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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 Rac1,
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 dominantnegative mutants of RhoA or Rac1 proteins in HeLa 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 Sar1dn-induced ER
accumulation of Golgi proteins. Moreover, unlike Cdc42-expressing cells, the 15º Cinduced 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 Rac1
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 GDPbound (active) or GTP-bound (inactive). The three types of regulatory proteins
controlling this GTPase cycle, guanine nucleotide exchange factors (GEFs), GTPaseactivating 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;
Müsch 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 ( -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 Rac1, 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-Rac1 and GFPCdc42 wild-type, dominant-positive (RhoAV14; Rac1V12 or RacQ61; Cdc42V12) and
dominant-negative (RhoAN17; Rac1N17; Cdc42N17) forms were provided by M. Way
(Imperial Cancer Research Fund, London) and F. Sánchez-Madrid (Hospital La
Princesa, Madrid); those encoding GFP-VSV-G and the dominant-negative Sar1 mutant
(Sar1 [H79G], Sar1dn) were kindly provided by Jennifer Lippincott-Schwartz (NIH,
Bethesda, MA, USA) and Rainer Pepperkok (EMBL, Heidelberg), respectively. Rabbit
polyclonal antibodies anti-Mannosidase II (ManII) 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 Rac1 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’)2 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 ºC and 5%

CO2.
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 4º C.
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Thereafter, the lysate was centrifuged in an Eppendorf 5415R centrifuge at 16.000 rpm
for 30 min at 4ºC. 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 µg/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 subconfluent cells (40-70 %) were transfected according to the manufacture’s instructions.
Cells were then expressed for 12-18 h.
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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 Rac1 expression vectors. After
24 hours at 40 ºC, the VSV-G protein accumulated in the ER without any observed
interference in RhoA or Rac1 protein expression. Cells were maintained for 1 additional
hour at a non-permissive temperature in the presence of cycloheximide (100 µg/ml).
Cells were then transferred to a permissive temperature (32 ºC) 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-ManII, 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 Rac1, 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 GFPtagged positive- or negative-dominant mutant forms of Cdc42, Rac1, 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 (ManII) in the
Golgi complex. Rac1 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 Rac1 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 Rac1 (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 nontransfected 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 Rac1 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
Rac1 (Fig. 3). VSV-G transport was initiated by incubating cells from a non-permissive
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(40º C; Fig. 3A, D) to a permissive (32º C; Fig. 3 B, C, F, H) temperature. After 15 (Fig.
3 B, F) and 30 min (Fig. 3C, H) at 32 ºC, 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 Sar1 mutant protein
(Sar1H79G; Sar1dn; Aridor et al., 1995), was also examined in microinjected cells coexpressing GFP-RacQ61L or GFP-Cdc42V12 (Fig. 4B, asterisks in inset). Unlike GFPCdc42V12 (Fig. 4D-F, asterisks; see also Luna et al., 2002), in cells co-expressing
Sar1dn and dominant-positive Rac1, 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 15º 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 Rac1, 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 colocalization with well-established Golgi protein markers. On the other hand, Rac1 has
been widely implicated both in endocytic trafficking events and in the exocytic
processes of secretory cells (Qualmann and Mellor, 2003). Therefore Rac1, like RhoD
(Murphy et al., 1996), might regulate secretory vesicular trafficking and actin dynamics
in coordinated processes. However, the observations that (1) Rac1 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 Rac1 (O.B.M. and G.E., unpublished results); and (3) Rac1-
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mediated formation of lamellipodia and PKD-dependent constitutive membrane
trafficking are independent processes in migrating cells (Prigozhina and WatermanStorer, 2004) collectively indicate that Rac1, like RhoA, does not regulate secretory
membrane trafficking. However, recent evidence implicates the Lowe syndrome protein
OCRL1 as the Rac1-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 Rac1 (RacQ61L-GST)
mutant proteins (data not shown). Collectively, these results suggest that Cdc42, unlike
RhoA and Rac1, 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 Rac1 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
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Figure 1. Unlike Cdc42, neither RhoA nor Rac1 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-Rac1 (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-ManII

antibodies.

Unlike

Cdc42

(Cdc42V12/N17,

A-D),

neither

Rac1

(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, Rac1 and Rho using their respective monoclonal antibodies. Unlike Rac1 and
Rho, only Cdc42 was detected in Golgi membranes. Asterisks indicate microinjected
cells. Bar, 10 µm.
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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, I, 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 µm
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Figure 3. ER-to-Golgi VSV-G transport remains unaltered in HeLa cells
expressing the dominant-positive mutant form of Rac1. 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 (40ºC) show
VSV-G accumulation in the ER (A and D). At permissive-temperature (32ºC), 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 Rac1 mutant. Bar, 10 µm
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Figure 4. Activated Rac1 does not perturb the Sar1dn-induced disassembly of the
Golgi complex. Sar1dn 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 Sar1dn plus
GFP-Cdc42V12, giantin revealed a characteristic Golgi-like staining pattern (E,
asterisks), whereas in those cells microinjected with RacV12 plus Sar1dn, giantin
exhibited a more ER-like staining pattern (B, asterisk) as observed in cells
microinjected with Sar1dn alone (insert in B, asterisks). Merge images are shown in C
and F. Bar, 10 µm.
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Figure 5
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Fig. 5. KDEL receptor redistribution induced by low-temperature (15ºC) is not
perturbed by expressing activated Rac1. HeLa cells were transfected with GFPRac1V12 for 18 h, fixed and immunostained to KDELr. At 37º C, the steady-state
distribution of the KDEL receptor exhibited a Golgi-like and a diffuse punctate staining
(B). When cells were incubated at 15º 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 Rac1
mutant form. Bar, 10 µm.
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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 Rac1 (RacQ61L; G and H),
stained to F-actin (TRITC-phalloidin; A, C, E, and G) and to the Golgi-resident enzyme
mannosidase II (ManII; 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 µm.
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