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General introduction
The cell relies on a multitude of complex signaling mechanisms to integrate signals from the 

external environment as well as from neighboring cells and respond in an appropriate fashion. 

The variety of extracellular signals that has been identified to stimulate a cell is large and 

includes soluble ligands and extracellular matrix or cell-associated ligands that associate with 

specific receptors located on the cell surface or within the cell. Typically each of these signals is 

translated into a specific biological response. This response is initiated by a cascade of signaling 

events that may activate or inhibit particular signaling proteins. Depending on the nature of the 

signal, a wide spectrum of biological responses arise including cell differentiation, cell division 

and growth, adhesion and cell migration. 

Cell motility and migration play crucial roles in a multitude of physiological as well as 

patho-physiological processes including embryonic development, wound healing, immune 

surveillance and tumor cell metastasis. Cells generally show two types of migration; random 

and directional cell migration1. Random cell motility, also known as chemokinesis, occurs when 

an external factor induces cell migration without determining the direction of movement. 

Directed migration, known as chemotaxis, occurs when an asymmetrically presented factor 

defines the direction of migrating cells. While the basic mechanisms of random cell migration 

are relatively well established, the more complex events regulating directional migration are 

still not completely understood. 

In general, to migrate efficiently, a cell must display an asymmetric morphology with a 

defined leading edge at the front and an uropod at the rear of the cell2. Multiple factors act 

in concert to promote chemotaxis, including polarized signaling, integrin-mediated adhesion 

and cytoskeleton remodeling3;4. These factors regulate different events that converge into 

directional cell migration. One important characteristic of directional cell migration is the 

polarized localization of the receptors that are responsible for integrating the extracellular 

chemotactic cue5;6. Another crucial feature, which promotes directionality, is the formation 

and stabilization of actin-rich protrusions or lamellipodia that determine the orientation of the 

leading edge and cause the cell to move towards the chemotactic signal7;8.

This thesis is focused on understanding the molecular mechanisms regulating signal 

transduction and biological responses of two distinct proteins with interrelated functions that 

converge into directional cell migration. These two proteins are CXCR4 and Rac1. CXCR4 is a G 

protein-coupled chemokine receptor within the plasma membrane that signals upon binding 

to its ligand, the chemokine CXCL12, translating the extracellular cue into intracellular signaling 

with cellular migration as a final outcome9. Rac1 belongs to the Rho family of small GTPases 

that act as molecular switches regulating cytoskeletal dynamics, cell polarity and adhesion and 

represents a key player in cell motility10;11. This general introduction provides a more detailed 

description of both proteins and provides background information on the mechanisms 

controlling their function.

The G protein-coupled receptor CXCR4

To date, approximately twenty chemokine receptors have been identified. Chemokines and their 

receptors are divided into four classes (CXC, CC, C and CX3C) based on the position of cysteine 
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residues in the ligands (C represents cysteine and X any amino acid other than cysteine)12. Most 

chemokine receptors are signaling receptors that translate chemotactic cues into directional 

movement. However, several decoy scavenger receptors have been identified, including DARC13;14 

and D615. These non-signaling receptors are extremely promiscuous recognizing multiple 

chemokines. Their function is generally limited to the binding, internalization and sometimes 

degradation of chemokines, thereby fine-tuning the amplitude of the chemotactic response16-19. 

CXCR4 belongs to the family of G protein-coupled chemokine receptors (GPCR) that are 

characterzed by seven membrane-spanning helical domains. CXCR4 was originally identified 

as an orphan seven-transmembrane domain receptor expressed on leukocytes and was named 

LESTR20. Subsequently, LESTR was recognized as an essential co-factor required for supporting 

the fusion and entry of T-cell tropic HIV strains and was therefore given the name LESTR/fusin21. 

Upon identification of a CXC chemokine as the biological ligand of LESTR/fusin, the receptor 

was reclassified as CXCR422;23.

The ligand for CXCR4 is CXCL12 and was previously named Stromal Cell-Derived Factor 1 

(SDF-1). For a long time, it was thought that CXCR4 is the only receptor of CXCL12, however, a 

second receptor, sharing CXCL12 has recently been identified, i.e. CXCR724. Despite phylogenetic 

relation and CXCL12-binding capacity, CXCR7 does not activate the canonical Gα-signaling 

pathways and does not induce typical chemokine receptor responses such as leukocyte 

trafficking25-28. However, it has been shown that CXCR7 can activate signaling pathways through 

an alternative mechanism involving β-arrestin-mediated signaling29-31. The role of CXCR7 in 

promoting tumor growth and survival further demonstrates the receptor’s ability in inducing 

signal transduction32-34. A key function of CXCR7 is the modulation of CXCR4 function28;35-37. 

Indeed, CXCR4 and CXCR7 form heterodimers and co-expression of CXCR7 reduces CXCR4-

mediated Gα
i
 activation and signaling26. Moreover, CXCR7 also acts as a scavenger receptor that 

controls the availability of the CXCL12 chemokine in the extracellular environment36;38. Taken 

together, CXCR7 is a novel important player in the CXCL12/CXCR4 axis that shows unique as well 

as common functions with CXCR4.

Because of its contribution to HIV infection, much attention has focused on CXCR4, 

making it one of the best characterized chemokine receptors. Besides its role in immune cell 

traffic and recruitment to sites of infection, CXCR4 was found to play a role in embryogenesis, 

organogenesis and blood vessel formation. Hematopoiesis and in general the traffic of multiple 

types of stem cell during the embryonic development or in adult life are also processes that 

largely depend on CXCR439-43. Knock-out mouse embryos lacking CXCR4 or its ligand CXCL12 

show lethal defects before birth, thereby underscoring the importance of this receptor/

chemokine pair44;45. Many studies have also addressed the role of CXCR4 in cancer development, 

in particular in tumor cell metastasis46. Next to CXCR4 biological functions that involve cellular 

migration, CXCR4 signaling has been shown to mediate cellular growth and proliferation 

and promote cell survival. CXCR4-mediated cellular proliferation has mainly been described 

in hematopoiesis and during cancer development46-48. In conclusion, CXCR4 is an ubiquitous 

chemokine receptor that has a wide range of effects in many different cell types. Given its 

importance in many cellular functions, it is imperative to understand in detail the downstream 

events that follow CXCR4 activation.

Chapter 110



CXCR4 signaling

CXCR4 is a signaling receptor coupled to heterotrimeric G proteins (αßγ), specifically to 

the pertussis toxin (PTX) sensitive α
i
 subunit that inhibits the production of cAMP. The Gα 

subunit interacts directly with the second and third intracellular loops as well as a part of the 

C-terminus of the CXCR4 receptor. Because it contains a GTPase domain, the Gα protein cycles 

between an active GTP bound state and inactive GDP bound state. CXCL12 binding induces a 

conformational change in CXCR4 that in turn promotes the exchange of GDP for GTP on the 

Gα subunit49. GTP-bound Gα dissociates from the receptor and from the Gßγ subunit and both 

subunits subsequently activate different downstream effectors leading to specific physiological 

responses50. Another mode of CXCR4 activation is by transactivation. Specifically, growth factor 

receptors have been shown to transactivate CXCR451;52 via a mechanism involving receptor 

phosphorylation. However, the exact mechanism of CXCR4 transactivation is not clear yet.

Since CXCR4 couples to Gα
i
, the use of PTX, which ADP-ribosylates the Gα

i
 subunit 

and inhibits its coupling to the receptor is useful to distinguish G protein- dependent and 

independent signaling pathways. Most of the identified signaling cascades triggered by CXCL12 

stimulation appear to originate from Gα
i
. The most important CXCR4 signaling events include 

the activation of Src family of tyrosine kinases, the activation of phospholipase C-β (PLC-β) 

which leads to intracellular calcium mobilization and protein kinase C (PKC) activation, the 

activation of the Rap1 GTPase, which, together with PKC, induces integrin activation. CXCL12 

stimulation also triggers the activation of phosphoinositide-3 kinase (PI3K) and subsequently 

the Akt/PKB pathway, the activation of RhoGTPase family member Rac1 and the activation of 

the Ras GTPase, which leads to MAPK activation. The activation of these different pathways 

ultimately results in gene transcription and cell migration50 (Figure 1).

In addition to these pathways, Gα
i
–independent CXCR4 signaling has been identified. For 

example, the activation of the JAK/STAT pathway is triggered by auto-phosphorylation of JAK 

proteins and subsequent activation and nuclear translocation of STAT proteins upon CXCL12 

stimulation53. There is also evidence that CXCR4 couples to other members of the G-protein 

family. For example, it has been shown that upon CXCL12 stimulation, CXCR4 activates RhoA 

through Gα
13

54. These authors demonstrated that efficient CXCL12-mediated chemotaxis 

depends on Gα
13

 function next to Gα
i
 signaling. Moreover, in hematopoietic stem cells, CXCR4 

may rely on Gα
s 
to mediate homing to and engraftment of the bone marrow55. These findings 

added a new level of complexity to CXCR4-mediated signaling, which, for long time, was 

thought to undergo a monogamous relationship with Gα
i
. 

Regulation of CXCR4 signaling

CXCR4 signaling is tightly regulated at different levels. Like for most GPCRs, duration and 

amplitude of CXCR4 signaling is essentially regulated by three consecutive mechanisms: 

desensitization, internalization and degradation56-59. Receptor desensitization is achieved by 

uncoupling the G-protein from the receptor, preventing further activation of and signaling 

by the G-protein thereby rendering the receptor insensitive for further ligand stimulation. 

This step occurs within seconds of activation and is controlled by a canonical process 

initiated by G protein-coupled kinases (GRK) that phosphorylate serine/threonine residues 
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on the CXCR4 cytoplasmic tail and third intracellular loop (ICL3)60. CXCR4 phosphorylation 

facilitates the recruitment and binding of β-arrestins-2 and/or -3, which promotes G protein 

uncoupling from the receptor57. Following CXCL12 stimulation and receptor desensitization, 

CXCR4 is internalized. β-arrestins associated to CXCR4 bind clathrin and recruit the AP-2 

adaptor complex thereby promoting the uptake of CXCR4 into clathrin-coated endocytic 

vesicles61 (Figure 2). CXCR4 endocytosis depends on the integrity of its cytoplasmic tail, which 

contains fifteen serine and three threonine amino acid residues that represent targets for 

GRK phosphorylation56;57;62;63. Truncation of the CXCR4 C-terminus impairs its internalization 

upon CXCL12 activation and, as a consequence, results in prolonged CXCR4 signaling64. This 

defect underlies the Warts, Hypogammaglobulinemia, Infections, and Myelokathexis (WHIM) 

syndrome65;66. Lack of CXCR4 internalization, due to a truncation of the C-terminal tail, causes 

Figure 1. CXCR4 signal transduction. Schematic overview of the most important signaling events 
downstream of CXCR4. The ligand-receptor interaction induces a conformational change of CXCR4, 
which links to the heterotrimeric Gα

i
 protein that triggers several signaling pathways. Cellular growth and 

survival are controlled through the canonical Ras-Raf-MEK-ERK pathway, as well as through a PI3K-Akt 
pathway. In parallel, cell migration requires a series of events, including Inositol trisphosphate (IP

3
)-driven 

Ca2+ release, actomyosin-based contraction initiated by RhoA and actin polymerization, initiated by Rac1. 
Additional effects that may impinge on these central pathways are inside-out signaling towards integrins 
as well as the activation of the Src tyrosine kinase. 
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aberrant retention of neutrophils in the patient’s bone marrow, which increases the rate and 

amplitude of bacterial infections67. Some data propose an alternative CXCR4 internalization 

pathway, which relies on caveolin-1 and caveolae68;69. However, conflicting data exist regarding 

the role of these membrane structures.

Once internalized, some GPCRs are dephosphorylated, separated from their ligands and 

subsequently cycle back to the plasma membrane for a second round of agonist binding and 

signaling, a process named resensitization. In contrast, CXCR4 has been shown to be poorly 

recycled70;71. In fact, most of the internalized receptors are directed through a degradative 

pathway towards lysosomes and degraded, a process termed receptor down-regulation. As 

Figure 2. CXCR4 downregulation and recycling. Schematic overview of the various pathways that serve 
to terminate CXCR4-mediated signaling. (1) To terminate CXCL12-mediated signaling, G protein-coupled 
Receptor Kinases (GRKs) are recruited to phosphorylate serine/threonine residues within the C-terminus 
of CXCR4. This facilitates the recruitment of β-arrestins 2/3 to the receptor. A fraction of the membrane-
bound receptor is also subjected to ubiquitylation by the E3 ligase Atrophin-1-Interacting Protein 4 (AIP4). 
(2) β-arrestins control the formation of clathrin-coated pits that deform the plasma membrane, creating a 
membrane invagination around CXCR4. (3) Activated dynamin forms a spiral around the neck of the vesicle 
to pinch off the endosome. Trafficking of the early endosome is partly regulated by the Rab5 GTPase. In 
this newly formed early endosome, CXCL12 dissociates from CXCR4. (4) Rab7 directs the receptor towards 
late endosomes. (5a) Following transport from the late endosomes, the fraction of ubiquitylated CXCR4 is 
subjected to degradation in lysosomal vesicles. Alternatively, (5b) CXCR4 in early endosomes can also be 
recycled back to the plasma membrane, a process mediated by Rab11. (6) Recycling endosomes move in 
the direction of the cell surface, where they fuse with the plasma membrane. This delivers CXCR4 back to 
the cell surface prepared for a new activation cycle.
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for receptor internalization, the cytoplasmic tail is required for efficient CXCR4 degradation. 

The C-terminus of CXCR4 comprises several lysine residues that are subjected to rapid agonist-

promoted ubiquitylation, a process mediated by the E3 ubiquitin ligase AIP456;70;72. Receptor 

mono-ubiquitylation occurs at the plasma membrane and has been shown to be essential for 

CXCR4 degradation, but dispensable for CXCR4 endocytosis56;72. Phosphorylation of specific 

serine residues also contributes to CXCR4 agonist-induced lysosomal degradation56. 

The mechanisms of CXCR4 regulation described above are dependent on agonist 

stimulation, however CXCR4 responsiveness and activity can also be regulated in an agonist-

independent manner. For example, CXCR4 can undergo a process termed heterologous 

desensitization. Specifically, ligand binding to and activation of a cell surface receptor can 

modify ligand binding and responsiveness of other, neighboring chemokine receptors in 

the absence of their cognate ligands 73;74. This phenomenon has been observed in cells co-

expressing the chemokine receptors CCR2, CCR5 and CXCR475 and is attributed to their ability 

to form multimeric receptor complexes. Heterologous desensitization ensures that a cell 

responds to one chemotactic cue at a time especially during inflammation where multiple 

chemokines are produced. 

Another less well understood mechanism regulating CXCR4 function is the conformation 

adopted by the receptor. CXCR4 displays a heterogeneous set of conformations76. Each 

conformation has been shown to be associated with a different Gα
i 
activation pattern ranging 

from high signaling potency to no signaling at all77. To date, little is known about the mechanisms 

regulating CXCR4 conformation. 

Allosteric modulators bind to a GPCR on sites other than the ligand binding site and 

affect receptor signaling78. These modulators are able to modify the conformation of the 

receptors they bind to. Depending on the obtained conformation, this results in an increase 

or decrease of the receptor signaling potency. Some allosteric modulators do not affect the 

efficiency of ligand binding, but completely inhibit receptor signaling potency. Aplaviroc, for 

example, is a negative allosteric modulator of the CCR5 receptor that does not inhibit ligand 

binding but completely blocks CCL5-mediated agonism79. Other allosteric modulators cause a 

conformational change that affects the receptors’ affinity for its ligand and subsequently alters 

receptor signaling potency78. AMD3100, which is an antagonist of CXCR4, acts as a positive 

allosteric modulator of CXCR7 that increases CXCL12 binding to this receptor and enhances 

CXCL12-mediated arrestin binding and signaling30. In summary, the complex regulation of 

CXCR4 function at the level of receptor conformation remains poorly understood. 

CXCR4 as a co-receptor for HIV

After identifying CD4 as a primary receptor for the AIDS virus, it became clear that an additional 

surface molecule was required for HIV binding and entry. The chemokine receptor CCR5 was 

identified as a co-receptor for the M-tropic R5 HIV-1 strains80 and CXCR4 as a co-receptor for 

T-tropic X4 HIV-1 isolates21. Generally, R5 strains appear early in HIV-1 infection, whereas the 

X4 strain is usually associated with later phases of infection characterized by a rapid decline 

of CD4+ T-cells and the onset of AIDS. The surface of HIV-1 is coated with the envelope 

glycoprotein (env) required for binding and subsequent fusion with the plasma membrane 

of the target cell81. Env is composed of two specialized subunits: the gp120 subunit, which is 
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required for binding to specific cell surface receptors and the gp41 subunit, which catalyzes the 

fusion of the virion membrane with the host cell membrane82. The gp120 subunit, via its variable 

(V3) loop, determines the co-receptor usage phenotype of the virus strain83;84. On the other 

hand, specific characteristics of the N-terminus (e,g. sulfation) and the second extracellular 

loop (e,g. amino acid composition) of the co-receptor determine the co-receptor specificity 

for one strain over the other83;85.

As a co-receptor for HIV-1, CXCR4 has been shown to physically interact and to form a 

heterodimer with CD486. The canonical pathway for HIV-1 entry begins with gp120 binding 

to CD4. This step induces a major conformational change in gp12084, which exposes the co-

receptor binding sites. As a consequence of gp120 binding to CXCR4, gp41 initiates virus fusion 

to the host plasma membrane82. 

The use of different CXCR4 chimeras as well as CXCR4 point mutations allowed the 

identification of important HIV-1 binding determinants on the receptor. These determinants were 

shown to reside in the N-terminus, the second extracellular loop (ECL2) and third extracellular 

loop of CXCR476;83;85. CXCL12 and small peptides encoding the amino-terminal sequence of 

CXCL12 inhibit HIV-1 binding and entry22;23;87. They do so by inducing the internalization of the 

receptor and by competing for binding sites with HIV-1. In addition, CXCR4 antibodies binding 

to an epitope on the ECL2 also block HIV-1 infection76, further supporting the requirement of 

the ECL2 for HIV-1 binding and entry.

The selective CXCR4 antagonist AMD-310088 and small peptides derived from CXCR4 

transmembrane domains89 display a potent antiviral activity, which is attributed to their 

capacity to induce a conformational change in the receptor thereby altering the binding sites 

for HIV-1. Unfortunately, these inhibitors also block the binding of the natural ligand CXCL1289-91 

and as a consequence disrupt a wide range of biological functions mediated by CXCR4. Recent 

research is focused at developing positive allosteric agonists that bind to alternative binding 

sites and are not sensitive to the different known CXCR4 antagonists92. Combination of these 

allosteric agonists and antagonists would block HIV-1 binding and at the same time allow for 

CXCR4 physiological responses. 

Rho-family GTPases

The Rho-like GTPases are members of the superfamily of Ras GTPases and play essential roles 

in response to numerous stimuli such as chemokines, growth factors, integrin ligands and 

cell-cell adhesion. Rho-like GTPase are actively involved in many biological functions including 

cell migration, cell adhesion to the extracellular matrix and the control of cell-cell contacts11;93-95. 

They perform these functions mainly through their effects on the actin cytoskeleton, cell 

polarity and membrane traffic. The subfamily of Rho-like GTPases is composed of 22 members 

that show very high sequence homology96. The three different isoforms of the Rac GTPase 

subgroup Rac1, Rac2 and Rac3, for example, are 90% identical at the level of amino acid 

sequence. Having identical effector regions, these GTPases often share the same set of effector 

proteins97;98. Despite a high degree of homology, members of the RhoGTPase family fulfill unique 

biological functions99;100. Each GTPase possess a specific hypervariable C-terminal domain, 

which is largely responsible for differential cellular signaling101-103. This is explained, partly, by 

the role of the C-terminus in determining the spatio-temporal localization of the GTPase as 
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well as promoting the binding of a specific set of effector and regulatory proteins101;104. In our 

laboratory we focus on identifying new binding partners of Rac1. We identified several adapter 

proteins such as PACSIN2, CD2AP and caveolin-1 that specifically associate to Rac1 through its 

hypervariable domain and independently of its GTP loading state105-107. Thus, the combination 

of a specific subcellular localization with the association to a defined binding partner conveys 

GTPase signaling specificity and results in a wide range of biological outcomes.

Regulation of RhoGTPase activity

Most Rho-like GTPases cycle between an inactive GDP-bound state and an active GTP-bound 

state108 (Figure 3). Therefore GTPases act as molecular switches alternating between either the 

‘off’ or the ‘on’ state. GTPase activation is controlled by guanine nucleotide exchange factors 

(GEFs)109. Interaction of a GEF with its target GTPase induces a conformational change in the 

GTPase that no longer supports the binding of GDP resulting in its release and replacement by 

GTP110. Once activated, GTPases undergo a second conformational change causing the release 

of the GEF and predisposing the effector loop for binding to and activation of downstream 

targets99. For example, activated Rac1 binds to p21- activated kinase 1 (PAK1) and ‘unfolds’ its 

auto-inhibitory loop, which leads to PAK1 auto-phosphorylation and subsequent activation111;112. 

Next to their role in GTPase activation, GEFs often determine the outcome of the biological 

response by acting as a scaffold protein binding and presenting downstream target proteins of 

the GTPase thereby contributing importantly to signal transduction specificity113;114.

Figure 3. Regulation of RhoGTPases. Rho GTPase activation occurs at the plasma membrane and is 
stimulated by Guanine Nucleotide Exchange Factors (GEFs) that catalyze the exchange of bound GDP for 
GTP. Inactivation of GTPases is promoted by GTPase-Activating Proteins (GAPs) that accelerate the intrinsic 
GTP hydrolysis of the small GTPases. Under resting conditions, Rho GTPases are stabilized by their binding 
to a cytoplasmic chaperone, Rho Guanine Nucleotide Dissociation Inhibitor (RhoGDI).
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GTPase activity is ‘switched off’ by their intrinsic ability to hydrolyse GTP. However, intrinsic 

GTPase activity is low and requires stimulation by GTPase-activating proteins, generally known 

as GAP proteins. GAPs possess a finger-like domain, usually an ‘arginine finger’ that induces a 

conformational change of the GTP-bound GTPase leading to a drastic acceleration of the GTP 

hydrolysis rate115;116.

Other established key players in the regulation of RhoGTPase activity are the so-called 

guanine nucleotide dissociation inhibitors (GDIs)117;118. These cytoplasmic proteins prevent 

GTPase activation through binding to and sequestering of the GTPase in the cytosol thereby 

preventing its membrane localization and subsequent interaction with GEFs and effector 

proteins119;120. GDIs also play a role in GTPases stability, preventing misfolding and degradation 

of the GTPase they bind to121. 

Activated GTPases are localized at specific membrane compartments that act as platforms 

for signal transduction. These specific membrane domains were identified as cholesterol-rich 

domains and are termed lipid rafts122-125. Since an active GTPase is membrane-associated, this 

implies a role for the endocytic machinery and vesicular trafficking of GTP-bound GTPase towards 

intracellular sites for GAP-mediated inactivation. It has been shown that Rac1 is internalized prior 

to its inactivation124;125 and a role for the endocytic protein dynamin126 has been demonstrated, 

identifying an additional level of GTPase signaling regulation. Our group further identified two 

important Rac1-binding proteins involved in the ‘switching off’ of active Rac1 by contributing to its 

internalization i,e. caveolin-1 and the BAR domain-containing protein PACSIN2. While caveolin-1 

targets active Rac1 for ubiquitylation and degradation, PACSIN2, probably through its regulation 

of membrane internalization, directs GTP-bound Rac1 to sites of GAP-mediated hydrolysis105;106.

The hypervariable C-terminal domain of RhoGTPases

Membrane association of small GTPases is a requisite for their proper activation and subsequent 

signal transmission. Rho-like GTPases are covalently modified with lipids as part of a post-

translational modification process known as lipidation or prenylation. Prenylation promotes 

membrane binding of RhoGTPases, given the hydrophobicity of the added lipids. The lipid 

tail is attached to a conserved cysteine residue, which is situated in the so-called CAAX box 

(C=cysteine, A=aliphatic residue, X=any residue) at the C-terminus127. The AAX amino acids are 

removed just before the addition of the lipid moiety. The lipid extension of Rho-like GTPases 

facilitates their attachment to the membrane and is therefore targeted by RhoGDIs that bind 

to the lipid tail of the GTPase hiding it from the membrane and keeping it in the cytosol117;120. 

Thus, Rho-like GTPase prenylation plays an important role in the regulation of GTPase activity. 

However, lipid extensions do not confer the high degree of signaling specificity to a given 

GTPase, which is in essence controlled by its spatio-temporal localization101;104;128.

The functional differences between highly homologues RhoGTPases is caused by the 

hypervariable region situated just before the CAAX box. Rho family members show a wide 

diversity of their C-terminal regions. Different hypervariable regions of RhoGTPases, fused 

to GFP, display different subcellular localizations showing that the C-terminus, along with 

a prenyl modification, confers sufficient information for membrane-targeting and may 

thus determine the specific localization of each of these GTPases101. Perhaps one of the best 

examples illustrating the role of the C-terminus in defining signal specificity is the work of 
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Filippi et al129. The authors show how two almost identical GTPases Rac1 and Rac2 can regulate 

distinct functions. By swapping the hypervariable domains, Rac1 and Rac2 exchange their 

unique subcellular localization and signaling specificity. In addition, our group showed that 

cell-permeable peptides representing the C-terminus of different Rho family GTPases inhibit 

the activity of the corresponding endogenous proteins103. We found that these peptides, that 

lack a lipid tail, were targeted to the membrane. This suggests that these peptides compete 

with the endogenous proteins for membrane association, further underscoring the role of the 

hypervariable domain in membrane-targeting specificity. We and others also demonstrated 

that the hypervariable domain is responsible for the binding of a specific set of downstream 

signaling molecules, such as PACSIN2, CD2AP and CXCR4, which bind specifically to the Rac1 

C-terminus105;107;130. In conclusion, the C-terminus of RhoGTPases confers signal specificity 

through two important mechanisms: controlling the specific membrane localization sites and 

determining the set of unique downstream targets each GTPase binds. 

RhoGTPases in cell migration

Cell migration is achieved by polarization of the cell body, controlled adhesion and the 

generation of force with forward movement as a final outcome. These steps show a high 

degree of coordination and cross-communication and are thoroughly controlled by the actin 

cytoskeleton94. Rho family GTPases, especially Rac1, CDC42 and RhoA, are key players in the 

regulation of cytoskeletal dynamics and function at the center of the machinery controlling 

cellular motility11 (Figure 4). CDC42 affects actin polymerization by associating with its effector 

Wiskott–Aldrich syndrome protein (WASP)131, which activates the actin-related protein 2/3 

(Arp2/3). Arp2/3 is a major player in actin polymerization that creates nucleation sites for new 

actin filaments132;133. CDC42-mediated actin polymerization results in the formation of filopodia, 

which are actin-rich membrane protrusions134. It is thought that these filopodia act as sensors 

for guidance cues and therefore are contributing to coordinated cell migration135. For example, 

lymphocytes express high levels of integrins (LFA-1) on their filopodia and use these structures 

to scan the endothelial surface and find a path to sites of extravasation136. In addition to the 

formation of filopodia, CDC42 contributes to the polarization of the cell and reorientation 

of the Golgi apparatus toward the leading edge of the migrating cell. CDC42 controls the 

recruitment and activation of the partitioning defective 3 homologue (Par3), Par6 and atypical 

PKCs polarity complex to the leading edge137. The polarity complex in its turn controls the 

asymmetric morphological changes observed in a migrating cell. 

Rac1 is responsible for the formation of actin-rich, relatively stable membrane protrusions 

at the leading edge, called lamellipodia11;93;138. This process is mediated through Rac1-mediated 

activation of its effector WAVE139 (i.e. WASP-family verprolin homologue), which is responsible 

for Arp2/3 activation. Next to its role in actin polymerization, Rac1 participates in the assembly 

and targeting of adhesive structures called focal adhesions140;141. These structures bind 

extracellular matrix (ECM) ligands and link transmembrane adhesive proteins, i.e. integrins, to 

the actin cytoskeleton thereby providing firm adhesion of the migrating cell. There are some 

indications that Rac1 also contributes to the focal proteolysis of the ECM, which is a crucial step 

during cellular migration in three dimensional matrices142-144. For instance, it has been shown 

that Rac1 plays a role in matrix metalloproteinase expression in chondrocytes142. 

Chapter 118



Rac1-mediated polymerization-driven protrusions deliver force, which is essential for 

forward movement. However, this step alone is not sufficient for proper cell migration. A 

second type of force, driven by actomyosin contraction, is also required. The contraction of 

actin filaments is mediated by myosin II, resulting in the formation of typical actin filament 

bundles called stress fibers. Actomyosin contractility is controlled by RhoA and its effector 

Rho-associated serine/threonine kinase (ROCK). ROCK predominantly regulates the 

phosphorylation of myosin light chains (MLC) both by inhibiting MLC phosphatase and by 

phosphorylating MLC145;146. RhoA-mediated contraction generates a force at the back of the 

Figure 4. The Rho-family of GTPases control cell migration. This schematic figure represents the 
canonical model of directional migration of a leukocyte on an endothelial cell layer. The cell displays an 
asymmetric morphology with a clear leading edge at the front and a trailing uropod at the rear of the cell. 
Rac1 and CDC42 confer cell polarity at the front and control actin polymerization that generates membrane 
protrusions in the form of lamellipodia (Rac1) and filopodia (CDC42). At the rear, RhoA stimulates myosin-
based contractility of the actin cytoskeleton, which drives retraction of the uropod. The interplay between 
Rac1/CDC42 and RhoA controls coordinated cell attachment and detachment of focal adhesion complexes, 
which is required for directional motility of leukocytes on the endothelial cell surface. 
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cell that pushes the cytoplasm forward. Contraction also participates in the disruption and 

detachment of the trailing edge147. Together, these actions contribute to squeezing of the 

cell body, which delivers forward movement to the migrating cell. For a long time it has been 

thought that RhoA activity is confined to the rear of a migrating cell where it regulates the 

contraction of the trailing edge. Interestingly, there is growing evidence that active RhoA can 

also localize at the leading edge of polarized cells and participates in membrane ruffling148-150. 

However, the exact function of RhoA at the front of the cell is not completely clear yet.

The classical view has been that Rac1 and RhoA must act in concert in order for a cell to 

move forward. However, depending on the cell type and the tissue context where the cell 

has to migrate, cells could adapt to the use of Rac1 alone or RhoA alone151-154. For example, 

inactivation of Rac1 in A375p melanoma cells suppresses their elongated mesenchymal mode of 

migration154, which depends on lamellipodial extensions and adhesion to the ECM. Interestingly, 

this promoted their amoeboid-like migration, which relies on the actomyosin contractility 

mediated by the RhoA/ROCK axis that produces membrane blebs by generating an inflow of 

the cytoplasm. On the other hand, silencing of the RhoA/ROCK pathway in A375m2 melanoma 

cells, known to migrate in an amoeboid-like rounded fashion, reverses their type of migration 

to the mesenchymal mode155. 

In summary, balanced CXCR4 signaling is required for a proper activation of RhoGTPases 

that act in concert to induce CXCL12-dependent biological processes. Lack of control on the 

signaling of these proteins could lead to unrestrained cell proliferation and/or migration, which 

in turn, could result in pathological conditions, such as excessive inflammation and cancer. 

Scope of the thesis
To gain more insights in the molecular mechanisms regulating cellular migration, which is 

an important process involved in beneficial biological processes as well as in pathological 

conditions, we focused our research on two crucial proteins, i,e. the chemokine receptor 

CXCR4 and the small GTPase Rac1. We have investigated the interplay between these two 

proteins as well as their individual regulation and function. 

Our research was particularly focused on the role for Rac1 in regulating the responsive 

conformation of the CXCR4 receptor. This work established a previously unrecognized role 

for Rac1 in fine-tuning CXCR4 responses. We identified a region in CXCR4 that mediates Rac1 

signaling and subsequently regulates the receptor’s conformation. In addition, we identified 

the CXCR4-binding protein nucleophosmin1 (NPM1) as a novel negative regulator of Rac1 

activity and found that, reciprocally, Rac1 regulates NPM1 subcellular localization. Finally, we 

address the importance of the hypervariable C-terminus of Rac1 in regulating its function.

In chapter 2 we identify the small GTPase Rac1 as an important positive allosteric modulator 

of CXCR4. We show that Rac1 inhibition causes a specific, reversible conformational change of 

CXCR4. In this conformation, CXCR4 function was disrupted as shown by an inhibition of CXCL12-

induced receptor internalization and a decrease in Gα
i 

signaling capacity. Importantly, the 

conformation adopted by CXCR4 upon Rac1 inhibition blocked the infection of X4-HIV1 strains. 

This study established a novel role of Rac1 in regulation the responsive CXCR4 conformation. 
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In chapter 3 we pursued our study concerning the Rac1-mediated regulation of CXCR4 

conformation. Using different CXCR4 chimera receptors, we present evidence for the 

involvement of the third intracellular loop (ICL3) of CXCR4 in mediating the effects of Rac1 

on the CXCR4 conformation. Moreover, the ICL3 of CXCR4 associates with Rac1 and shows 

a preferential binding to the active form of Rac1. In addition, we show that interference 

with the endogenous ICL3 by the use of cell-permeable peptides encoding the amino acid 

sequence of this region results in a specific conformational change in CXCR4. We found that 

the conformation of CXCR4 obtained after Rac1 or ICL3 inhibition no longer supports ligand-

induced CXCR4 signaling. Finally, we illustrate that lipid raft integrity is an important factor in 

the regulation of CXCR4 conformation.

In chapter 4 we report the identification of the nucleo-cytoplasmic NPM1 protein as a 

novel negative regulator of Rac1 activation and signaling. We show that NPM1 interacts with 

Rac1 through the hypervariable C-terminus of Rac1. In a reciprocal fashion, we show that Rac1 

regulates NPM1 subcellular localization as well as the distribution of the phosphorylated pool of 

NPM1. This study characterizes a new signaling loop where Rac1 activity affects and at the same 

time is affected by NPM1.

In chapter 5 we explore the role of the different domains composing the hypervariable 

C-terminal tail of Rac1 in the membrane targeting of the GTPase as well as their involvement in 

effector binding and contribution to Rac1 signaling and function. 

Chapter 6 provides a summary and conclusions of the work in this thesis. 
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