via GAP activation'is one approach toward understanding the role of these Gou proteins in

lymphocyte development.

4.2 Results
4.2.1 LscRGS expréssion does not overtly influence lymphocyte development

To determine the effect of LscRGS expression on lymphocyte development, | generated transgenic
mice expressing LscRGS within lymphoid tissues. Two vectors were utilized, TXV-20 and 1017D, both
of which contained a cDNA encoding a carboxyl-terminally hemagglutihin (HA) epitope-tagged LscRGS
transcribed from the Ick proximal promoter‘(Figure 4.1). These vectors also contained downstream
introns and a polyadenylation site derived from the human growth hormone gene. The difference
between the two vectors was that TXV20 contained an additional immunoglobulin p heavy chain
enhancer region within the Ick promoter, enabling both T and B lymphoid expression. Six LscRGS

transgene-positive founders were obtained from blastocyst injections using both TXV-20 (lines
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designated TL18, TL37, TL38 and TL41) and 1017D (lines designated DL5 and DL23) as expression
vectors. The LscRGS transgene was expressed at variable levels in lymphoid tissues from all of the

lines and the three lines, DL5, TL37 and TL41 were chosen for further study.

Figure 4.1. LscRGS transgenic constructs. lllustration of 1017D and TXV-20 vectors.
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Immunoblot analyses with anti-HA antibody showed variable expression of transgenic LscRGS in
thymus, spleen and bone marrow from the TL37, TL41 and DL5 lines (Figure 4.2). Expression of
LscRGS in thymus was highest in the TL41 line, moderate in the DL5 line and lowest in the TL37 line.
Spleen expression of LscRGS was high in all three lines, whereas LscRGS expression in the bone
marrow was low in both TL37 and TL41 and moderate in DL5. To determine which lymphocyte
populations from the DL5 and TL41 lines expressed the LscRGS transgene, lymphocytes were stained
with antibodies directed against cell surface markers, fixed, permeabilized, incubated with FITC-
conjugated anti-HA antibody and analyzed by flow cytometry. HA-tagged LscRGS was detected in
each of the DN, DP, CD4 SP and CD8 SP thymocyte populations (Figure 4.3) as well as in CD4 and
CD8 splenic T cells from both TL41 and DL5 lines (Figure 4.4), however expression was high in all four
thymocyte populations from the TL41 line and CD8 T cells from the DL5 line (Figures 4.3 and 4.4). To
determine which B lymphocyte populations from the transgenic mice express LscRGS, spleen and
bone marrow cells were analyzed for intracellular expression of the HA-tagged protein. The DL5 line
was derived from the 10170 vector and did not contain the immunoglobulin enhancer region and

consequently, LscRGS was not detected in spleen or bone marrow B lymphocytes from this line
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(Figures 4.5). LscRGS however was expressed within B cell populations from the TL41 line and was
detected in B220+ and B220+/IgD+ populations from the spleen as well as pre-B (B220'ow/IL-2R¥),
immature (B220Mah/IgDlow) and mature B (B220Mah/IgD+) lymphocytes from the bone marrow (Figures
4.5 and 4.6). The above results indicate that the LscRGS transgene was expressed in lymphocytes

from transgenic mice.

Figure 4.2. Western blot analysis of LscRGS transgene expression. Cell lysates from thymus, spleen and
bone marrow from non-transgenic and LscRGS transgenic mice from the TL37, TL41 and DL5 transgenic lines
were incubated with an antibody directed against the epitope tag (hemaglutinin; HA) portion of the LscRGS
transgene.
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Figure 4.3. Thymocyte intracellular expression analysis. Thymocytes from non-transgenic and LscRGS
transgenic littermates from the TL41 and DL5 transgenic lines were incubated with antibodies directed against
CD4 and CD8, fixed, permeabilized, incubated with antibodies directed against the HA-tagged portion of the
LscRGS transgenic protein and analyzed by flow cytometry. Histogram overlays represent the fluorescence
intensities of non-transgenic (gray line) and LscRGS transgenic (black line) cells from each thymocyte subset
(DN, DP and SP). Numbers indicate the mean fluorescence intensity of each histogram.
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Figure 4.4. Splenic T cell intracellular expression analysis. Spleen cells from non-transgenic and LscRGS
transgenic littermates from the TL41 and DL5 transgenic lines were incubated with antibodies directed against
CD4 and CDS8, fixed, permeabilized, incubated with antibodies directed against the HA-tagged portion of the
LscRGS transgenic protein and analyzed by flow cytometry. Histogram overlays represent the fluorescence
intensities of non-transgenic (gray line) and LscRGS transgenic (black line) cells from either CD4+ or CD8*
splenic T cells. Numbers indicate the mean fluorescence intensity of each histogram.
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Figure 4.5. Splenic B cell intracellular expression analysis. Spleen cells from non-transgenic and LscRGS
transgenic littermates from the TL41 and DL5 transgenic lines were incubated with antibodies directed against
B220 and IgD, fixed, permeabilized, incubated with antibodies directed against the HA-tagged portion of the
LscRGS transgenic protein and analyzed by flow cytometry. Histogram overlays represent the fluorescence
intensities of non-transgenic (gray line) and LscRGS transgenic (black line) cells from either B220+/IgD* or
B220+/IgD- splenic B cells. Numbers indicate the mean fluorescence intensity of each histogram.
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Figure 4.6. Bone marrow B cell intracellular expression analysis. Cells from bone marrow from non-
transgenic and LscRGS transgenic littermates from the TL41 and DL5 transgenic lines were incubated with
antibodies directed against either B220 and IL-2R or B220 and IgD, fixed, permeabilized, incubated with
antibodies directed against the HA-tagged portion of the LscRGS transgenic protein and analyzed by flow
cytometry. Histogram overlays represent the fluorescence intensities of non-transgenic (gray line) and LscRGS
transgenic (black line) cells from B220¥/IL-2R*, B220"¥/IL-2R-, B220*/IgD* or B220*/IgD- bone marrow B cells.
Numbers indicate the mean fluorescence intensity of each histogram.
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To determine whether LscRGS expression alters lymphocyte development, thymocytes from the TL37,
TL41 and DL5 lines were isolated, incubated with antibodies directed against the cell surface markers
CD4 and CD8 and analyzed by flow cytometry. The proportions of DN, DP, CD4 SP and CD8 SP
thymocytes were equivalent to those of non-transgenic controls in the three lines examined (Figure 4.7
and Table 4.1).
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Figure 4.7. Flow cytometric analysis of thymocytes from the LscRGS transgenic mice. Thymocytes from
LscRGS transgenic and non-transgenic littermate mice from the TL37 transgenic line were isolated and
incubated with antibodies directed against CD4 and CD8 and analyzed by flow cytometry.
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Table 4.1. Proportions of DN, DP and SP thymocytes from LscRGS transgenic mice. Proportions of live
gated thymocytes from non-transgenic (-) and LscRGS transgenic (+) littermates from the TL37, TL41 and DL5
transgenic lines are indicated in the table. TL37 littermates indicated in bold are represented in the above
density plots.

Thymocyte population
DN DP CD4 SP CD8 SP

Line Age (weeks) - + - + - + - +
TL37 12 2.6 3.2 89.1 84.6 6.3 9.6 2 2.6

34 29 2.9 90.2 89.2 5.4 5.8 1.5 2.1
TL4 7 2.6 3.4 86 84.8 8.7 8.9 2.7 3

26 3.2 3 87.8 90 7.6 6.2 1.3 1.3
DL5 10 2.9 3 87.9 87.1 7 74 2.2 2.5

60 3.5 5.4 87.3 86.2 7.4 6.8 1.9 1.7

To evaluate the maturity of transgenic thymocytes, DN, DP, CD8 SP and CD4 SP thymocytes from
TL37 and DL5 transgenic mice were isolated and analyzed for cell surface expression of TCR {3, CD3

and IL-2R by flow cytometry. Expression levels of TCR 3, CD3 and IL-2R by transgenic DN, DP, CD8

SP and CD4 SP thymocytes were also equivalent to those of non-transgenic controls (Figure 4.8).
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Figure 4.8. Thymocyte developmental marker expression. Thymocytes from LscRGS transgenic and non-
transgenic littermate mice from the TL37 transgenic line were isolated, incubated with antibodies directed against

CD4, CD8 and CD25/IL-2R, TCR/3 or CD3 and analyzed by flow cytometry. Histogram overlays indicate
fluorescence intensities of non-transgenic (solid gray) and LscRGS transgenic (black line) thymocytes within
each thymocyte subset.
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To determine whether LscRGS expression influences the cell cycle status of developing thymocytes,
TL41 thymocytes were fixed, stained with Pl and analyzed by flow cytometry. The proportion of cells
with <2n and 2n - 4n DNA content were similar to those of littermate controls (Table 4.2), suggesting

that proliferation of transgenic thymocytes was unchanged in LscRGS transgenic mice.
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Table 4.2. Cell cycle analysis of LscRGS transgenic thymocytes. Thymocytes from non-transgenic and
LscRGS transgenic littermate mice from the TL41 line were isolated, fixed, incubated with propidium iodide and
analyzed by flow cytometry. Proportions of thymocytes with <2n and >2n DNA are indicated in the table below.

DNA content
<2n >2n
non-tg | LscRGS | non-tg | LscRGS
Thymus 0.3 0.3 5.9 5.0

HA-tagged LscRGS was also detected in splenic CD4 and CD8 T cells. To examine whether LscRGS

expression altered the proportion of CD4 or CD8 T cells within the spleen, splenocytes were isolated,

incubated with antibodies directed against CD4 and CD8 and analyzed by flow cytometry. The

proportions of CD4 and CD8 T cells from LscRGS transgenic mice were equivalent to those from non-

transgenic controls (Figure 4.9 and Table 4.3). These results indicate that LscRGS expression does

not overtly influence thymocyte or T cell development.

Figure 4.9. Flow cytometric analysis of spleen T cells. Spleen cells were isolated and incubated with
antibodies directed against CD4 and CD8 and analyzed by flow cytometry. Numbers indicate the percent total
CD4+ and CD8 T cells within spleens from non-transgenic and LscRGS transgenic mice from the TL41 line.
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Table 4.3. Splenic T cell proportions. Numbers in the table represent the percent total splenic CD4+ and
CD8* T cells from non-transgenic and LscRGS transgenic littermates from the TL37, TL41 and DL5 lines. TL41
littermates indicated in bold are represented in the above density plots.

Splenic T cell population

CD4 CD8
Line Age (weeks) - + - +
TL37 12 17.8 15.5 13.2 11.42
34 1.7 13 7.3 9.4
TL41 7 21 20.1 121 12.5
26 17.6 20.6 9.4 9.0
DL5 10 17.7 20.9 14.6 13.7
60 13 11.2 8 42

B lymphocytes from the TL37 and TL41 transgenic lines expressed HA-tagged LscRGS. To determine
whether LscRGS expression altered B lymphocyte development, cells from spleen and bone marrow
were analyzed for expression of cell surface B lymphocyte developmental markers by flow cytometry.
Splenic B lymphocyte (IgM+/IgD- or IgM+/IgD*) proportions were normal in the TL37 and TL41 lines
(Figure 4.10). Proportions pre-B (B220/w/IL-2R*), immature B (B220Ma"/IgMiow) and mature B
(B220rian/IgMniah/|gD+) lymphocytes from transgenic mice were also equivalent to those of non-
transgenic controls (Figure 4.11). Together, these results indicate that LscRGS expression does not

overtly influence B lymphocyte development.

Figure 4.10. Flow cytometric analysis of spleen B cells. Spleen cells were isolated, incubated with
antibodies directed against IgM and IgD and analyzed by flow cytometry. Numbers indicate the percent total
lgM+/IgD* and IgM+/IgDr spleen B cells from non-transgenic and LscRGS transgenic littermates from the TL37
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Figure 4.11. Flow cytometric analysis of bone marrow B cells. Bone marrow cells from non-transgenic and
LscRGS transgenic littermates from the TL41 transgenic line were incubated with antibodies directed against
either B220 and IL-2R or B220 and IgD, and analyzed by flow cytometry. Numbers indicate the percent gated
IL-2R+/B220°" and IL-2R+/B220"**"is" (upper panel) IgD+/B220+ and IgD/B220" (lower panel) bone marrow B
cells from non-transgenic and LscRGS transgenic littermates.
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4.3 Discussion
In an attempt to implicate Gouz and Gous in lymphocyte development, transgenic mice expressing
ALscRGS, a negative regulator or GAP for these Ga proteins, were generated. Although analyses of
lymphocytes from these mice revealed that LscRGS expression did not overtly affect development, I
was unable to conclude that Gouz or Gous do not play a role in lymphocyte development. At the time
the experiments with LscRGS transgenic mice were conducted very little was known regarding Gouz
and Gaus within the context of lymphocytes (refer to section 1.5.3); as a result, rationale for
experiments was often limited. Upon completion of my experiments with these mice and while | was
consumed with another transgenic project (described in Chapter 5), work from two groups involving
known regulators and effectors of Gouz and Gous, were published, highlighting the importance of these
G subunits in lymphocyte development [314] [312]. Results from their studies provide a strong basis
and justification for future experiments involving LscRGS transgenic mice that, to date, do not show any

obvious defects in lymphocyte development.

Recently, the effects of homeiygous inactivation of G2A, a Gous-coupled GPCR expressed in
lymphocytes, were described and the receptor ligand was identified. G2A* mice developed a late \
onset autoimmune syndrome and T lymphocytes were hyperresponsive to antigen receptor stimulation
in vitro [314]. Lysophosphatidylcholine (LPC) is a high-affinity ligand for G2A and activation of G2A by
LPC increased intracellular calcium concentration, induced receptor internalization, activated Erk and
modified migratory responses of Jurkat T lymphocytes [329]. Although it is known that G2A couples to
Gous in fibroblasts, it is not known whether this receptor couples to Gous in lymphocytes. G2A-
mediated signals are mediated via Gaus-activation in NIH 3T3 cells, endothelial cells and embryonic
fibroblasts (section 3.2) [201] [235]. Both Gaus and G2A are also expressed in several of the same
tissues, including thymus and spleen [308] [201]. Oveflapping expression patterns and the observation
that G2A couples to Gous in several different cell types suggest that Gous may mediate G2A signals in
lymphocytes. Interestingly, impaired Rho activation also leads to a loss.of sustained increase in
calcium and Erk activation in Jurkat cells [269]. Thus it is possible that some of the defects displeyed
‘by G2A- mice are the result of impaired Rho activation via Gaus and G2A. Moreover, LscRGS
expression may impair antigen- or LPC-mediated ERK activation, calcium release or migratory
responses of transgenic T lymphocytes. The effect of LscRGS expression in responses of transgenic T
lymphocytes to LPC or antigen stimulation remains to be determined.
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Many reports have illustrated the importance of chemokine receptors, a large group of GPCRs, in
lymphocyte migration. Inflammatory chemokines are expressed transiently in inflamed tissues by
resident or infiltrated cells upon stimulation by bro-inflammatory cytokines during contact with
pathogens; these chemokines are specialized for the recruitment of specialized cells, including effector
T cells. Homeostatic chemokines are produced in discrete microenvironments within non-lymphoid or
lymphoid tissues and maintain tréffic and positioning of cells during hemopoiesis, antigen sambling and
immune surveillance. Although the predominant role of chemokines is in lymphocyte traffic control,
some chemokines are also involved in migration-independent responses including differentiation and
lymphocyte effector function (reviewed in [333] [334]). Prior to chemokine-induced migratory
responses, cells polarize, forming lemellipodia at the leading edge and uropod§ at the trailing edge,
allowing them to convert cytoskeletal forces into net cell-body displacement [335]. Thereafter,
chemokines provide directional cues for cell motility, enabling migration along the chemokine gradient.
Many signaling molecules are involved in these processes. Perhaps not surprisingly, members of the
Rho family regulate the cytoskeletal responses underlying cell polarization and migration (reviewed in
[335]). Although Gouz and Gous may mediate Rho family protein activation downstream of chemokine
receptors, the majority of studies to date have not focussed on identifying the Ga proteins required for
chemokine receptor-induced responses. LscRGS is a negative regulator of Gouz and Gous and is
expressed in mature T lymphocytes from LscRGS transgenic mice. The effect of LscRGS expreésion
on lymphocyte chemokine responses has not been addressed.

The most compelling evidence implicating Gouz and Gous in lymphocyte migratory responses was
illustrated upon characterization of Lsc deficient mice. Lsc is a Dbl family GEF that specifically
activates Rho upon activation by Gous [126] [130]. Lsc mediates signals downstream of Gous and

upstream of Rho. As indicated previously, in addition to its ability to activate Rho, Lsc contains an RGS

-domain that specifically inactivates Gouz and Gous; thus Lsc has the potential to regulate the activity of

Gouz, Gous and Rho GTPases [131]. Characterization of Lsc lymphocytes revealed that actin

polymerization via lysophosphatidic acid (LPA) and thromboxane Az (TXAz) was impaired. Lsc was

also required for normal numbers of marginal zone B (MZB) cells, full humoral responses to both

| thymus-dependent and -independent antigens and the inhibition of basal T cell proliferation.

Importantly, Lsc was also an important regulator of cell motility and Lsc” lymphocytes displayed
reduced basal cell motility [312]. Together these findings implicate Gouiz and Gous proteins in several

aspects of lymphocyte function and immune responses. As a negative regulator of Gourz and Gous,
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LscRGS expression may impair lymphocyte responses to Gouz or Gous activating stimuli, such as LPA
and TXAz. The migratory responses of LscRGS transgenic lymphocytes to LPA, TXAz or serum have
also not been examined and would be an interesting project in the future.

Within the context of my experiments, LscRGS expression did not appear to influence lymphocyte
development. Although it is possible that, when expressed in transgenic mice, LscRGS is not at
sufficient levels to stimulate the GTPase activity of Gouz and Gous, this scenario is unlikely. LscRGS
expression levels in lymphocytes from LscRGS transgenic mice were comparable to levels of
expression required for suppression of Goue- or Gous- mediated transformation in NIH 3T3 fibroblasts.
Régulatory mechanisms may be different in lymphocytes than in' fibroblasts; thus is .it possible that
LscRGS may be negatively regulated when expressed in lymphocytes of transgenic mice. Several
mechanisms are known to influence the activity of RGS proteins. Go. phosphorylation, for example can
inhibit the GAP activity of some RGS proteins [336]. Phosphorylation and protein binding also regulate
RGS proteins. In particular, the phosphoserine-binding protein 14-3-3 serves as a scavenger of RGS3,
regulating the amounts of RGS3 available for binding Got proteins [337]. Lipid-protein interactions are
also known to regulate RGS proteins. Notably, the inhibitory effect of RGS4 was reduced by
phosphatidylinositol-3,4,5,- trisphosphate (PI[3,4,5]P3) [338]. These studies reveal additional lévels in
the regulation of G protein signaling, in which the inhibitors of Gat proteins, RGS proteins, are regulated
by both protein and lipid inferactions. Although regulatory mechanisms of RGS proteins in lymphocytes
have not yet been reported, they are likely to be important. Therefore, despite high LscRGS
expression, RGS GAP activity may be more tightly regulated in lymphocytes than in fibroblasts.




Chapter 5 - Generation and analysis of Dbs transgenic mice

5.1 Introduction and rationale
As indicated in chapter 1 (section 1.5), altered GTPase activity can influence lymphocyte development.
Interestingly, the majority of GTPase st'udies in lymphocytes have utilized mutationally activated,
inactivated or bacterial toxins that impair the normal function of the GTPase. While these approaches
have been extremely useful in implicating GTPases in lymphocyte development, the role of GTPase

regulators is not as well understood. GTPase activity is normally tightly regulated by GEFs and GAPs.

Dbl family proteins regulate the activity of Rho proteins and several of these GEFs, including Dbs, have

been isolated in screens for cDNAs that cause transformation of NIH 3T3 fibroblasts. Moreover, an
activated, amino- and carboxyl-terminally truncated form of Dbs (herein referred to as activated Dbs),
aggressively transforms fibroblasts [132]. Subsequent experiments revealed that Dbs is a Rho and
Cdc42 GEF expressed in the thymus [132] [111]. Since Dbs is an activator of Rho and Cdc42 and is
expressed in lymphoid tissues, | wanted to determine the effect of activated Dbs expression on

lymphocyte development.

5.2 Results
5.2.1 Increased Dbs expression in lymphocytes alters development
To determine how Dbs affects lymphocyte development, we generated transgenic mice expressing an
activated form of Dbs within lymphoid tiésues. The LIT2 vector was utilized and contained a cDNA
encoding a truncated form of Dbs (Dbs-D13/HA,; refer to section 2.1.2.3 for construct details)
transcribed from the TCR B promoter (Figure 5.1). The LIT2 vector also contained an immunoglobulin
U heavy chain enhancer and sequences upstream of the Ick gene proximal promoter, enabling both T
and B lymphoid-restricted expression. Three Dbs transgene-positive founders were obtained from
blastocyst injections using LIT2 as an expression vector (lines designated 21DB, 51DB and 67DB).
Activated Dbs was expressed at variable levels in lymphoid tissues from these three transgenic lines.
Expression of the Dbs transgene was highest in the 51DB and 67DB transgenic lines and these two
were chosen for further study.
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Figure 5.1. Dbs transgenic construct. The LIT2 vector.
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The predicted transgenic messenger RNA (mRNA) size is 2.5 kb (1450 bp (Dbs) + 850 bp (hGH) +
200 bp (polyA)). Analysis of Northern blots revealed multiple transcripts in addition to the predicted
transcript. While the higher molecular weight cluster at approximately 3.0 kb was the likely result of
alternative splicing of the intronic sequences within the hGH region of the transgene, the lower
molecular weight transcripts (at approximately 1.4 kb) were the likely result of alternative splicing of the
intronic sequences of the hGH region with cryptic sites within the Dbs cDNA. Normally, Dbs is
expressed at relatively high levels in brain, moderate levels in spleen and low levels in thymus [132].
Northern blot analysis of tissues isolated from 51DB, 21DB and 67DB transgenic mice, using the Apal
fragment of Dbs as a probe, showed variable transgene expression in thymus, spleen and bone
marrow (Figure 5.2). Dbs transgene was expressed at high levels in thymus, spleen and bone marrow
from mice from the 51DB line. Expression of activated Dbs was moderate in thymus and very low in
spleen and bone marrow from 67DB mice. Activated Dbs was detected at extremely low levels in
thymus, spleen and bone marrow from the 21DB line. Although Dbs transgene was expressed at

variable levels in the three lines generated, expression was highest in the 51DB line.

95



Figure 5.2. Northern blot analysis of Dbs transgene expression. Total RNA was isolated from cells from
thymus, spleen and bone marrow from mice from the 51DB, 21DB and 67DB lines. Total RNA was separated by
electrophoresis (4 ug/lane), transferred to nylon membranes and hybridized with an Apal probe from the Dbs
cDNA.
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To determine whether activated Dbs expression alters total thymocyte numbers, thymocytes from 51DB
and 67DB mice were counted. Total thymocytes were reduced by about twentyl percent in m.ice from
the 51DB line when compared to non-transgenic céntrols (Figure 5.3). Total thymocytes from 67DB
mice, however were equivalent to those of non-transgenic controls (Figure 5.3).

Figure 5.3. Total thymocyte numbers.

a) Total thymocytes from 7-10 week old mice from Dbs transgenic and non-transgenic littermates from the 51DB
line were isolated and counted. ‘
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b) Total thymocytes from 9-16 week old mice from Dbs transgen/c and non-transgenic liftermates from the 67DB
line were isolated and counted.
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To determine whether activated Dbs expression alters thymocyte development, cells from 51DB and
67DB thymuses were isolated, incubated with antibodies directed against the cell surface markers CD4
and CD8 and analyzed by flow cytometry. The proportion and total numbers of DN thymocytes from
51DB transgenic mice were increased when compared to non-transgenic controls (Figure 5.4). DP
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thymocytes from 51DB transgenic mice were reduced slightly compared to non-transgenic controls,
while the proportions of CD4 and CD8 SP thymocytes were approximately half those of non-transgenic
thymocytes (Figure 5.4).

Figure 5.4. Thymocyte analyses from 51DB and 67DB mice.

a) Flow cytometric analysis of thymocytes from the 51DB transgenic line. Thymocytes from Dbs
transgenic and non-transgenic littermate mice from the 51DB transgenic line were isolated and incubated with
antibodies directed against CD4 and CD8 and analyzed by flow cytometry. Quadrant numbers represent
proportions of live-gated DN, DP and SP thymocyte populations.

non-transgenic 51DB

b) Total DN, DP and SP thymocytes from mice from the 51DB line. Values were calculated by multiplying
proportions of DN, DP and SP thymocytes by the number of total cells. Numbers indicate the probability value
associated with a paired t-test.
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¢) Flow cytometric analysis of thymocytes from the 67DB transgenic line. Thymocytes from Dbs
transgenic and non-transgenic littermate mice from the 67DB transgenic line were isolated and incubated with
antibodies directed against CD4 and CD8 and analyzed by flow cytometry. Quadrant numbers represent

proportions of live-gated DN, DP and SP thymocyte populations.
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d) Total DN, DP and SP thymocytes from mice from the 67DB line. Values were calculated by multiplying
proportions of DN, DP and SP thymocytes by the total number of cells. The number indicates the probability

value associated with a paired t-test.
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Positively selected DP thymdcytes differentiate into CD8 SP thymocytes via down-regulation of CD4
and the most mature CD8 SP thymocytes express the lowest levels of CD4. Although 51DB transgenic
mice displayed an overall reduction in CD8 SP thymocyt\es, transgenic thymocytes that expressed the
lowest levels of CD4 were depleted more than those expressing intermediate levels of CD4. Thus the
reduction in CD8 SP thymocytes observed in 51DB transgenic mice was due mainly to reduced
frequencies of the most mature CD8 SP thymocytes expressing the lowest levels of CD4. Although the
proportion and numbers of DN thymocytes from 67DB mice were often increased when compared to
non-transgenic controls, numbers of DP and SP thymocytes from 67DB mice were equivalent to those
of non-transgenic controls (Figure 5.4). The extent of the DN increase was variable in mice from the
67DB line and out of five pairs analyzed,"the increase in the proportion of DN thymocytes compared to
non-transgenic controls was unchanged in ohe, moderate (1.2-fold) in another and apprbximately two-

fold in the remaining three.

Although transgene expfession in the thymus was at least two-fold higher in 51DB mice than 67DB
mice and the extent of the increase in 67DB DN thymocytes was variable, there was overlap in terms of
the effect of activated Dbs expression on DN thymocytes. Activated Dbs expression thus altered the

numbers and proportions of developing thymocyte subsets in mice. Since expression in the 51DB line
was highest, the majority of experiments performed were with mice from this line.

Analysis of FSC and SSC characteristics by flow cytometry is useful in estimating cell size and normally
high FSC cells are DP and DN thymocytes. 51DB transgenic thymocytes were characteristically high
FSC, indicating a higher proportion of large cells (Figure 5.5). Although total thymocyte numbers from
51DB mice were reduced, the proportions of high FSC DN and DP thymocytes were about twice those
of non-transgenic controls (Figure 5.5). Therefore a large proportion of the high FSC thymocytes from
51DB transgenic mice were DN and DP thymocytes.
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Figure 5.5. Forward scatter (FSC) analysis of Dbs thymocytes. Thymocytes from Dbs transgenic and non-
transgenic littermate mice from the 51DB transgenic line were isolated and incubated with antibodies directed
against CD4 and CD8 and analyzed by flow cytometry. Small, medium and large thymocytes were discriminated
based on FSC intensity (1, 2 and 3, respectively; upper panel). Proportions of live-gated low (1), medium (2) and
high (3) FSC DN, DP and SP thymocytes are indicated in each quadrant.
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The scatter results indicated that Dbs transgenic thymocytes were larger and potentially
hyperproliferative. To determine whether activated Dbs expression influences the cell cycle status of
developing thymocytes, cells from 51DB thymuses were fixed; stained with Pl and analyzed by flow
cy{ometry. While the proportion of cells with <2n DNA was similar to that of littermate controls, the
proportion of thymocytes with >2n DNA was about twice that of non-transgenic controls (Figure 5.6).
These results suggest that thymocyte proliferation is elevated in thymocytes from Dbs transgenic mice.

Figure 5.6. Cell cycle analysis of Dbs thymocytes.
a) Thymocytes from non-transgenic and Dbs transgenic littermate mice from the 51DB line were isolated, fixed,

incubated with propidium iodide and analyzed by flow cytometry. Proportions of thymocytes with <2n and 2n-4n
DNA are indicated. -
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a) Proportions of thymocytes with 2n-4n DNA from multiple experiments.
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Rho family GTPases are involved in reorganization of the actin cytoskeleton. Rho family members
induce specific filamentous actin (F-actin) cytoskeletal changes and as a result, Rho proteins are likely
to play a role in cellular processes wherever F-actin is used. Measurement of F-actin content is an
indirect measure of Rho family GTPase activity and phalloidin is a fungal toxin that irreversibly binds F-
actin. To test the hypothesié that activated Dbs expression causes increased levels of F-actin within
cells, thymocytes were incubated with antibodies directed against cell surface antigens, fixed,
permeabilized and incubated with FITC-phalloidin and analyzed by flow cytometry. The mean
fluorescence intensities (MFI) of DN, DP and SP thymocyte populations from mice from the 51DB line
were higher than non-transgenic controls (Figure 5.7). To determine whether the increased MFI
values were simply the result of a higher frequency of large (high FSC) cells in Dbs transgenic
thymuses, low (small; gate 1) and high (large; gate 2) FSC cells from 51DB and non-transgenic
thymuses were gated and their MFI values were measured. Small and large FSC DP, CD4 SP and
CD8 SP thymocytes from Dbs transgenic mice displayed higher MF| values (Figure 5.8). Thus, Dbs
transgenic thymocytes contained increased levels of filamentous actin and this was independent of cell

size.

Figure 5.7. Thymocyte filamentous actin (F-actin) content. Thymocytes from Dbs transgenic and non-

transgenic littermate mice from the 51DB transgenic line were isolated, incubated with antibodies directed

against CD4 and CD8, fixed, permeabilized, incubated with FITC-phalloidin and analyzed by flow cytometry.
Mean fluorescence intensities of DN, DP and SP thymocyte subsets are shown in the graph.
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Figure 5.8. Thymocyte F-actin content is independent of cell size. Thymocytes from Dbs transgenic and
non-transgenic littermate mice from the 51DB transgenic line were isolated, incubated with antibodies directed
against CD4 and CD8, fixed, permeabilized, incubated with FITC-phalloidin and analyzed by flow cytometry.
Low (1) and high (2) FSC thymocytes representing small and large cells (upper panel), respectively, were gated
and F-actin content measured by flow cytometry (Lower panel). Histogram overlays indicate fluorescence
intensities of non-transgenic (solid gray) and Dbs transgenic (black line) thymocytes after gating on either low (1)
or high (2) FSC cells (lower panel). Numbers indicate histogram peak mean fluorescence intensities.
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Inhibition of Rho function causes a developmental block in DN thymocytes. DN thymocytes are
negative for CD4 and CD8 antigens but differentially express CD44 and CD25 antigens. The earliest
DN thymocytes are CD44+ and CD25-. The next DN developmental subset is characterized by an up-
regulation of CD25 (CD44+CD25+) and the transition to the next developmental stage is marked by
down-regulation of CD44 and rearrangement of TCR 3. Upon successful TCR 3 rearrangement, DN
thymocytes down-regulate CD25 and differentiate into DP thymocytes through expression of CD4 and
CD8. Dbs transgenic mice display an increased proportion of DN thymocytes. To determine the effect
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of activated Dbs expression on DN thymocyte development, cells from 51DB and 67DB mice were
isolated and incubated with antibodies directed against markers for DP and SP thymocytes, non-T
lymphocyte lineages and CD44 and CD25 and analyzed by flow cytometry. DN thymocytes from Dbs
transgenic mice were characteristically high FSC (Figure 5.9). After gating out non-DN thymocyte
populations, the proportions and numbers of CD44+/CD25- were equivalent to those of non-transgenic
thymocytes (Figure 5.9). Proportions and numbers of the CD44/ow/CD25+ and CD44-/CD25- DN
thymocytes however were twice that of controls (Figure 5.9). Thus, activated Dbs expression

increased the numbers of late stage DN thymocytes.

Figure 5.9. DN thymocytes analysis from Dbs transgenic mice.

a) Flow cytometric analysis of DN thymocytes from the 51DB transgenic line. Thymocytes from Dbs
transgenic and non-transgenic littermate mice from the 51DB transgenic line were isolated and incubated with
antibodies directed against non-DN thymocytes (CD4, CD8, CD3, B220, Mac-1, Gr-1), CD44 and CD25 and
analyzed by flow cytometry. DN thymocyte (lineage’; CD4, CD8, CD3, B220-, Mac-1-, Gr-1-) FSC
measurements are shown in the histograms (upper panel). CD44 and CD25 expression by DN thymocytes
(lineage-) are shown in the density plots (lower panel). Numbers indicate percent live-gated thymocytes.
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b) Total CD44+/CD25, CD44'*#-/CD25+*, CD44:/CD25 DN thymocytes from the 51DB transgenic line.
Numbers were calculated by multiplying proportions of DN subsets by the total thymocytes. Numbers indicate
the probability value associated with a paired t-test.
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¢) Flow cytometric analysis of DN thymocytes from the 67DB transgenic line. Thymocytes from Dbs
transgenic and non-transgenic littermate mice from the 67DB transgenic line were isolated and incubated with
antibodies directed against non-DN thymocytes (CD4, CD8, CD3, B220, Mac-1, Gr-1), CD44 and CD25 and
analyzed by flow cytometry. DN thymocyte (lineage’; CD4, CD8, CD3, B220r, Mac-1-, Gr-1-) FSC
measurements are shown in the histograms (upper panel). CD44 and CD25 expression by DN thymocytes
(lineage-) are shown in the density plots (lower panel). Numbers indicate percent live-gated thymocytes.
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DN thymocytes from Dbs transgenic mice are increased in numbers and accumulation may be the
result-of increased proliferation and/or enhanced survival of these cells. As indicated previously, Dbs
transgenic thymocytes are characteristically high FSC and a larger proportion of total thymocytes from
Dbs transgenic mice contain 2n-4n DNA. Accumulated Dbs transgenic DN thymocytes may therefore
be a result of increased proliferation of cells within this subset. To test the hypothesis that the Dbs
transgene increases DN thymocyte proliferation, mice were injected with BrdU and thymocyte BrdU

' incorpdration was measured by flow cytometry 18 hours‘ later. Proliferating cells accumulate BrdU into
their DNA upon each cell division. BrdU accumulation at 18 hours was elevated by about 10% in DN
thymocytes from 51DB mice (Figure 5.10). Moreover, the proportions of BrdU+ DP, CD4 and CD8 SP
thymocytes were increased by about two-fold in 51DB mice (Figure 5.10). Together the cell cycle and
BrdU incorporation experiments reveal that thymocytes are proliferating more rapidly in Dbs transgenic

mice and that proliferation is not restricted to the DN subset.

Figure 5.10. Thymocyte BrdU incorporation. Non-transgenic and transgenic mice from the 51DB transgenic
line were injected with BrdU and 18 hours later thymocytes were isolated, incubated with antibodies directed
against CD4 and CD8, fixed, permeabilized and incubated with antibodies directed against BrdU and analyzed
by flow cytometry. The percent BrdU* cells within each thymocyle subset are represented in the graph.
Numbers indicate the probability value associated with a paired t-test.
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Dbs transgenic thymocytes may also display defects in survival. Thymocyte and peripheral T cell
susceptibility to apoptosis is influenced by expression of bcl-2 family members, some of which are

expressed in a developmentally patterned manner. Bcl-2 is an anti-apoptotic protein expressed in DN
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and SP, but not DP thymocytes [339]. Moreover, increased expression of bcl-2 has been shown to
enhance survival of thymocytes [340] [341]. To test the hypothesis that activated Dbs expression
increases bcl-2 expression in transgenic thymocytes, bcl-2 levels were measured by flow cytometry in
thymocyte subsets from non-transgenic and Dbs transgenic mice. Bcl-2 expression levels in Dbs
transgenic DN, DP and CD4 SP thymocytes were equivalent to those of non-transgenic controls. CD8
SP thymocytes, however expressed lower levels of bel-2 (Figure 5.11).

Figure 5.11. Thymocyte bcl-2 expression. Thymocytes from non-transgenic and Dbs transgenic littermates
were isolated, incubated with antibodies directed against CD4 and CD8, fixed, permeabilized, incubated with
either antibodies directed against bel-2 or an isotype control, incubated with a fluorochrome conjugated
secondary antibody and analyzed by flow cytometry. Histogram overlays indicate fluorescence intensities of
anti-bel-2-incubated non-transgenic (solid gray) and Dbs transgenic (black line) thymocytes within each
thymocyte subset. Numbers indicate mean fluorescence intensities of solid gray (non-transgenic; n-tg) and Dbs
transgenic (black line; Dbs) histogram peaks. Broken line histograms indicate fluorescence intensities of isotype
control-incubated non-transgenic (gray broken line) and Dbs transgenic (black broken line) thymocyftes.
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TCR B gene rearrangements normally begin at the CD44low/CD25+ stage of DN thymocyte
development. Upon successful TCR (3 gene rearrangements, DN thymocytes express a pre-TCR,
down-regulate CD25 and differentiate into DP thymocytes. Accumulation of DN thymocytes in
thymuses from Dbs transgenic mice appears to occur during and after TCR 8 gene rearrangement. To
determine if activated Dbs expression contributes to the differentiation signal provided by pre-TCR
signaling, | tested the ability of the Dbs transgene to over-ride the DN to DP differentiation block that
occurs in Rag2”- mice. Rag2”- lymphocytes do not initiate V(D)J rearrangement; consequently,
thymocytes are blocked at the DN3 stage of thymocyte development, prior to rearrangement of the
TCR B gene [321]. Dbs transgenic mice were crossed with Rag2”- and Dbs/Rag2+- offspring were
backcrossed to Rag2”- mice. Thymocytes from Rag2+ mice with or without the Dbs transgene were
analyzed. Because of their inability to express the TCR 3 chain of the pre-TCR complex, Rag2-- mice

have virtually no DP thymocytes. Dbs transgenic Rag2”- mice also do not have any DP thymocytes
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(Figure 5.12). Thus the Dbs transgene does not promote differentiation of DN thymocytes to DP
thymocytes in the absence of functional pre-TCR. Although the developmental block is maintained in
the presence of the Dbs transgene, the proportions and numbers of CD44iow/CD25+ thymocytes are
elevated in Dbs transgenic Rag2-- mice (Figure 5.12). The Dbs transgene therefore enables
accumulation of DN thymocytes prior to initiation of TCR 8 gene rearrangement, however it does not
over-ride the requirement for functional pre-TCR. Thus differentiation beyond the DN3 stage of
thymocyte development is unaffected by the presence of the Dbs transgene.

Figure 5.12. Rag2’ thymocytes.

a) Flow cytometric analysis. Thymocytes from Rag2" and 51DB/Rag2" littermates were isolated and
incubated with antibodies directed against CD4 and CD8 and analyzed by flow cytometry (upper panel). Total
thymocytes from each mouse are indicated in the upper left comer. Thymocytes were also incubated with
antibodies directed against non-DN thymocytes (lineage; CD4-, CD8,, CD3, B220r, Mac-1-, Gr-1-), CD44 and
CD25 and analyzed by flow cytometry. CD44 and CD25 expression by DN thymocytes (lineage) are shown in
the density plots (lower panel). Numbers in rectangles indicate percent total thymocytes.
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b) Total CD44">w-/CD25* DN thymocytes from the Rag2* and 51DB/Rag2’- mice. Numbers were calculated
by multiplying proportions of CD44'o»-/CD25* DN thymocytes subsets by total thymocytes.
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To evaluate the maturity of transgenic thymocytes, DN, DP, CD8 SP and CD4 SP thymocytes from
51DB mice were isolated and analyzed for cell surface expression of CD25 (IL-2R), TCR 3, CD3, HSA
(CD24), CD62L, CD5 and CD69 by flow cytometry. CD25 is expressed by a subset of DN thymocytes
during TCR B rearréngement and mature T cells following activation. As indicated previously, a higher
proportion of Dbs transgenic DN thymocytes express CD25 (Figures 5.9 and 5.13). DP and SP
thymocytes do not normally express CD25 and expression levels of this marker by these populations

were equivalent to non-transgenic controls (Figure 5.13). TCR B and CD3¢ are components of the
TCR and CD3e is expressed at low levels prior to and after TCR (3 chain rearrangement in DN
t'hymocytes.' Importantly, TCR {3 is expressed with CD3e by DN thymocytes at very low levels upon
productive TCR 3 gene rearrangement and expression of pre-Toi:3 receptors. The proportions of TCR
- and CD3e-expressing DN thymocytes are lower in Dbs transgenic mice. Upon differentiation into
DP thymocytes however, TCR 3 and CD3e are expressed at intermediate levels. Expression of these
two markers by Dbs transgenic DP thymocytes, as indicated by histogram peak fluorescence intensities
and percent positive cells (Figure 5.13), were elevated when compared with non-transgenic controls.
Normally, TCR 8 and CD3e levels increase on thymocytes with maturation from the DP to SP
developmental stages. Despite increased TCR marker expression by DP thymocytes, the proportion
and expression levels of TCR  and CD3¢ were normal on CD4 SP thymocytes and reduced slightly on

CD8 SP thymocytes when compared to non-transgenic control thymocytes (Figure 5.13).
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Figure 5.13. Thymocyte developmental marker expression. Thymocytes from Dbs transgenic and non-
transgenic littermate mice from the 51DB transgenic line were isolated, incubated with antibodies directed
against CD4, CD8 and CD25/IL-2R, TCRf3, CD3, HSA, CD62L, CD5 or CD69 and analyzed by flow cytometry.
Histogram overlays indicate fluorescence intensities of non-transgenic (solid gray) and Dbs transgenic (black
line) thymocytes within each thymocyte subset. Numbers indicate percent of thymocytes within each marker
region.
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Following maturation from DPs, SP thymocytes can be further subdivided With the more mature cells
bearing lower levels of cell surface HSA [342]. While expression of HSA by DN, DP and CD4 SP
thymocytes were equivalent to those of normal mice, a higher proportion of transgenic SP thymocytes
expressed HSA (Figure 5.13). Interestingly, HSA expression levels by the majority of transgenic CD8
SP thymocytes were similar to those of DP thymocytes. TCR signal intensity during develbpment
parallels CD5 surface level expression. CD5 expression normaily increases after positive selection and
has been reported to correlate with TCR signaling intensity [343]. Expression of CD5 by'DN, DP and
CD4 SP thymocytes were equivalent to those of normal mice, however a lower proportion of CD8 SP
thymocytes expressed high levels of CD5 (Figure 5.13). CD5 expression by transgenic CD4 SP
thymocytes however was elevated. CD62L is up-regulated in the latest stages of SP thymocyte
development and is involved in mature thymocyte export to the periphery [344] [345]. DN, DP, CD4
and CD8 SP thymocytes from Dbs transgenic mice express higher levels of CD82L (Figure 5.13).
During positive selection of DP thymocytes/CD69 is transiently expressed and CD4+/CD8+/CD69+
thymocytes have initiated, but not yet completed, pos}itive selection [250]. While expression levels of
CD69 by DN, DP and CD4 SP thymocytes are equivalent to those of normal mice, the proportion of
CD69+ CD8 SP thymocytes is reduced in Dbs transgenic mice (Figure 5.13). |

CD8 SP thymocytes from 51DB mice that expressed the lowest levels of CD4 were depleted more than
CD8 SP thymocytes expressing low levels of CD4. To determine whether the expression patterns of
TCR B, CD3, HSA, CD62L, CD5 and CD69 differed between these two populations of CD8 SP
thymocytes, CD4vCD8+ and CD4- CD8* thymocytes were gated‘ and marker expression was
measured. Although expression patterns were similar to what was described in Figure 5.13, the

magnitude of the differences between non-transgenic and transgenic thymocytes were more

pronounced in the CD4'ow CD8 SP population than in the CD4- CD8 SP population. Fewer transgenic
CD4low C'D8 SP thymocytes expressed TCR {3, CD3, CD5 and CD69 than iransgenic CD4- CD8 SP
thyrhocytes (Figure 5.14). More transgenic CD4low CD8 SP thymocytes expressed HSA than
fransgenic CD4- CD8 SP thymocytes (Figure 5.14). Although expression of CD62L by CD8 SP
thymocytes was elevated in transgenic thymocytes, the proportion of CD62L"sh thymocytes in the




Figure 5.14. Developmental marker expression by CD4°%/CD8* and CD4/CD8* thymocytes.

Thymocytes from Dbs transgenic and non-transgenic littermate mice from the 51DB transgenic line were
isolated, incubated with antibodies directed against CD4, CD8 and TCR3, CD3, HSA, CD62L, CD5 or CD69 and
analyzed by flow cytometry. Histogram overlays indicate fluorescence intensities of non-transgenic (solid gray)
and Dbs transgenic (black line) thymocytes within the indicated gated population. Numbers indicate percent of
thymocytes within each marker region.
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b) CD4/CD8* thymocyte gate.
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During thymocyte differentiation, thymocytes are positively selected for self-MHC recognition and

negatively for recognition of endogenous MHC-presented peptides and most die by apoptosis as a
consequence of negative selection. Dbs transgenic DP thymocytes expressed increased levels of TCR
components including CD3 and TCR . Immature DP thymocytes are susceptible to a variety of cell
death-inducing stimuli, including anti-CD3 cross-linking. To assess whether this form of apoptosis is
affected by activated Dbs expression, monoclonal antibodies with specificity for the TCR associated
CD3 complex were intra-peritoneally injected into mice and thymocytes were analyzed at 48 hours.

Cross-linking of surface CD3e on Dbs transgenic thymocytes resulted in a reduction in the total number
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of thymocytes (Figure 5.15). Analysis of thymocyte CD4 and CD8 expression revealed that the
proportion and numbers of DP thymocytes were reduced in 51DB thymuses 48 hours after injection of
anti-CD3 (Figure 5.15). Activated Dbs expression thus increased the severity of anti-CD3-mediated
DP thymocyte apoptosis.

Figure 5.15. Anti-CD3-mediated DP thymocyte apoptosis.

a) Flow cytometric analysis of thymocytes from the 51DB transgenic line. Non-transgenic or transgenic
littermate mice were injected with either PBS (control) or anti-CD3 and thymocytes were isolated 48 hours later,
incubated with antibodies directed against CD4 and CD8 and analyzed by flow cytometry. Quadrant numbers
indiicate the proportions of total thymocytes at 48 hours.
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b) DP thymocyte calculations 48 hours after anti-CD3 injection. Percent total DP thymocytes are indicated
on the left. Total DP thymocytes are indicated on the right. The number indicates the probability value
associated with a paired t-test.
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Reduced numbers of SP thymocytes in Dbs transgenic mice may also result from a reduced frequency
of positive selection. In order to test the hypothesis that activated Dbs expression impairs positive
selection, Dbs transgenic mice were crossed with TCR-HY transgenic mice. HY mice express a
transgenic alpha beta T cell receptor (TCR) that recognizes a male specific antigen (HY) in the context
of MHC Class | (H-2DP) [346] [347]. Expression of the transgene in female mice normally results in a
large fraction of CD8+* T cells with T cell receptors for HY antigen, while male mice are severely
depleted of mature thymocytes. If activated Dbs expression impairs thymocyte positive selection, we
would expect female offspring from these crosses to display reduced numbers of CD8 SP thymocytes.
Female HY/Dbs doubly transgenic mice (HY @/51DB) displayed reduced numbers of CD8 SP
thymocytes (Figure 5.16). Activated Dbs expression therefore impairs positive selection, at least in the
context of this positively selecting TCR transgenic system.

Figure 5.16. Transgenic TCR HY crosses. Six week old Dbs transgenic and TCR-HY mice were crossed and
thymocytes from female offspring were incubated with antibodies directed against CD4, CD8 and an antibody
specific for the TCR transgene (T3.70) and analyzed by flow cytometry. Exponential numbers indicate total
thymus cellularity from each mouse. Quadrant numbers indicate the proportions of transgenic TCR* (T3. 70¢)
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To determine the effect of activated Dbs expression on the cell cycle status of thymocytes in the
presence or absence of anti-CD3 in culture, DNA content was measured after 72 hours. A lower
proportion of Dbs transgenic thymocytes contained >2n DNA in the presence of high anti-CD3
concentrations (Figure 5.17). These results suggest that proliferative responses to anti-CD3 are
impaired in trahsgenic thymocytes.

Figure 5.17. Cell cycle analysis of cultured thymocytes. Thymocytes from non-transgenic and Dbs
transgenic mice from the 51DB line were isolated and cultured in serum-supplemented medium either with or
without anti-CD3. 72 hours later, cultured thymocytes were isolated, fixed, incubated with propidium iodide and
analyzed by flow cytometry. Bars represent the percent of 2n-4n DNA-containing thymocytes initially (0 hours)
and after 72 hours in culture with or without anti-CD3.
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Carboxyfluorescein succinimidyl ester (CFSE) labeling prior to the initiation of cultures was also used to
directly assess the proliferative history of the thymocyte subsets in the presence or absence of anti-
CD3 during culture. In the absence of anti-CD3 there was no proliferation of CD4 SP or CD8 SP
thymocytes from either non-transgenic or Dbs transgenic mice after 72 hours (Figure 5.18). In the
presence of low and high anti-CD3 concentrations, the Dbs transgene caused reductions in
proliferation of both CD4 and CD8 SP thymocyfes (Figures 5.18). The Dbs transgene therefore

impairs the proliferative responses of Dbs SP thymocytes in culture in the presence of TCR-mediated
signaling.
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Figure 5.18. CFSE analysis of cultured thymocytes. Thymocytes from non-transgenic and Dbs transgenic
mice from the 51DB line were isolated, incubated with CFSE and cultured in serum-supplemented medium either
with or without anti-CD3. 72 hours later, cultured thymocytes were isolated, incubated with antibodies directed
against CD4 or CD8 and analyzed by flow cytometry.

a) Histogram overlays represent CFSE fluorescence at 72 hours in serum supplemented medium with or without
anti-CD3 (non-transgenic = solid gray; Dbs transgenic = black line).
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b) Bars represent the percent CFSE low (indicated by the marker region above) thymocytes after 72 hours in
culture with or without anti-CD3.

w  100- C—JInon-transgenic
4 B B Dbs
(&)

9 75-

B T

g3

€2 501

e

g

Ed

c

ot 254 T

1

[F]

* i |

CD4 CD8 CD4 CD8 CD4 CDs8

media anti-CD3 anti-CD3
[0.1pg/ml] [0.5ug/ml]

118



SP thymocytes are present at reduced frequencies in Dbs transgenic thymuses. To determine the
effect of activated Dbs expression on splenic cellularity, total spleen cells from 51DB mice were
isolated and counted. Total numbers of splenocytes from 51DB transgenic mice were equivalent to

those of non-transgenic controls (Figure 5.19).

Figure 5.19. Spleen cell counts. Total cells from non-transgenic and Dbs transgenic mice from the 51D8 line
were counted.
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To determine the effect of activated Dbs expression on mature T cells, splenocytes were incubated with
antibodies directed against CD4 and CD8 and analyzed by flow cytometry. CD4 and CD8 T cells were

~ present at about half the normal numbers in Dbs transgenic mice (Figure 5.20).
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Figure 5.20. Flow cytometric analysis of spleen cells.

a) Spleen cells were isolated, incubated with antibodies directed against CD4 and CD8 and analyzed by flow
cytometry. Numbers indicate the percent total CD4+ and CD8* T cells within spleens from non-transgenic and
Dbs transgenic littermates from the 51DB line.
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b) Bars represent the percent total CD4+ and CD8* T cells within spleens from multiple non-transgenic and Dbs
transgenic littermates from the 51DB line.
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Expression levels of TCR 3 and CD3 by 51DB SP thymocytes were reduced slightly (Figures 5.13 and
5.14). To determine the effect of activated Dbs on TCR component expression by splenic T cells,

expression of TCR 3 and CD3 were measured on CD4 and CD8 T cells from 51DB and non-transgenic
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control mice. As indicated by MFI values, expression of CD3 and TCR B were reduced on 51DB CD4
and CD8 splenic T cells (Figure 5.21). Activated Dbs expression thus impairs the generation of normal
numbers of mature SP thymocytes and mature peripheral T cells.

Figure 5.21. Flow cytometric analysis of splenic T cells. Spleen cells were isolated, incubated with
antibodies directed against CD4 and CD8 and either CD3¢ or TCRf3 and analyzed by flow cytometry. Histogram
overlays indicate fluorescence intensity of non-transgenic (solid gray) and Dbs transgenic (black line) CD4+ and
CD8* T cells from the 51DB transgenic line. Numbers represent the mean fluorescence intensity of the
histogram peaks.
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5.3 Discussion

Several members of the Rho family of small GTPases, including Rho, Rac1 and Cdc42, are involved in
signaling during thymocyte and T cell development [272] [275] [296] [291] [278] (refer to section 1.5).
Expression of an activated form of Dbs, a positive regulator of RhoA and Cdc42, also has a dramatic
impact on T cell development. Notably, Dbs transgenic mice display increased numbers of DN
thymocytes and reduced humbers of SP thymocytes. Although the Dbs transgene is expressed within
- the thymus from these mice, the relative expression levels within each of the thymocyte subsets is not
known. DN thymocytes from Dbs transgenic mice accumulate at the latest stages of thymocyte

- development (DN3 and DN4), but not in the earliest stages. Assuming that the transgene is expressed
in DN thymocytes from Dbs fransgenic mice, then increased numbers 6f DN3 and DN4, but not DN1 or
-DN2 thymocytes, may simply reflect the expression profile of the transgene. Activated Dbs transgene
expression is under the control of a TCR £ promoter and endogenous TCR/3 gene expression begins
during the DN2/DN3 stages (CD44%/CD25+) [348]. Thus if transgene expression resembles that of
the endogenous TCRﬁ gene, then the Dbs transgene may not be expressed in the earlier stages of
thymocyte development. This may explain why the accumulation is restricted to the later stages of
thymocyte development in transgenic mice. It is also possible that the immunoglobulin . enhancer
extends transgene expression to an earlier stage of development. Detailed expression analysis of the
transgene will be useful in further interpretation of the DN thymocyte phenotype displayed by Dbs

transgenic mice.

Interestingly, transgenic mice expressing activated mutants of either RhoA or Cdc42 display similar
increases in numbers of DN thymocytes [278] [296]. Dbs-mediated activation of Rho and/or Cdc42
may lead to increased numbers of DN thymocytes in these transgenic mice. In principle, elevated
numbers of DN thymocytes in RhoA, Cdc42 and Dbs transgenic thymuses may result from an
increased proliferative and/or survival capacity of these cells. It is known that inactivating Rho impairs
DN thymocyte proliferation and survival and that activated Cdc42 enhances DN thymocyte proliferation
[272] [275] [349] [296). Cell cycle analysis suggested that Dbs transgenic thymocytes were cycling
more rapidly. Subsequent BrdU incorporation expériments revealed that Dbs transgenic DN
thymocytes are proliferating more rapidly than non-transgenic controls. Interestingly, DP and SP
thymocytes from Dbs transgenic mice were also proIiferating more rapidly; thus increased proliferation
was not restricted to the DN subset. As an activator of Cdc42 and Rho, activated Dbs may promote
DN thymocyte proliferation. It is not known whether Dbs transgenic DN thyrhocytes display an
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enhanced survival capacity. The relative contribution of Cdc42 and/or Rho activation to the DN
phenotype downstream of Dbs also remains to be determined. Furthermore, it is important to note that
although Dbs has been shown to activate Cdc42 and RhoA, but not Ract, other members of this family
of GTPases have not been tested. There are at least thirteen other members of the Rho family of
GTPases and some of them are related in terms of sequence similarity; thus it is possible that Dbs is
acting on other members, in addition to RhoA and Cdc42.

The .acquisition of CD25 expression by CD25-/CD44+ (DN1) th(ymocytes is accompanied by pre-TCR-
mediated proliferation. The pre-TCR, composed of the pre-T o surrogate chain and the 3 chain is
expressed following successful TCR 3 gene rearrangements (reviewed in [240] [350]). Rag2 mice do
not rearrange TCR P genes and do not express a pﬁre-TCR; consequently, these mice display a block
at the DN3 stage of thymocyte development. Expression of an activated mutant of Rac1 over-rides this
developmental block and restores CD4+CD8+ differentiation in Rag2-- mice [291]. Activated Rho
expression, however is unable to restore DP differentiation in the absence of the Rag2 [278].

Increased activity of certain Rho family GTPases, but not others is thus sufficient to mediate
differentiation signals downstream of the pre-TCR. The role of Cdc42 in DN thymocyte differentiation is
not known. The Dbs transgene causes increased proliferation and accumulation of DN3 and DN4
thymocytes and, as an activator of multiple Rho family GTPases, may also provide signals important in
differentiation of DN thymocytes to DP thymocytes. In order to determine whether the Dbs transgene
augments proliferative signals mediated by the pre-TCR, Dbs transgenic mice were crossed with Rag2:
mice. In Dbs/Rag2- mice, the Dbs transgene was unable to substitute for pre-TCR signals required
for DN differentiation and failed to over-ride the developmental block in the Rag2+* genetic background.
Moreover, these results indicate that activation of Cdc42 or Rho via activated Dbs expréssion is unable
to drive DN differentiation to DP thymocytes. Although these findings do not exclude a possible role for
endogenous Dbs in DN thymocyte development, it is clear that activated Dbs cannot fully compensate
for pre-TCR signals required for differentiation of DN thymocytes. It is important to note thét expression
levels of the transgene in DN thymocytes from Dbs/Rag2-" mice have also not been determined. Total
numbers of DN3 Dbs/Rag2- thymocytes, however were increased relative to Rag2-- DN3 thymocytes,
indicating that Dbs-mediated DN thymocyte accumulation still occurs in the absence of functional pre-
TCR. Together these results indicate that DN thymocyte proliferation in Dbs transgenic mice occurs

independently of pre-TCR signals.




Dbs transgenic mice also display reduced numbers of SP thymocytes and mature peripheral T cells.
The reduced cell numbers observed in Dbs transgenic mice could result from decreased production or
increased destruction. Developing T cells undergo a rigorous selection process in the thymus and
normally, very few cells are chosen to mature. Thymocytes are faced with three choices in the thymus:
death by negle'ct, death by negative selection and survival by positive selection. All three fates are
determined by the TCR. Apoptosis is tightly requlated during the development of thymocytes.
Moreover, TCR ligation is @ minimal requirement for negative selection of DP thymocytes and the
avidity of TCR for self-Ag/MHC appears to determine the fate of these immature thymocytes. Failure to
produce a TCR or production of one with strong reactivity toWard self-peptide/MHC complexes results
in programmed cell death. Positive selection results from intermediary TCR signals between these two
extremes. The mechanism by which the TCR distinguishes between minimal and maximal binding o
self-peptide ligands is unclear. There is considerable evidence éupporting a role for TCR affinity in this
discrimination; an avidity model proposes that positive selection is the result of low avidity thymocyte
interactions, whereas high avidity interactions elicit negative selection [351] [352] [353] [354] [355] [356]
[357] [358] (reviewed in [246] [359] [360] [361)). | '

Interestingly, Dbs transgenic thymocytes express higher levels of CD3 and TCR 3, two components of
the TCR. Many factors, including proximal TCR signaling molecules, the Jnk and Erk pathways, the
PLC-y pathway, transcription factors and accessory surface molecules, are known to influence
thymocyte selection either by acting in parallel to or downstream of the TCR (reviewed in [246]).
Notably, factors that affect TCR surface expression levels can also have an impact on selection events
in the thymus. One consequence of receptor internalization is the attenuation of further signaling [362].
~ Inhibition of thymocyte TCR internalization enhances TCR signaling and, as‘ a result, thymocyte
negative selection [363). Altered acti\)ity of some Rho family GTPase members can also influence
expressfon of TCR compon’ents. Transgenic mice expressing activated Rac1 display elevated TCR
expression levels and enhanced negative selection [291]. Thymocytes from activated Rho transgenic
mice, however do not display defects in TCR expression levels or signals involved in negative
selection; thus altered TCR expression is mediated by some Rho family GTPases, but not others.
Reduced numbers of SP thymocytes and mature peripheral T cells displayed by Dbs transgenic mice
may be the result of enhanced TCR signaling leading to more pronounced negative selection. The
hypersensitivity of Dbs transgenic DP thymocytes to anti-CD3-mediated apoptosis supports this model.
The defects displayéd by these mice, however are unlikely to be a result of Rac1 activation, since Dbs
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is unable to activate Rac1 in vitro. Although it is possible that i}wcreased TCR expression and
hypersensitivity to anti-CD3-mediated apoptosis in Dbs transgenic mice is mediated by Cdcd2, it
remains to be determined whether activation of this GTPase is actually involved.

Activated Dbs transgene expression increases expression of the TCR. Increased TCR expression may
lower the signaling threshold for thymocytes that would normally be negatively selected, thus effectively
reducing the pool of thymocytes available for positive selection and differentiation to SP thymocytes.
Overall, enhanced TCR signaling and the increased incidence of thymocyte apoptosis impairs the
production of SP thymocytes. Enhanced Rho family GTPase activity is known to influence thymocyte
apoptosis. Transgenic mice expressing activated Cdc42, for example display an increased incidence
of Fas-independent apoptosis in the thymus [296]. M_oreover transgenic mice expressing wild type and
activated Rac2 also exhibit reduced numbers of SP thymocytes and an increased incidence of
thymocyte apoptosis [364]. Although not actually demonstrated in either of these reports, Cdc42 or
Rac?2 activation may also influence thymocyte selection events via altered TCR signaling. The

observation that thymocyte apoptosis in the thymuses of Cdc42 transgenic mice is Fas-ihdependent,

'points to a defect in thymocyte selection. Thus it is possible that activated Dbs-mediated activation of

Cdc42 is at least partly responsible for the restricted production of SP thymocytes in Dbs transgenic
mice. Although thymocyte hypersensitivity to apoptosis induced by MHC-TCR interactions is likely to
cause the reduced numbers of SP thymocytes in Dbs transgenic mice, this still needs to be
demonstrated. An early hallmark of apoptotic cells is the translocation of phosphatidylserine from the
inside to the outside of the plasma membrane, which can be readily detected by Annexin V binding
[365]. The incidence of apoptosis in Dbs transgenic thymuses has not been determined.

The actin cytoskeleton is involved in sustaining TCR signal transduction and Vav1, another Dbl family
member, enhances cytoskeletal reorganization and TCR clustering [366] [367] [368]. Dbs, as a
regulator of the actin cytoskeletal changes, may influence TCR expression and signaling via the actin

cytoskeleton. The mechanism by which activated Dbs increases TCR levels remains to be determined.

There are at least two candidates likely to be involved in apoptosis of DP thymocytes downstream of
the TCR. Transgenic mice expressing activated Rac2 or Cdc4§ both displayed increased Jnk kinase
activity in addition to increased thymocyte apoptosis [296] [364]. Itis reasonable to hypothesize that a
Jnk signaling pathway may be involved in apoptosis of thymocytes in these mice. Interestingly, Dbs
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has been shown to activate Jnk in fibroblast cell lines, presumably via Rho and/or Cdc42 activation
[111]. As an activator of Cdc42, activated Dbs may enhance Jnk-mediated apoptotic signals in DP
thymocytes, thus contributing to their death. I'nterestingly, NF-kB is required for anti-CD3-mediated
apoptosis of DP thymocytes [320]. Transgenic mice that express a super-inhibitory mutant form of
inhibitor kB-alpha are resistant to anti-CD3-mediated apoptosis in vivo, indicating that NF-xB is
required for TCR-mediated DP thymocyte apoptosis [369]. Dbs has also been shown to activate NF-
KB in NIH 3T3 fibroblaéts [111]. Increased NF-kB activity via activated Dbs transgene expression may
further contribute to the sensitivity of Dbs transgenic DP thymocytes to CD3-mediated apoptosis.
Although these are potential apoptotic signaling mediators, the actual contributions of these factors to

the thymocyte defects displayed by Dbs transgenic mice are not known.

Cdc42 triggers distinct apoptotic pathways in thymocytes and peripheral T cells; thymocyte apoptosis in
activated Cdc42 transgenic mice was independent of Fas, whereas peripheral spleen and lymph node
T cell apoptosis was Fas-dependent [296]. AlthoUgh it is clear that activated Dbs expression influences
TCR signaling and sensitivity to CD3-mediatéd signals and that this is likely to affect negative selection
in thymuses from these mice, it is assumed that the reduced numbers of peripheral T cells are simply a
reflection of impaired thymocyte selection events. Cdc42 activation via transgenic Dbs may also lead
to distinct defects in mechanisms of peripheral T cell apoptosis. Fas-dependency on peripheral T cell
apoptosis has not been examined. '

Impaired positive selection may also lead to fewer SP thymocytes. TCR HY transgenic mice with the
Dbs transgene displayed fewer CD8 SP thymocytes indicating that Dbs expression impairs positive
selection. Thus, increased TCR ex‘pfession in Dbs transgenic mice may reduce the frequency of
positive selection by inducing apoptosis in cells that would normally be positively selected. In Dbs
transgenic mice, strong TCR signaling, negative selection and impaired positive selection may all
contribute to an overall reduction in SP thymocytes. Once again, the relative contribution of different
Rho family GTPases to the thymocyte defects observed in Dbs transgenic mice remains to be
determined. Although it is known that enhanced Rho activity does not influence thymocyte negative
selection, activated RhoA augments thymocyte positive selection in the TCR-HY transgenic system
[278]. 1t is therefore unlikely that activated Dbs-mediated RhoA activation is involved in this process.
Understanding the contributions of different Rho family GTPases downstream of Dbs in thymocyte:

selection events will be an interesting area of future research.
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Interestingly, DP and SP thymocytes, in addition to DN, proliferated more rapidly in vivo when
compared to non-transgenic controls. Unlike DN thymocytes, however increased proliferation of DP
and SP thymocytes did not lead to accumulation. Instead, thymocyte numbers within these subsets
were reduced in transgenic mice. Dbs was isolated based on its ability to transform NIH 3T3 fibroblasts
and was subsequently shown to stimulate transcription from a cyclin D1 reporter construct [132] [111].
Thus, as with other components of Rho signaling pathways, Dbs may mediate cell cycle progression
via induction of cyclins. Interestingly, altered activity of cell cycle cohponents can influence thymocyte
proliferation. For example, mice deficient in the cyclin-dependent kinase inhibitor p16INK4a display
thymic hyperplasia [370]. As a potential activator of cyclin D1, activated Dbs may promote DP and SP
thymocyte turnover. Whether enhanced proliteration of DP and SP thymocytes is a direct effect of
activated Dbs expression or a secondary effect of altered positive and negative selection remains to be
determined.

Attempts were made to further characterize the SP thymocytes from Dbs transgenic mice and analyses
revealed some additional unusual features. In terms of expression of TCR B, CD3e, HSA and CD69,
CD4 SP thymocytes from Dbs transgenic mice appeared normal, albeit at reduced frequency. CD62L
expression levels by this subset, as well as DN, DP and CD8 SP thymocytes, however were elevated.
The significance of increased CD62L expression is not known. Interestingly, CD5 expression was
increased on CD4 SP thymocytes. CD5 is a negative regulator of TCR signaling and increased CD5
expression by CD4 SP thymocytes is one potential explanation for the-impaired proliferative response
of this thymocyte subset [247].

Unlike CD4 SP thymocytes, CD8 SP thymocytes differed more in terms of expression of TCR 8, CD3e,
HSA, CD69 and CD5. TCR-dependent maturational events define the earliest stage of positive
selection; these events include up-regulation of TCR 3, CD3e, bcl-2, CD69 and CD5 and down-
regulation of HSA (reviewed in [244]). With the exception of CD62L, CD8 SP thymocytes appeared
less mature in terms of expression of TCR B, CD3e, CD69, CD5, bcl-2 and HSA. Activated Dbs
expression appears to differentially influence the SP thymocyte subsets that develop in these mice.
Although both CD4 and CD8 SP thymocytes are preseht at reduced frequencies in Dbs transgenic
mice, CD4 SP thymocytes appear normal and CD8 SP thymocytes appear less mature. The last stage
of SP thymocyte development prior to emigration to the periphery is characterized by a proliferative
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expansion phase [371] [372]. The'apparent ‘immature’ SP thymocyte population from Dbs transgenic
“mice may be less responsive to TCR stimulation, which could explain their impaired proliferative
responses to anti-CD3 in culture. Most of the cells that would normally respond to TCR stimulation
when placed in culture may ot be present in thymuses from Dbs transgenic mice. The differential
effect of activated Dbs expression on SP thymocyte subsets is Yinteresting, although not understood;

future experiments are required to further characterize development of these thymocyte subsets.

The significance of increased CD62L (L-selectin) expression also needs to be further addressed. The
selectins are a family of vascular adhesion molecules that possess close structural and functional
relationships and whose primary role is to promote rolling behaviour of leucocytes along endothelium
prior to firm adhesion and subsequent emigration (reviewed in [373]). CD62L is up-regulated in the
latest stages of SP thymocyte development and is involved in mature thymocyte emigration to the
periphery [344] [345). AItHough not required for thymocyte emigration from the thymus, CD62L-
deficient mice display defects in lymphocyte homing to lymphoid tissues and sites of inflammation
[373]. Interestingly, CD62L expression levels may underpin the migration of T cells to specific
' péripheral lymphoid organs. While CD62L"ish thymic emigrants preferentially migrate to the lymph
nodes, CD62L'w thymic emigrants migrate to the spleen [374] [375]. Thus altered expression of |
CD62L has the potential to influence peripheral lymphocyte migration patterns. The effect of activated
Dbs expression on thymocyte emigration to the periphery has not been addressed.

Consjderable evidence indicates that Rho GTPase family members can influence cell adhesion via
CD62L as well as other molecules. Neutrophils from Rac2/ mice, for example display impaired
CD62L-mediated adhesion to GlyCAM-1, thé CD62L ligand [376]. It is also known that RhoA can
regulate cell adhesion in lymphocytes [265]. Thymocytes express the integrin ouf31 which acts as the
main receptor for the extracellular matrix protein fibronectin in these cells [377] [378]. Thymocytes from
activated RhoA and Rac1 transgenic mice adhere more to fibronectin than control thymocytes [278]
[379]. Also, cells expressing the Cdc42 and Rac1 GAP ARHGAP9 display impaired adhesion to
fibronectin [380]. As a regulator of Rho and Cdc42, Dbs may influence thymocyte adhesion to
fibronectin. The effect of activated Dbs expression on lymphocyte adhesion to GlyCAM-1 and

fibronectin has not been determined and would be an interesting area of future research.
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Chapter 6 - Conclusion

Members of the Goz and Rho GTPase families coordinate a wide range of cellular processes and
deregulated GTPase activity can adversely affect cells. While studies involving GTPases have provided
many insights into their involvement in an array of cellular processes, most have utilized constitutively
active or inactive mutants. Consequently, the roles of GTPase regulators have often been overlooked.
Balanced regulation of GTPase activity involves several types of proteins and is critical in coordinating ‘
normal cellular responses. GTPase regulatory proteins including GPCRs, GAPs and GEFs are diverse
and influence the activities of one or several types of GTPases. Studies involving GTPase regulators
are important for several reasons. Regulators stimulate either exchange 6f GTP for GDP or catalyze
hydrolysis of GTP, depending upon whether they are positive or negative GTPase regulators. Altering
expression levels of any of these regulatofs influences the rate of GDP/GTP exchange or hydrolysis but
does not render the GTPase constitutively active or inaétive in terms of the type of nucleotide bound.
This is an important point; although imbalanced, the GTPase cycle is maintained upon over-expression
of GTPase regulators. One weakness associated with the use of GTPase mutants is the inability of
these proteins to undergo complete GDP/GTP exchange or hydrolysis cycles. Altering the GTPase
cycling rates through the use of GTPase regulators is one way of overcoming this problem. GTPase
regulators themselves are also subject to an array of regulatory constraints. The mechanisms by which
these regulators are activated are often quite complex and can include, for example, phosphorylation,
protein-protein interactions and sub-cellular relocalization events, as is the case with Vav1. The view
that GTPases are simply ‘on’ or ‘off’, is too simple; GTPase activity is much more complex and depends
on not only the presence of regulators, but the sub-cellular context as well as the presence and
activities of an array of other interacting proteins. Thus characterizing regulators of GTPases is
important in understanding both the normal cellular functions of GTPases and the mechanisms by which

GTPase signals lead to abnormal cellular responses.

Gain of function studies are important in characterizing regulators of GTPases as well as the cellular
responses they coordinate. As with loss of function approaches, gain of function studies involving
GTPase regulators provide insights into the potential roles of these proteins in cellular processes. This
thesis addressed the contributions of several GTPase regulators, G2A, PAR-1, Lsc and Dbs, in
fibroblast growth control as well as lymphocyte development and function. Activation of Goto, Gous and
Rho are required for transformation via G2A and PAR-1. These Ga proteins are unique in that they are

activated upstream of Rho. Go-mediated activation of GEFs and ultimately, the smaller molecular
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weight GTPases, appears to be an important mechanism of linking divergent GTPases downstream of
GPCR activation.

In an attempt to implicate Gouz and Gous in lymphocyte development, transgenic mice expressing
LscRGS, a negative regulator or GAP for these GTPases, were generated. LscRGS expression did not
overtly affect lymphocyte development. The results presented in Chapter 4 highlight the limitations of a
transgenic expression approach of a GAP in characterization of these Got proteins. |f transgenic mice
had displayed a lymphocyte developmental defect, it would have been reasonable to conclude that
altered Gouz or Gous are important in lymphocyte development. Unfortunately within the measurement
parameters chosen, | was unable to demonstrate any effect of LscRGS expression on lymphocyte
development of transgenic mice. These results are difficult to interpret. Several factors may have
contributed to the apparent normal phenotype of lymphocytes from LscRGS transgenic mice, including
insufficient LscRGS expression levels in lymphocytes, negative regulatory influences on LscRGS or a
complete lack of Gouz or Gous involvement in lymphocyte development. While all of these are possible
explahations for the normal phenotype displayed by these transgenic mice, | am very reluctant to
believe that these Ga proteins are not involved in some aspect of I.ymphocyte signaling. It is quite likely

that some lymphocyte defect is awaiting discovery in LscRGS transgenic mice.

To determine the effect of increased GEF expression on lymphocyte development, transgenic mice
expressing an activated form of Dbs in lymphocytes were generated and analyzed. Expression of
activated Dbs in lymphocytes promoted the accumulation of early thymocytes and restricted the
production of mature thymocytes in transgenic mice. Although results from these studies indicate a
potential role for Dbs in thymocyte development, forced expression of activated Dbs does not enable
me to conclude that this GEF is actually involved in normal lymphocyte development. More simply,
these analyses demonstrate what Dbs is capable of doing, not necessarily what Dbs is actually doing in
lymphocytes. This is an inherent limitation of all gain of function experiments. The next logical step
would be to generate a loss of function model of Dbs and observe the effects in lymphocytes.
Generating and analyzing Dbs- mice would be an interesting avenue for future research.

Awareness of the limitations associated with gain of function studies is important in interpretation of
experimental results. Results presented in this thesis have nevertheless provided insights into the
contributions of GTPase regulators in signal transduction and regulation of cellular growth control,

differentiation and transformation.
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