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Gem is a protein of the Ras superfamily that plays a role in regulating voltage-gated Ca®* channels and cytoskeletal
reorganization. We now report that GTP-bound Gem interacts with the membrane-cytoskeleton linker protein Ezrin in
its active state, and that Gem binds to active Ezrin in cells. The coexpression of Gem and Ezrin induces cell elongation
accompanied by the disappearance of actin stress fibers and collapse of most focal adhesions. The same morphological
effect is elicited when cells expressing Gem alone are stimulated with serum and requires the expression of ERM proteins.
We show that endogenous Gem down-regulates the level of active RhoA and actin stress fibers. The effects of Gem
downstream of Rho, i.e., ERM phosphorylation as well as disappearance of actin stress fibers and most focal adhesions,
require the Rho-GAP partner of Gem, Gmip, a protein that is enriched in membranes under conditions in which Gem
induced cell elongation. Our results suggest that Gem binds active Ezrin at the plasma membrane-cytoskeleton interface

and acts via the Rho-GAP protein Gmip to down-regulate the processes dependent on the Rho pathway.

INTRODUCTION

Gem is an atypical protein of the Ras superfamily whose
expression is induced by mitogenic stimulations in several
cell types (Maguire et al., 1994; Vanhove et al., 1997; lyer et
al., 1999). Together with Rad (Reynet and Kahn, 1993), Rem
(Finlin and Andres, 1997), and Rem2 (Finlin ef al., 2000), it
forms a subfamily of proteins, often termed RGK (for Rad
and Kir/Gem), that share several striking characteristics.
First, these proteins present significant variations, compared
with other Ras family proteins, in the regions involved in
binding the phosphate moieties of guanine nucleotides; in
essence, the conserved threonine residue of the switch 1
region (often referred to as the effector region) that coordi-
nates the magnesium ion complexing the 8 and vy phos-
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phates of GTP is absent, and the DXXG region of switch 2 is
profoundly modified to DXWE. The consequences of these
variations on the biochemical and structural characteristics
of Gem were recently described (Opatowsky ef al., 2006;
Splingard et al., 2007). Second, Gem presents a 72-amino acid
N-terminal extension compared with Ras, to which no func-
tion has yet been ascribed. Third, it presents a C-terminal
extension that does not contain consensus lipid modification
motifs, but appears necessary for the localization of Gem to
the plasma membrane (Maguire et al., 1994); this region,
which is shared with other RGK proteins, carries a func-
tional Ca?*/Calmodulin-binding domain (Fischer et al.,
1996; Moyers et al., 1997), and binding of Calmodulin main-
tains Gem in the cytosol (Beguin et al., 2001; Beguin et al.,
2005).

RGK proteins have been shown to carry two distinct func-
tions, reorganization of the actin cytoskeleton and regulation
of Ca?" channels. Rad, Gem, Rem, and Rem?2 inhibit the
activity of L-type Ca?* channels by directly interacting with
their B subunits at the plasma membrane (Beguin et al., 2001;
Finlin et al., 2003). In the case of Gem, this interaction only
occurs with the GTP-bound form of the protein and is in-
hibited by its interaction with Calmodulin as well as with
14-3-3, which sequester Gem away from the plasma mem-
brane (Beguin et al., 2001, 2005; Ward et al., 2004). In this
way, Gem was shown to down-regulate Ca?"-dependent
hormone exocytosis in neuroendocrine cells (Beguin et al.,
2001), and Rem?2 attenuates insulin secretion in pancreatic
beta cells (Finlin et al., 2005). A growing body of evidence
points to a role of RGK proteins in cytoskeletal organization.
For instance, Ges, the human orthologue of murine Rem,
promotes cytoskeletal changes as well as sprouting of endo-
thelial cells (Pan ef al., 2000). Several reports have shown that
the overexpression of Gem affects cell morphology in con-
nection with the cytoskeleton and have suggested possible
functional links. Gem was reported to interact with micro-

© 2007 by The American Society for Cell Biology



tubules through the kinesin-like protein KIF9 (Piddini et al.,
2001). Moreover, the overexpression of Gem in neuroblas-
toma cells was reported to promote neurite outgrowth and
cell flattening through inhibition of the Rho-ROCK pathway
(Ward et al., 2002); this activity is regulated by the phosphor-
ylation of Gem on 2 serine residues of the C-terminal exten-
sion by yet unidentified kinases (Ward et al., 2004).

To gain further insight into the function(s) of Gem and
their underlying molecular mechanisms, we searched for its
cellular partners using yeast two-hybrid screens. We previ-
ously showed that Gem interacts with a novel Rho-GAP
protein, Gmip, that specifically down-regulates the activity
of Rho (Aresta et al., 2002). In this article, we report that Gem
also interacts with Ezrin, a member of the Ezrin/Radixin/
Moesin family. These proteins function as membrane-
cytoskeletal linkers and contribute to the formation of spe-
cialized structures of the plasma membrane (see Mangeat et
al., 1999; Tsukita and Yonemura, 1999; Bretscher et al., 2002
for reviews). ERM proteins carry two conserved domains: an
N-terminal region that binds the cytoplasmic domain of
integral membrane proteins either directly or through an
adaptor protein and a C-terminal domain that contains the
F-actin—-binding site. These domains, respectively called N-
and C-ERMAD, interact with each other with high affinity,
resulting in dormant molecules (either in the form of closed
monomers or as head to tail oligomers) that are able to bind
neither transmembrane proteins nor F-actin. Activation of
Ezrin is thought to proceed via a two-step mechanism ini-
tially involving its interaction with PIP2 at the plasma mem-
brane (Barret et al., 2000; Hamada et al., 2000; Fievet et al.,
2004), which somehow results in opening the molecule or
disrupting oligomers, hence freeing the N- and C-ERMADs
for their respective interactions with membrane proteins and
actin filaments. The active state of ERM proteins is then
stabilized by phosphorylation of a conserved C-terminal
threonine (T567 in the case of Ezrin), which blocks the
interaction between the N- and C-ERMADs; several protein
kinases such as the Rho effector ROCK (Matsui ef al., 1998,
though this point has been challenged by Matsui et al.,
[1999]), the 6 (Pietromonaco et al., 1998) and « (Ng et al.,
2001) isoforms of PKC, or the Nck-interacting kinase NIK
(Baumgartner et al., 2006) have been implicated in this mech-
anism. Here, we show that the active form of Gem is able to
interact with activated Ezrin via its N-ERMAD and that both
proteins associate in vivo. Together, Gem and Ezrin induce
morphological changes in HeLa and NIH 3T3 cells consist-
ing in an elongated cell morphology, disappearance of actin
stress fibers, collapse of focal adhesions, and a concomitant
enhancement of the actin cortical network. We further show
that Gem exerts these activities by down-regulating the Rho
pathway via the RhoGAP protein Gmip. Our results show
that Gem associates with Ezrin at the plasma membrane and
acts via Gmip to regulate the organization of the actin
cytoskeleton.

MATERIALS AND METHODS

Plasmids, Small Interfering RNAs, Recombinant Proteins,
and Antibodies

pRc/CMV-FLAG-Gem and pGBTGem were previously described (Aresta et
al., 2002). The S89A and S89N mutations were introduced into the Gem
coding sequence by overlapping PCR. The GemACt mutant deleted from its
72 C-terminal residues (amino acids 1-265), and Gem-core mutant missing
both its N- and C-terminal extensions (amino acids 73-265) were generated by
PCR. All mutants were subcloned into pGBT10 for yeast two-hybrid assays
and into the mammalian expression vector pRK5; their integrity was verified
by sequencing. Full-length recombinant Gem was produced in BL21 Esche-
richia coli fused to the C-terminus of Maltose Binding Protein (pMal-C2 vector,
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New England Biolabs, Beverly, MA), purified on amylose-containing resin
according to the manufacturer’s instructions, and used to produce antiserum
in rabbits (Eurogentec, Seraing, Belgium). Anti-Gem antibodies were affinity-
purified on nitrocellulose strips loaded with Gem-(His), protein, produced
from recombinant E. coli transformed with the pET31b vector (Novagen,
Madison, WI) containing the Gem coding sequence, as described (Beranger et
al., 1991). Gem-core protein (residues 73—265) was produced as a glutathione
S-transferase (GST)-fusion protein in E. coli from a modified pGEX expression
vector containing a tobacco etch virus (TEV) protease cleavage site (Sheffield
et al., 1999); the fusion protein was purified on glutathione-Sepharose beads,
and Gem-core was cleaved from GST with recombinant TEV (Splingard et al.,
2007). Expression vectors (pRK5) for Gem, Rad, Rem, and Rem2 with an
N-terminal HA tag were generated by PCR and verified by sequencing.
Mammalian expression vectors for Ezrin (wild-type, T567A, T567D, and PIP2
mutants), or the N-ERMAD (residues 1-309), all tagged with a C-terminal
VSV-G epitope (pCB6-Ezrin-VSVG; Barret et al., 2000; Gautreau et al., 2000),
and rabbit polyclonal antibodies directed against Ezrin (Algrain ef al., 1993) or
ERM proteins phosphorylated on Threonine 567 (P-ERM) were generous gifts
of Dr. Monique Arpin (Institut Curie, Paris, France). Alternatively, P-ERM
antibodies were purchased from Cell Signaling Technology (Beverly, MA).
GST fused to the N-terminal (GST-EzN residues 1-309) or C-terminal (GST-
EzC residues 280-586) domains of Ezrin were produced in bacteria and
purified on glutathione-Sepharose beads as described (Andreoli ef al., 1994);
EzC was cleaved from GST with thrombin. Protein concentrations were
measured using a colorimetric assay (Bradford reagent, Bio-Rad, Richmond,
CA). Antibodies reacting with all three ERM proteins were from Santa Cruz
Biotechnology (C19; Santa Cruz, CA). Antibodies specifically reacting with
Moesin and Radixin were a generous gift from Dr. M. Martin and C. Roy
(Montpellier, France), those against Merlin were from Dr. A McClatchey
(Boston, MA), and P5D4 anti-VSVG antibodies were from Dr. B Goud. 12CA5
anti-HA antibodies were from Roche (Basel, Switzerland), and monoclonal
anti-Vinculin and anti-a-adaptin were from Sigma (St. Louis, MO) and BD
Bioscience (San Jose, CA), respectively. To knock down all three ERM proteins
in HeLa cells, a mixture of three small interfering RNAs (SiRNAs), each
directed against one of these proteins and synthesized by Eurogentec, was
used according to Pust et al. (2005). SiIRNAs m1 and m2 directed against
mouse Gem, 5" GAACGAATGGCTCCATGAC 3’ and 5" TGACCACTGCAT-
GCAGGTC 3, were synthesized by Dharmacon (Boulder, CO), whereas those
directed against human Gem, siGem1 5" AAGTTCATCGAGACCTCTGCA 3’
and siGem2 5" AAGAATATGGCCTTCAAGCTC 3, as well as those directed
against human Gmip, 5 GCGAUUUCUUCAGGAGCUC 3’ and 5" CGUGAC-
CCUUGAGAUGCUG 3’, were from Proligo (Paris, France). SiRNAs were
transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions. Anti-Gmip antibodies were previously de-
scribed (Aresta et al., 2002).

Two-Hybrid Screen

Total RNA was prepared from human placenta using the RNeasy kit (Qiagen,
Chatsworth, CA); Poly A* RNA was purified on oligo-dT Cellulose columns
(Amersham Pharmacia Biosciences, Piscataway, NJ) and reverse-transcribed
with M-MuLV reverse transcriptase (Amersham Timesaver cDNA kit) using
fully degenerated nonamers as primers. Fragments shorter than 400 base
pairs were eliminated by size exclusion chromatography through a
CHROMA SPIN+TE-400 gel filtration column (Clontech, Palo Alto, CA),
annealed to Sfil linkers, and cloned into pGADT3T7, a derivative of
pGADGH containing T3 and T7 promoters on each side of the polylinker and
asymmetrical Sfil cloning sites in the center of the polylinker. DNA was
electroporated into competent DH5« E. coli. The library had an estimated
complexity of 3 X 10° independent clones; it was transformed into competent
Y187 Saccharomyces cerevisine and screened by mating with HF7c yeast con-
taining pGBTGem as described (Fromont-Racine et al., 1997). Yeast cultures
and two-hybrid assays were performed according to standard methods
(Kaiser et al., 1994).

In Vitro Interactions

Purified recombinant Gem-core protein was stripped of nucleotide with 10
mM EDTA or loaded with 100 uM GDP or GTP»S and incubated with
glutathione-Sepharose beads covered with GST or GST-EzN fusion protein
for 3 h at 4°C in 20 mM HEPES buffer, pH 7.5, containing 0.1 M NaCl, 1 mM
DTT, 10 mM MgCl,, and 0.1% Triton X-100. In some cases, GST-EzN-covered
beads had been preincubated with an excess of purified EzC (the relative
amounts of both proteins were estimated by scanning their respective bands
on Coomassie Blue-stained SDS gels; not shown). Material remaining bound
to the beads after a 3-h incubation and extensive washing was analyzed by
Western blotting.

Immunoprecipitations

HelLa cells, grown in DMEM containing 10% fetal calf serum, were transfected
with plasmids using Lipofectamine Plus reagent (Invitrogen) according to the
manufacturer’s instructions. In some cases, they were transfected 24 h later
with SiRNAs using Oligofectamine (Invitrogen). After a further 24-h incuba-
tion, the cells were washed twice with ice-cold PBS and lysed in buffer A (20
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mM Tris, pH 7.5, 1 mM EGTA, 100 mM NaCl, 1% Triton X-100, 5% glycerol,
and 1 mM DTT) containing protease inhibitors (complete without EDTA,
Roche) as well as phosphatase inhibitors (1 mM sodium orthovanadate, 10
mM -glycero-phosphate, 5 mM sodium pyrophosphate, and 50 mM sodium
fluoride), and debris were removed by a 5-min centrifugation at 13,000 X g.
Extracts were normalized for protein content and immunoprecipitated for 2 h
with affinity-purified anti-Gem antibodies or FLAG-M2 antibodies (Sigma)
coupled to protein G-Sepharose. Beads were washed five times in buffer A
and boiled in SDS-PAGE sample buffer, and immunoprecipitated proteins
were visualized by Western blotting.

Fractions enriched in active Ezrin were prepared by a differential detergent
solubilization procedure (Granes et al., 2000). Cells were lysed as above with
buffer A containing only 0.2% Triton X-100; the lysate was centrifuged for 30
min at 45,000 rpm in a Beckman TLA45 rotor (Fullerton, CA), and the
supernatant represented the 0.2% Triton X-100 extract. The pellet was resus-
pended in buffer A (containing 1% Triton X-100), incubated for 15 min on ice,
and centrifuged again as above; this second supernatant represented the 1%
Triton X-100 extract. Fractions were analyzed by immunoprecipitation as
above. To assess the relative cellular content in phosphorylated ERM, FAK,
and PYK2, cells were directly lysed in SDS gel sample buffer containing
phosphatase inhibitors as above supplemented with 1 uM each okadaic acid
and calyculin A. Western blots were probed with antibodies directed against
total ERM, FAK, and PYK2 (BD Transduction Laboratories, Lexington, KY), as
well as phosphoERM, phosphoFAK (pTyr397, Sigma), and phosphoPYK2
(pTyr579/580, Sigma). When indicated, the relative levels of Ezrin and phos-
pho-ERM were quantified by exposing the blots to a Fuji CCD camera (Tokyo,
Japan) using the Image Gauge software.

Immunofluorescence

HeLa or NIH3T3 cells were plated on glass coverslips, transfected with 0.2 ug
of pRK5-Gem and pCB6-Ezrin expression vectors as described above, or 100
nM SiRNAs using Lipofectamine 2000, and incubated for 16 h in the absence
of serum. They were stimulated for 2 h with 10% fetal calf serum when
indicated and processed for immunofluorescence as previously described
(Beranger et al., 1991). Briefly, cells were fixed with 4% paraformaldehyde for
20 min at room temperature, quenched for 20 min with 50 mM ammonium
chloride, and permeabilized with 0.1% Triton X-100 in PBS containing 0.2%
BSA (PBS-BSA) for 7 min. Fixed cells were incubated with rabbit affinity-
purified anti-Gem (1:50) and either monoclonal anti-VSVG (P5D4, ascites
fluid 1:100), monoclonal anti-vinculin (1:1000, Sigma-Aldrich), ALEXA-488-
phalloidin or ALEXA-350-phalloidin (1:250, Molecular Probes, Eugene, OR)
diluted in PBS-BSA for 1 h. Secondary antibodies conjugated to ALEXA-488
or Cy3 (Molecular Probes) were used at a 1:1000 dilution. Slides were
mounted in Mowiol; images were either captured with a Leica TCS-2 confocal
laser-scanning microscope (Wetzlar, Germany), or with a Leica DMRA mi-
croscope using the 63X lens equipped with a Princeton Instruments Micro-
max camera using the Metaview software (Roper Scientific, Tucson, AZ).
Green and red images were combined using Metamorph (Roper Scientific),
and figures were mounted using Adobe Photoshop 7 (San Jose, CA) with
adjustments for luminosity and contrast.

Morphological Characterization of HeLa Cells Ectopically
Expressing Gem

HeLa cells grown on glass coverslips were transfected as above with expres-
sion vectors encoding Gem (untagged normal and mutant proteins) and
Ezrin, or SiRNAs directed against ERM proteins together with Gem expres-
sion vector. After 48 h in the absence of serum, they were fixed and stained as
above for the presence of Gem and Ezrin. The maximal length (L) and width
(1) of cells expressing both Gem and Ezrin were measured using the Meta-
morph software; cell elongation was calculated as L/1. At least 100 cells
expressing Gem, Ezrin, or both Gem and Ezrin were scored in each experi-
ment. Alternatively, HeLa cells transfected solely with expression vectors
encoding normal or mutant Gem proteins were cultured for 48 h in the
absence of serum and stimulated for 2 h with 10% fetal bovine serum before
fixation and staining with anti-Gem antibodies. The elongation of cells ex-
pressing Gem was measured as above.

Fractionation

HelLa cells transfected and treated as above were washed twice with PBS,
once with 20 mM HEPES buffer, pH 7.4, containing 10 mM NaCl, and
incubated for 10 min on ice in the same buffer containing protease and
phosphatase inhibitors as described above in the text. Cells were harvested
and lysed using a Dounce homogenizer; lysis was assessed by light micros-
copy and staining with trypan blue. Large debris and nuclei were eliminated
by a 5-min centrifugation at 1000 X g; cytosolic and membrane fractions were
obtained by ultracentrifugation for 30 min at 50,000 X g at 4°C and subjected
to Western blotting (50 ug protein from each cytosol and membranes).

RNA Preparation and RT PCR

Total cellular RNA was isolated from barely confluent 85-mm-diameter
dishes of NIH 3T3 cells using TRIzol (Invitrogen), and cDNA was synthesized
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using 4 pug RNA with “Ready-to-Go You prime First Strand Beads” (Amer-
sham Pharmacia Biosciences). Specific transcripts were amplified with the
following primers (Proligo) for Gem: forward 5 CAACCTCCGAAACCGC-
CACTC 3’ and reverse 5 CACCTGTCGCACAATGCCCTC 3') and GAPDH:
forward 5" CCTCAACTACATGGTCTACA 3’ and reverse 5" TTCTCGTGGT-
TCACACCCAT 3’, using AmpliTaq DNA polymerase (Applied Biosystems,
Foster City, CA). The products were resolved by electrophoresis in 0.8%
agarose gels and viewed by ethidium bromide staining.

Rho, Rac, and Cdc42 Activity Assays

Rho-GTP levels were measured by a pulldown assay using GST fused to the
Rho-binding domain of Rhotekin and monoclonal anti-RhoA antibodies
(Santa Cruz) as described (Ren and Schwartz, 2000); respective levels of
Rho-GTP and total Rho were quantified using a STORM phosphorimager (GE
Healthcare, Waukesha, WI). Rac-GTP and Cdc42-GTP levels were similarly
measured using GST fused to the CRIB domain of PAK and GST fused to the
Cdc42-binding domain of WASP, respectively (Sander et al., 1999); they were
detected using monoclonal anti-Racl and Cdc42 antibodies (BD Biosciences),
respectively.

Adhesion Assay

Twenty-four-well plates (Costar, Cambridge, MA), were coated overnight at
4°C with 10 pg/ml fibronectin when indicated, washed with PBS, and satu-
rated with 1% BSA for 2 h at 37°C. HeLa cells overexpressing wild-type or
S89A Gem were detached with Trypsin/EDTA, washed, recovered in serum-
free medium, and plated (50,000 cells/well) in triplicate wells for 30 min.
Nonadherent cells were removed by washing, and adhering cells were
stained with crystal violet (0.1% in 20% methanol) for 30 min at room
temperature. Cells were lysed, and adhesion was quantified by measuring
absorbance at 405 nm using an ELISA reader (Bio-Rad Laboratories, Hercules,
CA).

RESULTS

Gem Interacts with Ezrin in the Yeast Two-Hybrid
System and In Vitro

To gain insight into the cellular functions of Gem, we used
the yeast two-hybrid system to search for new cellular part-
ners. To this end, we screened a random-primed cDNA
library from human placenta with the full-length Gem pro-
tein fused to the C-terminus of the GAL4 DNA-binding
domain as a bait. Several positive clones represented a frag-
ment of the ROCK I kinase, an interaction that had previ-
ously been described (Ward et al., 2002). In addition, we
found three clones containing the N-terminal domain of the
membrane-cytoskeletal linker protein Ezrin; this domain,
known as the N-ERMAD (Mangeat et al., 1999; Tsukita and
Yonemura, 1999; Bretscher et al., 2002), is involved in the
interaction of Ezrin with membrane-anchor proteins. This
interaction is specific of Gem, because the N-ERMAD of
Ezrin did not interact with the closely related protein Rem
(data not shown). We used deletion mutants of Gem to show
that binding to the Ezrin N-ERMAD requires the presence of
neither the N- nor the C-terminal extensions of Gem and that
its Ras-homologous core (Gem-core) was sufficient for the
interaction (Table 1). Furthermore, the Ezrin N-ERMAD no
longer interacted with a Gem mutant in which Ser 89, the
residue equivalent to the highly conserved Ser 17 in Ras, is
mutated to Ala or Asn; in the case of most Ras-related
proteins, these mutants exhibit a reduced affinity for nucle-
otides, especially for GTP, and represent an inactive, or
dominant-negative, form of the protein. The fact that Ezrin
only interacts with the active form of Gem was directly
shown in vitro, using purified recombinant proteins. Indeed,
purified Gem-core interacted with the N-ERMAD of Ezrin
when bound to GTPS, but not in its GDP-bound form or
after having been stripped of nucleotide by treatment with
EDTA (Figure 1A). Conversely, this interaction was pre-
vented when an excess of purified Ezrin C-ERMAD had
previously been bound to the N-ERMAD (Figure 1B), a
complex that mimics the inactive dormant form of Ezrin.
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Table 1. Interaction of Gem with its partners in the yeast two-
hybrid assay

DBD fusion
AD fusion pGBT10 Gem AC Core S8IN/A
neoGN]JC - - - - -
Ezrin - ++ ++ ++ -
ROCK I - ++ ++ ++ -
Gmip - ++ ++ ++ -

The following fragments of Gem were used as baits: Gem (full
length 1-296), Gem-core (core, 73-265), and GemAC (AC, 1-265).
S8IN/A designates Gem carrying the S89N or S89A substitutions,
which exhibited identical results. Preys were Ezrin (residues 1-309),
ROCKI (residues 769-1117), and Gmip (1-721). pGBT10 and NeoGN]C,
respectively, were used as empty vector controls. HF7c yeast were
co-transformed with the combination of bait and prey plasmids
indicated in the table; the expression of Gem and its mutants was
checked in all double transformants. Interactions were scored with
identical results for growth on selective medium lacking histidine
and B-galactosidase activity.

Hence Gem directly interacts Ezrin in vitro, and this inter-
action requires both proteins to be in their active state.

In Vivo Interaction between Gem and Ezrin

Using several independent methods, we show that Gem and
Ezrin indeed interact in cells. Both proteins were coimmu-
noprecipitated from lysates of Hela cells ectopically ex-
pressing FLAG-tagged Gem and VSV-G-tagged full-length
Ezrin or its N-ERMAD (Figure 2A). Using antibodies that
specifically react with Gem, but not with other proteins of
the RGK family in immunoprecipitation and Western blot-
ting (Figure 2C), we also show that endogenous Gem and
Ezrin could be coimmunoprecipitated from HeLa (Figure
2B) and NIH 3T3 cells (not shown), two cell lines that
constitutively express Gem (Hatzoglou and de Gunzburg,

A B
GST GST-EzN GST-EzN + + +
EzC - X2 x6
e v @ | 4= GST-EZN > | e e e
Ponceau stain EzC > -
e |+ Gomeore > (g = =]
E D T E D T T T T

Figure 1. In vitro interaction of Gem with Ezrin. (A) The Ezrin
N-ERMAD interacts with Gem-GTP. Purified Gem-core protein, 6
pmol, were loaded with GDP (D) or GTPyS (T) or were depleted
from nucleotide by incubation with EDTA (E) and then incubated
with GST alone or fused to the N-ERMAD of Ezrin. Top, Ponceau
stain of the blot; bottom, presence of Gem associated with the beads
revealed by Western blotting. (B) Binding of Gem-GTP to the N-
ERMAD is inhibited by binding of the C-ERMAD. Purified N-
ERMAD fused to GST on glutathione-Sepharose beads was prein-
cubated with a 2X or 6X molar excess of purified C-ERMAD. After
washing of excess free C-ERMAD, the N-ERMAD/C-ERMAD com-
plex (visualized on the top Ponceau stain), was incubated with
GTPyS-bound Gem-core, and the amount of Gem bound to the
beads was revealed by Western blotting.
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Figure 2. Gem interacts with Ezrin in vivo. (A) Coimmunoprecipi-
tation of ectopically expressed Gem and Ezrin. HeLa cells were
cotransfected with pRC/CMV-FLAG-Gem, and empty vector (—),
pCB6-EzN-VSVG (EzN) or pCB6-Ezrin-VSVG (Ez). Forty-eight
hours later, cell lysates were subjected to immunoprecipitation with
anti-FLAG antibodies, followed by immunoblotting with anti-VSVG
to detect Ezrin, or anti-Gem antibodies. (B) Association of endoge-
nous Gem with Ezrin. HeLa cell lysates were immunoprecipitated
either with anti-Gem polyclonal antibody or with an nonrelated
antibody (NR) as control. Coprecipitated Ezrin was detected using
polyclonal anti-Ezrin antibodies. (C) Specificity of Gem antibodies.
HeLa cells were transfected with constructs encoding HA-tagged
Gem, Rad, Rem, and Rem2. Lysates were either immunoblotted
with HA (top) or affinity-purified Gem antibodies (middle); alter-
natively, they were immunoprecipitated with Gem antibodies fol-
lowed by blotting with HA antibodies. (D) Specificity of the inter-
action of Gem with ERM proteins. Hela cell lysates were
immunoprecipitated with Gem antibodies. Proteins present in the
lysates or coimmunopricipitated with Gem were detected by West-
ern blotting with antibodies specifically reacting with Ezrin,
Radixin, Moesin, or Merlin.

unpublished observations). Remarkably, Gem exhibited
some selectivity in its interaction with ERM proteins as
endogenous Gem coimmunoprecipitated with Ezrin and
Moesin, but not with Radixin or with the more distantly
related protein Merlin (Figure 2D). Because Ezrin, Moesin,
and Radixin share 85% sequence identity between their N-
ERMADs (Mangeat et al., 1999), we sought to use this prop-
erty to identify the residues of Ezrin involved in its interac-
tion with Gem. Only four residues that are common to the
Ezrin and Moesin N-ERMADs are different in Radixin, and
two among them (Ser 144 and Val 174 in Ezrin) are in
regions that undergo structural changes during ERM acti-
vation (Smith ef al., 2003). However, mutation of these two
residues of Ezrin into the corresponding residues of Radixin
failed to affect the interaction between Gem and Ezrin (data
not shown).

Because Gem associates selectively with the active form of
Ezrin in vitro, we proceeded to investigate whether such
was also the case in cells and to establish whether complexes
comprising Gem bound to active Ezrin were actually found
in vivo. To this end, we used a differential detergent solu-
bilization procedure whereby cells are sequentially ex-
tracted with 0.2 and 1% Triton X-100 (Figure 3), yielding two
fractions that had previously been shown to be enriched in
unphosphorylated and phosphorylated ERMs, respectively
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Figure 3. Gem associates with active Ezrin in vivo. Serum-starved
HeLa cells were stimulated for 15 min with serum and sequentially
extracted with 0.2 and 1% Triton X-100 as described in Materials and
Methods. Extracts were immunoprecipitated with anti-Gem antibod-
ies, and proteins were detected by Western blotting with anti-Gem
or anti P-ERM antibodies and reblotted with anti-Ezrin antibodies.

(Granes et al., 2000); ERM proteins phosphorylated in their
C-terminal region at the position equivalent to Thr 567 in
Ezrin were detected using phospho-specific antibodies. As
shown in Figure 3, HeLa cells stimulated for 15 min with
serum contained a significant level of activated endogenous
ERM proteins, the bulk of which was not solubilized by 0.2%
Triton and was selectively recovered in the 1% Triton ex-
tract. In contrast, unphosphorylated Ezrin was predomi-
nantly found in the 0.2% Triton fraction. Upon immunopre-
cipitation, equivalent amounts of Gem were recovered from
both fractions. Gem-associated Ezrin in the low-detergent
fraction was essentially unphosphorylated. This either sug-
gests that Gem is able to interact with inactive dormant
Ezrin in this fraction, a conclusion in contradiction with the
results from in vitro interaction experiments (Figure 1); al-
ternatively, it may indicate that the Ezrin molecules inter-
acting with Gem represent a form of the protein where the
N-ERMAD is not bound to the C-ERMAD, therefore pre-
senting the hallmark of active Ezrin, but remain unphos-
phorylated in that particular compartment. In contrast,
Gem-associated Ezrin recovered from the 1% Triton fraction
was enriched in the phosphorylated form, showing that in
this compartment at least, Gem indeed interacts with the
active form of Ezrin.

The Coexpression of Gem with Ezrin Induces Cell
Elongation

Previous studies had showed that the overexpression of
Gem in various cells in the presence of serum leads to
profound morphological alterations (Piddini et al., 2001;
Ward et al., 2002). However, the expression of Gem in se-
rum-starved HeLa (Figure 4a) or NIH 3T3 (not shown) cells
did not affect their overall morphology; such was also the
case for the expression of Ezrin alone (Figure 4b). Both
individually expressed proteins exhibited a diffuse cytoplas-
mic staining, as well as some labeling of the plasma mem-
brane and its protrusions. In contrast, the coexpression of
Gem together with Ezrin resulted in a considerable elonga-
tion of serum-starved HelLa and NIH 3T3 cells, as well as a
significant colocalization of both proteins at the plasma
membrane (see Figure 4, d—f and j-o). This striking morpho-
logical effect was quantified for HeLa cells as depicted in
Figure 5A; the effect was consistent across the population of
cells ectopically expressing both proteins and represented a
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Figure 4. Morphological changes induced by the expression of
Gem and Ezrin. Top, HeLa cells were transfected with expression
vectors for Gem (a), GemS89A (c), or VSVG-tagged Ezrin (b) alone,
or Gem and Ezrin together (d—f, wild-type Gem; g-i, GemS89A).
Bottom, NIH 3T3 cells were cotransfected with vectors encoding
Gem and VSVG-tagged Ezrin (j-1). Images in the bottom row (m-o)
depict enlargements of the images from j-1, respectively. Sixteen
hours after transfection, cells were fixed and stained with anti-Gem
(a, ¢, d, g j, and m) or anti-VSVG (b, e, h, k, and n) antibodies;
merged green and red images are shown in f, i, 1, and o. Bar, 20 um.

fourfold enhancement of their length /width ratio compared
with control cells. We sought to characterize the dependence
of this phenomenon on the activities of Gem and Ezrin.
Qualitative (Figure 4) as well as quantitative (Figure 5A)
results show that cell elongation required full-length and
active Gem. Though the central core domain of Gem was
sufficient to interact with Ezrin (Table 1 and Figure 1), it was
unable to cooperate with it to induce cell elongation; in fact,
deletion of the C-terminal extension of Gem, reported to be
necessary for its membrane localization (Maguire et al.,
1994), was sulfficient to abrogate the morphological effect.
Furthermore, the S89A (Figure 4c) or S89N (not shown)
mutants of Gem, that partially localize to the plasma mem-
brane similarly to the wild-type protein, equally failed to
cause any morphological effect in cooperation with Ezrin.
Reciprocally, cell elongation required a fully activatable
Ezrin molecule: neither a mutant incapable of interacting
with the plasma membrane because of its incapacity to bind

Molecular Biology of the Cell
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Figure 5. Quantification of cell elongation induced by Gem and
Ezrin. (A) HeLa cells were transfected with empty vector (mock) or
expression vectors encoding Gem, GemAC, Gem-core, or GemS89A
either alone or together with Ezrin. (B) HeLa cells were transfected
with empty vector (mock) or expression vectors encoding Ezrin, the
constitutively active T567D mutant (T/D), or the inactive PIP2 or
T567A (T/A) mutants, either alone or in combination with Gem.
Cells were incubated for 48 h in the absence of serum and processed
for immunofluorescence to detect the expression of Gem and Ezrin;
the elongation of transfected cells was calculated as described in
Materials and Methods. The data represent the average of three inde-
pendent experiments. (C) HeLa cells were transfected with expres-
sion vectors for Gem and its mutants as above. They were stimu-
lated with 10% serum for 2 h, processed for immunofluorescence,
and analyzed as above. The data represent the average of three
separate experiments. (D) HeLa cells were cotransfected with an
SiRNA directed against Luciferase (siLuc) or a mixture of siRNAs
directed against ERM proteins (siERM), and empty vector or vector
expressing Gem. The inset shows the level of ERM proteins in cells
treated with SiRNAs. Cells were treated and observed as in C. The
data represent the average of two separate experiments.

the lipid PIP2 (Barret et al., 2000), nor a mutant in which the
activated state could not be stabilized because of the substi-
tution of Thr 567 by Ala, were able to cooperate with Gem
for cell elongation (Figure 5B). Furthermore, expression of
the constitutively active T567D Ezrin mutant, in the absence
of ectopically expressed Gem, was not sufficient to induce
the morphological effect. Hence our results show that in the
absence of serum, the overexpression of Gem together with
Ezrin causes cell elongation, and this effect requires the
cooperation of full-length and intact Gem and Ezrin mole-
cules.

We next investigated whether the activation of endoge-
nous Ezrin could substitute for its overexpression in coop-
erating with Gem to induce cell elongation. The stimulation
of serum-starved HeLa cells with serum for 2 h led to a
significant increase in the level of activated ERM proteins
(not shown). This treatment also resulted in elongation of
the cells ectopically expressing Gem (Figure 5C), though the
effect was less pronounced than in serum-starved cells ec-
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Figure 6. Gem-induced cytoskeletal changes require active Ezrin.
(A) HeLa cells were transfected with expression vectors for Gem or
its S89A mutant. After a 16-h incubation in the absence of serum,
cells were treated with 10% serum for 2 h, fixed, and stained with
ALEXA-488-phalloidin to visualize F-actin (green) and anti-Gem
antibodies (red). An overlay image is shown at the right. (B) HeLa
cells were either transfected with Gem alone (top rows) or together
with the dominant-negative Ezrin mutant T567A. After a 16-h in-
cubation in the absence of serum, cells were treated with 10% serum
for 2 h, fixed, and stained with ALEXA-488 phalloidin and antibod-
ies to Gem (red) and VSVG (blue). Bar, 20 pm.

topically expressing both Gem and Ezrin; similarly, it re-
quired the expression of full-length and active Gem. Finally,
we depleted HeLa cells from ERM proteins by treating them
with a mixture of SiRNAs directed against each of these
three proteins (Pust et al., 2005); as shown in the inset of
Figure 5D, this resulted in a significant knockdown in the
level of ERM proteins (70% reduction, relative to actin, not
shown), as well as in a marked reduction of the elongation
effect, thereby demonstrating that Ezrin is indeed required
for the induction of cell elongation by Gem.

Gem Requires Ezrin To Affect the Actin Cytoskeleton
and Cell Adhesion

HeLa cells stimulated with serum contain numerous actin
stress fibers extending across the cell. In the elongated cells
expressing Gem, stress fibers were no longer visible, yet the
cortical actin network underlying the plasma membrane
remained present and even reinforced in some cells (Figure
6A). Elongated serum-starved HeLa cells coexpressing Gem
and Ezrin similarly displayed the absence of stress fibers
and the concomitant appearance of a strong cortical actin
network; it should be noted that despite this effect on the
actin cytoskeleton, the network of microtubules appeared
unaltered (not shown). Because the stimulation of cells with
serum activates many signaling pathways, we investigated
whether the elongation of cells and concomitant loss of actin
stress fibers induced by Gem were dependent on the activity
of Ezrin; to this end, we used the T567A mutant of Ezrin that
was shown to act as a dominant-negative protein (Oshiro et
al., 1998; Shaw et al., 1998; Gautreau et al., 2000; Tran Quang
et al., 2000; Charras et al., 2006). Expression of this mutant
alone did not affect actin structures nor focal adhesions (not
shown). However, similarly to cells exhibiting SiRNA-
mediated reduced expression of ERM proteins (Figure 5D),
serum-stimulated HeLa cells ectopically expressing T657A
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Figure 7. Gem induces a reduction of cell adhesion. (A) HeLa cells
were transfected with an expression vector for Gem (wt or S89A),
starved for 16 h and stimulated with 10% serum for 2 h. They were
stained for Vinculin (green) and Gem (red). Scale bar, 20 um. (B)
HelLa cells transfected with empty vector, or vector expressing Gem,
were treated as above and lysates were analyzed by Western blot-
ting for the presence of total and phosphorylated ERM, FAK, and
PYK2 proteins. (C) HeLa cells transfected with vector alone, or
vector expressing either wt or S§9A Gem were assayed 24 h later for
adhesion on plastic or fibronectin.

Ezrin together with Gem retained their characteristic shape;
as shown in Figure 6B, they also contained actin stress fibers
similarly to control untransfected cells. Taken together these
results show that Gem requires Ezrin to exert its morpho-
logical effects.

Elongated cells, whether expressing Gem alone and
treated with serum (Figure 7A) or ectopically expressing
both Gem and Ezrin in the absence of serum (not shown),
only exhibited few focal adhesions, compared with their
untransfected counterparts. The remaining adhesions, visu-
alized by the presence of vinculin, were generally very large
and were located at both extremities of the cells, as well as at
few peripheral locations. Again, this phenotype was not
observed when the inactive Gem S89A mutant was ex-
pressed, confirming that it is dependent on active Gem. Such
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a combination of the loss of stress fibers and disappearance
of most focal adhesions explains the elongated morphology
of the cells expressing Gem and Ezrin in the absence of
serum, as well as those expressing Gem alone and treated
with serum. At the biochemical level, this phenotype corre-
sponded to a reduction in the level of active ERM proteins,
as assessed by their C-terminal phosphorylation, as well as
in the tyrosine phosphorylation of proteins involved in focal
adhesions such as the focal adhesion kinase FAK and its
close relative PYK2 (Figure 7B). Concomitantly, cells trans-
fected with a Gem expression vector exhibited a reduction in
their adhesion capacity to plastic or fibronectin (Figure 7C)
compared with cells transfected with vector alone or the
inactive Gem S89A mutant.

Gem Negatively Regulates Rho via the Rho-GAP
Protein Gmip

Because Rho proteins play an important role in controlling
the actin cytoskeleton, we investigated whether the physio-
logical expression of Gem had any effect on the activity of
these GTPases. To that end, we knocked down the expres-
sion of Gem in NIH 3T3 cells using RNA interference. The
lack of antibodies able to detect the endogenous protein in
NIH 3T3 cells led us to assess Gem expression at the level of
its mRNA. As shown in Figure 8A, the treatment of cells
with two different SiRNAs that efficiently reduced expres-
sion of the Gem mRNA resulted in a twofold increase in the
level of active RhoA, however with no effect on the levels of
active Cdc42 and Racl. This is evidence that Gem specifi-
cally down-regulates the activity of RhoA, which is consis-
tent with the disappearance of stress fibers from cells over-
expressing Gem. Furthermore, we knocked down the
expression of Gem in Hela cells using two different SIRNAs
directed against human Gem; as shown in Figure 8B, this
treatment was sufficient to induce the appearance of abun-
dant stress fibers in serum-starved cells. Taken together,
these results demonstrate that endogenous Gem down-reg-
ulates the activity of Rho and thereby controls its down-
stream effects on the actin cytoskeleton.

We had previously shown that Gem interacts with Gmip,
a protein carrying a Rho-GAP activity that acts specifically
on RhoA, but neither on Rac nor on Cdc42 (Aresta et al.,
2002); the selectivity of Gmip for RhoA suggested that it may
constitute a good candidate to mediate the action of Gem on
the Rho pathway and the actin cytoskeleton. To test this
hypothesis, we knocked down Gmip in Hela cells using two
different SiIRNAs. As shown in Figure 9A, both SiRNAs
efficiently reduced the expression of endogenous Gmip in
the presence or absence of ectopically expressed Gem. Un-
der these conditions, the overexpression of Gem in serum-
stimulated HeLa cells was no longer able to induce cell
elongation (Figure 9B), loss of stress fibers or the reduction
of the number of focal adhesions (Figure 9D), nor the reduc-
tion in the level of phosphorylated ERMs characteristic of
the down-regulation of the RhoA pathway by Gem (Figure
9C). Hence, we conclude that Gem requires Gmip to exert its
biochemical and morphological effects. We then carried out
fractionation experiments to assess whether there were any
changes in the subcellular localization of Gmip consequen-
tial to the expression of Gem. As shown in Figure 10, en-
dogenous Gmip is almost exclusively found in the cytosolic
fraction of serum-starved as well as serum-stimulated cells.
However, the overexpression of Gem and Ezrin in serum-
starved cells enhanced the amount of endogenous Gmip
present in the membrane fraction (Figure 10A); this effect
was not seen when inactive mutants of either Gem or Ezrin
were expressed (Ezrin T/A and Gem S89A, respectively).

Molecular Biology of the Cell
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Figure 8. Gem expression selectively down-regulates the level of
active Rho. (A) NIH 3T3 cells were transfected with SiRNAs m1 or
m2 directed against mouse Gem. Twenty-four hours later, (a) the
level of remaining Gem mRNA was assessed by RT-PCR, and the
levels of total and GTP-bound RhoA were measured by a pull-down
assay. (b) Quantification of the relative levels of activated RhoA
from A. (c and d) The levels of total and GTP-bound Rac and Cdc42
were quantified by pull-down assays in cells treated with anti-Gem
SiRNAs. (B) HeLa cells were transfected with SiRNAs directed
against human Gem or Luciferase (siLuc). After 24 h in the absence
of serum, the level of remaining Gem protein was assessed by
Western blotting, using actin as an internal standard. Cells seeded
on coverslips were fixed and stained with ALEXA-488-phalloidin to
visualize F-actin (green) and DAPI for nuclei. Scale bar, 20 um, for
all three micrographs.

Similarly, a substantial enrichment of Gmip was found in
the membranes of cells overexpressing Gem and stimulated
with serum, an effect that was also dependent on the expres-
sion of active Gem (Figure 10B). Because the morphological
effects of Gem require ERM proteins that are mainly active at
the plasma membrane, our results suggest that thanks to its
interaction with Ezrin, Gem may act to direct Gmip to the
plasma membrane to down-regulate the activity of the Rho
pathway.

DISCUSSION

There is converging evidence that the atypical Ras family
protein Gem affects cell morphology and the actin cytoskel-
eton through pathways controlled by Rho GTPases. Indeed,
Gem was described to interact with the Rho effector kinase
ROCK I and to negatively regulate the Rho-ROCK pathway
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Figure 9. Gem requires Gmip to down-regulate stress fibers and
focal adhesions. (A) Efficiency of Gmip SiRNAs. HeLa cells were
first transfected with a control SIRNA directed against luciferase
(Luc), or SiRNAs 1 or 2 directed against Gmip. Twenty-four hours
later, they were transfected with empty vector or vector encoding
Gem. The levels of Gmip, Gem, and a-adaptin (loading control)
were assessed in lysates by Western blotting. (B) Gmip is required
for cell elongation induced by Gem. HeLa cells were transfected as
in A, and cell elongation was quantified as in Figure 5. (C) Cells
transfected as above were starved for 16 h and stimulated with
serum for 30 min. The levels of transfected Gem, endogenous Gmip,
total Ezrin, and phosphorylated ERMs were assessed by Western
blotting and quantified as indicated in Materials and Methods. (D)
Cells were transfected as above with SIRNA directed against Gmip
and Gem expression vector. Cells in the top panel were stained with
antibodies against Vinculin and Gem. Cells in the bottom panel
were stained with ALEXA-488 phalloidin and anti-Gem antibodies.
Bar, 20 pm.

(Ward et al., 2002). In addition, we had shown that Gem
interacts with Gmip, a Rho-specific GAP (Aresta et al., 2002),
but the in vivo consequences of this interaction remained to
be established. In this study, we show that Gem associates
with the membrane—-cytoskeleton linker protein Ezrin in
vivo and that Gem requires Ezrin and Gmip to down-regu-
late the RhoA pathway, inhibit the formation of stress fibers,
and reduce the level of focal adhesions. Although previous
studies had documented that the ectopic expression of Gem
severely affects the morphology of various cells growing in
serum (Piddini ef al., 2001; Ward ef al., 2002), we show here
that in the absence of serum, the expression of Gem has no
morphological consequences. However, its coexpression
with Ezrin results in the striking elongation of serum-
starved cells, characterized by the disappearance of actin
stress fibers, enhancement of the cortical actin network, and
loss of most focal adhesions. A similar phenotype is ob-
tained after the stimulation with serum of Gem-expressing
cells, a treatment that, among many other consequences,
enhances the level of activated endogenous ERM proteins as
assessed by their phosphorylation at Thr 567 in Ezrin or the
equivalent residue in Radixin or Moesin. The fact that cell
elongation is markedly reduced in cells where the level of
ERM proteins has been knocked down by treatment with
SiRNAs demonstrates that Gem indeed requires ERM pro-
teins to exert its cell elongation effect. However, the mere
interaction of Gem with Ezrin is insufficient to trigger cell
elongation, and this effect requires Ezrin activation. Indeed,
two Ezrin mutants, incapable of undergoing activation in
cells: i) an Ezrin mutant that is deficient in PIP2 binding and
remains cytosolic (Barret ef al., 2000) and ii) the T567A Ezrin
mutant that is unable to undergo the C-terminal phosphor-
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ylation characteristic of its activated state (Gautreau ef al.,
2000), both fail to elicit cell elongation in cooperation with
Gem (Figure 5B) though they are able to interact with Gem
(not shown).

Conversely, the morphological effects require full-length
and active Gem molecules: the S89N and S89A mutants of
Gem, which by analogy to all other Ras-related proteins
should be unable to switch to the active GTP-bound state
(Opatowsky et al., 2006) and are unable to bind Ezrin and fail
to cooperate with Ezrin for cell elongation. Furthermore, the
C-terminal domain of Gem, which is necessary for its inter-
action with membranes (Maguire et al., 1994), but dispens-
able for its binding to Ezrin (Table 1 and Figure 1), is also
required. These observations, taken together with our bio-
chemical data showing that in the cellular fraction contain-
ing the bulk of active phosphorylated ERMs, presumably the
plasma membrane, Gem is complexed with active ERMs,
suggest that the Gem molecules that are biologically active
in eliciting cell elongation might be those associated with
Ezrin at the membrane. We have not elucidated how Gem
switches to its GTP-bound form to be able to interact with
Ezrin in cells, as suggested by the in vitro experiments
shown in Figure 1; one hypothesis is that Ezrin might some-
how elicit exchange of GDP for GTP on Gem or stabilize the
GTP-bound form of the protein.

The elongation of cells induced by Gem and Ezrin does
not involve rearrangements of the microtubule network, and
contrarily to the induction by Gem of a dendritic-like phe-
notype described by Piddini et al. (2001), the effects that we
observed are unaffected by the treatment of cells with the
microtubule-targeted drugs nocodazole or cytochalasin D
(Hatzoglou and de Gunzburg, unpublished observations).
Elongation of the cells is likely to result from the observed
rearrangements of the actin cytoskeleton, i.e., the disappear-
ance of actin stress fibers concomitant with the enhancement
of the cortical actin network and the loss of most focal
adhesions except for those at the extremities of the cells and
some at their periphery, processes that depend on the activ-
ity of the Rho pathway (Etienne-Manneville and Hall, 2002).
Indeed, using RNA interference, we show that endogenous
Gem down-regulates the level of active RhoA and of down-
stream actin stress fibers. Furthermore, we show that the
Rho-GAP protein Gmip, that interacts with Gem, is respon-
sible for the effects of Gem downstream from RhoA, i.e.,
reduction of ERM phosphorylation, loss of actin stress fibers,
and drop in the number of focal adhesions. The fact that
under the conditions that elicit cell elongation, i.e., coexpres-
sion of intact Gem and Ezrin, or expression of intact Gem in
serum-stimulated cells, Gmip is enriched in membranes sug-
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Figure 10. Gem expression recruits Gmip to mem-
branes. (A) HeLa cells were cotransfected with expres-
sion vectors encoding Gem (wild type [wt] or carrying
the S89A mutation) and Ezrin (wt or the T567A muta-
tion [T/A]) and maintained for 48 h in the absence of
serum. (B) Cells were transfected as above with Gem
only (wt or carrying the S89A mutation) and stimulated
for 2 h with serum. In all cases, cells were lyzed and
separated into cytosolic and membrane fractions as in-
dicated in Materials and Methods. The contents of each
fraction in Gmip, Gem, and actin was assessed by West-
ern blotting.

gests that the effects of Gem on the actin cytoskeleton are
mediated by those molecules recruited by active ERM pro-
teins at the plasma membrane. We sought to test this hy-
pothesis by directing Gem to the plasma membrane through
the substitution of its seven C-terminal residues by the
CAAX-containing C-terminal region of K-Ras; contrarily to
the inactive control mutant where the Cys of the CAAX had
been changed to a Ser, expression of Gem-CAAX led to the
rapid rounding and detachment of nearly all transfected
cells, indicating that targeting overexpressed Gem to the
plasma membrane is highly toxic to cells (not shown).

In wake of the observations reported in this study, we
propose as a working hypothesis that the interaction of Gem
with active Ezrin at the plasma membrane leads, via the
Rho-GAP protein Gmip, to a local inactivation of the Rho
pathway resulting in the cytoskeletal effects described
above. This mechanism could act synergistically with the
previously reported ability of Gem to inhibit the formation
of actin stress fibers induced by ROCK I (Ward et al., 2002).
Hence Gem would exert a dual action on the Rho pathway,
both down-regulating the activity of Rho and its down-
stream effectors via the Rho-GAP protein Gmip and inhib-
iting that of its effector ROCK I via direct interaction. This is
reminiscent of the mechanism through which the Rnd3/
RhoE protein acts as a Rho antagonist by inhibiting the
activity of ROCK I (Riento et al., 2003), as well as by recruit-
ing and activating p190Rho-GAP (Wennerberg et al., 2003),
also leading to a loss of actin stress fibers and focal adhe-
sions. Hence Gem and Rnd3/RhoE use similar biochemical
mechanisms to control the Rho pathway, yet they may exert
their actions in different cell types or at distinct subcellular
locations. Indeed, Gem and Rnd3/RhoE are constitutively
expressed at low levels in many cells (Chardin, 2006; de
Gunzburg, unpublished observations) but exhibit regulated
expression in response to distinct extracellular cues. The
Rnd3/RhoE protein is induced in fibroblasts in response to
PDGF (Riento et al., 2003) and DNA-damaging agents
(Villalonga et al., 2004). Gem mRNA was reported to be
induced in T lymphocytes stimulated via the TCR (Maguire
et al., 1994), endothelial cells treated with inflammatory cy-
tokines (Vanhove et al., 1997), and primary human fibro-
blasts in response to serum (Iyer ef al., 1999). Little is known
about the subcellular locations Rnd3/RhoE and Gem. How-
ever, the results presented here lead us to propose that a
fraction of Gem molecules associate with active Ezrin at the
plasma membrane-cytoskeleton interface where they would
act via Gmip, to regulate the activity of the Rho pathway.
The interplay between Ezrin, Gem, and Gmip may be highly
dynamic because we were unable so far to isolate a complex
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simultaneously containing all three proteins. Further inves-
tigation will be required to understand how and in which
circumstances two proteins of the Ras family, Gem and
Rnd3/RhoE, exert their actions to regulate the activity of
another Ras family protein and its downstream pathways,
RhoA.
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