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The Rho family GTPases Cdc42 and Racl play fundamental roles in transformation and actin remodeling.
Here, we demonstrate that the TRE17 oncogene encodes a component of a novel effector pathway for these
GTPases. TRE17 coprecipitated specifically with the active forms of Cdc42 and Racl in vivo. Furthermore, the
subcellular localization of TRE17 was dramatically regulated by these GTPases and mitogens. Under serum-
starved conditions, TRE17 localized predominantly to filamentous structures within the cell. Epidermal growth
factor (EGF) induced relocalization of TRE17 to the plasma membrane in a Cdc42-/Racl-dependent manner.
Coexpression of activated alleles of Cdc42 or Racl also caused complete redistribution of TRE17 to the plasma
membrane, where it partially colocalized with the GTPases in filopodia and ruffles, respectively. Membrane
recruitment of TRE17 by EGF or the GTPases was dependent on actin polymerization. Finally, we found that
a C-terminal truncation mutant of TRE17 induced the accumulation of cortical actin, mimicking the effects of
activated Cdc42. Together, these results identify TRE17 as part of a novel effector complex for Cdc42 and Racl,
potentially contributing to their effects on actin remodeling. The present study provides insights into the

regulation and cellular function of this previously uncharacterized oncogene.

The Rho family GTPases are recognized for their role in
malignant transformation. Members of this family, which in-
cludes Rho, Rac, and Cdc42, regulate diverse cellular pro-
cesses, including cytoskeletal dynamics, cell cycle progression,
and vesicular trafficking. It is likely that deregulation of all of
these processes contributes to transformation induced by acti-
vated mutants of these GTPases. Indeed, cells transfomed by
activated Cdc42 or Rac exhibit properties that reflect such
aberrations. For example, these cells grow in a mitogen-inde-
pendent manner (14, 19, 23, 37, 39, 58), indicating that signal-
ing pathways that control cell cycle progression are constitu-
tively activated. Cells transformed by Cdc42 or Rac also grow
in an adhesion-independent manner, exhibit altered morphol-
ogies, and display increased motility and invasiveness, all of
which reflect alterations in the actin cytoskeleton (16, 23, 38§,
39, 56, 58). More recently, it has been shown that vesicular
trafficking is also aberrantly regulated in cells expressing acti-
vated Cdc42 or Rac (1, 13, 18, 25, 57) contributing to reduced
cell adhesion, altered receptor trafficking, and loss of polarity.

In recent years, much emphasis has been placed on under-
standing the molecular mechanisms by which Cdc42 and Rac
exert their effects on the actin cytoskeleton. Early studies in
mammalian cells revealed that expression of activated Cdc42
and Racl rapidly induces the formation of actin-based cell
surface protrusions termed filopodia and lamellapodia (35,
45), respectively. These GTPases stimulate actin remodeling
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through multiple effectors (5). The best characterized are the
WASP-related proteins, which include WASP and N-WASP,
which are regulated directly by Cdc42, and WAVE, which is
regulated by Rac via IRSp53. These proteins function by di-
rectly stimulating the actin nucleating activity of the Arp2/3
complex (30-32, 46, 49, 51). Another shared family of effectors
are the p21-activated kinases (PAKSs) (27). PAK1 phosphory-
lates and activates LIM kinase, which in turn phosphorylates
and inhibits the actin depolymerizing activity of cofilin (11, 59).
PAKI1 has also been shown to phosphorylate myosin light
chain, which stimulates actin/myosin-based contraction (43,
47). Another Cdc42-specific effector is MRCK, a kinase which
also phosphorylates myosin light chain (21). Similarly, Rac
uniquely targets several effectors, such as POR1, which func-
tions through an unknown mechanism to promote actin-rich
membrane protrusions (54). Another key effector of Rac is
phosphatidylinositol-4-phosphate 5-kinase (52, 53), which cat-
alyzes the production of phosphatidylinositol 4,5-bisphosphate,
a potent regulator of various actin-binding proteins (50).
Studies in Saccharomyces cerevisiae have also provided fun-
damental insights into the functions of Cdc42. It was in yeast
that Cdc42 was first shown to play a central role in actin
organization and the establishment of cell polarity (15). Inac-
tivation of Cdc42, through ablation of its guanine nucleotide
exchange factor Cdc24, abolishes the polarization of actin ca-
bles that normally occurs during the budding process (4). Us-
ing a multicopy suppressor screen, Bi et al. identified proteins
that could restore actin polarization in the absence of func-
tional Cdc42. Two novel genes identified in this screen en-
coded the highly related proteins Msb3 and Msb4 (4). These
proteins are functionally redundant, since deletion of either
gene individually yielded no discernible phenotype. However,
simultaneous disruption of MSB3 and MSB4 caused slowed



2152 MASUDA-ROBENS ET AL.

growth and partial disorganization of the actin cytoskeleton
(4). The mechanism by which Cdc42 signals to Msb3 and Msb4
remains undefined.

Sequence analysis of Msb3 and Msb4 revealed the presence
of a domain that has alternatively been termed the PTM, TrH,
Tbc, or Gyp domain (2, 3, 29, 44, 60). This domain is conserved
throughout evolution, occurring in proteins from yeasts, Cae-
norhabditis elegans, Drosophila melanogaster, and mammals
(34). Recent studies have revealed that these domains encode
GTPase-activating proteins (GAPs) for Rab family G proteins
(2,9, 20, 42). Two PTM domain-containing proteins of partic-
ular interest were the human oncogenes, RN-tre and TRE17.
RN-tre is a binding partner for the epidermal growth factor
(EGF) receptor substrate, Eps8, which regulates trafficking of
the receptor (20, 28). Overexpression of a truncated mutant of
RN-tre causes anchorage-independent growth and enhances
mitogenicity in response to EGF (28). The TRE17 gene was
originally identified through a transformation-based assay us-
ing genomic DNA from a Ewing sarcoma (33). Specifically,
expression of TRE17 in murine fibroblasts caused tumor for-
mation in nude mice. However, its interaction with signaling
pathways, regulation, and cellular function have remained
completely unexplored.

In light of their homology to Msb3/Msb4, we explored
whether TRE17 or RN-tre might function downstream of the
Rho GTPases in mammalian cells. In the present study, we
demonstrate that TRE17, but not RN-tre, is part of a novel
effector pathway for Cdc42 and Racl. Furthermore, we find
that TRE17 is sufficient by itself to induce the accumulation of
cortical actin and may therefore contribute to actin remodeling
induced by Cdc42 and Racl.

MATERIALS AND METHODS

Cell culture. HeLa and COS cells were grown in Dulbecco modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum, penicillin and
streptomycin, and GlutaMax (Gibco-BRL). Cultures were maintained at 37°C in
6% CO,. EGF (Invitrogen) was used at a final concentration of 100 ng/ml. HeLa
and COS cells were transfected by using FUGENEG6 (Roche) and Lipofectamine
(Invitrogen), respectively, as detailed below.

Plasmids. The cDNAs encoding human Cdc42, Racl, and RhoA and their
mutant derivatives were subcloned into the mammalian expression vector pPEBG
to generate glutathione S-transferase (GST)-tagged fusion proteins (8). PBD/
pEBG encodes the p21-binding domain (amino acids 70 to 117) of human PAKI.

The cDNA encoding TRE17 (clone 11-4 in pBluescript) was generously pro-
vided by Myriam Onno (33). The BamHI-Sspl fragment encompassing the 5'-
untranslated region and the TRE17 open reading frame was subcloned into a
modified version of pcDNA3 containing a hemagglutinin (HA) epitope tag. The
5’-untranslated region was removed by digestion with BamHI-EcoRI and re-
placed with a PCR fragment restoring the normal TRE17 open reading frame.
The sequence was confirmed by automated sequencing. HA-T17(447)/pcDNA3
encodes the first 447 amino acids of TRE17, HA-T17(APTM)/pcDNA3 encodes
a deletion of amino acids 80 to 303, and HA-T17(PTM)/pcDNA3 encompasses
amino acids 80 to 327 of TRE17. In HA-T17(447/RK)/pCDNA, residue 149 was
changed from arginine to lysine by PCR-mediated mutagenesis. In HA-T17(447/
PA)/pCDNA, the proline-rich motifs P3,0RPVP3;5 and P330PGPP343 were mu-
tated to ARAVA and PAGSA, respectively. Further details are available upon
request.

B-Tubulin/pEGFP was kindly provided by Paul Janmey. The cDNA encoding
RN-tre was generously provided by Pier Paolo di Fiore.

Antibodies and reagents. For immunofluorescence of hemagglutinin (HA)-
tagged proteins proteins, anti-HA (sc-805 [Santa Cruz] or monoclonal antibody
12CAS [Roche]) was used; for immunoblotting, the former was used. Affinity-
purified anti-GST antibody made against Escherichia coli-derived GST was used
for all applications. Anti-ERK antibody was generously provided by John Blenis.

The secondary antibodies used were Cy3-conjugated donkey anti-mouse im-
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munoglobulin G (IgG; heavy and light chain; Jackson Immunoresearch Labora-
tories), Alexa Fluor 633-conjugated goat anti-rabbit IgG (heavy and light chain;
Molecular Probes), or FITC-conjugated donkey anti-rabbit IgG (heavy and light
chain, Jackson Immunoresearch). F-actin was visualized with fluorescein isothio-
cyanate (FITC)-conjugated phalloidin (Molecular Probes).

Cytochalasin D (cytoD; 1 pM) and nocodazole (10 pwg/ml; Sigma) were added
for 1 or 2 h, respectively, where indicated.

GTPase pull-down assays. COS cells were seeded at a density of 14.0 X 10°
per 100-mm dish for TRE17 or at a density of 5.0 X 10 cells per 60-mm dish for
T17(447) and RN-tre(466). The following day, cells were transfected by using
either 16 pg of total DNA and 48 pl of Lipofectamine per plate (TRE17) or 6
pg of total DNA and 18 pl of Lipofectamine [T17(447) and RN-tre(466)]. Cells
were incubated for 4 to 5 h, washed, and then allowed to recover overnight in
growth medium. Cells were washed twice in ice-cold phosphate-buffered saline
(PBS) and then lysed in either 750 wl (TRE17) or 500 wl [T17(447) and RN-
tre(466)] of buffer I (PBS; 5 mM MgCl,; 0.1% Triton X-100; pepstatin, leupep-
tin, and aprotinin at 0.7, 2, and 1 pg/ml, respectively; 1 mM dithiothreitol [DTT];
1 mM phenylmethylsulfonyl fluoride) Lysates were incubated on ice for 10 min
and then centrifuged at 16,000 X g for 10 min at 4°C. An aliquot (30 wl) of the
clarified supernatant was removed for immunoblotting analysis, and the remain-
der was incubated with glutathione-Sepharose beads (50-ul bead volume; Am-
ersham Pharmacia Biotech) for 4 h at 4°C with constant mixing. The beads were
washed twice in buffer IT (PBS; 5 mM MgCl,; 0.01% Triton X-100; pepstatin,
leupeptin, and aprotinin; 1 mM DTT) and then thrice in buffer IIT (PBS; 5 mM
MgCl,; pepstatin, leupeptin, and aprotinin; 1 mM DTT). Proteins were eluted by
boiling in sample buffer (125 mM Tris [pH 6.8], 2% sodium dodecyl sulfate, 5%
B-mercaptoethanol, 7.5% glycerol, bromophenol blue). Expression of the GST-
tagged GTPases and HA-tagged TRE17 or RN-tre constructs was detected by
using enhanced chemiluminescence (Amersham Pharmacia Biotech).

Confocal immunofluorescence microscopy. HeLa cells were seeded on 10-mm
coverslips at a density of 2 X 10° to 2.4 X 10° per 35-mm dish. The following day,
cells were transfected with 2 pg of total DNA and 6 pl of FuGENESG per plate.
The next day cells were either harvested for immunofluorescence or were serum
starved for 24 h, followed by various treatments as indicated. Cells were fixed in
(3.7% formaldehyde, 10 mM HEPES [pH 7.4], 100 mM NaCl) for 15 min and
then chased with 50 mM glycine (pH 7.4) for 10 min. Cells were washed twice
with PBS, permeabilized in TBST (10 mM Tris [pH 7.5], 0.1% Triton X-100, 150
mM NaCl) for 5 min, and then blocked in blocking buffer (2% bovine serum
albumin in TBST) for 15 min. Coverslips were incubated with primary antibodies
diluted in blocking buffer for 2 to 3 h at room temperature and then washed three
times in TBST. Samples were incubated with fluorescently labeled secondary
antibodies diluted in blocking buffer for 1 h and then washed two times in TBST
and once in distilled water. Coverslips were mounted with SloFade (Molecular
Probes) and viewed on a Zeiss confocal microscope with LSM510 software at
excitation wavelengths of 488 nm (FITC), 546 nm (Cy3), or 633 nm (Alexa Fluor
633).

For quantitation of TRE17 localization to the plasma membrane versus fila-
ments, 100 cells expressing low to medium levels of TRE17 were scored in the
absence or presence of EGF. Cells were categorized into as having predomi-
nantly filamentous staining, predominantly plasma membrane staining, discern-
ible staining at both locations, or diffuse staining of TRE17. For quantification of
TRE17-induced cortical actin accumulation, a cell was scored as positive if the
cortical actin was significantly stronger than the neighboring untransfected cells,
as typified by the images shown in Fig. 7. The percentages given are the fraction
of cells exhibiting cortical actin accumulation relative to the total number of cells
expressing the indicated construct. All quantifications were done for at least
three independent experiments, and the means and standard errors are depicted
in the graphs.

Cell fractionation. HeLa cells were seed at a density of 7.0 X 10° cells per
60-mm plate. The next day cells were transfected with 6 pg of DNA and 18 pl of
FuGENES6 per sample. The following day, cells were washed twice in ice-cold
PBS, and 1 ml of hypotonic lysis buffer (20 mM Tris [pH 7.4]; 10 mM KCI; 5 mM
MgCl,; 5 mM B-glycerophosphate; 1 mM DTT; pepstatin, aprotinin, and leu-
peptin; 1 mM phenylmethylsulfonyl fluoride) was added. Cells were allowed to
swell on ice for 10 min, scraped, and homogenized by 25 strokes in a Dounce
homogenizer. The homogenate was centrifuged at 1,000 X g for 10 min at 4°C to
remove nuclei and unbroken cells. The supernatant was collected, and NaCl was
added to a final concentration of 150 mM. The supernatants were then centri-
fuged for an additional 10 min at 16,000 X g at 4°C to generate a pellet
(containing membranes) and a soluble fraction (containing cytosolic proteins).
The soluble fraction was boiled in sample buffer; the pellet was washed once in
PBS and then resuspended in 200 pl of sample buffer. Portions of the soluble



VoL. 23, 2003

fraction (one twenty-fifth) and of the pellet (one-fifth) were analyzed by immu-
noblot analysis.

RESULTS

TRE17 associates with Cdc42 and Racl in a GTP-dependent
manner in vivo. Because the PTM domain-containing proteins
Msb3 and Msb4 interact genetically with Cdc42 in S. cerevisiae,
we sought to determine whether PTM proteins function down-
stream of Rho GTPases in mammalian cells. Effectors often
form stable complexes with the active, GTP-bound form of G
proteins. Therefore, we tested whether the human PTM-do-
main proteins TRE17 and RN-tre could associate with mem-
bers of the Rho family of GTPases. HA-tagged TRE17 or
RN-tre was cotransfected with GST-tagged alleles of Cdc42,
Racl, or RhoA into COS cells. The GTPases were purified by
using glutathione-Sepharose beads, and association of TRE17
or RN-tre was monitored by anti-HA immunoblotting. As seen
in Fig. 1A, TRE17 coprecipitated specifically with the activated
alleles of Cdc42 (Cdc42V12) and Racl (RaclV12) but not
RhoA (RhoAV14). Dominant-negative mutants of Cdc42
(Cdc42N17) and Rac (RacIN17), which are predominantly
GDP bound, bound much more weakly. We also tested binding
of TRE17 to activated Cdc42/Racl alleles bearing an addi-
tional mutation in the cysteine residue which is normally re-
quired for geranylation and membrane targeting (Cdc42V12/
S189 and RaclV12/S189). Interestingly, these mutants also
failed to bind HA-TRE17. These results indicate that the in
vivo interaction of TRE17 with Cdc42 and Racl is GTP de-
pendent and requires membrane localization of the G proteins.

To further delineate the requirements for coprecipitation of
TRE17 with Cdc42 and Racl, we tested binding of a C-termi-
nally truncated mutant encoding the first 447 amino acids of
TRE17 [T17(447)]. This mutant includes the PTM domain in
addition to proline-rich sequences with potential for binding to
SH3 domains (see Fig. 1B and 6A). Like full-length TRE17,
T17(447) bound to Cdc42 and Racl in a GTP- and geranyla-
tion-dependent manner (Fig. 1B). We also examined TRE17’s
interaction with Cdc42V12 and Rac1V12 alleles bearing mu-
tations in the effector domain. These mutants have been shown
to selectively bind and activate distinct effectors (19, 22, 56).
T17(447) bound to the effector mutants Cdc42V12/A37 and
Cdc42V12/K40 as strongly as to Cdc42V12. In contrast,
whereas Rac1V12/H40 bound to T17(447) as well as Rac1V12,
Rac1V12/L37 bound poorly (Fig. 1B). Together, these results
indicate that sequences within the N-terminal 447 amino acids
of TRE17 are sufficient to mediate interaction with Cdc42 and
Racl. Furthermore, association requires contacts made with
the effector domain of the GTPases. All of the above studies
were performed in COS cells, where the high level of protein
expression facilitated binding analysis. However, the specific
interaction of TRE17 with the GTPases was also confirmed in
HeLa cells (data not shown).

TRE17 and RN-tre are highly related, sharing 35% identity
and 55% similarity over their first 462 amino acids; however,
their C termini are divergent in sequence (29). Given that this
region of homology in TRE17 was sufficient to mediate inter-
action with Cdc42/Racl, we tested whether the corresponding
region of RN-tre [RN-tre(466)], encoding the N-terminal 466
amino acids, or full-length RN-tre could also bind. However,
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FIG. 1. TRE17 associates with Cdc42 and Racl in a GTP-depen-
dent manner. (A) COS cells were cotransfected with the indicated
GST-tagged Cdc42, Racl, or RhoA mutant and HA-tagged TRE17.
The GTPases were pulled down with glutathione-Sepharose, and as-
sociated TRE17 was detected by anti-HA immunoblotting. Arrow-
head, HA-TRE17. (B) The indicated mutant alleles of Cdc42 or Racl
were cotransfected with HA-tagged T17(447), which encodes the first
447 amino acids of TRE17, and subjected to the same assay. (C) The
indicated GTPases were cotransfected with HA-tagged RN-tre(466),
which encodes the first 466 amino acids of RN-tre, or T17(447). As-
sociated RN-tre(466) or T17(447) was detected as described above.
PD, glutathione-Sepharose pull-down; WCL, whole-cell lysate.

neither RN-tre(466) (Fig. 1C) nor full-length RN-tre (data not
shown) associated with any of the Rho GTPases. These results
suggest that among mammalian PTM-domain-containing pro-
teins, TRE17 may be unique in its association with Rho
GTPases.

To determine whether TRE17 binds directly to Cdc42 and
Racl, yeast two-hybrid analysis was performed. By this assay,
no interaction was observed between TRE17 and Cdc42V12 or
RacV12, either with the isoprenylation motif of the GTPases
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intact or mutated (data not shown). Similarly, no binding was
seen by using overlay assays with [**P]GTP-labeled Cdc42V12
or RaclV12 as a probe (data not shown). Thus, it appears that
the interaction between TRE17 and Cdc42/Racl is indirect
and that TRE17 is recruited to the GTPases as part of an
effector complex.

TRE17’s subcellular distribution is regulated by the actin
cytoskeleton and microtubules. In order to gain insight into the
function of TRE17 and to explore how it might be regulated by
Cdc42/Racl, we examined its subcellular localization. Full-
length HA-TRE17 was transiently transfected into HeLa cells,
and its localization was analyzed by confocal microscopy. In all
experiments, cells expressing low levels of TRE17 were ana-
lyzed to avoid artifacts that might arise from vast overexpres-
sion. In actively growing, unsynchronized HeLa cells, TRE17
exhibited a complex distribution, with localization at the
plasma membrane, on filamentous structures, and punctate
structures that were often aligned along the filaments (Fig.
2A).

To define the filamentous structures which TRE17 deco-
rates, we examined their colocalization with cytoskeletal mark-
ers and sensitivity to cytoskeleton-perturbing drugs. The
TRE17-positive filaments were clearly distinct from F-actin
labeled with phalloidin (Fig. 2A). Furthermore, in the pres-
ence of cytoD, which disrupted F-actin (data not shown), the
TRE17-positive filaments persisted (Fig. 2B, 3C and F, and
4A). Interestingly, the punctate structures aligned along the
filaments were enhanced by cytoD. In contrast, plasma mem-
brane localization of TRE17 was completely abolished. To-
gether, these results suggest that F-actin accumulation is re-
quired for plasma membrane localization but not for
filamentous localization of TRE17.

We next compared the localization of TRE17 with microtu-
bules, as detected by expression of green fluorescent protein-
tagged tubulin. Although the TRE17-positive filaments did not
precisely colocalize with microtubules, they were organized in
an overlapping array, suggesting that these structures might be
dependent on microtubules (Fig. 2C). Consistent with this,
treatment with the microtubule depolymerizing drug nocoda-
zole resulted in a complete loss of filamentous staining and
TRE17 instead appeared in a perinuclear aggregate (Fig. 2D).
Strikingly, plasma membrane localization of TRE17 persisted
in the presence of nocodazole (Fig. 2D). Together, these re-
sults indicate that the localization of TRE17 is dynamically
regulated by the cytoskeleton, such that plasma membrane
localization is dependent on F-actin accumulation, and fila-
mentous localization is dependent on microtubules.

Activated Cdc42 and Racl induce localization of TRE17 to
the plasma membrane. Since TRE17 associated with Cdc42
and Racl, we sought to examine the effects of the GTPases on
its subcellular localization. HA-TRE17 was cotransfected with
the wild type (WT) or with constitutively active mutants of
Racl or Cdc42, and their localization was analyzed by confocal
microscopy. TRE17 colocalized strongly with WT Racl at the
filamentous structures (Fig. 3A) and at the plasma membrane
(data not shown). However, WT Racl had no effect on the
subcellular distribution of TRE17. In contrast, coexpression
with Rac1V12 led to a striking redistribution of TRE17, with a
complete loss of filamentous staining and recruitment to the
plasma membrane. TRE17 was recruited to both peripheral
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TRE17

FIG. 2. TRE17 displays a complex subcellular distribution that is
regulated by the actin cytoskeleton and microtubules. (A) HA-tagged
TRE17 was transfected in HeLa cells, and its localization was deter-
mined by confocal microscopy with anti-HA antibody (left panel).
F-actin in the same cell was visualized with FITC-phalloidin (right
panel). (B) HA-TRE17-transfected HeLa cells were treated with 1 M
cytoD for 1 h, and TRE17 localization was analyzed as described in
panel A. (C) HA-TRE17 (left panel) and GFP-tubulin (right panel)
were cotransfected into HeLa cells, and their localization analyzed as
in panel A. (D) HA-TRE17-transfected HeLa cells were treated with
nocodazole (10 wg/ml) for 2 h. HA-TRE17 localization was analyzed
as described above. Scale bar, 10 wm.

GFP-Tubulin

and dorsal ruffles, where it strongly colocalized with Rac1V12
(Fig. 3B). Treatment of cells with cytoD for 1 h reversed the
effects of Rac1V12 and caused TRE17 to return to filamentous
structures (Fig. 3C). Thus, RaclV12-induced recruitment of
TREI17 to the plasma membrane is dependent on integrity of
the actin cytoskeleton.

Expression of Cdc42 mutants had distinct effects on TRE17
localization. WT Cdc42 induced recruitment of TRE17 to the
plasma membrane, although a fraction of TRE17 remained
cytosolic (Fig. 3D). Interestingly, in contrast to WT Racl,
Cdc42 did not localize to TRE17-positive filaments (Fig. 3D).
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FIG. 3. Activated Racl and Cdc42 colocalize with TRE17 and
stimulate its recruitment to the plasma membrane. (A to C) HA-
TRE17 was cotransfected with GST-tagged WT Racl (A) or Rac1V12
(B and C) into HeLa cells. (C) Cells were treated with 1 wM cytoD for
1 h. TRE17 and Rac1V12 were detected as described above; F-actin
was visualized with FITC-phalloidin. (D to F) HA-TRE17 was cotrans-
fected with GST-tagged WT Cdc42 (D) or Cdc42V12 (E and F) and
analyzed as described above. (F) Cells were treated with cytoD for 1 h
and analyzed as in panel C. Scale bar, 10 pm.
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FIG. 4. EGF stimulates the recruitment of TRE17 to the plasma
membrane in an F-actin-dependent manner. (A) HeLa cells were
transfected with HA-tagged TRE17, and the following day cells were
serum starved for 24 h. Cells were either left untreated (left panels),
stimulated with 100 ng of EGF/ml for 10’ (middle panels), or pre-
treated with cytoD for 1 h prior to EGF stimulation (right panels).
HA-TRE17 was visualized with anti-HA antibody (top row); F-actin
was visualized with FITC-phalloidin (bottom row). Scale bar, 10 pwm.
(B) TRE17 localization was scored in either serum-starved cells (solid
bars) or EGF-stimulated cells (open bars). The results are the average
of three independent experiments, with the standard deviation indi-
cated by the error bars.

More dramatic effects were seen with Cdc42V12, which in-
duced essentially all of the TRE17 to relocalize to the plasma
membrane. Furthermore, TRE17 colocalized with Cdc42V12
in filopodia (Fig. 3E). In distinct confocal sections, TRE17 did
not colocalize with Cdc42 in the Golgi apparatus (data not
shown). As seen with Rac1V12, Cdc42V12’s ability to recruit
TRE17 to the membrane was reversed by treatment with cy-
toD (Fig. 3F).

Together, these results indicate that activated Racl and
Cdc42 can direct the relocalization of TRE17 to the plasma
membrane in a manner that depends on integrity of the actin
cytoskeleton.

TRE17 localization is regulated by growth factors. Mito-
genic growth factors, such as EGF, rapidly induce changes in
the actin cytoskeleton and are known to activate Cdc42 and
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Racl (7, 17, 45). We therefore sought to determine whether
such factors could also regulate the localization of TRE17.
TRE17-transfected HeLa cells were serum starved for 24 h and
then stimulated with EGF for 10 min. In serum-starved cells,
TRE17 was found predominantly on filamentous structures
(Fig. 4A, left panel). However, stimulation with EGF led to a
dramatic relocalization of TRE17 to the plasma membrane,
accompanied by strong accumulation of F-actin at the cell
cortex (Fig. 4A, middle panels). Quantification of TRE17 lo-
calization in the absence or presence of EGF is presented in
Fig. 4B. Pretreatment of cells with cytoD prior to EGF stim-
ulation completely abolished plasma membrane recruitment of
TRE17 (Fig. 4A, right panel). This result demonstrates that
physiological agonists such as growth factors can also regulate
the localization of TRE17, again in a manner that depends on
cortical actin accumulation.

EGF-induced recruitment of TRE17 to the plasma mem-
brane requires Racl and Cdc42. Since Cdc42 and Racl are
activated by EGF, we examined whether they might mediate
EGF’s effects on TRE17 relocalization. Coexpression of TRE17
with dominant-negative Racl (Rac1N17) or Cdc42 (Cdc42N17)
led to an altered subcellular distribution of TRE17 under
starved conditions. In RacIN17 coexpressing cells, TRE17 was
found predominantly on filamentous structures, but weak plas-
ma membrane localization was also observed (data not shown).
Stimulation of these cells with EGF resulted in no further
increase in plasma membrane staining of TRE17, and a signif-
icant amount of TRE17 remained on filamentous structures
(Fig. 5B). Thus, RacIN17 partially blocked EGF-induced re-
localization of TRE17. The effects of Cdc42N17 were more
complicated, in part because many of the cells did not appear
healthy. Under starved conditions, Cdc42N17 abolished the
localization of TRE17 to filamentous structures and led to a
weak recruitment to the plasma membrane (data not shown).
A significant fraction of TRE17 was also found in intracellular
aggregates (Fig. 5C). However, in the few healthy-looking cells
coexpressing Cdc42N17 and TRE17, EGF failed to further
enhance plasma membrane staining of TRE17 (Fig. 5C).

As an alternative means of blocking Cdc42 and Racl signal-
ing simultaneously, we coexpressed TRE17 with the p21-bind-
ing domain (PBD) of PAKI. This peptide binds to Cdc42 and
Racl specifically in their active GTP-bound state and prevents
their interaction with downstream effectors. Coexpression of
PBD essentially completely blocked the EGF-stimulated re-
cruitment of TRE17 to the plasma membrane (Fig. 5D). In
these cells, TRE17 was found on short filamentous and punc-
tate structures. Together, these results suggest that perturba-
tion of Cdc42- and Racl-mediated signaling blocks EGF-in-
duced recruitment of TRE17 to the plasma membrane.

Structural determinants of TRE17 localization. To deter-
mine the requirements for its subcellular localization, structure-
function analysis of TRE17 was performed. TRE17 contains a
PTM domain near its N terminus, as well as a proline-rich do-
main that contains potential SH3 or WW domain binding sites
(24). Three deletion constructs were generated as depicted in
Fig. 6A. These mutants were transfected into HeLa cells, and
their localization analyzed under serum-starved conditions. As
noted above, full-length TRE17 was found predominantly on
filamentous structures (Fig. 6B). However, a mutant express-
ing the first 447 amino acids [T17(447)] was found at the plas-
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PBD

FIG. 5. Racl and Cdc42 activity are required for EGF-stimulated
recruitment of TRE17 to the plasma membrane. HA-tagged TRE17
was cotransfected with GST (A), GST-RacIN17 (B), GST-Cdc42N17
(C), or GST-PBD (D), which encodes the p21-binding domain of PAKI.
Cells were serum starved for 24 h and then stimulated with EGF (100
ng/ml) for 10 min. TRE17 localization was determined with anti-HA
antibody, whereas localization of GST, RacIN17, Cdc42N17, and PBD
was determined with anti-GST antibody. In panel D, the upper panel
represents the TRE17 localization, and the lower panel represents PBD
localization. The arrow indicates a cell expressing TRE17 alone, where-
as the arrowhead indicates a cell coexpressing PBD. Scale bar, 10 pm.

ma membrane as well as on filamentous structures (Fig. 6B).
Two additional constructs, encoding the PTM domain alone
[T17(PTM)] or a deletion of the PTM domain [T17(APTM)],
were diffuse in the cytoplasm; no staining of filaments or the
plasma membrane was discernible (Fig. 6B).
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FIG. 6. Structural determinants of TRE17 localization. (A) Sche-
matic representation of full-length TRE17 and various mutants. PTM
refers to the PTM/Gyp/Tbc domain, while Pro refers to the proline-
rich region. (B) HeLa cells were transfected with the indicated con-
structs and then serum-starved for 24 h prior to visualization with anti-
HA antibody. Scale bar, 10 wm. (C) TRE17 or the indicated mutants
were transfected into HeLa cells. Cells were hypotonically lysed and
fractionated as described in Materials and Methods. One twenty-fifth
of the soluble fraction and one-fifth of the pellet were loaded into each
lane. S, soluble fraction; P, pellet. Fractions were also probed for the
presence of ERK (bottom panel), a cytoplasmic protein that should
localize to the soluble fraction, to ensure proper fractionation.

The distinct localization of the TRE17 mutants was con-
firmed by using biochemical cell fractionation. Cells were hy-
potonically lysed and then fractionated by centrifugation at low
speed. As seen in Fig. 6C, a significant fraction of full-length
TRE17 and T17(447) were found in the insoluble pellet frac-
tion, whereas T17(PTM) and T17(APTM) were largely in the
soluble fraction. Together, these results indicate that the first
447 amino acids of TRE17 contain the determinants for local-
ization at the plasma membrane and filamentous structures.
Furthermore, they reveal that the PTM domain is necessary
but not sufficient for normal localization of TRE17.

T17(447) stimulates cortical actin accumulation. As shown
above, T17(447) localized to the plasma membrane even in the
absence of growth factor stimulation. This led us to speculate
that it might represent a constitutively active allele. Surpris-
ingly, we found that expression of T17(447) in serum-starved
cells induced strong accumulation of F-actin at the cell cortex,
a finding similar to what was observed in some cells expressing
Cdc42V12 (Fig. 7A). Quantification revealed that ca. 65% of
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T17(447)-expressing cells exhibited strong cortical actin stain-
ing compared to 18% of the untransfected cells. Full-length
TRE17 was also able to induce cortical actin accumulation,
albeit at a lower frequency than T17(447) (Fig. 7B).

In order to gain further insights into the mechanism of
TRE17-induced actin remodeling, we analyzed the phenotype
induced by two additional mutants. As mentioned above,
TRE17 contains a Rab GAP homology domain at its N termi-
nus. All Rab GAPs characterized to date contain a conserved
arginine residue that is essential for catalytic activity; mutation
of this residue to lysine completely abolishes GAP function (2,
3, 20, 42). We found that mutation of the corresponding resi-
due in TRE17 (arginine 149) had no effect on the ability of
T17(447) [mutant T17(447/RK)] to induce cortical actin accu-
mulation (Fig. 7B). Another notable feature of T17(447) is the
presence of two proline-rich motifs with potential for binding
to WW or SH3 domains (24). However, we found that muta-
tion of these motifs also left T17(447)’s actin remodeling ac-
tivity intact [mutant T17(447/PA); Fig. 7B]. Both T17(447/RK)
and T17(447/PA) exhibited localization patterns identical to
T17(447) (data not shown). Together, these results indicate
that TRE17’s ability to localize to the plasma membrane and
induce cortical actin accumulation is independent of its puta-
tive RabGAP activity and of interactions mediated by the pro-
line-rich motifs.

We next tested whether T17(447)’s membrane localization
or ability to induce cortical actin accumulation required Cdc42
and Racl. Surprisingly, localization of T17(447) to the plasma
membrane was not blocked by coexpression with Cdc42N17,
RacIN17, or PBD (Fig. 7C). Similarly, the accumulation of
cortical actin induced by T17(447) persisted in the presence of
these inhibitory molecules (Fig. 7C). These data suggest that
T17(447) functions downstream of Cdc42 and Racl and that it
may serve to mediate some of their effects on reorganization of
the actin cytoskeleton. Our data further suggest a dynamic
relationship between TRE17 and the actin cytoskeleton, such
that cortical actin polymerization is required for stable plasma
membrane recruitment of TRE17; once recruited, TRE17 may
stabilize or further stimulate the accumulation of cortical actin.

DISCUSSION

In the present study, we establish TRE17 as part of a novel
effector pathway for the Rho family GTPases Cdc42 and Racl.
TRE17 associates with Cdc42 and Racl in a manner that
requires activation and membrane localization of the G pro-
teins. Consistent with this interaction, Cdc42 and Racl regu-
late the subcellular localization of TRE17. Constitutively ac-
tive mutants of Cdc42 and Racl induce its recruitment to the
plasma membrane, where the GTPases colocalize with TRE17
in filopodia and lamellapodia, respectively. In addition, WT
Racl colocalizes with TRE17 on filamentous structures. Mem-
brane recruitment of TRE17 is also induced by EGF in a
manner that is dependent on activation of the GTPases and
actin polymerization. Finally, we find that a TRE17 mutant
encoding the N-terminal 447 amino acids is constitutively lo-
calized to the plasma membrane. Surprisingly, this mutant was
able to stimulate the accumulation of F-actin at the cell cortex
under serum-starved conditions, recapitulating some of the
effects of Cdc42V12. Together, these data suggest that TRE17
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FIG. 7. T17(447) stimulates cortical actin accumulation down-
stream of Cdc42 and Racl. (A) HA-T17(447) or GST-Cdc42V12 was
transfected into HeLa cells. After serum starvation for 24 h, cells were
fixed and T17(447), Cdc42V12, and F-actin were visualized. (B) HeLa
cells were transfected with HA-TRE17, HA-T17(447), HA-T17(447/
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may contribute to Cdc42’s and Racl’s effects on reorganization
of the actin cytoskeleton. Our work thus links this previously
uncharacterized oncogene to a well-studied signaling pathway.

Taken together, our data lead to the following model for the
regulation of TRE17 (Fig. 8). In quiescent cells, TRE17 is
localized to intracellular filamentous and punctate structures
in the cytoplasm, folded in an inactive conformation. Upon
growth factor addition, Cdc42 and Racl become activated and
recruit TRE17 to the plasma membrane. Stable membrane
localization of TRE17 also requires polymerized actin. This
recruitment process leads to a conformational change in
TREL17, such that the N-terminal portion of the molecule fur-
ther stimulates the accumulation of cortical actin. Consistent
with this model, deletion of the C terminus results in consti-
tutive activation of TRE17, such that it localizes to the plasma
membrane and stimulates cortical actin accumulation in a mi-
togen- and Cdc42/Racl-independent manner.

Presently, the precise mechanism by which polymerized ac-
tin contributes to plasma membrane recruitment of TRE17
remains unknown. TRE17 does not bind directly to G- or
F-actin (data not shown). It is possible that F-actin (or actin-
binding proteins) may not actively promote recruitment but
instead may be required passively for translocation of TRE17
from the filamentous structures to the plasma membrane. It
also remains unclear how TRE17 induces cortical actin remod-
eling. TRE17 does not bind N-WASP or Arp2 or recruit them
to sites of cortical actin accumulation (data not shown). Fi-
nally, TRE17 has no effect on PAK activity (data not shown).
Thus, TRE17 appears to be a component of a novel pathway
leading to actin remodeling. Consistent with this notion, the
binding profile of TRE17 with the effector domain mutants of
Cdc42 and Racl is distinct from that of previously character-
ized effectors (19, 22, 56). Of note, the effector domain mu-
tants that do associate with TRE17 retain the ability to induce
actin remodeling (19, 56).

Given that the role of Cdc42 and Racl in cellular transfor-
mation and actin remodeling is well established, their identi-
fication as upstream regulators of TRE17 was highly illuminat-
ing. These GTPases regulate cytoskeletal dynamics through
multiple effector pathways. As discussed above, Cdc42’s targets
include WASP, the PAK kinases, and MRCK. Effectors of
Racl include IRSpS3/WAVE, the PAK kinases, POR1, and
phosphatidylinositol-4-phosphate 5-kinase. Our results suggest
that TRE17 may be an effector for both Cdc42 and Racl in
actin remodeling. In HeLa cells, RacV12 induced peripheral
and dorsal ruffles, whereas Cdc42V12 induced filopodia in ca.
75% of transfected cells and cortical actin accumulation (in the
absence of pronounced filopodia) in the remaining 25%. It is
interesting that the pattern of F-actin accumulation induced by

RK), or HA-T17(447/PA) and then quiesced for 24 h. The percentage
of cells exhibiting an accumulation of cortical actin relative to the total
number of cells expressing the indicated construct is given. The results
are the average of seven independent experiments for untransfected
cells, HA-TRE17, and HA-T17(447) or of four independent experi-
ments for HA-T17(447/RK) and HA-T17(447/PA), with standard de-
viations indicated by the error bars. (C) HA-T17(447) was cotrans-
fected with GST-Cdc42N17, -RacIN17, or -PBD into HeLa cells. After
24 h of serum-starvation, HA-T17(447), F-actin, and the indicated
GST-tagged construct were visualized. Scale bar, 10 pwm.
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FIG. 8. Model of TRE17 regulation and function. In quiescent cells, TRE17 is localized to filamentous structures in the cytoplasm in an inactive
conformation. EGF stimulates the activation of Cdc42 and Racl, leading to cortical actin accumulation, as well as recruitment of TRE17 to the
plasma membrane. This process leads to a conformational change in TRE17, such that it now stimulates further cortical actin accumulation via

its N-terminal 447 amino acids. See the text for further details.

T17(447) mimicked only the latter Cdc42 phenotype. How can
this be reconciled with a role for TRE17 in signaling down-
stream of both Cdc42 and Rac1? One likely contributing factor
is that T17(447) is deregulated, as demonstrated by its mito-
gen- and Cdc42-/Racl-independent localization at the plasma
membrane. This persistent localization may drive the accumu-
lation of F-actin at the cell cortex in a manner distinct from the
full-length protein, which is regulated more dynamically by the
GTPases. Another probable factor is that both Racl and
Cdc42 utilize multiple effectors to regulate the cytoskeleton, as
discussed above. The cytoskeletal alterations induced by these
GTPases represent a composite of the coordinated activities of
all of these effectors. Therefore, it is not surprising that a single
effector is not sufficient to recapitulate the full range of their
effects. This hypothesis is supported by the literature, where
overexpression of a single effector, such as WASP (49), PAK,
MRCKa (21), ROCK, or mDial (55), is unable to phenocopy
the precise actin rearrangements induced by activated Rho
GTPases. Indeed, overexpression of activated PAK, which is
believed to be an effector for both Cdc42 and Racl, only
induces lamellipodia and not filopodia in multiple cell types
(10-12, 47, 48). Furthermore, in HeLa cells it was found that
activated PAK alleles do not induce either lamellipodia or
filopodia but rather inhibit stress fiber and focal adhesion for-
mation (26).

Another possibility is that TRE17 may not function as an
effector for both GTPases in actin remodeling but may instead
link them to other cellular processes, such as vesicular traffick-
ing. In this context, it is important to highlight the colocaliza-
tion of TRE17 and Racl on filamentous structures (Fig. 3A).
In HeLa cells, endogenous Racl has been shown to localize to
similar structures which, like the TRE17-positive filaments, are
enhanced in the presence of cytoD (41). These structures in

fact represent a tubular endosomal compartment of a plasma
membrane recycling system that is regulated by the Arf6
GTPase (6, 40, 41). Nocodazole has been shown to disrupt this
compartment, leading to its collapse into a perinuclear aggre-
grate (40), a finding that is again similar to what was observed
with TRE17. The potential localization of TRE17 to a traffick-
ing compartment is particularly exciting since it contains a
PTM/Tbc/Gyp domain. As mentioned above, the PTM/Tbc/
Gyp domains of other proteins have been shown to function as
GAPs for Rab family GTPases (2, 9, 20, 42), which regulate
both the endocytic and secretory pathways (36).

In summary, we provide here the first insights into the cel-
lular functions and molecular interactions of this previously
uncharacterized oncogene. Future efforts will be aimed at elu-
cidating the mechanism by which TRE17 induces actin remod-
eling and assessing its role in vesicular trafficking. Further-
more, its role in Cdc42- and Rac-mediated transformation will
be investigated. Through these combined studies, we hope to
ultimately gain insights into how TRE17 causes cellular trans-
formation.
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