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Abstract GTPases of the Rho family are molecular

switches that play an important role in a wide range of

membrane-trafficking processes including neurotransmis-

sion and hormone release. We have previously demon-

strated that RhoA and Cdc42 regulate calcium-dependent

exocytosis in chromaffin cells by controlling actin

dynamics, whereas Rac1 regulates lipid organisation.

These findings raised the question of the upstream mech-

anism activating these GTPases during exocytosis. The

guanine nucleotide exchange factors (GEFs) that catalyse

the exchange of GDP for GTP are crucial elements regu-

lating Rho signalling. Using an RNA interference

approach, we have recently demonstrated that the GEFs

Intersectin-1L and b-Pix, play essential roles in neuroen-

docrine exocytosis by controlling the activity of Cdc42 and

Rac1, respectively. This review summarizes these results

and discusses the functional importance of Rho GEFs in

the exocytotic machinery in neuroendocrine cells.
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Rho GTPases Regulate Exocytosis

but what Regulates the Rhos?

Rho GTPases, a subfamily of the small GTPase Ras

superfamily are key regulators of numerous membrane-

trafficking events including exocytosis (Ridley 2001).

Exocytosis is a fundamental cellular process involved in

various physiological functions like cell migration, axonal

membrane growth, neurotransmission, and hormone

release. In neurons and endocrine cells, exocytosis occurs

in response to extrinsic stimuli leading to an elevation of

intracellular calcium concentration that triggers trafficking

of secretory vesicles towards the plasma membrane. Sub-

sequently, secretory vesicles dock and fuse with the plasma

membrane, which results in the release of secretory prod-

ucts into the extracellular space. Among the cell models

that have provided insight into the molecular machinery

underlying exocytosis, adrenal chromaffin cells and their

derivate PC12 cell line have a prominent place. Large

dense core vesicles of these cells contain catecholamines

(adrenalin, noradrenalin and dopamine), various proteins

and neuropeptides (like granins, neuropeptide Y, enkeph-

alin, and different peptide processing enzymes) as well as

nucleotide and calcium (Crivellato et al. 2008; Winkler

1993).

In neuroendocrine chromaffin and PC12 cells, we pre-

viously demonstrated that calcium-regulated exocytosis is

under the combined control of three members of the Rho

GTPases family: RhoA bound to secretory granules, Rac1

and Cdc42 both associated with the plasma membrane.

Interestingly, we observed that Cdc42 and Rac1 are

strongly activated during secretion (Gasman et al. 2004;

Momboisse et al. 2009a), whereas RhoA is more substan-

tially activated in resting cells (Gasman et al. 1998; our

unpublished data). Moreover, functional experiments using
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RNA interference or the expression of constitutively active

GTP-loaded proteins indicate that Cdc42 and RhoA influ-

ence the exocytotic machinery by spatially and temporally

coupling actin dynamics to the traffic of secretory granules

at the plasma membrane (Bader et al. 2004; Gasman et al.

1998, 2004, 1999; Malacombe et al. 2006; Momboisse

et al. 2009a), whereas Rac1 controls the activity of the

lipid-modifying enzyme phospholipase D, which produces

fusogenic lipids at exocytotic sites (see model in Fig. 1)

(Vitale et al. 2001, 2002; Zeniou-Meyer et al. 2007). In

addition, Rho GTPases have been implicated in other

exocytotic processes. Rac1 and Cdc42 regulate multiple

steps of mast cell degranulation, (Hong-Geller and Cerione

2000), Rac2 controls primary granule release in neutrophils

(Abdel-Latif et al. 2004), and the active participation of

Rac1 and Cdc42 has been demonstrated during insulin

secretion in pancreatic-b-cells (Amin et al. 2003; Nevins

and Thurmond 2003). Rac1 has also been shown to regu-

late calcium-dependent exocytosis in neurons (Doussau

et al. 2000; Humeau et al. 2002), and pancreatic acini (Bi

and Williams 2005). Finally, secretion from AtT-20 corti-

cotropes is controlled by Rac1 and RhoG (Ferraro et al.

2007; Xin et al. 2004). Altogether, these data clearly

demonstrate the importance of Rho GTPases in many

secretory pathways. However, despite these major efforts

to decipher the function of Rho GTPases, the upstream

events leading to Rho activation during exocytosis remain

elusive.

Rho GTPases are molecular switches that cycle between

an inactive GDP-bound state and an active GTP-bound
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Fig. 1 Model of the hypothetical roles of Rho GTPases, Intersectin-

1L and b-Pix in calcium-regulated exocytosis from neuroendocrine

chromaffin cells. In resting chromaffin cells, secretory granule-

associated RhoA is activated and contributes to the stabilization of the

cortical actin network. Secretagogue stimulation triggers the recruit-

ment and docking of secretory granules to the plasma membrane. In

parallel, while RhoA is presumably inactivated to facilitate actin

reorganisation, intersectin-1L activates Cdc42 at exocytotic sites,

whereas hScrib recruits b-Pix at the plasma membrane, which in turn

activates Rac1. At a post-docking stage, activated-Cdc42 triggers the

formation of actin filaments through N-WASP and the granule-bound

Arp 2/3 complex. These de novo actin structures, localized at

exocytotic sites, are required for some late stages of exocytosis. GTP-

bound Rac1 stimulates phospholipase D1 to produce membrane-

localized phosphatidic acid at the granule docking site to facilitate

formation of the fusion pore. With a well documented function in

endocytosis, Intersectin-1L may couple the Cdc42-dependent actin

remodelling necessary for exocytosis and the recruitment of the

endocytotic machinery required for the subsequent granule membrane

retrieval and recycling. When cells return to a resting state, Rac1 and

Cdc42 are inactivated through currently unidentified GTPase-activat-

ing proteins
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state. The cycling between these two states is tightly con-

trolled by three different regulators: the guanine nucleotide

dissociation inhibitors (GDIs) that maintain the Rhos in an

inactive GDP-bound state and regulate their subcellular

distribution, the guanine nucleotide exchange factors

(GEFs) that promote activation of the GTP-binding protein

through the exchange of bound-GDP to GTP and the

GTPase-activating proteins (GAPs) that stimulate the

hydrolysis of GTP to GDP by the GTPase and thus its

inactivation (DerMardirossian and Bokoch 2005; Moon

and Zheng 2003; Rossman et al. 2005). By finely and

precisely tuning Rho activity, GDIs, GEFs and GAPs are

crucial players in all cellular functions regulated by the

Rho GTPases including secretion. Indeed, Rho-GDI has

been shown to interact with Rac1 in chromaffin cells (Li

et al. 2003) and with Cdc42 in pancreatic b-cells (Wang

and Thurmond 2010). Overexpression of Rho-GDI has

been shown to inhibit exogenously expressed growth hor-

mone release in chromaffin cells (Li et al. 2003). Accord-

ingly, depletion of Rho-GDI in pancreatic mouse islet

facilitated glucose-stimulated insulin release, whereas

expression of Rho-GDI inhibited it in MIN-6 cells (Wang

and Thurmond 2010). So far, the role of Rho-GAP in

regulated secretion has been poorly documented. The GAP

activity of Nadrin, a neuronal GTPase-activating protein

that inhibits RhoA, Rac1 and Cdc42, has been proposed to

be required for calcium-mediated release in PC12 cells

(Harada et al. 2000). However, the precise mechanisms by

which Nadrin could exert this potential function remain to

be elucidated, especially given the fact that Nadrin does not

seem to be endogenously expressed in adrenal medulla

tissue (Harada et al. 2000).

To date, only a few studies have investigated the

potential importance of Rho GEFs in regulated secretory

pathways. For instance, the Rac1 specific GEF Tiam has

been proposed to regulate glucose-stimulated insulin

secretion in pancreatic beta-cells (Veluthakal et al. 2009)

and b-Pix, a GEF for Cdc42 and Rac1, seems to control

hexoasaminidase secretion in mast cells (Chahdi et al.

2004). The group of Richard E. Mains has largely con-

tributed to the field by proposing that Kalirin and/or Trio,

two GEFs for RhoA, RhoG and Rac1 regulate pituitary

hormone secretion (Ferraro et al. 2007; Mains et al. 1999;

Xin et al. 2004). Interestingly, they also demonstrated that

the GEF activity of Kalirin and/or Trio tightly controls the

balance between constitutive-like secretion and regulated

secretion from mature secretory granules in ACTH-

secreting AtT-20 corticotropes (Ferraro et al. 2007).

Over the recent years, we have focused our efforts on

elucidating the signalling pathways that spatially and

temporally coordinate Cdc42 and Rac1 guanine nucleotide

exchange and their relationship to membrane-trafficking

events underlying exocytosis in neuroendocrine chromaffin

cells from the adrenal medulla and PC12 cells, their rat

pheochromocytoma derivatives.

Intersectin-1L: The Intersection Between Cdc42

Signalling, Actin Dynamics, Exocytosis and

Endocytosis

Intersectin-1L, the long isoform of the Intersectin-1, is a

Rho GEF belonging to the Dbl family that is mainly

expressed in neurons. It contains, in addition to the

DH-PH domains, two N-terminal Eps15 homology

domains (EH1 and EH2), a central coiled-coil region, five

Src homology 3 (SH3) domains and a carboxy-terminal

C2 domain (Guipponi et al. 1998). Intersectin-1L interacts

with SNAP-25 (Okamoto et al. 1999), a protein of the

SNARE complex that is critical for the docking and

fusion of secretory granules to the plasma membrane. We

observed intersectin-1L at the exocytotic sites in stimu-

lated PC12 and chromaffin cells (Malacombe et al. 2006).

Furthermore, using an RNA interference strategy coupled

with expression of constructs encoding the guanine

nucleotide exchange domain, we obtained evidence that

intersectin-1L is an essential component of the exocytotic

machinery (Malacombe et al. 2006). Indeed, by measur-

ing exogenously expressed growth hormone release from

PC12 cells, we demonstrated that silencing of intersectin-

1L strongly inhibited exocytosis and simultaneously pre-

vented secretagogue-induced activation of Cdc42. These

results indicate that intersectin-1L acts as a factor that links

Cdc42 activation to the exocytotic pathway (Malacombe

et al. 2006). In support of this idea, expression of the GEF

domain (DH-PH) was shown to trigger actin polymerization

at the cell periphery of secretagogue-stimulated PC12 cells

(Momboisse et al. 2009b). This effect is similar to that

observed in cells transfected with the GTPase deficient

Cdc42Q61L mutant (Gasman et al. 2004) and is abolished

in cells depleted of endogenous Cdc42 (Momboisse et al.

2009b). Taken together, these results indicate that inter-

sectin-1L is a component of the pathway that activates

Cdc42-dependent reactions, thereby linking extracellular

signals to the actin rearrangements required for exocytosis.

Intersectin-1L has been proposed to act as a scaffold

regulating the assembly of various endocytotic proteins at

the sites of endocytosis, such as dynamin (Hussain et al.

1999; Sengar et al. 1999), AP2 (Pechstein et al. 2010), Eps 15

(Sengar et al. 1999), synaptojanin (Yamabhai et al. 1998).

By extending the role of intersectin-1L from endocytosis

to exocytosis, our findings support the possibility that

intersectin-1L is an adaptor that precisely coordinates

Cdc42-mediated actin dynamics involved in the late stages

of exocytosis to the process of granule membrane retrieval,

thereby coupling calcium-regulated exocytosis to the
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subsequent compensatory endocytosis in secretory cells (see

model in Fig. 1).

b-Pix Controls Fusion Through the Rac1-Induced

Activation of PLD

The Cool/Pix proteins are members of the Dbl family of

Rho GEFs that specifically activate Rac1 and/or Cdc42

(Chahdi and Sorokin 2008; Feng et al. 2006; Filipenko

et al. 2005; ten Klooster et al. 2006). Cool/Pix members

have been implicated in various biological processes

including cell motility, adhesion, neurite outgrowth as well

as the maintenance of neuronal cell polarity (Nayal et al.

2006; Osmani et al. 2006; Shin et al. 2002; Za et al. 2006).

The members of this family of protein share a similar

domain organization (Zeniou-Meyer et al. 2005). They

contain a SH3 (src homology domain), DH-PH domains

(responsible for the gunanine-nucleotide exchange activ-

ity), a GIT binding region, and a leucine-zipper domain

(responsible for the dimerization of the PIX proteins). The

a isoforms of PIX proteins differ from the b isoforms by an

extension in the amino-terminal region preceding the SH3

domain. Interestingly, a mutation in the gene coding for

a-Pix causes a X-linked mental retardation and highlights

the importance of Pix proteins in neuronal cell activity

(Kutsche et al. 2000).

In an attempt to investigate the importance of b-Pix in

calcium-regulated exocytosis, we first demonstrated that

b-Pix is mainly cytosolic in resting PC12 cells, but is

recruited to the plasma membrane upon cell stimulation

through its interaction with hScrib, the mammalian homo-

logue of the Drosophila neoplasic tumour suppressor

Scribble (Audebert et al. 2004; Momboisse et al. 2009a).

We then demonstrated that overexpression of b-Pix stimu-

lates growth hormone secretion from PC12 cells (Audebert

et al. 2004), whereas a reduction of b-Pix expression using

a siRNA approach resulted in significant inhibition

(Momboisse et al. 2009a). These results are in line with the

idea that b-Pix is an essential element of the exocytotic

machinery in neuroendocrine cells and led us to probe

the possible relationship between b-Pix and Rac1 in the

exocytotic machinery. In agreement with this model,

knockdown of b-Pix in PC12 cells prevented the secreta-

gogue-induced activation of Rac1 (Momboisse et al.

2009a). Moreover, PLD1 activity was greatly reduced in

stimulated cells depleted of b-Pix (Momboisse et al. 2009a).

These results indicate that b-Pix functions as a Rac activator

within the exocytotic pathway. To strengthen this idea, we

tried to directly link the GEF activity of b-Pix with Rac1

and PLD1 activities by using the b-PixL238R-L239R mutant

that lacks guanine nucleotide exchange activity (Manser

et al. 1998). Expression of this ‘GEF-dead’ b-Pix mutant

largely abolished the secretagogue-induced activation of

both Rac1 and PLD1 (Momboisse et al. 2009a) and con-

comitantly the exocytotic activity (Audebert et al. 2004).

These results clearly demonstrate that b-Pix is the nucleo-

tide exchange factor that catalyses the activation of Rac1 at

the plasma membrane, which is required for PLD1-induced

phosphatidic acid synthesis, an important stage in the late

fusion step of exocytosis (see model in Fig. 1).

Rho GEFs and Secretion in Neuroendocrine Cancers

Tumours from endocrine and neuroendocrine tissues are

often associated with a dysfunction of hormone, neuro-

transmitter or metabolite secretion (Gratzl et al. 2004).

For example, patients with a pheochromocytoma, a

tumour-derived from adrenal medullary chromaffin cells

have an important hypersecretion of catecholamines

indicating an alteration of the secretory machinery from

the chromaffin cells (Lenders et al. 2005). Interestingly,

our data clearly demonstrated that over-activation of

Cdc42 and Rac1 triggers hypersecretion in PC12 cells.

While Rho proteins have been largely implicated in

human cancers (Vega and Ridley 2008), the GTPases

themself are generally not mutated. However, numerous

studies have shown that the dysregulation of Rho GTPase

cycling plays a crucial role in the initiation and the

progression of cancer (Ellenbroek and Collard 2007;

Vega and Ridley 2008). Thus, uncovering the molecular

pathways controlling the exocytotic steps that involve

Rho proteins clearly constitute a biological, pharmaceu-

tical and therapeutic challenge. We have identified part of

the signalling pathways that link Rac1 and Cdc42 to

calcium-regulated hormone release. An appealing feature

is that most of the actors identified in these pathways

have also been implicated in cancer. Indeed, b-Pix and

Intersectin-1L, as well as many members of the Dbl

family of guanine nucleotide exchange factors trigger cell

transformation (Cerione and Zheng 1996; Feng et al.

2010; Wang et al. 2005). N-WASP expression has been

correlated with different types of tumours (Desmarais

et al. 2009; Martin et al. 2008; Wang et al. 2010),

whereas elevated PLD activity has been demonstrated in

a number of tumorigenic processes, including cell pro-

liferation, survival signalling or cell transformation

(Foster 2007; Shi et al. 2007). Finally, Scribble has been

classified as a tumour suppressor according to its ability

to regulate and maintain cell polarity (Humbert et al.

2003). Altogether, these observations make Rho GTPases

regulators and effectors attractive candidates for thera-

peutic intervention.
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Conclusion

Secretion is a ubiquitous and fundamental process gov-

erning cell communication. In neuroendocrine cells, exo-

cytosis is intricately controlled by the small GTPases from

the Rho family. Since dysregulation of Rho activity is

implicated in multiple pathological conditions, it is crucial

to understand how the activation/inactivation cycle of the

different Rho GTPases are regulated in a given cellular

process. We clearly demonstrated that secretion of hor-

mones from the adrenal medulla require the activation of

both Rac1 and Cdc42, a process that is controlled by b-Pix

and Intersectin-1L, respectively (see model in Fig. 1).

However, most of these models derived from studies per-

formed in continuously dividing PC12 cells line. It will be

essential to determine in the future whether the regulation

of the Rho GTPases signalling during exocytosis obeys

similar rules in living organisms. GDIs and GAPs that reg-

ulate Rac1 and Cdc42 cycling during the exo-endocytosis

process are currently unidentified. Moreover, the coordina-

tion between Rac1 and Cdc42 activation, as well as the

regulation of b-Pix and Intersectin-1L themselves, during

exocytosis remain unknown. Interestingly, b-Pix was shown

to interact directly with GIT1 (Audebert et al. 2004), an

ARF-GAP, which also regulates exocytosis in neuroendo-

crine cells by promoting the GTPase activity of ARF6

(Meyer et al. 2006). Resolving theses issues in greater detail

will certainly help us to understand precisely how the

complex and interconnected Rho pathways control the

secretory machinery in normal and pathological conditions.
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