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Rho GTPases are key regulators of the actin cytoskeleton
in membrane trafficking events. We previously reported
that Cdc42 facilitates exocytosis in neuroendocrine cells
by stimulating actin assembly at docking sites for secre-
tory granules. These findings raise the question of the
mechanism activating Cdc42 in exocytosis. The neuronal
guanine nucleotide exchange factor, intersectin-1L, which
specifically activates Cdc42 and is at an interface between
membrane trafficking and actin dynamics, appears as an
ideal candidate to fulfill this function. Using PC12 and
chromaffin cells, we now show the presence of intersectin-1
at exocytotic sites. Moreover, through an RNA interference
strategy coupled with expression of various constructs
encoding the guanine nucleotide exchange domain, we
demonstrate that intersectin-1L is an essential component
of the exocytotic machinery. Silencing of intersectin-1
prevents secretagogue-induced activation of Cdc42 reveal-
ing intersectin-1L as the factor integrating Cdc42 activa-
tion to the exocytotic pathway. Our results extend the
current role of intersectin-1L in endocytosis to a function
in exocytosis and support the idea that intersectin-1L is
an adaptor that coordinates exo-endocytotic membrane
trafficking in secretory cells.
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Introduction

In most secretory cells, actin forms a dense network of
filaments beneath the plasma membrane. Activation of secre-
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tion triggers a fine reorganization of these peripheral actin
filaments in order to allow access of the granules to the
exocytotic sites (Sontag et al, 1988; Vitale et al, 1995). Rho
GTPases are key regulators of the actin cytoskeletal organiza-
tion in a wide range of membrane trafficking aspects (Ridley,
2001). In neuroendocrine chromaffin and PC12 cells, we
previously described that reorganization of actin at the site
of exocytosis is under the combined control of two members
of the Rho family, RhoA bound to secretory granules
(Gasman et al, 1997, 1998) and Cdc42 present at the plasma
membrane (Gasman et al, 2004). Experiments based on the
expression of constitutively active GTP-loaded mutants led to
the observation that RhoA and Cdc42 have negative and
positive influences, respectively, on the exocytotic machinery
(Bader et al, 2004; Gasman et al, 2004). We investigated
further the molecular pathway integrating Cdc42 to exocyto-
sis and found that in secretagogue-stimulated PC12 cells,
activated Cdc42 increased the secretory response through a
mechanism involving the neural Wiskott-Aldrich syndrome
protein (N-WASP) and the formation of actin filaments
under the plasma membrane (Gasman et al, 2004). These
findings raised the question of the upstream events leading to
the activation of Cdc42 in the course of exocytosis. Hence, by
integrating various cellular signals to the activation of Cdc42,
candidates for the regulation of Cdc42 guanine nucleotide
exchange activity are ideally suited to spatially and tempo-
rally coordinate the actin cytoskeletal rearrangements to the
membrane trafficking events underlying exocytosis.

Rho family guanine nucleotide exchange factors (GEFs)
are characterized by a conserved catalytic domain, the Dbl
homology (DH) domain, catalyzing the release of GDP from
Rho GTPases and their subsequent activation by GTP binding
(Rossman et al, 2005). In addition to the DH domain, the
vast majority of Dbl family proteins possesses an adjacent
pleckstrin homology (PH) domain that is thought to influence
their catalytic activity (Rossman et al, 2003). Intersectin-1L is
a Rho family GEF that is mainly expressed in neurons and
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). In vertebrates,
there is a shorter splice variant of the protein, designated
intersectin-1S, which is ubiquitously expressed and which
lacks the tandem DH/PH and the C2 domains (Guipponi
et al, 1998; Roos and Kelly, 1998; Yamabhai et al, 1998;
Okamoto et al, 1999). Because of its interactions with dyna-
min (Hussain et al, 1999; Okamoto et al, 1999; Predescu
et al, 2003; Sengar et al, 1999) and other endocytic proteins
like Eps15 (Sengar et al, 1999), synaptojanin (Yamabhai et al,
1998), SCAMP1 (Fernandez-Chacon et al, 2000) and stonin/
stoned-B (Martina et al, 2001; Kelly and Phillips, 2005),
intersectin-1 has been mainly proposed to function as a
scaffolding protein regulating the assembly of multi-protein
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complexes at the sites of clathrin-mediated endocytosis or
caveolae-induced internalization (Predescu et al, 2003). Such
a role has been confirmed using in vitro endocytosis assays
(Simpson et al, 1999) and more recently through analysis of
Drosophila null mutants (Koh et al, 2004; Marie et al, 2004).

We reasoned that intersectin-1L would be an interesting
candidate as the activator of Cdc42 responsible for the release
of secretory granules for several reasons. First, intersectin-1L
promotes GDP/GTP exchange on Cdc42, but not on Racl or
RhoA (Hussain et al, 2001; Karnoub et al, 2001). Second,
intersectin-1 has been reported to interact not only with
endocytotic proteins, but also with SNAP-25, a protein of
the exocytotic machinery that is critical for the docking of
vesicles to the plasma membrane (Okamoto et al, 1999). This
led to the idea that intersectin-1 may function as a scaffolding
protein that participates in coupling exo- and endocytosis.
Finally, N-WASP, the effector through which Cdc42 stimu-
lates exocytosis in neuroendocrine cells (Gasman et al, 2004),
binds intersectin-1L and upregulates its GEF activity (Hussain
et al, 2001).

The present study provides the first direct evidence of
a role for intersectin-1L in exocytosis. Intersectin-1L is pre-
sent at the site of exocytosis of dense-core secretory granules
in chromaffin and PC12 cells. Using a variety of direct means,
we demonstrate that Cdc42 activation is an essential step in
the exocytotic process and we provide evidence that inter-
sectin-1L is the GEF promoting nucleotide exchange and
activation of Cdc42 in response to secretagogues. We propose
that intersectin-1L is a key component of the pathway that
activates Cdc42-dependent reactions and thereby links
extracellular signals to the actin rearrangements required
for exocytosis.

Results

Calcium-regulated exocytosis requires Cdc42

We recently demonstrated that the constitutively active
Cdc42%'Y mutant was able to stimulate secretion from
PC12 cells by recruiting N-WASP to the plasma membrane
and providing actin filaments to the exocytotic sites (Gasman
et al, 2004). These findings suggested but did not prove that
Cdc42 represents a true component of the basic exocytotic
machinery. To address this question, we studied the func-
tional importance of endogenous Cdc42 in PC12 cell exocy-
tosis using a short interference RNA (siRNA) strategy
(McManus and Sharp, 2002). SiRNAs can be generated in
mammalian cells with plasmids that direct the transcrip-
tion of short hairpin RNAs (Brummelkamp et al, 2002). In
the present experiments, we employed a plasmid (pGHsuper)
that expresses full-length human growth hormone (GH)
protein and allows transcription of the siRNA targeted against
the sequence of Cdc42. GH specifically stored into secretory
granules can be used as a reporter for exocytosis in the
subpopulation of cells that transiently express the siRNAs
(Vitale et al, 2005).

Transfected PC12 cells were first assessed by Western blot.
Transient expression of the Cdc42 siRNA selectively reduced
the level of Cdc42 but did not affect the level of Racl, a
related Rho GTPase (Figure 1A). Densitometry scans from
five independent experiments revealed that the level of
endogenous Cdc42 was reduced by ~75%, a decrease that
was consistent with the efficiency of transfection (60-80% of
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Figure 1 Reduction of endogenous Cdc42 by RNA interference
inhibits GH secretion from PC12 cells. PC12 cells were transfected
with the pGHsuper vector or with the Cdc42-shRNA plasmid
(siRNA) for 72h. (A) Cells were lysed and aliquots (40pg of
proteins) were used for electrophoresis and Western blot analysis
using monoclonal anti-Cdc42, anti-Racl and anti-actin antibodies.
(B) PC12 cells coexpressing Cdc42-GFP and pGHsuper or Cdc42-
siRNA (siRNA) were fixed and stained with anti-GH antibodies. GH
antibodies were visualized with Alexa 555-conjugated secondary
antibodies. Bar, 5 um. (C) Transfected PC12 cells were washed and
subsequently incubated for 10 min in calcium-free Locke’s solution
(Basal) or stimulated for 10 min with 59mM K* (K" -stimulated).
Data are given as the mean values+s.e.m. obtained from three
independent experiments performed on three different cell cultures
(n=3). ***P<0.001 (Student’s t-test).

the cells were transfected using electroporation). Although
the available Cdc42 antibodies work for Western blot, they
are not effective for immunofluorescence. We thus probed the
silencing of the siRNA on cells expressing GFP-Cdc42.
Expression of GFP-Cdc42 was almost completely blocked
in GH-positive PC12 cells containing the siRNAs
(Figure 1B), a result that was also confirmed by Western
blot (Supplementary Figure 1).

We then examined the effect of Cdc42 silencing on GH
secretion from PC12 cells. Expression of Cdc42 siRNAs did
not modify the expression level of GH (not shown) nor did
it affect the distribution of GH in secretory granules
(Figure 1B). However, reduction of endogenous Cdc42 sig-
nificantly inhibited the secretion of GH stimulated by a
depolarizing concentration of K* (Figure 1C). These findings
are in line with the idea that Cdc42 plays an essential function
in dense-core granule exocytosis and prompted us to inves-
tigate the upstream molecular event leading to Cdc42 activa-
tion in secretagogue-stimulated cells.
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Expression and subcellular localization of intersectin-1
proteins in chromaffin and PC12 cells
Reverse transcription-PCR and immunoblot analysis revealed
that both intersectin-1L and intersectin-1S are expressed in
chromaffin and PC12 cells (Supplementary Figure 2). The
subcellular localization of intersectin-1 in chromaffin cells
was assessed by immunofluorescence and confocal micro-
scopy, using a polyclonal antibody raised against the EH
domain of frog intersectin-1, which has been successfully
used to localize mammalian intersectins in various cell types
(Hussain et al, 1999). As illustrated in Figure 2A (left panel),
intersectin-1 immunoreactivity appeared as small patches
175-400 nm in diameter in the cell periphery, and to a lesser
extent as a diffuse staining in the cytoplasm. Polar confocal
sections in the plane of the plasma membrane (Figure 2A,
middle and right panels) and three-dimensional reconsti-
tution (Supplementary Movie 1) demonstrated that the
majority of the patches/clusters of intersectin-1 were restricted
to the cell periphery, suggesting an association with the
plasma membrane, consistent with Hussain et al (1999).
To confirm this hypothesis, we performed double labeling
experiments with antibodies against the plasma membrane
marker SNAP25. Most of the intersectin-1 patches in periph-
ery colocalized with SNAP25, in agreement with the presence
of intersectin-1 at the plasma membrane in chromaffin cells
(Figure 2B). Endogenous intersectin-1 was also detected at
the plasma membrane in PC12 cells (not shown). In both
cell types, the distribution of intersectin-1 in resting versus
secretagogue-stimulated cells was not modified (Figure 3).
Finally, we analyzed the distribution of intersectin-1 by
subcellular fractionation of bovine adrenal medulla
(Figure 2C). Both intersectin-1S and intersectin-1L were pre-
dominantly localized in the upper fractions of a sucrose
density gradient layered with a crude membrane preparation.
These fractions were enriched in SNAP25 immunoreactivity,
consistent with the plasma membrane localization of the
intersectin proteins. Note that the intersectins were not
detected in gradient fractions containing secretory granules
identified by the presence of dopamine B-hydroxylase (DBH).
Taken together, these findings suggest that intersectin-1 is
predominantly associated to the plasma membrane in chro-
maffin and PC12 cells.

Intersectin-1 is a functional element of the exocytotic
machinery in chromaffin and PC12 cells

As intersectin-1 is not localized homogeneously throughout
the plasma membrane but rather at specific region of the
membrane, it was tempting to speculate that these areas
could represent hot spots of exocytosis in which Cdc42
needs to be activated. To test this hypothesis, we compared
the distribution of intersectin-1 with the exocytotic spots that
appear in cells activated with a secretagogue. Exocytosis in
living cells can be visualized by fluorescence in chromaffin
and PC12 cells with either anti-DBH antibodies (Gasman
et al, 1997) or fluorescent annexin 5 (Vitale et al, 2001),
present in the cell incubation medium before fixation. In
chromaffin cells, the granule-associated DBH becomes acces-
sible to the antibody only at sites of exocytosis, thus leading
to the appearance of fluorescent patches at the cell surface.
Similarly, the phosphatidylserine-binding protein annexin 5
reveals the exocytotic sites where granules are transiently
inserted into the plasma membrane, as phosphatidylserine is
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Figure 2 Endogenous intersectin-1 forms plasma membrane-asso-
ciated patches in chromaffin cells. (A) Equatorial (left panel) and
polar (middle and right panels) optical confocal sections of fixed
chromaffin cells stained with anti-intersectin-1 antibodies and Alexa
555-conjugated secondary antibodies. Bar, 5um. (B) Confocal
images obtained by labeling chromaffin cells with anti-intersectin-
1 antibodies visualized with Alexa 555-conjugated secondary anti-
bodies and monoclonal anti-SNAP25 antibodies visualized with
Alexa 488-conjugated secondary antibodies. Mask representing
the regions of intersectin-1/SNAP25 colocalization was generated
by selecting the double-labeled pixels. Bar, 5 um. (C) Distribution of
intersectin-1 in subcellular fractions from bovine adrenal medulla.
A total of 11 fractions (20 pg of protein/fraction) collected from a
10 ml continuous sucrose density gradient (1-2.2 M sucrose) layered
with 1 ml crude chromaffin cell membranes (suspended in 0.32 M
sucrose) were subjected to gel electrophoresis and immunodetec-
tion on nitrocellulose sheets using anti-SNAP25 antibodies to detect
plasma membranes, anti-DBH to detect chromaffin granules and
anti-intersectin-1 antibodies.

concentrated on the inner face of the granule membrane.
As illustrated in Figure 3, resting chromaffin (Figure 3A) and
PC12 cells (Figure 3B) displayed intersectin-1 clusters at the
plasma membrane but no DBH or annexin 5 patches, indicat-
ing the low level of baseline exocytotic activity in the absence
of secretagogues. Stimulation of the cells triggered the
appearance of a patchy pattern of DBH or annexin 5 surface
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Figure 3 Intersectin-1 clusters at the plasma membrane colocalize
with the exocytotic sites in stimulated chromaffin and PC12 cells.
(A) Chromaffin cells maintained in resting conditions or stimulated
for 10 min with 10 uM nicotine were incubated for 1h at 4°C in the
presence of rat anti-DBH antibodies to detect exocytotic sites. Cells
were then fixed and processed for immunofluorescence with the
anti-intersectin-1 antibodies and analyzed by confocal microscopy.
DBH and intersectin-1 staining were revealed with Alexa 488-
conjugated anti-rat antibodies and Alexa 555-conjugated anti-rabbit
antibodies, respectively. (B) PC12 cells were maintained in resting
conditions or stimulated for 10 min with 59 mM K in the presence
of Alexa 568-conjugated annexin 5. Cells were then fixed and
stained with the anti-intersectin-1 antibodies. Masks were generated
by selecting the double-labeled pixels. Bar, 5 um.

staining corresponding to the exocytotic sites (Figure 3A and
B). Interestingly, a large proportion of the exocytotic hot spots
revealed in stimulated cells (see mask in Figure 3A and B)
contained intersectin-1, in line with the idea that intersectin-1
plays a role in the exocytotic process. Quantification of
the proportion of DBH or annexin 5 signals that colocalized
with intersectin-1 indicated that 92+3.2% of the total
DBH immunoreactivity and 95+2.6% of the total annexin
5 signal were associated with intersectin-1 in stimulated cells
(n=25 cells).

To directly establish the implication of intersectin-1 in
exocytosis, we took advantage of the short hairpin RNA
approach. PC12 cells were transfected with a plasmid that
expresses an siRNA targeted against the sequence of the
EH domain of intersectin-1 and GH. The intersectin silencing
efficiency was verified by immunofluorescence, as trans-
fected cells can be identified by the expression of GH. Cells
expressing the intersectin siRNAs displayed significantly
lower levels of intersectin-1 immunoreactivity in the cell
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periphery (Figure 4A). Fluorescence quantification (Figure 4B)
and Western blot analysis of total cell extracts (Figure 4C)
revealed that the level of endogenous intersectin-1 in cells
expressing siRNAs was decreased by ~80%. The role of
intersectin-1 in exocytosis was first estimated by measuring
GH secretion in response to high K*. Expression of inter-
sectin siRNAs did not reduce the overall level of GH protein
(see Figure 6A), nor did it affect the cellular distribution
of GH-containing secretory granules (Figure 4A). However,
selective knockdown of intersectin-1 by siRNAs inhibited the
amount of GH secreted in response to stimulation by 59 mM
K™ (Figure 4D), in line with a possible role for intersectin-1
in granule exocytosis.

To further probe this idea, we decided to use another assay
for calcium-regulated exocytosis. Therefore, we examined the
effect of intersectin siRNAs on the exocytotic activity visua-
lized and quantified by the appearance of fluorescent annexin
S5 patches at the cell surface in stimulated PC12 cells. As
illustrated in Figure 4E and F (and Supplementary Figure 3),
expression of intersectin siRNAs did not trigger the appear-
ance of fluorescent annexin 5 patches in resting cells but
it efficiently inhibited annexin 5 binding in cells stimulated
with elevated K. Thus, reduction of endogenous intersec-
tin-1 level did not trigger spontaneous exocytotic activity but
it clearly impaired secretagogue-evoked exocytosis, in line
with the idea that intersectin-1 plays a positive role in the
exocytotic machinery.

Given the important role of Cdc42 and intersectin in
endocytosis, we examined whether the inhibition of secreta-
gogue-evoked GH secretion in cells expressing intersectin
siRNAs could be the indirect consequence of a blockage
of granule recycling. Therefore, K*-evoked GH release was
measured in PC12 cells expressing Eps15 mutants (ED95/295
and DIII domain) or dynamin mutants (Dynamin 1 and
2-K44A) that have been demonstrated to block clathrin-
and dynamin-mediated endocytosis, respectively (Damke
et al, 1994; Benmerah et al, 1999). Expression of these
different constructs in PC12 cells efficiently blocked transfer-
rin uptake (not shown) and transferrin receptor internaliza-
tion (Jarousse et al, 2003), but it did not affect K*-induced
GH release (Supplementary Figure 4). Thus, the inhibition of
GH secretion observed in cells with reduced endogenous
intersectin-1 is most likely due to a blockage of the exocytotic
machinery per se rather than to an inhibition of the endo-
cytotic process. Altogether, these findings are consistent
with the idea that intersectin-1 plays an essential function
in the exocytotic pathway of large dense-core secretory
granules. However, as the siRNA prevents the expression
of both variant of intersectin-1, that is, intersectin-1S and
intersectin-1L, the question of the isoform implicated in the
exocytotic machinery remains to be answered.

Intersectin-1L functions as a Cdc42 activator in the
exocytotic pathway

To determine whether intersectin-1S, intersectin-1L
(Figure 5A) or both function in exocytosis, we first expressed
the two isoforms as Flag-tagged proteins and examined their
localization in PC12 cells. We found that Flag-intersectin-1L
was exclusively localized at the cell periphery, whereas
Flag-intersectin-1S localized both at the periphery and
throughout the cytoplasm (Figure 5B). As for the endogenous
intersectins, there was no difference in the distribution of
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Figure 4 Intersectin-1 is involved in regulated exocytosis in PC12 cells. PC12 cells were transfected with pGHsuper or pGHsuper encoding
intersectin sShRNA (siRNA) for 72h. (A) Cells were fixed and stained with anti-GH antibodies revealed by Alexa 488-labeled anti-rabbit
antibodies. Cells were then post-fixed, stained with anti-intersectin-1 antibodies, visualized with Alexa 555-conjugated anti-rabbit antibodies
and analyzed by confocal microscopy. Transfected cells are indicated with an asterisk. Bar, 5 pm. (B) Histogram representing a semiquantitative
analysis of intersectin-1 immunoreactivity detected in non-transfected cells (NT), in pGHsuper-transfected cells and in cells expressing
intersectin siRNAs. n = 25 cells. (C) Transfected cells were lysed and aliquots (40 pg of proteins) were used for electrophoresis and Western blot
analysis using anti-intersectin-1 and anti-actin antibodies. (D) Assay for GH release activity. Cells were washed and subsequently incubated for
10min in Locke’s solution (Basal) or stimulated for 10 min with 59 mM K™ (K*-stimulated). Data are given as the mean values+s.e.m.
obtained in three experiments performed on three different cell cultures (n=3). “P>0.05, ***P<0.001 (Student’s t-test). (E) Assay for
exocytosis using fluorescent annexin 5. PC12 cells transfected with pEGFP-RNAIi encoding intersectin shRNA (siRNA) were maintained in
resting conditions or stimulated for 10 min with 59mM K™ in the presence of Alexa 568-conjugated annexin 5. Non-transfected cells (GFP
negative) are indicated with an asterisk. Bar, 5 um. (F) Semiquantitative analysis of annexin 5 binding detected in resting and K *-stimulated
conditions in non-transfected cells (NT), in pEGFP-RNAI transfected cells and in cells expressing intersectin siRNAs. n=25 cells for each
experimental condition.

Flag-tagged proteins between resting and K™ -stimulated 1. Therefore, PC12 cells were cotransfected with the plasmid
cells. We then examined the effect of the expression of that expresses the intersectin-1 siRNAs and GH, and a
these Flag-tagged intersectins on K -evoked GH secretion. plasmid coding for either the human Flag-tagged intersec-
Both Flag-tagged intersectin-1S and intersectin-1L produced tin-1S or human Flag-tagged intersectin-1L. We took advan-
an ~10% inhibition of GH release (not shown). This effect, tage of the human intersectins, which differ from the rat by
possibly due to the sequestration of endogenous SNAP25 or two nucleotides in the sequence recognized by the siRNA and
N-WASP, known to bind intersectin-1 and to be important are insensitive to the siRNA as confirmed by immunofluor-
for exocytosis, did not allow for a conclusion regarding escence (not shown). We found that human intersectin-1L
the participation of the intersectin isoforms in the exo- partially restored the secretory activity of PC12 cells depleted
cytotic machinery. of endogenous intersectin-1, whereas human intersectin-1S

To further assess the importance of intersectin-1L versus had no significant effect (Figure 5C). Thus, intersectin-1L is
intersectin-1S, we attempted to rescue the inhibition of GH most likely the form that plays a role in exocytosis. As the two
release produced by the reduction of endogenous intersectin- intersectin variants differ only by their C-terminal region
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Figure 5 Human intersectin-1L restores exocytosis in PC12 cells
depleted of endogenous intersectin-1. (A) Schematic representation
of the intersectin-1 isoforms depicting the position of the various
functional domains. EH, epsin homology domains; DH, Dbl homol-
ogy domain; PH, pleckstrin homology domain. (B) Transfected
PC12 cells expressing the indicated Flag-tagged human intersec-
tin-1 variants were maintained under resting conditions or stimu-
lated with 59mM K™ and then processed for immunofluorescence
using anti-Flag antibodies and Alexa 488-conjugated secondary
antibodies. Bar, 5um. (C) Cells were cotransfected with pRKS
encoding the indicated Flag-tagged human intersectin-1 variants
along with the pGHsuper encoding the shRNA for intersectin
(siRNA). Control cells were cotransfected with pGHsuper and the
empty pRKS vector. At 72 h after transfection, cells were incubated
for 10 min in Locke’s solution (Basal) or stimulated for 10 min with
59mM K" (K*-stimulated) and processed for GH release assay.
Data are given as the mean values+s.e.m. obtained from three
independent experiments performed on three different cell cultures
(n=3). **P<0.01, “P>0.05 compared to control cells (Student’s
t-test). The level of Flag-tagged construct expression is assessed by
Western blot. (D, E) Intersectin-1L constructs displaying nucleotide
exchange activity and targeted to the cell periphery stimulate
exocytosis in PC12 cells. Cells were transfected with plasmids
encoding the indicated GFP-tagged intersectin-1 constructs alone
(D) or along with the plasmid encoding GH (E). At 48h post-
transfection, cells were processed for immunocytochemistry and
confocal microscopy (bar, 5pum) or GH release assay. ***P<0.001
compared to control cells (Student’s t-test). The level of GFP-tagged
construct expression is assessed by Western blot.

containing the GEF domain for Cdc42 (Figure 5A), these
findings suggested that the function of intersectin-1 in the
exocytotic machinery is likely related to the activation of
Cdc42.
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Figure 6 Intersectin-1L mediates secretagogue-induced Cdc42 acti-
vation in PC12 cells. (A) GTP-loaded Cdc42 pull-down assay in
resting and stimulated PC12 cells coexpressing GFP-Cdc42 with
either pGHsuper or pGHsuper encoding intersectin siRNA (siRNA).
Cells were maintained in Locke’s solution (R) or stimulated with
59mM K™ (S) for 10min. Cells were then immediately lysed by
addition of ice-cold lysis buffer, and the lysates (700 ug) were used
for affinity precipitation of GTP-loaded Cdc42. Pulled down GFP-
Cdc42-GTP, and total GFP-Cdc42 and GH found in lysates (1/50 of
the total) were detected by immunoblotting using anti-GFP and anti-
GH antibodies. (B) Semiquantitative analysis of GFP-Cdc42 activa-
tion in response to K*-evoked stimulation in control cells or cells
expressing intersectin-1 siRNA. Values obtained by scanning densi-
tometry analysis are given as the mean values+s.e.m. obtained
from three independent experiments (n=3) and expressed as the
percentage of GTP-loaded GFP-Cdc42 relative to the total GFP-
Cdc42.

To probe directly the importance of the intersectin-1 GEF
domain in the exocytotic response, we transfected PC12 cells
with ¢cDNAs encoding either the DH domain alone, or the
DH-PH domains or the tail DH-PH-C2 and examined
the effect of these constructs on K*-evoked GH secretion.
The confocal images presented in Figure 5D show that the
overexpressed DH domain displayed a predominant cytosolic
distribution, whereas the DH-PH or the DH-PH-C2 asso-
ciated to the cell periphery in K*-stimulated cells. Both
DH-PH and DH-PH-C2 domains enhanced K*-evoked GH
release whereas the DH domain alone failed to stimulate
exocytosis (Figure S5E), most likely because DH was not
properly targeted to the cell periphery and the exocytotic
sites. Together, these results are consistent with a role for the
guanine nucleotide exchange activity of intersectin-1L in its
ability to regulate exocytosis.

We recently described that secretagogue-induced stimula-
tion triggers the nucleotide exchange and activation of Cdc42
in PC12 cells (Gasman et al, 2004). In view of the present
results, we decided to examine whether intersectin-1L is the
GEF mediating the activation of Cdc42 in response to secre-
tagogues. PC12 cells were cotransfected with a plasmid
coding for GFP-Cdc42 and with the pGHsuper with or without
siRNA for intersectin-1. Cells were maintained under resting
conditions or were stimulated for 10 min with 59 mM K™, and
GFP-Cdc42 activation was measured by a pull-down assay
using the PAK1-binding domain as a bait to trap the GTPase in
its GTP-bound form (Figure 6). Consistent with our previous
observation (Gasman et al, 2004), stimulation with high K*
rapidly increased the level of GTP-loaded Cdc42 in control
cells expressing only GH but not siRNA. In contrast, reduc-
tion of endogenous intersectin-1 by siRNA expression almost
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completely abolished the secretagogue-induced activation of
Cdc42 (Figure 6A and B). These results strongly support the
idea that intersectin-1L is the nucleotide exchange factor that
catalyzes the activation of Cdc42 and turns on the Cdc42-
dependent reactions required for exocytosis.

Discussion

Over the past years, the small GTPase Cdc42 has emerged
as a key player in various membrane trafficking events that
require dynamic regulation of the actin cytoskeleton
(Cerione, 2004). In neuroendocrine cells, calcium-induced
exocytosis is a tightly regulated process that requires coordi-
nated interactions between membranes and the actin
cytoskeleton (Bader et al, 2004). Actin forms a dense network
of filaments just beneath the plasma membrane in these cells.
Thus, a transient depolymerization of the subplasmalemmal
actin cytoskeleton accompanies granule transport and fusion
events (Sontag et al, 1988; Vitale et al, 1995) and actin was
first described as a physical barrier that controls the access
of secretory vesicles to their release sites at the plasma
membrane (Aunis and Bader, 1988). More recently, evidence
has emerged that actin is also an active player responsible for
late stages in the exocytotic process (Lang et al, 2000;
Gasman et al, 2004). Using chromaffin and PC12 cells, we
previously described that activation of Cdc42 stimulates
secretion by a pathway involving N-WASP, and the formation
of actin structures at the interface between granules and the
plasma membrane. This actin reorganization seems to render
secretion more efficient most likely by facilitating a post-
docking step of the exocytotic machinery (Gasman et al,
2004). Our results indicated that Cdc42 is able to maintain
a sustained exocytotic activity, but they did not prove that
the participation of Cdc42 is required for the basic exocytotic
machinery. Indeed, expression of the dominant-negative
Cdc42N'” mutant had only a modest inhibitory effect on
secretion (Gasman et al, 2004). We show here that the
secretory response is drastically inhibited in cells having
reduced levels of endogenous Cdc42. Thus, activation of
Cdc42 is a prerequisite for exocytosis in neuroendocrine
cells. In line with these results, the active participation of
Cdc42 in exocytosis has been described in mast cells and
pancreatic B cells (Hong-Geller and Cerione, 2000; Nevins
and Thurmond, 2003). These findings raise the question
of the mechanisms of Cdc42 activation. Hence, if Cdc42 is
an essential component of the exocytotic machinery and is
activated in response to secretagogue-induced stimulation
(Gasman et al, 2004), then there should be an exchange
factor that specifically integrates Cdc42 to the molecular
cascade coupling stimulus to secretion.

Intersectin-1L is a neuronal specific GEF for Cdc42 dis-
playing various properties that make it an ideal candidate to
functionally link Cdc42 activation to the exocytotic pathway.
To investigate the functional importance of intersectin-1 in
regulated exocytosis, we used a loss-of-function approach.
We found that reduction of total intersectin-1 expression
(S and L isoforms) using siRNA inhibited the exocytotic
activity of PC12 cells. To discriminate between the two
isoforms, we performed rescue experiments with cDNAs
encoding human intersectin variants, which are insensitive
to the siRNAs used. Only intersectin-1L was able to signifi-
cantly restore the exocytotic activity. These results led us to
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conclude that intersectin-1L is the isoform that participates in
large dense-core granule exocytosis. We further demonstrated
a causal relationship between the intersectin-1L-mediated
activation of Cdc42 and the exocytotic process by establishing
that the GEF domain of intersectin-1L stimulates exocytosis
and that reduction of endogenous intersectin-1 prevents
secretagogue-evoked activation of Cdc42. From these results,
we propose that intersectin-1L is the exchange factor respon-
sible for the activation of Cdc42 in the course of neuroendo-
crine secretion. So far, the participation of intersectin-1L
has been described in dendritic spine development (Irie and
Yamaguchi, 2002), cellular transformation (Wang et al, 2005)
and endocytosis (Hussain et al, 1999). To our knowledge,
this is the first report demonstrating a functional role for
intersectin-1L in a secretory process.

We observed that endogenous intersectin-1 localizes to
specific regions of the plasma membrane, which most likely
represent the active sites of exocytosis where secretory
granules dock and fuse in stimulated cells. The mechanisms
targeting intersectin-1 to these exocytotic sites remain to be
investigated. As both intersectin-1S and intersectin-1L are
found at the plasma membrane, the specific C-terminal region
of intersectin-1L including the PH domain is probably not the
major determinant for membrane localization. Indeed, it
has been shown that EH domains are important for plasma
membrane targeting (Hussain et al, 1999). Moreover, in
endothelial cells, a large proportion of intersectin-1 is
concentrated in caveolae (Predescu et al, 2003), which have
been described as stably cholesterol-dependent assembled
membrane domains (Tagawa et al, 2005). Interestingly, we
have recently demonstrated that exocytosis in chromaffin
cells occurs preferentially at cholesterol-enriched lipid
rafts formed in the plasma membrane of stimulated cells
(Chasserot-Golaz et al, 2005). Thus, intersectin-1L may be
targeted to the exocytotic sites through its recruitment to
the secretagogue-evoked lipid rafts required for regulated
exocytosis.

PH domain may also to some extent play an important role
in localizing intersectin-1L at the sites of exocytosis. Indeed,
the sole intersectin-1L C-terminal constructs that stimulate
exocytosis are those displaying the PH domain and found
at the plasma membrane. Interestingly, phosphatidylinositol
4,5 bisphosphate (PI4,5P,) located at the plasma membrane
is important for exocytosis in many cell types including
chromaffin and PC12 cells and it has been proposed that
the docking and fusion sites for exocytosis are defined as
PI4,5P,-containing microdomains in the plasma membrane
that allow structural and spatial organization of the secretory
machinery (Holz et al, 2000; Cremona and De Camilli, 2001).
Thus, intersectin-1L may also follow this route to enter into
the exocytotic sites.

One particular feature of intersectin-1L is the regulation of
its nucleotide exchange activity by N-WASP (Hussain et al,
2001), the effector by which Cdc42 controls actin organiza-
tion in neuroendocrine cells (Gasman et al, 2004). In fact, the
SH3 domain of intersectin-1L inhibits exchange activity
through direct interaction with the DH domain and blockage
of Cdc42 binding (Hussain et al, 2001; Zamanian and Kelly,
2003). It has been proposed that N-WASP binding to inter-
sectin-1L enhances the ability of the DH domain to interact
with GDP-bound Cdc42 and to catalyze its conversion to
GTP-bound Cdc42 (Hussain et al, 2001). Thus, by regulating
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the enzymatic activity of intersectin-1L, N-WASP might par-
ticipate in its own activation. Yet, the incorporation of GEFs
and effectors within a protein complex has the advantage to
couple the GTPase activation to its downstream effector.
Although we did not study the functional importance of
N-WASP in regulating intersectin-1L-mediated activation
of Cdc42 during exocytosis, one possible speculation is that
intersectin-1L positions a first subset of N-WASP molecules at
the exocytotic sites of the plasma membrane. The complex
intersectin-1L/N-WASP then creates clusters of activated
Cdc42 specifically at granule docking sites, which subse-
quently recruit additional N-WASP molecules to form the
actin filaments necessary for exocytosis (Gasman et al,
2004). Similar functional synergies involving GEF/effector
complexes have been previously described, for instance
between the Rab5 effector Rabaptin and the nucleotide
exchange factor Rabex-5 (Lippe et al, 2001).

Finally, one of the most fascinating aspects of intersectin-
1L is its multi-modular aspect allowing for interaction with
various proteins, including SNAP25, which is essential for the
interaction of secretory vesicles with the plasma membrane
in exocytosis (Okamoto et al, 1999), Cdc42 and N-WASP
regulating actin dynamics, and proteins of the endocytotic
machinery like dynamin, Eps15 and synaptojanin. To keep
a constant cell surface area, regulated exocytosis is followed
by compensatory endocytosis (Smith and Neher, 1997). In
neuroendocrine cells, the molecular mechanism by which
this membrane balance is maintained and regulated is poorly
understood. However, patch-clamp and imaging studies sug-
gest that there is a spatial and temporal coupling of exocy-
tosis with endocytosis (Artalejo et al, 1995; Smith and Neher,
1997; Tsuboi et al, 2000), which involves dynamin (Artalejo
et al, 2002). Intersectin-1L promotes actin polymerization
(Hussain et al, 2001; McGavin et al, 2001), is found in
presynaptic peri-active zones in neurons (Hussain et al,
1999; Roos and Kelly, 1999) and, as shown here, is associated
with the exocytotic sites in neuroendocrine cells. Therefore,
it is tempting to speculate that intersectin-1L couples the
activation of Cdc42 and the subsequent actin remodeling
necessary for hormone release to the recruitment of the
endocytotic machinery for granule membrane retrieval.

Materials and methods

Plasmids and short interference RNA

Flag-tagged human intersectin-1S and -1L and constructs encoding
various domains of intersectin-1L tail region fused to GFP (Hussain
et al, 2001), Cdc42 constructs (Gasman et al, 2004) as well as
pGHsuper vector (Vitale et al, 2005) were as described previously.
The sequences of siRNA, derived from the target transcript, were
obtained from Ambion. Rat DNA fragments encoding the siRNA
sequence of Cdc42 (GGGCAAGAGGATTATGACATT) and intersectin
(GGCACAATCATTTGATGTATT) separated from its reverse comple-
ment by a short spacer were annealed and cloned in front of the H1-
RNA promoter from the pGHsuper vector as previously described
(Vitale et al, 2005). For annexin 5-binding experiments, the siRNA
sequence of intersectin was cloned in the pEGFP-RNAi plasmid
(kindly provided by Dr JP Borg, INSERM U-599, Marseille).
Intersectin siRNA is targeted against both isoforms (-S and -L) of
rat intersectin-1 and Cdc42 siRNA is targeted against both G25K
and Hs forms.

Culture and transfection

Chromaffin and PC12 cells culture conditions were as described
(Gasman et al, 1997, 2004). Mammalian expression vectors were
introduced into PC12 cells (24-well dishes, 1 x 10° cells, 0.5 ng/well
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of each plasmid) using GenePorter (Gene Therapy Systems) on
adherent or suspension cells according to the manufacturer’s
instructions (5-25% of transfection efficiency). To check the
efficiency of siRNA by immunoblotting, 3 pg of shRNA-plasmid
was electroporated in 5x10° PC12 cells (Nucleofector, Amaxa).
Under these conditions, the transfection efficiency reached 60-80%.

Growth hormone release from PC12 Cells

GH release experiments were performed 48h/72h after transfec-
tion. PC12 cells were washed twice with Locke’s solution (140 mM
NaCl, 4.7 mM KCl, 2.5 mM CaCl,, 1.2mM KH,PO,, 1.2 mM MgS0,,
11 mM glucose and 15mM Hepes, pH 7.2) and then incubated for
10 min in calcium-free Locke’s solution (Basal release) or in Locke’s
solution (Basal release in cells expressing siRNAs against inter-
sectin) or stimulated with an elevated K" solution (Locke’s
containing 59 mM KCl and 85mM NacCl). The supernatant was
collected, and the cells were harvested by scraping in 10 mM
phosphate-buffered saline. The amounts of GH secreted into the
medium and retained in the cells were measured using an ELISA
assay (Roche). GH secretion is expressed as a percentage of total GH
present in the cells before stimulation. In the figures, data are given
as the mean values +s.e.m. obtained in three independent experi-
ments performed on three different cell cultures.

Subcellular fractionation of bovine adrenal medulla

Plasma and chromaffin granule membranes were purified from
bovine adrenal medulla as described previously (Gasman et al,
1998). Briefly, adrenal medullary glands were homogenized in
0.32M sucrose (10mM Tris-HCl, pH 7.4) and then centrifuged at
800g for 15min. After centrifugation at 20000g for 20 min, the
pellet was resuspended in 0.32 M sucrose (10 mM Tris-HCI, pH 7.4),
layered on a continuous sucrose density gradient (1-2.2 M sucrose,
10 mM Tris-HCIl, pH 7.4) and centrifuged for 1 h at 100 000g. Then,
1-ml fractions were collected from top (0.32 M sucrose) to bottom
(2.2 M sucrose) and analyzed.

Antibodies, immunoblotting, immunofluorescence, confocal
microscopy and image analysis

The following antibodies were used: rabbit polyclonal anti-
intersectin-1 (Hussain et al, 1999); monoclonal anti-Cdc42 anti-
bodies (BD, Transduction Laboratories); monoclonal anti-actin
antibodies (Sigma); monoclonal anti-SNAP-25 antibodies (Stern-
berger Monoclonals Inc., Lutherville, MD); monoclonal anti-Flag
antibodies (Sigma); monoclonal anti-Racl (Santa Cruz); polyclonal
anti-GH antibodies (kindly provided by Dr AF Parlow, NIDDK, NIH,
Bethesda, MD); monoclonal anti-GFP antibodies (Roche); rabbit
and rat anti-DBH antibodies (Perrin and Aunis, 1985; Sontag et al,
1988). Alexa-labeled secondary antibodies and Alexa 568-conju-
gated annexin 5 were obtained from Molecular Probes. Blots were
processed using the Super Signal detection system (Pierce).
Immunoreactive bands from Western blot experiments were
quantified using Image J 1.29x software (Wayne Rasband, National
Institutes of Health, Bethesda, MD). For immunocytochemistry,
chromaffin or PC12 cells grown on poly-D-lysine-coated glass
coverslips were fixed and immunostained as described previously
(Gasman et al, 1998). Stained cells were visualized using a confocal
microscope LSM 510 (Carl Zeiss, Jena, Germany). Using the Zeiss
CLSM instrument software 3.2, the amount of intersectin or annexin
5 labeling was measured and expressed as the average fluorescence
intensity normalized to the corresponding surface area and divided
by the total surface of each cell. This allows a quantitative cell-to-
cell comparison of the intersectin-1/annexin 5 signal detected in
cells. The proportion of DBH/annexin 5 colocalized with inter-
sectin-1 was estimated from the double-labeled pixels, expressed as
the average fluorescence intensity normalized to the corresponding
surface area, and calculated as a percentage of the total DBH/
annexin 5 fluorescence detected in each cell.

Pull-down assay for Cdc42-GTP

The activation of cellular Cdc42 is based on a procedure originally
developed for Ras and specifically adapted for Rac and Cdc42
(Bagrodia et al, 1998). After stimulation, PC12 cells expressing GFP-
Cdc42 were immediately lysed in ice-cold lysis buffer (25 mM
Hepes, pH 7.5, 150 mM NaCl, 5mM MgCl,, 5mM EDTA, 1% NP-40,
10% glycerol, 0.1 mM Na3VO,, 4 mM NaF and mammalian protease
inhibitor cocktail (Sigma)). GTP-bound GFP-Cdc42 was pulled
down by incubating lysates containing equal amounts of proteins
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(700 pg) with the Cdc42-interacting domain (CRIB) domain of PAK1
(p21-activated kinase) for 2 h at 4°C. Lysates loaded with guanosine
5’-0-(3-thio)triphosphate and GDP served, respectively, as positive
and negative controls. The precipitated GTP-bound Cdc42 was
resolved on 12% polyacrylamide-SDS gels and immunoblotted
with antibodies specific for GFP.

RNA isolation and reverse transcription-PCR

Total RNA was prepared from PC12 and chromaffin cell cultures
using the GenElute kit (Sigma). Total RNA (5pg) was transcribed
into cDNA using oligo(dT) and SuperscriptIl Reverse Transcriptase
(Invitrogen). An aliquot of the cDNA produced was used as a
template for amplification of the intersectin-1L fragments by PCR
using Taq polymerase (Sigma) and specific primers (forward primer
5’-GTGACTGGTGGACGGCAGTG-3' and reverse primer 5-GGAGCCT
CATCTGTCTTCTGCTG-3'). PCR reactions were run for 35 cycles and
PCR products were resolved on 1% agarose gels.
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