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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 

General introduction and scope of the thesis 9



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.
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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. 
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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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Abstract 
The chemokine receptor CXCR4 is a critical regulator of cell migration and serves as a co-

receptor for HIV-1. The chemokine Stromal Cell Derived Factor-1, also known as CXCL12, binds 

to CXCR4 and exerts its biological functions partly through the small guanosine triphosphate 

hydrolase (GTPase) Rac1 (ras-related C3 botulinum toxin substrate 1). We show in different cell 

types including CD34+ hematopoietic stem and progenitor cells that inhibition of Rac1 causes 

a reversible conformational change in CXCR4, but not in the related receptors CXCR7 or CCR5. 

Biochemical experiments showed that Rac1 associates with CXCR4. The conformational change 

of CXCR4 on Rac1 inhibition blocked receptor internalization and impaired CXCL12-induced 

Gα
i
 protein activation. Importantly, we found that the conformation adopted by CXCR4 after 

Rac1 inhibition prevents HIV-1
 
infection of both the U87-CD4-CXCR4 cell line and of primary 

peripheral blood mononuclear cells. In conclusion, our data show that Rac1 activity is required 

to maintain CXCR4 in the responsive conformation that allows receptor signaling and facilitates 

HIV-1 infection; this implies that Rac1 positively regulates CXCR4 function and identifies the 

Rac1-CXCR4 axis as a new target for preventing HIV-1 infection.

Chapter 230



Introduction
The 7 transmembrane-spanning Gα

i
 protein-coupled chemokine receptor CXCR4 and its 

ligand CXCL12 are involved in the regulation of vital processes involving cellular migration, 

such as angiogenesis, neuronal development, hematopoietic stem cell (HSC) and immune cell 

trafficking. CXCL12 or CXCR4 deficiency in mice leads to embryonic lethality, underscoring 

the importance of this chemokine/receptor pair 1;2. CXCR4 is also implicated in pathological 

conditions, including tumor cell proliferation and metastasis 3, and, notably, serves as a co-

receptor for T-cell tropic HIV-1 strains 4.

Ligand binding to CXCR4 induces a conformational change of the receptor, which then 

can act as a guanine nucleotide exchange factor for the heterotrimeric Gα
i
 protein, facilitating 

the exchange of guanosine diphosphate (GDP) for guanosine triphosphate (GTP) on the Gα
i
 

subunit  5. These events initiate the activation of multiple signaling pathways leading to the 

generation of a chemotactic response towards a CXCL12 gradient in various types of cells 6.

Cellular motility, mediated by CXCR4, relies on the activation and signaling by the Rho 

family of GTPases, which control cytoskeletal dynamics, providing both protrusive force at the 

front and contraction at the rear of the cell. The best known members of the Rho family are 

RhoA (Ras homologue gene family member A), that stimulates myosin-based contractility, and 

CDC42 (cell division cycle 42) and Rac1 (ras-related C3 botulinum toxin substrate 1), that induce 

actin polymerization and membrane protrusions at the leading edge 7. Rho GTPases are thus at 

the center of actin regulation in migrating cells and act as molecular switches, cycling between 

an active GTP-bound state and an inactive GDP-bound state. This cycle is regulated by guanine 

nucleotide exchange factors and GTPase activating proteins 8.

The initiation of directional migration in response to CXCL12 is dependent on the level of 

cell surface expression of the chemokine receptor CXCR4, as well as the cells’ ability to properly 

initiate signaling on ligand binding. Similarly, T-cell tropic HIV-1 infection depends on the surface 

expression of CXCR4. Initial binding of the viral envelope glycoprotein 120 (gp120) is mediated 

by CD4. This step induces a structural rearrangement of gp120, which exposes a binding site for 

CXCR4 9. Subsequently, gp120 binding to CXCR4 induces viral fusion and entry into host cells. In 

vitro studies have shown that gp120 binding triggers CXCR4 signaling and presumably creates 

an intracellular environment that facilitates post-entry HIV-1 infection events 10;11. 

It is known that cells display a heterogeneous set of CXCR4 conformations 12 that have been 

associated with different Gα
i
 activation patterns. Moreover, certain conformations generated 

inactive receptors 13. Thus, the conformation adopted by CXCR4 determines ligand binding 

and/or signaling capacity and possibly affects co-receptor function 14. 

The molecular mechanisms regulating CXCR4 conformation at steady state conditions 

are unknown. Here, we demonstrate that Rac1 is specifically involved in regulating the 

conformation of CXCR4 in several human cell types, including CD34+ hematopoietic stem and 

progenitor cells (HSPCs), thereby controlling signaling efficiency of the receptor. Furthermore, 

the conformation adopted by CXCR4 after Rac1 inhibition blocked HIV-1 infection, most 

probably by interfering with virus binding and subsequent entry into host cells. Our findings 

are the first to describe the involvement of a GTPase in the regulation of the CXCR4 responsive 

conformation, which represents a previously unrecognized role for Rac1 in Gα
i
 protein-coupled 

receptor homeostasis.
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Materials and methods
Dominant negative peptides for and pharmacological inhibition of Rac1

Cell permeable peptides containing the amino acid sequence of the C-terminal region of Rac1 

(CPPPVKKRKRK) and CDC42 (LEPPEPKKSRR) fused to a protein transduction domain (PTD) 

or a control peptide that only encodes the PTD (control) were produced by F-moc protein 

synthesis (Department of Peptide Synthesis, Netherlands Cancer Institute, Amsterdam, The 

Netherlands). Rac1 C-terminal mutant peptides were produced by replacing the three prolines, 

i.e. aa 179-181 (CAAAVKKRKRK), or the RKR sequence, i.e. aa 185-187 (CPPPVKKAAAK), by alanine 

residues (Figure 1).

Cells were harvested in Iscove’s Modified Dulbecco’s Medium (IMDM; Lonza, Basel, 

Switzerland) containing 0.25% w/v bovine serum albumin (BSA; Sigma-Aldrich, Steinheim, 

Germany) named assay medium and treated with 100 µg/ml or 200 µg/ml peptide for 30 minutes. 

Pharmacological inhibition of Rac1 was performed with NSC23766 (Calbiochem, Nottingham, 

United Kingdom) or EHT1864 (Sigma-Aldrich) for 1 hour at concentrations of 25 µM or 50 µM in 

assay medium. Subsequently, cells were washed with phosphate-buffered saline (PBS; Fresenius 

Kabi, ‘s Hertogenbosch, The Netherlands) containing 0.5% w/v BSA named FACS medium. The 

DNA-binding dye, ToPro3 (Invitrogen, Carlsbad, CA, USA), was used to determine cytotoxicity. 

CXCL12 (PeproTech, Rocky Hill, USA) was used at a final concentration of 100 ng/ml for 30 minutes 

as a positive control for responsiveness of the CXCR4 receptor on the cell surface. 

Peptide washout experiment

Cells were treated with the Rac1 C-terminal peptide as described above and subsequently 

washed twice with assay medium to remove the peptide. Thereafter, the cells were placed 

at 37°C. At different time points (0, 15, 30 and 60 minutes) cells were transferred to a 96 well 

V-bottom plate, washed with FACS medium and fixed with 2% formaldehyde for 30 minutes 

at room temperature. Subsequently, cells were washed with FACS medium and cell surface 

expression levels of CXCR4 were determined by using specific CXCR4 monoclonal antibodies 

(mAbs; see supplementary materials and methods for specifications) and flow cytometry. 

All flow cytometry measurements were performed using the FACS CANTO, FACS LSR II, or 

FACS LSR II HTS (BD Biosciences, Breda, The Netherlands), and results were analyzed with BD 

FACSDiva software 6.1 (BD Biosciences).

Antibody feeding experiment

In antibody feeding experiments, HL60 cells were stained with specific CXCR4 mAbs at 4°C and 

subsequently washed with FACS medium to remove unbound antibodies. Thereafter, the cells 

were incubated with assay medium, the control peptide or the Rac1 peptide for periods ranging 

from 5 to 45 minutes at 4°C or 37°C or with NSC23766 for 1 hour at 37°C. Subsequently, the cells 

were washed with FACS medium and the signal of the anti-CXCR4 antibody was determined by 

flow cytometry. 

Peptide pull-down assay

HeLa cells were transiently transfected with the HA-CXCR4 construct and maintained for 

24  hours. The cells were washed twice with ice-cold PBS (supplemented with 1 mM CaCl2 
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and 0.5 mM MgCl2) and lysed in NP-40 lysis buffer (i.e. 50 mM Tris-HCl pH 7.5, 100 mM NaCl, 

10 mM MgCl2, 10% glycerol and 1% NP-40) supplemented with protease inhibitors (Complete 

mini EDTA; Roche, Mannheim, Germany), centrifuged at 20,000 g for 10 minutes at 4°C. The 

supernatant was pre-cleared by incubation with streptavidin-coated beads (Sigma-Aldrich) 

for 1 hour at 4°C. The pre-cleared lysate was then incubated with the indicated Rho GTPase 

C-terminal peptides, a peptide representing the effector domain (ED) of Rac1 (amino acids 

17-32) 15 or a control peptide (8 µg) in the presence of streptavidin-coated beads (blocked with 

4% BSA) at 4°C for 1 hour with rotation. Initial lysates and pull-down samples were analyzed 

by SDS-PAGE and immunoblotting using mouse anti-HA (Sigma-Aldrich) and HRP-coupled 

secondary antibodies.

Immunoprecipitation

HeLa cells were transiently transfected with HA-CXCR4 and myc-Rac1Q61L or myc-Rac1T17N 

constructs and maintained for 24 hours. After lysing the cells as described under “peptide 

pull-down assay”, the supernatant of the lysate was pre-cleared by incubation with protein 

G-agarose beads for 1 hour at 4°C. The pre-cleared lysates were then incubated with 

monoclonal anti-HA antibodies and protein G-agarose beads (blocked with 4% BSA) at 4°C for 

5 hours. Samples were then washed 5 times with lysis buffer. Immunoprecipitated proteins were 

eluted by adding SDS sample buffer and heating at 50°C for 20 minutes. Protein association was 

assayed by SDS-PAGE and immunoblotting using rabbit anti-HA and rabbit anti-myc antibodies 

(both from Sigma-Aldrich) and HRP-coupled secondary antibodies.

CRE-Luciferase reporter gene assay

HEK293T cells were transiently transfected using polyethylenimine (PEI) with plasmids encoding 

for CXCR4 and the cyclic AMP responsive element (CRE) coupled to the luciferase gene 

(CRE-Luc) 16. Briefly, 1 µg of CXCR4 and 1 µg CRE-Luc plasmids were transfected per 106 HEK293T 

cells and seeded onto a white 96-well plate (Greiner, Alphen a/d Rijn, The Netherlands). Two 

days post-transfection, the culture medium was discarded and cells were stimulated with 

DMEM supplemented with 0.5% w/v BSA, forskolin (3 µM) and a concentration range of CXCL12 

varying from 1 pM to 100 nM in the absence or presence of the Rac1 inhibitors. After 8 hours 

of incubation at 37°C, the stimulation medium was discarded and the cells were lysed in the 

presence of D-luciferin (Duchefa Biochemi BV, Haarlem, The Netherlands). Luminescence was 

measured on a Wallac Victor2 plate reader (Perkin Elmer).

Human immunodeficiency viruses and infection assays

Single round luciferase reporter virus was produced by cotransfection of the pNL4-3.Luc.R-E-

construct 17 and constructs expressing either BaL-26 envelop or HxB2 envelop in HEK293T cells 

using calcium phosphate. Infectious virus was harvested at 48 and 72 hours after transfection 

and filtered through a 0.22 µm filter. Virus titers were quantified by determination of the 50% 

tissue culture infectious dose (TCID50) on U87 cells expressing CD4 and CCR5 (U87-CD4-CCR5) 

or CXCR4 (U87-CD4-CXCR4). After 48 hours, luciferase substrate (0.83 mM ATP, 0.83 mM 

d-luciferin, 18.7 mM MgCl
2
, 0.78 µM Na

2
H

2
P

2
O

7
, 38.9 mM Tris-HCl pH 7.8, 0.39% v/v glycerol, 

0.03% v/v Triton X-100 and 2.6 µM dithiothreitol) was added. Luminesence was measured using 

the Centro LB 960 (Berthold Technologies, Bad Wildbad, Germany).
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Figure 1. Rac1 inhibition causes a decrease of CXCR4 surface signal and Rac1 associates with CXCR4. 
(A) Schematic representation of the Rho-like GTPase C-terminal peptides fused to a protein transduction 
domain as used in this study. (B) HL60 cells were incubated with the Rac1 or CDC42 inhibitory peptides 
and CXCR4 expression was detected by flow cytometry using the fluorescently labeled mAb 12G5 or 44717. 
The panels show a histogram overlay (left) and bar graphs (middle and right) representing the CXCR4 
surface signal. Histogram: thin solid line: isotype control mAb, long dashed line: untreated, thick solid 
line: control peptide, dashed line: CDC42 C-terminal peptide, dotted line: Rac1 C-terminal peptide. 
The CXCR4 surface signal in the untreated condition and control peptide treated condition completely 
overlap. (n=3) (C) HL60 cells were incubated with the Rac1 or CDC42 inhibitory peptides and CXCR7, CCR5 
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HIV-1 variant NL4-3 was produced by transfection of the full length construct in HEK293T 

cells using calcium phosphate. Infectious virus was harvested at 48 and 72 hours after 

transfection and filtered through a 0.22 µm filter. Virus titers were quantified by determination 

of the 50% tissue culture infectious dose on phytohemagglutinin (PHA)-stimulated peripheral 

blood mononuclear cells (PBMCs) using an in-house p24 ELISA 18. 

For the single round luciferase reporter HIV-1 infection assay, U87 cells expressing CD4 and 

CCR5 or CXCR4 were plated at a cell density of 6,000 cells per well and cultured for 24 hours. 

Next, the cells were inoculated with 200 TCID50 BaL-26 or HxB2 env pseudotyped single round 

luciferase virus and 48 hours later, the infectivity of the virus was analyzed by the luciferase 

assay. During and after inoculation, the cells were treated with different concentrations of 

NSC23766 as indicated. 

For the HIV-1 products qPCR, PHA-stimulated PBMCs (0.5x106) were inoculated with 250 

TCID50 DNase treated NL4-3 in the presence or absence of 50 µM NSC23766. After 48 hours, 

cells were harvested for DNA isolation to be used in the qPCR studies.

Calculations and statistical analysis

The percentage of CXCR4 surface expression was calculated by normalizing the fluorescence 

intensity measurements on the mean of the untreated condition measurements. Measurements 

of both treated and untreated conditions were divided by the mean of the untreated conditions 

(x100%), giving rise to a mean of 100% ±SEM for the control. The isotype control background 

was not subtracted from the specific fluorescence intensity signal.

pEC50 was determined by fitting a sigmoidal dose-response curve using GraphPad Prism5.

Significance of differences was determined in all experiments with a two-sided unpaired 

Student’s t test. Two-sided p- values smaller than 0.05 were considered significant.

For further information on the materials and methods used, see the Supplementary Material 

and Methods.

and LFA-1 surface signal were measured by flow cytometry. (n= 3) (D) U937 cells were treated with 50 µM 
NSC23766 and the CXCR4 (detected by mAbs 12G5 and 44717) and CXCR7 surface signals were measured by 
flow cytometry. (n=3) (E) CD34+ cells isolated from CB were treated with NSC23766 and the CXCR4 signal 
(detected by mAb 12G5 or 44717) was measured by flow cytometry. (n=5) (F) HEK293T cells exogenously 
expressing CXCR4-GFP were treated with the Rac1 (mutant) C-terminal peptides or the CDC42 C-terminal 
peptide and the CXCR4 surface signal (detected by mAb 12G5) was measured on the GFP-positive cells 
by flow cytometry. (n=3) (G) Pull-down (PD) experiment was performed using lysates from HeLa cells 
exogenously expressing HA-CXCR4 with beads only, a control peptide, wild-type and mutant Rac1 
C-terminal peptides, the Rac1 17-32 ED peptide and the CDC42 C-terminal peptide. Association of CXCR4 
was detected by immunoblotting (IB) with an HA-specific monoclonal antibody. (representative example 
out of two independent experiments) (H) Immunoprecipitation assays (IP) were performed in HeLa cells 
transfected with an empty vector (pcDNA3) or with HA-CXCR4 and co-transfected with myc-Rac1Q61L 
or myc-Rac1T17N. Immunoprecipitation of the receptor was performed using an HA-specific antibody 
or an IgG control antibody and immunoblotting was performed with an HA-specific or a myc-specific 
antibody. (representative example out of two independent experiments) ED: effector domain of Rac1, 
HV: hypervariable domain of Rac1, PTD: protein transduction domain, Rac1 PPPàAAA, Rac1 RKRàAAA: 
Rac1 C-terminal peptide mutants where the three prolines, or RKR sequence were replaced by alanine 
residues, respectively, Rac 17-32: effector domain, TCL: total cell lysates, EV: empty vector. Bars show the 
median (B-C) and the mean (D-E -F) fluorescence intensity determined by flow cytometry and expressed 
as percentage ± SEM compared to untreated or to control conditions. *p< 0.05, **p< 0.01
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Results
Inhibition of Rac1 specifically decreases CXCR4 signal on the cell surface

To investigate whether Rac1 modulates CXCR4 function, we determined the effect of Rac1 

inhibition on CXCR4 expression. We opted for a peptide-mediated approach and the use of 

pharmacological inhibitors of Rac1. Both methods ensure a rapid inhibition of Rac1, in contrast 

to the expression of a dominant-negative (DN) construct of Rac1. Inhibition of Rac1 with a 

biotinylated Rac1 C-terminal peptide (Figure 1A) 19, significantly reduced the CXCR4 cell surface 

signal detected by mAb clones 12G5 (Figure 1 B, left and middle panel) and 44717 in the myeloid 

HL60 cell line that expresses CXCR4 endogenously (Figure 1B, right panel). The results obtained 

with these CXCR4 mAb clones were consistent and the inhibitory peptide did not affect cell-

viability (data not shown). Importantly, peptide-mediated inhibition of a related GTPase, 

CDC42, did not cause a significant decrease in CXCR4 surface signal, indicating the specificity 

of Rac1 for the regulation of steady-state CXCR4 expression (Figure 1B and 1C). The cell surface 

expression of the alternative CXCL12 receptor CXCR7, the related chemokine receptor CCR5 

and the unrelated adhesion molecule LFA-1 were not reduced when HL60 cells were treated 

with the Rac1 inhibitory peptide (Figure 1C). Thus, Rac1 specifically controls CXCR4 exposure. 

To confirm these results, we used the pharmacological Rac1-guanine nucleotide exchange 

factor inhibitor, NSC23766, which does not affect the function of CDC42 or RhoA 20. This inhibitor 

did not induce cellular toxicity in our experimental conditions (data not shown). In accordance 

with the previous findings, NSC23766-mediated Rac1 inhibition significantly reduced CXCR4 

cell surface signal on U937 cells (Figure 1D, left panel) and HL60 cells (data not shown). CXCR7 

expression on these cells was not affected, again showing the specificity of Rac1 for CXCR4 

regulation (Figure 1D, right panel). The effect of Rac1 inhibition on CXCR4 surface signal was 

further confirmed on human cord blood (CB)-derived CD34+ cells (Figure 1E). The same results 

were also observed with the pharmacological Rac1 inhibitor EHT1864 (data not shown). These 

results indicate that Rac1 specifically regulates the CXCR4 signal on resting cells. 

The Rac1 C-terminus contains a proline-rich domain and a polybasic domain, which are 

both involved in the binding of specific effector proteins 19. To examine whether these domains 

are involved in regulating CXCR4 expression, we used the same Rac1 peptide, but now with 

substitutional mutations of the proline-rich amino acid sequence or the polybasic amino acid 

sequence in HEK293T cells transiently expressing CXCR4. The Rac1 peptide with a mutated 

proline-rich sequence decreased the CXCR4 signal to the same extent as the wild-type Rac1 

peptide. The Rac1 peptide with a mutated polybasic region resulted in a less prominent decrease 

of CXCR4 signal suggesting the involvement of the polybasic binding motif. As observed 

in other cell types, peptide-mediated inhibition of CDC42 in HEK293T cells exogenously 

expressing CXCR4 did not cause a significant decrease in CXCR4 surface expression (Figure 1F). 

Overall, these data show that Rac1 specifically regulates CXCR4 expression in distinct cell types 

and that the polybasic region of the Rac1 C-terminus is at least partially required for Rac1 to 

exert this function. 

To asses whether Rac1 and CXCR4 associate, we performed a streptavidin-based pull-down 

assay using the different biotinylated peptides described above or the Rac1 peptide representing 

part of the ED (aa 17-32) 15 in lysates of HeLa cells expressing hemagglutinin (HA)-tagged CXCR4. 
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We found that CXCR4 clearly interacts with the Rac1 C-terminal peptide independently of the 

proline rich domain. Binding was partially abolished when the polybasic region is mutated and 

we did not observe an interaction between HA-CXCR4 and the CDC42 C-terminal peptide or 

the Rac1 ED peptide (Figure 1G). These results correlate with the reduced effect of the polybasic 

mutant Rac1 C-terminal peptide on the CXCR4 surface signal as compared to the wild-type 

or the proline mutant Rac1 C-terminal peptide as observed in figure 1F. Next, to investigate 

the interaction between CXCR4 and full-length Rac1, we performed immunoprecipitation 

experiments in HeLa cells transfected with HA-CXCR4 and the myc-tagged active mutant of 

Rac1 (Q61L) or the myc-tagged DN mutant of Rac1 (T17N). Our results show that both myc-

Rac1Q61L and myc-Rac1T17N co-immunoprecipitated with CXCR4 (Figure 1H). Together, these 

data show that Rac1, via its C-terminus, associates with CXCR4 independently of the GDP-GTP 

loading state of the GTPase and of agonist stimulation of the receptor. 

Rac1 inhibition causes a conformational change of CXCR4

To investigate the fate of CXCR4 after inhibition of Rac1, HL60 cells were treated with the 

inhibitory Rac1 peptide after which surface and total CXCR4 expression were measured. 

Inhibition of Rac1 caused a significant decrease of CXCR4 detected on the cell surface 

(Figure  2A, left panel), while the total levels remained unaffected as compared to control 

cells (Figure 2A, right panel). To determine whether the effect of Rac1 inhibition on CXCR4 

expression was reversible, HL60 cells were first treated with the Rac1 inhibitory peptide, which 

was subsequently removed by washing the cells. Thereafter, surface levels of CXCR4 were 

measured after various time intervals during 60 minutes. The CXCR4 signal on the cell surface 

was still significantly decreased at fifteen minutes following peptide removal, but returned 

to baseline levels as compared to untreated cells after 60 minutes (Figure 2B). Moreover, at 

this time-point CXCR4 was responsive, as shown by CXCL12-induced receptor internalization 

measured by a decrease in receptor surface expression. In addition, treating the cells again 

with the Rac1 inhibitory peptide resulted once more in a decrease of CXCR4 surface signal 

(Figure 2C). Together these results show that inhibition of Rac1 causes a reversible decrease of 

CXCR4 surface signal, which is not due to CXCR4 degradation.

To determine whether Rac1 inhibition enhances CXCR4 internalization, HL60 cells were 

incubated with the Rac1 inhibitory peptide or NSC23766 at 4°C, at which temperature vesicular 

trafficking, including internalization of membrane proteins, is abrogated. As a control, cells 

were treated with CXCL12. CXCL12-induced internalization of CXCR4 was severely impaired at 

4°C as compared to 37°C, indicating that receptor internalization is indeed abolished at low 

temperature (Figure 3A). Peptide-mediated inhibition of Rac1 at 4°C, however, resulted in the 

same CXCR4 surface signal decrease as observed at 37°C (Figure 3A). Incubation of the cells 

with NSC23766 at 4°C also resulted in a significant decrease of CXCR4 surface signal (data not 

shown). Therefore, it is unlikely that the decrease of CXCR4 surface signal on Rac1 inhibition is 

because of enhanced endocytosis.

To examine whether Rac1 controls CXCR4 trafficking, antibody-feeding experiments were 

performed. Fluorescently labeled anti-CXCR4 mAb (clone 12G5 or 44717) were first allowed to 

bind to the receptor before addition of the Rac1 inhibitor to the cells. Using flow cytometry we 

found that inhibition of Rac1 for various time periods resulted in a time-dependent decrease of 
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Figure 2. The effect of Rac1 inhibition on CXCR4 is reversible. (A) HL60 cells were incubated with the Rac1 
inhibitory peptide and then surface CXCR4 (left) or total CXCR4 (right) were measured using mAb 44717 by 
flow cytometry. (n=3) (B) HL60 cells were incubated with the Rac1 inhibitory peptide, washed and placed at 
37°C and CXCR4 surface signal (detected by mAb 12G5) was determined after different time periods by flow 
cytometry. (n=4) (C) One hour after washout of the Rac1 inhibitory peptide, HL60 cells were incubated 
again with the inhibitory peptide or with CXCL12 and the CXCR4 surface signal (as detected by mAb 12G5) 
was determined by flow cytometry (n=3). Bars show the mean (A) and median (B-C) fluorescence intensity 
determined by flow cytometry and expressed as percentage ± SEM compared to untreated conditions. 
*p< 0.05, **p< 0.01

the fluorescence intensity of the 12G5 CXCR4 antibody signal (Figure 3B). In addition, incubation 

with the Rac1 inhibitory peptide for 30 minutes or NSC23766 for 1 hour also caused a major 

decrease in fluorescence intensity of the 44717 CXCR4 antibody signal compared to untreated 

or control peptide treated cells (Figure 3C). These results were obtained at 37°C, but also at 

4°C (data not shown), thereby excluding the internalization of the receptor-antibody complex. 

These data show that the bound antibodies dissociate on Rac1 inhibition, which is indicative for 

a conformational change of CXCR4 induced by Rac1 inhibition.

To substantiate this notion, we used the amino-terminus specific CXCR4 mAb, 4G10 21, 

which is a conformation-independent antibody. Interestingly, the conformation-independent 
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Figure 3. Rac1 inhibition alters CXCR4 conformation. (A) HL60 cells were incubated with CXCL12 or 
the Rac1 inhibitory peptide at 4°C or 37°C and the CXCR4 surface signal (detected by mAb 44717) was 
measured by flow cytometry. (n=3) (B) Antibody-feeding experiments where HL60 cells were first stained 
with anti-CXCR4 mAb 12G5 and subsequently incubated with the Rac1 inhibitory peptide for different time 
periods. mAb signal was then measured by flow cytometry. (n=3) (C) Antibody-feeding experiments for 
which HL60 cells were first stained with anti-CXCR4 mAb 44717 and subsequently incubated with the 
Rac1 inhibitory peptide for 30 min or NSC23766 for 1 hour. mAb signal was subsequently measured by 
flow cytometry. (n=3) (D) Antibody-feeding experiments for which HL60 cells were first stained with the 
conformation-independent anti-CXCR4 mAb 4G10 and subsequently incubated with the Rac1 inhibitory 
peptide for 30 min or NSC23766 for 1 hour. mAb signal was subsequently measured by flow cytometry. 
(n=3) (E) HL60 cells were treated with NSC23766 and CXCR4 surface signal (detected by mAb 44717 or 
4G10) was measured. (n=3) Bars show the mean fluorescence intensity determined by flow cytometry and 
expressed as percentage ± SEM compared to untreated or control conditions. *p< 0.05, **p< 0.01
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CXCR4 antibody did not dissociate from its receptor following Rac1 inhibition in an antibody-

feeding experiment (Figure 3D). This is in contrast to the dissociation of the 12G5 and 44717 

antibodies (Figure 3B-C), that have previously been described to be conformation-dependent 

antibodies  12. In addition, pre-treatment of HL60 cells (Figure 3E) or CD34+ (supplemental 

figure 1) with NSC23766 did not result in a loss of CXCR4 surface signal measured by 4G10 as 

compared to antibody clones 12G5 and 44717. Our observations that the binding of 4G10 to 

CXCR4 is not affected by Rac1 inhibition, confirm that the receptor is not internalized, but 

rather adopts a new conformation on Rac1 inhibition. 

CXCR4 conformational change on Rac1 inhibition abrogates receptor 
internalization and impairs Gα

i 
signaling

To study the functional consequences of the CXCR4 conformational change, we measured 

ligand-induced receptor endocytosis following Rac1 inhibition. To this end, we used the 

conformation-independent antibody clone, 4G10. In Jurkat T-cells, CXCL12 stimulation 

induced a significant decrease of CXCR4 surface expression, which is indicative for receptor 

endocytosis. However, following NSC23766 treatment, ligand stimulation did not cause 

receptor internalization suggesting that the conformational change in CXCR4 on inhibition of 

Rac1 blocks CXCL12 binding (Figure 4A). 

To determine CXCR4 signaling efficiency on Rac1 inhibition in Jurkat T-cells, we investigated 

the capacity of CXCR4 to inhibit cAMP production as a result of Gα
i 
protein activation. Using a 

cAMP response element (CRE) reporter gene in transiently-transfected HEK293T cells, CXCL12 

stimulation inhibited the forskolin-induced CRE activation (pEC50 = 9.1 ± 0.1, n=3). Inhibition of 

Rac1 drastically reduced CXCL12-mediated cAMP inhibition as illustrated by a significant shift to 

the right of the CXCL12 concentration response curve (pEC50 for NSC23766 = 7.7 ± 0.1, (p<0.01) 

and pEC50 for the Rac1 inhibitory peptide = 8.7 ± 0.1, (p<0.05), n=3) (Figure 4B). This means that 

the conformation of CXCR4 adopted after Rac1 inhibition has a decreased capacity in initiating 

Gα
i
 protein signaling. These data suggest that CXCR4 becomes less sensitive to CXCL12 on Rac1 

inhibition. Overall, the lack of receptor internalization and impaired Gα
i
 signaling after Rac1 

inhibition, demonstrate that Rac1 activity is required for the maintenance of the responsive 

CXCR4 conformation.

HIV-1 infection is inhibited after CXCR4 conformational change 

Two chemokine receptors CXCR4 and CCR5 have been identified as co-receptors for HIV-1, 

and viral tropism is defined by the use of either CXCR4 (X4 viruses) or CCR5 (R5 viruses) 4;22. 

To evaluate whether the CXCR4 conformational change caused by Rac1 inhibition affects HIV-1 

binding and infection, we initially performed an infection assay using a single-round, luciferase 

reporter HIV-1 (NL4-3.Luc.R-E-) pseudotyped with a CXCR4-using envelop (HxB2) or a CCR5-

using envelop (BaL-26). U87 cells stably expressing CD4 in combination with CXCR4 or CCR5 

were used as host cells in this assay. Treating these cells with NSC23766 caused a conformational 

change of CXCR4, as determined by the loss of conformation-dependent antibody binding 

without affecting the binding of the conformation-independent 4G10 antibody clone (Figure 5A, 

left and middle panel). The conformation of CCR5 was unaffected by NSC23766 treatment 

(Figure 5A, right panel). As shown in Figure 5B, NSC23766 treatment markedly reduced infection 
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of luciferase reporter HIV-1 pseudotyped with the X4-using HxB2 envelop as compared to 

untreated cells. Several reports identified Rac1 and its downstream effectors, involved in actin 

dynamics, as crucial players in the entry of R5 viruses into host cells 23;24. However, in our system, 

R5 HIV-1 infection was independent of Rac1, since NSC23766 treatment did not affect the 

infection of luciferase reporter HIV-1 pseudotyped with the R5-using BaL-26. These data confirm 

the specificity of Rac1 for regulating CXCR4 conformation without interfering with CCR5. 

To further support that the infection of X4-using HIV-1 was inhibited at the level of virus 

entry, additional infection experiments were performed analyzing early steps after virus 

entry by qPCR. U87-CD4-CXCR4 cells were inoculated with a replicating X4-virus (NL4-3) and 

48 hours later total DNA was isolated and analyzed for the presence of early (R/U5) products of 

reverse transcription. In agreement with the data from the HIV-1 luciferase assay, the detected 

levels of R/U5 were significantly lower in NSC23766-treated cells as compared to untreated 
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Figure 4. CXCR4 internalization and Gαi signaling are impaired after CXCR4 conformational change on 
Rac1 inhibition. (A) Jurkat T-cells were pretreated with or without NSC23766 and subsequently incubated 
with or without CXCL12. The CXCR4 (detected by mAb 4G10) surface signal was then measured. (n=3) Bars 
show the mean fluorescence intensity determined by flow cytometry and expressed as percentage ± SEM 
compared to untreated conditions. (B) HEK 293T cells expressing CXCR4 and CRE-Luc were stimulated 
with forskolin and different concentrations of CXCL12 (varying from 1 pM to 100 nM) in the absence or 
presence of NSC23766 or the Rac1 inhibitory peptide. After 8 hours, CXCL12-mediated inhibition of cyclic 
AMP synthesis was analyzed by the luciferase assay as indicated in the materials and methods section. The 
graph shows normalized data of 3 independent experiments where 100% represents the luciferase activity 
of untreated cells at the lowest CXCL12 concentration. **p< 0.01
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Figure 5. HIV-1 infection is blocked after CXCR4 conformational change. (A) U87-CD4-CXCR4 and 
U87-CD4-CCR5 cells were incubated with NSC23766 and CXCR4 (detected by mAb 44717 or 4G10) and 
CCR5 (detected by mAb 2D7) surface signals were measured. Bars show the mean fluorescence intensity 
determined by flow cytometry and expressed as percentage ± SEM compared to untreated conditions. 
(n=3) (B) U87-CD4-CXCR4 and U87-CD4-CCR5 cells were inoculated, in the presence or absence of 
NSC23766, with the single round luciferase reporter HIV-1 pseudotyped with the X4-using envelop HxB2 
or the R5-using envelop BaL-26, respectively. 48 hours later, the infectivity of the virus was analyzed by the 
luciferase assay. Bars show the luciferase activity measured by a microplate luminometer and expressed 
as percentage ± SEM compared to untreated conditions. (n=3) (C) U87-CD4-CXCR4 cells were inoculated 
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conditions (Figure 5C). These results were further confirmed in X4-using HIV-1 infection 

experiments using PHA-stimulated PBMCs. Figure 5D shows that only low levels of R/U5 and 

the relatively late (pol) product of reverse transcription were detected in NSC23766-treated 

PBMCs as compared to untreated cells. As the presence of R/U5 proviral DNA is indicative for 

efficient virus entry and initiation of reverse transcription, these data demonstrate that Rac1 

inhibition impairs virus entry by altering CXCR4 conformation. These data correlate with the 

lack of CXCR4 internalization after Rac1 inhibition as observed in Figure 4A.

Discussion
Although the conformational change of CXCR4 that follows ligand binding is established 5, less 

is known about the ligand-independent regulation of CXCR4 conformation in resting cells. 

Here, we show that the conformation of CXCR4 in resting conditions is of major importance as 

it defines the responsiveness to the CXCL12 chemotactic stimulus and susceptibility for HIV-1 

binding and entry into host cells. The link between CXCR4 and Rac1 was previously established 

by showing that Rac1 is an important downstream signaling molecule translating the CXCL12 

stimulus to cytoskeletal remodeling and cell movement 25. Interestingly, we found that Rac1 

associates with CXCR4 via the Rac1 C-terminus independently of GDP-GTP loading of the GTPase 

or ligand stimulation. Furthermore, Rac1 controls CXCR4 conformation specifically, since Rac1 

inhibition did not affect the conformation of the related chemokine receptors CCR5 and CXCR7. 

Finally, Rac1 regulation of CXCR4 conformation was not cell-type specific, since we observed 

similar results in different cell types, including CD34+ HSPCs. Thus, our findings identify Rac1 as 

a positive regulator of CXCR4. 

Furthermore, the lack of receptor internalization and reduced capacity to activate Gα
i
 

protein after Rac1 inhibition, demonstrates that Rac1 activity is required for the maintenance 

of the responsive CXCR4 conformation. This suggests that Rac1 acts as an intracellular positive 

allosteric modulator of CXCR4, which stabilizes the responsive conformation of the receptor.

Baribaud et al. described the presence of at least two antigenically distinct conformations 

of CXCR4 in resting conditions. This heterogeneity in CXCR4 populations was not due to 

differences in N-linked glycosylation or sulfation of the receptor 12. Our preliminary results 

identified the 3rd intracellular loop of CXCR4 as an important domain for defining the receptor’s 

conformation (Y.Z., unpublished data, May 1, 2011). Interestingly, we have previously shown 

that by modifying intracellular parts of the viral chemokine receptor ORF74, the conformation 

of the receptor and binding of its ligand(s) is altered 26. Further work will unravel whether 

with the X4-virus NL4-3 in the presence or absence of NSC23766. After 48 hours, DNA samples were 
isolated and the early reverse transcriptase product R/U5 was quantified by qPCR. Bars show the number of 
proviral DNA copies corrected for differences in DNA input (ß-actin) and expressed as percentage ± SEM 
compared to untreated conditions. (n=3) (D) PHA-stimulated PBMCs were inoculated with the X4-virus 
NL4-3 in the presence or absence of NSC23766. After 48 hours, DNA samples were isolated and R/U5 and 
pol proviral DNA were quantified by qPCR. Bars show the number of proviral DNA copies corrected for 
differences in DNA input (ß-actin) and expressed as percentage ± SEM compared to untreated conditions.  
(n=4) *p< 0.05, **p< 0.01
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Rac1 and the 3rd intracellular loop of CXCR4 act in concordance to regulate the conformation 

adopted by this receptor.

It is not clear how Rac1 maintains CXCR4 in the responsive conformation. It has been 

shown that disruption of cholesterol rich lipid raft domains causes a conformational change 

of CXCR4 27. Active Rac1 is localized in lipid raft microdomains 28;29 and may preserve a pool of 

CXCR4 in a responsive conformation at these specific signaling platforms on the cell membrane. 

These CXCR4 pools would represent the receptor subset with high signal transduction capacity 

and HIV-1 co-receptor activity 30;31.

The fact that Rac1 inhibition impaired the binding of the two tested conformational-

dependent anti-CXCR4 antibodies, which both recognize an epitope in the 2nd extracellular loop 

of CXCR4, implies that at least the conformation of this domain is altered on Rac1 inhibition. 

Moreover, the 2nd extracellular loop plays a prominent role in HIV-1 gp-120 recognition and 

binding 14;32. In line with this, we found that CXCR4 conformation following Rac1 inhibition 

prevented CXCR4-dependent HIV-1 infection. Thus, next to a specific domain in the co-

receptor, viral entry is also dependent on the conformation adopted by the co-receptor. 

Our data, which show that Rac1 inhibition alters the conformation of CXCR4 expressed on 

CD34+ HSPCs may also have important clinical implications. First, Carter et al. recently showed 

that CXCR4-tropic HIV-1 can infect HSCs thereby creating a latent viral reservoir which could be 

responsible for the disease progression of AIDS 33. Therefore, manipulating CXCR4 conformation 

on this cell population will contribute to the eradication of the latent HIV-1 reservoir. Next, a 

change of CXCR4 conformation, which no longer supports its binding to CXCL12, could improve 

HSC mobilization since the retention of these cells in the bone marrow depends on the CXCR4-

CXCL12 axis. In line with this assumption, it has been shown that intraperitoneal administration of 

NSC23766 in mice caused a massive mobilization of HSCs into the circulation 34. A change of CXCR4 

conformation after NSC23766 administration, which breaks the CXCR4-CXCL12 interaction, is a 

possible mechanism explaining the tremendous egress of HSCs from the bone marrow.

In conclusion, we established Rac1 as a key player in the regulation of CXCR4 conformation, 

thereby controlling the fine-tuning of CXCR4 activity and affecting HIV-1 binding and fusion. 

Finally, uncovering the molecular mechanisms governed by Rac1 and directed at the regulation 

of CXCR4 conformation, will provide novel strategies to block infection of X4 viruses which 

have previously been associated with an increased progression rate to AIDS. 
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Supplementary information

Materials and Methods
Cell lines, culture and primary cells

The Jurkat T-lymphocyte, the HL60 and the U937 leukemic cell lines (from the ATCC, Rockville, 

MO, USA) and HeLa and HEK293T cells were maintained at 37°C and 5% CO
2
 in Iscove’s Modified 

Dulbecco’s Medium (IMDM; Lonza, Basel, Switzerland) containing 2 mM L-glutamine, 100 U/ml 

penicillin, 100 µg/ml streptomycin (all purchased from PAA laboratories, Pasching, Austria) and 

10% v/v FCS (Bodinco, Alkmaar, The Netherlands). U87 glioblastoma cells stably expressing CD4 

and CXCR4 or CCR51 were maintained in the same culture medium supplemented with 0.5 µg/ml 

puromycin and 300 µg/ml G418 (both from Invitrogen, Carlsbad, CA, USA). Hela cells were 

passaged using trypsine (PAA laboratories) and HEK293T and U87 cells were passaged using 

10 µM ethylene-diamine-tetra-acetic acid (EDTA; R&D Systems, Abingdon, United Kingdom). 

HEK293T and HeLa cells were transiently transfected using polyethylenimine (PEI) or TransIt 

(Mirus, Madison, WI, USA) according to the manufacturers’ recommendations.

PBMCs were isolated from buffy coats obtained from healthy HIV-1 seronegative volunteer 

blood donors by Lymphoprep (Fresenius Kabi, Hertogenbosch, The Netherlands) density 

gradient centrifugation. PBMCs were cultured in IMDM supplemented with 10% FCS, ciproxin 

(5 µg/ml; Bayer, Maasvlakte RT, The Netherlands), phytohemagglutinin (PHA) (5 µg/ml; Oxoid, 

Basingstoke, Hampshire, United Kingdom), penicillin (100 U/ml) and streptomycin (100 µg/ml) 

at a density of 5x106 cells/ml. After 2 days of PHA stimulation, the medium was replaced and 

PBMCs cultures were continued in IMDM supplemented with 10% FCS, ciproxin (5 µg/ml), 

recombinant interleukin-2 (IL-2, 20 U/ml; Chiron Benelux; Amsterdam, The Netherlands), 

polybrene (5 µl/ml, hexadimethrine bromide; Sigma-Aldrich, Steinheim, Germany), penicillin 

(100 U/ml) and streptomycin (100 µg/ml) at a density of 1x106 cells/ml. 

CD34+ HSPC were isolated from cord blood (CB) samples that were obtained from the 

Sanquin Cord Blood Bank (Leiden, The Netherlands) after informed consent. Mononuclear cells 

were isolated from individual CBs by ficoll (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) 

density gradient centrifugation. After centrifugation, the cells were diluted in phosphate-

buffered saline (PBS; Fresenius Kabi) with 2 mM EDTA and 0.5% w/v bovine serum albumin (BSA; 

Sigma-Aldrich). CD34+ cells were obtained by magnetic cell sorting (Miltenyi Biotec GmbH, 

Bergisch Gladbach, Bergisch Gladbach, Germany) reaching purities equal or superior to 95%.

Antibodies, flow cytometry

Antibody staining was performed in FACS medium to reduce aspecific binding. CXCR4 

expression was determined by two different allophycocyanin (APC)-labeled conformation-

dependent antibody clones, i.e. clone 12G5 (BD Biosciences, Breda, The Netherlands) and 

clone 44717 (R&D Systems) or by the conformation-independent 4G10 clone followed by anti-

mouse IgG F(ab’)2- fluorescein isothiocyanate (FITC) (both from Santa Cruz Biotechnology, 

Santa Cruz, CA, USA). CXCR7 and CCR5 expression was determined by using mouse anti-human 

CXCR7- phycoerythrin (PE) (clone 358426, R&D Systems) and mouse anti-human CCR5-APC 

(conformation-dependent clone 2D72, BD Biosciences) respectively. The isotype controls used 
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were: mouse anti-human IgG2A-APC (BD Biosciences) for the CXCR4 antibody clone 12G5 and 

for the CCR5 antibody, mouse IgG2B-APC (R&D systems) for the CXCR4 antibody clone 44717, 

mouse IgG2A-PE (R&D systems) for the CXCR7 antibody and mouse IgG1 (Sanquin Reagents, 

Amsterdam, The Netherlands) for the CXCR4 antibody clone 4G10. Prior to LFA-1 staining, cells 

were incubated with unlabeled IgG2A (Sanquin Reagents) for 20 minutes to reduce aspecific 

binding of the antibody. Subsequently, cells were washed with FACS medium and stained with 

FITC-labeled LFA-1 antibody or IgG2A-FITC as isotype control (both from Sanquin Reagents). 

To measure total cell receptor expression of CXCR4, cells were fixed with 2% formaldehyde 

(Sigma-Aldrich) for 30 minutes at room temperature (RT). Subsequently, cells were washed 

with FACS medium and permeabilized with 0.1% v/v saponin (Calbiochem) for 30 minutes at RT. 

Thereafter, cells were washed again and stained for CXCR4 as described above. 

DNA isolation and quantitative PCR 

Total DNA was isolated using a modification of the L6 isolation method3. Early HIV-1 reverse 

transcription products were quantified by qPCR with primers detecting the R/U5 region of the 

HIV-1 LTR: eRT2-F 5’-GTGCCCGTCTGTTGTGTGAC-3’ and eRT2-R 5’-GGCGCCACTGCTAGAGATTT-3’ 

in conjunction with a labeled probe eRT2-P 5’-(FAM)-CTAGAGATCCCTCAGACCCTTTTAGTCA

GTGTG G-(TAMRA)-3’. The amount of HIV-1 proviral DNA in the samples was determined by 

qPCR for the HIV-1 pol region with Pol-B-02 5’-CTTCTAAATGTGTACAATCTAGTTGCC-3’ and 

Pol-E-03 5’-TGATTTTAACCTGCCACCTGTAGTAG-3’ in conjunction with a labeled probe Pol-P 

5’-(FAM)-CTGTGATAAATGTCAGCTAAAAGGAGAAGCCA-(TAMRA)-3’. A standard curve was 

prepared from the cell line 8E5, which contains one copy of HIV-1 DNA per cell. To correct 

for differences in the DNA input, β-actin concentrations were analyzed by SYBR green qPCR. 

The primers for β-actin used were: B-actin-S 5’-GGGTCAGAAGGATTCCTATG-3’ and B-actin-AS 

5’-GGTCTCAAACATGATCTGGG-3’. Specificity of the SYBR green method was confirmed by a 

melting curve. qPCR was performed using the LightCycler (Roche).
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Figure S1. CD34+ cells isolated from cord blood were treated with NSC23766 and the CXCR4 signal 
(detected by mAb 4G10) was measured. (n=5) Bars show the mean fluorescence intensity determined by 
flow cytometry and expressed as percentage ± SEM compared to untreated conditions.
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Abstract
Activation of CXCR4 by its ligand CXCL12 is associated with the migration and/or proliferation of 

many cell types, including leukocytes, hematopoietic stem cells (HSCs) and tumor cells. Ligand 

binding to CXCR4 triggers a cascade of signaling pathways most of them originating from Gα
i
 

activation. The duration and intensity of CXCR4 signaling are tightly regulated at different 

levels. We here show in different cell types that inhibition of Rac1 or interference with the 3rd 

intracellular loop (ICL3) of CXCR4 cause a conformational change in the receptor. Biochemical 

analysis showed that the active form of Rac1 preferentially associates with ICL3. By using a human 

glioblastoma cell line (U87) stably expressing different chimeric CXCR4 receptors, we found that 

Rac1 requires the ICL3 domain of CXCR4 to control the receptor’s conformation. Importantly, 

the conformational change of CXCR4 upon inhibition of Rac1 or functional competition with 

ICL3, impaired CXCL12 binding and decreased the receptor’s signaling capacity as measured 

by a drop in calcium mobilization and low migration rates. Finally, we show that lipid rafts are 

essential for the maintenance of CXCR4 conformation. In conclusion, this study identifies the 

ICL3 of CXCR4 as the domain mediating Rac1-dependent active conformation of the receptor, 

thereby providing new targets for therapeutic CXCR4 manipulation.

Chapter 354



Introduction
The chemokine receptor CXCR4 belongs to the large family of G protein-coupled receptors 

and is one of the best studied chemokine receptors because of its role in HIV infection1 and 

tumor cell growth and metastasis2. CXCR4 and its ligand CXCL12 are also regulating multiple 

biological processes involving cellular migration, such as angiogenesis, neuronal development 

and HSC and immune cell trafficking. CXCL12 or CXCR4 deficiency in mice leads to embryonic 

lethality, underscoring the importance of this chemokine/receptor pair in mediating crucial 

physiological processes3;4.

Ligand binding to CXCR4 induces a conformational change of the receptor, which then 

can act as a guanine nucleotide exchange factor for the heterotrimeric Gα
i
 protein, facilitating 

the exchange of guanosine diphosphate (GDP) for guanosine triphosphate (GTP) on the Gα
i
 

subunit5. These events initiate the activation of multiple signaling pathways leading to the 

generation of a chemotactic response towards a CXCL12 gradient in various types of cells6 or to 

the induction of cellular proliferation2;6.

Considering its important role in many vital processes, CXCR4 signaling must be tightly 

regulated at different levels. Several mechanisms regulating CXCR4 function have been described, 

among which the control of receptor trafficking and the abundance on the cell surface7-10, which 

determines the amplitude of the signaling response. Tumor cells, for example, often display 

increased cell surface expression of CXCR4, which in turn promotes their metastasis11. Thereafter, 

signal termination is achieved by receptor internalization, desensitization and degradation12;13. 

These steps are controlled by the canonical pathway in which G protein-coupled receptor 

kinase phosphorylates serine/threonine residues on the ICL3 and the cytoplasmic tail of CXCR4. 

Phosphorylation of these residues facilitates the binding of β-arrestins, which uncouple the 

Gα
i
 subunit from the receptor and initiate its internalization13. Another less well understood 

mechanism controlling CXCR4 responsiveness is heterologous desensitization. Specifically, 

receptor-specific ligand binding to and activation of its cognate receptor could modify ligand 

binding and responsiveness of other neighboring chemokine receptors14;15. This phenomenon 

has been observed in cells co-expressing the chemokine receptors CCR2, CCR5 and CXCR4 and 

is attributed to their ability to form multimeric receptor complexes16. 

It is known that cells display a heterogeneous set of CXCR4 conformations17 that have 

been associated with different Gα
i
 activation patterns. Moreover, certain conformations 

generated inactive receptors18. Thus, the conformation adopted by CXCR4 determines 

ligand binding and/or signaling capacity, thereby adding a new level of complexity to the 

regulation of CXCR4 signaling. Little is known about the factors regulating the different CXCR4 

conformational states. It has been proposed that some post-translational modifications as well 

as ubiquitylation19 could account for CXCR4 heterogeneity. In addition, allosteric modulators 

also affect the conformation adopted by the receptor, thereby enhancing or reducing its 

biological activity20;21. We recently identified Rac1 as a positive allosteric modulator of CXCR4, 

which stabilizes its responsive conformation22.

Rac1 is a prominent member of the Rho family of GTPases, which control cytoskeletal 

dynamics. Rac1 lies at the center of actin polymerization in migrating cells23 and acts as a 

molecular switch, cycling between an active GTP-bound state and an inactive GDP-bound state.
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In this study, we show that Rac1 requires the ICL3 of CXCR4 to regulate the receptor’s 

conformation. Interfering with this domain alters the conformation adopted by CXCR4. 

Furthermore, we demonstrate that Rac1 and the ICL3 are both responsible for controlling the 

responsive conformation of the receptor, which allows ligand binding and efficient signaling. 

Finally, we demonstrate that lipid raft integrity, but not actin polymerization or Gα
i
 coupling 

plays a role in the maintenance of CXCR4 conformation.

In summary, our data demonstrate that Rac1 regulates CXCR4 conformation via the ICL3 

thereby promoting ligand binding and receptor signaling.

Materials and methods
Cell lines and cell culture 

The Jurkat T-lymphocyte, the HL60 and the U937 leukemic cell lines (from the ATCC, Rockville, 

MO, USA) and HeLa and HEK293T cells were maintained at 37°C and 5% CO
2
 in Iscove’s Modified 

Dulbecco’s Medium (IMDM; Lonza, Basel, Switzerland) containing 2 mM L-glutamine, 100 U/ml 

penicillin, 100 µg/ml streptomycin (all purchased from PAA laboratories, Pasching, Austria) and 

10% v/v FCS (Bodinco, Alkmaar, The Netherlands). U87 glioblastoma cells stably expressing CXCR4 

chimeras24 were maintained in the same culture medium supplemented with 0.5 µg/ml puromycin 

and 300 µg/ml G418 (both from Invitrogen, Carlsbad, CA, USA). Hela cells were passaged using 

trypsine (PAA laboratories) and U87 cells were passaged using 10 µM ethylene-diamine-tetra-acetic 

acid (EDTA; R&D Systems, Abingdon, United Kingdom). HeLa cells were transiently transfected 

using TransIt (Mirus, Madison, WI, USA) according to the manufacturer’s recommendations.

Antibodies, flow cytometry

Antibody staining was performed in phosphate-buffered saline (PBS; Fresenius Kabi‘s 

Hertogenbosch, The Netherlands) containing 0.5% w/v Bovine Serum Albumin (BSA) (Sigma-

Aldrich, Steinheim, Germany) named FACS medium to reduce aspecific binding. CXCR4 

expression was determined by two different allophycocyanin (APC)-labeled conformation-

dependent antibody clones, i.e. clone 12G5 (BD Biosciences, Breda, The Netherlands) and 

clone 44717 (R&D Systems) or by the conformation-independent 4G10 clone followed by anti-

mouse IgG F(ab’)2- fluorescein isothiocyanate (FITC) (both from Santa Cruz Biotechnology, 

Santa Cruz, CA, USA). CXCR7 and CCR5 expression was determined by using mouse anti-human 

CXCR7- phycoerythrin (PE) (clone 358426, R&D Systems) and mouse anti-human CCR5-APC 

(conformation-dependent clone 2D725, BD Biosciences) respectively. The isotype controls used 

were: mouse anti-human IgG2A-APC (BD Biosciences) for the CXCR4 antibody clone 12G5 and 

for the CCR5 antibody, mouse IgG2B-APC (R&D systems) for the CXCR4 antibody clone 44717, 

mouse IgG2A-PE (R&D systems) for the CXCR7 antibody and mouse IgG1 (Sanquin Reagents, 

Amsterdam, The Netherlands) for the CXCR4 antibody clone 4G10. 

Dominant negative peptides and pharmacological inhibitors

Cell permeable peptides containing the amino acid sequence of the ICL3 of CXCR4 (NH2-

IIISKLSHSKGHQKRKALKT-COOH) or of the C-terminal region of Rac1 (NH2-CPPPVKKRKRK-

COOH) fused to a protein transduction domain (PTD) or a control peptide that only encodes 
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the PTD (control) were produced by F-moc protein synthesis (Department of Peptide Synthesis, 

Netherlands Cancer Institute, Amsterdam, The Netherlands). 

Cells were harvested in IMDM containing 0.25% w/v BSA; named assay medium and 

treated with 200 µg/ml or 100 µg/ml Rac1 C-terminal peptide or ICL3 peptides, respectively, 

for 30 minutes. Pharmacological inhibition of Rac1 was performed with NSC23766 (Calbiochem, 

Nottingham, United Kingdom) for 1 hour at a concentration of 50 µM in assay medium.

hydroxypropyl-β-cyclodextrin (Sigma-Aldrich) was used at a concentration of 3 mM for 

1 hour at 37°C. Cytochalasin B (Sigma-Aldrich) was used at a concentration of 10 ng/ml for 1 hour 

at 37°C. Pertussis toxin (Sigma-Aldrich) was used at a concentration of 20 ng/ml overnight at 

37°C. After treatment with the different inhibitors, cells were washed with FACS medium. The 

DNA-binding dye, ToPro3 (Invitrogen, Carlsbad, CA, USA), was used to determine cytotoxicity. 

CXCL12 (PeproTech, Rocky Hill, USA) was used at a final concentration of 100 ng/ml for 

30 minutes as a positive control for responsiveness of the CXCR4 receptor on the cell surface. 

Peptide pull-down assay

HeLa cells were transiently transfected with the indicated constructs and maintained for 

24  hours. The cells were washed twice with ice-cold PBS (supplemented with 1 mM CaCl2 

and 0,5 mM MgCl2) and lysed in NP-40 lysis buffer (i.e. 50 mM Tris-HCl pH 7.5, 100 mM NaCl, 

10 mM MgCl2, 10% glycerol and 1% NP-40) supplemented with protease inhibitors (Complete 

mini EDTA, Roche, Mannheim, Germany), centrifuged at 20,000 g for 10 minutes at 4°C. The 

supernatant was pre-cleared by incubation with streptavidin-coated beads (Sigma-Aldrich) 

for 1 hour at 4°C. The pre-cleared lysate was then incubated with the ICL3 peptide (6 µg) or 

a control peptide (6 µg) in the presence of streptavidin-coated beads at 4°C for 1 hour with 

rotation. Initial lysates and pull-down samples were analyzed by SDS-PAGE and immunoblotting 

using rabbit anti-myc (Sigma-Aldrich) and HRP-coupled secondary antibodies.

Calcium mobilization assay.

The assay was performed using 6.106 Jurkat cells per condition. Cells were washed twice with 

pre-warmed PBS and once with pre-warmed Hepes buffer (132 mM NaCl, 20 mM HEPES, 

6 mM KCL, 1mM MgSO
4
 7H

2
O, K

2
HPO

4
 3 H

2
O) supplemented with 1 mg/ml glucose, 1 µM/ml 

calcium and 0.5% human albumin. Cells were harvested in 1 ml Hepes buffer and the calcium 

sensitive fluorescent dye, Indo-1 (Molecular Probes, Oregon, USA) was added (5 µM). Cells 

were incubated for 30 minutes in the dark in a water bath (37°C), then washed twice and 

resuspended in 1 ml Hepes medium. 0.5 ml of the suspension was transferred to a tube. During 

the measurement CXCL12 was added at a concentration of 200 ng/ml. Ionomycin (4 µM) and 

EGTA (1mM) were used as a positive and negative control, respectively. Indo-1 is exited using 

UV light (355 nm) and has a peak emission at 405 nm (representing calcium-bound Indo-1) and 

485 nm (representing free Indo-1). The FlowJo software was used to calculate the ratio of free 

Indo-1/bound Indo-1 and make the graphs representing calcium mobilization.

Transmigration assay 

Migration assays were performed as previously described26. In brief, Transwells of 6.5 mm 

diameter, with 5 µm pore size filters (Costar, Cambridge, USA) were coated with 20 µg/ml 
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fibronectin (sigma-Aldrich). Before use, cells were treated or not with the control peptide or 

the ICL3 peptide, both at a final concentration of 100 µg/ml. At the start of the assay, 105 cells 

were harvested in assay medium and placed in the upper compartment of the Transwells and 

allowed to migrate for 3 hours at 37°C to chemokine containing medium at a final concentration 

of 100 ng/ml added to the lower compartment. As input control, 105 cells were kept separately.

Migrated cells were collected from the lower compartment and quantified by flow 

cytometric analysis in the presence of a fixed number of flow-count beads (Beckman Coulter, 

Fullerton, CA, USA). The percentage of migrated cells was calculated as follows: % of migrated 

cells = [(number of beads/number of input cells)] * [(number of migrated cells/number of 

beads)] * 100

Jurkat whole cell CXCL12 binding assay

Jurkat cells were washed with PBS, counted and resuspended at 2x106 cells per ml in PBS 

containing 5 mM EDTA and 0.5% BSA. Cells were incubated on ice for 30 min without or with 

the Rac1 inhibitor. Subsequently, cells were incubated for an additional 3 hours at 4°C with 75 

pM of [125I]-CXCL12/SDF-1α (Perkin-Elmer, Waltham, MA, USA) and the indicated concentration 

of unlabeled CXCL12 (Peprotech) in the absence or presence of the Rac1 inhibitor. Cells were 

then harvested on polyethylenimine (0.5%)-treated GF/C filter plates (Whatman. Maidstone, 

UK) and washed three times with ice-cold PBS. Plates were counted by liquid scintillation using 

a MicroBeta plate counter (Perkin-Elmer).

Calculations and statistical analysis

The percentage of CXCR4 surface expression was calculated by normalizing the fluorescence 

intensity measurements on the mean of the untreated condition measurements. Measurements 

of both treated and untreated conditions were divided by the mean of the untreated conditions 

(x100%), giving rise to a mean of 100% ±SEM for the control. The isotype control background 

was not subtracted from the specific fluorescence intensity signal.

Significance of differences was determined in all experiments with a two-sided unpaired 

Student’s t test. Two-sided p- values smaller than 0.05 were considered significant.

Results
Rac1 regulates CXCR4 conformation via the 3rd ICL of the receptor

Previously, we showed that Rac1 acts as an intracellular positive allosteric modulator of CXCR4, 

which stabilizes the responsive conformation of the receptor22. We set out to determine via 

which domain(s) in CXCR4 Rac1 exerted its function. To this end, we used a cell line stably 

expressing various chimeric receptors, in which increasing portions of CXCR4 were replaced 

with the corresponding parts of CCR5 (Figure 1A). We opted for the use of CCR5 domains 

because Rac1 is selective for CXCR4 and does not interfere with the conformation of CCR522.

The use of a conformation-independent mAb clone 4G10, raised to recognize the 

N-terminus of CXCR427, revealed that the surface expression levels of WT (wild type) CXCR4 

and the three chimeras was very similar (Figure 1B). To investigate whether exchanging CXCR4 

domains with the corresponding CCR5 parts would affect CXCR4 conformation, we used two 
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Figure 1. Rac1 regulates CXCR4 conformation via ICL3. (A) Schematic representation of the different 
CXCR4 chimeric receptors. WT CXCR4 domains are represented in black and CCR5 domains in orange (B) 
U87 cells expressing WT CXCR4 or the different chimeric receptors were stained with the conformation-
independent anti-CXCR4 mAb 4G10 and mAb signal was subsequently measured by flow cytometry. (n=3) 
(C) U87 cells expressing WT CXCR4 or the different chimeric receptors were stained with the conformation-
dependent anti-CXCR4 mAb 44717 and mAb signal was subsequently measured by flow cytometry. (n=3) 
(D) U87 cells expressing WT CXCR4 or the different chimeric receptors were treated with 50 µM NSC23766 
and the CXCR4 (detected by mAb 44717) surface signal was measured by flow cytometry. (n=3). Bars 
show the mean fluorescence intensity ± SEM (B-C) and the mean fluorescence intensity expressed as 
percentage ± SEM compared to untreated conditions (D). **p< 0.01. Isotype controls representing non-
specific antibody signal were negligible compared to the specific signal and did not vary between the 
different conditions and were therefore left out of the graph 
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different conformation-dependent mAbs, clone 12G5 and clone 4471717. Both mAbs recognize 

an epitope in the 2nd extracellular loop of CXCR4, which is expressed on the WT as well as on the 

different CXCR4 chimeras. CXCR4 surface signal of chimera FC-7 (CXCR4 with the C-terminus 

of CCR5), measured by clone44717, was similar to WT-CXCR4. However, the surface signal of 

CXCR4 on chimera FC-6 (CXCR4 with the C-terminus, transmembrane domain 6 and 7 and 

ECL3 of CCR5) and FC-5 (CXCR4 with the C-terminus, transmembrane domain 6 and 7, ECL3 and 

ICL3 of CCR5) was drastically decreased as compared to the WT receptor (Figure 1C). The same 

observations were made using the CXCR4 mAb clone 12G5 (data not shown). The decreased 

binding of the conformation-dependent antibodies to FC-5 and FC-6, while the signal with the 

conformation-independent clone was not different between the different chimeras, indicates 

that both chimeras display a different conformation as compared to the WT receptor. 

It has been shown that inhibition of Rac1 alters CXCR4 conformation22. We therefore asked 

which chimeras were sensitive to Rac1 inhibition. Inhibition of Rac1 was performed with the 

pharmacological inhibitor NSC23766, which does not affect the function of CDC42 or RhoA28 

and did not induce cellular toxicity in our experimental conditions (data not shown). As 

expected, Rac1 inhibition caused a significant decrease of WT CXCR4 surface signal, measured 

by the conformation-sensitive mAb clone 44717, which is indicative of a conformational change 

of the receptor (Figure 1D). The same conformational change was also observed in chimera 

FC-7, showing that the C-terminus of CXCR4 is not essential for Rac1 to control the receptor’s 

conformation. The conformation of the chimeric receptor FC-6, which is already different at 

steady state conditions, was further altered after Rac1 inhibition (Figure 1D). This indicates 

that none of the replaced domains in FC-6 mediate the effect of Rac1 on the conformation of 

CXCR4. However, exchanging the 3rd ICL of CXCR4 with the corresponding domain of CCR5, as 

in FC-5, completely abolished the effect of Rac1 inhibition on CXCR4 conformation (Figure 1D). 

Together, these results demonstrate that Rac1 regulates CXCR4 conformation via the 3rd ICL of 

the receptor.

Interfering with Rac1 association to the ICL3 alters CXCR4 conformation

To asses whether Rac1 and ICL3 associate, we performed a streptavidin-based pull-down assay 

using a biotinylated peptide representing the amino acid sequence of ICL3 in lysates of HeLa 

cells expressing the myc-tagged WT Rac1 or the myc-tagged active mutant of Rac1 (Q61L). We 

found that the constitutive active Rac1 mutant clearly interacts with ICL3 of CXCR4 (Figure 2A, 

upper panel). In contrast, the WT form of Rac1 showed high background staining (Figure 2A, 

middle panel) comparable to the staining obtained in a pull-down performed with lysates of 

untransfected cells (Figure 2A, lower panel). This background could mask a band representing 

Rac1WT binding to ICL3. To further confirm the role of ICL3 in regulating CXCR4 conformation, 

we used the cell-permeable ICL3 peptide as a dominant negative inhibitor. As shown in figure 

2B, treating U937 cells with the ICL3 peptide caused a conformational change of CXCR4, as 

determined by the loss of conformation-dependent antibody binding without affecting the 

binding of the conformation-independent 4G10 antibody clone. The cell surface signal of the 

alternative CXCL12 receptor CXCR7 and the related chemokine receptor CCR5 was not reduced 

when the cells were treated with the peptide, showing the specificity of the ICL3 peptide for 

CXCR4 (Figure 2B).
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Figure 2. Rac1 associates with ICL3 and Interfering with ICL3 alters CXCR4 conformation. (A) HeLa cells 
were transfecetd with myc-Rac1Q61L or myc-Rac1WT. Pull-down (PD) experiment was performed using 
lysates from transfected HeLa cells with a control peptide or a peptide representing ICL3. Association 
of myc-Rac1 was detected by immunoblotting with a myc-specific antibody. Data are a representative 
example out of two independent experiments. kD: kilodalton, TCL: total cell lysates. (B) U937 cells were 
incubated with a control peptide or the ICL3 peptide and CXCR4 (detected by mAb 44717 and mAb 
4G10), CXCR7 and CCR5 surface signals were measured by flow cytometry. (n=3). Bars show the mean 
fluorescence intensity determined by flow cytometry and expressed as percentage ± SEM compared to 
untreated conditions. **p< 0.01 
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Thus, interfering with ICL3 function induces a conformational change in CXCR4 which is 

probably caused by inhibiting the association of Rac1 with the receptor.

CXCR4 conformational change abrogates ligand binding and impairs cell migration

To study the functional consequences of the CXCR4 conformational change, we examined 

whether and how CXCL12 can bind CXCR4 following Rac1 inhibition. Therefore, we performed 

a homologous competitive binding experiment using radiolabeled [125I]-CXCL12 and Jurkat 

T-cells. These cells lack the alternative CXCL12 receptor, CXCR7, on the cell surface (data not 

shown). In the untreated condition, [125I]-CXCL12 bound CXCR4 and was displaced by increasing 

concentrations of unlabeled CXCL12 (Figure 3A). However, we found that Rac1 inhibition by the 

pharmacological inhibitor NSC23766 abrogated binding of [125I]-CXCL12 to CXCR4 and only non-

specific binding was observed (Figure 3A). Thus, the conformation adopted by CXCR4 upon 

Rac1 inhibition prevents CXCL12 binding to the receptor. 

We further investigated changes in CXCR4 signaling by measuring CXCL12-mediated 

intracellular calcium mobilization upon Rac1 inhibition. A clear rise in calcium levels was 

observed in control Jurkat cells (Figure 3B). However, only a minor peak of calcium mobilization 

was observed after NSC23766 treatment of these cells indicating a decrease of CXCR4 signaling 

efficiency upon Rac1 inhibition (Figure 3B). 

Typically, impaired ligand binding and receptor signaling result in a decrease of cell 

motility. Therefore, we analyzed the chemotaxis of Jurkat cells displaying an altered CXCR4 

conformation. We used the ICL3 peptide to induce a conformational change in CXCR4. Treating 

the cells with this peptide caused a significant decrease in their migratory capacity compared 

to untreated or control peptide treated cells (Figure 3C). The same inhibition of cell migration 

was observed after treating the cells with NSC23766 (data not shown), confirming that Rac1 

inhibition suppresses CXCR4 function. These data correlate with the impaired ligand binding 

and signaling capacity of CXCR4 after adopting a new conformation.

Taken together, these results show that Rac1 and ICL3 are key players in the maintenance of 

the responsive CXCR4 conformation. 

Mechanisms of CXCR4 conformational change 

The change in CXCR4 conformation upon Rac1 inhibition could be the result of several factors, 

including CXCR4 exclusion from lipid rafts, impaired actin network organization or changes in 

Gα
i
 coupling. To determine if any of these factors is involved in the conformational change in 

CXCR4 following Rac1 inhibition, we first examined the effect of hydroxypropyl-β-cyclodextrin 

(βCD), which is a cholesterol-depleting agent disrupting the integrity of lipid rafts and thereby 

interfering with proper Rac1 localization29;30. In accordance with Nguyen et al.,31 binding of 

the conformation-dependent mAb 44717 decreased after treating the myeloid HL60 cell line 

with βCD while the binding of the conformation-independent mAb 4G10 was not affected 

(Figure 4A). The same results using βCD were obtained with the U937 cell line (data not shown). 

In addition, the use of the second conformation-dependent mAb 12G5 in both cell lines 

confirmed the results presented above (data not shown). This indicates that lipid raft integrity 

is important for the maintenance of CXCR4 conformation.We next investigated whether actin 

polymerization, which is largely mediated by Rac1, could account for the regulation of CXCR4 
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Figure 3. CXCR4 conformational change abrogates CXCR4 biological activity. (A) Jurkat T-cells were pre-
treated with NSC23766 and subsequently incubated with [125I]-CXCL12 (75 pM) and increasing concentrations 
of unlabeled CXCL12 in a homologous competitive binding experiment. Binding of radiolabeled [125I]-
CXCL12 was measured as described in the materials and methods section. The graph shows the mean of 
3 independent experiments. (B) Jurkat T-cells were pre-treated with the calcium-sensitive dye, Indo-1, in 
the presence or absence of NSC23766 as indicated in the materials and methods section. Subsequently, 
Indo-1 biphasic fluorescent signals (calcium-bound: 405 nm and unbound: 485 nm) were measured by flow 
cytometry. During measurements, cells were stimulated with CXCL12 then ionomycin and finally EGTA. The 
graph represents the ratio of free Indo-1/bound-Indo1 as calculated by the FlowJo software. (representative 
example out of five independent experiments is shown). (C) Jurkat T-cells were allowed to migrate for 
3 hours to 100 ng/ml CXCL12 in the presence or absence of a control peptide or ICL3 peptide. Bars represent 
the mean percentage ± SEM (n=3) of cell migration compared to the untreated cells (set at 100%). **p< 0.01.
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Figure 4. Mechanisms of CXCR4 conformational change. (A) HL60 cells were incubated with βCD and 
surface CXCR4 was measured by mAb 44717 or mAb 4G10. (n=3) (B) HL60 cells were incubated with a 
control peptide, the Rac1 inhibitory peptide or cytochalasin B and surface CXCR4 was measured by mAb 
44717. IgG2B was used as isotype control. (representative example out of two independent experiments is 
shown) Cyto B: cytochalasin B (C) HL60 cells and U937 cells were pre-treated with PTX and stimulated or 
not with CXCL12. CXCR4 was measured by mAb 44717. IgG2B was used as isotype control. (representative 
example out of two independent experiments is shown). Bars show the mean fluorescence intensity 
expressed as percentage ± SEM compared to untreated conditions (A) or the mean fluorescence 
intensity (B-C). 
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conformation. Inhibition of Rac1 with a biotinylated Rac1 C-terminal peptide reduced the 

binding of mAb 44717. On the other hand, treating the cells with cytochalasin B, which is an 

inhibitor of actin polymerization, did not affect the binding of this mAb (Figure 4B). This shows 

that the conformational change in CXCR4 upon Rac1 inhibition is not caused by decreased 

actin polymerization. Finally, we questioned whether interfering with Gα
i
 coupling to CXCR4 

would affect the receptor’s conformation. The reactivity of the conformation-dependent mAb 

44717 was not affected by treatment of HL60 or U937 cells with pertussis toxin (PTX), a bacterial 

toxin that ADP-ribosylates and thereby inhibits Gα
i
 coupling to CXCR4 (Figure 4C). Moreover, 

the decrease of CXCR4 surface expression after CXCL12 stimulation shows that the extent of 

receptor endocytosis in PTX-treated cells was comparable to control cells (Figure 4C). Thus, 

CXCL12 binding to CXCR4 after PTX treatment is not altered. These findings demonstrate that 

Gα
i 
coupling could not account for the observed CXCR4 conformational change.

To conclude, the integrity of lipid raft microdomains is an important factor for the regulation 

of CXCR4 conformation. 

Discussion 
Although the canonical pathways regulating CXCR4 signaling that control receptor trafficking 

and desensitization are relatively well established, only scant information is available about the 

mechanisms regulating receptor conformation. Recently, we established Rac1 as a key player 

in the regulation of CXCR4 conformation22. This conformation is not persistently similar, but is 

a regulated variable that controls the efficiency of ligand binding and downstream signaling. 

Here, we present data indicating that Rac1 affects the conformation of CXCR4 via the ICL3 of 

the receptor. We show that the activity of Rac1 as well as the integrity of ICL3 affect CXCR4 

conformation and is a prerequisite for efficient ligand binding and normal physiological 

responses, such as chemokine-induced cell migration.

Previously, we found that Rac1 associates with CXCR4 via the Rac1 C-terminus independently 

of GDP-GTP loading of the GTPase. Furthermore, using different inhibitors of Rac1, we 

demonstrated that Rac1 activity is required for the regulation of CXCR4 conformation22. In this 

study, we identify the ICL3 of CXCR4 as a binding site for Rac1. Whether this interaction is direct 

still remains to be definitively established. In contrast to the full-length form of the receptor, 

ICL3 bound preferentially to the active GTP-loaded form of Rac1. These observations suggest 

the existence of multiple binding sites on CXCR4 for Rac1 and put forward the possibility that 

the ICL3 domain is responsible for mediating Rac1 signaling, thereby regulating the receptor’s 

conformation. This notion was further supported by our finding that Rac1 inhibition did not 

further affect the receptor’s conformation after exchanging the ICL3 in chimera FC-5, in 

contrast to chimera FC-6, which still expresses this domain. 

In control situations, chimera FC-6 adopted a different conformation compared to WT 

CXCR4, demonstrating that CXCR4 requires its original domains to preserve its conformation. 

However, we found that the cytoplasmic tail (chimera FC-7) was not involved in determining 

CXCR4 conformation. In line with this, it has been shown that only chimera FC-7 was able to elicit 

a calcium response upon CXCL12 stimulation, in contrast to the FC-6 and FC-5 chimeras32. Loss 
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of the CXCL12 binding pocket, which comprises the N-terminus and the 2nd and 3rd extracellular 

loops of the receptor33, is one explanation for these observations. Our data suggest that the 

different conformational states of chimeras FC-5 and FC-6 could also contribute to the lack of 

ligand binding and receptor responsiveness. 

A key finding of the current study is that interfering with the ICL3 domain by the use of 

dominant negative peptides results in a conformational change of CXCR4 probably by hijacking 

Rac1. The resulting conformation did not support CXCR4 biological activity as measured in a 

CXCL12 chemotaxis assay. In a similar study, CXCR4 mutants, in which each ICL was exchanged 

by a scrambled amino acid sequence of ICL1, were constructed to identify the individual roles 

of these domains34. These authors showed that exchanging ICL3 abolished Gα
i
 signaling, such 

as calcium mobilization and MAPK activation. Our data support these findings and suggest a 

hypothesis that the ICL3 CXCR4 mutant adopts a non-responsive conformation. 

The physiological relevance of inactive Rac1 association to CXCR4 is not clear. In a recent 

paper, Saci et al.35 showed that Rac1 binds to and targets mTOR to specific membrane domain 

independently of its GTP-bound state. These findings contradict the central dogma of GTPases 

stating that only their GTP-bound state is biologically active. 

Similarly, Rac1 could target CXCR4 to specific membrane domains where the receptor 

adopts a responsive conformation. Several reports showed that efficient CXCR4 signaling and 

HIV co-receptor activity depend on its localization in lipid rafts36-38. Accordingly, we show that 

disruption of lipid raft integrity affects CXCR4 conformation. Together, these data suggest a 

model in which Rac1 targets CXCR4 to lipid raft microdomains, thereby promoting its functional 

conformation. 

Moreover, Baribaud et al.17 described the presence of at least two antigenically distinct 

conformations of CXCR4 in resting conditions. This heterogeneity in CXCR4 populations was 

not due to differences in N-linked glycosylation or sulfation of the receptor17. We further 

demonstrate that CXCR4 conformation does not depend on actin polymerization or Gα
i
 

coupling to the receptor. 

In conclusion, our previous and current data establish Rac1 and the ICL3 as important 

factors controlling the fine-tuning of CXCR4 conformation and activity. Future experiments 

will be aimed at defining the mechanisms by which Rac1 regulates the conformation of CXCR4. 

This knowledge may provide new strategies for a more selective and efficient therapeutic 

interference with CXCR4-mediated signaling.
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Abstract
The Rac1 GTPase is a critical regulator of cytoskeletal dynamics and controls many biological 

processes, such as cell migration, cell-cell contacts, cellular growth and cell division. These 

complex functions are mediated by Rac1 signaling through effector proteins. We previously 

identified several target proteins of Rac1 that mutually act as Rac1 regulatory proteins, including 

caveolin-1 and PACSIN2. Here, we report that Rac1 interacts through its C-terminus with 

nucleophosmin1 (NPM1), a multifunctional nucleocytoplasmic shuttling protein with oncogenic 

properties. We show that Rac1 controls NPM1 subcellular localization. In cells expressing active 

Rac1, NPM1 translocates from the nucleolus to the cytoplasm. In addition, Rac1 regulates NPM1 

phosphorylation as determined by the disappearance of the phosphorylated pool of NPM1 from 

the nucleus. Importantly, we found that NPM1 overexpression limits Rac1 GTP loading and cell 

spreading. In conclusion, this study identifies NPM1 as a novel regulator of Rac1 and describes 

the role of Rac1 in recruiting a nuclear oncogene, which has previously been associated with the 

development of leukemia.
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Introduction
Cell migration is a vital process playing an essential role in many physiological activities, such 

as organogenesis, wound healing and immune responses. Cell motility is controlled by the 

actin cytoskeleton, which determines cell polarity, contributes to the formation of adhesive 

structures and, most importantly, drives forward movement by inducing both protrusive force 

at the front and contraction at the lateral sides and rear of the cell1. In addition to the actin 

cytoskeleton, the microtubule network also contributes importantly to cell migration. For 

example, vesicular transport along the microtubule filaments allows specific spatio-temporal 

localization of important signaling proteins. This step is important for inducing and maintaining 

cell polarity which, in turn, is essential for persistent directional movement of the cell2;3.

Cytoskeletal dynamics and cellular adhesion are regulated through signaling by Rho-like 

small GTPases, such as RhoA, which controls myosin-based contraction, and CDC42 and Rac1, 

that induce actin polymerization and membrane protrusions at the leading edge1. These 

GTPases act as molecular switches, cycling between an inactive GDP-bound state and an active 

GTP-bound state. This cycling is regulated by guanine nucleotide exchange factors (GEFs) 

that promote the exchange of GDP for GTP4 and by GTPase-activating proteins (GAPs) that 

accelerate the intrinsic GTPase activity5. Rho GTPase activity is also regulated by Rho guanine 

nucleotide dissociation inhibitor (RhoGDI), which binds to inactive RhoGTPases in the cytosol 

and controls the cytosol-to-membrane translocation of the activated GTPase6. This is key to 

specific Rho GTPase functions, since most GTPases require membrane localization for proper 

activation and subsequent downstream signaling. 

One of the most studied Rho GTPase is Rac17. Rac1 contributes to cell proliferation, 

participates in the signaling pathway promoting cell survival and is known for its central role 

in the control of cell adhesion and cell migration. Following activation, Rac1 interacts with a 

series of downstream targets, such as p21-activated kinase1 (Pak1) that regulates cytoskeletal 

dynamics and cell adhesion8. Importantly, Rac1-mediated actin polymerization and consequent 

membrane ruffling at the leading edge is regulated through the WAVE/Arp2/3 complex, which 

controls actin polymerization and branching9. 

The members of Rho family GTPases show high sequence homology. The functional 

difference between the almost identical GTPases is explained by their different localization 

in cells and their binding to different subsets of effector proteins10-12. Rho GTPase specificity 

is mainly determined by the hypervariable C-terminal domain. Our laboratory has previously 

identified a number of proteins, which bind to the C-terminus of Rac1 and translocate to cell 

adhesion sites or the plasma membrane upon Rac1 activation. For example, the adapter proteins 

caveolin-1 and PACSIN2 are recruited to integrin-regulated focal adhesions and specific tubular 

structures, respectively, upon Rac1 activation13;14. Reciprocally, we found that these proteins 

negatively regulate Rac1 activity. We found that caveolin-1 mediates Rac1 poly-ubiquitylation 

and degradation and that PACSIN2 targets Rac1 to an endocytic pathway involving GAP proteins.

In this study, we describe the identification of nucleophosmin1 (NPM1) as a novel Rac1 

binding protein, which, like caveolin-1 and PACSIN2, acts as a negative regulator of Rac1. 

NPM1, also known as B2315;16, is a highly conserved, ubiquitously expressed phosphoprotein 

that shuttles rapidly between the nucleus and cytoplasm17, although its main location is in the 
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nucleolus. NPM1 is a multifunctional protein taking part in various cellular processes, such as 

ribosome biogenesis, the maintenance of genomic stability and the inhibition of pro-apoptotic 

pathways18-20. Nucleo-cytoplasmic shuttling and proper subcellular localization of NPM1 are 

important determinants for NPM1 functioning and cellular homeostasis. NPM1 mutations are 

frequent in acute myeloid leukemia (AML) and are characterized by aberrant NPM1 accumulation 

in the cytoplasm18;21;22. Many phosphorylation sites have been identified in NPM1 and different 

phosphorylation sites have been associated with different functions19. NPM1 is phosphorylated 

by several kinases, including casein kinase 2 and cyclin-dependent kinases23-25.

Here, we show that NPM1 interacts with the C-terminus of Rac1 and negatively regulates 

Rac1 activity and cell spreading. Importantly, we show that Rac1 activity, in turn, promotes 

NPM1 nuclear export and alters the NPM1 phosphorylation pattern inside the nucleus. These 

findings identify a new, bidirectional signaling unit involving two proto-oncogenes NPM1 and 

the RhoGTPase Rac1.

Materials and methods
Cell lines and cell culture 

The Jurkat T-lymphocyte cell line (from the ATCC, Rockville, MO, USA) and HeLa cells were maintained 

at 37°C and 5% CO
2
 in Iscove’s Modified Dulbecco’s Medium (IMDM; Lonza, Basel, Switzerland) 

containing 2 mM L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin (all purchased from 

PAA laboratories, Pasching, Austria) and 10% v/v FCS (Bodinco, Alkmaar, The Netherlands. Hela 

cells were passaged using trypsine (PAA laboratories). HeLa cells were transiently transfected using 

TransIt (Mirus, Madison, WI, USA) according to the manufacturer’s recommendations.

Antibodies

The following antibodies were used: anti-GFP (JL8, Clontech), anti-Rac1 (Transduction 

laboratories), anti-NPM1 (Cell Signaling), anti-phospho NPM1 (recognizes threonine 199, Cell 

Signaling), rabbit anti-myc and mouse anti-HA (both from Sigma-Aldrich), goat anti-rabbit IgG 

Alexa 488 or 568 and rabbit anti-mouse IgG Alexa 568 (Invitrogen), Alexa-Fluor-633-labeled 

Phalloidin (Invitrogen).

Biotinylated peptides and GST fusion proteins

Cell permeable peptides containing the amino acid sequence of the C-terminal region of Rac1, 

the Rac1 C-terminal mutants of the proline motif or polybasic region and the C-terminal region 

of the related GTPases RhoA and RhoG (Figure 1A) were fused to a protein transduction domain 

(PTD). These and a control peptide that only comprises the PTD (control) were produced by 

F-moc protein synthesis (Department of Peptide Synthesis, Netherlands Cancer Institute, 

Amsterdam, The Netherlands). GST-Rac1 WT and GST-Rac1 lacking the C-terminal tail (ΔC) 

proteins were produced as described previously26.

Pull-down assays

HeLa cells transiently transfected with the indicated constructs (24 hours) or Jurkat T-cells were 

washed twice with ice-cold phosphate-buffered saline (PBS; Fresenius Kabi‘s Hertogenbosch, The 
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Figure 1. Rac1 interacts through its C-terminus with NPM1. (A) Schematic representation of the Rho-like GTPase 
C-terminal peptides fused to a protein transduction domain as used in this study. (B) Pull-down (PD) experiments 
were performed using lysates from HeLa cells (upper panel) or Jurkat T-cells (lower panel) with a control peptide, 
wild-type and mutant Rac1 C-terminal peptides, Rac2, RhoA and RhoG C-terminal peptides. Association of NPM1 
was detected by immunoblotting (IB) with an NPM1 specific monoclonal antibody (representative example out 
of three independent experiments is shown). (C) Pull-down (PD) experiment was performed using lysates from 
HeLa cells with a control peptide, wild-type and mutant Rac1 C-terminal peptides. Association of phosphorylated 
NPM1 (pNPM1) was detected by immunoblotting (IB) with a phospho-specific NPM1 antibody. (representative 
example out of two independent experiments is shown). (D) Pull-down (PD) experiment using full-length Rac1 
and Rac1 lacking the C-terminus (ΔC) both fused to GST or GST alone was performed with lysates from HeLa 
cells exogenously expressing GFP-NPM1. Association of NPM1 was detected by immunoblotting (IB) with a GFP 
specific monoclonal antibody. The ponceau staining shows the presence of the different GST constructs. ED: 
effector domain of Rac1, HV: hypervariable domain of Rac1, PTD: protein transduction domain, Rac1 PPPàAAA, 
Rac1 RKRàAAA: Rac1 C-terminal peptide mutants where the three prolines, or RKR sequence were replaced by 
alanine residues, respectively, TCL: total cell lysates, PD: pull-down, IB: immunoblotting.
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Netherlands) (supplemented with 1 mM CaCl2 and 0.5 mM MgCl2) and lysed in NP-40 lysis buffer 

(i.e. 50 mM Tris-HCl pH 7.5, 100 mM NaCl, 10 mM MgCl2, 10% glycerol and 1% NP-40) supplemented 

with protease inhibitors (Complete mini EDTA, Roche, Mannheim, Germany), centrifuged at 

20,000 g for 10 minutes at 4°C. The supernatant was pre-cleared by incubation with streptavidin-

coated beads (Sigma-Aldrich) for 1 hour at 4°C. The pre-cleared lysate was then incubated with the 

RhoGTPase C-terminal peptide (6 µg) or the control peptide (6 µg) in the presence of streptavidin-

coated beads at 4°C for 1 hour with rotation. To determine Rac1 activity, the same procedure was 

followed and GTP-bound Rac1 was isolated with a biotinylated Pak1-CRIB peptide (20 µg). GST-fusion 

proteins were coupled to glutathione-coated beads and used at a concentration of 50 µg in each 

pull-down. GST fusion constructs were incubated with cell lysates at 4°C for 1 hour with rotation.

Cell lysates and pull-down samples were analyzed by SDS-PAGE and immunoblotting using 

specific monoclonal antibodies and HRP-coupled secondary antibodies.

Electric resistance measurements

For Electrical Cell Substrate Impedance Sensing (ECIS)-based cell spreading experiments, 

golden ECIS electrodes (8W10E; Applied Biophysics) were treated with 10 µM L-cysteine for 

15 minutes and subsequently coated with 5 µg/ml fibronectin in 0.9% NaCl for 1 hour at 37°C. 

Next, HeLa cells, transfected with the indicated constructs, were seeded at a concentration 

of 100,000 cells per well in a volume of 400 µl IMDM with 10% FCS. Impedance was measured 

continuously at 45 kHz using ECIS model 9600. The increased impedance, as a measure of 

cell spreading, was recorded for several hours. Measurements and graphs representing the 

normalized resistance were calculated using the ECIS software (Applied Biophysics). 

Confocal Laser Scanning Microscopy 

HeLa cells were seeded on fibronectin-coated glass coverslips and transfected with the 

indicated constructs for 24 hours. Cells were then fixed with 3.7% formaldehyde (Merck) in 

PBS for 10 minutes. When required for antibody staining, cells were washed and permeabilized 

with 0.5% Triton X-100 in PBS for 5 minutes. Coverslips were then incubated with 2% BSA in 

PBS at room temperature (RT). Immunostaining was performed using the indicated specific 

antibodies and secondary labeled antibodies successively for 1 hour at RT. Fluorescent 

imaging was performed with a confocal laser scanning microscope (LSM510/Meta; Carl Zeiss 

MicroImaging Inc., Jena, Germany). 

Results
NPM1 interacts with the hypervariable C-terminus of Rac1

Our laboratory previously established the association and mutual regulation of Rac1 and SET/

I2PP2A (inhibitor 2 of protein phosphatase 2A)27;28, a nuclear proto-oncogene which, as a 

protein-fusion with Nup214, is associated with myeloid leukemia29;30. SET binds to Rac1 through 

its hypervariable C-terminus, specifically through the polybasic region within this domain. 

Similar to SET, NPM1 is a nuclear protein that has been implicated in the onset of leukemia17;18 and 

that can shuttle from the nucleus to the cytoplasm and vice versa27. We therefore questioned 

whether Rac1 would also interact with NPM1. 
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To asses whether Rac1 and NPM1 associate, we used a biotinylated peptide encoding the 

C-terminus of Rac1 and included a series of similar peptides derived from related small GTPases 

as controls (Figure 1A). Binding to endogenous NPM1 was tested by a streptavidin-based 

pull-down assay using cell lysates of HeLa or Jurkat T-cells. We found that endogenous NPM1 

clearly interacts with the peptide encoding the C-terminus of Rac1 (Figure 1B). In contrast, 

biotinylated C-terminal peptides derived from Rac2 and RhoG did not bind to NPM1, while weak 

binding was observed to the RhoA C-terminal peptide (Figure 1B). 

The Rac1 C-terminus contains a proline-rich domain and a polybasic domain, that are both 

involved in the binding of specific regulatory proteins10. To examine whether these domains are 

involved in NPM1 binding, we used the same Rac1 peptide, but now with substitutional alanine 

mutations of the proline-rich amino acid sequence or the polybasic amino acid sequence 

(Figure 1A). Binding of endogenous NPM1 was minimally affected by mutation of the proline-

stretch, while mutating the polybasic region completely abolished the association of NPM1 to 

the Rac1 C-terminus (Figure 1B). 

These data show that NPM1 specifically interacts with the C-terminus of Rac1. In 

addition, in Figure 1C, we show that the Rac1 C-terminal peptide strongly interacts with the 

phosphorylated form of NPM1. This interaction was also dependent on the polybasic domain 

of the Rac1 C-terminus (Figure 1C). Finally, to investigate the interaction between NPM1 and 

full-length Rac1, we performed a pull-down assay with bacterially purified GST or GST-Rac1 

proteins or with GST-Rac1ΔC, which encodes full length Rac1 that lacks the hypervariable 

C-terminus, using cell lysates of HeLa cells expressing GFP-NPM1. Our results show that 

GFP-NPM1 interacts with full-length Rac1 protein and that this interaction is completely 

abolished by deletion of the C-terminus of Rac1 (Figure 1D). Together, these results show that 

the Rac1 C-terminus, in particular the polybasic domain, is necessary and sufficient for the 

interaction of Rac1 with NPM1.

Rac1 activity regulates NPM1 localization

To test if there is also a functional connection between Rac1 and NPM1, we first examined 

whether Rac1 controls NPM1 localization. To this end, we co-transfected HeLa cells with 

GFP-NPM1 and a constitutively active Rac1 mutant, Rac1Q61L. As a control for nuclear membrane 

integrity, we confirmed that expression of the active Rac1 mutant does not alter nuclear 

histone localization27. In cells expressing the GFP-NPM1 construct, NPM1 was mainly detected 

in nucleoli, identified as small circular structures inside the nucleus (Figure 2A). Interestingly, 

co-expression of a constitutively active form of Rac1 drove a fraction of GFP-NPM1 out of the 

nucleus and promoted its accumulation in the cytoplasm (Figure 2B). 

Because the polybasic region of Rac1 mediates its association to NPM1, we anticipated that 

a constitutively active Rac1 mutant lacking this region would not induce NPM1 relocalization 

outside the nucleus. Interestingly, in approximately half of the cells expressing the active 

Rac1 polybasic region mutant, NPM1 showed detectable extra-nuclear localization (Figure 3). 

This demonstrates that, to a limited extend, the polybasic region is dispensable and that Rac1 

activity alone is sufficient to promote NPM1 extranuclear localization. 

We then asked whether the closely related GTPase RhoA induces the same effects on NPM1 

translocation as activated Rac1. Expression of a constitutively active RhoAV14 mutant did not 
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Figure 2. Rac1 activity drives NPM1 out of nucleoli. HeLa cells were grown on glass cover slips and (co)-
transfected with GFP-NPM1 (A) or mCherry Rac1Q61L and GFP-NPM1 (B). After 24 hours, cells were fixed 
and stained with the nuclear dye DAPI and the F-actin binding toxin Phalloidin fluorescently labeled with 
Alxa633. Samples were analyzed by confocal laser scanning microscopy. Higher magnification images of 
the boxed areas are included. Scale bars, 20 µm. 
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Figure 3. Active Rac1 poybasic mutant has decreased capacity to relocalize NPM1. HeLa cells were grown 
on glass cover slips and co-transfected with mCherry Rac1Q61L-RKR and GFP-NPM1. After 24 hours, cells 
were fixed and stained with the nuclear dye DAPI and the F-actin binding toxin Phalloidin fluorescently 
labeled with Alxa633. Samples were analyzed by confocal laser scanning microscopy. Higher magnification 
images of the boxed areas are included. Scale bars, 20 µm. Bar graph figure represents the percentage of 
cells expressing Rac1Q61L-RKR with either nuclear NPM1 (SD ± 0.054) or extranuclear NPM1 localization 
(SD ± 0.054) quantified in two independent experiments. 

alter NPM1 nucleolar localization (Figure 4), suggesting that Rac1 activity specifically regulates 

NPM1 subcellular localization. 

Because NPM1 function is regulated by phosphorylation and because the Rac1 C-terminus 

associates to phosphorylated NPM1 (pNPM1), we questioned whether Rac1 activity alters the 

distribution of pNPM1. First, we used a phospho-specific NPM1 antibody to document the 

localization of pNPM1. This staining revealed that the phosphorylated fraction of endogenous 

NPM1 localized markedly different from the total NPM1 pool. Phospho-NPM1 was diffusely 

dispersed throughout the nucleus and also localized to small dotted structures inside the 

nucleoplasm (Figure 5). 
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Figure 4. Active RhoA does not affect NPM1 localization. HeLa cells were grown on glass cover slips and 
co-transfected with HA-tagged active RhoA mutant, RhoAV14, and GFP-NPM1. After 24 hours, cells were 
fixed and stained with the nuclear dye DAPI and the F-actin binding toxin Phalloidin fluorescently labeled 
with Alxa633. RhoA was detected by a monoclonal anti-HA antibody followed by an anti-mouse Alexa568 
antibody. Samples were analyzed by confocal laser scanning microscopy. Higher magnification images of 
the boxed areas are included. Scale bars, 20 µm.

Figure 5. Phospho-NPM1 shows dispersed localization throughout the nucleus. HeLa cells were grown on 
glass cover slips and transfected with GFP-NPM1. After 24 hours, cells were fixed and stained with a phospho-
specific rabbit antibody against NPM1 followed by a goat anti-Rabbit IgG Alexa568, the nuclear dye DAPI 
and the F-actin binding toxin Phalloidin fluorescently labeled with Alexa633 and analysed by confocal laser 
scanning microscopy. Higher magnification images of the boxed areas are included. Scale bars, 20 µm.
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Figure 6. Rac1 activity alters NPM1 phosphorylation pattern. HeLa cells were grown on glass cover slips 
and transfected with either mCherry Rac1Q61L (A) or mCherry Rac1V12G (B). After 24 hours, cells were 
fixed and stained with a phospho-specific rabbit antibody against NPM1 followed by a goat anti-Rabbit IgG 
Alexa488, the nuclear dye DAPI and the F-actin binding toxin Phalloidin fluorescently labeled with Alexa 
633 and analysed by confocal laser scanning microscopy. Higher magnification images of the boxed areas 
are included. (C) Hela cells were transfected with an empty vector, myc-tagged Rac1 WT or two different 
myc-tagged constitutively active Rac1 mutants; Rac1V12G and Rac1Q61L and after 24 hours lysates were 
made and endogenous NPM1 as well as phospho-NPM1 (pNPM1) were detected by immunoblotting (IB) 
with an NPM1 specific or an NPM1 phospho-specific antibody. EV: empty vector. Scale bars, 20 µm.
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Interestingly, in cells expressing a constitutive active Rac1 mutant, either Rac1Q61L or 

Rac1V12G, staining of phospho-NPM1 completely disappeared from the nucleus and was no 

longer clearly detectable (Figure 6A and 6B). This could either be due to a diffuse localization 

of the pool of pNPM1 or to Rac1 induced de-phosphorylation of pNPM1. To determine this, 

we detected pNPM1 levels by Western Blot in lysates from cells expressing either of the Rac1 

mutants. This showed that expression of the activated Rac1V12G or Rac1Q61L mutants did 

not affect neither the levels of endogenous NPM1 nor of phosphorylated NPM1 (Figure 6C). 

Collectively, these data show that Rac1 activity promotes NMP1 nucleo-cytoplasmic shuttling 

and induces a diffuse localization, most likely throughout the cytoplasm, of pNPM1.

NPM1 negatively regulates Rac1 activity 

Given that NPM1 interacts with the GTPase Rac1, we set out to determine the functional 

consequences of this interaction. We first tested the effect of NPM1 overexpression on the GTP-

loading of Rac1. We found that the basal levels of endogenous, active Rac1 were clearly decreased 

in cells transfected with GFP-NPM1 (Figure 7A). Importantly, expression of NPM1 did not affect 

the total levels of endogenous Rac1, excluding that increased degradation would account for 

the loss of active Rac1. In line with these data, we found that NPM1 overexpression reduced 

cell spreading on fibronectin, a process which is dependent on Rac1 activity (Figure 7B). These 

results suggest that NPM1 act as a negative regulator of Rac1. We then questioned whether 

blocking Rac1 activation by GEF proteins could be the mechanism by which NPM1 reduces Rac1 

GTP loading. To investigate this, we tested whether the Rac1 GEF Tiam1-C1199 is still able to 

activate endogenous Rac1 in the presence of NPM1. Tiam1-C-1199 is a N-terminally truncated 

mutant Tiam1 that is widely used because of its enhanced stability and increased activity as 

compared to full-length Tiam131. As expected, we observed NPM1-mediated downregulation 

of Rac1GTP levels in the control situation (Figure 7C). In addition, expression of Tiam1-C1199 

increased Rac1GTPlevels. However, co-expression of NPM1 did not reduce Tiam1-C1199-

induced activation of endogenous Rac1 (Figure 7C). We also found that NPM1 did not block 

the activation of Rac1 upon expression of another Rac1GEF, TrioD132 (data not shown). These 

data show that NPM1 does not interfere with the Rac1 activation by GEF proteins and suggest 

that NPM1 acts downstream of Rac1 to promote its inactivation, possibly by promoting the 

association of activated Rac1 to GAP proteins.

Figure 7. NPM1 is a negative regulator of Rac1. (A) Rac1 GTP loading was measured by biotinylated 
Pak-CRIB peptide-based pull-down (PD) with lysates of GFP control-transfected HeLa cells or HeLa cells 
transfected with GFP-NPM1. Rac1, Rac1 GTP and GFP-NPM1 were detected by immunoblotting with Rac1 
and GFP specific monoclonal antibodies respectively. The bar graph shows the relative levels of Rac1 GTP 
levels compared with that in control as determined by quantification of Western blots (representative 
example out of three independent experiments is shown). TCL: total cell lysates, PD: pull-down. (B) Cell 
spreading on fibronectin coated ECIS-electrodes was determined for mock-transfected HeLa cells or HeLa 
cells expressing GFP-NPM1. The results are depicted as normalized mean resistance of three independent 
experiments. (n=3) *p< 0.05, **p< 0.01. (C) Rac1 GTP loading was measured by biotinylated Pak-CRIB 
peptide-based pull-down (PD) with lysates of GFP control-transfected HeLa cells or HeLa cells transfected 
with GFP-NPM1 in the absence or presence of the GEF protein Tiam-C-1199 tagged with HA. Rac1 and Rac1 
GTP were detected by immunoblotting with Rac1 specific monoclonal antibody. GFP-NPM1 and Tiam-C-
1199-HA were detected by immunoblotting with GFP and HA specific monoclonal antibodies, respectively. 
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Discussion
The link between Rac1 and NPM1 was previously only described in nucleophosmin-anaplastic 

lymphoma kinase (NPM-ALK)-positive lymphomas33;34. NPM-ALK is an oncogenic fusion 

protein, which acts as a constitutive active tyrosine kinase35. NPM-ALK signals in part through 

Rac1 thereby contributing to the pathogenesis of ALK-positive human lymphomas33;34. Here, we 

present data indicating that NPM1 and Rac1 interact and reciprocally regulate each other.

Like many other regulatory proteins, NPM1 interacts with Rac1 via the hypervariable 

C-terminus of Rac1. Importantly, the association to NPM1 was specific for Rac1 as compared to 

other, highly related, small GTPases. This suggested that NPM1 could be a selective regulator 

of Rac1. Indeed, overexpression of NPM1 reduced GTP loading of Rac1 and cell spreading on 

fibronectin. We attempted to detect the opposite effect, i.e. increased basal Rac1 activity, after 

silencing NPM1 with two different shRNAs. However, NPM1 knock-down did not affect Rac1 GTP 

loading (data not shown). This may be the result of redundancy. Three NPM family members, 

NPM1, NPM2 and NPM3 have been identified in mammals19. Moreover, two isoforms of NPM1 

exist36. Therefore, it is possible that another NPM homologue or isoform compensates for the 

loss of NPM1. How NPM1 regulates Rac1 activity still remains to be investigated. Rac1 is regulated 

at two important levels. The first is at the level of activation, where GEFs play an important role. 

A proper intracellular GEF protein localization, usually at the plasma membrane, and a cascade of 

signaling events, are essential determinants for efficient GEF biological activity and subsequent 

Rac1 activation4;37. However, this hypothesis can be excluded, since expression of NPM1 did 

not interfere with GEF-induced Rac1 GTP loading. The potentially second means of regulating 

the Rac1 activity cycle is at the level of inactivation. Inactivation is achieved by extracting Rac1 

from the plasma membrane followed by GAP-promoted GTP hydrolysis. Some proteins, such 

as RhoGDI, caveolin-1 and PACSIN2, have been described to facilitate Rac1 internalization from 

the plasma membrane13;14;38;39. Most known Rac1-regulatory proteins are localized at the plasma 

membrane or throughout the cytoplasm. Therefore, it is intriguing how NPM1 regulates Rac1 

GTP loading, since NPM1 is localized in nucleoli, which are specialized nuclear compartments. 

NPM1 is known to rapidly shuttle between the nucleus and the cytoplasm and may limit Rac1 

activity during its short stay outside the nucleus. NPM1 contains both a nuclear localization 

signal (NLS) as well as a nuclear export signal (NES)20;40;41. However, despite the NES motif, NPM1 

is mainly localized in nucleoli42. Thus, under physiological conditions, nuclear import of NPM1 

outweighs its export. Increasing the levels of activated Rac1 in cells reversed this balance and 

promoted NPM1 recruitment to the cytoplasm, possibly to promote Rac1 inactivation. 

The hypervariable C-terminus of Rac1 comprises a NLS motif, meaning that a subset of Rac1 

resides in the nucleus43. Regarding the considerable number of effector proteins, scaffolding 

proteins and GEFs for small GTPases that are found in the nucleus44, it is thought that Rac1 

is involved in nuclear signaling pathways. Therefore, it is intriguing to speculate that NPM1 

regulates Rac1 signaling in the nucleus by limiting its activation. We are currently pursuing 

this issue by the use of NPM1 mutants, exclusively expressed either in the cytoplasm or in the 

nucleus to clarify the relevant location of NPM1 where it accomplishes its role as a negative 

regulator of Rac1.
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Another key finding of the current study is that Rac1 activity alters the import/export 

dynamics of NPM1, thereby promoting its translocation into the cytoplasm. Aberrant NPM1 

cytoplasmic accumulation is associated with AML, where it is implicated in promoting malignant 

cell growth18;20;21. Similarly, our laboratory recently identified the oncogene SET as a target of 

Rac127;28. Constitutive active Rac1 induced the nuclear export of SET into the cytoplasm. The 

role of Rac1 in cellular transformation is established and is mainly attributed to Rac1 modulation 

of the Bcl-2 family that regulates apoptosis31;45-48. We propose a model in which aberrant Rac1 

signaling alters the subcellular localization of several oncogenes and triggers their oncogenic 

activity. Our finding that the constitutively active Rac1 with a mutated polybasic region 

relocalizes NPM1 in the cytoplasm in a portion of the transfected cells was unexpected. This 

mutant is not anticipated to bind NPM1 and also misses the NLS that targets Rac1 to the nucleus. 

This suggests that active Rac1 is able to initiate a signaling cascade from the cytosol to stimulate 

NPM1 relocalization. This makes it unlikely that the direct interaction between Rac1 and NPM1 

is essential to induce NPM1 translocation from the nucleus. However, in another portion of the 

transfected cells, transfection with the active Rac1 polybasic region mutant did not affect NPM1 

localization in the nucleoli, showing that in addition to Rac1 activity, this domain is required for 

optimal regulation of NPM1 subcellular localization. 

We also found that expression of a constitutively active mutant of Rac1 altered NPM1 

phosphorylation pattern. The fraction of phosphorylated NPM1 observed by confocal 

microscopy became largely undetectable in the presence of an active mutant of Rac1. Since 

we could not detect significant de-phosphorylation of pNPM1 in the presence of activated 

Rac1 mutants, this result indicates that Rac1 activity disperses pNPM1 from the nucleus into the 

cytoplasm, obscuring clear-cut detection by microscopy.

In conclusion, we establish NPM1 as a novel Rac1 interactor that acts as a negative regulator 

of activated Rac1. Like other Rac1-regulatory proteins, such as caveolin-1 and PACSIN2, 

NPM1 and Rac1 showed reciprocal regulation with Rac1 promoting NPM1 nuclear exit. Future 

experiments are directed at identifying the molecular mechanisms of Rac1 inactivation by NPM1 

and to determine the biological consequences of NPM1 accumulation into the cytoplasm upon 

Rac1 activation.
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Summary
The regulation of cell adhesion and motility requires precise, localized signaling to orchestrate 

coordinated cellular behavior. Among others, Rho-like GTPases are central regulators of 

cell adhesion and migration while at the same time these proteins are also activated upon 

engagement of adhesion receptors or cell stimulation with chemokines. RhoGTPases consist of 

a core G- (GTP binding) domain flanked at the C-terminus by a hypervariable region. The latter 

also harbors the cysteine to which a lipid membrane anchor is post-translationally attached. This 

C-terminus is generally considered to mediate specific targeting of Rho GTPases. Here we show 

that the hypervariable C-terminus of Rac1 is required, but not sufficient for proper targeting 

of activated Rac1 to Focal Adhesions (FAs). Selected, limited mutation of the hypervariable 

region did not prevent FA targeting or binding to the Rac1 effector IQGAP1, but did impair 

Rac1 induced cell spreading. In contrast, mis-positioning a normal, unmutated hypervariable 

region did prevent FA targeting of activated Rac1, and impaired the capacity of the protein to 

be activated by a co-expressed guanine nucleotide exchange factor. Finally, this construct also 

showed a reduction in Rac1-induced cell spreading. 

In conclusion, these data underscore the relevance of the hypervariable region for Rac1 

signaling and indicate that this region acts in conjunction with the switch I and switch II regions, 

exposed upon GTP-binding, in the subcellullar targeting of Rac1. 
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Introduction
The Rho family of small GTPases comprises 22 members, some of which show over 90% amino 

acid sequence identity (van Helden et al., 2012). RhoGTPases control the actin and microtubule 

cytoskeleton in addition to activating various protein kinases and regulating gene transcription 

(Tybulewicz and Henderson, 2009; Heasman and Ridley, 2008; Cernuda-Morollon and Ridley, 

2006; Hall, 1998). It is imperative that such diversity in functions requires tight spatio-temporal 

regulation. Like many other small GTPases, RhoGTPases are activated upon binding to GTP, 

a step which is catalyzed by guanine nucleotide exchange factors (GEFs), a group of over 80 

different members (Bos et al., 2007). GEF-mediated activation of RhoGTPases is accompanied 

by a conformational switch that allows interaction of the GTP-bound GTPase with a selection 

of effector proteins (Bishop and Hall, 2000). These effectors represent a large variety of 

cytoskeletal regulators (e.g. mDia), kinases (e.g. ROCK, PAK), enzymes such as the NADPH 

oxidase and adapter proteins, such as IQGAP. Binding to the activated GTPases promotes 

effector unfolding, translocation and/or activation, thus transmitting the signal down the 

pathway. Inactivation of Rho GTPases, in turn, requires GTP hydrolysis, an intrinsic activity 

that is promoted by so-called GTPase-activating proteins (GAPs) (Bos et al., 2007). Like the 

RhoGEFs, the RhoGAPs also represent a large (>80 members) and divers group of regulators, of 

which only a few, such as bcr or NF1 have been characterized in more detail. 

Like many other GTP-binding proteins, RhoGTPases comprise a core G-domain and a 

hypervariable domain at their C-terminus (van Hennik et al., 2003). The remarkably high level of 

sequence homology between RhoGTPases occurs within the G-domain including the so-called 

effector domain in the N-terminus. This is the region that shows the largest conformational 

change upon activation and is generally accepted to mediate the interaction with effector 

proteins. As a consequence, some of the most highly related GTPases share effectors (Bishop 

and Hall, 2000). Yet, clear phenotypic differences are induced upon expression of activated 

GTPase mutants. A most striking example concerns Rac1 and Rac3 which show 100% sequence 

identity in the effector domain, but do induce opposite phenotypes upon expression in 

neuronal cells. These phenotypic differences could be directly linked to the GTPase-specific 

hypervariable C-terminus, as deduced from exchange experiments and the expression of 

chimeric proteins (Hajdo-Milasinovic et al., 2007). 

The hypervariable C-terminus of RhoGTPases also encodes the CAAX box (C, Cysteine, A, 

aliphatic amino acid, X, any amino acid) at the very C-terminus of the protein. The CAAX box is 

post-translationally modified by the attachment of a lipid to the cysteine residue and removal 

of the last three amino acids, followed by methylation (Der and Cox, 1991; Cox and Der, 1992; 

Roberts et al., 2008). This lipid plays a key role in binding of most, but not all, inactive GTPases 

to the cytosolic chaperone RhoGDI, as well as in the binding of the activated RhoGTPases to 

vesicles or the plasma membrane (Boulter et al., 2010; Garcia-Mata et al., 2011a; Roberts et al., 

2008). Classically, subcellullar localization of RhoGTPases has been claimed to be mediated by 

the lipid anchor in conjunction with a basic region that mediates charge-dependent association 

to negatively charged membranes or membrane domains. However, Tolias et al. were among 

the first to show that the hypervariable C-terminus of Rac1 can also mediate protein-protein 

interactions (Tolias et al., 1995; Tolias et al., 1998). Our group has performed a series of studies 
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investigating this issue in more detail. The original hypothesis was that the hypervariable region 

would regulate specific binding of Rac1 to targeting proteins, certifying localized signaling. 

Whereas we could confirm this targeting function for the GEF β-PIX (Klooster et al., 2006), 

other proteins binding to the Rac1 hypervariable region, such as Caveolin1 and PACSIN2, play 

a role in Rac1 inactivation and ubiquitylation, rather than subcellullar targeting (Nethe et al., 

2010; de Kreuk et al., 2011). 

This suggests that the role of the Rac1 hypervariable region is more complex than originally 

anticipated. We therefore analyzed the role of this domain in Rac1 localization, activation and 

signaling in more detail. Using mutations in the hypervariable region in the context of the 

full-length Rac1 protein, we show that mutating limited portions of this region did not impair 

the targeting of activated Rac1 mutants to Focal Adhesions (FAs) or the binding to the Rac1 

effector, IQGAP1 (Fukata et al., 2002; Watanabe et al., 2004; Noritake et al., 2005). However, 

these mutations did affect a part of the downstream signaling of Rac1, as cells expressing these 

Rac1 proteins showed impaired cell spreading. We also generated a Rac1 version in which the 

normal hypervariable region was positioned away from the G-domain as a result of an insertion 

of GFP. This Rac1 variant did no longer localize to FAs and also showed impaired spreading. 

Together, these data suggest that the position and sequence of the hypervariable region in 

Rac1 plays an important role in the Rac1 targeting, the interaction with effector proteins, as well 

as the downstream signaling.

Materials and Methods
Antibodies and reagents

Antibodies against the following proteins were used: Anti-SET/I2PP2A (SC-25564, Santa Cruz 

Biotechnology), GFP (632381, Clontech), vinculin(V9131, Sigma), tubulin (T6199, Sigma), Rac1 

(Transduction laboratories), IQGAP (Millipore), mouse anti-HA, rabbit anti-HA and rabbit 

anti-myc (all from Sigma-Aldrich), mouse anti-myc (Invitrogen), F-Actin was detected using 

Texas-Red- or Alexa-Fluor-633-labeled phalloidin (Invitrogen). Secondary Alexa-Fluor-labeled 

antibodies for immunofluorescence were from Invitrogen.

Cell culture and transfection

HeLa cells were maintained at 37°C and 5% CO2 in Iscove’s Modified Dulbecco’s Medium (IMDM, 

Gibco) enriched with 10% heat inactivated Fetal Calf Serum (FCS, Life Technologies, Breda, The 

Netherlands) and 100 U/mL penicillin and streptomycin. Cells were passaged by trypsinization. 

HeLa cells were transfected using TransIT®-LT1 Transfection Reagent (Mirus Bio) according to 

the manufacturers’ recommendations (ratio TransIT:DNA = 3:1), and allowed to express protein 

for at least 24 hours. 

Expression constructs

Constructs encoding GFP and GFP or mCherry fusions of Rac1 and Rac1 mutants have been 

described previously (de Kreuk et al., 2011). The Trio D1 construct used to induce Rac1 activation 

has been described previously (van Rijssel J. et al., 2012). For construction of myc-tagged Rac1Q61 

GFP-C-term, eGFP was amplified by pcr from the clontech c1 backbone using the following forward 
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primer: 5’-GAGATCGGATCCGTGAGCAAGGGCGAGGAGC-3’ and the following reverse primer: 

5’-CTACAAATGTGGTATGGC-3’. The N-terminal portion of myc- or HA-tagged Rac1 (myc-tagged 

wild type and HA-tagged Q61 and V12 versions, all in a pcDNA 3.1 vector) was amplified using the T7 

forward primer and the following revese primer: 5’- GAGATCGGATCCGACTGCTCGGATCGCTTCG-3’. 

The Rac1 C-terminus was amplified using the following forward primer: 5’-GAGATCCTCGAGC 

TCTCTGCCCGCCTCCCGTG-3’ and the following reverse primer: 5’- TAGAAGGCACAGTCGAGG-3’. 

The C-terminal RKR mutation was introduced using the following reverse primer: 5’-GAGATCCTCGAG 

TTACAACAGCAGGCATTTTGCCGCCGCCTTCTTCAC-3’. The PPP mutation was introduced using 

the following reverse primer 5’-GAGATCCTCGAGTTACAACAGCAGCGATTTTCTCTTCCTCTTCTT 

CACGGCAGCCGCGCA-3’. All fusion constructs were confirmed by sequencing.

Confocal laser scanning microscopy 

Cells were seeded onto fibronectin-coated glass coverslips, transfected with the indicated 

plasmids and after 24 hours fixed with 3.7% formaldehyde (Merck) in PBS for 10 minutes and 

permeabilized with 0.5% Triton X-100 in PBS for 5 minutes. Coverslips were then incubated 

for 15 minutes with 2% BSA at 37°C. Immunostainings were performed at room temperature 

for 1 hour with the indicated antibodies. Fluorescent imaging was performed with a confocal 

laser-scanning microscope (LSM510/Meta; Carl Zeiss MicroImaging) using a 63× NA 1.40 or a 

40× NA 1.30 oil lens (Carl Zeiss MicroImaging). Image acquisition was performed with Zen 2009 

software (Carl Zeiss MicroImaging). For live-cell imaging, cells were seeded on fibronectin-

coated glass coverslips, transfected with the indicated plasmids. After 24 hours, fluorescent 

imaging was performed. Figures were assembled using Adobe Photoshop CS5.

Rac1GTP pull-down assay

HeLa cells transiently transfected with the indicated constructs (24 hours) were washed twice 

with ice-cold phosphate-buffered saline (PBS; Fresenius Kabi‘s Hertogenbosch, The Netherlands) 

(supplemented with 1 mM CaCl2 and 0,5 mM MgCl2) and lysed in NP-40 lysis buffer (i.e. 50 mM 

Tris-HCl pH 7.5, 100 mM NaCl, 10 mM MgCl2, 10% glycerol and 1% NP-40) supplemented 

with protease inhibitors (Complete mini EDTA, Roche, Mannheim, Germany), centrifuged 

at 20,000 g for 10 minutes at 4°C. To determine Rac1 activity, we used a CRIB-peptide based 

pull-down as described previously (Price et al., 2003). Shortly, the cell lysates were incubated 

with a biotinylated Pak1-CRIB peptide (20 µg) in the presence of streptavidin-coated beads at 

4°C for 1 hour with rotation. Initial lysates and bound Rac1GTP were analyzed by SDS-PAGE and 

immunoblotting using specific monoclonal antibodies and HRP-coupled secondary antibodies.

Immunoprecipitation 

HeLa cells were transiently transfected with the indicated myc or HA-tagged constructs 

and maintained for 24 hours. After lysing the cells as described under “Rac1GTP pull-down 

assay”, the lysates were then incubated with monoclonal anti-HA or anti-myc antibodies 

and protein G-agarose beads at 4°C for 2 hours. Samples were then washed 5 times with lysis 

buffer. Immunoprecipitated proteins were eluted by adding SDS sample buffer and heating at 

95°C for 10 minutes. Protein association was assayed by SDS-PAGE and immunoblotting using 

mouse anti-IQGAP antibodies, rabbit anti-HA and rabbit anti-myc antibodies and HRP-coupled 

secondary antibodies.
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Electrical resistance measurements

For ECIS (Electrical Cell-substrate Impedance Sensing)-based cell spreading experiments, gold 

ECIS electrodes (8W10E, Applied Biophysics) were coated with 10 µg/ml fibronectin in 0.9% 

NaCl for 1 hour at 37°C. Next, HeLa cells were seeded at a concentration of 100,000 cells per 

well in 400 µl IMDM with 10% FCS. Impedance was recorded continuously at 40 kHz using ECIS 

model Zθ (theta). The increase in cell spreading was measured as a function of impedance. 

Homology Modelling 

The homology model of the Rac1-GFP-C-term protein was calculated by submitting the 

sequence of full-length Rac1 (residues 1-192) from Homo sapiens and of enhanced GFP (residues 

1-239) from Aequorea victoria to the Phyre protein structure prediction server which includes 

sequence and structural alignments with several RhoGTPases and GFPs (Kelley and Sternberg, 

2009). eGFP was inserted between residue 177 and 178 of the Rac1 sequence. Superimpositions 

and figures were prepared with PyMOL (PyMOL Molecular Graphics System, Schroedinger, LLC). 

Results
The hypervariable C-terminus of Rac1 is classically considered the key targeting domain 

controlling localized, Rac1-specific, signaling. We previously identified a series of Rac1 

binding partners that associate to Rac1 through its C-terminus and demonstrated differential 

requirements for the proline-rich portion versus the polybasic region. These studies were 

largely based on the use of small peptides, encoding this C-terminal domain or mutated variants 

thereof. In this study, we analyzed the effects of mutating the Rac1 hypervariable domain in the 

context of full-length, constitutively activated Rac1. In addition, we generated a Rac1 mutant in 

which the normal, not mutated C-terminal domain was separated from the N-terminal part of 

the protein by insertion of a GFP-encoding sequence. The key Rac1 mutants used in this study 

are schematically depicted in Figure 1. 

The first series of experiments were aimed at defining the localization of the different Rac1 

mutants in HeLa cells. Previously, we and others showed that activated, but not wild-type (WT) 

Rac1 localized to FAs (Klooster et al., 2006; Chang et al., 2007; Chang et al., 2011; Nethe et al., 

2010). We here compared the widely used Rac1Q61 mutant and the Rac1V12 mutant for their 

localization to FAs. Using vinculin as a bone fide FA marker, the results in Figure 2 show that both 

activated Rac1 variants localized to FAs. Since WT Rac1 does not localize to these structures, this 

suggests that activation of Rac1 is a central aspect of its subcellullar targeting. 

In a previous study, we showed that mutating the C-terminal cysteine residue blocks 

membrane localization of Rac1 and unmasks a nuclear localization signal present in the 

polybasic region in the C-terminus (Lanning et al., 2004). We next tested whether mutating 

the two regions in the Rac1 C-terminus upstream of the CAAX box, i.e. the polybasic region and 

the proline-rich region (van Hennik et al., 2003; Saci et al., 2011), would affect Rac1 targeting 

to FAs. These mutations were analyzed in the context of full-length, active Rac1Q61 tagged at 

the N-terminus by mCherry. Unexpectedly, mutating part of the polybasic region to alanines 

(Rac1Q61 RKR, Figure 1, Figure 3A) did not impair targeting of activated Rac1 to FAs. Similarly, 

mutation of the three consecutive proline residues to alanines (Rac1Q61 PPP; Figure 3B) also 
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Figure 1. Schematic overview of the various Rac1 mutants used in this study. Mutations are all made in the 
context of the full length Rac1 WT of Rac1 Q61 proteins. Mutants include Rac1 proteins in which: the three 
consecutive prolines in the hypervariable region are changed into alanines; three basic residues (RKR) 
from the polybasic region are changed into alanines; a GFP-encoding sequence is inserted in between the 
core G-domain and the unmutated hypervariable region. 

Figure 2. Localization of activated Rac1 mutants. HeLa cells were transfected with constructs encoding 
mCherryRac1Q61 (panel A) or HA-tagged Rac1V12 (panel B) proteins (in red). After 24 hrs, cells were fixed 
and immunostained for the Rac1 mutants and for vinculin (green), as a marker for Focal Adhesions (FA) and 
Focal Contacts (FC). Both Rac1 activated mutants localized to peripheral FC. Rac1 activity in the transfected 
cells prevented formation of large, intracellular FA. 
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did not impair targeting of activated Rac1 to FAs. This data is surprising, since all previously 

identified protein-protein interactions that involve the Rac1 C-terminus, require the RKR 

sequence (Nethe et al., 2010; de Kreuk et al., 2011; de Kreuk et al., 2011; van Hennik et al., 2003; 

van Duijn et al., 2010; Saci et al., 2011; Modha et al., 2008a), whereas some interactions also 

Figure 3. Localization of activated Rac1 C-terminal mutants. HeLa cells were transfected with constructs 
encoding activated mCherry Rac1Q61 proteins that carried mutations in the hypervariable region. (A) Two 
examples of the Rac1Q61 RKR mutant protein (red) are shown. This mutant of Rac1 does not induce a typical 
Rac1 phenotype characterized by extensive cells spreading (e.g. compare to Figure 2), but does localize 
to peripheral focal contacts and more centrally localized focal adhesions, identified by vinculin staining 
(green). (B) The Rac1Q61 PPP mutant protein induces a moderate spreading phenotype and, like the RKR 
mutant in (A), localizes to peripheral FC and more centrally localized FA.
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Figure 4. Localization of activated Rac1 requires proper positioning of the C-terminus. HeLa 
cells were transfected with constructs encoding activated mCherry Rac1Q61 protein (A) and the 
Rac1Q61 GFP-C-term mutant (B), in which a GFP moiety is inserted in between the G-domain and the 
hypervariable C-terminal region. This Rac1 version, does no longer localize to FA, as the Rac1 Q61 
version does (A). Moreover, the Rac1Q61 GFP-C-term mutant shows association to actin cables, in 
particular at the periphery of the cell (zoomed images in panel B).

require the proline-rich region. The latter involve interactions requiring SH3 domains, such as 

for β-PIX, PACSIN2 and CD2AP (Klooster et al., 2006; de Kreuk et al., 2011; van Duijn et al., 2010).

The Rac1 hypervariable C-terminus has originally not been considered an integral part of 

the overall 3D structure of Rac1, which is largely determined by the folding of the so-called 

G-domain (Schweins and Wittinghofer, 1994; Wittinghofer and Vetter, 2011). NMR-based 

analysis, however, has suggested that some of the residues in the Rac1 C-terminus, in particular 
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the RKR sequence, can interact with Pro73 and Gln74 in the Rac1 Switch 2 region (Modha et al., 

2008a). In addition, these authors showed that the Rac1 C-terminus can interact with the Rac1 

effector Protein kinase C-Related kinase 1 (PRK1). This suggests that the hypervariable domain 

does form an integral part of the overall Rac1 structure.

To test this in more detail, we constructed an activated Rac1Q61 mutant that has the 

sequence encoding GFP inserted just before the hypervariable C-terminus (Rac1Q61 GFP-C-

term), separating the hypervariable region from the core G-domain. No other mutations were 

introduced in this construct. In Figure 4A/B, we compared the FA targeting of the Rac1Q61 

protein with the localization of the Rac1Q61 GFP-C-term protein. Most notably, the Rac1Q61 

GFP-C-term protein was not observed in FAs. The protein localized clearly to the nucleus, 

but this was also observed for the other Rac1Q61 variants. In addition, part of the protein was 

localized in the cytosol. The Rac1Q61 GFP-C-term protein showed a tendency to associate to 

actin cables, in particular at the cell cortex. This is unusual for activated Rac1, which is normally 

found in FAs. Together, these findings suggest that the positioning of the Rac1 C-terminus 

relative to the core G-domain is relevant for proper intracellular targeting to FAs. 

RhoGTPase activation requires GEFs that are usually equipped with membrane-anchoring 

domains, such as PH domains (Bos et al., 2007). Specific RhoGTPase signaling may well be 

governed by local activation by one or more GTPase-specific GEFs. To test if the hypervariable 

C-terminus plays a role in the activation of Rac1, we expressed a series of C-terminal mutants 

in the context of a fluorescent protein (FP)-tagged Rac1WT protein and examined whether 

these could be efficiently activated by a co-transfected GEF. For this we used a fragment of 

the large RhoGEF Trio, encoding the first GEF domain of Trio, i.e. TrioD1 (van Rijssel J. et al., 

2012). We then detected Rac1GTP levels using a peptide encoding the PAK CRIB domain (Price 

et al., 2003). These experiments showed that TrioD1 efficiently activated FP-tagged Rac1 WT, 

inducing an up to 10-fold increase in GTP-Rac1 (Figure 5A). Mutating the Rac1 C-terminus 

either at the proline-rich region or the polybasic region had little effect on the efficiency of 

Trio D1-mediated activation. However, the construct in which the C-terminus was separated 

from the G-domain by the GFP insertion, was much less efficiently activated. There were some 

differences in expression level of the various mutants, but these did not explain differences 

in activation. In addition, co-expression with Trio D1 increased expression of the Rac1WT PPP 

and Rac1WT RKR mutants, but this increase was corrected for in the quantization of these 

experiments (quantification in Figure 5B). 

To test the extent to which binding to an established Rac1 effector, IQGAP1, was dependent 

on an intact C-terminus, we performed a series of immunoprecipitation experiments using 

various Rac1 mutants and detected their association to endogenous IQGAP1. Figure 6A shows 

that activated Rac1V12, but not Rac1WT, associated efficiently with IQGAP1. Interestingly, a 

Rac1V12 PBRQ mutant, in which all 6 basic residues in the Rac1 C-terminus are replaced by Gln 

residues, did not associate to IQGAP1. We analyzed this association in more detail by expressing 

the Rac1V12 PPP and Rac1V12 RKR mutants. These experiments showed that these mutations 

did not impair the binding of activated Rac1 to IQGAP1 (Figure 6B). Next, we used a series of 

Rac1Q61 mutants in which each individual amino acid of the hypervariable domain was mutated 

individually to alanine (Figure 6C). In line with the data in Figure 6B, these mutants all associated 
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efficiently to endogenous IQGAP1. As a control, we show that the inactive Rac1N17 mutant does 

not interact with IQGAP1 (Figure 6C). Of note, separate experiments using a biotinylated peptide 

encoding the Rac1 hypervariable domain showed that this peptide does not bind endogenous 

IQGAP1 (data not shown). Together, these data suggest that the entire Rac1 C-terminal domain 

is required, in conjunction with the active conformation of the Rac1 G-domain, for binding to 

the effector IQGAP1. 

Finally, we tested the effects of the C-terminal mutations on Rac1-induced cell spreading. This 

was analyzed in a quantitative fashion using ECIS (Nethe et al., 2010; de Kreuk et al., 2011). The data 

in Figure 7A show that, as expected, expression of GFP-tagged Rac1Q61 promoted cell spreading 

as compared to the GFP-transfected controls. Expression of the various Rac1 C-terminal mutants 

Figure 5. Trio-mediated activation of Rac1 C-terminal mutants. (A) HeLa cells were transfected with 
the indicated Rac1 mutants in the absence or presence of co-transfected Trio D1. For this experiment the 
wild-type Rac1 construct was used to allow for Trio–mediated GTP loading. 24 Hrs following transfection, 
cells were lysed and activated Rac1 was isolated using a biotinylated CRIB peptide, as described in the 
materials and methods. Total cell lysates (TCL) were analyzed for active Rac1 by Western blotting. (B) 
Quantification shows that the PPP and RKR mutations in the hypervariable region do not dramatically 
impair Trio-mediated activation, whereas mispositioning of the C-terminus due to the GFP insertion 
reduces Trio-mediated activation by ~50%. 
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Figure 6. Effector binding of Rac1 C-terminal mutants. (A) HeLa cells were transfected with the indicated 
Rac1 constructs that were subsequently isolated by immunoprecipitation using the HA-immunotag. 
Precipitated Rac1 proteins were analyzed for association to endogenous IQGAP1. Wild-type (WT) Rac1 does 
not bind to IQGAP1, in contrast to activated Rac1V12 mutant. (B) Mutations in the hypervariable C-terminus 
of the Rac1V12 PPP and Rac1V12 RKR mutants do not impair binding to endogenous IQGAP1. However, 
mutating the entire polybasic regions (Rac1V12 PBRQ) blocks association to endogenous IQGAP1. (C) 
Alanine-screen of the Rac1Q61 hypervariable region shows that individual mutations of this region do not 
impair binding to endogenous IQGAP1. EV, empty vector. 

(Figure 7B) did, to different extents, impair cell spreading. The PPP and RKR mutations in the 

context of the Rac1Q61 protein significantly impaired cell spreading and also the Rac1Q61-GFP-C-

term protein was not as efficient in inducing cell spreading as compared to the Rac1Q61 protein. 

These data show that the induction of cell spreading requires an intact Rac1 hypervariable region, 

which likely needs to be properly positioned relative to the core G-domain. 

To further investigate this, we generated a homology model of the Rac1-GFP-C-term 

protein (Rac1 in red, GFP in green, Figure 8). This model is based on the structure of Rac1 

(from the complex Rac1×GDP×RhoGDI, Protein Data Bank (PDB) ID: 1HH4) and GFP (from 

GFP×Cytochrome b562, PDB ID: 3U8P), which both were the top-scoring model of the Phyre 
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Figure 7. Mutations in the Rac1 hypervariable C-terminus impair Rac1-induced spreading. HeLa cells 
were transfected with GFP or the indicated Rac1 mutants and were seeded, 24 hrs after transfection, on 
gold ECIS electrodes for quantitative analysis of cell spreading. (A) Cells expressing empty GFP (black), 
GFP-Rac1Q61 (red) or Rac1Q61 GFP-C-term (blue) show that whereas activated Rac1Q61 promotes cell 
spreading, the mutant carrying the GFP insertion show reduced cell spreading within the first 0.5 - 4.5 hrs 
after seeding. (B) Cells expressing GFP-Rac1Q61 (black), GFP-Rac1Q61 PPP (red), GFP-Rac1Q61 RKR (green) 
or Rac1Q61 GFP-C-term (blue) show that all mutants of the Rac1 C-terminus impair cell spreading. 

protein structure prediction server (Kelley and Sternberg, 2009). Overlay of the Rac1-GFP-C-

term model with full-length WT Rac1 shows that the GTPase portion of the fusion protein has 

the typical G domain fold, a six-stranded b-sheet surrounded by five a-helices, and a similar 

orientation of the Rho insert helix, which is a hallmark of the RhoGTPase family (Figure 8A) 

(Vetter and Wittinghofer, 2001). The GFP structure was also not altered as a result of the fusion 

with Rac1 (data not shown). 
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Figure 8. The GFP insertion between the Rac1 core G-domain and the C terminus affects the protein’s 
structure. 3D homology model of the Rac1-GFP-C-term protein (Rac1 in red, GFP in green), in overlay with 
WT full-length Rac1 (grey) (A) and in complex with RhoGDI (blue) (B), the first RhoGEF domain of Trio (blue) 
(C), and the CRIB region of the effector PAK1 (blue) (D). The GFP insertion leads to the opposite positioning 
of the hypervariable region of Rac1 and will likely affect the binding of RhoGDI and PAK1-CRIB, but not of Trio. 
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Remarkably, the GFP insertion leads to the opposite positioning of the hypervariable 

Rac1 C-terminus relative to its position in the normal Rac1 WT protein (Figure 8A). Since the 

hypervariable region contains binding sites for the membrane lipid anchor and proteins, this 

structural consequence may well affect the Rac1 localization at the cell membrane (Figure 4B). 

In addition, the complex model of Rac1-GFP-C-term with RhoGDI (Figure 8B) indicates that the 

GFP insertion is in close proximity to the bound RhoGDI which will likely influence the interaction 

between RhoGDI and Rac1. In contrast, the binding of the regulatory RhoGEFs such as Trio D1 

(Figure 8C) appears not to be impaired by the GFP insertion in the Rac1-GFP-C-term protein. 

The largest group of Rho effector proteins are the CRIB (Cdc42/Rac1 interactive binding) 

effectors which contain a CRIB motif as GTPase binding domain such as in the p21-activated 

kinase 1 (PAK1) (Bishop and Hall, 2000). As for RhoGDI, the GFP insertion is in close proximity to 

the bound CRIB region of PAK1 (Figure 8D) which thus may alter the Rac1 binding to the effector. 

In general, the positions of the regulatory proteins RhoGDI (from Rac1×GDP×RhoGDI, PDB ID: 

1HH4) and the first Trio GEF domain (Trio D1; from Rac1×nucleotide-free×Trio-PH1-DH1, PDB 

ID: 2NZ8), and the effector PAK1 CRIB region (from Cdc42×GppNHp×PAK1-CRIB, PDB ID: 1E0A) 

in complex with the Rac1-GFP-C-term were defined by overlaying of the GTPases structures. 

Discussion
The present analysis shows that the hypervariable C-terminus of Rac1 plays a complicated role 

in Rac1 function. Both the sequence as well as the position of this hypervariable region control, 

in various ways and to different extent, the localization, activation and output of Rac1. 

Rho GTPases harbor a post-translationally added C-terminal lipid anchor, which is, in 

inactive GTPases, important for the binding to the cytosolic chaperone RhoGDI (Hall, 1992; 

Olofsson, 1999). For active GTPases, the same lipid anchor mediates membrane association, 

which is essential for proper downstream signaling and likely also for efficient GEF-dependent 

activation. These lipid anchors come in different forms (e.g. geranyl-geranyl; palmitoyl, etc) 

that do confer some specificity to GTPase signaling as these lipids direct the association to 

some, but not all membranes or membrane domains (Hancock, 2003; Hancock and Parton, 

2005). The same is true for constitutively membrane-associated GTPases such as those of the 

Ras family, that have two cysteine residues that are lipid modified. Most recently, also for Rac1 a 

second cysteine at position 178 was shown to be targeted for lipidation, in this case by palmitate 

(Navarro-Lerida et al., 2012). This modification did not affect GDI binding, but was found to be 

required for efficient Rac1-GTP loading and for consequent cell spreading and migration. In 

addition, a Rac1-mutant that was palmitoylation-deficient showed a reduced partioning into 

so-called liquid-ordered, cholesterol-rich membrane domains. These are the domains to which 

activated Rac1 translocates following the stimulation of cells with growth factors or adhesion to 

matrix proteins (del Pozo et al., 2004; del Pozo et al., 2000; del Pozo et al., 2002).

Although lipid anchor-controlled GTPase association to membrane subsets may well drive 

signaling specificity, the fact that the C-terminus of different, highly homologous RhoGTPases 

shows such high sequence variability has generally been assumed to be a key aspect in controlling 

specific downstream signaling as a result of protein association. Work from our lab and others 
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has identified an extensive range of proteins that associate to the Rac1 hypervariable domain. 

The original hypothesis was that such proteins would be instrumental for the subcellullar 

targeting of Rac1. One of the most discrete localizations of activated Rac1 is at FAs (Nethe et al., 

2010), where integrins mediate the adhesion of the cell to the underlying extracellular matrix. 

Integrin binding to ligand induces Rac1 activation, so the targeting of Rac1 appears functionally 

relevant (del Pozo et al., 2000; del Pozo et al., 2002). Moreover, we found the FA-associated 

Rac1-GEF β-PIX to mediate targeting of Rac1, at least towards the plasma membrane (Klooster 

et al., 2006). However, our current analysis shows that relatively large mutations within the 

Rac1 C-terminus (3 out of 10 amino acids), in the context of full-length activated Rac1, have little 

effect on the targeting of the protein to FAs. This includes mutations in the proline-rich region, 

which is required for binding of Rac1 to β-PIX. It is important to underscore in this context 

that activated GTPases are not expected to bind GEFs, suggesting that the targeting of Rac1 by 

β-PIX is particularly relevant prior to Rac1 activation (Etienne-Manneville and Hall, 2002; Bos 

et al., 2007). These data further suggests that the Rac1 C-terminus only plays a limited role in 

subcellullar targeting to these sites. Since wild-type, not–activated, Rac1 does not associate to 

FAs, it appears that constitutive activity or the location of the GEFs is a more critical determinant 

for the localization of activated Rac1. 

Also the activated Rac1 mutant with a RKR-AAA mutation in the hypervariable region did 

not show impaired localization of Rac1 to FAs. This is surprising, since this sequence is, based 

on the peptide-binding assays that we have performed, required for the association of Rac1 

to most, if not all, C-terminus-interacting proteins. This would suggest that these proteins do 

not serve as Rac1 targeting proteins. Similarly, this would also indicate that the hypervariable 

C-terminus does not serve a major role in Rac1 targeting. 

The various activated Rac1 mutants that we used in this study all showed reduced induction 

of cell spreading. This was also found for the PPP and RKR mutants that showed normal FA 

targeting. These results also separate localization, e.g. at FAs, from the full induction of a 

phenotype, in this case cell spreading. This may be, to a limited extent, due to effector binding. 

We addressed this, analyzing the binding activity of the mutants to endogenous IQGAP1 as a 

proof of principle. IQGAP1 binds very efficiently and selectively to activated Rac1. The PPP and 

RKR mutants of activated Rac1 bound to IQGAP1 efficiently, but when a PBRQ mutant was used, 

in which all basic residues in the C-terminus are mutated to Gln residues, IQGAP1 binding was 

lost. The Rac1 C-terminal peptide does not bind to IQGAP1, which shows that the hypervariable 

C-terminus is required, but not sufficient, for IQGAP1 binding. 

To investigate this topic further, we mis-positioned the normal, unmutated Rac1 C-terminus, 

through the insertion of a GFP-encoding sequence in both wild-type and activated Rac1 mutants. 

This configuration resembles that used in the Raichu probes that have been widely used for the 

analysis of Rac1 activation in live cells (Itoh et al., 2002; Nakamura et al., 2006). Surprisingly, 

this Rac1Q61 GFP-C-term protein did not localize to FAs, indicating that activity of Rac1 per se 

is not sufficient for Rac1 localization, but that the relative position of the hypervariable domain 

is important. This notion was further confirmed by our structural modeling showing that the 

hypervariable C-terminus of the Rac1-GFP-C-term protein and thus its Q61 mutant has an 

opposite positioning relative to the G-domain when compared to normal Rac1. In addition, a 

Chapter 5104



wild-type version of Rac1 GFP-C-term was found to be less efficiently activated by the GEF Trio. 

The PPP and RKR mutants of wild type Rac1 were activated normally. This data suggests that 

the positioning of the C-terminus is relevant for GEF-mediated activation and also shows that 

a normal Rac1 hypervariable region is, unlike the corresponding region of Ras, insufficient for 

proper intracellular targeting. 

It is important to mention that our modeling also indicates that the C-terminal region of 

Rac1 can affect or even mediate effector interactions. This was suggested previously based on 

NMR studies (Modha et al., 2008b) and was also deduced from our analysis of the binding of 

the ubiquitin ligase Nedd4, which associates to Rac1 through the C-terminus and binds more 

efficiently to active than to inactive Rac1 (Nethe et al., 2012). This notion may confound the 

analysis of GEF-mediated activation of the Rac1 GFP-C-terminal mutant, as this protein may 

well bind inefficiently to the CRIB peptide used for its isolation. We were not able to provide 

convincing biochemical evidence for this, because the expression levels of the Rac1Q61 GFP-C-

term as well as its V12 variant were very low. This in turn may be due to increased susceptibility 

to ubiquitylation and degradation (Nethe et al., 2010; Nethe et al., 2010; Torrino et al., 2011), 

since the wild type variant of this protein was clearly detectable in biochemical experiments 

(Figure 5). Alternatively, reduced stability may be due to altered binding to RhoGDI (Garcia-

Mata et al., 2011b), even though activated RhoGTPases have a reduced affinity for RhoGDI as 

compared to wild type RhoGTPases. In any case, the mispositioning of the C-terminus does 

have significant effects on Rac1 targeting and downstream signaling, underscoring its relevance 

for Rac1 function.

In conclusion, this study uncovers an unsuspected functional role for the Rac1 hypervariable 

region, acting in concert with the core G-domain to mediate the activation, the FA-targeting 

and the downstream signaling of Rac1.
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Summary and concluding remarks
In multicellular organisms, cells have developed sophisticated mechanisms to cope with the 

multitude of external cues that they are exposed to. Extracellular stimuli must be thoroughly 

integrated into specific physiological responses for a proper functioning of the organism. Any 

disturbances in signal transduction, due to for example aberrant activation or inactivation of a 

given signaling pathway, could result in serious conditions such as the development of cancer or 

autoimmune diseases. In many cellular disorders, cells must accumulate different, consecutive 

abnormalities (i.e. mutations) in order to cause disease. For example cancer and autoimmunity 

are caused by excessive cellular proliferation combined with targeted cell migration. The aim 

of this thesis was to gain new insights in the complex regulation and signaling of two important 

proteins taking part in the signal transduction toward both cell proliferation and migration i,e. 

CXCR4 and Rac1.

CXCR4 is a GPCR expressed on a multitude of different cells including malignant cells1;2. 

GPCRs are a large family of seven transmembrane receptors that sense a wide range of 

extracellular cues, such as hormones, neurotransmitters and cytokines, and therefore represent 

attractive targets for drug development. For instance, CXCR4 gained much attention after 

discovering its involvement in HIV pathogenesis3. Moreover, this receptor appeared to induce 

tumor cell proliferation and metastasis2;4 and functions at the center of hematopoietic stem 

cell homing and mobilization5-7. Over the years, the advantage of structure-based drug design 

has been established. However, three-dimensional structures of GPCRs appeared to be hard to 

determine due to the seven-transmembrane-spanning nature of the receptor. Therefore, it is 

clear that more knowledge on the conformations adopted by these receptors is required for 

the development of efficient therapeutic targeting strategies.

Rac1 is a small GTPase belonging to the Rho family of GTPases. Since its discovery, Rac18 

was rapidly established as an important regulator of cytoskeletal dynamics taking part in many 

physiological processes, including cell polarization, cell migration, cellular attachment to the 

extracellular matrix and cell division8-11. Consequently, Rac1 signaling takes part in embryonic 

development, cell differentiation and proliferation and immune responses10;12. Rac1 knock-out 

mice die at the embryonic stage, underscoring its crucial role13. Like CXCR4, Rac1 was identified 

as a key player in the development and metastasis of cancer14-17. Thus, a detailed understanding 

of the molecular mechanisms regulating the fine-tuning of CXCR4 and Rac1 activation and 

downstream signaling is crucial.

Considering the critical role of CXCR4 in many biological processes, cells have developed 

several highly structured mechanisms to regulate the activation and signaling of this receptor. 

The levels of CXCR4 expression on the cell surface is an important determinant of the amplitude 

of CXCR4-mediated signaling. Therefore, CXCR4 regulation begins at the transcriptional level. 

Next to the basal control of CXCR4 transcription, several stimuli can affect its transcription. 

Lack of oxygen in the cellular environment, for example, can induce the upregulation of CXCR4 

via the transcription factor hypoxia-inducible factor18. This mechanism is mostly employed 

by neoplastic cells to egress areas of low oxygen. In addition, several cytokines and growth 

factors can modulate the expression of CXCR419-21. Once expressed, CXCR4 is subjected to 

posttranslational modifications that contribute to proper expression and function on the 
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cell surface. The N-terminal extracellular region of CXCR4 is subjected to glycosylation and 

sulfation. N-linked glycosylation of CXCR4 is important for the cell surface expression of 

the receptor. In addition, sulfation as well as glycosylation of CXCR4 is necessary for proper 

ligand binding22-25. Finally, via complex mechanisms involving vesicular trafficking, CXCR4 is 

transported to the cytoplasmic membrane. However, a pool of CXCR4 is kept into intracellular 

vesicles constituting a reserve pool, which is ready to translocate to the cell surface when 

required by the extracellular stimuli. Once on the surface and in steady state conditions, CXCR4 

levels can still be modulated by spontaneous internalization and recycling26;27 and ligand-

independent endocytosis provoked by external factors. such as the cytokines interleukin-4 

(IL-4), IL-13 and granulocyte-macrophage colony-stimulating factor (GM-CSF)28. The control 

of CXCR4 function from its transcription to its cell surface expression constitutes just one 

phase of the multiple phases of CXCR4 regulation. The management of CXCR4 signaling upon 

ligand binding is the second phase of CXCR4 regulation and has been addressed in chapter 1 

of this thesis. 

The ability of CXCR4 to switch conformations after ligand binding is established29. In the 

absence of CXCL12, CXCR4 is in its inactive conformation. Stimulation with CXCL12 induces 

the active conformation of CXCR4 that is required for the subsequent activation of Gα
i
. The 

existence of antigenically distinct conformations of CXCR4 on the cell surface in steady 

state conditions added a new level of complexity to CXCR4 regulation30-32. This generated a 

new hypothesis proposing the existence of a responsive as well as a non-responsive CXCR4 

conformation. 

While exploring CXCR4 signaling toward Rac1 in the context of cell migration, we found 

that inhibition of Rac1 decreased CXCR4 cell surface expression. The decrease of CXCR4 

signal at the cell surface was not caused by enhanced internalization of the receptor, but 

rather caused by impaired binding of the conformation-sensitive antibody that we used. Our 

hypothesis that Rac1 inhibition changes the conformation adopted by CXCR4 was confirmed 

by the use of a conformation-independent antibody against CXCR4, the binding capacity of 

which was unaffected by Rac1 inhibition. These findings, described in chapter 2, identify Rac1 

as an allosteric modulator of CXCR4 that dictates the conformation of the receptor (Figure 1). 

A few studies that investigated CXCR4 conformational changes in different contexts used 

bioluminescence resonance energy transfer (BRET) technology29;33;34. In this assay CXCR4 

DNA constructs are fused to a bioluminescent energy donor (usually renilla luciferase) or a 

fluorescent acceptor (usually YFP) and co-transfected into a cell. Assuming that CXCR4 can 

form homodimers that are expressed on the cell surface, this will result in a BRET signal. Any 

conformational change in CXCR4 is presumed to drive the CXCR4 couple away from each other 

or closer to each other causing a decrease or an increase of the BRET signal, respectively. This 

assay is usually performed in Hek293T or HeLa cells, because they are easy to transfect and 

to monitor by confocal microscopy. However, these cells do not express endogenous CXCR4 

and ectopically expressed CXCR4 may not reflect the physiological behavior of this receptor. 

In this context, the use of conformation-(un)sensitive antibodies is a useful tool to monitor 

CXCR4 conformational changes in different cell lines or primary cells expressing endogenous 

CXCR4. A recent paper has reported the crystal structure of CXCR4 thereby providing the three 
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dimensional structure of the first chemokine receptor35. This represented a powerful tool for us 

in order to ‘visualize’ the conformational change of CXCR4 upon Rac1 inhibition. Nevertheless, 

our results in chapter 2 and 3 demonstrate that inhibition of Rac1 induces the non-responsive 

conformation of CXCR4 that impairs CXCL12-mediated signaling. Thus, we show for the first 

time that Rac1 can act as a positive allosteric modulator of a GPCR. Some allosteric modulators 

can affect receptor signaling without interfering with the ligand binding capacity36;37. However, 

we show that Rac1 inhibition blocks CXCL12 binding, suggesting that the conformational change 

affects the ligand binding pocket of CXCR4, which is formed, in part, by the 2nd extracellular 

loop (ECL2)35;38;39. The fact that the conformation-dependent antibodies recognizing an epitope 

on the ECL2 both lose their reactivity upon Rac1 inhibition makes it highly probable that Rac1 

activity regulates CXCR4 responsiveness by stabilizing a ‘ready to go’ ECL2 conformation. 

An important question remains: what is the extracellular signal that regulates and directs 

Rac1 activity towards CXCR4 under physiological conditions? It is possible that CXCL12-induced 

activation of Rac1 initiates a positive feed-back loop responsible for increasing and maintaining 

the CXCL12-responsive CXCR4 conformation. This hypothesis is hard to verify since CXCL12 

stimulation is already causing a conformational change in CXCR4, which is followed by receptor 

internalization. A second mechanism could involve “cross-conformational regulation”40. Like 

Figure 1. Rac1 regulates CXCR4 conformation. (A) Rac1 activity keeps CXCR4 in its responsive conformation 
that allows for CXCL12 association as well as HIV binding and viral entry into the cell. We propose a model 
wherein Rac1 recruits CXCR4 to lipid raft microdomains, thereby promoting conversion to the responsive 
conformation of CXCR4. (B) (1) Inhibition of Rac1 causes a conformational change of CXCR4 turning the 
receptor into the non-responsive conformation. (2) This non-responsive conformation impairs ligand 
association and also blocks HIV binding and entry into the cell.
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receptor cross-activation, it could be possible that a specific receptor signals through Rac1 to 

induce the responsive conformation of CXCR4 and enhance its activity. In the context of cell 

migration, this receptor could be a chemokine receptor, a growth factor receptor or a receptor 

involved in cell adhesion. 

A key finding in chapter 2 is that CXCR4 conformational change upon Rac1 inhibition blocks 

cellular infection by the CXCR4-using HIV-1 strain (X4-HIV-1), by preventing virus binding and 

entry into the cell. In a parallel experiment, we showed that inhibition of Rac1 does not affect 

the infection caused by a CCR5-dependent HIV-1 strain. This finding demonstrates that in our 

experimental settings, early steps of HIV-1 infection do not require a physiological role of Rac1, 

including actin polymerization. Accordingly, it has recently been shown that cortical actin in 

resting CD4 T cells acts as a barrier for viral post entry migration41. To overcome this restriction 

the virus signals via CXCR4 to activate the actin-depolymerizing machinery.

Since the ECL2 is an important determinant on CXCR4 for binding of X4-HIV-130;42;43, we 

suggest that the virus can not properly bind to CXCR4 following its conformational change. Our 

findings open new possibilities for therapeutic manipulation of CXCR4. Our group previously 

reported that the cell permeable peptides encoding the C-terminus of Rac1 could efficiently 

be employed as Rac1 inhibitors in vivo. In a rheumatoid arthritis mouse model, treatment with 

these peptides to block immune cell trafficking, reduced lymphocyte infiltration and swelling 

of the inflamed joints44. However, inhibition of Rac1 as a strategy to block X4-HIV-1 infection 

is not possible, because this would affect the wide range of biological processes controlled 

by Rac1 including immune responses and integrity of epithelial and endothelial monolayers. 

It is therefore important to better understand how Rac1 can stabilize the responsive (HIV-1 

permissive) conformation of CXCR4 and to determine the proteins via which Rac1 acts. This 

approach could eventually lead to targets that allow for therapeutic intervention via regulation 

of CXCR4 conformation. Recently, allosteric agonist peptides of CXCR4 have been developed. 

These peptides do not depend on the binding pocket of CXCL12 and can induce CXCR4-

mediated signaling45. Therefore, a combination of a drug that alters CXCR4 conformation 

with these peptides represents a potentially successful approach to prevent HIV-1 entry, while 

preserving CXCR4 physiological responses (Figure 2).

In an attempt to better characterize the Rac1-CXCR4 axis, we identify in chapter 3 the 

domain of CXCR4 responsible for mediating the Rac1 effect on the receptor’s conformation. 

The 3rd intracellular loop (ICL3) of CXCR4 associated preferentially with active Rac1 and was 

responsible for mediating the effect of Rac1 on the conformation of CXCR4. The use of cell-

permeable peptides encoding the amino acid sequence of ICL3 as a dominant negative 

competitor was sufficient to induce a conformational change of CXCR4 that did not support 

CXCL12-mediated signaling. The ICL3 has been shown to mediate Gα
i
 signaling responses, such 

as calcium mobilization and the activation of the MAPK pathway46. Thus, it appears that this 

domain functions at the center of CXCR4 function. While ICL3 has a preference for binding to 

active Rac1, the full length receptor bound to Rac1 independently of its GTP-bound state. We 

still do not know the exact function of inactive GDP-Rac1 association to CXCR4. However, there 

is increasing evidence that GDP-bound Rac1 fulfills signaling functions47-49. Moreover, our group 

showed that ubiquitylation and degradation is one of the mechanisms that control the prevalence 
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and signaling of GDP-Rac150. This contradicts the central dogma stating that only GTP-Rac1 is 

signaling competent. In chapter 3, we explored several mechanisms that could possibly control 

the conformation of CXCR4. We excluded Gα
i
 coupling to the receptor or actin polymerization 

as possible mechanisms governed by Rac1 and responsible for stabilizing CXCR4 conformation 

on the cell surface. However, we found that the disruption of lipid raft microdomains alters 

CXCR4 conformation. As CXCR4 localization in lipid raft-rich membranes has been shown 

to positively affect its function51-55, we suggest that CXCR4 presence in lipid rafts induces its 

responsive conformation. There is evidence that both Rac1 and CXCR4 co-exist in the same 

lipid raft microdomains55. Moreover, Rac1 signaling has been shown to regulate the subcellular 

localization of many proteins49;50;56. Thus, we propose that Rac1 promotes CXCR4 incorporation 

into lipid rafts as a possible model explaining how Rac1 regulates CXCR4 conformation. This 

hypothesis is further supported by the work of Lin et al. showing that attenuation of lipid raft-

associated Rac1 activity in esophageal carcinoma cells abrogates CXCR4 localization at lipid raft 

microdomains and inhibits CXCL12-induced invasion of these malignant cells57.

In our group we are particularly focused on understanding the role of the hypervariable 

region of Rac1, which appears to mediate a central role in GTPase function in contrast to 

Figure 2. Therapeutic manipulation of CXCR4. (1) To induce the conformational change of CXCR4, we 
intend to inhibit one of the elusive, intermediary proteins that are regulated by Rac1 and may act to 
convert CXCR4 conformation. This will induce the non-responsive receptor that blocks CXCR4 signaling 
and HIV infection. (2) As in this situation, CXCL12 binding is also inhibited, stimulation of the receptor with 
agonistic peptides that bind to CXCR4 through other, allosteric, sites than the binding pocket of CXCL12, 
would allow maintenance of CXCR4 biological functions. RSVM and ASLW: two peptides with RSVM and 
ASLW amino acid sequences at their N termini.
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what was previously proposed. This region mediates the function of many effector as well as 

regulatory proteins, regardless of the GDP/GTP-bound state of the GTPase49;50;56. We identified 

novel Rac1 interactors, all using the C-terminus of the GTPase, including CXCR4, caveolin-1, 

PACSIN2 and the nuclear proto-oncogene SET/I2PP2A50;58-60. These proteins act independently 

of each other and reside in different subcellular compartments and depending on the type of 

signal, they fulfill different cellular functions. 

In chapter 4, we identify the nucleocytoplasmic oncogene nucleophosmin 1 (NPM1) as 

a novel regulator of Rac1 activation and signaling. NPM1 is a multifunctional phosphoprotein 

protein taking part in various cellular processes, such as ribosome biogenesis, the maintenance 

of genomic stability and the inhibition of pro-apoptotic pathways61-63. NPM1 is an oncogene 

frequently mutated in acute myeloid leukemia (AML) characterized by aberrant NPM1 

accumulation in the cytoplasm61;62;64;65. In this study, we show that NPM1 interacts with the 

hypervariable C-terminal domain of Rac1 and negatively regulates its activation resulting in 

a decrease in cell spreading capacity. NPM1 is a shuttling protein containing both a nuclear 

localization signal (NLS) as well as a nuclear export signal (NES)62;66;67. However, despite the 

NES motif, NPM1 is mainly localized in nucleoli68. Thus, under physiological conditions, nuclear 

import of NPM1 dominates its export. Since Rac1 also contains a NLS in its C-terminal tail69 and 

is believed to participate in signal transduction inside the nucleus70, it is possible that NPM1 is 

responsible for modulating Rac1 nuclear signaling. Another explanation is that NPM1 senses 

high Rac1 activity and rapidly moves into the cytosol to dampen Rac1 signaling. This notion is 

supported by our finding that constitutive active Rac1 drives NPM1 out of the nucleus into the 

cytosol. It is not clear yet how NPM1 decreases Rac1 activity. We show that NPM1 does not target 

Rac1 for degradation. Thus, NPM1 may enhance GTP hydrolysis or disturb GEF activity. Next to 

SET59, NPM1 is the second nuclear oncogene we identified in our group as a binding partner of 

Rac1. Like SET, NPM1 nuclear exit is induced by Rac1 activity. As NPM1 cytoplasmic localization is 

associated with AML, this suggests a possible involvement of Rac1 in malignant transformation 

of myeloid stem cells and requires further attention. 

Zhang et al. identified NPM1 as a novel protein responsible for suppressing CXCR4 

signaling and CXCL12-mediated chemotaxis71. Like Rac1, NPM1 associates with CXCR4 via the 

ICL3. As NPM1 inhibits Rac1 activity, we anticipated that NPM1 overexpression would cause a 

conformational change in CXCR4 via a mechanism involving Rac1 inhibition. However, using our 

set of conformation-(in)dependent antibodies, we did not observe a conformational change in 

CXCR4 upon NPM1 overexpression as compared to control conditions (data not shown). This 

suggests that NPM1 acts as negative regulator of CXCR4 independently of Rac1 and does not 

induce the non-functional conformation of CXCR4 obtained after Rac1 inhibition. 

Our research on the regulation of CXCR4 conformation and the dynamics of NPM1 

highlights the importance of the hypervariable C-terminus of Rac1. Indeed, both CXCR4 and 

NPM1 bound to Rac1 via its C-terminus. Basic knowledge of the Rac1 C-terminus is summarized 

in chapter 1. In chapter 5, we aimed to provide increased understanding of the role of the 

hypervariable C-terminus of Rac1 in regulating the function of this GTPase. We previously 

established that the Rac1 C-terminus contains two binding motifs for signaling proteins that 

mediate differential signaling events in a non-redundant fashion72. The specialized domains 
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composing the C-terminus of Rac1 are a proline-rich stretch (i.e. three consecutive prolines 

PPP) and a polybasic domain (i.e. six consecutive basic residues KKRKRK). While this work relied 

on cell-permeable peptides encoding the amino acid sequence of wild-type Rac1 C-terminus, 

a proline-mutant C-terminus (i.e. PPP-AAA) or a polybasic mutant C-terminus (i.e. RKR-AAA), 

in the current study we made use of full-length Rac1 constructs encoding these C-terminal 

mutations to further dissect the role of these separate regions in Rac1 regulation. First, we 

examined the subcellular localization of the different Rac1 constructs. As expected, the 

constitutive active Rac1 was targeted to focal adhesions where it is known to participate in 

the formation of adhesive structures and to mediate integrin-dependent cell adhesion to the 

underlying extracellular matrix. The proline-rich domain of Rac1 is mostly involved in binding 

effector and regulatory proteins72 and contributes to the NLS73. Here we show that mutating 

this region does not impair the subcellular targeting of active Rac1.

In our previous work we found that the Rac1 C-terminal peptides were targeted to the 

membrane72. The membrane localization of these peptides was dependent on the polybasic RKR 

motif of the Rac1 C-terminus. These results were surprising since these peptides do not posses 

a CAAX box and therefore lack a lipid tail, which is responsible for membrane anchoring74. 

However, the positive charge of the polybasic region could be responsible for the association 

with the membrane that carries a negative charge depending on its phospholipid composition75. 

In contrast to these results, our current analysis shows that the relatively large mutation within 

the polybasic region of the Rac1 C-terminus (3 out of 6 amino acids) in the context of a full-

length activated Rac1 did not hamper its targeting to focal adhesions. This was unexpected 

because most if not all of the Rac1 regulatory proteins, described by us, require an intact 

polybasic region in the C-terminus of Rac1 to allow the interaction with Rac150;56;58. Moreover, 

numerous studies describe the importance of this domain in Rac1-targeting specificity 76-78. This 

suggests that Rac1, in its GTP bound active conformation, can bypass the requirement of an 

intact polybasic region in its C-terminus for proper targeting to specific microdomains. 

Next to the Rac1 conformation, other mechanisms could contribute to the targeting of 

the active Rac1 polybasic-region mutant. The constitutively active Rac1 mutants are known 

for their decreased sensitivity to RhoGDIs and would therefore be less efficiently retained in 

the cytoplasm and instead more efficiently targeted to the membrane76;79. In addition, their 

exposed lipid tail could confer some subcellular targeting specificity. Another explanation is 

that some effector proteins that bind to Rac1 in its GTP-bound conformation could mediate the 

translocation of active Rac1 to specific membrane compartments. We also demonstrate that 

neither the proline-rich region, neither the polybasic region of wild-type Rac1 is required for 

GEF-mediated activation of the protein. This also suggests that these Rac1 mutants are normally 

translocating to the plasma membrane, the ‘field of action’ of GEF proteins80. Although both 

Rac1 C-terminal mutants seem to be normally regulated, we showed that they have reduced 

capacity to mediate physiological responses such as cell spreading. This could be attributed to 

the lack of binding to regulatory proteins that we and others previously described to require 

either an intact proline-rich domain or polybasic region in the Rac1 C-terminus50;56;58;72;81. 

Our present goal is to use new optical methods that could considerably improve the 

spatiotemporal control of the different Rac1 mutants of interest. For example a caged 
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analog of rapamycin can be locally activated by UV light and induce localized Rac1 activation 

characterized by spatially confined membrane ruffle formation82. Another approach is the use 

of an active Rac1 mutant with an auto-inhibitory loop, which is released upon application of 

light at a specific wavelength83. These methods restrict the amount of activated Rac1 in the cell 

and overcome the effects of overexpression and/or compensation for the prolonged presence 

of the constitutively active GTPase. 

A key finding in this chapter is that mis-positioning of an intact hypervariable C-terminus 

abrogates Rac1 regulation and function, even in the context of a constitutively active form. 

Indeed, a GFP insertion just before the C-terminus of activated Rac1 inhibits its targeting to focal 

adhesions and inhibits the induction of cell spreading as compared to the normal activated Rac1 

protein. Even the activation of this mutant by a GEF protein was impaired. These findings show 

that the integrity of Rac1 conformation and a precise position of the C-terminus toward the 

G domain of the protein is a prerequisite for proper Rac1 function. These data are especially 

important considering the development of Rac1 biosensors, which contain a fused fluorescent 

protein and argue against any insertion that would position the Rac1 C-terminus away from the 

core protein.

In Summary, this chapter provides more knowledge on the complex regulation of Rac1 

and describes a previously unrecognized role of the hypervariable C-terminus that intimately 

cooperates with the G domain to control Rac1 function. 

 Given the association of CXCR4 and Rac1 to numerous pathological conditions, considerable 

attention has been paid to these proteins. Yet, we are just beginning to understand the 

diversity and complexity of the mechanisms regulating Rac1 and CXCR4 signaling. This thesis 

identifies new mechanisms as well as new players in the regulation of these two proteins. We 

also show that different proteins, with seemingly unrelated functions and different subcellular 

localizations, are actually acting in harmony to generate the wide diversity of signaling pathways 

and responses produced by a cell.

The possible interplay between Rac1, CXCR4 and NPM1 presents new targets for therapeutic 

manipulation in many pathological conditions, such as hematological diseases, tumor cell 

pathology and HIV infection and most importantly provides a new topic for exciting research.
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Nederlandse samenvatting
Cellen krijgen vanuit de omgeving allerlei signalen die ze via complexe signaleringsmechanismen 

integreren tot passende responsen. Deze signalen bestaan uit vrije moleculen of cel- of 

matrixgebonden liganden, die vervolgens binden aan specifieke receptoren op het celoppervlak 

of in de cel. Door deze interacties wordt een cascade van signaleringspaden aangezet in de 

cel die bepaalde eiwitten “aan” of juist “uit” zetten. Dit stelt de cel in staat om de biologische 

responsen sterk in tijd en plaats te reguleren.

Afhankelijk van de aard van het signaal, is een breed spectrum aan biologische responsen 

mogelijk, zoals differentiatie, celdeling en groei, celadhesie en celmigratie. Directionele 

migratie of gerichte migratie, is een eigenschap die ten grondslag ligt aan de vorming van 

weefsels en organen in een zich ontwikkelend embryo, maar ook essentieel is voor het 

afweersysteem. Daarnaast is dit type celmigratie ook betrokken bij het ontwikkelen van ziektes, 

waaronder chronische ontstekingsziektes en het uitzaaien van kankercellen. Celmigratie wordt 

op meerdere niveaus gereguleerd. Belangrijke migratie-inducerende signalen zijn chemokines, 

die door receptoren op het celoppervlak herkend worden en die geproduceerd worden door 

verschillende soorten cellen. Cellen die de juiste receptor hebben zullen in de richting van de 

hoogste concentratie van het bijbehorende chemokine bewegen. 

Een chemokine bindt aan een zogenaamd zeven-transmembraane G-eiwit gekoppelde 

receptor. Eén van de belangrijkste chemokine/chemokine receptor paren is CXCL12/CXCR4. 

Het ligand, in dit geval CXCL12, bindt aan een receptor en induceert een 3D structuur (i.e. 

conformatie) verandering in CXCR4 waardoor de receptor actief wordt en een signaal binnen 

in de cel genereert. CXCR4 speelt een belangrijke rol bij de gerichte beweging van (stam)cellen 

tijdens embryonale ontwikkeling, reguleert de migratie van leukocyten tijdens ontstekingen, 

maar heeft ook een hoofdrol in bloedcelvorming of hematopoïese. Uitschakelen van het CXCR4 

gen in muizen leidt tot een vroegtijdige dood van het ongeboren embryo doordat migratie van 

verschillende soorten cellen is verstoord. Dit benadrukt de essentiële rol van CXCR4. Het is dan 

ook van groot belang dat deze receptor op een gereguleerde manier werkt. Eén manier om 

CXCR4 signalering te reguleren is door receptor desensitisatie ofwel het ongevoelig maken van 

het receptor. Daarnaast kan de receptor ook opgenomen worden door de cel, ook internalisatie 

genoemd, in respons op het binden van het ligand. Deze processen voorkomen dat er CXCR4 

te lang signaleert wat kan leiden tot het ontregelen van de biologische functie van CXCR4. 

Vanwege de betrokkenheid van CXCR4 in verschillende pathologische processen, zoals het 

uitzaaien van kankercellen, is er veel onderzoek gewijd aan deze receptor. Echter, er zijn nog 

veel onbekende factoren die een rol spelen bij de regulatie van CXCR4. 

De intracellulaire reactie op de CXCL12/CXCR4 signaal wordt grotendeels gestuurd door 

het zogenaamde cytoskelet dat de snelheid en de richting van de bewegende cel bepaalt. Het 

actine skelet zorgt voor vorm en stevigheid van de cel, maar in tegenstelling tot het menselijke 

skelet, is het actine cytoskelet zeer dynamisch. Er zijn een groot aantal eiwitten binnen de 

cel die de dynamiek van het actine cytoskelet reguleren en daarmee de beweging van de cel 

aansturen. Belangrijke regulatoren van het actine cytoskelet zijn eiwitten van de Rho-familie 

van kleine GTPases waarvan in het bijzonder Rac1, RhoA en CDC42. GTPases zijn enzymen en 

“moleculaire schakels” die zich in het kenmerken doordat zij in een “aan” stand kunnen staan 
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wanneer ze GTP (guanosine trisfosfaat) binden en in een “uit” stand kunnen staan wanneer GTP 

tot GDP wordt gehydrolyseerd. De signalering van Rho-GTPases controleert de veranderingen 

van het cytoskelet tijdens het migreren van cellen naar hun “target” locatie. Het is dan ook niet 

vreemd dat de ontregeling van signalering via Rho-GTPases vaak leidt tot ernstige ziektes. Het 

is dus van groot belang dat de activiteit van deze eiwitten zeer goed gereguleerd worden.

Doordat CXCR4 en Rac1-aangestuurde signalering in talloze ‘vitale’ processen centraal 

staan, hebben we ons in dit proefschrift tot doel gesteld om te zoeken naar nieuwe moleculaire 

mechanismen die de signalering van CXCR4 en het Rac1 eiwit controleren, evenals de 

moleculaire mechanismen die CXCR4 en Rac1 op hun beurt aansturen.

CXCR4 signaleert onder ander naar Rac1 en leidt tot de activatie van dit eiwit om 

celbeweging te stimuleren. Dit zogenaamde “outside-in” proces van signaal transductie is al 

eerder gepubliceerd. Echter, in hoofdstuk 2 en 3 beschrijven we dat het Rac1 eiwit ook een 

nog niet eerder bekende rol speelt bij de regulatie van CXCR4 in een “inside-out” proces. Om 

preciezer te zijn hebben we gevonden dat Rac1 de actieve conformatie van CXCR4 reguleert. 

Hiertoe hebben we eerst aangetoond dat beide eiwitten aan elkaar binden. Op verschillende 

manieren hebben we vervolgens de activiteit van Rac1 geremd in verschillende celtypen en 

daarna hebben we de conformatie van CXCR4 bestudeerd door middel van conformatie-

gevoelige en conformatie-ongevoelige antilichamen. We hebben gevonden dat het remmen 

van het Rac1 eiwit er toe leidt dat CXCR4 een nieuwe conformatie aanneemt. Belangrijk was het 

feit dat Rac1 remming geen effect had op de conformatie van andere chemokine receptoren die 

sterk gerelateerd zijn aan CXCR4, zoals CXCR7 en CCR5. Dit betekent dat Rac1 specifiek CXCR4 

reguleert en niet een algemene regulator van chemokine receptoren is. Aangezien bekend is dat 

de conformatie van G eiwit-gekoppelde receptoren bepalend is voor hun functie, ontstond het 

vermoeden dat de door Rac1 remming veroorzaakte conformatie verandering van CXCR4, de 

functie van CXCR4 zou verstoren. Inderdaad, het bleek dat de efficiëntie van ligand (dus CXCL12) 

binding aan de receptor en de capaciteit om signaal transductie te induceren behoorlijk geremd 

worden als CXCR4 een andere conformatie aanneemt na het remmen van Rac1. Nu is één van de 

beruchte functies van CXCR4 dat het dient als een co-receptor voor HIV en we waren dan ook 

benieuwd of door Rac1 remming ook deze activiteit zou verminderen. In experimenten met een 

gemuteerd HIV ontdekten we inderdaad dat ook de binding aan CXCR4 en het binnendringen 

van het virus sterk geremd worden na de conformatie verandering van CXCR4 als Rac1 wordt 

geremd. Aan de hand van onze bevindingen hebben we een nieuwe rol voor het Rac1 eiwit 

beschreven, namelijk dat actief Rac1 de responsieve structuur van CXCR4 in stand houdt, welke 

de ligand binding en signalering faciliteert, maar ook de binding van HIV toelaat. 

In hoofdstuk 3 hebben we ons verder verdiept in de regulering van CXCR4 conformatie 

door ons te richten op de verschillende segmenten waaruit CXCR4 bestaat. Met behulp van 

receptoren die voor een deel uit CXCR4 en voor een deel uit CCR5 bestaan, hebben we een 

belangrijke rol van de derde intracellulaire loop (ICL3) van CXCR4 ontdekt. Het remmen van 

Rac1 in de afwezigheid van een intacte ICL3 van CXCR4 zorgde niet meer voor een conformatie 

verandering van CXCR4. Dit resultaat betekent dat Rac1 zijn functie op CXCR4 uitoefent via de 

ICL3 van de receptor. De binding van de actieve vorm van Rac1 aan de ICL3 bevestigde verder 
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onze uitvindingen. Verder is het beschreven dat CXCR4 zijn functie beoefent vanuit een deel van 

het plasmamembraan dat zeer cholesterol-rijk is, de zogenaamde “lipid-raft microdomains”. 

Wij hebben gevonden dat het verstoren van deze lipid-rafts een conformatie verandering in 

CXCR4 induceert. Aangezien Rac1 zich ook in lipid-rafts bevindt en onze onderzoeksgroep 

eerder heeft aangetoond dat Rac1 belangrijk is voor het transport van talloze eiwitten naar 

specifiek membraan domeinen, zou het kunnen zijn dat Rac1 CXCR4 rekruteert naar lipid rafts 

en zodoende de hoeveelheid receptoren in een responsieve conformatie van de receptor 

bevordert. 

In hoofdstuk 4 beschrijven wij hoe het nucleo-cytoplasmatisch nucleophosmin1 (NPM1) eiwit 

de activiteit en mede daardoor de functie van het RhoGTPase Rac1 reguleert. NPM1 is een 

phospho-eiwit dat zich voornamelijk bevindt in de nucleolus binnen de kern. NPM1 heeft de 

eigenschap dat het zich kan verplaatsen van de kern naar het cytosol en vice versa. NPM1 heeft 

meerdere functies binnen de cel en is betrokken bij zowel eiwitsynthese als het bij het behouden 

van genoom stabiliteit. Echter de link tussen NPM1 en Rac1 was nog niet eerder onderzocht. 

Wij laten zien hoe NPM1 aan Rac1 bindt en tonen aan dat NPM1 de activiteit van Rac1 verlaagt. 

Als consequentie van de verlaagde Rac1 activiteit laten we zien dat de cel-spreiding, wat een 

Rac1-afhankelijk proces is, afneemt. Een interessante ontdekking was dat Rac1 op zijn beurt de 

lokalisatie van NPM1 reguleert. Inderdaad, het is geblekem dat verhoogde Rac1 activiteit er toe 

leidt dat NPM1 zich in het cytosol verzamelt in plaats van in de kern. Aangezien beschreven is 

dat een NPM1 mutant die zich ophoopt in het cytosol een aandeel heeft in het ontstaan van 

leukemie, verwachten we dat ons onderzoek bijdraagt aan een betere kennis met betrekking 

tot het ontstaan en verloop van deze ziekte.

Naast dat cellen de activiteit van eiwitten kunnen reguleren om specifieke responsen te 

geven, zijn ook, soms subtiele, structurele eigenschappen van de eiwitten hiervoor van belang, 

Een voorbeeld hiervan is de Rho-familie van de kleine GTPases. Deze groep van eiwitten vertonen 

een grote mate van homologie. Rac1 en de andere isoform Rac2 zijn bijvoorbeeld meer dan 90% 

homoloog. Desondanks beoefenen deze verschillende Rac isoformen verschillende functies 

uit binnen de cel. Dit wordt toegeschreven aan het uiteinde van het eiwit, de C-terminus, die 

uniek is voor elk GTPase. Deze C-terminus wordt dan ook “hypervariable C-terminus” genoemd 

en wordt gekenmerkt door de aanwezigheid van twee belangrijke domeinen: het polybasic 

domein en het proline-rijke domein. Deze domeinen zijn belangrijk voor zoveel de specifieke 

lokalisatie van het GTPase als het tijdstip van activatie. Bovendien heeft onze onderzoeksgroep 

aangetoond dat beide domeinen belangrijk zijn voor het binden van specifieke effector eiwitten. 

Samen verlenen deze processen de specificiteit en de unieke eigenschappen aan elk GTPase. 

In hoofdstuk 5 hebben we ons verder verdiept in de rol van de C-terminus in Rac1 lokalisatie 

en functie. Met behulp van Rac1 mutanten die altijd “aan” zijn, dat zijn “actieve” mutanten, 

en die tegelijkertijd of het proline-rijke domein of het polybasic domein missen, hebben we 

bepaald dat niet zozeer deze domeinen de lokalisatie van Rac1 bepalen, maar dat de activatie 

status van Rac1 dat doet. Om te bepalen of de conformatie van Rac1 van belang is voor zijn 

functie, hebben we de 3D structuur van actief Rac1 veranderd door een insertie van het GFP 

eiwit vlak voor de C-terminus. Deze insertie zorgde voor een andere positie van de C-terminus 
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ten opzichte van de rest van het eiwit vergeleken met het wild type Rac1 eiwit. Wij hebben 

gevonden dat de GFP insertie er voor zorgt dat actief Rac1 zich niet meer bevindt in de 

specifieke lokalisatie waar het naartoe zou moeten gaan, namelijk de celmembraan. Bovendien 

werd deze mutant minder goed geactiveerd door de eiwitten die verantwoordelijk zijn voor de 

activatie van GTPases, de GEF eiwitten en kon deze Rac1 mutant geen celspreiding induceren. 

Samen laten deze resultaten zien dat de positie van de C-terminus ten opzichte van de rest van 

de het eiwit van groot belang is voor de regulatie en functie van Rac1. 

De resultaten in dit proefschrift geven enigszins inzicht in de onvoorstelbaar complexe 

signalering die CXCR4 en Rac1 reguleren. Onze resultaten hebben duidelijk geleid tot meer 

inzicht in deze signalering doordat we nu weten dat Rac1 de conformatie van CXCR4 controleert. 

Daarnaast beschrijven we een nog niet eerder geïdentificeerde interactie van Rac1 met het 

nucleaire eiwit, NPM1, dat de activiteit van Rac1 dempt. Bovendien beschrijven we een nieuwe 

functie van Rac1 en dat is het reguleren van NPM1 lokalisatie binnen de cel. Verder laten we zien 

dat de positie van de C-terminus ten opzichte van de rest van de het eiwit van groot belang is 

voor de regulatie en functie van Rac1.

Aangezien abnormale regulatie van CXCR4 en Rac1 signalering kan leiden tot ziektes zoals 

chronische ontsteking en kan bijdragen aan het uitzaaien van kankercellen is het belangrijk 

de exacte mechanismen die de basis hiervan vormen te begrijpen. Dit kan leiden tot het 

ontwikkelen van nieuwe therapieën om deze ziektes af te remmen of tegen te gaan. 
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