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Actin is involved in the organization of the Golgi complex and Golgi-to-ER protein transport in
mammalian cells. Little, however, is known about the regulation of the Golgi-associated actin
cytoskeleton. We provide evidence that Cdc42, a small GTPase that regulates actin dynamics,
controls Golgi-to-ER protein transport. We located GFP-Cdc42 in the lateral portions of Golgi
cisternae and in COPI-coated and noncoated Golgi-associated transport intermediates. Overex-
pression of Cdc42 and its activated form Cdc42V12 inhibited the retrograde transport of Shiga
toxin from the Golgi complex to the ER, the redistribution of the KDEL receptor, and the ER
accumulation of Golgi-resident proteins induced by the active GTP-bound mutant of Sarl
(Sar1[H79G]). Coexpression of wild-type or activated Cdc42 and N-WASP also inhibited Golgi-
to-ER transport, but this was not the case in cells expressing Cdc42V12 and N-WASP(AWA), a
mutant form of N-WASP that lacks Arp2/3 binding. Furthermore, Cdc42V12 recruited GFP-N-
WASP to the Golgi complex. We therefore conclude that Cdc42 regulates Golgi-to-ER protein

transport in an N-WASP-dependent manner.

INTRODUCTION

The involvement of microtubules in intracellular membrane
trafficking is well established (Thyberg and Moskalewski,
1999 for review), and the role of actin in membrane traffic is
under extensive investigation (DePina and Langford, 1999;
Qualmann et al., 2000; Apodaca, 2001 for reviews). In the
secretory pathway, actin filaments are required to maintain
the organization of the Golgi complex (Valderrama et al.,
1998; di Campli et al., 1999) and for protein transport from
the Golgi to the plasma membrane and the ER (Miisch et al.,
2001; Valderrama et al., 2001). In addition, actin-binding
protein spectrin/ankyrin isoforms and several myosins have
been localized to the Golgi complex and implicated in trans-
port functions (Beck ef al., 1994; Miisch ef al., 1997; Buss et al.,
1998; Godi et al., 1998; Stow et al., 1998; Heimann et al., 1999).
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There is also increasing evidence implicating the Rho family
of small GTPases in membrane trafficking (Ridley, 2001 for
review), particularly Rho and Rac in endocytic processes
(Lamaze et al., 1996; Chimini and Chavrier, 2000; Garrett et
al., 2000; Jou et al., 2000; West ef al., 2000; Ellis and Mellor,
2000 for review). With respect to the secretory pathway, our
findings suggest that Rho does not regulate actin-Golgi
interactions (Valderrama et al., 2000). However, Cdc42 is
reported to be associated with Golgi membranes, and it
binds to the y component of the coatomer (Erickson et al.,
1996; Wu et al., 2000). Furthermore, Cdc42 is involved in cell
polarity, regulating the generation of basolateral transport
vesicles from the trans-Golgi network (TGN; Kroschewski et
al., 1999; Cohen et al., 2001; Miisch et al., 2001; Rojas et al.,
2001). Hence, Cdc42 seems to be involved in ER-to-Golgi
and post-Golgi protein transport.

Because actin is implicated in the Golgi-to-ER protein
transport (Valderrama et al., 2001) and Cdc42 is located in
the Golgi complex, we examined the possible regulatory role
of Cdc42 in the ER/Golgi membrane dynamics in nonpolar-
ized mammalian cells. We show that Cdc42 controls the
Golgi-to-ER protein transport via N-WASP, a homologue of
the Wiskott-Aldrich syndrome protein (WASP). These re-
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sults are consistent with our proposal that Cdc42 exerts its
effects on retrograde transport machinery by directly mod-
ulating actin dynamics at the ER/Golgi interface, probably
through the Arp2/3 complex.

MATERIALS AND METHODS

Material and Expression Constructs

The GFP expression vectors for the wild-type N-WASP and
N-WASP(AWA) forms were previously reported (Moreau ef al.,
2000), and those for the wild-type and the dominant-positive and
dominant-negative Cdc42 forms (del Pozo et al., 1999) were kindly
provided by Francisco Sanchez-Madrid (Hospital La Princesa, Ma-
drid). Cy3-tagged native Shiga toxin fragment B was a gift from
Ludger Johannes and Bruno Goud (Institute Curie, Paris). The dom-
inant-negative Sarl mutant (Sar1[H79G], Sar19") expression vector
(Kuge et al., 1994) was supplied by Rainer Pepperkok (EMBL, Hei-
delberg). Polyclonal antibodies against KDEL receptor, Gal-T, gian-
tin, Man II, and GFP were provided by H.-D. Soling (University of
Gotingen, Gotingen), E. Berger (University of Ziirich, Ziirich), H.-P.
Hauri (Biozentrum, Basel), K. Moremen (University of Georgia,
Georgia), and D. Shima (Imperial Cancer Research Fund, London),
respectively. Monoclonal P5D4 anti-VSV-G protein antibody was
from Sigma Chemical Co. (St. Louis, MO). DMEM and fetal calf
serum (FCS) were from Life Technologies/Brl Life Technologies
(Paisley, UK); secondary TRITC or FITC F(ab'), fragments were
from Boehringer Mannheim (Mannheim, Germany). Cascade blue
dextran was from Molecular Probes (Eugene, OR) and Mowiol was
from Calbiochem (Nottingham, UK). Unless otherwise stated, all
other chemicals were from Sigma Chemical Co.

Cell Culture

HelLa and NRK cells were cultured in DMEM medium containing
10% FCS supplemented with 10 mM L-glutamine, penicillin (100
U/ml), and streptomycin (100 pg/ml). Cells were grown in a hu-
midified incubator at 37°C and 5% CO,.

Microinjection Experiments

For microinjection, HeLa and NRK cells were grown for 1-2 d on
Eppendorf Cellocate coverslips (Hamburg, Germany) or on normal
glass coverslips. For single- or double-microinjection experiments,
the GFP-Cdc42 and GFP-N-WASP constructs and the recombinant
Sarl9" construct were first diluted to 50-100 ng/ml and then mi-
croinjected into the nuclei with an Automated Microinjection Sys-
tem (Model 5242; Eppendorf). Cells for microinjection experiments
were cultured in DMEM plus 10% FCS medium containing 25 mM
HEPES and supplemented with penicillin, streptomycin, and glu-
tamine. After microinjection, the coverslips were transferred to a
Petri dish containing fresh culture medium and returned to the
incubator for expression. For the control Sarldn experiments, the
nuclei of cells were microinjected with the cascade blue-conjugated
dextran as a microinjection marker. For comicroinjection experi-
ments with Cdcd42 or N-WASP constructs, GFP-induced fluores-
cence was used to identify microinjected cells.

Transient Transfection Experiments

The transfection method used was FuGENE 6 (Roche Diagnostics
Corporation, Mannheim, Germany). Briefly, the cells were plated 1
day before transfection in coverslips at 50-80% confluence and
incubated overnight. To prepare FUGENE 6 reagent and DNA com-
plex, FuGENE 6 and DNA were mixed in a 3:1 proportion (ul and
pg, respectively) and serum-free medium was added to a final
volume of 100 pl. The complex was gently mixed and incubated for
15 min at room temperature. Meanwhile, the coverslips were
washed with serum-free medium, and the appropriate volume of
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serum-free medium was added. Finally, the FuGENE:DNA complex
and a 5% of FCS were added to the cells for overnight incubation.

VSV-G and Shiga Toxin Transport Assays

Infection with the temperature-sensitive mutant ts045 VSV was
performed as described elsewhere (Valderrama ef al., 1998). Indirect
immunofluorescence transport of VSV-G from ER-to-Golgi complex
was performed following Bonatti et al. (1989).

For the native ST-B transport experiments, HeLa cells were first
incubated for 30 min in binding medium (FCS-free DMEM) and
treated with Cy3-Shiga toxin B-fragment for 45 min at 4°C, and the
unbound toxin was then washed for 5 min in ice-cold PBS. There-
after, cells were incubated with DMEM at 20°C for 2 h to accumulate
the internalized ST-B in early /recycling endosomes. They were then
heated to 37°C to synchronize the ST-B transport to the ER via the
Golgi complex.

Indirect Immunofluorescence

Indirect immunofluorescence was carried out as previously de-
scribed (Valderrama et al., 1998, 2000) with the following antibody
dilutions: anti-KDELr, 1:1000; anti-Gal-T, 1:100; antigiantin, 1:500;
anti-VSV-G, 1:50; and FITC/TRITC-conjugated secondary antibod-
ies, 1:35. The coverslips were mounted on microscope slides using
Mowiol (Calbiochem). Microscopy and imaging were performed
with an Olympus BX60 epifluorescence microscope with a cooled
Olympus CCD camera (Lake Success, NY) or a Leica TCS-NT con-
focal microscope (Heerbrugg, Switzerland). The images were pro-
cessed on PCs computers using Adobe Photoshop 5.0 (Adobe Sys-
tems, San Jose, CA).

Immunoelectron Microscopy

HeLa cells transfected with the GFP-Cdc42 expression vector con-
structs were processed for cryosectioning as described elsewhere
(Martinez-Menarguez et al., 1999). Briefly, cells were fixed overnight
with 2% paraformaldehyde plus 0.2% glutaraldehyde in 0.1 M
phosphate buffer, pelleted by centrifugation, embedded in 10%
gelatin, and cut into small blocks. The blocks were infused with 2.3
M sucrose, frozen in liquid nitrogen, and stored for cryoultramic-
rotomy. Cryosections were single-immunolabeled with rabbit poly-
clonal antibodies against GFP followed by protein A-gold. Samples
were visualized in a Philips Tecnai 12 electron microscope (Eind-
hoven, The Netherlands). To establish the relative distribution of
GFP-Cdc42V12 and GFP-Cdc42N17 in the Golgi area, gold particles
were counted and ascribed to one of the following categories: lateral
(defined as the lateral zones of the Golgi cisterna showing its char-
acteristic dilatation), flattened central portions of the Golgi cister-
nae, peri-Golgi transport intermediates, and nonmembrane struc-
tures. The number of the gold particles assigned to each category
was expressed as a percentage of the total labeling in the Golgi area.
A total of 25 randomly selected Golgi areas were analyzed. Statis-
tical analysis was performed using the Student’s f test.

RESULTS

Cdc42 Is Located in the Lateral Rims of the Golgi
Cisternae and Golgi-associated Transport
Intermediates

GFP-tagged Cdc42 proteins (wild-type, Cdc42WT; “activat-
ed” Cdc42, Cdc42V12; “dominant-negative” Cdc42,
Cdc42N17) were observed in the cytoplasm and plasma
membrane, but also in the Golgi complex 3-4 h after micro-
injection of cDNAs into the nucleus of NRK (Figure 1A) or
Hel a cells (unpublished results). The Golgi localization was
confirmed by double immunolabeling experiments with an-
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GFP-Cdc42

Man I

GFP-Cde42V12 Man 11

ti-Mannosidase Il antibodies and by Golgi-disruption exper-
iments with nocodazole (Figure 1B) or BFA (unpublished
results). The GFP-Cdc42 signal in the Golgi complex, at the
light microscopy level, was more intense for the wild-type
and activated Cdc42 than the dominant-negative Cdc42N17
(Figure 1A). The presence of Cdc42 in the Golgi complex has
been recently reported in astrocytes also using the GFP-
tagged form of wild-type Cdc42 and in fibroblasts using
polyclonal antibodies raised against a peptide mapping near
the carboxy terminus of the human Cdc42 protein (Erickson
et al., 1996; Etienne-Manneville and Hall, 2001).

We next examined the subcellular localization of the acti-
vated and dominant-negative forms of GFP-tagged Cdc42 in
HelLa cells using cryoimmunoelectron microscopy (Figure 2,
A-C, and Table 1). Only transfected cells were labeled with
anti-GFP antibodies demonstrating the specificity of the la-
beling (Figure 2A). In cells transfected with Cdc42V12, gold
particles were visualized in the plasma membrane (Figure
2A) and in the Golgi area (Figure 2, B and C) but also to a
lesser extent throughout the cytoplasm (nonmembrane
bound; Table 1). In the Golgi region, GFP-Cdc42V12 was
present in the Golgi cisternae (Figure 2A) and associated
vesicles (Figure 2C). Within the Golgi stack, Cdc42 was
enriched in the lateral portions of the Golgi cisternae (indi-
cated in Figure 2B as double-headed arrows). Some of the
reactive peri-Golgi transport intermediates (TIs) showed the
typical 10-nm-thick COPI coat (Figure 2C). Quantitative ul-
trastructural analysis for Cdc42N17 transfected cells showed
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Figure 1. GFP-Cdc42 is localized in the Golgi
complex. (A) NRK cells were microinjected into
the nucleus with expressing vectors for wild-
type (WT), dominant-negative (N17), and domi-
nant-positive (V12) GFP-Cdc42 forms. After mi-
croinjection (3-4 h), the cells were processed for
immunofluorescence microscopy and examined
by confocal microscopy. The organization of the
Golgi complex was visualized with anti-Manno-
sidase II (Manll) antibodies. Bar, 10 pm. (B) Mi-
croinjected NRK cells (asterisks) with GFP-
Cdc42V12 construct were, after 3-4 h of
expression, treated with nocodazole, which
causes fragmentation and dispersal of Golgi
fragments throughout the cell. The Golgi-associ-
ated Cdc42 colocalizes with Manll in small punc-
tate Golgi structures. Bar, 10 pm.

that the inactive Cdc42 mutant was mostly nonmembrane
bound, and when observed in the Golgi stack, it was uni-
formly distributed along cisternae (Table 1). These ultra-
structural observations suggest a role of Cdc42 in Golgi-
derived intracellular trafficking.

ER-to-Golgi Protein Transport Is Cdc42 Independent
Activated Cdc42 specifically interacts with the y subunit
of coatomer, suggesting a direct role in vesicular transport
(Wu et al., 2000). We examined whether the ER-to-Golgi
transport of VSV-G was blocked in HeLa cells expressing
Cdc42 mutants. In control cells, ts045 VSV-G mutant
moves from the ER to the Golgi complex when cells are
transferred from restrictive (40°C) to permissive temper-
ature (32°C; Figure 3 C-F; GFP-Cdc42-expressing cells
were detected by GFP fluorescence, marked by an aster-
isk). The kinetics of the ER-to-Golgi transport of VSV-G
was monitored by immunofluorescence, which revealed
that this transport remained unaltered in HelLa cells over-
expressing the wild-type, activated or dominant negative
Cdc42. The unaltered ER-to-Golgi transport was not due
to the lack of signaling activity by the expressed GFP-
Cdc42 proteins, because cells transfected with activated
GFP-Cdc42 showed the expected filopodia formation (un-
published results).

We next tested whether the rebuilding of the Golgi
complex after BFA removal is impaired by overexpression

Molecular Biology of the Cell
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Figure 2. Activated GFP-Cdc42
is enriched in the lateral portions
of Golgi cisternae and in peri-
Golgi transport intermediates.
Transfected HelLa cells with GFP-
Cdc42V12 vector were fixed and
processed for cryoimmunogold
electron microscopy using poly-
clonal antibodies to GFP. Note
the gold decoration for GFP-
Cdc42V12 in the cytoplasmic part
of the plasma membrane in a
transfected cell (asterisk),
whereas no gold particles are ob-
served in the neighboring non-
transfected cell (A). In the Golgi
area (B and C), activated GFP-
Cdc42 is predominantly located
in the lateral portions of the
Golgi cisternae (B) and in COPI-
coated (arrowheads) and non-
coated peri-Golgi transport inter-
mediates (C). G, Golgi stack; m,
mitochondria. Bars, 200 nm.

of Cdc42 mutants. Because ER-to-Golgi transport of
VSV-G was unaltered, we reasoned that the rebuilding of
the Golgi complex would not be affected. Transiently
transfected HeLa cells expressing Cdc42 variants were
first treated with BFA to induce fusion of Golgi mem-
branes with the ER. Subsequently, BFA was withdrawn
and the kinetics of the morphological appearance of the
Golgi complex was examined by immunofluorescence.
We found no significant differences in the reformation of
perinuclear Golgi complex in these conditions (unpub-
lished results). Thus, Cdc42 is not involved in ER-to-Golgi
transport or the rebuilding of the Golgi complex.

Cdc42 Regulates Golgi-to-ER Transport

Golgi-to-ER Membrane Flow and the Subcellular
Distribution of the KDEL Receptor Are Altered in
Cells Overexpressing Cdc42

We analyzed whether Cdc42 is involved in Golgi-to-ER
membrane dynamics and transport. We first monitored
whether the kinetics of the Golgi complex disassembly in-
duced by BFA was Cdc42 dependent (Figure 4). Transfected
Hela cells were treated with BFA and processed for immu-
nolabeling at various times. The kinetics of the BFA-induced
Golgi membranes merging into the ER remained unaltered
in cells expressing wild-type or dominant-negative forms of

Table 1. Subcellular distribution of the gold labelling in the Golgi area of HeLa cells transfected with GFP-tagged activated and dominant-

negative Cdc42 constructs (Cdc42V12 and Cdc42N17, respectively)

Golgi cisternae

Peri-Golgi transport Non-membrane

Lateral portions Central portions intermediates bound
Cdcd2V12 36.6 = 3.2* 23.8 = 35* 334+32 6318
Cdc42N17 162+ 4.0 135+ 4.0 16.6 £ 4.1 53753

Numbers represent the percentages (mean *+ SEM) of the total gold labeling over the different locations of the Golgi area. See MATERIALS

AND METHODS for details. * Statistical Student’s t test; p = 0.01.
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* GFP-Cdc42V12

* GFP-Cdc42N17

40°C

15 min

32°C

30 min

VSV-G

VSV-G

Figure 3. The ER-to-Golgi transport is unaltered in cells express-
ing Cdc42. HeLa cells were transfected with GFP-Cdc42V12 or
GFP-Cdc42N17 vectors and incubated for 12 h. Subsequently, the
cells were infected with the thermosensitive ts045 VSV-G mutant
incubated at restrictive temperature (40°C). At this temperature
VSV-G protein is retained in the ER (A and B). When cells were
transferred to the permissive temperature of 32°C, the VSV-G gly-
coprotein exited the ER and was transported to the Golgi complex
(C-F). At indicated transport times (C-F), cells were processed for
indirect immunofluorescence for VSV-G glycoprotein. In this and
the other panels, the GFP-Cdc42-expressing cells were detected by
GFP fluorescence, as marked by asterisks (*). Note that both the
dominant-positive (A, C, and E, asterisks) and dominant-negative
Cdc42 mutants (B, D, and F, asterisks) show the same kinetics of
transport of the VSV-G from the ER to the Golgi complex as the
nontransfected neighboring cells. Bar, 10 pm.

Cdc42 (Figure 4, D, F, and G). In contrast, in cells expressing
activated Cdc42V12 the Golgi disassembly was significantly
slower (Figure 4, C, E, and G).

To confirm that Cdc42 is involved in Golgi-to-ER mem-
brane dynamics, we examined the subcellular redistribution
of KDEL receptor (Figure 5). The steady state distribution of
this protein changed from mainly Golgi-like (Figure 5, A and
B) to a punctate cytoplasmic staining pattern when HeLa
cells were transferred from 37-15°C (Figure 5, C-H). This is
because the KDEL receptor is trapped in the intermediate
compartment at this temperature. When cells expressing
activated Cdc42 were incubated at 15°C, a larger percentage
of KDELr molecules remained in a juxtanuclear Golgi-like
compartment (Figure 5, C, E, and G, asterisks). In contrast,
their nontransfected neighboring cells (Figure 5, C, E, and G)
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* GFP- Cded42V12 * GFP-Cdc42N17

control

10 min

+BFA

15 min

giantin giantin

nsfected cells with GFP-Cded2

forms (%

Golgi-like staining pattern of giantin

C WT VI2ZNIT C

WT VI2 NI7 C WT VI2 NI7

10 min 15 min 30 min

Time of BFA treatment

Figure 4. The kinetics of Golgi disassembly is slowed in cells
expressing activated Cdc42. HelLa cells were incubated for 12 h after
transfection with the GFP-Cdec42 vectors. The cells were treated
with BFA (5 pg/ml) and the kinetics of the fusion of Golgi mem-
branes with the ER was monitored by immunofluorescence using
antibodies against the Golgi protein giantin. After BFA treatment,
the pericentriolar Golgi complex can be visualized in transfected
cells with GFP-Cdc42V12 (C and E, asterisks) but not in cells ex-
pressing the GFP-Cdc42N17 (D and F, asterisks) or in neighboring
nontransfected cells (C=F). Inset in E shows the characteristic BFA-
induced Golgi tubulation in a transfected cell with GFP-Cdc42V12
mutant (asterisk), whereas the neighbor nontransfected cells show a
more ER-like staining pattern. (G) Quantitative analysis of the mor-
phological observations. Data represent the average of two inde-
pendent experiments, in which at least 200 cells were counted for
each experiment. (C, nontransfected cells; WT, cells transfected with
the wild-type form of Cdc42; V12, cells transfected with Cdc42V12
mutant; N17, cells transfected with Cdc42N17). Bar, 10 pm.

or cells transfected with the dominant-negative Cdc42 (Fig-
ure 5, D, F, and H, asterisks) showed no delay (Figure 5I for
a quantitative analysis). These results show that Cdc42 is
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* GFP-Cdc42V12

* GFP-Cde42N17
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KDELr
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Golgi —like staining pattern of
KDELFr in transfected cells (%)

C WT VI2 NI7

C WT Vi2 NI7 C WT VI2 NI7

60 min 120 min

Time at 15°C

30 min

Figure 5. Cdc42 blocks the redistribution of the KDEL receptor when
cells are incubated at 15°C. HelLa cells were transfected as described in
the legends of Figures 3 and 4. At 37°C, the steady state distribution of
the KDEL receptor (KDELr) shows both the Golgi-like and a diffuse
punctate staining. When cells were incubated at 15°C for various times,
the steady state distribution of KDELr changes to exclusive punctate
staining in nontransfected (C-H) and GFP-Cdc42N17-transfected cells
(asterisks in D, F, and H). In contrast, in GFP-Cdc42V12-transfected
cells, the KDELr shows the Golgi-like staining pattern (C, E, and G;
asterisks). (I) A quantitative visual analysis of the percentage of neigh-
boring nontransfected (control, C) and GFP-Cdc42-transfected cells
(WT, N17, and V12 forms) with a Golgi-like staining pattern. Results
are the average of two independent experiments, in which at least 200
cells were counted for each experiment. Bar, 10 pm.
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involved in the retrograde arm of bidirectional transport
between the ER and the Golgi complex.

Golgi-to-ER Transport of Shiga Toxin and Golgi
Enzymes Is Blocked by the Overexpression of Cdc42

From the previous experiments, we hypothesized that Cdc42
regulates protein recycling from Golgi to the ER. To confirm this,
we studied the Golgi-to-ER trafticking of the Golgi-resident pro-
tein galactosyltransferase (Gal-T) and a cargo marker, Shiga toxin.
Microinjection of the GTPase-deficient Sarl mutant protein
(Sar1[H79G], Sar19") into living cells blocks the recycling of Golgi
proteins and traps them in the ER (Aridor et al., 1995; Storrie et al.,
1998; Seemann et al., 2000). We expressed Sar19" either alone or
together with GFP-Cde42 constructs (Figure 6). After microinjec-
tion of the expression constructs, cells were incubated at 37°C for
6-7 h and processed for indirect immunofluorescence. Expression
of Sar19" led to the expected ER accumulation of Gal-T (Figure
6A, asterisk) and the mixed ER-like and punctate staining patterns
for the KDEL receptor (Figure 6D, asterisk). Similar results were
obtained when cells were comicroinjected into the nucleus with
vectors expressing Sarl®" and the negative mutant GFP-
Cdc42N17 (Figure 6, C and F, asterisks). In contrast, microinjected
cells coexpressing Sarl" and the wild-type GFP-Cdc42WT or
activated GFP-Cdc42V12 mutant showed the characteristic Golgi-
like staining pattern for Gal-T (Figure 6B, asterisks) and the KDEL
receptor (Figure 6E, asterisk). Both staining patterns were similar
to that shown by neighboring noninjected cells. A quantitative
analysis of these morphological results is shown in Figure 6G.
Similar experiments were performed using Shiga toxin (Fig-
ure 7), a well-established cargo marker of the Golgi-to-ER
protein transport pathway (Sandvig ef al., 1992). Sarl“" was
microinjected into the nucleus of HeLa cells and incubated at
37°C for 90 min. Thereafter, cells were incubated with native
cy3-Shiga toxin (ST-B) for 2 h at 20°C, the result of which was
that the internalized toxin accumulated to early/recycling en-
dosomes (Mallard et al., 1998). Cells were subsequently trans-
ferred to 37°C to synchronize the ST-B transport to the ER. In
Sar19" microinjected cells, the Golgi localization of ST-B was
replaced by a diffuse cytoplasmic staining pattern, which is
characteristic of the ER (Figure 7, C and E, asterisks). This is not
the case of the neighboring nonmicroinjected cells, which
showed a permanent steady state Golgi localization for ST-B
(Figure 7, C and E). This is because native ST-B cycles contin-
uously between the Golgi and the ER, but its passage through
the ER is rapid (Johannes and Goud, 1998). Notice that, after 3 h
of expression of Sar14", the Golgi complex was virtually unal-
tered as assessed by Gal-T staining (Figure 7E, inset and aster-
isk). This illustrates that the appearance of ST-B in the ER is
caused by its transport from the Golgi and not merely the
merging of Golgi and ER membranes induced by Sar14". Once
in the ER, ST-B is retained by the blocking effect of Sarl<"
protein on the COPII-dependent ER export machinery (Bar-
lowe, 1998, for review). When cells were comicroinjected with
SarlY" and GFP-Cdc42V12 (asterisks in Figure 7, D and F),
ST-B remained in the Golgi with a steady state distribution
indistinguishable from that of the neighboring nonmicroin-
jected cells. This was not observed when cells were comicroin-
jected with Sar19" and the dominant-negative Cdc42N17 (see
Figure 7G for the quantitative analysis of morphological obser-
vations). These data indicate that overexpression of Cdc42WT
or Cdc42V12 impairs the Golgi-to-ER membrane transport.
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* Sarld" +
GFP-Cdc42V12

* Sar]

* Sarld" +
GFP-Cde42N17

KDELr

microinjected cells

% of Golgi-like staining pattern of Gal-T in

Figure 6. Cdc42 blocks the Sarl9m-induced ER
accumulation of Golgi enzymes and the KDEL
receptor. Sar1"" construct alone (A and D; aster-
isks) and Sar14" plus GFP-Cdc42V12 (B, E; aster-
isks) or GFP-Cdc42N17 mutant constructs (C and
F; asterisks) were microinjected into the nucleus
of HeLa cells. After 7 h of expression, the cells
were fixed and processed for indirect immuno-
fluorescence with antibodies against galactosyl-
transferase (Gal-T; A-C) or the KDEL receptor
(KDELr; D-F). In comicroinjected cells with
Sarl¥" plus activated GFP-Cdc42, Gal-T (B, aster-
isks), and KDELr (E, asterisk) reveal a Golgi-like
staining pattern like the neighboring control
(nonmicroinjected) cells. In contrast, cells micro-
injected with Sar19™ alone (A and D; asterisks) or
with Sarl®" plus the dominant-negative GFP-
Cdcd2N17 (C and F; asterisks) show the charac-
teristic ER accumulation of both Gal-T and
KDELr induced by Sar14". (G) Microinjected cells
were visually quantified for the presence of Gal-T
in the Golgi complex. Results are the mean of two
independent experiments, and the number of

Sarl9 +

Activated Cdc42 Recruits N-WASP to the Golgi Complex
WASP and its ubiquitous form N-WASP bind, among oth-
ers, to Cdc42 and PIP,, thus integrating and coordinating the
signaling pathways that control actin nucleation/polymer-
ization (Snapper and Rosen, 1999 for review; Rohatgi et al.,
2000). Hence, we examined whether the regulatory effect of
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counted microinjected cells is indicated (n). Bar,
10 pm.

Cdc42 on the retrograde Golgi-to-ER membrane transport
requires N-WASP. Cells were coinjected with the GFP-
tagged wild-type form of N-WASP and untagged forms of
Cdc42. In cells microinjected with GFP-N-WASP alone or
together with Cdc42N17, no colabeling of N-WASP (visual-
ized by the GFP fluorescence signal) with Gal-T in the Golgi
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60 min

30 min 60 min

Golgi-like staining pattern of ST-B
in microinjected cells (%)

n=49 p=68 n=33 o

h2
S

Figure 7. Cdc42 blocks transport of native Shiga toxin B-fragment from
Golgi to the ER. HeLa cells were microinjected as described in Figure 6.
After 1.5 h of expression, cells were incubated with cy3-tagged native
Shiga toxin (ST-B) for 45 min at 37°C, rinsed, and transferred to 20°C for
2 h to allow internalized ST-B to be retained in the early/recycling endo-
somes (A and B). Cells were then shifted to 37°C to elicit retrograde
transport to the ER via the Golgi complex (C-F). Unlike Sar1“"-expressing
cells (C and E; asterisks), ST-B remained accumulated in the Golgi com-
plex in GFP-Cdc42V12 expressing cells (D and F; asterisks). After 60 min
of transport, the Golgi complex (stained to giantin) remained virtually
unaltered in Sarl9"™-expressing cells (E, insert; asterisk), but ST-B (asterisk
in E) showed the expected ER-like staining pattern as a consequence of its
transport from Golgi to the ER. Cells shown in E and its inset were
double-stained with antibodies to giantin and ST-B. (G) Quantitative val-
idation of the morphological data in cells microinjected with different
vectors. Results are the mean of two independent experiments and the
number of counted microinjected cells is indicated (n). Bar, 10 pm.
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complex was observed (Figure 8A, A’, and A"). However,
GFP-N-WASP was located in the Golgi complex in cells
coinjected with Cdc42V12 (Figure 8, B, B, and B"). These
morphological observations indicate that activated Cdc42
induces the recruitment of N-WASP to the Golgi complex.

N-WASP Mediates Golgi-to-ER Transport
Inhibition Induced by Cdc42

To examine the functional involvement of N-WASP in the
Golgi complex and in retrograde protein transport, we
coinjected GFP-N-WASP and Sar19" and monitored the
accumulation of Gal-T in the ER by immunofluorescence.
In cells coexpressing Sar19" and the GFP-N-WASP, Gal-T
was retained in the Golgi complex (Figure 9A, left, aster-
isks). In contrast, cells expressing Sarl9"™ and GFP-N-
WASP(AWA), a mutant that lacks the Arp2/3 binding
domain and thus blocks endogenous N-WASP for mem-
brane binding and target(s), showed no inhibitory effect
on the Sarl9"-induced ER accumulation of Gal-T (Figure
9A, right, asterisk). We found a much higher percentage
of cells that showed inhibition in the retrograde transport
of Golgi enzymes when the cells coexpressed N-WASP
with  wild-type Cdc42 or with dominant positive
Cdc42V12 (Figure 6G). This was not the case for cells
coexpressing N-WASP and the dominant negative
Cdc42N17, which showed a similar inhibitory effect to
N-WASP alone (Figure 6G). Nonetheless, this was ex-
pected because, unlike Cdc42V12, Cdc42N17 does not
bind to WASP/N-WASP (Burbelo et al., 1995). The coex-
pression of Cdc42V12 and N-WASP(AWA) also resulted
in the accumulation of Gal-T in the ER (Figure 10). There-
fore, N-WASP(AWA) alleviate the expected negative reg-
ulation of the retrograde transport by activated Cdc42
(Figure 6G).

Similar results were also obtained when the retrograde
transport of ST-B was examined. The coexpression of Sar14"
plus GFP-N-WASP blocked the transport of ST-B from Golgi
to the ER (Figure 9B, left, asterisks). This did not occur when
cells coexpressed Sar19" plus GFP-N-WASP(AWA) (Figure
9B, right, asterisks). A quantitative validation of these mor-
phological observations is shown in Figure 7G. Together,
results indicate that Cdc42 regulates the Golgi-to-ER protein
transport via N-WASP.

DISCUSSION

Cdc42 participates in the maintenance and establishment
of cell polarity (Adams et al., 1990; Stowers et al., 1995;
Etienne-Manneville and Hall, 2001; Gotta et al., 2001), and
it is also involved in sorting at the TGN by regulating
post-Golgi trafficking and generation of vesicles in polar-
ized MDCK cells (Kroschewski ef al., 1999; Cohen et al.,
2001; Miisch et al., 2001; Rojas et al., 2001). However, the
involvement of the Rho family of GTPases in the early
steps of the secretory pathway is unknown. We have
previously demonstrated that the Golgi-associated actin
filaments are not regulated by Rho A (Valderrama et al.,
2000). However, recent results suggest that Cdc42 is a key
regulator in secretory pathway trafficking because (1)
both Cdc42 and its binding partner IQGAP are Golgi-
associated in an ARF-dependent manner (Erickson et al.,
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1996; McCallum et al., 1998; Etienne-Manneville and Hall,
2001); and (2) Cdc42 governs Golgi complex polarization
in wounded cells (Nobes and Hall, 1999), and it binds to
the y component of the COPI coatomer (Wu ef al., 2000).
We have previously demonstrated that actin is involved
in Golgi-to-ER transport but not in the ER-to-Golgi pro-
tein transport or in the Golgi rebuilding (which occurs
after BFA withdrawal; Valderrama et al., 2001). We here
show that Cdc42 is not required for ER-to-Golgi transport
either. These results are at variance with those of Wu ef al.
(2000), who reported that a rapid cycling mutant of Cdc42
that spends more time in the GTP-bound form
(Cdc42F28L) interacts with yCOP. In addition, the expres-
sion of Cdc42F28L modestly stimulates secretory protein
transport as measured by acquisition of carbohydrate
modification after release of the VSV-G from the ER. In
accordance with the biochemical observations of Wu et al.,
(2000), our ultrastructural data show that Cdc42V12 is
located to COPI-coated transport intermediates, which
more likely are involved only in retrograde Golgi-to-ER
transport (Letourneur et al., 1994; Martinez-Mendrguez et
al., 2001). Our results with Cdc42V12 are consistent with
this idea. Unfortunately, Wu et al. (2000) only examined
anterograde transport. Finally, the discrepancy of the re-
sults in the anterograde transport could simply be attrib-
utable to the use of different Cdc42 mutants in the two
studies.

Molecular Mechanisms Regulating Actin-Golgi
Membranes Interaction

The dissection of the actin-membrane interface is critical
for understanding the events that occur at the Golgi mem-
branes during transport and signaling. Endogenous vesi-
cles in extracts occasionally nucleate actin polymerization
(Taunton, 2001 for review). Small GTPases of the Rho
family regulate actin dynamics through numerous down-
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Figure 8. Activated Cdc42 re-
cruits N-WASP to the Golgi com-
plex. HeLa cells were coinjected
with  GFP-tagged  wild-type
N-WASP vector alone (A) or to-
gether with untagged Cdc42V12
construct (B). After 4 h of expres-
sion, cells were stained with an-
tibodies to Gal-T and examined
by confocal microscopy. Unlike
cells expressing GFP-N-WASP
alone (A, A’, and A"), GFP fluo-
rescence corresponding to
N-WASP (B) in cells that coex-
press Cdc42V12 partially colocal-
ize with Gal-T in the Golgi com-
plex (B') by the appearance of
yellow color when images were
superimposed (B", overlay). Bars,
10 um.

stream effectors (Hall, 1998) such as members of the Wis-
kott-Aldrich syndrome protein family (WASP/N-WASP;
Aspenstrom et al., 1996; Symons et al., 1996), phospho-
lipase D (PLD; Han et al., 1998), phosphatidylinositide
3-kinase (PI3K; Zheng et al., 1994), and IQGAPs (McCal-
lum ef al., 1998) among others. Both PLD and PI3K are
involved in the generation of transport carriers and post-
Golgi trafficking, respectively (Corvera and Czech, 1998,
Roth et al., 1999 for reviews). In this respect, we have
reported that PI3K seems to regulate the association of
actin microfilaments with the Golgi complex (di Campli et
al., 1999), which could be complementary to the effects of
N-WASP (see below). A much higher percentage of mi-
croinjected cells showed an inhibition in the retrograde
Sarl9"-induced ER accumulation of Golgi enzymes when
N-WASP was coexpressed with Cdc42WT or Cdc42V12.
These results indicate that N-WASP transduces signals
from Cdc42 to the nucleation/polymerization of actin and
it could give rise to the following situations: (1) The Golgi
membranes nucleate and polymerize actin as do phago-
somes (Defacque et al., 2000), endosomes, and lysosomes
(Taunton et al., 2000). Preliminary data indicate that Golgi
membranes promote actin nucleation (T. Babia and G.
Egea, unpublished observations); (2) retrograde transport
intermediates form actin comet tails for their propulsion
through Arp2/3 complex, similar to those induced by
Listeria, Shigella, and Vaccinia and in raft-enriched secre-
tory and endocytic vesicles (Frischknecht et al., 1999a,
1999b; Taunton et al., 2000; Rozelle et al., 2000). However,
the coexistence of an actin-independent mechanism for
Cdc42 in the Golgi complex cannot be ruled out, as sug-
gested by the findings that the release of TGN-derived
apical transport vesicles is inhibited by latrunculin B and
stimulated by activated Cdc42 (Miisch et al., 2001). In fact,
PLD and PI3K, both targets of Cdc42, are involved in the
generation of transport carriers and in post-Golgi traffick-
ing in vitro, respectively, as previously mentioned.
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Figure 9. N-WASP blocks the Sar19"-induced ER accumulation of
Golgi enzymes and the retrograde transport of Shiga toxin from
Golgi to the ER. (A) Sarl®" plus wild-type GFP-N-WASP (left;
asterisks) or Sar1" plus GFP-N-WASP(AWA) (right; asterisks) con-
structs were coinjected into the nucleus of HeLa cells. After 3-4 h,
cells were processed for indirect immunofluorescence with anti-
Gal-T antibodies. Unlike N-WASP(AWA), N-WASP prevents the
Sarl9™-induced ER accumulation of Gal-T. These morphological
observations were quantified and results are shown in Figure 7G.
Bar, 10 pm. (B) The experimental procedure is described in the
legend to Figure 7. N-WASP blocks transport of ST-B from Golgi to
the ER (left; asterisks). However, in cells expressing GFP-N-
WASP(AWA), ST-B accumulates in the ER (right; asterisks). Non-
microinjected cells show the characteristic steady state Golgi local-
ization of ST-B. The inset shows the double immunostaining to
giantin, which reveals of the presence of a virtually intact Golgi
complex at this time of Sar1?" expression. Bar, 10 pm.

Formation of Transport Intermediates in the Golgi
Complex via Cdc42— N-WASP—(?)Arp2/3
WASP/N-WASP is activated by the lipid second-messenger
phosphatidylinositol 4,5-biphosphate (PIP,) and the GTP-
bound, prenylated Cdc42 (Zigmond et al., 1997; Ma et al.,
1998a, 1998b; Rohatgi et al., 1999; Higgs and Pollard, 2000;
see Zigmond, 2000 and Higgs and Pollard, 2001 for reviews).
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Cdc42 and PIP, can synergize to activate N-WASP, which in
turns triggers actin polymerization via the Arp3/3 complex
depending on the localization of both activators on the
membrane surface (Prehoda ef al., 2000; Rohatgi et al., 2001).
Unlike dominant-negative Cdc42N17, activated Cdc42V12 is
particularly enriched in the lateral portions of the Golgi
cisternae, where most of peri-Golgi transport intermediates
are formed. Furthermore, the enzymes responsible for the
synthesis of PIP, phosphatidylinositol-4-OH kinase- and
type I phosphatidylinositol 4-phosphate 5-kinase are both
recruited in an ARF-dependent manner to isolated Golgi
membranes (Godi et al., 1999; Jones et al., 2000). Thus, there
could be a molecular interaction in the lateral portions of
Golgi cisternae among activated Cdc42, the aforementioned
PI and PIP kinases and PIP,, whose primary role in the
signaling pathway may be to activate GTP/GDP nucleotide
exchange on Cdc42 (Rohatgi et al., 2000). This interaction
could locally and simultaneously regulate protein transport
through the formation of transport intermediates or through
the peri-Golgi actin assembly. It could be argued that this
process does not occur in the Golgi complex because at
steady state WASP/N-WASP and Arp2/3 are not located at
the Golgi membranes. In fact, most of WASP/N-WASP is
not associated with the actin cytoskeleton or membranes,
indicating that WASP molecules are not bound to GTP-
Cdc42 or PIP, because both are associated with membranes
(Regazzi et al., 1992; Nomanbhoy and Cerione, 1999). How-
ever, we found that N-WASP is localized to the Golgi com-
plex in cells overexpressing active Cdc42. This suggests that
at physiological conditions such a process, albeit transient
and local, also occurs in the Golgi complex. Unlike N-WASP,
N-WASP(AWA), a mutant that lacks Arp2/3 binding do-
main, did not alter retrograde transport. Furthermore, when
it was coexpressed with Cdc42V12, the expected negative
regulation of the retrograde transport by GTP-Cdc42 was
also inhibited (Figure 10). This result strongly suggests that
N-WASP mediates the Cdc42 response via an interaction
with Arp2/3. This complex has in addition to its actin nu-
cleation activity the ability to cross-link actin filaments into
a characteristic dendritic network (Mullins et al., 1998). Thus,
both the disassembly of microfilaments (Valdcrrama et al.,
2001) and the possible formation of a dense peri-Golgi dcn-
dritic actin network by N-WASP-Arp2/3 impair Golgi-to-ER
protein transport. We speculate that when microfilaments
are disassembled transport intermediates do not interact
with them. As a result, they are not transported to the ER
either directly or after translocation to microtubules. In con-
trast, the dense peri-Golgi dendritic actin network induced
by N-WASp-Arp2/3 could form a physical barrier that acts
as a cage that obstructs the formation or the transport of
transport intermediates. This is analogous to the effect of
F-actin located underneath the plasma membrane in secre-
tory cells (Morales et al., 2000; Trifaro ef al., 2000 for review).
Therefore, from our previous findings (Valderrama et al.,
2001) and from those reported here, we propose that
changes in the peri-Golgi actin dynamics (for example, im-
balance in the peri-Golgi G-/F-actin ratio) have direct con-
sequence on the efficacy of retrograde protein transport.
Finally, the regulation of retrograde pathway by Cdc42
and N-WASP equally affects the COPI-dependent and -in-
dependent pathways in the Golgi-to-ER protein transport,
because overexpression of both Cdc42 and N-WASP hin-
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Figure 10. N-WASP(AWA) alleviates
the blocking effect of activated Cdc42 on
the Sarl"-induced ER accumulation of
Gal-T. Sarl"" plus untagged Cdc42V12

GFP-N-WASp

dered the Sar19"-induced ER accumulation of Gal-T and the
Golgi-to-ER transport of native ST-B (COPI-independent),
and the subcellular distribution of the KDEL receptor
(COPI-dependent; Storrie et al.,, 2000, for review). These
results are consistent with those obtained when actin micro-
filaments were disassembled by latrunculin B and botuli-
num C2 toxin (Valderrama ef al., 2001).

Why Does the Cdc42 Dominant Negative Form Have
No Effect in the Golgi-to-ER Pathway?

We show that, unlike Cdc42V12, Cdc42N17 is mostly lo-
cated in the cytoplasm (6% vs. 54%, respectively; Table 1),
and therefore it cannot interfere in the signaling route(s)
activated by Cdc42V12. Hence, the physiological function of
Cdc42 in ER/Golgi trafficking can only be revealed when
this GTPase is attached to membranes that only happens
when, like other GTPases, it is in GTP state. What likely
happens in physiological conditions? Most of the endoge-
nous pool of Cdc42 is in GDP-bound form and more prob-
ably bound to Rho-GDP dissociation inhibitor protein (Rho-
GDI; Nomanbhoy et al., 1999; Faure and Dagher, 2001 for
review). Consequently, Cdc42 is located in the cytoplasm
and therefore inactive. At steady state, only a small pool of
this Cdc42 is activated, which is recruited to plasma mem-
brane and Golgi membranes, where as expected it will acti-
vate its cognate downstream targets. We assume that the
activation of Cdc42 is rapidly and locally produced (for
example, in the lateral portions of the Golgi cisternae). Im-
mediately after, GTP-Cdc42 is also rapidly inactivated by
local GAPs. We rationalize that when we overexpress a
mutant that encodes GTP-Cdc42, the effects of this GTP-
Cdc42 will be much more apparent. In contrast, we cannot
reveal a role when we overexpress a mutant that encodes a
constitutively GDP-bound Cdc42, which is inactive and lo-
cated in the cytoplasm. In other words, the overexpression
of Cdc42N17 has no physiological effect in these processes,
which involves a prior membrane attachment and activation
of the GTPase for carrying out its biological function. On the
other hand, there is now evidence demonstrating that the
effects of a constitutively active GTPase may not necessarily
be antagonistic to the effects of a dominant inhibitory form
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GFP-N-WASp (AWA)

plus wild-type GFP-N-WASP or Sar]<"
plus untagged Cdc42V12 plus GFP-N-
WASP(AWA) constructs were coinjected
into the nucleus of HeLa cells (A and B,
respectively; asterisks). After 7 h, cells
were processed for indirect immunofluo-
rescence with anti-Gal-T antibodies. Un-
like cells that overexpress wild-type N-
WASP (A), those expressing the mutant
form of N-WASP lacking the Arp2/3
binding  domain  (N-WASP(AWA))
showed that Gal-T was redistributed to
the ER by Sarl“" despite Cdc42V12 (B).
These morphological observations were
quantified and results are shown in Figure
6G. Bar, 10 um.

of the same GTPase (Arozarena ef al., 2001; Miisch ef al.,
2001).

In conclusion, the regulatory mechanism involved in the
role of actin filaments in the Golgi-to-ER membrane trans-
port is mediated via Cdc42 and N-WASP. Our findings also
raise the possibility that motile transport intermediates pro-
pelled by actin comets could mediate Golgi-to-ER protein
transport.
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Recent findings indicate that Cdc42 regulates Golgi-to-ER
(endoplasmic reticulum) protein transport through
N-WASP and Arp2/3 (Luna et al. 2002, Mol. Biol. Cell,
13:866-879). To analyse the components of the Cdc42-
governed signaling pathway in the secretory pathway,
we localized Cdc42, N-WASP and Arp2/3 in the Golgi
complex by cryoimmunoelectron microscopy. Cdc42 is
found throughout the Golgi stack, particularly in cis/mid-
dle cisternae, whereas N-WASP and Arp3 (a component
of the Arp2/3 complex) are restricted to cis cisternae.
Arp3 also colocalized in peri-Golgi tubulovesicular struc-
tures with either KDEL receptor or GM130. Even though
Arp3 is not found in TGN46-positive cisternal elements, a
small fraction of Arp3-labeled tubulo-vesicular elements
showed TGN46 labeling. Active Cdc42 (GTP-bound form)
induced relocation of N-WASP and Arp3 to the lateral
rims of Golgi cisternae. These results show that the
actin nucleation and polymerization signaling pathway
governed by Cdc42/N-WASP/Arp operates in the Golgi
complex of mammalian cells, further implicating actin
dynamics in Golgi-associated membrane trafficking.

Key words: actin, cytoskeleton, Golgi complex, mem-
brane traffic, Rho GTPases, secretory pathway
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The involvement of dynamic actin cytoskeleton in the for-
mation and locomotion of carrier proteins is becoming
clearer, particularly in the endocytic pathway (1,2).
Recently, progress has been made in revealing the role
of actin filaments and identifying actin-binding proteins in
the Golgi complex (3). However, the regulation of this
actin—Golgi interaction is poorly understood. Cdc42 is
seen in the Golgi complex (4-6) and regulates post-Golgi
(7-10) and endoplasmic reticulum (ER)/Golgi protein trans-
port (6,11,12). Some Cdc42 downstream effectors such as
PAK4 (13) and cdck5-p35 kinase (14) or exchange factors
like the Cdcd42 GEF protein Fgdl (15) have been seen
in the Golgi complex but their function there is unknown.
We and others have recently reported that N-WASP and
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Arp2/3 are the downstream effectors of Cdc42, mediating
regulation of retrograde (Golgi-to-ER) (6) and anterograde
(ER-to-Golgi) membrane trafficking at the ER/Golgi inter-
face (12). To understand the significance of the Cdc42-
governed actin dynamics in Golgi-derived transport events,
it is essential to locate the molecular components of this
signaling pathway in the Golgi complex. Here we examine
the localization of Cdc42, N-WASP and Arp2/3 in the Golgi
complex by cryoimmunoelectron microscopy. Our data
indicate that the actin dynamics signaling pathway mediated
by Cdc42/N-WASP/Arp is associated not only with plasma
membrane trafficking events like clathrin-mediated endo-
cytosis (16) but also with the endomembrane system of
the secretory pathway and, in particular, the Golgi complex.

Results

Cdc42, N-WASP and Arp2/3 are polarized in the Golgi
stack

Using high-resolution cryoimmunogold electron micro-
scopy and anti-GFP (green fluorescent protein) antibodies
(since anti-N-WASP antibodies are unsuitable for immuno-
electron microscopy), GFP-N-WASP was seen in Golgi
cisternae (Figure 1) and in peri-Golgi tubulovesicular struc-
tures, some of which showed the characteristic electron-
dense coat of COPI-coated vesicles (Figure 1, arrows). No
gold labeling in the Golgi complex was observed either in
Hela cells transfected with the expressing vector for GFP
alone or in neighboring nontranfected cells (data not
shown). We next examined the localization of endogenous
Arp3, which was shown by epifluorescence in punctate
cytoplasmic structures and partially colocalized with the
cis-Golgi matrix protein GM130 both in NIH3T3 and Hela
(Figure 2A and B, respectively) cells. As a control of Arp3
immunolocalization, Hel a cells were treated with platelet-
derived gorwth factor (PDGF) (100 ng/mL, 10 min), which
induced the expected enrichment of Arp3 in the plasma
membrane (17; data not shown). At the ultrastructural
level, Arp3 was seen in Golgi cisternae (Figure 2C) and
peri-Golgi tubulovesicular structures (Figure 2C, arrows).
Subsequently, we examined whether Cdc42, N-WASP and
Arp3 showed a cis—trans polarized distribution through the
Golgi stack. For this purpose, double immunogold labeling
experiments were performed with the cis-Golgi marker
GM130 (18) and the trans-Golgi network (TGN} marker
TGN46 (19). In the Golgi stacks of GFP-Cdc42-transfected
Hela cells, Cdc42 showed a wider distribution than
GM130 (Figure 3A). Quantitative immunocytochemical
data indicated that Cdc42 was present throughout the
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Figure1: N-WASP localization in Golgi membranes. GFP-N-WASP-transfected Hela cells were fixed and processed for
cryoimmunogold electron microscopy using polyclonal antibodies to GFP followed by protein A-gold (10nm). N-WASP is seen in Golgi
cisternae and in COP-coated transport intermediates (arrows). Insert shows gold labeling for GFP-N-WASP in the plasma membrane
of two GFP-N-WASP-transfected Hela cells but not in a neighboring nontransfected cell (asterisk). G, Golgi; N, nucleus. Bar, 100 nm.

Golgi stack but particularly enriched in cis/middle cisternae
(Table 1). N-WASP was mostly located in the first two cis-
Golgi cisternae (Table1) and Arp3 showed a more
restricted distribution, colocalizing with GM130 in the
first cis-Golgi cisterna (Figure 3B and Table 1). Double
labeling experiments with TGN46 showed that neither
N-WASP (not shown) nor Arp3 (Figure 3C) was significantly
present in trans/TGN cisternae, although, strikingly, some
peri-Golgi tubulovesicular structures showed colocalization
of Arp3 and TGN46 (see next paragraph).

Arp3-positive peri-Golgi tubulovesicular structures
contain either KDELr or TGN46

Arp3 was seen in the cis cisternae of the Golgi stack but
gold labeling was also observed in peri-Golgi tubulovesicular
structures (Figure 2C). As a consequence of the continuous
membrane flow to and from the Golgi complex, the mole-
cular content of these tubulovesicular structures depends
on the subcompartment in which they are generated.
We therefore performed double labeling experiments to
characterize these Arp3-positive peri-Golgi tubulovesicular
structures. We analyzed them for the presence of GM130

Table 1: Relative cis-to-trans distribution (C1-to-C5, respectively)
of Cdc42, N-WASP and Arp3 in the Golgi stack

C1 c2 C3 c4 C5

(Figure 4A), KDEL receptor (KDELr) (Figure 4B) and TGN46
(Figure 4c). For quantification, tubulovesicular structures
within 200nm of the lateral side of a Golgi stack were
examined. Almost 30% of all Arp3-positive tubulovesicular
structures contained GM130 or KDELr and 15% contained
TGN46 (Table2). Therefore, besides cis-Golgi cisterna,
Arp3 is present in dynamic tubulovesicular structures that
continuously cycle in the ER/Golgi interface. Notably, Arp3 is
also located in TGN-derived tubulovesicular profiles, although it
is not seen in frans/TGN cisternae.

Activated Cdc42 induces the relocation of N-WASP
and Arp3 in the lateral rims of Golgi cisternae

In Hela cells expressing Cdcd42V12, the dominant-positive
mutant form of Cdc42, we observed that guanosine-
5'-triphosphate (GTP)-bound Cdc42 is enriched in the lat-
eral portions of Golgi cisternae (6). We therefore examined
whether N-WASP and Arp3 are also relocated in Golgi
cisternae (lateral vs. central portions) accompanying GTP-
Cdc42. Hela cells cotransfected with vectors expressing
GFP-N-WASP and the myc-tagged dominant positive (myc-
Cdc42V12) or dominant negative (myc-Cdc42N17) mutant

Table2: Relative codistribution of Arp3 with marker proteins in
peri-Golgi tubulovesicular structures

Cdc42V12 23.4+4.0 33.6+54 23.8+£36 11.1+£3.1 84+39
N-WASP 504+6.2 33.8+4.9 138+50 07+07 1.3+22
Arp3 68.1+7.2 18.0£58 83+43 47+24 13122

Golgi labeling was scored in nontransfected Hela cells (Arp3) or in
Hela cells transfected with GFP-Cdc42V12 (Cdc42) or GFP-N-
WASP (N-WASP) expression vectors. The first cis-Golgi cisterna
was identified using anti-GM130 antibodies (18). Numbers repres-
ent the percentage (mean + SEM) of the total gold labeling of the
Golgi stack.

Traffic 2004; 5: 838-846
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Peri-Golgi tubulovesicular protein marker

GM130 KDELr TGN46

Arp3 29.8+59 27.4+7.0 15.7+£56.7

Over 100 positive tubulovesicular structures were counted for
each double labeling experiment. Numbers indicate the percent-
age (mean + SEM) of positive structures for Arp3 that also labeled
for the protein indicated.
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Figure 3: Polarized localization of Cdc42 and Arp3. A) GFP-Cdc42V12-transfected and (B and C) nontransfected Hela cells were fixed
and processed for double immunogold labeling with polyclonal anti-GFP (A) or anti-Arp3 (B and C) with monoclonal anti-GM130 (A and B)
or anti-TGN46 (C) antibodies followed by protein A-gold. Cdc42 shows a broader cisternal distribution than GM130, whereas Arp3
narrowly colocalizes with GM130 at the cis cisterna (B). Conversely, Arp3 and TGN46 gold labeling are segregated (C). Bars, 100 nm.

Traffic 2004, 5: 838-846 841
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forms of Cdc42 were fixed and subsequently processed
for quantitative double immunogold labeling experiments
in ultrathin cryosections (Table3). N-WASP in GFP-N-
WASP-transfected cells was slightly enriched in the cen-
tral portions of cisternae but the differences with the
lateral portions were not significant (Table3, control
condition). In cells expressing both GFP-N-WASP and
myc-Cdc42V12, N-WASP was relocated in the lateral por-
tions of Golgi cisternae, the differences with the central
portions being significant (Table3, Cdc42V12 condition).
The coexpression with myc-Cdcd42N17 did not alter the
relative distribution of N-WASP along the Golgi cisternae
(Table 3, Cdc42N17 condition). We next analyzed the rela-
tive distribution in the Golgi of Arp3 in nontransfected
(control) and in GFP-Cdc42V12- and GFP-Cdc42N17-trans-
fected cells. Both in control and in Cdc42N17-transfected
cells (Figure 5B; Table 4), Arp3 was also uniformly distri-
buted along Golgi cisternae. However, Arp3 was signifi-
cantly enriched in the lateral portions in Cdc42V12-
expressing cells (Figure 5A; Table 4).

Discussion

Our results indicate that the actin assembly and polymer-
ization signaling pathway governed by Cdc42/N-WASP/Arp
is not restricted to endocytic events (16,20-22) but also
occurs in the Golgi complex. Using cryoimmunogold elec-
tron microcopy techniques, we observed that Cdc42 is
present throughout the Golgi stack, albeit more enriched
in cis/middle cisternae, whereas N-WASP and Arp3 are
restricted to cis cisternae. N-WASP and Arp3 are both
significantly enriched in the lateral portions of Golgi cister-
nae in Cdc42V12- but not in Cdc42N17-expressing cells.
This indicates that activated Cdc42 triggers the recruit-
ment of N-WASP, and in turn Arp2/3, to the lateral rims
of cis-Golgi cisternae where, according to the cisternal-
maturation model, retrograde transport intermediates are
formed (23). We hypothesize that the Cdc42-governed
actin polymerization signaling pathway could be activated

Table 3: Relative distribution of N-WASP in the Golgi complex

Lateral Central Peri-Golgi tubulovesicular
portions portions  structures

Control 141454 235+50 624+6.7

Cdcd42V12 352+3.2% 153+4.1 49.4+38

Cdc42N17 21.7+3.8 21.2+£33 57.1+£49

Quantitative immunogold labeling was carried out in Hela cells
transfected with GFP-N-WASP (control) or cotransfected with
GFP-N-WASP/myc-Cdc42V12 (Cdcd2V12) or GFP-N-WASP/myc-
Cdc42N17 (Cdcd42N17) vectors. The expressed proteins were
visualized by using polyclonal anti-GFP and monoclonal anti-myc
antibodies. Numbers represent the percentages (mean SEM) of
the total gold labeling.

*Significant differences with respect to central portions; Student's
t-test (p <0.001).

842

168

Figure 4: Arp3 colocalization with different cycling proteins
in peri-Golgi tubulovesicular structures. Double immunogold
labeling experiments in nontransfected Hela cells with anti-Arp3
and anti-GM130 (A) or anti-KDELr (B) or anti-TGN46 (C) antibodies.
Some peri-Golgi tubulovesicular structures are colabeled for
Arp3 and the ER/Golgi interface cycling proteins GM130 or
KDELr (arrows in A and B, respectively). GM130 and KDELr, Arp3
also colocalized to a lesser extent with TGN-46 in some of these
peri-Golgi structures despite being virtually absent from trans/
TGN cisternae. G, Golgi; N, nucleus. Bars, 100 nm.
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Table 4: Relative distribution of Arp3 in the Golgi complex

Actin Signaling Components in the Golgi

Golgi cisternae

Lateral Central Peri-Golgi tubulovesicular
portions portions structures

Control 139458 16.9+5.6 69.2+7.1

Cdc42vi2 23.5+5.7* 11.5+49 65.0+7.7

Cdc42N17 14.4+35 188+3.9 67.2+5.1

Quantitative immunogold labeling was performed in nontransfected Hela cells (control) and in cells transfected with GFP-Cdcd2V12
(Cdc42V12) or GFP-Cdc42N17 (Cdcd2N17) expression vectors. The respective expressed proteins were visualized by using polyclonal anti-
GFP and monoclonal anti-Arp3 antibodies. Numbers represent the percentages (mean + SEM) of the total gold labeling.

*Significant differences with respect to central portions; Student's t-test (p <0.05).

concomitantly to the formation of retrograde transport
intermediates. In accordance with this hypothesis, Cdc42
associates with the y component of coatomer (yCOP (11)),
and a mutant form of N-WASP that lacks the Arp2/3 bind-
ing domain (N-WASPAWA) alleviates the blocking effect of
activated Cdc42 on the Sar1®-induced ER accumulation of
Golgi-resident enzymes (6). These results strongly suggest
that N-WASP and Arp2/3 are the main mediators in the
Cdcd2-induced regulatory effect on the ER/Golgi interface
protein transport. The localization of N-WASP and Arp2/3
in cis-Golgi cisternae suggests that: {a) actin nucleation/
polymerization contributes to budding of retrograde trans-
port carriers; and (b) actin filaments in conjunction with
myosins cause membrane elongation, which precedes the
fission of transport carriers, or serve as tracks of myosin-
mediated short-term locomotion of retrograde transport
carriers.

In this regard, we have recently reported that nonmuscle
myosin |l mediates in the Golgi-to-ER membrane pathway
(24).

Unlike Cdc42, neither N-WASP nor Arp2/3 are seen in
trans/TGN cisternae but, strikingly, a significant pool of
endogenous Arp3 colocalised with TGN46 in peri-Golgi
tubulovesicular structures. This colocalization is consistent
with the reported role of Arp2/3 complex in propelling
some post-Golgi-derived transport intermediates away
from TGN (25,26), and the recent observation of a (partial)
association of Arc21 (other subunit of Arp2/3 complex)
with TGN46-immunostained Golgi membranes (27). Most
likely, this partial association of Arp2/3 with TGN mem-
branes is the equivalent at electron microscopy level of
the Arp3/TGN46-positive peri-Golgi tubulovesicular struc-
tures reported here. Although N-WASP is absent in trans-
Golgi/TGN, Arp2/3 complex could be recruited and
activated in these membranes by other effectors such as
cortactin, which in turn interacts with dynamin2 (21,28,29),
a GTPase involved in post-Golgi transport (30,31).
The localization of Cdc42 in the trans-Golgi/TGN is in
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accordance with the involvement of Cdc42 in polarized
post-Golgi trafficking (7-10) but our results suggest that it
could not be mediated by N-WASP.

In conclusion, our results provide morphologic evidence
for the localization and involvement of the Cdc42/N-
WASP/Arp signaling pathway in Golgi-associated mem-
brane trafficking, consistent with recent biochemical evi-
dence that N-WASP and Arp2/3 binding to Golgi
membranes requires their activation via signaling through
the coatomer/Cdc42 complex (32). Moreover, the different
subcellular localization of the molecular components of
this signaling pathway in the Golgi stack and in peri-Golgi
tubulovesicular structures strongly supports a role of actin
dynamics both at the ER/Golgi interface and in post-Golgi
trafficking, Cdc42, N-WASP and Arp2/3 mediating in the
former and Cdc42 and/or Arp2/3 in the latter.

Materials and Methods

Constructs and antibodies

The plasmid encoding GFP-N-WASP was provided by
M. Way (Imperial Cancer Research Fund, London). The
plasmids encoding GFP-Cdc42 wild-type, dominant-positive
and dominant-negative forms were provided by M. Way
and F. Sanchez-Madrid (Hospital La Princesa, Madrid). The
plasmids encoding myc-Cdc42V12 and myc-Cdcd42N17
were provided by A. Hall (University College, London).
Rabbit polyclonal antibodies anti-GFP, anti-KDELr and
anti-Arp3 were provided by D. Shima (ICRF, London),
H.-D. Soling (Max Planck, Gottingen, Germany) and M. D.
Welch (University of California, San Francisco, CA), respect-
ively. Mouse monoclonal antibodies anti-GM130 and anti-
myc were from BD Transduction Laboratories (Lexington,
KY) and BABCO-Covance Inc. (Princeton, NJ), respect-
ively. Sheep polyclonal antibody to TGN46 was from
SeroTec (Oxford, UK) and anti-giantin was from H.-P. Hauri
(Biozentrum, Basel, Switzerland). Secondary Alexa-488 and
Alexa-546 Flab'), fragments were from Molecular Probes
(Eugene, OR).
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Figure5: Arp3 localization in Golgi membranes of HelLa cells transfected with myc-Cdc42V12 (A) or myc-Cdc42N17 (B). Cells
were fixed and processed for double immunogold labeling with monoclonal anti-myc and polyclonal anti-Arp3 antibodies followed by
protein A-gold. In activated Cdc42-expressing cells (A), Arp3 is mostly located in the lateral portions of cisternae (insert in A, arrow) where
it also colocalizes with activated Cdc42 (A, arrows). In contrast, in those cells expressing nonactivated Cdc42 (B), Arp3 and Cdcd2 were
uniformly distributed along the cisternae (B). G, Golgi stacks. Bars, 100 nm.
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Cell culture

NIH3T3 and Hela cells were cultured in Dulbecco’s modi-
fied Eagle's medium (DMEM from Invitrogen; Paisley, UK)
containing 10% fetal calf serum (FCS). All culture media
were supplemented with L-glutamine (10 mw), penicillin
(100U/mL) and streptomycin (100 ug/mL). Cells were
grown in a humidified incubator at 37 °C and 5% CO,.

Transient transfection

The transfection method Effectene was used (Qiagen,
Valencia, CA). Hela cells were grown in culture medium
as described above and subconfluent cells (40-70%) were
transfected according to the manufacturer's instructions.
Cells were then expressed for 12-18h.

Indirect immunofluorescence

Indirect immunofluorescence was carried out as pre-
viously described (33,34) with the following antibody
dilutions: anti-Arp3, 1:100; anti-GM130, 1:500, antimyc
1:100 and Alexa-488- and Alexa-546-conjugated secondary
antibodies, 1:1000. The coverslips were mounted on
microscope slides using Mowiol (Calbiochem, Notting-
ham, UK). Microscopy and imaging were performed both
in an Olympus BX60 epifluorescence microscope coupled
with a cooled Olympus CCD camera and in a Leica TCS-NT
confocal microscope.

Quantitative immunogold electron microscopy
Control and transfected Hela cells were fixed and pro-
cessed for gold staining (35). To establish the relative dis-
tribution of GFP-Cdc42, GFP-N-WASP and Arp2/3 in the
Golgi area, cryosections were single or double immuno-
labeled with rabbit polyclonal antibodies against GFP, anti-
KDELr or anti-Arp3, sheep polyclonal antibodies against
TGN46 or monoclonal anti-myc or anti-GM130 antibodies
followed by protein A-gold or rabbit anti-mouse/protein
A-gold, respectively (36). In the Golgi area, gold particles were
counted and ascribed to one of the following categories (6):
(a) lateral portion (defined as the lateral zones of cister-
nae that show the characteristic terminal dilatation); (b)
central portions (defined as the flattened zones of
stacked cisternae); (c) peri-Golgi transport intermediates
(defined as tubulovesicular membrane profiles located in
the vicinity of the Golgi stacks).

The cis-to-trans Golgi distributions of Cdc42, N-WASP and
Arp3 (Table 1) were calculated on 25 cross-sectioned Golgi
stacks. The cis-side of the Golgi complex was identified by
double immunogold labeling with anti-GM130 antibodies
(18). Cisternae were numbered from cis (C1) to trans (C5).
For all immunogold data, the number of gold particles
assigned was expressed as a percentage (mean + SEM)
of the total gold labeling in the Golgi stack. For each experi-
mental condition examined, at least 25 randomly selected
Golgi areas were analyzed. To analyze the molecular compo-
sition of Arp3-positive peri-Golgi tubulovesicular structures, a
series of double labeling experiments were performed in
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which Arp3 was combined with GM130, KDELr and TGN46,
respectively. For each combination, 100 Arp3-positive
tubulovesicular structures were examined. Statistical
analysis was performed using Student's t-test.
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ABSTRACT

N-WASP and Arp 2/3, the components of the actin nucleation/polymerization signaling
pathway governed by Cdc42, are located in Golgi membranes and regulate ER/Golgi
interface protein transport. In the present study, we examined whether RhoA and Racl,
like Cdc42, are also involved in this early secretory pathway. Unlike Cdc42, RhoA and
Rac1 were not observed in the Golgi complex of different clonal cell lines nor were they
present in isolated Golgi membranes. Expression of dominant-positive or dominant-
negative mutants of RhoA or Racl proteins in HelLa cells did not alter either the
assembly or the disassembly of the Golgi complex following the addition or withdrawal
of BFA, respectively, the ER-to-Golgi VSV-G transport or the Sar]“-induced ER
accumulation of Golgi proteins. Moreover, unlike Cdc42-expressing cells, the 15° C-
induced subcellular redistribution of the KDEL receptor remained unaltered. Only cells
that constitutively express the activated Cdc42 mutant (Cdc42Q61L), or that were
microinjected with activated Cdc42Q61L protein, exhibited a significant change in
Golgi complex morphology. Collectively, our results demonstrate that RhoA and Racl
are not located in the Golgi complex, nor do they directly or indirectly regulate
membrane trafficking at the ER/Golgi interface. This finding, in turn, confirms that
Cdc42 is the only Rho GTPase to have a specific function on the Golgi complex.

Key words: actin, Rho GTPases, secretory pathway, cytoskeleton, Golgi apparatus,
ER/Golgi interface
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INTRODUCTION

While the Rho family of proteins were known to be key regulators of actin dynamics
(Etienne-Manneville and Hall, 2001, Hall, 1998), over the past few years evidence has
accumulated indicating that these proteins are also essential regulators in endocytic and
secretory membrane trafficking (Ridley, 2001; Symons and Rusk, 2003). Rho proteins
mediate these as well as other functions depending on their GTPase cycle: either GDP-
bound (active) or GTP-bound (inactive). The three types of regulatory proteins
controlling this GTPase cycle, guanine nucleotide exchange factors (GEFs), GTPase-
activating proteins (GAPs), and guanine nucleotide dissociation inhibitors (GDIs)
(Symons and Settleman, 2000), not only govern nucleotide exchange, but also act as
rate-limiting factors in Rho GTPase functions. Moreover, recent evidence indicates that
Rho GTPases, and their nucleotide exchange regulators, are highly localized within the
endomembrane system, controlling relevant trafficking events (Higgins and McMahon,

2002; Symons and Settleman, 2000; Symons and Risk, 2003).

Significant progress has been made in the dissection of the downstream signaling events
that mediate Rho, Rac, Cdc42 and their respective regulators in endocytic membrane
trafficking. In fact, signaling molecules have been observed acting in close concert with
actin dynamics regulation (Engvist and Dubrin, 2003; Qualmann and Mellor, 2003;
Symons and Rusk, 2003). Conversely, the most compelling evidence of a role for Rho
GTPases in the secretory pathway in mammalian cells derives from studies on Cdc42.
Together with N-WASP and Arp2/3, Cdc42 is located in the Golgi complex (Chen et
al., 2004; Erickson et al., 1996; Etienne-Manneville and Hall, 2001; Luna et al., 2002;
Matas et al., 2004) wherein regulate ER/Golgi interface and post-Golgi trafficking
(Cohen et al., 2001; Fuccini et al., 2002; Kroschewski et al., 1999; Luna et al., 2002;
Miisch et al., 2001; Rojas et al., 2001; Wu et al., 2000). Cytoskeletal dynamics at the
Golgi complex is regulated by the interaction between the coatomer ([1-COP) and
Cdc42 (Fucini et al., 2002; Wu et al., 2000), a complex that, interestingly, correlates
with Cdc42-induced cell transformation (Wu et al., 2000). These findings on Cdc42
illustrate the concept of coordinated vesicular trafficking and actin dynamics for Rho

GTPases cell functions.

Here we examined whether RhoA and Racl, like Cdc42, could coordinate vesicular
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trafficking and actin dynamics at the ER/Golgi interface. Our results definitively
indicate that neither of these two GTPases is located in the Golgi complex, and that
neither regulates membrane trafficking at the ER/Golgi interface. These findings leave
Cdc42 as the unique Rho GTPase protein capable of playing a functional role in the

Golgi complex.
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MATERIALS AND METHODS

Constructs and antibodies. The plasmids encoding GFP-RhoA, GFP-Racl and GFP-
Cdc42 wild-type, dominant-positive (RhoAV14; Rac1V12 or RacQ61; Cdc42V12) and
dominant-negative (RhoAN17; RacIN17; Cdc42N17) forms were provided by M. Way
(Imperial Cancer Research Fund, London) and F. Sanchez-Madrid (Hospital La
Princesa, Madrid); those encoding GFP-VSV-G and the dominant-negative Sarl mutant
(Sarl [H79G], Sarl®™) were kindly provided by Jennifer Lippincott-Schwartz (NIH,
Bethesda, MA, USA) and Rainer Pepperkok (EMBL, Heidelberg), respectively. Rabbit
polyclonal antibodies anti-Mannosidase II (Manll) and anti-KDEL receptor (KDELr)
were from K. Moremen (University of Georgia, Georgia) and Stressgen (San Diego,
CA), respectively. Mouse monoclonal antibodies to myc and to GM130 were obtained
from BABCO-Covance Inc (Princeton, New Jersey) and Transduction Laboratories
(San Diego, CA), respectively; those to Cdc42, Rho and Racl were purchased from BD
Biosciences Pharmingen (San Diego, CA); and monoclonal anti-giantin antibodies were
a gift from H.-P. Hauri (Biozentrum, Basel), respectively. Sheep polyclonal antiserum
to TGN46 was obtained from SeroTec (Oxford, UK). Mouse monoclonal antibodies to
Secondary Alexa-488 or Alexa-546 F(ab’), fragment and cascade blue dextran were
acquired from Molecular Probes (Eugene, OR). For Western blotting experiments, we
used the secondary antibody ImmunoPure goat anti-mouse IgG from Pierce (Rockford,

IL). TRITC-phalloidin was purchased from Sigma (St. Louis, MI, USA).

Cell culture. Human melanoma A375P cell line, HeLa cells and NRK cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM from Gibco/Brl Life
Technologies; Paisley, UK) containing 10% fetal calf serum (FCS). NIH3T3 stable cell
lines were cultured in DMEM medium containing 10% normal calf serum (NCS). All
culture media were supplemented with L-glutamine (10 mM), penicillin (100 U/ml) and
streptomycin (100 [g/ml). Cells were grown in a humidified incubator at 37 °C and 5%
COs.

Cell extract, Golgi purification and Western blot analysis. NRK cell extracts were
obtained from culturing cells until confluence in ten p100 Petri dishes. Cells were

treated with PBS containing TX-100 (1%) and PMSF (1 mM) for 2 h at 4° C.
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Thereafter, the lysate was centrifuged in an Eppendorf 5415R centrifuge at 16.000 rpm
for 30 min at 4°C. Protein content of the supernatant was determined by the Bradford
method and subsequently precipitated by adding TCA (10%).

Fractions enriched in Golgi membranes were isolated from rat liver and HeLa cells by
flotation in a sucrose gradient as previously described (Chen et al., 2004). Samples were
prepared for SDS-PAGE by boiling in sample buffer. Proteins were electrophoretically
transferred onto nitrocellulose membranes. Blots were blocked in 5% nonfat dry milk in
TBS with 0.1% Tween-20 (vol/vol) (TBST) for 2 h at room temperature. Primary
antibody incubations were performed in TBS containing 1.5% BSA for 2 h at room
temperature and used as recommended by the distributor. Secondary antibody
incubations were performed in TBST containing 5% nonfat dry milk at 1:20,000 for 1 h
at room temperature. Protein bands were visualized using a Supersignal West Pico

Chemiluminiscence Substrate Kit from Pierce (Rockford, IL).

Microinjection. For protein microinjection, A375P cells were grown for 1-2 days on
normal glass coverslips and cultured in DMEM plus 10 % FCS medium containing 25
mM HEPES, and supplemented with penicillin, streptomycin and glutamine.
Constitutively activated Rac and Cdc42 mutant proteins (RacQ61L-GST and
Cdc42Q61L-GST, respectively; Cytoskeleton, Denver, CO, USA) were first diluted to
200 pg/ml and then microinjected into cytoplasm using an automated microinjection
system (Carl Zeiss, Jena, Germany). For microinjection of single or double cDNA
constructs, NRK or HeLa cells, respectively, were cultured as described above. The
cDNA constructs were first diluted to 50-100 ng/ml and then injected into the cell
nucleus. Thereafter, the coverslips were transferred to a Petri dish containing fresh
culture medium and returned to the incubator for 30 min (protein microinjection) or 3-6

h (construct microinjection).

Transient transfection. The transfection method used was Effectene (Qiagen,
Valencia, CA). HeLa cells were grown in culture medium as described above and sub-
confluent cells (40-70 %) were transfected according to the manufacture’s instructions.

Cells were then expressed for 12-18 h.

180



Anexo

ER-to-Golgi VSV-G transport assay. HeLa cells were transiently co-transfected with
GFP-VSV-G temperature sensitive mutant cDNA and the dominant-negative or
dominant-positive mutant forms of myc-tagged RhoA or Racl expression vectors. After
24 hours at 40 °C, the VSV-G protein accumulated in the ER without any observed
interference in RhoA or Racl protein expression. Cells were maintained for 1 additional
hour at a non-permissive temperature in the presence of cycloheximide (100 pg/ml).
Cells were then transferred to a permissive temperature (32 °C) for different time

periods. Subsequently, cells were fixed and processed for immunofluorescenc

Indirect Immunofluorescence. Indirect immunofluorescence was carried out as
previously described (Valderrama et al., 1998; 2000) with the following antibody
dilutions: anti-Manll, 1:2000; anti-giantin, 1:500; anti-GM130, 1:10000; anti-myc,
1:1000; anti-KDELr, 1:200; Alexa-488- and Alexa-546-conjugated secondary
antibodies, 1:1000. Coverslips were mounted on the microscope slides using Mowiol
(Calbiochem, Nottingham, UK). Microscopy and imaging were performed both with an
Olympus BX60 epifluorescence microscope coupled to a cooled Olympus CCD camera,

and with a Leica TCS-NT confocal microscope.
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Results and Discussion

We and other laboratories have previously reported the localization of Cdc42 in the
Golgi complex (Erickson et al., 1996; Etienne-Manneville and Hall, 2001; Luna et al.,
2002). Here we examined whether RhoA and Racl, like Cdc42, are also located in this
organelle and whether they also regulate ER/Golgi interface membrane trafficking.
HeLa (not shown) and NRK cells were microinjected with plasmids expressing GFP-
tagged positive- or negative-dominant mutant forms of Cdc42, Racl, or RhoA (Fig. 1).
Unlike Cdc42V12 (dominant-positive; Fig. 1 A, B) and Cdc42N17 (dominant-negative;
Fig. 1C, D) (Luna et al.,, 2002), neither RacV12/RacN17 (Fig. 1 E-H) nor
RhoV14/RhoN19 (Fig. 1 I-L) mutants co-localized with mannosidase II (ManlI) in the
Golgi complex. Racl mutant proteins accumulated mainly in the nucleus and in
membrane ruffles (Fig. 1E and G; Kraynov et al., 2000); RhoA mutants accumulated in
the cytoplasm (Fig. 1 I and K). Isolated Golgi membranes from rat liver (Fig. 1M) were
also examined by western blotting for the presence of these three Rho GTPases. As
shown in Fig. 1M, while only Cdc42 was present in isolated Golgi membranes, all three
GTPases were detected, as expected, in cell extracts. Thus, immunohistochemical and
biochemical experimental approaches indicate that RhoA and Racl do not localize to
the Golgi complex. Nevertheless, the possibility that both GTPases could indirectly
regulate ER/Golgi interface membrane dynamics by the activation of downstream
effectors cannot be ruled out. To test this possibility, HeLa cells were transfected with
GFP-tagged forms of activated RhoA (RhoV14) or Racl (RacQ61L), and treated
initially with brefeldin A (BFA) to thereby examine the retrograde membrane flow
leading to the disassembly of the Golgi complex and its subsequent fusion into the ER
(Fig. 2A-F). Afterwards, BFA was washed out to analyze the anterograde membrane
flow from the ER leading to the reassembly of the Golgi complex (Fig. 2G-L). In non-
transfected and RhoV14-transfected cells, the kinetics of Golgi complex disassembly
and reassembly were the same (Fig. 2A-L). Similar results were obtained both in cells
transfected with GFP-RacV12, and in stable NHI3T3 cell lines that constitutively
expressed activated Racl or RhoA mutants (data not shown). We also examined the
ER-to-Golgi transport of GFP-VSV-G glycoprotein in transfected HeLa cells expressing
the myc-tagged dominant-positive or the dominant-negative mutant forms of RhoA or

Racl (Fig. 3). VSV-G transport was initiated by incubating cells from a non-permissive
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(40° C; Fig. 3A, D) to a permissive (32° C; Fig. 3 B, C, F, H) temperature. After 15 (Fig.
3 B, F) and 30 min (Fig. 3C, H) at 32 °C, the viral protein had already reached the Golgi
complex, exhibiting the same kinetics in transfected (Fig. 3 F-I) as in non-transfected
cells (Fig. 3 B, C). The retrograde Golgi-to-ER relocation of the Golgi matrix protein
giantin, induced by the expression of the GTPase-deficient Sarl mutant protein
(Sar1H79G; Sarldn; Aridor et al., 1995), was also examined in microinjected cells co-
expressing GFP-RacQ61L or GFP-Cdc42V12 (Fig. 4B, asterisks in inset). Unlike GFP-
Cdc42V12 (Fig. 4D-F, asterisks; see also Luna et al., 2002), in cells co-expressing
Sar1™ and dominant-positive Racl, disassembly of the giantin-stained Golgi complex
and subsequent ER accumulation was observed (Fig. 4A-C, asterisk). Finally, the
redistribution of the ER/Golgi interface cycling protein KDEL receptor in HeLa cells
cultured at 15° C was identical in neighboring non-transfected (Fig. 5 B, D, F, H) to
RacV12-transfected (Fig. 5, B, D, F, H, asterisks) or RhoV12-transfected (not shown)
HeLa cells.

We have demonstrated here that RhoA and Racl, unlike Cdc42, are neither located in
the Golgi complex nor do they affect Golgi morphology or transport along the early
secretory pathway. In regards to RhoA, these observations are consistent with previous
findings in which RhoA was discarded as a regulating component of Golgi-associated
actin dynamics (Fuccini et al., 2002; Valderrama et al., 2000). In hippocampal neurons,
however, the Rho-binding protein Citron-N and RhoA were both observed in the Golgi
complex of Citron-N-overexpressing cells, even though their function remains unknown
(Camera et al., 2003). The localization of RhoA and RhoA-binding proteins in the
Golgi complex could be characteristic of neuronal cells since none of several clonal cell
lines examined in this study (HeLa, NRK, Vero and A375 cells) exhibited any co-
localization with well-established Golgi protein markers. On the other hand, Racl has
been widely implicated both in endocytic trafficking events and in the exocytic
processes of secretory cells (Qualmann and Mellor, 2003). Therefore Racl, like RhoD
(Murphy et al., 1996), might regulate secretory vesicular trafficking and actin dynamics
in coordinated processes. However, the observations that (1) Racl is not required in the
ER/Golgi interface membrane transport; (2) the steady-state distribution of the cycling
TGN marker TGN46 is also unaltered in cells overexpressing the dominant-positive or

dominant-negative form of Racl (O.B.M. and G.E., unpublished results); and (3) Racl-
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mediated formation of lamellipodia and PKD-dependent constitutive membrane
trafficking are independent processes in migrating cells (Prigozhina and Waterman-
Storer, 2004) collectively indicate that Racl, like RhoA, does not regulate secretory
membrane trafficking. However, recent evidence implicates the Lowe syndrome protein
OCRLI as the Racl-interacting protein observed at the TGN level (Faucherre et al.,
2003). The physiological relevance to membrane trafficking of such interaction remains

as yet unknown.

Finally, the stable NIH3T3 cell lines cultured at low-fetal calf serum to better visualize
actin cytoskeleton responses (Fig. 6 A, C, D, F; Jiménez et al., 1995; Perona et al.,
1997) were also used to examine any putative correlation between the different
activated Rho GTpases-induced actin cytoskeleton organizations and Golgi complex
architecture. Interestingly, cells that constitutively expressed activated Cdc42 exhibited
Golgi complex with extended perinuclear morphology (Fig. 6D). Conversely, control,
RhoV12- and RacQ61L-expressing cells showed a compact Golgi morphology (Figs.
1B, F and H, respectively). Similar results were also obtained in human A375P cells
microinjected with the activated Cdc42 (Cdc42Q61L-GST) or Racl (RacQ61L-GST)
mutant proteins (data not shown). Collectively, these results suggest that Cdc42, unlike
RhoA and Racl, is not only present in the Golgi complex, regulating ER/Golgi interface
protein transport (Fucini et al., 2002; Luna et al., 2002; Wu et al., 2000), but also
influences Golgi complex morphology. Most likely, this is carried out through the

regulation of the actin assembly on Golgi membranes.

In conclusion, the findings reported here are of relevant interest because they not only
definitively discard the involvement of RhoA and Racl membrane dynamics in the
ER/Golgi interface, but also confirm that Cdc42 has a specific effect on Golgi structure

and function in comparison to other studied Rho GTPases.
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Figure 1. Unlike Cdc42, neither RhoA nor Racl are located in the Golgi complex.
NRK cells were microinjected into the nucleus with expressing vectors for the
dominant-positive or dominant-negative mutant forms of GFP-Cdc42 (Cdc42 V12 and
Cdc42N17, respectively), GFP-Racl (RacV12 and RacN17) and GFP-Rho (RhoV14
and RhoN19). After microinjection (3-4 h), cells were processed for
immunofluorescence confocal microscopy. The Golgi complex was visualized with
anti-Manll antibodies. Unlike Cdc42 (Cdc42V12/N17, A-D), neither Racl
(RacV12/N17, E-H) nor RhoA (RhoAV14/N19; I-L) co-localized with Man II in the
Golgi complex. NRK cell extracts (NRK) and isolated rat liver Golgi membranes
(Golgi) were submitted to SDS-PAGE and western blotting to determine the presence of
Cdc42, Racl and Rho using their respective monoclonal antibodies. Unlike Racl and
Rho, only Cdc42 was detected in Golgi membranes. Asterisks indicate microinjected

cells. Bar, 10 pm.
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Figure 2. The dominant-positive mutant form of RhoA does not perturb Golgi
complex disassembly and reassembly. GFP-RhoAV12-transfected HeLa cells were
treated with BFA to monitor the Golgi disassembly (A-F). Subsequently, BFA was
withdrawn and the Golgi complex reassembly was monitored (G-L). Following their
respective treatments, cells were processed for immunofluorescence microscopy.
Transfected cells were identified by the green fluorescence of GFP (A, C, E, G, 1, and
K) and the Golgi complex was visualized with anti-giantin antibodies (B, D, F, H, J, and
L). Note that the kinetics of the Golgi complex disassembly and reassembly are the

same in transfected (asterisks) as in neighboring non-transfected cells. Bar, 10 um
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Figure 3
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Figure 3. ER-to-Golgi VSV-G transport remains unaltered in HeLa cells
expressing the dominant-positive mutant form of Racl. HeLa cells were transfected
with GFP-VSV-G alone (A-C) or co-transfected with GFP-VSV-G and myc-RacV12
(D-I) expressing vectors. Cells incubated at non-permissive temperature (40°C) show
VSV-G accumulation in the ER (A and D). At permissive-temperature (32°C), VSV-G
is transported to the Golgi complex (15 min in B and F; 30 min in C and H). Note that
ER-to-Golgi VSV-G transport occurs with the same kinetics both in non-cotransfected
(B and C) and in Rac1V12 (F-I)-cotransfected cells. Insets in E, G and I show the actin

cytoskeleton rearrangement induced by activated Racl mutant. Bar, 10 pm
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Figure 4. Activated Racl does not perturb the Sar1"™-induced disassembly of the
Golgi complex. Sar]®" plus GFP-RacQ61L (A) or GFP-Cdc42V12 (D) mutant
constructs were microinjected into the nucleus of HeLa cells. Following 6-8 h of
expression, cells were fixed and processed for immunofluorescence confocal
microscopy using antibodies to giantin (B, E). In cells microinjected with Sar]® plus
GFP-Cdc42V12, giantin revealed a characteristic Golgi-like staining pattern (E,
asterisks), whereas in those cells microinjected with RacV12 plus Sarl® giantin
exhibited a more ER-like staining pattern (B, asterisk) as observed in cells
microinjected with Sar1" alone (insert in B, asterisks). Merge images are shown in C

and F. Bar, 10 pm.
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Figure 5
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Fig. 5. KDEL receptor redistribution induced by low-temperature (15°C) is not
perturbed by expressing activated Racl. HeLa cells were transfected with GFP-
Racl1VI12 for 18 h, fixed and immunostained to KDELr. At 37° C, the steady-state
distribution of the KDEL receptor exhibited a Golgi-like and a diffuse punctate staining
(B). When cells were incubated at 15° C for various time periods, the steady-state
staining pattern of the KDEL receptor progressively changed to exclusively punctate
staining, both in neighboring non-transfected (D, F, H) and Rac1V12-transfected cells
(asterisks in D, F, H). Insets in A-G show the expected actin cytoskeleton
rearrangement (plasma membrane ruffling) induced by expressing activated Racl

mutant form. Bar, 10 pm.
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Figure 6
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Figure 6. Cells that constitutively express activated Cdc42 exhibit a different Golgi
complex morphology. Confocal fluorescence microscopy of control low FBS-cultured
stable NIH3T3 cells (A and B) as well as those that constitutively express activated
Cdc42 (Cdc42V12; C and D), RhoA (RhoV14; E and F), or Racl (RacQ61L; G and H),
stained to F-actin (TRITC-phalloidin; A, C, E, and G) and to the Golgi-resident enzyme
mannosidase II (Manll; B, D, F, and H). Insert in (A) shows TRITC-phalloidin staining
in normal FBS-cultured stable NIH3T3 cells. Note that the perinuclear Golgi complex
morphology in most Cdc42V12-expressing cells is much more extended in comparison

to those observed in other cell lines. Bar, 10 um.
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