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(Bacl(ground: Glioblastoma is characterized by heightened cell invasion and therapeutic resistance.

Results: The Src homology 3 domain-containing GEF (SGEF) promotes fibroblast growth factor-inducible 14 (Fn14) proinva-
sive signaling in glioblastoma via TNF receptor-associated factor 2 (TRAF2).

Conclusion: SGEF is an important regulator of glioblastoma cell invasion downstream of Fn14.

Significance: Therapy directed at mediators of invasion may confer increased chemotherapeutic and radiologic susceptibility in
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Glioblastoma (GB) is the highest grade of primary adult brain
tumors, characterized by a poorly defined and highly invasive
cell population. Importantly, these invading cells are attributed
with having a decreased sensitivity to radiation and chemother-
apy. TNF-like weak inducer of apoptosis (TWEAK)-Fnl4
ligand-receptor signaling is one mechanism in GB that pro-
motes cell invasiveness and survival and is dependent upon the
activity of multiple Rho GTPases, including Racl. Here we
report that Src homology 3 domain-containing guanine nucleo-
tide exchange factor (SGEF), a RhoG-specific guanine nucleo-
tide exchange factor, is overexpressed in GB tumors and pro-
motes TWEAK-Fnl4-mediated glioma invasion. Importantly,
levels of SGEF expression in GB tumors inversely correlate with
patient survival. SGEF mRNA expression is increased in GB cells
at the invasive rim relative to those in the tumor core, and
knockdown of SGEF expression by shRNA decreases glioma cell
migration in vitro and invasion ex vivo. Furthermore, we showed
that, upon TWEAK stimulation, SGEF is recruited to the Fn14
cytoplasmic tail via TRAF2. Mutation of the Fnl4-TRAF
domain site or depletion of TNF receptor-associated factor 2
(TRAF2) expression by siRNA oligonucleotides blocked SGEF
recruitment to Fn14 and inhibited SGEF activity and subse-
quent GB cell migration. We also showed that knockdown of
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either SGEF or RhoG diminished TWEAK activation of Racl
and subsequent lamellipodia formation. Together, these results
indicate that SGEF-RhoG is an important downstream regulator
of TWEAK-Fn14-driven GB cell migration and invasion.

One of the key hallmarks of glioblastoma is the heightened
proclivity to invade normal brain tissue. Despite attempts at
treatment with surgical resection, radiation, and chemotherapy
with the alkylating agent temozolomide, patient survival rates
are less than 10% at 5 years (1). Resistance to these current
treatments is inevitable, with subsequent tumor recurrence and
death. Recurrent tumors develop most commonly within 2 cm
from the primary excised tumor, although single or grouped
tumor cells have been observed frequently outside of this dis-
tance as well as in the contralateral hemisphere (2), and the
possibility exists that cell invasion is an early acquired pheno-
type in GB? tumor formation (3). Importantly, therapy directed
at mediators of invasion has been shown to increase chemo-
therapeutic sensitivity (4, 5), and, thus, efforts are being made to
identify and characterize the potential drivers of cell migration.

The Rho GTPase family is comprised of critical mediators of
cell migration and invasion via cytoskeletal reorganization,
most notably including Racl, Cdc42, and RhoA (6-8). Rho
family GTPases enable downstream signaling when in their

2The abbreviations used are: GB. Glioblastoma; GEF, guanine nucleotide
exchange factor; TWEAK, TNF-like weak inducer of apoptosis; SGEF, Src
homology 3 domain-containing guanine nucleotide exchange factor;
TRAF, TNF receptor-associated factor; aa, amino acids; ELMO, engulfment
and cell motility.
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activated GTP-bound state catalyzed by guanine nucleotide
exchange factor (GEF)-mediated GTP loading. Conversely,
stimulation of Rho GTPase intrinsic GTP-to-GDP hydrolysis
by GTPase-activating proteins facilitates Rho GTPase inactiva-
tion (6). To allow activation of Rho GTPases, posttranslational
prenylation modifications are attached to the carboxyl-termi-
nal cysteine residue, the impact of which is to allow interactions
with phospholipid membranes and signaling complexes (9, 10).
A third category of Rho GTPase family regulators are the gua-
nine nucleotide dissociation inhibitors, which sequester Rho
GTPases in their inactive conformation in the cytosol, seques-
tering their hydrophobic tail (11).

Racl can be activated by multiple growth factors and cyto-
kines. One mechanism of Racl activation in GB is via the tumor
necrosis factor receptor superfamily 12A (TNFRSF12A) mem-
ber known as Fn14, which has been highly characterized in GB
for its role in promoting cell migration, invasion, and survival
(12-14). Ligand-mediated activation of the receptor by
TWEAK, the TNF-like weak inducer of apoptosis, specifically
promotes Cdc42-dependent activation of Racl with subse-
quent robust lamellipodia formation (15). Interestingly,
although Racl mRNA levels are ubiquitous in expression
among many tissue types (16, 17), Racl protein localizes in situ
to the plasma membrane in a subset of GB tumors, suggesting
that heightened or constitutive Racl activity in this cancer pro-
motes a malignant phenotype (18).

In several cancers, including glioblastoma, Racl activation
has been shown to be mediated by small Rho GTPase RhoG
(19-22). Notably, a role for RhoG in promoting GB migration
and invasion has been described recently (22). RhoG protein
levels are elevated in GB (22), and RhoG has been reported to
stimulate lamellipodia formation and confer downstream acti-
vation of Racl with a subsequent increase in cell migration (19,
20, 22, 23). Mechanisms of RhoG activation and signaling in
GB, however, have yet to be characterized.

Here we show that the Src homology 3 domain-containing
GEF (SGEF/ARHGEF26), an exchange factor for RhoG, is over-
expressed in high-grade brain tumors and correlates with poor
patient survival. We report that SGEF activity is activated upon
TWEAK stimulation and that SGEF promotes TWEAK-in-
duced RhoG-dependent Racl activation as well as TWEAK-
stimulated lamellipodia formation and migration and invasion
of GB cells. The Fnl4 cytoplasmic tail contains a single TNF
receptor-associated factor (TRAF) consensus motif that has
been shown to bind TRAFs 1, 2, 3, and 5, the recruitment of
which is critical to Fn14 downstream signaling (24). Analysis of
the SGEF protein sequence indicates five potential TRAF2
binding sites. We demonstrate that SGEF coimmunoprecipi-
tates with Fn14 and that this interaction and the promotion of
downstream signaling are dependent upon the presence of an
intact TRAF binding domain on Fnl4 and the recruitment of
TRAF2.

EXPERIMENTAL PROCEDURES

Cell Culture Conditions—The human astrocytoma cell lines
U87, U118, and T98G, as well as HEK293 cells (ATCC) were
maintained in DMEM (Invitrogen) supplemented with 10%
heat-inactivated FBS (Invitrogen) at 37 °C with 5% CO.,. For all
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assays with TWEAK treatment, cells were cultured in reduced
serum (0.5% fetal bovine serum) for 16 h before stimulation
with recombinant TWEAK at 100 ng/ml in DMEM + 0.1%
bovine serum albumin for the indicated time.

Antibodies, Plasmids, Reagents, and Western Blot Analysis—
A polyclonal SGEF antibody was purchased from Sigma (St.
Louis, MO). A monoclonal RhoG antibody and a monoclonal
tubulin antibody were purchased from Millipore (Billerica,
MA). Monoclonal anti-myc and a polyclonal antibody to
TRAF2 were purchased from Cell Signaling Technologies (Bev-
erly, MA). Anti-HA polyclonal antibody was purchased from
Santa Cruz Biotechnology (Dallas, TX). Human recombinant
TWEAK was purchased from PeproTech (Rock Hill, NJ).
Human placental laminin was obtained from Sigma. Lipo-
fectamine RNAiMax was purchased from Invitrogen. The
plasmid pCMV-GST-ELMO-NT was obtained from Dr.
Hironori Katoh (Kyoto University), pGEX4T-1-RhoG(15A)
was obtained from Dr. Keith Burridge (University of North Car-
olina Chapel Hill), and pCMV-SGEF-myc was obtained from
Dr. Thomas Samson (University of North Carolina Chapel
Hill). The HA epitope-tagged wild-type Fnl4 (Fnldwt) was
constructed by amplifying the Fnl4 coding sequence by poly-
merase chain reaction and ligating the product in-frame
upstream of a 3X HA epitope in pcDNA3. The Fnl4 variant
designated Fn14TRAFaa containing a mutation of the TRAF
binding domain (PIEE — PIAA) was generated using the
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla,
CA) and the Fn14wt-HA plasmid as a template.

For immunoblotting, cells were lysed in 2X SDS sample
buffer (0.25 m Tris-HCI (pH 6.8), 10% SDS, 25% glycerol) con-
taining 10 pg/ml aprotinin, 10 ug/ml leupeptin, 20 mm NaF, 2
mM sodium orthovanadate, and 1 mm phenylmethylsulfonyl
fluoride. Protein concentrations were determined using the
BCA assay (Pierce) with BSA as a standard. Thirty micrograms
of total cellular protein were loaded per lane and separated by
SDS-PAGE. After transfer at 4 °C, the nitrocellulose (Invitro-
gen) was blocked with either 5% nonfat milk or 5% BSA in
Tris-buffered saline (pH 8.0) containing 0.1% T'ween 20 prior to
addition of primary antibodies and followed with peroxidase-
conjugated anti-mouse IgG or anti-rabbit IgG. Protein bands
were detected using SuperSignal West Dura chemiluminescent
substrate (Thermo Scientific) with a UVP BioSpectrum 500
imaging system (Upland, CA).

Expression Profile Dataset of SGEF in Nonneoplastic Brain
and Human Gliomas—SGEF gene expression was mined in the
publicly available NCBI Gene Expression Omnibus dataset
GSE4290 containing 195 clinically annotated brain tumor spec-
imens. Expression values were filtered, and principal compo-
nent analysis to investigate the relationship between samples
was performed as described previously (14). Box plots for SGEF
expression in each survival cluster derived from principal com-
ponent analysis were graphed, and the significance between the
two populations was tested with a two-sample Student’s ¢ test
assuming unequal variances as described previously (14).

Immunohistochemical Analysis of SGEF Protein—A glioma
invasion tissue microarray and immunohistochemistry proto-
col used to examine SGEF expression in glioblastoma tumor
samples has been described previously (25). A scoring system of
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0, negative; 1-2, moderate; and 3, strong was used to grade the
staining.

Laser Capture Microdissection, RNA Isolation, and Quanti-
tative RT-PCR—Laser capture microdissection of tumor core
and invasive cells was done, and total RNA was isolated as
described previously (26). cDNA was synthesized from 500 ng
of total RNA in a 20-ul reaction volume using the SuperScript
III First-Strand Synthesis SuperMix kit (Invitrogen) for 50 min
at 50 °C, followed by 85 °C for 5 min. Quantitative PCR analysis
of SGEF (sense, 5'-TGC TGA AAG GAC AAG GAA CA-3"and
antisense, 5'-GTA GTT TTG ATA CAG GAC AGC ATT-3')
and histone H3.3 (sense, 5'-CCA CTG AAC TTC TGA TTC
GC-3' and antisense, 5'-GCG TGC TAG CTG GAT GTC
TT-3") mRNA levels was conducted using SYBR Green (Roche)
fluorescence for detection of amplification after each cycle with
LightCycler analysis software and quantified as described pre-
viously (12).

Lentiviral Production—Lentiviral vectors containing SGEF
shRNA were obtained from Open Biosystems (Fisher Scientific,
Pittsburgh, PA). The SGEF shRNA constructs were packaged
into vesicular stomatitis virus G pseudotyped lentiviral parti-
cles following transfection of 293T cells using the pPACKH1
packaging plasmid mix (Open Biosystems) according to the
instructions of the manufacturer. For lentiviral transduction of
target cells, lentiviral-containing supernatants were collected
from packaging cells 48 and 72 h after transfection, concen-
trated by PEG precipitation, and added to subconfluent cul-
tures of cells with 8 ng/ml polybrene for 4—6 h. Forty-eight
hours after infection, infected cells were enriched by selection
with 2 pug/ml puromycin for 2 weeks. Confirmation of knock-
down was performed by Western blot analysis.

Radial Cell Migration Assay—Cell migration was quantified
as described previously (27). Glioma cells stably expressing
shRNA targeting SGEF, a control empty vector, or cells that
were transfected with siRNA targeting luciferase or TRAF2 24 h
post-transfection were plated onto 10-well glass slides pre-
coated with 10 pg/ml laminin. Cells were cultured in reduced
serum (0.5% FBS) for an additional 16 h prior to TWEAK addi-
tion, and the migration rate was assessed over 24 h.

Organotypic Brain Slice Invasion Assay—Preparation and
culture of brain slices was carried out as described previously
(28), with minor modification. Glioma cells (U87 and U118)
stably expressing GFP were placed bilaterally onto the putamen
of 400-pum-thick slices of freshly isolated 4- to 6-week-old
murine brains. Glioma cell invasion into the brain slices was
quantified using the LSM 5 confocal microscope, and depth of
invasion (z axis stacks) was calculated as described previously
(28).

RhoG and Rac Activity Assay and Nucleotide-free GEF
Pull-downs—Activity assays for Racl were done according to
the protocol of the manufacturer (Pierce). Lysates were har-
vested, and equal concentrations of lysates were assessed for
Rac activity. RhoG activity was measured as described previ-
ously using a GST-ELMO-NT fusion protein (22). Affinity pull-
downs of active SGEF bound to RhoG were performed using a
nucleotide-free RhoG mutant (G15A) expressed and purified as
described (29). Recombinant RhoG G15A-GST protein and
GST-ELMO-NT (a GST fusion protein containing the N-ter-
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minal RhoG-binding domain of ELMO2, amino acids 1-362)
were produced in Escherichia coli (BL21) cells. Cells were lysed
in B-PER lysis buffer (Pierce) containing protease inhibitors
and purified with glutathione-Sepharose beads (GE Health-
care). U87 and U118 cells were grown in 10-cm dishes in
reduced serum for 16 h before treatment with TWEAK for the
indicated times. Subsequently, equal amounts of total GST
fusion protein were incubated with total cellular protein lysate
(1 mg), and precipitated lysates were resolved with SDS-PAGE.

Immunofluorescence—For immunofluorescence, glioma cells
were transfected with plasmids encoding Fnl4wt-HA and
SGEF-myc using effectene according to the protocol of the
manufacturer (Qiagen). After 24 h, cells were plated onto
10-well glass slides precoated with 10 pwg/ml laminin. Twenty-
four hours later, cells were fixed in 4% formaldehyde/PBS, per-
meabilized with 0.1% Triton X-100 dissolved in PBS, and incu-
bated with anti-HA and/or anti-myc antibodies, and Alexa
Fluor phalloidin (Molecular Probes) to stain for F-actin. Slides
were mounted with ProLong Gold antifade reagent with DAPI
(Molecular Probes). Images were collected using a Zeiss LSM
510 microscope equipped with a X63 objective, ZEN 2009
image analysis software, and Adobe Photoshop CS3.

Quantification of Lamellipodia Formation—T98G glioma
cells were stably transduced with an empty lentivirus vector
expressing GFP alone or with a recombinant lentivirus express-
ing a shRNA targeting SGEF. For transient knockdown exper-
iments, T98G glioma cells were transfected with siRNA target-
ing luciferase or RhoG. 24 h after siRNA transfection, all cells
were plated onto 10-well glass slides precoated with 10 ug/ml
laminin. Twenty-four hours later, cells were cultured in
reduced serum (0.5% FBS) for an additional 16 h prior to
TWEAK stimulation for 5 min. Subsequently, cells were fixed
in 4% formaldehyde/PBS, permeabilized with 0.1% Triton
X-100 dissolved in PBS, and incubated with Alexa Fluor phal-
loidin (Molecular Probes) to stain for F-actin. Slides were
mounted with ProLong Gold antifade reagent with DAPI
(Molecular Probes). Images were collected using a Zeiss LSM
510 microscope equipped with a X63 objective, ZEN 2009
image analysis software, and Adobe Photoshop CS3. For each
experimental condition, at least 12 images were taken ran-
domly. Lamellipodia were traced using Image ] software. For
each cell, the fraction of the cell perimeter that displayed lamel-
lipodia was calculated.

Immunoprecipitation—For immunoprecipitation, cells were
transfected as indicated with 1 ug of Fn14 WT-HA, Fn14 TRA-
Faa-HA, or SGEF-myc plasmid DNA. After 48 h, cells were
lysed on ice for 10 min in a buffer containing 10 mm Tris-HCl
(pH 7.4), 0.5% Nonidet P-40, 150 mm NaCl, 1 mMm phenylmeth-
ylsulfonyl fluoride, 1 mm EDTA, 2 mum sodium orthovanadate,
20 mm sodium fluoride, 10 wg/ml aprotinin, and 10 wg/ml leu-
peptin. Equivalent amounts of protein (500 ug) were precleared
and immunoprecipitated from the lysates using either TRAF2,
Myc, or HA antibodies, as indicated, or a control isotype-
matched antibody and then washed with lysis buffer followed
by TX-100 buffer (10 mm HEPES (pH 7.4), 150 mm NaCl, 2 mm
EDTA, 2 mm EGTA, 20 mMm sodium fluoride, and 0.5% Triton
X-100). Samples were then resuspended in 2X SDS sample
buffer and boiled in the presence of 2-mercaptoethanol
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(Sigma), separated by SDS-PAGE, transferred to nitrocellulose
for 1 h at 4 °C, and then proteins were detected using Super-
Signal West Dura chemiluminescent substrate (Thermo
Scientific).

Small Interfering RNA Transfection—Small interfering RNA
(siRNA) oligonucleotides specific for GL2 luciferase were
described previously (18). siRNA target sequences for TRAF2
were as follows: TRAF2-1,5'-CTG GAC CAA GAC AAG ATT
GAA and TRAF2-2, 5'-CTG CTG CGG AGC AGA CGT
GAA). Transient transfection of siRNA was performed using
Lipofectamine RNAiMax. Cells were plated at 70% confluence
in DMEM + 10% FBS without antibiotics and were transfected
within 8 h of plating. The siRNA and Lipofectamine were
diluted in Opti-MEM (Invitrogen). After 5 min, the mixtures
were combined and incubated for 20 min at room temperature
to enable complex formation. siRNA oligonucleotides were
transfected at 50 nM, and no cell toxicity was observed. Maxi-
mum inhibition of protein levels was achieved 48-72 h
post-transfection.

Statistical Analysis—Statistical analyses were done using
the two-sample Student’s ¢ test. p < 0.05 was considered
significant.

RESULTS

SGEF Is Overexpressed in High-grade Gliomas, and Expres-
sion Correlates with Poor Patient Survival—To examine the
expression pattern of SGEF in high-grade astrocytoma, we used
a panel of publicly available grade three anaplastic astrocytoma
and grade four glioblastoma patient tissue samples versus non-
neoplastic brain (NCBI Gene Expression Omnibus data set
GSE4290). We found that SGEF mRNA is significantly elevated
in high-grade brain tumors relative to non-neoplastic control
tissue (Fig. 14, p < 0.001). Next, we assessed the levels of SGEF
mRNA on this GB database, where a principle component anal-
ysis has been used to discern possible relationships between
subgroups of samples and in which Kaplan-Meier survival
curves were developed for each principal component cluster
(14). One cluster had a median survival time of 401 days (short-
term survival), and the other cluster had a median survival time
of 952 days (long-term survival). An analysis of SGEF mRNA
expression showed that GB patients in the short-term survival
cluster had a significantly higher expression of SGEF than GB
patients in the long-term survival cluster (Fig. 1B, p < 0.001).
These data suggest that increased SGEF expression correlates
with poor patient outcome.

To determine the levels of SGEF protein expression in GB
tissue, we analyzed 43 tumors via immunohistochemistry for
SGEF. Overall, the majority of GB tumor tissue displayed ele-
vated staining intensity (76.7%, moderate and 4.7%, strong, Fig.
1C, b), whereas minimum to no SGEF staining was detected in
non-neoplastic cells, including endothelial, neuronal, and glial
cells (Fig. 1C, a). To assess protein levels of SGEF in the tumor
rim versus the tumor core, four patient GB tissues were demar-
cated by a board-certified pathologist as tumor core versus rim,
and respective cells from each population were obtained via
laser capture microdissection. In three of the four cases, the
levels of SGEF mRNA were elevated 2- to 10-fold in cells from
the tumor rim versus cells from the tumor core (Fig. 1D). Col-
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lectively, these data show that elevated SGEF message and pro-
tein expression is found in high-grade gliomas and is enriched
in the invasive cell population, and that elevated SGEF expres-
sion correlates with poor clinical outcome.

SGEF Is Important for TWEAK-Fnl14-induced Cell Migration
and Invasion—We have shown previously that the TWEAK-
Fn14 ligand-receptor signaling axis promotes the activation of
Racl in GB cells, leading to increased cell migration and inva-
sion (14, 15). To determine the role that SGEF may play in GB
cell migration, we stably transduced U87 and U118 glioma cells
with lentiviruses expressing either control empty vector or
SGEF-targeting shRNA. Two independent shRNA constructs
targeting SGEF were used, and the level of SGEF knockdown in
both cell lines was greater than 90% (Fig. 2A4). Knockdown of
SGEF expression in both U87 and U118 cells abrogated
TWEAK-induced cell migration (Fig. 2B, p < 0.01) but did not
change the basal cell migration (data not shown). We next
investigated whether knockdown of SGEF affects glioma inva-
sion in an ex vivo mouse brain model. In both U87 and U118
cells, knockdown of SGEF diminished the depth of invasion
into the brain slices (Fig. 2C, p < 0.01). These data suggest that
SGEF functions within the TWEAK-Fn14 signaling pathway to
enhance glioma cell migration in vitro and promote invasion ex
vivo.

SGEF Activates RhoG Downstream of the TWEAK-Fn14 Sig-
naling Axis—Our data show that SGEF is overexpressed in glio-
blastoma and is important in TWEAK-induced glioma cell
migration. We therefore assessed whether SGEF is activated by
TWEAK. U87 glioma cells were treated with TWEAK, and
lysates were analyzed for levels of active SGEF bound to RhoG
G15A, a nucleotide-free mutant of RhoG with a high affinity for
active GEFs (29). Upon TWEAK stimulation, a rapid increase in
the level of active SGEF was detected within 2 min and subse-
quently diminished after 2 min (Fig. 3, A and B). SGEF is known
to catalyze guanine nucleotide exchange on RhoG (30), and
RhoG has been shown to be overexpressed and activated by
both EGF and HGF in glioblastoma cells (22). We therefore
assessed whether SGEF plays a role in activating RhoG down-
stream of the Fn14 receptor. Because we were unable to consis-
tently detect significant activity of RhoG in U87 cells, poten-
tially because of lower levels of RhoG expression (data not
shown), we utilized U118 cells to examine the kinetics of RhoG
activation upon TWEAK stimulation. Similar to SGEF activa-
tion levels, RhoG activity was sharply increased within 2 min of
TWEAK activation in U118 cells, an effect that diminished after
10 min (Fig. 3C). To confirm whether the increase in active
RhoG upon TWEAK stimulation was dependent upon SGEF
activity, we assessed RhoG activation in U118 glioma cells with
stable knockdown of SGEF protein. Knockdown of SGEF abro-
gated TWEAK-stimulated RhoG activity (Fig. 3D). Together,
these data demonstrate that SGEF activates RhoG downstream
of TWEAK and Fn14.

TWEAK-Fnl4-stimulated Activation of Racl Is Dependent
upon SGEF and RhoG Function—SGEF has been shown to
exchange for RhoG (30). Because RhoG is known to directly
bind ELMO as a downstream effector in its activated state and
the ELMO-Dock180 GEF complex has been shown to confer
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FIGURE 1. Expression profiling of SGEF in non-neoplastic brain and brain tumor samples. A, box and whisker plots of SGEF mRNA expression levels from the
NCBI Gene Expression Omnibus GSE4290 (NB, non-neoplastic brain; AA, anaplastic astrocytoma). The significance between groups was tested with a two-
sample Student’s t test assuming unequal variances. B, principal component analysis of brain tumors from the NCBI Gene Expression Omnibus GSE4290
correlating SGEF expression level in long-term (LT) (median = 952 days) and short-term (ST) (median = 401 days) survival groups. The significance between
groups was tested with a two-sample Student’s t test assuming unequal variances. C, paraffin sections of an invasive glioma tissue microarray were immuno-
stained with a polyclonal antibody against SGEF. g, representative SGEF immunohistochemistry micrograph of reactive tissue adjacent to the tumor. V, vessel;
arrows, normal glial cells; arrowheads, reactive astrocytes in the tumor rim. b, representative SGEF immunohistochemistry micrograph of the tumor core.
D, quantitative RT-PCR analysis of SGEF mRNA expression from patient tumor samples laser capture-microdissected for either the core (C) or rim (R) tumor

population.

guanine nucleotide exchange directly for Racl downstream of
RhoG activation (20, 21, 23), we sought to determine whether
TWEAK-induced activation of SGEF and RhoG modulated
downstream Rac1 activation. TWEAK induction of Rac1 activ-
ity was diminished in U118 and U87 cells with stable knock-
down of SGEF expression compared with control cells (Fig. 4A4).
Furthermore, transfection of U87 glioma cells with siRNA tar-
geting RhoG (Fig. 4B) abrogated TWEAK-induced Racl activ-
ity in a similar fashion to SGEF depletion (C). Thus, increased
Racl activity induced by TWEAK-Fn14 signaling is dependent
upon SGEF and RhoG activity.
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Depletion of SGEF and RhoG Suppresses TWEAK-induced
Lamellipodia Formation—Activated RhoG and Racl are
known to promote actin cytoskeletal rearrangement, resulting
in lamellipodia formation (31). To determine the role of SGEF
and RhoG in the regulation of lamellipodia, we treated T98G
glioma cells, which display robust lamellipodia formation, with
TWEAK and stained cells for filamentous actin using phalloi-
din. The addition of TWEAK to T98G cells transduced with a
control shRNA or transfected with a control siRNA robustly
induced lamellipodia formation (Fig. 54, b and e, arrows; p <
0.01) relative to untreated cells (a and d). In contrast, stable
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FIGURE 2. Knockdown of SGEF expression suppresses glioma cell migra-
tion and invasion. A, U87 or U118 cells were stably transduced with two
independent lentivirus-encoding shRNAs targeting SGEF (SGEF-12 and SGEF-
13) or an empty vector (Ctrl), and cell lysates were immunoblotted (WB) for
SGEF. B, U87 and U118 glioma cells stably transduced with shRNAs targeting
either SGEF or an empty vector were seeded onto 10-well glass slides pre-
coated with 10 ug/ml human laminin. Cells were either left untreated or
TWEAK-stimulated, and cell migration was assessed over 24 h. Data represent
the average of 10 replicates. * and **, p < 0.01. C, U87 and U118 glioma cells
stably transduced with shRNA targeting either SGEF or empty vector were
implanted into the bilateral putamen of murine organotypic brain slices and
observed at 48 h. The depth of invasion was calculated from z-axis images
collected by confocal laser scanning microscopy. Data represent the average
of nine replicates. *, p < 0.01.

knockdown of SGEF or knockdown of RhoG by transient trans-
fection with siRNA (Fig. 5D) abrogated lamellipodia formation
following TWEAK stimulation (A, ¢ and f, B, and C; p < 0.01).
Therefore, both SGEF and RhoG play an important role in the
promotion of TWEAK-Fnl4-induced actin cytoskeleton rear-
rangement, lamellipodia formation, and invasive behavior.
SGEF Binding to the Fnl4 Cytoplasmic Tail Requires an
Intact TRAF Domain—To determine whether SGEF binds to
the Fnl4 cytoplasmic tail, we transfected HEK293 cells with
both Fn14 wild-type-expressing (Fn14WT-HA) and SGEF-ex-
pressing (SGEF-myc) plasmids and performed coimmunopre-
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FIGURE 3. TWEAK-Fn14 signaling activates SGEF and the SGEF depend-
ent activation of RhoG. A, U87 glioma cells were cultured in reduced serum
(0.5% FBS) overnight and then treated with TWEAK for the indicated times.
SGEF activation in control and treated cell lysates was assessed using RhoG
G15A-GST constructs. B, the mean = S.E. of three independent replicates of
SGEF activation were quantified as levels of active SGEF-bound RhoG G15A-
GST relative to total SGEF. *, p < 0.05. WB, Western blot. C, U118 glioma cells
were cultured in reduced serum (0.5% FBS) overnight and then treated with
TWEAK for the indicated times. RhoG activation in control and treated cell
lysates was assessed using GST-ELMO-NT constructs. D, U118 glioma cells
stably transduced with an empty lentivirus vector (Ctrl) or shRNA targeting
SGEF (SGEF-12) were cultured overnight in reduced serum (0.5% FBS) and
either left untreated or TWEAK-treated for 2 min. Levels of active RhoG in
control and treated cell lysates were assessed using GST-ELMO-NT. C and
D, data are representative of two independent experiments.

cipitation. Cellular lysates immunoprecipitated with anti-myc
antibody confirmed the presence of Fnl4 as assessed by HA
immunoblot analysis (data not shown), indicating that SGEF
binds in complex with Fn14.

Fnl4 downstream signaling, including the activation of
NF-kB, has been shown to depend on an intact TRAF binding
site (13, 24). Using a functional site prediction analysis algo-
rithm, we observed that SGEF contains five TRAF2 binding
consensus motifs of the pattern (P/S/A/T/)X(Q/E)E. The five
TRAF2 consensus sites in SGEF include TPEE (aa 157-160),
PSQE (aa 221-224), AGEE (aa 292-295), SDEE (aa 392-395),
and SQEE (aa 434 —437), all of which are located N-terminally
to the GEF canonical Dbl homology-pleckstrin homology
domains (Fig. 6A). To determine whether the TRAF binding
site on Fn14 is required for SGEF recruitment to its cytoplasmic
tail, we mutated the TRAF binding domain of Fnl4
(Fn14TRAFaa-HA) and assessed SGEF binding by coimmuno-
precipitation. As expected, the Fn14 wild type was present in
the anti-TRAF2 immunoprecipitate. However, mutation of the
TRAF2 binding site in the Fn14TRAFaa construct prevented
its coimmunoprecipitation with TRAF2 (Fig. 6C). Further-
more, immunoprecipitation of TRAF2 in cells cotransfected
with both the Fnl4 wild type and SGEF indicated that both
Fnl14 and SGEF coimmunoprecipitate with TRAF2 (Fig. 6D).
Interestingly, SGEF did not coimmunoprecipitate with the
Fn14TRAFaa mutant, suggesting that the TRAF binding
domain of Fnl14 is required for SGEF binding (Fig. 6E). The
reverse immunoprecipitation for HA also demonstrated that
SGEF robustly coimmunoprecipitated with Fn14WT but did
not readily coimmunoprecipitate with the Fnl4TRAFaa
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FIGURE 4. TWEAK-Fn14 activation of Rac1 is dependent upon SGEF and
RhoG. A, U87 and U118 glioma cells stably expressing either control empty
vector (Ctrl) or shRNA targeting SGEF (SGEF-12) were cultured overnight in
reduced serum medium (0.5% FBS). Cells were left untreated or treated with
TWEAK for 5 min. Cells were lysed and assessed for levels of active Rac1. WB,
Western blot. B, U87 glioma cells were transfected with one of two independ-
ent siRNA oligonucleotides targeting RhoG (RhoG-1 and RhoG-2), with siRNA
targeting non-mammalian luciferase (Ctr), or left untreated (NT). After 72 h,
cell lysates were immunoblotted with the indicated antibodies. C, U87 glioma
cells were transfected with siRNA targeting non-mammalian luciferase (Ctrl)
or with a siRNA oligonucleotide targeting RhoG (RhoG-2). 48 h after transfec-
tion, cells were cultured an additional 16 h overnight in reduced-serum
medium (0.5% FBS) prior to addition of TWEAK treatment for 5 min in the
indicated samples. Cells were lysed and assessed for levels of Rac1 activity.
Data are representative of two independent experiments.

mutant (Fig. 6F). Therefore, taken together, recruitment of
SGEF to Fnl4 requires an intact TRAF binding domain.

To further probe the role of TRAF2 in the Fn14-SGEF com-
plex, we performed immunoprecipitation of endogenous
TRAF2 in U87 cells. We found that both Fn14 and SGEF bound
to TRAF2 (Fig. 6G). Interestingly, Fnl4 binding to TRAF?2 is
dependent upon TWEAK activation, whereas SGEF binding to
TRAF2 is constitutive.

TWEAK-Fnl4-induced Activation of SGEF and Stimulation
of Migration Is Dependent upon TRAF2—We next sought to
determine the requirement of TRAF2 in SGEF activation
downstream of TWEAK-Fn14 signaling on the basis of the pre-
dicted TRAF2 binding sites in the SGEF protein (Fig. 64). Using
two independent siRNA oligonucleotides targeting TRAF2
(Fig. 7A), we assessed TWEAK stimulation of SGEF activity in
U87 glioma cells following knockdown of TRAF2. In control
cells, TWEAK stimulation increased the amount of SGEF
bound to the RhoG G15A nucleotide-free construct relative
to unstimulated cells. Conversely, knockdown of TRAF2
decreased the amount of SGEF bound to RhoG G15A under
TWEAK treatment to base-line levels (Fig. 7B). Therefore,
TRAF2 is necessary for the TWEAK-induced increase in SGEF
activity. Furthermore, targeted depletion of TRAF2 protein sig-
nificantly abrogated TWEAK-induced glioma cell migration in
both U87 and U118 cells (Fig. 7C), supporting the role of
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FIGURE 5. TWEAK-induced lamellipodia formation in glioma cells
requires the function of SGEF and RhoG. T98G glioma cells were stably
transduced with lentivirus encoding shRNA targeting SGEF (SGEF-12) or an
empty vector (Ctrl). Additionally, T98G glioma cells were transfected with
siRNA targeting either control non-mammalian luciferase (ctrl), or RhoG
(RhoG-2). After 24 h of siRNA transfection, all cells were seeded onto 10-well
glass slides precoated with 10 ug/ml human laminin. Cells were further
grown for 24 h and then cultured in reduced-serum medium (0.5% FBS) for
16 h. Cells were either left untreated or treated with TWEAK (5 min) and
stained for filamentous actin using Alexa Fluor-phalloidin. A, representative
images of empty vector control non-treated cells (a), TWEAK-treated cells (b),
or TWEAK-treated cells with knockdown of SGEF (c). Additionally, represent-
ative images of control luciferase-transfected non-treated (d) or TWEAK-
treated (e) cells as well as TWEAK-treated cells after siRNA depletion of RhoG
(f) are shown. Arrows indicate lamellipodia. B, quantification of lamellipodia
formation in T98G with and without SGEF knockdown. a.u., arbitrary unit.
C, quantification of lamellipodia formation in control and RhoG knockdown
T98G cells. Data represent the average of at least 12 cells/condition. * and **,
p < 0.01. D, immunoblot analysis (WB) of T98G cells stably transduced with
lentivirus empty vector (Ctrl) or lentivirus encoding shRNA targeting SGEF
(SGEF-12) (upper panel) or T98G cells transfected with siRNA targeting either
luciferase (Ctrl) or RhoG (RhoG-2) (lower panel).

TRAF2 recruitment in the TWEAK-Fnl4-stimulated migra-
tory phenotype of GB.

DISCUSSION

In this study, we report the importance of SGEF and RhoG
signaling downstream of TWEAK-Fn14 in promoting glioblas-
toma cell invasion. Levels of SGEF mRNA and protein expres-
sion are elevated significantly in high-grade brain tumors rela-
tive to non-neoplastic brain tissue, and elevated expression in
GB samples correlates with a poorer patient prognosis. Our
data are consistent with data in the Human Protein Atlas, a
publicly available portal with protein expression profiles across
human tumors, where SGEF protein staining is stronger in both
glioma and liver cancer tissues relative to normal organ tissue
staining. Furthermore, SGEF expression is elevated in cells
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FIGURE 6. SGEF and Fn14 interaction is dependent upon a functional TRAF domain. A, the SGEF protein contains five TRAF2 binding consensus motifs of
the pattern (P/S/A/T/)X(Q/E)E, including TPEE (aa 157-160), PSQE (aa 221-224), AGEE (aa 292-295), SDEE (aa 392-395), and SQEE (aa 434-437). NLS, nuclear
localization sequence. B, whole cell lysates of HEK293 cells transiently transfected with plasmids encoding Fn14wt-HA, Fn14TRAFaa-HA, or SGEF-myc were
immunoblotted (WB) as indicated. C, whole cell lysates of HEK293 cells transiently transfected with plasmids encoding Fn14wt-HA or Fn14TRAFaa were
collected and precleared, followed by immunoprecipitation (/P) using antibodies as indicated for anti-TRAF2 or control immunoprecipitation (Ctrl) and
resolution via SDS-PAGE analysis using an anti-HA antibody. D, whole cell lysates of HEK293 cells transiently transfected with plasmids encoding Fn14wt-HA or
SGEF-myc were collected and precleared, followed by immunoprecipitation using antibodies as indicated for anti-TRAF2 or control immunoprecipitation (Ctr/)
and resolution via SDS-PAGE analysis using anti-myc and anti-HA antibodies. £ and F, HEK293 cells transiently transfected with plasmids encoding Fn14wt-HA,
Fn14TRAFaa, or SGEF-myc were collected and precleared, followed by immunoprecipitation using antibodies as indicated for anti-myc (E), anti-HA (F), or
controlimmunoprecipitation (Ctrl) and resolution via SDS-PAGE analysis using an anti-HA (E) or anti-myc (F) antibody. G, U87 glioma cells were cultured for 16 h
in reduced-serum (0.5% FBS) medium. Cells were either left untreated or treated with TWEAK for 2 min, after which whole cell lysates were precleared, followed
by immunoprecipitation using antibodies indicated for anti-TRAF2 or control immunoprecipitation (Ctr/) and resolution via SDS-PAGE analysis using anti-SGEF
and anti-Fn14 antibodies.

found at the invasive edge or rim of GB tumor specimens rela-
tive to tumor core cells. SGEF has been shown to have the abil-
ity to confer cell invasiveness during human papillomavirus-
mediated transformation and to direct actin cytoskeleton
remodeling following infection with Salmonella and in leuko-
cyte transendothelial migration (30, 32—34). We have reported
previously that glioma cells with the increased capacity for
migration have a decreased expression of proapoptotic genes
and are, coincidently, less sensitive to cytotoxic therapy-in-
duced apoptosis (13, 14, 26, 35, 36), arguing for a more detailed
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characterization and new therapeutic strategies for the invasive
cell population. Moreover, we demonstrated that knockdown
of SGEF protein inhibits TWEAK-Fn14-stimulated cell migra-
tion and invasion. Therefore, elevated SGEF signaling may con-
tribute to the invasive behavior of GB cells, and these data high-
light the potential for targeted therapy development.

In glioblastoma, the Fnl4 receptor is overexpressed signifi-
cantly, and glioma cells with an increased migratory capacity
display elevated levels of Fn14 (12). Our data demonstrate that
TWEAK activates SGEF, followed by RhoG and subsequent
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Racl activation in glioblastoma cells. Moreover, loss of SGEF or
RhoG protein inhibits TWEAK-Fnl4-induced lamellipodia
formation, which is consistent with the ability of SGEF to pro-
mote TWEAK stimulation of glioma cell migration and down-
stream Racl activation. These data corroborate our previous
finding that TWEAK-Fn14-increased cell migration is depend-
ent on Racl activation (14). RhoG signaling has been described
to occur in both Racl-dependent and Racl-independent man-
ners, with these two GTPases sharing overlapping signal trans-
duction pathways (23, 31, 37, 38). Our data support a role for
RhoG upstream of Racl that is dependent upon TWEAK-Fn14
stimulation of SGEF activity.

Several studies have linked the ability of RhoG to confer
downstream activation of Racl with a subsequent increase in
cell migration via nucleotide exchange by the bipartite GEF
engulfment and motility dedicator of cytokinesis 180 (ELMO-
Dock180) (19, 20, 23). The Dock180 superfamily of proteins is
an unconventional family of Rho GTPase-specific GEFs con-
taining a conserved “Dock homology region 2” (DHR-2) or
“Docker” domain as opposed to the characteristic GEF Dbl
homology domain for catalytic nucleotide exchange (39, 40)
and requires the interaction with the pleckstrin homology
domain of ELMO. ELMO is a direct effector of RhoG (23). It is
possible that the dependence of TWEAK-Fn14-induced Racl
activity on the presence of SGEF and RhoG may utilize the
ELMO-Dock180 GEF to facilitate guanine nucleotide exchange
for Racl. This possibility is the focus of future studies. Further-
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more, SGEF has also been shown to confer weak nucleotide
exchange for Cdc42 (30). Our previous report showed that
Ect2-Cdc42 is important in TWEAK-Fn14 activation of Racl
(15). It is possible that SGEF functions in a compensatory path-
way to Ect2 to activate Cdc42 and, subsequently, Racl down-
stream of TWEAK stimulation, which warrants further
investigation.

We have shown previously that immunoprecipitates of Fnl4
contain Racl and that this interaction is dependent upon the
presence of a functional Fn14 cytoplasmic tail. The deletion of
the TRAF binding site from the cytoplasmic domain results in
the loss of Fnl4-Racl coimmunoprecipitation (14). Here we
have assessed the mechanism by which SGEF is recruited to the
Fnl4 cytoplasmic domain. Using predicted site analysis, we
observed that SGEF contains five TRAF2 consensus binding
sites, suggesting that SGEF may interact directly with TRAF2.
Precisely which predicted TRAF2 binding site(s) on SGEF
is/are required for TRAF2 interaction will be the focus of future
investigation. We also demonstrated that SGEF activity down-
stream of TWEAK-Fn14 requires the presence of a functional
TRAF binding site in the Fn14 cytoplasmic domain. In addition,
loss of TRAF2 decreases TWEAK-stimulated SGEF activation.
Taken together, these results indicate a requirement for TRAF2
upstream of SGEF in the TWEAK-Fn14 signaling axis.

Signaling through TRAF2, but not TRAF1 or TRAF3, is
known to promote NF-«B activity, and TRAF2 is also respon-
sible for promoting JNK/SAPK activity, inflammation, cell
migration, and chemo- and radioresistance of cancer cells (41—
47). Moreover, specific depletion of TRAF2 in GB has been
shown to inhibit growth and confer radiosensitization to tumor
cells (48). Similarly, signaling through Fn14 by TWEAK in gli-
oma results in increased resistance to cytotoxic therapy-in-
duced apoptosis and enhanced survival via TRAF recruitment
and Racl-dependent NF-«B activation (13, 14, 24, 36). Further-
more, RhoG has been shown to promote the activation of
NE-«B (49). Thus, the TRAF2-SGEF complex may be necessary
in the TWEAK-Fnl4-TRAF signaling axis, resulting in
increased levels of NF-«B activity.

Activated Rho GTPases are localized at the plasma mem-
brane in close proximity with signaling complexes (50, 51). We
found that the SGEF and Fn14 proteins colocalize to areas of
induced membrane ruffling and that SGEF coimmunoprecipi-
tated with Fn14 from cells coexpressing SGEF and Fn14 (data
not shown). Notably, transfection of the SGEF-myc plasmid
alone into HEK293 cells resulted in robust membrane ruffling-
(data not shown). Thus, SGEF binds to the Fn14 receptor com-
plex and colocalizes with Fn14 at the leading edge of cells. Inter-
estingly, although levels of active SGEF are dependent upon the
presence of TRAF2, we found that the forced expression of
SGEF alongside the expression of Fn14TRAFaa is still found
predominantly at the cell edge (data not shown). Other studies
have also provided evidence that the overexpression of SGEF
alone can induce membrane ruffling in fibroblasts and colocal-
ization with filamentous actin (30), thus further supporting the
role of SGEF in modulating cytoskeletal dynamics.

New treatment strategies are needed to cure glioblastoma.
Patient prognosis remains poor, and actively invading cells
survive current therapeutic regimens. Importantly, therapy
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FIGURE 8. Schematic of TWEAK-Fn14 signaling via SGEF and RhoG to
drive glioma migration/invasion. TWEAK ligand binding to the Fn14 recep-
tor results in the activation of RhoG by the SGEF guanine nucleotide
exchange factor. SGEF-RhoG signaling results in the activation of Rac1 via
additional guanine nucleotide exchange, promoting cytoskeletal reorganiza-
tion and glioma cell migration and invasion.

directed at mediators of invasion has been shown to increase
chemotherapeutic sensitivity (4, 5). Our data support a role for
SGEF and RhoG activation and signaling downstream of the
TWEAK-Fn14 axis to confer increased Racl activity and pro-
mote GB cell migration and invasion (Fig. 8). Together, these
data provide a rationale for the targeting of this signaling axis as
an adjuvant therapy in glioblastoma to limit dispersion of
malignant cells and increase susceptibility to traditional radia-
tion and chemotherapies. The role of SGEF in other disease
processes is also emerging. SGEF has been shown recently to
contribute to the formation of atherosclerosis by promoting
endothelial docking structures for leukocytes at areas of inflam-
mation (52). Thus, SGEF presents a therapeutic target for ath-
erosclerosis, and, in this study, we validated SGEF as a target for
glioblastoma.
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