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Background: Glioblastoma multiforme (GBM), a highly invasive primary brain tumour, remains an incurable disease. Rho GTPases
and their activators, guanine nucleotide exchange factors (GEFs), have central roles in GBM invasion. Anti-angiogenic therapies
may stimulate GBM invasion via HGF/c-Met signalling. We aim to identify mediators of HGF-induced GBM invasion that may
represent targets in a combination anti-angiogenic/anti-invasion therapeutic paradigm.

Methods: Guanine nucleotide exchange factor expression was measured by microarray analysis and western blotting. Specific
depletion of proteins was accomplished using siRNA. Cell invasion was determined using matrigel and brain slice assays.
Cell proliferation and survival were monitored using sulforhodamine B and colony formation assays. Guanine nucleotide exchange
factor and GTPase activities were determined using specific affinity precipitation assays.

Results: We found that expression of Dock7, a GEF, is elevated in human GBM tissue in comparison with non-neoplastic brain.
We showed that Dock7 mediates serum- and HGF-induced glioblastoma cell invasion. We also showed that Dock7
co-immunoprecipitates with c-Met and that this interaction is enhanced upon HGF stimulation in a manner that is dependent
on the adaptor protein Gab1. Dock7 and Gab1 also co-immunoprecipitate in an HGF-dependent manner. Furthermore, Gab1 is
required for HGF-induced Dock7 and Rac1 activation and glioblastoma cell invasion.

Conclusions: Dock7 mediates HGF-induced GBM invasion. Targeting Dock7 in GBM may inhibit c-MET-mediated invasion in
tumours treated with anti-angiogenic regimens.

Glioblastoma multiforme (GBM) is the most common and deadly
adult brain malignancy (Kohler et al, 2011). It is an incurable
disease with an average life expectancy of 14 months following
diagnosis (Van Meir et al, 2010). The morbidity of GBM is
primarily due to its rapid growth, angiogenesis and invasion
throughout the brain (Furnari et al, 2007; Ricard et al, 2012).

This invasive behaviour precludes total resection of the tumour,
leading to rapid recurrence and currently, no anti-invasion
therapeutic strategies exist. Moreover, the recently approved anti-
VEGF therapy using bevacizumab has paradoxically been shown to
stimulate the invasive behaviour of GBM (Lucio-Eterovic et al,
2009; Keunen et al, 2011). It is now believed that this occurs,
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at least in part, via activation of signalling downstream of the
c-Met receptor tyrosine kinase (Lu et al, 2012).

Rho GTPases are key mediators of glioblastoma cell invasion
(Fortin et al, 2012; Kwiatkowska et al, 2012; Kwiatkowska and
Symons, 2013). These proteins function as molecular switches,
cycling between the inactive guanine diphosphate (GDP)-bound
and active guanine triphosphate (GTP)-bound states. The
exchange of GDP for GTP and thus the activation of Rho GTPases
are mediated by guanine nucleotide exchange factors (GEFs)
(Bustelo et al, 2007). The activation of GEFs, in turn, often occurs
downstream of receptor signalling (Schmidt and Hall, 2002). Once
activated, Rho GTPases control cellular processes such as vesicular
trafficking, cell polarity, cytoskeletal regulation, and gene tran-
scription (Heasman and Ridley, 2008). Rho GEFs and Rho
GTPases have a central role in cell migration and invasion, largely
by regulating the actin cytoskeleton and the expression of matrix-
degrading proteinases (Sahai and Marshall, 2002; Burridge
and Wennerberg, 2004). The Rho GTPase signalling pathway is
emerging as a promising target for anti-invasion therapy (van der
Meel et al, 2011).

HGF, also known as a scatter factor, signals through receptor
activation of c-Met that has been shown to mediate cell migration
and growth in embryogenesis; and growth, invasion and metastasis
in cancer cells (Birchmeier et al, 2003). HGF is the most potent
chemotactic factor known for glioblastoma cells (Brockmann et al,
2003) and interestingly, c-Met, the receptor for HGF localises to
invasive pseudopodiae of motile glioma cells (Beckner et al, 2005).
Moreover, the expression levels of HGF and its receptor c-Met
correlate with astrocytoma grade (Rosen et al, 1996; Koochekpour
et al, 1997; Lamszus et al, 1999) and importantly, blocking c-Met
signalling, either using ribozymes that target HGF or c-Met, or a
c-Met-targeting small molecule, inhibits glioblastoma tumour
growth in vivo (Abounader et al, 1999), highlighting the
therapeutic relevance of c-Met signalling for glioblastoma.
Interestingly, c-Met-mediated signalling has also been shown
recently to be important for the maintenance of tumour-initiating
stem-like cells in glioblastoma tumours (Rath et al, 2013).

Following c-Met activation, an adaptor protein, Gab1, binds to
cytoplasmic tyrosine docking sites on c-Met (Watanabe et al,
2006). A requirement for Gab1 has been shown recently in pro-
motility signalling downstream of c-Met (Chaudhuri et al, 2011).
HGF also activates the Rho family GTPases Rac1 and Cdc42
(Royal et al, 2000; Bosse et al, 2007; Palamidessi et al, 2008). The
signalling mechanisms that mediate the activation of these
GTPases by HGF/c-Met remain to be fully elucidated however
(Gherardi et al, 2012).

In this study, we aimed to identify GEFs with enhanced
expression in glioblastoma and importance in the context of
c-Met-mediated GBM cell invasion. We envisage that identification
of the mechanistic role of the key players in GBM cell invasion will
lead to a targeted therapeutic approach for the clinical manage-
ment of GBM especially in combination with an anti-angiogenic
(bevacizumab) regimen.

MATERIALS AND METHODS

Dock7 expression profiling in non-neoplastic brain and human
gliomas. Dock7 gene expression was mined in the publicly
available NCBI Gene Expression Omnibus data set GSE4290
containing 195 clinically annotated brain tumour specimens.
Expression values were filtered and principal component (PC)
analysis to investigate the relationship between samples was
performed as previously described (Tran et al, 2006). Box plots
for Dock7 expression in the respective samples and survival
clusters derived from PC analysis were graphed and the

significance between the respective populations was tested with a
two-sample t-test assuming unequal variances as previously
described (Tran et al, 2006).

Human tissue specimens for protein analysis. Fresh human
astrocytoma (Grades I–IV) and non-malignant brain tissue
specimens obtained from epilepsy reduction surgery were collected
under a North Shore University Hospital’s Institutional Review
Board-approved protocol. Tissue specimens were obtained and
immediately frozen in liquid nitrogen. Samples were stored at
� 80 1C until further use. Brain tumour tissues were lysed in a
buffer containing 50 mM Tris–HCl (pH 7.5), 2 mM DTT, 1 mM

EDTA, 150 mM NaCl, 1% NP-40, supplemented with benzonase
(Invitrogen, Grand Island, NY, USA), HALT protease inhibitor
cocktail (Thermo, Waltham, MA, USA) and PhosSTOP phospha-
tase inhibitors (Roche, Madison, WI, USA), on ice with 10–15
strokes aided by a rotor homogeniser. Lysates were decanted
by centrifugation at 12 000 g for 15 min at 4 1C. Fifty micrograms
of proteins was tested by western blotting.

Cell culture. The human glioblastoma cell line U87R-GFP (gift
from Peter Forsyth, Moffitt Cancer Center, FL, USA) was cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) F12 supple-
mented with 10% fetal bovine serum and 400 mg ml� 1 G418 as
previously described (Johnston et al, 2007). SNB19 human
glioblastoma cell line was obtained from the Cold Spring Harbor
Laboratories Tissue Culture Facility (Cold Spring Harbor, NY,
USA) and were maintained in DMEM supplemented with 10%
fetal bovine serum. Cells were maintained at 37 1C and 5% CO2.

siRNA transfections. siRNA duplexes for target genes were
purchased from IDT (Coralville, IA, USA). In all, 3� 105 cells
were seeded in each well of a 6-well cell-culture plate in standard
growth medium. After 5 h, 2ml dharmafect 1 (Dharmacon,
Inc., Lafayette, CO, USA) in 200 ml Opti-MEM (Gibco–Life
Technologies Corp., Norwalk, CT, USA) was gently mixed with
siRNA duplex (at desired nM concentration—see below) in 200 ml
Opti-MEM. After 20 min, media were removed from cells and this
400 ml mixture was added dropwise to cells. In all, 1.6 ml antibiotic-
free medium was added to each well to a final volume of 2 ml per
well. The following day, medium was removed and fresh antibiotic-
containing medium was added. On day 3, the cells were passaged
from 2� 6 wells to one 10 cm dish. The following siRNAs (sense
strand provided) were used at 5 nM: Dock7 duplex #1 50-GAUUAG
GUUUGCUUCUGUAGCCAGGUU-30; Dock7 duplex #2 50-GGC
AUGAAAUGGGUAGAUAAUCACA-30; and Gab1 50-CAGAUG
UCUUGGAAUACUA-30. A scrambled non-coding negative con-
trol was also used (Catalogue # DS NC1). (All siRNA primers were
obtained from IDT).

Ex vivo brain slice invasion assay. The brain slice invasion assay
was performed as described previously (Valster et al, 2005).
Animals were maintained and brain slices obtained under a
research protocol approved by the Institutional Animal Care and
Use Committee of St Joseph’s Hospital and Medical Center,
Barrow Neurological Institute (Phoenix, AZ, USA). Briefly, 24 h
after transfection, 1� 105 GFP-labelled SNB19 or U87 cells were
deposited in 0.5ml DMEM onto the bilateral putamen of 400 mm
thick slices of freshly isolated 4- to 6-week-old mouse brain. Serial
Z-sections were collected using a LSM 5 Pascal laser-scanning
confocal microscope (Zeiss, Thornwood, NY, USA) and the extent
of invasion determined as the maximum depth of invasion of the
glioblastoma cells.

3D cell invasion assay. Freshly plated cells were incubated in
serum-free medium overnight. Basement membrane extract
(Trevigen Inc., Gaithersburg, MD, USA) was thawed on ice at
4 1C overnight. The bottom side of 24-well transwell inserts was
coated with 1 mg ml� 1 fibronectin in PBS at 37 1C for 1 h and
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washed in sterile PBS and allowed to dry. Cells were trypsinised
and counted. In all, 1� 105 cells were resuspended in 50 ml of a
mixture of BME diluted to 10 mg ml� 1 with serum-free media and
added carefully to the transwell insert. The BME, containing cells,
was allowed to polymerise by incubation at 37 1C for 30 min.
In all, 200 ml of serum free medium was added to the upper
chamber and 700 ml of media supplemented with 20% serum, or
20 ng ml� 1 HGF (Sigma-Aldrich Corp., St Louis, MO, USA) was
added to the lower well. Cells were allowed to invade for 24 h at
37 1C and 5% CO2. Following this, chambers were placed in 4%
(v/v) paraformaldehyde in PBS for 30 min at room temperature
and crystal violet for 40 min at room temperature. Chambers were
washed in distilled water and non-invading cells were removed from
the insert with a cotton swab. Inserts were allowed to dry and were
imaged using a Zeiss Axiovert 200M microscope (Zeiss) equipped
with a � 2.5 objective. Invading cells were counted using the ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

Sulforhodamine B cell proliferation assay. Five thousand cells
were added per well of a 96-well plate in serum free, 10% serum or
20 ng ml� 1 HGF medium in triplicate. Cells were cultured under
standard conditions. The medium was changed every 2 days. Cells
were fixed 4 h, 3 days and 5 days after seeding as follows: medium
was removed, 100 ml 10% TCA in PBS was added to each well and
left for 60 min at 4 1C. Each well was washed five times with
deionised water and allowed to dry overnight. In all, 100 ml of 0.2%
sulforhodamine B (SRB) in 1% acetic acid was added to each well
and the plate put on a plate shaker set to 300 r.p.m. at room
temperature for 30 min. Each well was washed five times in 1%
acetic acid and allowed to dry overnight. In all, 200 ml of 10 mM

Tris was added to each well and the plate put on a shaker set to
300 r.p.m. at room temperature for 30 min. Absorbance was read
at 490 nm.

Colony formation survival assay. Three hundred cells were
plated in 6 cm dishes in triplicate in regular medium. One day
after plating, ionising radiation was applied to the dishes using a
Gammacell 1000 irradiator (137Cs; Atomic Energy of Canada, Ltd,
Mississauga, ON, Canada). Medium was refreshed every 3 days.
Ten days after seeding, cells were fixed by removing medium,
washing with PBS and adding 4% paraformaldehyde in PBS at
room temperature for 30 min. Cells were washed with PBS and
stained with 0.2% SRB in 1% acetic acid with shaking for 30 min.
Sulforhodamine B was removed and plates were washed in 1%
acetic acid and allowed to dry. Plates were scanned and colonies
were counted using the ImageJ software.

Immunoprecipitation. Following lysis, 400 mg total protein was
incubated with 2 mg c-Met antibody (H-190) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) or 5mg Dock7 antibody
(Abcam, Cambridge, MA, USA) adjusted to a final volume of 1 ml
with lysis buffer overnight at 4 1C with gentle rotation. In all, 40ml
50% slurry of protein A beads was washed five times by
centrifugation at 2500 g for 5 min and resuspending in 100 ml lysis
buffer. Lysates were added to the beads and incubated by rotating
for 4 h at 4 1C. Beads were collected by centrifugation at 2500 g for
5 min, supernatant was discarded and beads were washed as above.
Protein was eluted by incubation with 30 ml 2� BME-containing
gel loading buffer at 90 1C for 10 min and analysed by western
immunoblotting as described below.

Western immunoblot analysis. Following treatment, cells were
placed on ice, media were removed and washed with ice-cold PBS.
PBS was removed and cells were lysed with RIPA buffer (Cell
Signaling Technology, Inc., Danvers, MA, USA) containing HALT
and PhosSTOP protease and phosphatase inhibitor cocktails. Total
protein concentration was determined via Bradford assay and
equal amounts of protein were separated by SDS–PAGE. Following
transfer onto PVDF membrane, specific proteins were detected

using the antibodies below. Dock7, as previously described
(Watabe-Uchida et al, 2006), c-Met (c-12; Santa Cruz), Gab1 (Cell
Signaling Technology, Inc.), GST (GE Healthcare, Piscataway, NJ,
USA). Membranes were developed by ECL. Films were scanned
and bands quantified by densitometry using the ImageJ software.

Analysis of Dock7 activity. Following treatment, cells were lysed
and activated Dock7 was immediately precipitated by incubation
with freshly prepared GST-Rac1-G15A fusion protein, as recently
described (Guilluy et al, 2011). Briefly, following incubation, and
therefore binding of the fusion protein to active GEFs, the GST
protein was pulled down using glutathione sepharose beads and
proteins were eluted by boiling in gel loading buffer for 10 min at
90 1C. Levels of activated Dock7 were then determined by western
blotting.

GTPase activation assay. Following treatment, cells were lysed on
ice and active GTP-bound Rac was measured in total cell lysates
using the G-Lisa assay (Cytoskeleton Inc., Denver, CO, USA)
following the manufacturer’s instructions. Active Cdc42 levels were
determined using the Active Cdc42 Pull-Down and Detection
Kit (Pierce-Thermo Fisher Scientific, Waltham, MA, USA).

Quantification of lamellipodia. Cells plated on laminin-covered
coverslips (Becton Dickinson, Franklin Lakes, NJ, USA) were
serum starved for 16 h and were then incubated with serum-free
DMEM (control) or stimulated for 4 min with serum-free DMEM
containing 20 ng ml� 1 HGF. Cells were fixed with 4% formalde-
hyde in PBS, permeabilised with 0.1% Triton X-100 in PBS and
incubated with Rhodamine-conjugated phalloidin (Molecular
Probes–Life Technologies Corp., Norwalk, CT, USA) to stain
F-actin. Nuclei were stained with DAPI. Images were acquired
using a Zeiss Axiovert 200M microscope. For each experimental
condition, images were taken in a random manner. Lamellipodia
were traced using the ImageJ software. For each cell, the fraction of
the cell perimeter that displays lamellipodia was calculated.

Statistics. All analyses were performed in triplicate. Data are
expressed as means with error bars representing standard error of
the mean (s.e.m.). Data were analysed using Microsoft Excel.
A Student’s t-test was performed to assess statistical significance
with Po0.05 deemed to be significant.

RESULTS

Dock7 expression is increased in high-grade glioma. To discover
Rho GEFs of clinical and functional importance in GBM, similar to
previous studies (Salhia et al, 2008; Seol et al, 2009), we focused
on GEFs that display enhanced expression in GBM tumour tissue
vs non-neoplastic brain tissue and with expression that correlates
with disease severity. Using a publicly available data set (NCBI,
Gene Expression Omnibus GSE4290), we found that Dock7
mRNA levels are increased about two-fold in high-grade
astrocytoma in comparison with non-neoplastic brain tissue
(Figure 1A). We also examined Dock7 protein expression levels
in lysates of tumour and non-neoplastic tissue from independent
samples and confirmed increased expression in high-grade glioma
tissue vs non-neoplastic brain tissue, with a trend towards
intermediate expression levels in low-grade tissue (Figure 1B).

We also compared mRNA expression levels of Dock7 in GBM
tumours from patients with short-term survival (median¼ 401
days) and long-term survival (median¼ 952 days), stratified from
the GSE4290 data set as previously described (Tran et al, 2006),
and found significantly higher Dock7 expression levels in tumours
from patients with shorter survival (Figure 1C).

Dock7 expression is required for human glioblastoma tumour
cell invasion. To examine the role of Dock7 in the malignant
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behaviour of glioblastoma, we first investigated the effect of Dock7
depletion on cell invasion. Using an organotypic mouse brain slice
ex vivo invasion assay, we found that both SNB19 and U87 GBM
cells, using two independent siRNA oligos to minimise the risk of
RNA off-target effects, displayed strongly reduced cell invasion
(Figure 2A and B).

As mentioned in the Introduction, HGF is the most potent
chemoattractant known for glioblastoma cells (Brockmann et al,
2003) and we therefore also examined the effect of Dock7 depletion
on HGF-stimulated glioblastoma cell invasion using a three-
dimensional Matrigel invasion assay. Also in these conditions,
depletion of Dock7 potently inhibited glioblastoma cell invasion,
both in U87R cells that have been selected for high invasiveness
in vivo (Johnston et al, 2007) (Figure 2C) and in SNB 19 cells
(Figure 2D). Thus, these data support an important role for Dock7
in HGF-stimulated glioblastoma cell invasion.

Dock7 does not mediate GBM tumour cell proliferation,
survival or radio-resistance. We next assessed whether Dock7
also has a role in other aspects of the malignant behaviour of
glioblastoma cells. To determine the role of Dock7 in glioblastoma

cell growth, we examined the effect of Dock7 depletion using the
SRB colorimetric assay, both in serum-containing and serum-free
medium and in serum-free medium supplemented with
20 ng ml� 1 HGF. We found that depletion of Dock7 did not
significantly alter U87R cell proliferation in any of these conditions
(Figure 3A–C).

To test for a potential role of Dock7 in glioblastoma cell
survival, we used a clonogenicity assay. Knockdown of Dock7 did
not cause a significant decrease in colony formation in comparison
with control cells however (Figure 3D). We also used this assay
to determine whether Dock7 contributes to the resistance
of glioblastoma cells to ionising radiation (IR), but we did not
observe a significant increase in the sensitivity of the cells to
radiation. Thus, taken together, these data indicate that Dock7 does
not contribute to the proliferative and survival properties of
glioblastoma cells.

Dock7 is required for HGF-induced Rac1 activation. Dock7 has
been shown to possess GEF activity towards Rac1 and Cdc42
(Watabe-Uchida et al, 2006; Yamauchi et al, 2008; Zhou et al,
2013). As we found that Dock7 is required for HGF-stimulated
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glioblastoma cell invasion, we next investigated whether Dock7
is necessary for the activation of these GTPases by HGF. Rac1
activation was quantified using an ELISA that measures the
amount of Rac protein in cell lysates through binding to an
immobilised Rac effector (Azim et al, 2000). Rac1 is the major Rac
isoform expressed in glioma cells and therefore this assay
essentially reports on the activation state of Rac1 (Chan et al,
2005). We found that Dock7 depletion strongly inhibits HGF-
stimulated Rac1 activation in U87R cells, at all time points
measured (Figure 4A).

To examine whether Dock7 acts on Cdc42 in U87R cells, we
used a commercially available pull-down assay that measures
activated Cdc42 (see Materials and Methods). However, we failed
to detect any HGF-induced Cdc42 activation, even though in the
same cells, both EGF and bradykinin resulted in robust Cdc42
activation (Figure 4B) (Kozma et al, 1995).

Rac1 is a key signalling element that controls the formation of
lamellipodia, actin-rich protrusions at the leading edge of
migrating cells (Ridley et al, 1992). We therefore also determined

whether Dock7 mediates HGF-induced lamellipodia formation.
We observed that depletion of Dock7 significantly, albeit not
completely, decreased HGF-induced lamellipodia formation
(Figure 5A and B). HGF is also known to stimulate cell spreading
(Matsumoto et al, 1994). We found that, in contrast to the partial
inhibition of lamellipodia formation caused by Dock7 knockdown,
depletion of Dock7 abolished HGF-induced cell spreading,
measured 60 min after HGF treatment (Figure 5A and C),
indicating a critical role for Dock7 in this function.

Dock7 binds HGF-activated c-Met via the Gab1 scaffold
protein. To further dissect the Dock7-mediated signalling mechan-
isms that control HGF-induced invasion, we first asked whether
Dock7 interacts with c-Met. We readily detected Dock7 in c-Met,
but not in control immunoprecipitates (Figure 6A). In addition, we
found increased interaction of Dock7 with c-Met upon stimulation
of the receptor with HGF (Figure 6A). We also examined whether
Dock7 binds to c-Met via the Gab1 adaptor protein. Interestingly,
although binding of Dock7 to c-Met was not affected by Gab1
depletion, the HGF-induced increase in binding of Dock7 to c-Met
was abolished in Gab1-depleted cells, indicating that this adaptor
protein mediates the increased interaction between c-Met and
Dock7 upon stimulation with HGF (Figure 6B and C). To further
investigate this, we examined the presence of Gab1 in Dock7
immunoprecipitates and found that Dock7 indeed interacts with
Gab1 and that this interaction is increased upon HGF stimulation
(Figure 6D). As a control, we performed the same analysis in Dock7
knockdown cells and observed decreased Gab1 in the corresponding
Dock7 immunoprecipitate (Figure 6E). Thus, taken together, these
data indicate that Dock7 interacts with c-Met and that this
interaction is mediated, at least in part, by Gab1.
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to it. (E) The effect of Dock7 knockdown on radiation-induced cell
death. Normalisation was performed by assigning the reading for non-
irradiated control cells a value of 1 and expressing all other readings
relative to it. (F) Confirmation of Dock7 knockdown in U87R cells.
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Gab1 adaptor protein is required for HGF-dependent GBM cell
invasion, Rac1 activation and Dock7 activation. To further
investigate the role of Gab1 as a mediator of c-Met in the control

of glioblastoma cell invasion, we examined the effect of Gab1
depletion on both HGF-induced invasion and Rac1 activation.

Depletion of Gab1 strongly inhibited HGF-induced U87R cell
invasion (Figure 7A) and abolished HGF-induced Rac1 activation
(Figure 7B). Interestingly, depletion of Gab1 caused an increase in
basal Rac1 activity, suggesting the existence of a compensatory
mechanism that regulates Rac1 activation.

As Dock7 mediates HGF-stimulated glioblastoma cell invasion,
we also investigated whether Dock7 is activated by HGF and
whether Gab1 mediates this activation. Using the GST-Rac1-G15A
nucleotide binding-deficient mutant to pull down active Dock7 out
of cell lysates (Guilluy et al, 2011), we observed robust stimulation
of Dock7 activity by HGF that is abolished by depletion of Gab1
(Figure 7C and D). In addition, in line with our observation that
depletion of Gab1 causes an increase in basal Rac1 activity, we also
observed that depleting Gab1 enhances Dock7 activation.

DISCUSSION

In this study, we showed that Dock7 expression levels are increased
in glioblastoma vs non-neoplastic brain. In addition, we identified
an important role for Dock7 in the invasive behaviour of
glioblastoma cells, by mediating HGF-induced Rac activation.

In a previous study, we have provided evidence that Rac1 is
constitutively activated in a significant fraction of human
GBM tumours (Salhia et al, 2008). Our observations add Dock7
to a growing list of GEFs, including Trio, Vav3, SWAP-70, Ect2,
and SGEF that have been shown to be overexpressed in GBM
tumours and promote Rac1 activation (Salhia et al, 2008; Seol et al,
2009; Fortin Ensign et al, 2013). Dock7, Trio, Vav3 and SWAP-70
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can directly activate Rac1, whereas Ect2 and SGEF are likely to
stimulate Rac1 activity via Cdc42 and RhoG, respectively. Thus,
overexpression of these GEFs, in addition to downregulation
of RacGAPs, such as b2-chimaerin (Yuan et al, 1995), is likely to
contribute to hyperactivation of Rac1 in GBM. Our observations
that Dock7 mediates invasion-promoting signalling driven by
HGF/c-Met, a signalling axis that is hyperactive in GBM, add
further clinical significance to our findings.

Interestingly, whereas Rac1 has been shown to be required for
glioblastoma cell proliferation and survival (Senger et al, 2002;
Chan et al, 2005; Kwiatkowska et al, 2012), we found that depletion
of Dock7, only had a marginal, if any, inhibitory effect on these
functions. These observations suggest that Dock7, in addition to its
catalytic activity, also may direct Rac1-controlled signals towards
downstream pathways that are responsible for regulating cell
migration and invasion. Such selective activation of downstream
signalling could occur via interaction of GEFs with scaffold
proteins (Marinissen and Gutkind, 2005; Garcı́a-Mata and
Burridge, 2007).

Importantly, our molecular analysis showed that Dock7
interacts with c-Met in a manner that partially depends on the
Gab1-adaptor protein. We found that Gab1 is necessary for HGF-
stimulated binding of Dock7 to c-Met, suggesting that Dock7 is
recruited to the receptor complex upon binding of Gab1 to the
activated receptor. We also found that Dock7 activity is increased
by c-Met ligation. The mechanistic basis for this increase in Dock7
activity remains to be elucidated. One possibility is that c-Met
phosphorylates Dock7, thereby enhancing its catalytic activity, as
has been shown to be the case for ErbB2 (Yamauchi et al, 2008).
Another possibility is that binding of Dock7 to Gab1 leads to a

conformational change in Dock7, thereby activating it. Interest-
ingly, in our study depletion of Gab1 causes an increase in the
activities of both Dock7 and Rac1, independently of HGF
stimulation. This suggests the existence of a compensatory
mechanism that modulates the Dock7–Rac1 axis in the absence
of Gab1. Future efforts will be directed towards exploring the
mechanistic basis of this compensatory mechanism, focusing on
the possible roles of other c-Met adaptor proteins including
Crk and Grb2.

We further showed that Dock7 is necessary for HGF-induced
Rac1 activation. HGF has been shown to activate Rac1 in a number
of different cell systems (Palamidessi et al, 2008; Abella et al, 2010).
Interestingly, the Rac-specific GEF Tiam1 has been shown to
mediate HGF-induced Rac activation in HeLa cells, whereas here
we document a role for Dock7 in HGF-induced Rac activation in
glioblastoma cells. Whether c-Met signalling is relayed by different
Rho GEFs in different cell systems is an important question to be
addressed in future studies.

There is mounting evidence that HGF/c-Met-controlled
signalling elements constitute relevant targets for therapeutic
intervention in the management of glioblastoma (Steffan et al,
2011; Gherardi et al, 2012; Rath et al, 2013), underscoring the
importance of improving our understanding of c-Met activated
signalling. In principle, GEFs represent good targets for the
management of GBM as they convey high signalling specificity,
thereby limiting off-target effects of GEF inhibitors (Vigil et al,
2010). Moreover, the small molecule GEF inhibitor space is
continuing to expand and a number of inhibitors have been
successfully developed (Bouquier et al, 2009; Evelyn et al, 2009;
Ferri et al, 2009; Shang et al, 2013). Emerging technologies, such as
tumour-targeted delivery of gene-specific siRNAs, may provide
additional therapeutic avenues.
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