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Summary

The Rho family of guanosine triphosphatases (GTPases) is composed of members of the Ras
superfamily of proteins. They are GTP-bound molecules with a modest intrinsic GTPase activity
that can be accelerated upon activation/localization of specialized guanine nucleotide exchange
factors. Members of this family act as molecular switches and are required for coordinated
cytoskeletal rearrangements that are crucial in a set of specialized functions of mammalian stem
cells. These functions include self-renewal, adhesion, and migration. Mouse gene-targeting studies
have provided convincing evidence of the indispensable and dispensable roles of individual
members of the Rho GTPase family and the putative upstream and downstream mediators in stem
cell-specific functions. The role of Rho GTPases and related signaling pathways previously seen
in other cell types and organisms have been confirmed in mammalian hematopoietic stem cells
(HSCs), and new signaling pathways and unexpected functions unique to HSCs have been
identified and dissected. This review summarizes our current understanding of the role of Rho
family of GTPases on HSC and progenitor activity through cytoskeleton-mediated signaling
pathways, providing insight on relevant signaling pathways that regulate mammalian stem cell
self-renewal, adhesion, and migration.

Keywords
Rac; Cdc42; Rho; stem cell; migration; self-renewal

Introduction to the Rho family of GTPases and their regulation

Rho GTPases (Ras homologue) belong to a family of regulatory small guanosine
triphosphate (GTP) binding proteins in the Ras super family. In 1985, the Rho gene was first
isolated from the abdominal ganglia of marine snail Aplysia californica. Subsequently,
RhoA, RhoB, and RhoC isoforms were identified in humans (1). In mammals, the Rho
GTPase family consists of 22 members, which are further subdivided into 5 subfamilies,
Rho, Rac, Cdc42, Rnd, and RhoBTB, based on their sequence identity, domain structure,
and function. Similar to their cousins in the Ras, Rab, Arf, and Ran families of small
GTPases, most RhoGTPases are molecular switches that cycle between active GTP-bound
and inactive guanosine diphosphate (GDP)-bound conformations (2) and control
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cytoskeleton organization and rearrangements. Their role in the formation of filopodia,
lamellipodia, membrane ruffles, and stress fibers was described by Hall and others (3, 4).
There are three regulators of RhoGTPase activity. First, the conversion from the inactive
GDP-bound form to the active GTP-bound form is catalyzed by upstream guanine
nucleotide exchange factors (GEFs)(5), and the activated Rho GTPases interact with a wide
variety of effector proteins to a carry out downstream biological functions. Second, the
intrinsic GTPase activity of Rho GTPases is stimulated by GTPase activating proteins
(GAP) and results in the hydrolysis of the bound GTP to GDP and consequent inactivation
(6). The third type of regulators of Rho GTPases, the guanine nucleotide dissociation
inhibitors (GDIs), interact and stabilize the GDP-bound form to prevent spontaneous
activation. The interaction of GDIs with the prenylated form of Rho GTPases plays a critical
role in the regulation of the cytosolic versus membrane distribution of Rho-GDP, and also
protects them from degradation (7). Out of the classically regulated RhoGTPases, the best
studied in hematopoietic stem cells are members of the Rho, Rac, and Cdc42 families.

The human genome contains more than 60 GEFs and nearly 80 GAPs, far more than the
number of their substrates (22 Rho GTPases). The fact that the number of regulators so far
exceeds the substrates indicates that Rho GTPases are specifically and tightly regulated in a
spatio-temporal manner (5, 6, 8). Dbl (diffuse B-cell lymphoma) was the first mammalian
GEF homologue to be discovered and contains a 180 amino acid conserved region [Dbl
homology (DH) domain] with a sequence that is similar to the yeast Cdc42 activator Cdc24
(9-11). The conserved DH domain of Rho GEF is necessary for its catalytic activity (12).
RhoGEF is characterized by the presence of a DH domain followed by a plekstrin homology
domain (PH domain), wherein the PH domain interacts with phosphorylated
phosphoinositides (PIPs) and enhances the catalytic activity of the DH domain (13-15).

RhoGTPase activating proteins (RhoGAP) contain a 150 amino acid GAP domain, and the
GAP domain is essential to stimulate the intrinsic GTPase activity of Rho GTPases (16).
The breakpoint cluster region (Bcr) has been identified as the first RhoGAP isoform (17).
With few exceptions, Rho GEFs and Rho GAPs are described as the activators and
inhibitors, respectively, of one or more Rho GTPase isoforms. The unconventional Rho GEF
of the Dock180 family lacks the DH-PH domain and requires additional cofactors for GDP/
GTP-exchange in Rac GTPases (18, 19). The GAP domain of the p85 subunit of PI3K lacks
GAP activity, therefore phosphatidylinositol-3-kinase is activated when p85 binds through
its GAP domain with Cdc42 and Rac (20). Rho GAP n-chimaerin binds to Racl and Cdc42
and instead, acts as a positive regulator for lamellipodia and filopodia formation (21). In
addition to GEF/GAP regulation isoprenylation, phosphorylation, oxidation of conserved
cysteine residue, ubiquitination, transglutamination and AMPylation, the spatio-temporal
location crucially regulates the expression and activity of the Rho GTPases (22-25). In
addition, Rho GTPase expression has recently been shown to be regulated by various
microRNASs (23). In the GTP-bound active state, RhoGTPases interact with more than 50
effector proteins that includes serine/threonine kinases, tyrosine kinases, lipases, oxidases,
and scaffold proteins to regulate wide varieties of processes such as actin cytoskeletal
rearrangement, microtubule dynamics, cell shape regulation, cell adhesion, intracellular
signaling cascades, endocytosis, vesicle trafficking, G1 cell cycle progression, oncogenesis,
gene transcription, enzymatic activities, cell polarity, and asymmetric cell division (2, 25—
35).

Some members of the Rho GTPase family are not conventional and do not follow the same
types of regulation. First, not all the Rho GTPases have intrinsic GTPase activity. The three
Rnd isoforms and RhoH lack GTPase activity due to amino acid substitution in the GTPase
domain, and exist in constitutively activated GTP bound forms (36). Since these proteins
lack GEF/GAP regulation, it has been suggested that they are regulated by tissue specific
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differential expression (37, 38). Second, some members contain other structure domains that
make them uniquely regulated. The Rho BTB members of the RhoGTPase family are
unconventional because they contain a large C-terminal extension with two protein-protein
interaction domains called BTB domains (from bric-a-brac, tramtrack, and broad complex in
Drosophila melanogaster). In addition, Rho BTB family members also lack the C-terminal
isoprenylation motif (CAAX) for the prenylation at the cysteine residue (39).

Basis of cytoskeleton regulation by Rho GTPases

Although the Rho gene was isolated for the first time in 1985, it was not until 1992 when
two landmark publications by Ridley and colleagues (3, 4) opened a new avenue for cell
biologists and biochemists to explore the role of RhoGTPases. Thereafter, Rho GTPases
gained equal attention to their cousins in the Ras family (3, 4). Previously, the bacterial
toxin C3 exotransferase was shown to inhibit RhoA activity by ADP rybosylation and
induce the loss of actin stress fibers in Vero cells (40, 41). By using bacterial toxin C3
transferase exoenzyme (derived from Clostridium botulinum that inhibits GTPase activity of
RhoA, RhoB and RhoC through ADP-ribosylation) and microinjecting RhoA, Racl, and
Racl dominant negative mutant in serum starved NIH 3T3 cells, Ridley and colleagues (3,
4, 42) established that RhoA induces the formation of actin stress fibers and focal adhesion
assembly, and that Rac1 regulates the formation of membrane protrusions called lamelipodia
by a localized increase in actin polymerization. Microinjection of Racl initially induces
membrane ruffle followed by stress fiber formation which provided clues regarding cross
talk between Racl and RhoA activation (4). They also demonstrated that lysophosphatidic
acid (LPA), an external factor found in serum, induced RhoA activation in order to modulate
the intracellular cytoskeletal rearrangement. Later Cdc42, another well studied member of
the Rho GTPase family, was shown to induce the formation of spike-like extensions on the
plasma membrane called filopodia (43, 44).

RhoA induces the actin stress fiber formation

The interaction of growth factors and extracellular matrix (ECM) adhesion molecules with
cellular receptors leads to the activation of Rho, Rac, and Cdc42. The activated Rho
GTPases interact with various effector proteins, which regulate the rearrangement of the
actin microfilament system and results in the formation of the acto-myosin complex,
protruding actin filament rich lamellipodia and spike-like projection of actin structures
called filopodia (26, 45) (Fig. 1A). The GTP loaded RhoA interacts with and activates its
well-known effector protein Rho kinase (ROCK), a serine threonine kinase. The activated
ROCK phosphorylates the myosin light chain phosphatase (MLCP), which leads to the
inactivation of MLCP and consequent increase in the level of p-MLC inside the cell (46,
47). Rho kinase can also directly phosphorylate the protein kinase N1 (PKN) family of
serine/threonine kinases and eventually activate MLC kinase, potentially increasing the level
of pMLC (48, 49). The pMLC is a positive regulator of the acto-myosin network. An
increased level of pMLC inside the cell enhances acto-myosin contractile tension and
ultimately induces the formation of actin stress fibers. Actin depolymerizing factor (ADF/
cofilin) acts as a negative regulator of actin stress fibers by depolymerizing and severing the
existing actin filaments. ADF/cofilin gets inactivated through LIM kinase (LIMK) mediated
phosphorylation. Therefore, activated RhoA induces the actin stress formation by inhibiting
ADF/cofilin through the ROCK mediated activation of LIM kinase (LIMK)(50, 51). RhoA
GTPase also targets citron kinase at the cleavage furrow during cytokinesis. The activated
citron kinase induces MLC phosphorylation that eventually increases acto-myosin
contractile ring tension, which facilitates cell separation (52). In addition to the RhoA/
ROCK/MLCP /pMLC, RhoA/ROCK/LIMK/pcofilin, and the RhoA/citron kinase/pMLC
pathways, activated RhoA also induces actin polymerization through the activation of de
novo actin polymerizing agent formin or mDial a mammalian homologue of Drosophila
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diaphanous (53). Formins/mDia are a family of diaphanous-related proteins known to
stimulate actin polymerization by capping the barbed end of the actin filament (54, 55). The
interaction of GTP-bound RhoA activates formin, exposing the FH2 domain (formin
homology domain 2) for its interaction with the barbed end of actin filament, this interaction
facilitates actin polymerization at the barbed end and results in a net elongation of actin
filament (56).

Rac and Cdc42 generates brached actin network at the leading edge

The molecular mechanism of the lamelipodial and filopodial membrane protrusion
generated by Rac and Cdc42, respectively, through the Arp2/3 complex mediated initiation
of actin polymerization and branching has been well established (57)(Fig. 1B). The Arp2/3
complex is an heptameric actin nucleation complex found in all eukaryotic cells which plays
a decisive role in the nucleation and branching of existing actin filaments (57). Cdc42
activates Arp2/3 complex through its interaction with ubiquitously expressed N-WASP
(Wiskott-Aldrich syndrome) and hematopoietic specific Wiskott-Aldrich syndrome protein
(WASP) family proteins (58). The activation of WASP upon binding to Cdc42 induces the
Arp2/3 mediated actin polymerization at the side of existing actin filaments and, thereby,
generates the spike like projection called filopodia at the leading edge of a cell (59). Rac
GTPase regulates the Arp2/3 complex mediated actin nucleation and polymerization through
the activation of the WASP-family verprolin-homologous (WAVE) protein of the WASP
family (59, 60). Unlike Cdc42, the activated Rac does not bind directly to WAVE/scar
family of WASP proteins. The WAVE/scar proteins exist in an inactive complex along with
Rac binding protein Nap125 and PIR121. The interaction of activated Rac GTPase with the
inhibitors Nap125 and PIR121 releases WAVE enabling its interaction with the Arp2/3
complex to initiate actin polymerization and branching (61). Cdc42 and Rac also regulate
actin branching in the area of protrusion through the interaction of PAK with the actin
filament crosslinking protein, filamin (62). In addition to the Rac/Cdc42/WASP/WAVE/
Arp2/3 complex pathway, Rac GTPases also activate phosphatidylinositol (P)I-5 kinase,
which catalyzes the formation of PI-4,5-bisphosphate (PIP2) from PI-4-phosphate (P14P)
(63). PIP2 plays a critical role in uncapping the barbed end of the actin filament and induces
actin polymerization at the barbed end (64).

RhoGTPase crosstalk modulates cytoskeleton rearrangement

The two significant publications by Ridley and Hall in 1992 (3, 4) described the potential
cross communication between RhoA and Rac GTPases. Thereafter, the cross regulation of
Rho GTPases has been studied extensively, particularly in migrating cells (Fig. 1C) (22).
Cdc42 interacts with a-PI1X (PAK interacting exchange factor), a Rac GEF, and thereby,
cooperates with Rac GTPase in the formation of membrane protrusion at the leading edge of
migrating cells (65). Through its interaction with NADPH oxidase complex, activated Rac
induces reactive oxygen species (ROS) generation, and the resulting elevated ROS level
inactivates the low molecular weight protein tyrosine phosphatase (LMW-PTP). The
inactivation of LMW-PTP leads to the enhancement of p190 RhoGAP activity, which in
turn negatively regulates RhoA activity at the leading edge of the migrating cells (66).
Furthermore, RhoA activated ROCK phosphorylates and activates FilGAP, a filamin A
binding Rho GAP protein having Rac specific GAP activity. The Rho/ROCK mediated
activation of FilGAP cooperates with RhoA to antagonize the effect of Rac GTPase (67).
This series of interactions indicates that in a migrating cell, the retracting tail has an elevated
level of RhoA activity and the protrusive leading edge has increased levels of Rac and
Cdc42 activities. Activation of Rac and RhoA has also been shown to differentially regulate
the presence of peripheral membrane ruffles and pinocytic vesicles (68).
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Rac GTPase negatively regulates the RhoA-induced stress fiber formation and focal
adhesion assembly through its effector p21-activated kinases (PAK) at the leading edge. The
activated PAK phosphorylates myosin light chain kinase (MLCK) and the phosphorylated
MLCK is inactive towards phosphorylating myosin light chain resulting in reduced levels of
PMLC inside the cells (69). At the same time, PAK also phosphorylates and inactivates
myosin heavy chain and inhibits actin stress fibers formation (70). The reduced level of
pMLC and the phosphorylation of myosin heavy chain both negatively regulate the acto-
myosin contraction, leading to a loss of actin stress fibers and focal adhesion assembly.

Rho GTPases regulate microtubule dynamics and polarization

Microtubules are heteropolymers of a- and B-tubulin subunits and are highly polar in nature,
with a minus end having depolymerizing activity usually anchored to centrosome and a plus
end with both polymerizing and depolymerizing activity towards the cell cortex. Unlike in
the actin cytoskeleton, the role of Rho GTPases in microtubule assembly is not very
elaborate. The microtubular dynamic instability (polymerization versus depolymerization
efficiency) at the plus end is a critical phenomenon for microtubule-associated functions and
is regulated by plus end-binding proteins. The activation of Rho GTPases regulates the
dynamic instability by interacting with the microtubule plus end-binding protein. The
oncoprotein18 (OP18)/stathmin family of proteins enhances the depolymerization effect at
the plus end. The phosphorylation and subsequent inactivation of OP18 by Cdc42/Rac
GTPase effector PAK leads to the net elongation of the microtubule at the plus end (71). A
Rac GEF of DOCK 180 family of proteins, DOCK-7, regulates the RacGTPase/PAK-
mediated phosphorylation and subsequent inhibition of OP18 in the nascent axon, which is
essential for microtubule-mediated axonal growth (72). ROCK-mediated phosphorylation
and inactivation of collapsin response mediator protein 2 (CRMP-2), a positive regulator of
microtubule assembly at the plus end in neurons, lead to microtubule destabilization and
growth cone collapse (73). Cortical microtubule capture is regulated by the microtubule plus
end-binding protein CLIP-170 (74). The CLIP-170 family proteins play a critical role in
microtubule capture at the plus end. CLIP-170 interacts with IQGAP, a Cdc42/Racl effector
scaffold protein, while concurrently interacting with the microtubule plus end. The
activation of Cdc42/Racl at the leading edge increases the association of CLIP-170,
IQGAP, and the microtubule plus end and regulates cell polarity (73). Adenomatous
polyposis coli (APC), a microtubule binding protein, also interacts with IQGAP and forms a
ternary complex with Rac1/Cdc42, IQGAP, and CLIP-170 at the leading edge of the
migrating cells (75). The interaction of IQGAP with CLIP-170 and APC indicates the
interconnection between the actin microfilament and the microtubule network in the
maintenance of cell polarity and directional movement.

Rho GTPases in hematopoietic activity

Hematopoietic stem cells (HSCs) are the source of the billions of blood cells that are
generated every day throughout the life, which is mediated through two critical features of
HSCs, indefinite self-renewal and multi-lineage differentiation potential. The roles of Rho
GTPases in the hematopoietic system were initially studied in mature hematopoietic cells
such as neutrophils, macrophages, mast cells, and T cells. While a detailed explanation of
the roles of RhoGTPases in differentiated hematopoietic cells is not an objective of this
article, a brief summary of the most important findings on the Rho GTPase activity in
hematopoietic cells relevant to HSC functions are described below. More information on
specific functions of Rho GTPases in differentiated hematopoietic cells are summarized
elsewhere (76).

During all 20t century, most of studies were carried out by using Rho GTPase inhibitors
and/or by expressing ectopically or microinjecting the dominant negative and constitutively
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activated forms of the GTPases. The ADP ribosylation of RhoA by C3 transferase
exoenzyme leads to defective actin polymerization of many hematopoietic cells, as shown at
the leading edge of the formylpeptide (fLMP)-stimulated neutrophil, resulting in impaired
motility (77-79). The inhibition of RhoA by C3 transferase also impairs macrophage
motility, and integrin-mediated cell adhesion of leukocytes (80, 81). Using the ectopic
expression of dominant negative and constitutively activated forms, Rac and Cdc42,
respectively, have been implicated in the formation of lamellipodia and filopodia in
macrophage (82, 83). Racl and Rac2 are important components and the critical regulators of
the NADPH oxidase complex for superoxide production in phagocytic cells such as
neutrophils and monocytes (84, 85). Although the activated forms of both Racl and Rac2
induce superoxide production, Rac2 has a many fold higher affinity for the NADPH oxidase
complex than Racl (86). The Rac GTPase subfamily includes three highly homologous
isoforms: Racl, Rac2, and Rac3. Racl is the most studied and ubiquitously expressed Rac
isoform, whereas Rac 2 expression is restricted to hematopoietic cells (87-89). Rac3 is also
ubiquitously expressed with a predominant expression pattern in the central nervous system
(90). Since a high degree of homology exists at the amino acid level among the three
isoforms of Rac GTPases, the conclusions drawn from the studies that used ectopic
expression or microinjection of dominant negative and constitutively activated forms could
be misleading. These studies were followed by several elegant studies that illustrate the role
of specific Rho GTPases through homologous recombination-mediated gene targeting in
mice, either constitutively or conditionally. Robert ef a/. (91), using a Rac2-deficient murine
model, demonstrated that Rac 2 regulates the chemotaxis and superoxide production of
neutrophils. Neutrophils from Rac 27/~ mice had reduced chemotaxis and superoxide
production associated with defective actin cytoskeleton remodeling and impaired
chemoattractant-stimulated p42/44 and p38 mitogen-activated protein kinase (MAPK)
activation. The reduced chemotaxis and superoxide formation is manifested /n vivo in Rac2-
deficient mice as reduced inflammatory peritoneal exudate formation and compromised host
defense following pathogenic bacterial challenge. The mast cells derived from the bone
marrow cells of Rac2~/~ mice show disorganized actin cytoskeleton remodeling, which
affects the adhesion of the mast cells to fibronectin, as well as movement and degranulation
(92). Rac2 plays a crucial role in the survival and growth of mast cells through the growth
factor-mediated activation of the PI3K/Akt pathway. The poor survival and proliferation of
Rac2-deficient mast cells is accompanied with the upregulation of the Bcl2-associated pro-
apoptotic protein BAD and the downregulation of the anti-apoptotic protein BclX,. Rac2
GTPase, a hematopoietic specific Rac isoform, plays a critical role in T-helper 1 (Th1) cell-
mediated cellular immunity, where it regulates the interferon-y (IFN-y) production of Thl
cells through the activation of the nuclear factor-kB and p38-MAPK pathways (93).
Applying the knowledge and technical tools used to dissect the roles of RhoGTPases in
differentiated hematopoietic cells, we and others have been able to identify the mechanisms
of control of specific functions of HSC/P through Rho GTPases.

Physiological and pharmacological control of HSC/P traffic through RhoGTPase activity

During ontogeny, HSCs are originated in the extra-embryonic yolk sac and para-aortic
splanchnopleura/aorta gonad mesonephros (AGM) of the embryo proper, and then migrate
to, lodge at, and proliferate in the fetal liver (94-98). During late gestation and early
postnatal period, HSCs from the fetal liver migrate to the spleen and bone marrow (BM)
niche, where they reside and produce all hematopoietic cells in adequate quantity throughout
the life (99). The BM microenvironment plays a critical role in fine-tuning the balance
between self-renewal and differentiation potential of HSCs (100-104). Although HSCs
primarily reside in the BM microenvironment, peripheral blood (PB) also contains a minute
fraction of HSCs (~1 circulating HSC per every 5,000 murine BM HSC/P) and progenitors
(~1 circulating progenitor per 100 murine BM progenitors). At any given time, a dynamic
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flow of HSC/Ps exits the BM microenvironment and goes to the PB in a process called stem
cell trafficking (105, 106). The traffic from BM to PB can be enhanced by cytokines,
chemotherapy, and chemokine signaling antagonists, resulting in HSC/P mobilization.
Pharmacological use of traffic enhancer drugs laid the foundation of harvesting
transplantable HSC/Ps from the PB instead of BM for therapeutic use. The administration of
cytokines, such as granulocyte colony-stimulating factor (G-CSF), stem cell factor (SCF),
chemokine receptor inhibitors (e.g. AMD3100), epidermal growth factor receptor (EGFR)
inhibitors, and cytotoxic drugs (e.g., cyclophosphamide) enhance the mobilization of HSC/
Ps from the BM to the PB (106-109). After transplantation, intravenously injected HSC/Ps
transmigrate from the PB to the medullary cavity of BM in a process called homing. The
migration of HSC/Ps during ontogeny and in the adult life, the homing and engraftment in
the BM microenvironment, and the self-renewal, proliferation, and differentiation potential
are tightly regulated by both the intrinsic and environmental or extrinsic cues. The stromal
derived factor (SDF-1a or CXCL12) produced by the BM stromal cells and BM endothelial
cells, nestin-expressing perivascular mesenchymal stem cells (110), SCF produced and
secreted by various cell types in the hematopoietic microenvironment, and the fibronectin in
the ECM are all known to regulate HSC functions through their interaction with seven
membrane span G-protein-coupled receptor CXCR4 (111-113), tyrosine kinase receptor c-
Kit (114, 115), and adhesion receptor integrin (116-118), respectively, expressed on the
HSCs. The interactions of these cytokines and adhesion molecules with their receptors on
the HSC/Ps trigger the intrinsic signaling pathways, which in turn modulate the cytoskeletal
rearrangement, migration, transcriptional activation, survival, and cell cycle progression.
Rho GTPases are at the heart of these signaling pathways and regulate almost all HSC/P
activities in one or more ways.

Rac GTPases regulate HSC/P homing, retention, and migration. Among the Rho family
GTPases, the role of Rac and Cdc42 in HSC migration is well established. The interaction of
CXCL12, SCF, EGF, and fibronectin with their respective receptors on the surface of the
HSC/P, CXCR4, c-Kit, EGFR and integrin, triggers the activation of a GEF that in turn
activates specific Rho GTPases (Fig. 2). Signal transduction through Rho GTPases translates
into regulation of specific HSC/P functions. A summary of our current understanding of the
specific activities of HSC/Ps regulated by Rho GTPases is described below and summarized
in Fig. 3.

Cxcl12-induced chemoattraction of HSC/Ps is mediated by both Racl and Rac2 and is at
least partly mediated by the GEF Tiam1 (119). The integration of the SCF/c-Kit signaling to
Racl and Rac2 is mediated through the GEF Vav, although the specific Vav (Vavl, Vav2,
or Vav3) responsible for the signaling to Rac in hematopoietic cells remains unknown (120,
121). Rac GTPases also integrate signals from fibronectin/B1-integrins in HSC/Ps (122). Rac
GTPases play a crucial role in homing, migration, interaction with the microenvironment,
and in the long term engraftment potential of HSC/Ps. In fibroblasts and many other cell
types, Rac GTPases are known to regulate the formation of membrane ruffle and
lamellipodia mediated through actin cytoskeleton remodeling (2). In addition, Rac GTPases
also activate a number of downstream kinase pathways in an actin-independent manner (2).
Initial studies implicating the role of Rho GTPases in HSC/P activities used G-protein and
Rho GTPase inhibitors. Pertussis toxin (PTX), a G-protein inhibitor, inhibits the Cxcl12
induced activation of Rac. However, it is ineffective towards Rac2 and Cdc42 activation.
Using Clostridium difficile toxin B that inhibits Rho, Rac and Cdc42, it has been shown that
Cxcl12 induced migratory potential of primitive hematopoietic cells is lower than the one
exerted over more mature hematopoietic cells (123). However, these experiments lacked the
ability to distinguish the effects on relatively high homologous Rac isoforms (92%
homology between Rac 1 and Rac2) which, however, differ in crucial domains that modify
their intracellular location (124). To establish the specific roles of the individual isoforms of
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Rho GTPases, our group and others have utilized homologous recombination-derived gene-
targeted mutant mice deficient in Racl, Rac2, Cdc42, RhoH, and specific GAP and GEF. In
a Rac2”~ murine model, it has been shown that Rac2-deficient HSC/Ps are defective in
actin cytoskeleton remodeling and a4f1-mediated adhesion to fibronectin or vascular cell
adhesion protein 1 (VCAM 1)(125). The Rac2 =/~ mice show increased numbers of
circulating HSC/Ps in the PB, a reflection of reduced adhesion of HSC/P to the
microenvironment. However Rac2/~ HSC/Ps show increased migration towards a Cxcl12
gradient, possibly through the compensatory up regulation of Rac1 and Cdc42 activities.
This study suggested a critical role for Rac? in the retention of HSC/Ps in the BM
microenvironment and indicates the involvement of cross talk between Rac and Cdc42.
Unlike Rac2-deficient mice, Racl1-deficient mice do not show defective mobilization of
HSC/Ps. A group of publications from David Williams’ laboratory have dissected the
signaling pathways regulated by Rac proteins. Sanchez-Aguilera et al. (126), in a gene
targeted mouse model, have demonstrated that VVavl, an upstream GEF activator of Rac
GTPases, plays a crucial role in the microenvironment near the location of nestin*
perivascular stromal cells. Vav1-deficient HSC/Ps show reduced Rac and Cdc42 activation
and impaired short term and long term engraftment. Vavl~~ HSC/Ps are associated with
reduced migration towards a Cxcl12 gradient and impaired circadian and pharmacologically
induced mobilization. Downstream, failure of HSC homing, migration, assembly of the actin
cytoskeleton, proliferation, and survival have been shown upon expression of dominant
negative mutants of p21-activated kinase (Pak). Downregulation of PAK activity in HSC/P
associated decreased phosphorylation of extracellular signal-regulated kinase (Erk), a
mitogen-activated protein kinase (MAPK). Constitutive activation of Erk in HSC/P led to
rescue of their proliferation in vitro and partial rescue of Pak-deficient HSC/P homing and
engraftment in vivo. Using conditional knockout mice, Pak2™/~ but not Pak1~'~ HSPCs
show reduced homing to the bone marrow and altered cell shape similar to Pak dominant
negative mutant HSC/Ps and are completely defective in HSPCs engraftment, indicating that
Pak2 plays a crucial role downstream Rac in HSC homing and migration (127).

An interesting signaling axis relevant in HSC migration/adhesion and controlled by Rac is
the Rac/MAPK/Egr1/KIf5 axis (128, 129). Tyrosine kinase receptors, including c-kit (130)
and EGFR (131), control HSC activity and signal through Rac (see above). Egrl is a rapid
response transcriptional regulator of stem cell migration that normally functions to promote
HSC quiescence and retention in the niche, and its expression results from activation of
multiple ligand/receptors including tyrosine kinase receptors and Wnt proteins. Egrl
expression is controlled by MAPK activation (132, 133) in response to EGFR signaling,
which is a novel signaling pathway associated with HSC migration (109). Egr1 activity is
crucial in the regulation of KIf5 expression, which is indispensable for adhesion, homing,
lodging, and retention of HSC/P in the BM through Rab5-dependent post-translational
regulation of B1/B2 integrins (129). A functional, integrative schema of how HSC migration
could be controlled by extrinsic signals through Rac/Egr1/KIf5/B-integrins is found in Fig.
4A, B.

Cdc42 and polarity in HSC activity

In many cell types, Cdc42 plays a vital role in directional migration by modulating the actin
cytoskeleton at the leading edge (2). Cdc42 regulates the formation of filopodia in motile
cells. Cdc42 also regulates the polarity of epithelial cells as well as stem cells during
embryonic development and in adult life. In the hematopoietic system, Cdc42 critically
regulates HSC/P trafficking and retention in the BM niche, as evidenced from studies using
Cdc42 GAP~~ and Cdc42™~ murine models. Cdc42 GAPis a negative regulator of Cdc42,
and therefore, HSC/Ps derived from Cdc42 GAP-deficient mice show elevated level of
activated Cdc42. HSC/P lacking Cdc42 GAP exhibit disorganized F-actin structures,
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reduced adhesion, impaired directional migration, and defective short term and long term
engraftment (134). Gene-targeted deletion of Cdc42 in mice leads to an increase in the HSC/
P population in the BM due to enhanced cell cycle progression. However, the prototypic
long term HSC (LT-HSC) population is reduced and is correlated with the impaired long
term engraftment potential of Cdc42~/~ HSC/Ps (134). Moreover, Cdc42 null HSC/P show
gross defects in HSC/P activities, such as adhesion to fibronectin, migration in response to a
Cxcl12 gradient, and homing to the BM endosteum niche. Xing et a/. (135) have shown that
the HSC/Ps in aged mice are hypersensitive to G-CSF-induced mobilization. The Cdc42
activity is elevated in aged HSCs when compared to young HSCs. Similarly to
Cdc42GAP™~ mice, aged HSCs with enhanced Cdc42 activity show defective adhesion to
the BM microenvironment. Also aged HSCs have a preferred myeloid commitment bias
over a lymphoid lineage. Two significant publications have recently implicated Cdc42 in
HSC self-renewal. First, Cdc42 has been found to be involved in a downstream
noncanonical Wnt signaling pathway in the HSC niche (136). Flamingo (Fmi) and Frizzled
(Fz) 8, members of noncanonical Wnt signaling, are expressed in HSC. Fmi regulates Fz8
distribution at the interface between HSCs and N-cadherin* pre-osteoblasts, which favors
the activation of the noncanonical Wnt signaling pathway. Under stress, this process shifts
towards the predominance of canonical Wnt signaling. Non-canonical Wnt signaling
mediated by Fz8 suppresses the signaling pathways induced by calcium release, nuclear
factor of activating T cells (NFAT), and IFNy through the activation of Cdc42, and
antagonizes the canonical Wnt signaling in HSC. Second, increased Cdc42 activity in aged
HSC is associated with the loss of cell polarity and a defective engraftment potential (137).
The polarized distribution of tubulin and Cdc42 is impaired in HSC from aged mice.
Pharmacological inhibition of Cdc42 with the rationally designed Cd42 inhibitor Casin
reverses the loss of polarization and functionally rejuvenates aged HSCs (137).

Asymmetric cell division, a process where two cells of different fates are generated
following division, plays a crucial role during embryonic development as well as in adult
stem cell homeostasis (138)(Fig. 5A). The cell division is preceded by the asymmetric
localization of polarity protein complexes such as apical PAR3-PAR6-aPKC complex,
Crumb complex, and basal LgL/DIlg/Scribble complex (138). The role of Cdc42 in the
establishment of asymmetry is well documented in invertebrates. Cdc42 interacts directly
with PARS, a scaffold protein of the apical polarity complex PAR3/PAR6/aPKC, through
the CRIB domain, and activates the later (139-141). This is followed by PAR3/aPKC
activation leading to the phosphorylation of Numb by aPKC, thereby causing the basal
localization of Numb (140). The establishment of polarity by the Rho GTPases, in turn,
determines positioning of the mitotic spindle in relation to the apico basal axis, and thereby
ensures size asymmetry following cell division. Unlike in invertebrates or mammalian
neural stem cells, asymmetric cell division in HSCs is poorly understood. In HSCs,
centrosomic tubulin focalization is a major guide of pre-mitotic polarization (137). Wu et al.
(142), using a Notch-driven enhanced green fluorescence protein (EGFP) reporter system in
a real time microscopic imaging method, demonstrated that HSCs undergo both symmetric
and asymmetric division and that this division is influenced by both intrinsic and extrinsic/
environmental factors controlling Numb activation and localization. Two mammalian
homologues of numb, numb and numblike, have also been proposed to physically interact
with Notch1, inhibiting its function and participating in asymmetric cell division (142).
Interestingly, two pathways of Numb activation, dependent on Musashi-2 and Hedgehog
signaling, have been associated with chronic myelogenous leukemia stem cell proliferation
(143, 144). A working hypothesis of the molecular mechanism of how Cdc42/PARG6 through
PAR3/aPKC complex control HSC fate is described in Fig. 5B. This hypothesis remains to
be tested in HSCs, since evidence has demonstrated that this complex may be dispensable.
Using targeted animal models, Numb and Numb-like have been found to be dispensable in
regulating mammalian HSC activity (145). Using an /7 vivo conditional gene-targeted
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murine model, our group has demonstrated that the constitutive or inducible deletion of
atypical polarity complex proteins, aPKC{ and/or aPKCA, does not affect the steady state or
stress induced hematopoiesis (146). HSCs lacking aPKC show no defect in the tubulin
polarization and all the HSC activities such as adhesion, migration, homing, and interaction
with the microenvironment remain unaffected in absence of aPKC. Interestingly, loss of
Lgl1, a component of the Scribble/DIlg/Lgl complex, results in increased HSC number /n
vivo without intrinsic change of the self-renewal capacity of each HSC (147). Loss of Lgll
(147) and loss-of-function mutations of Lgl2 (148) have been associated to poor-prognosis
myeloid leukemias.

These observations indicate that further studies are needed to define conclusively the role of
the polarity complex and asymmetric cell division in hematopoietic stem cell biology. Also
the interaction of Cdc42 with its direct target PARG, an adapter protein of the apical polarity
complex, in HSCs remains unknown.

Self-renewal and long term engraftment potential of HSC/Ps Gu et a/. (122) dissected the
specific and overlapping role of Racl and Rac2 in primitive and mature hematopoietic cells.
Although Racl and Rac?2 are highly homologous proteins, they perform specific HSC/P
functions. The Racl-deficient HSC/Ps show severely impaired engraftment following
transplantation into irradiated recipients, whereas the Rac 27/~ HSC/Ps show normal short
term engraftment. Rac1 ™/~ HSC/Ps has reduced proliferative potential associated with
defective Erk1/2 activation, impaired growth factor-stimulated cyclin D1 induction, and
p27XIP1 downregulation. However, Rac2 null HSC/Ps show defective integrin mediated
adhesion to fibronectin /n vitro, and this may explain the impaired BM retention and
increased mobilization. Rac2™/~ HSC/Ps show enhanced apoptosis due to defective growth
factor-induced PI3K/Akt pathway activation. The Racl and Rac2 mutant phenotypes
mentioned here become more severe in HSC/P lacking both Racl and Rac2, which suggests
that Racl and Rac2 plays overlapping roles. The deletion of both Racl and Rac2 leads to a
massive egress of HSC/P from BM, and re expression of Rac1, but not Rac2, in Rac1™~ and
Rac2~/~ HSC/Ps corrects the phenotypes. Other HSC/P activities such as proliferation,
adhesion, and migration are severely impaired when both Racl and Rac2 are deleted. We
found that the deletion of Racl after the successful engraftment of HSCs in an irradiated
recipient does not affect the steady state hematopoiesis (149). The engraftment failure of
Racl~/~ HSC/Ps is due to the impaired spatial localization to the BM endosteum niche,
although homing to the medullary cavity remains unaffected. Also the interaction of Rac1™/~
HSC/Ps with the BM microenvironment /n7 vitro is markedly altered as evidenced by a
decrease in cobblestone area forming cells (CAFC), a quantitative surrogate assay of stem
cell activity that requires trans-stromal migration, proliferation, and survival in long-term
BM stroma-dependent cultures. Rac2-deficient HSCs have normal short-term engraftment
but display an abnormal interaction with the hematopoietic microenvironment, which leads
to defective hematopoiesis in quantitative CAFC assays and long-term engraftment assays
(150).

RhoH constitutes a distinct subtype of Rho GTPases that is GTPase-deficient and
hematopoietic cell specific; it has been shown to modulate Racl signaling and function in
primary HSC/Ps (151) and as such controls HSC migration and adhesion to the BM
microenvironment. RhoH™/~ HSC/Ps show increased chemotaxis in response to a Cxcl12
gradient. This migratory response is due to increased compensatory Racl activity and the
translocation of the Racl protein to the cell membrane, where it colocalizes with cortical F-
actin and lipid rafts. Conversely, overexpression of RhoH in HSC/P blocks the membrane
translocation of Racl and impairs cortical F-actin assembly and chemotaxis.
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Apparently controversial reports illustrate the role of RhoA. Ghiaur et a/. (152) observed
that the retrovirus-mediated ectopic expression of the dominant negative RhoA (RhoAN19)
mutant enhanced stem cell self-renewal and engraftment potential. However, RhoA
inhibition impaired the a4p1 and a5B1-mediated adhesion of HSC/P to fibronectin, and, as
well, the migratory potential towards a Cxcl12 gradient. However in another study (153),
elevated RhoA activity following the deletion of p190-B RhoGAP, a negative regulator of
Rho GTPase, is advantageous for the self-renewal and long term engraftment potential of
HSC/Ps. Recently, new conclusive data have arisen from the use of a RA0A conditional
knockout mouse model (154). RhoA deficiency causes a multi-lineage hematopoietic failure
associated with a blockage of hematopoiesis at the multipotent progenitor stage. Rh0A™~
HSCs retain long-term engraftment potential but are defective in producing multipotent
progenitors and differentiated blood cells. RhoA regulates actomyosin signaling,
cytokinesis, and programmed necrosis of the hematopoietic progenitors. Loss of RhoA
results in a mitotic failure of progenitors manifested by an accumulation of multinucleated
cells due to failed cytokinesis and abscission of the cleavage furrow post-telophase and
increased programmed necrosis.

Concluding remarks

Understanding the signals and modifications that regulate and alter stem cell activity is
crucial for their manipulation and the development of novel therapies in the areas of
transplantation and regenerative medicine. In the past decade, research into Rho GTPases
shown that Rho GTPase activity is crucial for sensitive unique cytoskeletal functions that
define stem cells, i.e. self-renewal, multipotential differentiation ability, migration, and
adhesion, which eventually depend on a myriad of environmental cues that once integrated
by the stem cells, results in a given functional output. The need for the rapid adaptation of
stem cells to environmental cues requires the activation of fast acting signaling switches,
represented by Rac, Cdc42, and Rho proteins. The use of genetic animal models has enabled
us to dissect the relevant signaling pathways controlled by the Rho family of GTPases and
identify rapidly acting cellular and molecular signaling pathways of regulation in stem cell
self-renewal decisions, stem cell survival, and stem cell migration and adhesion to specific
tissue environments. With the growing number of tools including novel /n vivo forward and
backward genetic approaches, sophisticated methods for single-cell genomics/proteomics/
metabolomics and biocinformatic analysis, /7 vivo multiphoton microscopy, and /n vivo
fluorescence resonance energy transfer, and the use of state-of-the-art methods of stem cell
reprogramming, the future will provide us a broader, more detailed picture on the role of
these regulatory molecules in hematopoietic physiology and disease. The specific analysis of
the cytoskeleton regulation of the growing field of cancer stem cells, resulting from
disrupted hyerarchical organization and dysregulation of the physiological mechanisms of
symmetric cell division, is likely to provide novel venues for therapeutic intervention.
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Fig. 1. Schematic representation of the molecular pathways of theregulation of actin
cytoskeleton remodeling through the interaction of activated RhoGT Pases with effector proteins
(A). Activated RhoA through effector protein ROCK phosphorylates and inhibits myosin
light chain phosphatase (MLCK) activity that leads to the elevation of p-MLC level inside
the cells. ROCK phosphorylates and activates LIM kinase (LIMK). LIMK in turn
phosphorylates and inactivates cofilin. Increased levels of p-MLC and p-cofilin favor actin
stress fiber formation. RhoA activated ROCK phosphorylates and activates citron kinase.
Activated citron kinase phosphorylates MLC and increased the bundling of actin filaments
at the cleavage furrow during cytokinesis. GTP coupled RhoA interacts and activates the
auto inhibited formin or mDial that induces the de novo actin polymerization at the barbed
end of F-actin. (B). Activated Rac and Cdc42 activate WAVE and WASP, respectively.
Activated WAVE and WASP through their interaction with Arp2/3 complex initiate’s actin
polymerization on the side of existing actin filament producing branched actin network that
induces the formation of lamellipodia and filopodia at the leading edge of migrating cells.
(C). Cross talk between Rho GTPases. Cdc42 through its interaction with a-P1X cooperates
with Rac at the leading edge. Activated Rac induces ROS generation and ROS inhibits
LMW-PTP, and thereby upregulates p190RhoGAP activity that in turn inhibits RhoA.
Activated Rac through its effector p21-activated protein kinase (PAK) inhibits MLCK that
results in decreased pMLC level. PAK phosphorylates and inactivates MHC. The combined
effect of the reduction of pMLC level and phosphorylation of MHC negatively regulates the
actin stress fiber formation. Rho/ROCK mediated activation of FilGAP inhibits Rac activity,
as FilGAP has Rac specific GAP functional GAP domain. FAC, focal adhesion complex;
ROCK, Rho Kinase; p-MLC, phosphorylated myosin light chain; MHC, myosin heavy
chain; mDial, Drosophilahomologue of mammalian diaphanous related protein, a-PIX,
PAK interacting exchange factor. Blue arrows denote activation pathways. Red blunt lines
denote inhibitory pathways.
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Fig. 2. Theinteraction stem cell factor (SCF), stromal derivesfactor 1a (SDF 1a), and adhesion
moleculein the extracellular matrix (fibronectin) with their cellular receptor c-Kit, CXCR4,
integrin, respectively, expressed on the hematopoietic stem cells (HSCs) trigger sthe activation of
guanine nucleotide exchange factors

GEFs catalyze the exchange of GDP with GTP and activate Rho GTPase activity. The
activated RhoGTPases through cytoskeletal remodeling and enzymatic pathway regulate the
HSC/P activities such as quiescence, proliferation, survival, adhesion, migration, and self-
renewal. GAPs inactivate Rho GTPase by stimulating the intrinsic GTPase activity to
hydrolyze bound GTP. Rho GDI binds to the GDP bound and iso-prenylated form of Rho
GTPase and regulates membrane versus cytosolic distribution of the latter. Red colored tail
in Rho-GDP indicates iso-prenylation. GEF, guanine nucleotide exchange factor; GAP,
GTPase activating protein; GDI, guanosine dissociation inhibitor.
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Fig. 3. Roles of Rho GTPasesin theregulation of HSC/P activities

Rho GTPases such as Racl, Rac2, Cdc42, RhoA, RhoH, and guanine nucleotide exchange
factor Vav regulate hematopoietic stem and progenitor functions. Cdc42, Racl, and RhoA
control the self-renewal, and Cdc4z2 is required for cell cycle entry of quiescent HSCs. Racl
and Cdc42 control proliferation, whereas Rac2 and Cdc42 regulate survival HSC/Ps. Racl
and Cdc42 regulate HSC homing to the bone marrow microenvironment. Racl, Rac2, and
CDC42 control the retention of HSC in the bone marrow microenvironment. Vavl, a
hematopoietic specific guanine nucleotide exchange factor, regulates localization of HSCs
near nestin® mesenchymal stem cells. The aged HSCs shows elevated level of Cdc42, and
increased Cdc42 level is correlated with loss of the polarity and self-renewal activity. HSC/

P, hematopoietic stem cells and progenitors.
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Fig. 4. Signaling pathways regulated by Rho GTPases controlling bone marrow HSC adhesion/
homing

(A). Tyrosine kinase receptor ligands such as epidermal growth factor (EGF) and stem cell
factor (SCF) through their interaction with their receptors (e.g. EGFR and c-Kit) activate
small GTPases Rac and Ras in HSCs. Ras GTPase further activates Rac. Activated Ras and
Rac, through MAPK pathway activation, induce the transcription of transcription factor
Kruppel-like factor 5 (KLF5). EGF and SCF-mediated activation of receptor tyrosine kinase
also induce KLF5 transcription through PI3K pathway activation. Activated PI3K also
stimulates Rac activation. The Wnt ligand through its receptor Frizzled (Fz8) activates
Cdc42. Cdc42 activates Rac and consequently leads to the induction of K7f5 transcription.
KIf5 protein is post-translationally regulated through modifications such as phosphorylation,
sumoylation, acetylation, and ubiquitination. (B). The transcription factor KIf5 regulates the
expression of early endosome protein Rab5a and Rab5b, and as well, the expression of Rac.
Rab 5, at the early endocytic compartment, regulates the endocytosis and recycling of active
B1 and B2 integrin, which in turn regulate the adhesion and homing of HSC to the bone
marrow.
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Fig. 5. Mechanisms of symmetric versus asymmetric cell division in HSCs

(A). Stem cells have the ability to self-renew and to differentiate into committed progenitors.
Symmetric cell division results in a daughter cell that maintains self-renewal potential.
Asymmetric cell division results in a daughter cell which loses stem cell self-renewal
potential. The mechanisms that control the fate decision of asymmetric versus symmetric
cell division depend on stem cell niche (microenvironment) derived signals. (B). Working
hypothesis of the role of Cdc42/PARG6 in HSC fate. Cdc42 putatively interacts directly with
PARG and activates PAR3/aPKC. Activated aPKC phosphorylates Numb, which
differentially localizes to the basal side of the cell and the fate of daughter cells harboring
Numb may potentially differ from their mother cells.
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