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Simple Summary: Glioblastoma (GBM) is an incurable disease with a 14-month average
life-expectancy following diagnosis, and clinical management has not improved in four decades.
GBM mortality is due to rapid tumour growth and invasion into surrounding normal brain. Invasive
cells make complete surgical removal of the tumour impossible, and result in disease relapse.
Thus, it is imperative that any new treatment strategy takes these invading cells into consideration.
Bevacizumab (Bev), which prevents the formation of new blood vessels, is an FDA approved therapy,
but it has failed to increase overall survival in GBM and has even been shown to increase tumour
invasion in some cases. Complementary anti-invasive therapies are therefore urgently required to
enhance bevacizumab efficacy. We have identified βPIX/COOL-1, a RhoGEF protein which plays an
important role in GBM cell invasion and angiogenesis and could be a useful target in this setting.

Abstract: Glioblastoma (GBM), a highly invasive and vascular malignancy is shown to rapidly
develop resistance and evolve to a more invasive phenotype following bevacizumab (Bev) therapy.
Rho Guanine Nucleotide Exchange Factor proteins (RhoGEFs) are mediators of key components
in Bev resistance pathways, GBM and Bev-induced invasion. To identify GEFs with enhanced
mRNA expression in the leading edge of GBM tumours, a cohort of GEFs was assessed using a
clinical dataset. The GEF βPix/COOL-1 was identified, and the functional effect of gene depletion
assessed using 3D-boyden chamber, proliferation, and colony formation assays in GBM cells.
Anti-angiogenic effects were assessed in endothelial cells using tube formation and wound healing
assays. In vivo effects of βPix/COOL-1-siRNA delivered via RGD-Nanoparticle in combination with
Bev was studied in an invasive model of GBM. We found that siRNA-mediated knockdown of
βPix/COOL-1 in vitro decreased cell invasion, proliferation and increased apoptosis in GBM cell lines.
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Moreover βPix/COOL-1 mediated endothelial cell migration in vitro. Mice treated with βPix/COOL-1
siRNA-loaded RGD-Nanoparticle and Bev demonstrated a trend towards improved median survival
compared with Bev monotherapy. Our hypothesis generating study suggests that the RhoGEF
βPix/COOL-1 may represent a target of vulnerability in GBM, in particular to improve Bev efficacy.

Keywords: glioblastoma; bevacizumab resistance; anti-invasive therapy; RhoGEF; Beta-Pix/COOL-1;
ARHGEF7

1. Introduction

Glioblastoma (GBM), a heterogeneous and lethal brain tumour, remains an incurable malignancy,
capable of rapidly developing resistance to treatment [1]. Despite significant progress in molecular
subtyping and an improved understanding of the plasticity of GBM heterogeneity [2], clinical
management has not significantly improved in several decades [3]. The Stupp protocol, consisting of
maximal safe surgical resection, radiotherapy and chemotherapy with temozolomide (TMZ) persists as
the standard of care [4] for this treatment refractory disease. Notably, tumour-associated angiogenesis
is a distinct hallmark of the disease, with the VEGF-signaling axis a now well described target of
intervention [5,6]. Bevacizumab (Bev), an anti-VEGF antibody, has been shown to improve time to
progression for newly diagnosed GBM [7]. Despite the improved time to progression for patients,
and beneficial anti-oedematous effects [8], Bev-treated GBM tumours rapidly adapt and develop
resistance, even sometimes evolving to a more aggressive phenotype [9,10]. Increased δ-catenin [11],
stem cell marker [10] and matrix metalloproteinase family member expression [12], augmented
tyrosine kinase receptor (TKR) activity [13] and indeed a shift towards a more aggressive mesenchymal
phenotype [10] are among the consequences of Bev therapy in GBM. Bev has further been shown to
enhance GBM cell invasion [14,15] with distant infiltrative disease sometimes observed following
treatment [16,17]. Overall, Bev has failed to elicit a benefit in overall survival (OS) when added
to standard of care. This has now been demonstrated in two Phase III randomized clinical trials
RTOG-0825 (NCT00884741) and AVAGlio (NCT00943826) [18,19].

RhoGEFs activate and control Rho GTPase protein activity by facilitating GDP exchange [20].
These Rho GTPases function as molecular switches, and are key mediators of angiogenesis
signaling, cytoplasmic plasticity, cell polarity, vesicle trafficking, cytoskeletal regulation and gene
transcription [21,22]. Rho GEFs activate proteins such as Cdc42, GIT, PAK and Rac which underpin key
tumour cell invasion processes such as formation of lamelopodia, invadiopodia and focal adhesions [23].
Several studies have also provided evidence to support a role for the GEF proteins Ect2, DOCK7 and
PDZ-RhoGEF in GBM cell invasion [21,24,25]. Moreover, a role for the GEF LARG in GBM migration
and invasion has recently been elucidated [26]. Latterly, GEF-H1 has also been implicated in the
mechanism of tumour-treating fields (TTF), a novel treatment modality that has recently been approved
in the GBM setting [27]. TTF employs non-invasive electrical fields (200 kHz) to interrupt spindle fiber
formation and inhibit tumour cell mitosis via tubulin and septin complex disruption. TTF further
induces microtubule alterations resulting in GEF-H1 activation and subsequent disruption of cell
migration [28]. Collectively, these data indicate that GEF proteins underpin the invasive capacity of
GBM cells and may further play a role in mediating treatment response.

As mentioned, RhoGEF signaling also plays a key role in angiogenesis and vascular biology
processes. For example, VEGF activation of Rho GTPase signaling is now well documented [22].
Moreover, Rho GTPase and RhoGEF proteins are known to promote angiogenesis by mediating
endothelial cell migration [29]. In addition, the activity of several RhoGEFs underpin many of the
cellular alterations induced by Bev treatment. For example, the activity of GEFs such as Vav2 [30] and
P-Rex1 [31] are activated following anti-angiogenic therapy. Moreover, the GEFs Tuba and GEF-H1
play essential roles in vascular permeability and lumen formation [32]. We have also previously shown
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that the RhoGEF DOCK7 mediates cMET-induced GBM invasion, the latter being a well-established
pathway of VEGFR-inhibitor resistance [13,24].

Overall, as RhoGEFs are mediators of key components in Bev resistance pathways, and are
involved in tumour cell and Bev-induced invasion [14,15], we hypothesised that targeting Rho GTPase
signaling might be an effective anti-invasive/anti-angiogenic therapeutic strategy. To this end, we first
sought to identify GEFs with enhanced expression in the leading edge of GBM patient tumours. As the
RhoGEF βPix/COOL-1 was found to upregulated in the invasive tumour edge, we subsequently studied
its functional role in GBM and human endothelial cells using in vitro models. Finally, we performed
a proof-of-concept in vivo study to study the effect of a novel treatment regimen comprised of Bev
and a nanoparticle gene silencing system (RGD-NP) loaded with βPix/COOL-1-targeting siRNA.
Our hypothesis generating study suggests that targeted inhibition of GEF signaling might improve
VEGF inhibitor response.

2. Results

2.1. βPix/COOL-1 Plays a Key Role in GBM Cell Invasion

To identify RhoGEFs of functional importance in GBM invasion we first examined a panel of
19 treatment naïve GBM samples (NCBI, Gene Expression Omnibus GSE12689) for variations in the
ratio of their leading edge (rim) to core mRNA expression of any of the RhoGEF family proteins [33].
We identified 12 GEFs which demonstrated a higher mRNA expression in the rim (invasive cells) of
neoplastic tissue when compared to the tumour core (stationary cells) in more than 50% of tumours
assessed. KALRN, MCF2/Dbl, NGEF/EPHEXIN, ARHGEF7/βPix/COOL-1, CDC42EP2, DOCK9, NET1,
TIAM2, ABR, PLEKHG5, RhoBTB2 and PREX1 (Figure 1A and Figure S1) were identified as being
increased at the tumour rim. We further showed that ARHGEF7/βPix/COOL-1 expression is increased
at the invasive edge in 69% of tumours assessed, when compared with core mRNA expression level
(Figure 1B). 10% of samples analysed displayed no difference in βPix/COOL-1 mRNA expression
between the rim and core, and 21% of tumours displayed a lower core to rim mRNA ratio (Figure 1B,C).

ARHGEF7/βPix/COOL-1 mRNA expression was next assessed within the Ivy Glioblastoma Atlas
Project RNAseq dataset (IvyGap GSE107559 [34]; N = 41 patients) (Figure 1D,E). Here, βPix/COOL-1
mRNA expression is significantly upregulated in samples derived from the leading tumour edge (15.57%
of samples) compared to samples representing cellular tumour (24.59% of samples) (p = 1.22 × 10−7)
and infiltrating tumour (19.67% of samples) (p = 1.446 × 10−6) (Figure 1E). Moreover, infiltrating
tumour samples display significantly upregulated βPix/COOL-1 mRNA expression compared to
cellular tumour samples (p = 0.004845) (Figure 1E). βPix/COOL-1 mRNA expression was further
assessed in the single cell RNA sequencing (scRNA seq) dataset GSE84465 [35] (Figure S2). These data
therefore provided a rationale to further study βPix/COOL-1 as a therapeutic target.
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Figure 1. Rim:Core ratio analysis of tumours identifies βPIX/COOL-1 as being overexpressed in 
invasive GBM cells compared to tumour core. (A) Rim to Core mRNA expression ratio of all GEF 
family proteins in 19 tumour specimens; (B) From 19 independent GBM specimens, stationary (core) 
and invasive (rim) cells were assessed for relative βPIX/COOL-1/ARHGEF7 mRNA signal intensity, 
which was expressed as a ratio of rim to core (from NCBI Gene Expression Omnibus GSE12689); (C) 
Average Rim: Core βPIX mRNA expression across all tumour samples; (D) ARHGEF7/βPIX/COOL-1 
mRNA expression in leading edge, infiltrating tumour and cellular tumour core samples (defined by 
reference histology) across 42 tumour samples from the IvyGap database (GSE107559) (E) Boxplot 
illustrating βPIX/COOL-1/ARHGEF7 mRNA expression in leading edge, infiltrating tumour and 
cellular tumour core samples from GSE107559. Wilcoxon signed-rank test, p < 0.05 deemed significant. 

ARHGEF7/βPix/COOL-1 mRNA expression was next assessed within the Ivy Glioblastoma 
Atlas Project RNAseq dataset (IvyGap GSE107559 [34]; N = 41 patients) (Figure 1D,E). Here, 
βPix/COOL-1 mRNA expression is significantly upregulated in samples derived from the leading 

Figure 1. Rim:Core ratio analysis of tumours identifiesβPIX/COOL-1 as being overexpressed in invasive
GBM cells compared to tumour core. (A) Rim to Core mRNA expression ratio of all GEF family proteins
in 19 tumour specimens; (B) From 19 independent GBM specimens, stationary (core) and invasive
(rim) cells were assessed for relative βPIX/COOL-1/ARHGEF7 mRNA signal intensity, which was
expressed as a ratio of rim to core (from NCBI Gene Expression Omnibus GSE12689); (C) Average
Rim: Core βPIX mRNA expression across all tumour samples; (D) ARHGEF7/βPIX/COOL-1 mRNA
expression in leading edge, infiltrating tumour and cellular tumour core samples (defined by reference
histology) across 42 tumour samples from the IvyGap database (GSE107559) (E) Boxplot illustrating
βPIX/COOL-1/ARHGEF7 mRNA expression in leading edge, infiltrating tumour and cellular tumour
core samples from GSE107559. Wilcoxon signed-rank test, p < 0.05 deemed significant.

2.2. βPix/COOL-1 Mediates GBM Cell Invasion

To assess the impact of increased βPix/COOL-1 rim mRNA expression and elucidate the role
βPix/COOL-1 plays in this region of the tumour, we examined the effect of βPix/COOL-1 knockdown
on the invasive capacity of two human GBM cell lines, U87R [36] and GBM6 [37]. Using a 3D Boyden
chamber assay and serum as an attractant, we have shown that depletion of βPix/COOL-1 in U87R
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cells significantly decreased the number of invasive cells, with greater than a two-fold reduction in
invasion (βPix-1: p = 0.0025; βPix-2: p = 0.0051). Two independent siRNA oligonucleotides were
used to minimize the risk of RNA off-target effects (Figure 2A and Figure S2A) in the U87R cell
line. The siRNA which induced greatest knockdown was further assessed in the GBM6 cell line
and significantly inhibited invasive capacity of this cell line (p = 0.009) (Figure 2B and Figure S2B).
This siRNA (βPix/COOL-1) was implemented for all subsequent GBM6 assays.
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Figure 2. βPix/COOL-1 depletion inhibits cell invasion in two GBM cell lines. (A) The effect of beta-
Pix knockdown using βPix-1 and βPix-2 siRNA duplexes (5 nM concentration) on GBM cell invasion 
in the U87R-GFP GBM cell line. Western blot analysis showing βPix/COOL-1 protein expression 

Figure 2. βPix/COOL-1 depletion inhibits cell invasion in two GBM cell lines. (A) The effect of beta-Pix
knockdown using βPix-1 and βPix-2 siRNA duplexes (5 nM concentration) on GBM cell invasion
in the U87R-GFP GBM cell line. Western blot analysis showing βPix/COOL-1 protein expression
following siRNA knockdown in U87R-GFP cells confirms knockdown. (B) The effect of beta-Pix
knockdown (βPix-1 siRNA) on PDX GBM6 cell invasion. Western blot analysis showing βPix/COOL-1
protein expression following siRNA knockdown in GBM6 cells. Tubulin was used as a loading control.
Scrambled non-coding negative control (Cat#DSNC1, IDT Technologies, Coralville, IA, USA) was used
as control (control) in both cell lines. Normalisation was performed by assigning the value Figure 1.
and expressing all other values relative to it. Two-way ANOVA, * p < 0.05, ** p < 0.001 two-tailed t-test.
The data shown are arbitrary units (a.u.) means ± s.d. (N = 3). Scale bar = 50 µm.

2.3. βPix/COOL-1 Knockdown Decreases GBM Proliferation and Viability and Enhances Apoptosis

We next assessed whether βPix/COOL-1 plays a role in other aspects of the malignant GBM
phenotype. Specifically, to assess whether βPix/COOL-1 plays a role in U87R and GBM6 cell growth,
we examined the effect of βPix/COOL-1 knockdown using the SRB colorimetric assay. We observed
decelerated cell growth at 3 days post-knockdown, with a significant reduction (βPix-1: p = 0.0013;
βPix-2: p = 0.0029) in U87R cell growth at 5 days post-knockdown in serum-containing conditions
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(Figure 3A). No significant reduction in growth was observed in GBM6 cells in serum-containing
conditions (Figure 3B) at 3 days or 6 days post-knockdown (p = 0.171, p = 0.064 respectively). However,
cells displayed a trend towards reduced proliferation 6 days post- knockdown. U87R cells were
then assessed for proliferation in serum-free conditions and displayed a significant reduction (βPix-1:
p = 0.001; βPix-2: p = 0.08) in proliferation at both 3 days and 5 days post-knockdown (Figure 3C).
βPix/COOL-1 knockdown was also shown to significantly reduce the number of viable U87R cells
(Figure 3D) present, with significant reductions in cell number at 3 days post-knockdown (βPix-1:
p = 6.528 × 10−5; βPix-2: p = 0.0022). Depletion of βPix/COOL-1 did not significantly reduce (βPix-1:
p = 0.2455; βPix-2: p = 0.099) the colony formation capacity observed in U87R cells, despite a
trend towards reduced colony number (Figure 3E). Finally, the effect of βPix/COOL-1 knockdown on
apoptosis was assessed in U87R cells using flow cytometry analysis of PI uptake (Figure 3F). In line with
proliferation and viability assessments, βPix/COOL-1 knockdown significantly increased (p = 0.004)
the number of PI-positive cells (i.e., cells that underwent primary or secondary necrosis and thus have
ruptured cell membranes), indicating a significant increase in apoptosis at both early and later time
points (72 h and 120 h respectively) (Figure 3G). Taken together, these data suggest that βPix/COOL-1
plays a role in pathophysiologic disease hallmarks including invasion, proliferation and survival.
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Figure 3. βPix/COOL-1 depletion inhibits proliferation of U87R-GFP and GBM6 GBM cells. (A,B) The
effect of βPix/COOL-1 knockdown using two siRNA duplexes (βPix-1 and βPix-2) on GBM cell
proliferation using U87R-GFP and patient derived GBM6 cells (C) The effect of beta-Pix knockdown
(βPix-1 and βPix-2) on GBM cell proliferation in serum-free conditions using U87R-GFP cells. (D) The
effect of βPix/COOL-1 knockdown (βPix-1 and βPix-2) on GBM U87R cell viability 3 days post kd.
(E) The effect of beta-Pix knockdown (βPix-1 and βPix-2) on GBM cell survival using U87R-GFP cells
in a colony formation assay (F,G) Flow cytometry analysis demonstrates an induction of apoptosis
upon siRNA knockdown of βPix/COOL-1. A scrambled non-coding negative control (Cat#DSNC1,
IDT Technologies, Coralville, IA, USA) was used as a control in all assays. Normalisation was performed
by assigning the value for scramble control cells a value of 1 and expressing all other value relative
to it. The data shown are arbitrary units (a.u.) means ± s.d. (N = 3). Two-way ANOVA, * p < 0.05,
*** p < 0.001, two-tailed t-test.
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2.4. βPix/COOL-1 Mediates Endothelial Cell Migration but Not Endothelial Tube Formation or Proliferation

The effect of βPix/COOL-1 silencing on endothelial cell migration, tube formation and cell
proliferation was next examined (Figure 4A–C). HUVEC cells were transfected with two βPix/COOL-1
siRNAs (βPix-1 and βPix-2, Figure S3A,B) as described, and the effect of βPix/COOL-1 knockdown
on HUVEC cell migration using a wound healing assay was assessed. βPix/COOL-1 knockdown
significantly decreased (βPix-1: p = 0.05; βPix-2: p = 0.0011) the migration of HUVEC cells with a
41.09% closure in cells transfected βPix/COOL-1-targeting siRNA, compared to 54.55% closure in
control cells 7 h following wound generation (Figure 4A). To examine the effects of βPix/COOL-1
depletion on tubule function, we next employed an in vitro tubule-formation assay using HUVEC
cells in which βPix/COOL-1 was silenced (Figure 4B–E). Interestingly, tubule branch point (βPix-1:
p = 0.08999; βPix-2: p = 0.1765) and tubule length (βPix-1: p = 0.9453; βPix-2: p = 0.2825) were not
significantly reduced following βPix/COOL-1 depletion (Figure 4B,C). Additionally, βPix/COOL-1
depletion did not significantly affect HUVEC cell proliferation at either 4 (p = 0.7591) or 6 (p = 0.8039)
days following knockdown (Figure 4D). βPix/COOL-1 knockdown in HUVEC cells was confirmed via
Western blot analysis (Figure S3).
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Figure 4. βPIX/COOL-1 mediates endothelial cell migration but does not play a role in endothelial
cell tube formation or proliferation. (A) Wound closure was more complete in the control cells vs.
the βPix/COOL-1 knockdown culture. 7 h post scratch there was a significant difference between
scramble and βPix/COOL-1 knockdown cells. Western blot analysis confirms decrease in βPix/COOL-1
protein expression following siRNA knockdown (βPix-1 and βPix-2) in HUVEC cells. Tubulin was
used as a loading control. (B–D) HUVEC branch points (B), Tube length (C) and Proliferation (D) were
assessed with no significant differences observed. (E) Brightfield microscope images of tube formation
assay in control and transfected cells. Scrambled non-coding negative control was used in all assays.
All data were normalised to scramble control values. Data shown are arbitrary units (a.u.) with mean s
± s.d. (N = 3). Two-tailed t-test * p < 0.05. Scale bar (A) = 60 µm, (E) = 200 µm.
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2.5. In Vivo Assessment of βPix/COOL-1 siRNA Loaded RGD-NP in Combination with Bev Indicates a Trend
Towards Improved Survival

In this proof-of-concept study, we employed an invasive, orthotopic GBM model to study the
in vivo effect of the commercially available InVivoPlex targeted RGD-NP loaded with βPix/COOL-1
siRNA when delivered in combination with Bev. To first confirm that the RGD-NP was suitable
for in vivo delivery of siRNA, VEGF-siRNA loaded RGD-NP was first delivered intracranially
to N = 5 U87R-GFP-Luc2 tumour bearing mice. Efficient knockdown by VEGF-siRNA loaded
RGD-NP was confirmed at 5 µM (p = 0.0083) and 10 µM (p = 0.0789) via ELISA assay (Figure 5A).
Next, to confirm in vivo knockdown,βPix/COOL-1 siRNA-loaded RGD-NP was delivered intracranially
to U87R-GFP-Luc2 tumour bearing mice. Subsequently βPix/COOL-1 protein levels in tumour cells
and cortical astrocytes was assessed via western blot (Figure 5A). A decrease in βPix/COOL-1 protein
expression was observed in U87R-GFP-Luc2 cells 4 days following in vivo βPix/COOL-1 transfection
(Figure 5B). A minor decrease in βPix/COOL-1 expression was also observed in cortical astrocytes
at day 3 and 4 following in vivo transfection. This confirms that delivery of βPix/COOL-1-siRNA
using the RGD-NP results in efficient tumour target gene knockdown in vivo (Figure 5B) and minor
off-target effects in cortical astrocytes (Figure 5B).

Cancers 2020, 12, x 8 of 19 

 

scramble and βPix/COOL-1 knockdown cells. Western blot analysis confirms decrease in βPix/COOL-
1 protein expression following siRNA knockdown (βPix-1 and βPix-2) in HUVEC cells. Tubulin was 
used as a loading control. (B–D) HUVEC branch points (B), Tube length (C) and Proliferation (D) 
were assessed with no significant differences observed. (E) Brightfield microscope images of tube 
formation assay in control and transfected cells. Scrambled non-coding negative control was used in 
all assays. All data were normalised to scramble control values. Data shown are arbitrary units (a.u.) 
with mean s ± s.d. (N = 3). Two-tailed t-test * p < 0.05. Scale bar (A) = 60 µm, (E) = 200 µm. 

2.5. In Vivo Assessment of βPix/COOL-1 siRNA Loaded RGD-NP in Combination with Bev Indicates a 
Trend Towards Improved Survival 

In this proof-of-concept study, we employed an invasive, orthotopic GBM model to study the in 
vivo effect of the commercially available InVivoPlex targeted RGD-NP loaded with βPix/COOL-1 
siRNA when delivered in combination with Bev. To first confirm that the RGD-NP was suitable for 
in vivo delivery of siRNA, VEGF-siRNA loaded RGD-NP was first delivered intracranially to N = 5 
U87R-GFP-Luc2 tumour bearing mice. Efficient knockdown by VEGF-siRNA loaded RGD-NP was 
confirmed at 5 µM (p = 0.0083) and 10 µM (p = 0.0789) via ELISA assay (Figure 5A). Next, to confirm 
in vivo knockdown, βPix/COOL-1 siRNA-loaded RGD-NP was delivered intracranially to U87R-
GFP-Luc2 tumour bearing mice. Subsequently βPix/COOL-1 protein levels in tumour cells and 
cortical astrocytes was assessed via western blot (Figure 5A). A decrease in βPix/COOL-1 protein 
expression was observed in U87R-GFP-Luc2 cells 4 days following in vivo βPix/COOL-1 transfection 
(Figure 5B). A minor decrease in βPix/COOL-1 expression was also observed in cortical astrocytes at 
day 3 and 4 following in vivo transfection. This confirms that delivery of βPix/COOL-1-siRNA using 
the RGD-NP results in efficient tumour target gene knockdown in vivo (Figure 5B) and minor off-
target effects in cortical astrocytes (Figure 5B). 

 
Figure 5. (A) Confirmation of in vivo efficacy of nanoparticle delivery system using VEGF targeting 
siRNA as a positive control. (B) Confirmation that βPIX/COOL-1 siRNA loaded RGD-NP delivered 
in vivo results in both human and mouse βPIX/COOL-1 knockdown. Western blot analysis confirms 

Figure 5. (A) Confirmation of in vivo efficacy of nanoparticle delivery system using VEGF targeting
siRNA as a positive control. (B) Confirmation that βPIX/COOL-1 siRNA loaded RGD-NP delivered
in vivo results in both human and mouse βPIX/COOL-1 knockdown. Western blot analysis confirms
decrease inβPix/COOL-1protein expression following siRNA knockdown (βPix-1 andβPix-2) in human
(U87R-GFP) and mouse (cortical astrocytes) cells. Tubulin was used as a loading control. (C) In vivo
dosing regimen is presented. (D) Bioluminescence data showing U87R tumour growth across each
experimental group. (E) In vivo data showing improved median survival for tumour bearing animals
treated +Bev and βPIX/COOL-1 nanotherapeutic (p = 0.178 when compared) No significant difference
was found when any groups were compared. Effect of treatment on survival using Kaplan–Meier
analysis and log-rank (Mantel-Cox) tests was used to compare treatment groups. (Quantitative analysis
of western blots could not be carried out as raw blots were unavailable in the archives).
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N = 40 NOD/SCID mice were intracranially implanted with U87R-GFP-Luc2 cells and tumour
growth confirmed using bioluminescence (BLI) (Figure 5C). Following implantation one animal did not
recover from surgery and seven animals did not form tumours (as confirmed by BLI). All remaining
mice were randomised and treatment commenced on day 27 following implantation. βPix/COOL-1
targeting or scramble non-targeting siRNA (10 µg siRNA encapsulated in RGD-NP) was delivered
locally to these tumours via intracranial injection into the tumour site, with mice receiving two
injections at one-week intervals. Three days following the second administration of RGD-NP, animals
were treated with Bev or phosphate buffered saline (PBS) vehicle control via intraperitoneal injection
(6 × 10 mg/kg every second day over 12 days). The study design is illustrated in Figure 5C. Tumour
growth was monitored for 5 weeks post implantation using imaging (BLI) (Figure 5D). No significant
differences in BLI were observed between groups at any timepoint (p = 0.9571). Survival analysis
showed that animals receiving Bev (+scramble siRNA-loaded RGD-NP control) had a median survival
of 88 days, when compared with control animals (scramble siRNA-loaded RGD-NP + PBS Vehicle
control) with a median survival of 80 days (p = 0.571). Mice treated with βPix/COOL-1-siRNA loaded
RGD-NP (+PBS Vehicle control) had a median survival of 78.5 days (vs. PBS Vehicle control p = 0.845),
indicating that βPix/COOL-1 targeting alone does not confer any survival benefit (Figure 5E). Finally,
animals treated with both Bev and βPix/COOL-1 siRNA-loaded RGD-NP showed a trend towards
increased survival (p = 0.1783), having an improved median survival of 100 days when compared with
other treatment groups.

3. Discussion

GBM morbidity and mortality is largely due to rapid tumour growth, neovascularization,
and tumour invasion into the brain parenchyma [38,39]. Options for targeting these disease hallmarks
are limited, and no adjuvant anti-invasion therapeutic strategies currently exist. Nevertheless,
targeting GBM neovascularization is acknowledged as a rational therapeutic intervention. In this
respect, Bev has been approved by the US Food and Drug Administration (FDA) for the treatment
of GBM. Conversely this approval has not been recommended by the European Medicines
Agency (EMA) due to lack of overall survival benefits [7] and evidence that in virtually all cases,
Bev treated GBM patients develop resistance with some tumours developing increasingly aggressive
phenotypes [40]. Indeed, anti-angiogenic therapies have been shown to enhance the invasion of GBM
tumours [14] and distant infiltrative disease may be observed following treatment [16]. As previously
suggested, adjuvant therapies designed to target multiple cancer hallmarks represents a rational
approach [31,41]. Therefore, we hypothesised that targeting Rho GTPase signaling could act as
a combined anti-invasive/anti-angiogenic therapeutic strategy, as RhoGEFs are mediators of key
components in pathways which underpin tumour and Bev-induced invasion [22], and RhoGEF is
involved in anti-angiogenic resistance pathways.

We screened the GEF protein family (comprised of 83 members) for altered gene expression in
a publicly available panel (GSE12689) of treatment naïve GBMs. In this dataset we identified that
the GEF βPix/COOL-1 was significantly upregulated in the leading tumour edge when compared to
the tumour core. βPix/COOL-1 mRNA expression was further assessed using the IvyGAP database
(GSE107559), comprising of N = 42 tumours from N = 41 patients. Using laser capture microdissection,
samples within this database were delineated to define the tumour leading edge, infiltrating tumour,
cellular tumour, pseudopalisading cells around necrosis, and microvascular proliferation [34] allowing
the assessment of gene expression in these defined tumour locations. βPix/COOL-1 mRNA was
significantly upregulated in the leading edge and infiltrating tumour samples compared to the cellular
tumour region, further highlighting the potential role of βPix/COOL-1 in driving tumour infiltration.
Unfortunately, as annotated tissue either from the Hoelzinger et al. [33] and Puchalski et al. [34] studies
or elsewhere was not available, we were unable to orthogonally validate these findings at the protein
level. It is noteworthy that tumour sample annotation of core vs. leading/infiltrative edge is not widely
available in standard tumour biopsy samples (e.g., TCGA). Indeed, large numbers of such annotated
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datasets are outstanding in the field and would certainly be useful in the development of targeted
anti-invasive therapies. Nevertheless, the endogenous protein expression of βPix/COOl-1 in the U87R
invasive GBM cell line is shown in western blots contained in Figures 2 and 5, and in cortical astrocytes
in Figure 5.

βPix/COOL-1, (encoded by the ARHGEF7 gene), is a member of the PIX family proteins which
have important functions in several disease settings [42,43]. βPix/COOL-1 acts as a GEF protein for
the Rho family of small GTP-binding protein family members Rac1 and Cdc42. βPix/COOL-1 forms
several protein complexes resulting in a number of downstream phenotypic changes including cell
migration (P-cadherin complex; via CDC42), leading edge polarization (SCRIB complex; via CDC42
and PAK), focal adhesion turnover (PAK and GIT complex; via paxillin and Rac1) and formation
of invadopodia (Gαi2 complex; via SRC and RAC1 signaling) [23]. Additionally, βPix/COOL-1 has
been shown to bind to c-CBL, an E3 ubiquitin ligase, playing a key role in the downregulation of
the EGFR receptor. This binding of and sequestration of c-CBL by βPix/COOL-1 prevents c-CBL
induced EGFR degradation, resulting in sustained EGFR expression [44]. Broadly, the gene has also
been shown to play a role in the formation of focal adhesions, mediating cancer cell response to
ECM interaction [45], synaptic structure development, neuronal polarization in the early stages of
axon formation [46] and cell migration [47]. The role of βPix/COOL-1 in the cancer setting has also
been studied [48,49]. For example, a recent study assessed the expression of βPix/COOL-1 in patient
derived primary and secondary GBM cell lines. Here, several βPix/COOL-1 isoforms were shown to be
upregulated in neoplastic brain tissues, when compared to normal cortex expression levels. Moreover
shRNA-mediated depletion of βPix/COOL-1 sensitized GBM cell lines to carmustine (BCNU) and
TMZ and inhibited multicellular spheroid formation in vitro [48].

Overall, our data (along with previously published work) provided a rationale to further
study βPix/COOL-1 as a potential anti-invasive therapeutic target in GBM. In this context, we first
demonstrated that siRNA-mediated depletion of βPix/COOL-1 in the invasive U87R and GBM6 GBM
cell lines result in decreased cell invasion in 3D models, reduced cell proliferation, diminished colony
forming capacity and induction of apoptosis. These data suggest a role for βPix/COOL-1 in supporting
the invasive phenotype common to GBM. Interestingly, these data align closely with data for other GEFs
such as GIT1 which when silenced via siRNA (or indeed miR-149) was shown to decrease invasion
and metastases in the setting of triple negative breast cancer [50]. βPix/COOL-1 has also been shown
to interact with PAK1 (p21-activated kinase) and STIL (SCL/TAL1-interrupting locus), to promote
actin remodelling and promote cancer cell migration in pancreatic cancer models [51] suggesting a
potential mechanism for the βPix/COOL-1 mediated invasion evident in GBM. Employing a wider
panel of invasive GBM cell lines in future studies would further support these findings. Additionally,
studies which assess the impact of βPix/COOL-1 overexpression on GBM invasion and proliferation
(such those performed by Lei et al. [49] in the colorectal cancer setting) would be of additional interest.

To assess the role of βPix/COOL-1 gene silencing on angiogenesis, we next studied the impact
of βPix/COOL-1 siRNA silencing on HUVEC cell function. Notably, analysis of GSE84465 for
ARHGEF7mRNA expression displays a trend towards increased expression in vascular cells compared
to other cell types, thus supporting the hypothesis that βPix/COOL-1 may play a role in GBM
endothelial cell function. We observed that knockdown of βPix/COOL-1 inhibits HUVEC cell
migration, but not HUVEC tube formation or proliferation. These results suggest that βPix/COOL-1
function in angiogenesis is not related to increased endothelial cell proliferation, but rather may
facilitate the migration of endothelial cells. Overall these data reflect previous findings where GEFs
such as Syx, TEM4 and Dia1 are shown to have a critical roles supporting endothelial cell organization
and endothelial junction integrity [52]. Our findings also align with a previous report which suggest
that the GEFs βPIX/COOL-1 and Tiam1 mediate Rac-dependent endothelial barrier regulation [53].
Studies to further interrogate the role of βPix/COOl-1 in the endothelium, could incorporate Annexin
V-FITC/PI staining following βPix/COOl-1 knockdown to assess the effect of βPix/COOl-1 depletion
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on endothelial cell apoptosis. Additionally, endothelial survival could be assessed in future studies via
sulphorhodamine B assay following βPix/COOl-1 depletion.

Finally, in a proof of concept study we employed an orthotopic disease model to assess the effect
of a novel combinatorial treatment regimen comprised of Bev and a nanoparticle gene silencing
system (RGD-NP) loaded with βPix/COOL-1 targeting siRNA. In vivo data demonstrated that
βPix/COOL-1 targeting alone does not confer a significant survival benefit when compared with
Bev or vehicle. Nevertheless, our data suggests a trend towards improved median survival in mice
receiving combination therapy with both Bev and βPix/COOL-1-siRNA loaded RGD-NP (median
survival increase of 12 days in animals receiving combination therapy compared to control or Bev alone
p = 0.1783). Interestingly, knockdown of βPix/COOL-1 in GBM cells was previously shown to prevent
tumour formation in GBM21- and GBM27-NOD/SCID orthotopic models [48]. βPix/COOL-1 has also
been shown to promote the development of metastases in colorectal adenocarcinomas, with high levels
of expression associated with a more aggressive phenotype [49].

To build on this proof of concept work, additional adequately powered preclinical studies of
βPix/COOL-1 depletion are now warranted. These studies should implement faithful, orthotopic
patient derived xenograft (PDX) models and incorporate standard of care (TMZ, radiation, resection)
treatment. Studies to compare the effects of silencing βPix/COOL-1 both in the neoadjuvant and
adjuvant setting are also warranted. It is also likely that a more ‘refined’ NP targeting strategy could
improve outcome; either by improving selectivity to tumour cells or by enhancing siRNA delivery.
In this study, we implemented a generic NP targeted siRNA βPix/COOL-1 gene silencing approach.
The RGD conjugated InVivoPlex (AparnaBio) NP system (RGD-NP) used was a non-imageable,
non-customized entity. Future studies could likely benefit from the delivery of βPix/COOL-1 siRNA
in an optimized and customized NP system which is targeted to tumour cells alone. For example,
we have recently designed [54] a novel, targeted polymeric siRNA nanocarrier system, modified which
is specifically customized for the delivery of gene specific siRNA in vivo. Additionally, recent studies
point to ionizable lipids as superior excipients for siRNA delivery [55]. Overall, imageable, targeted
theranostic nanotherapeutics are superior to commercially available systems and support more efficient
and direct siRNA delivery to brain tumours [56,57].

4. Materials and Methods

4.1. Identification of RhoGEFs Differentially Expressed in the Leading Edge of Patient Tumours

Publicly available gene expression array data (NCBI Gene Expression Omnibus GSE12689) [33,58],
was analysed to identify RhoGEFs with increased expression in the invasive tumour edge compared
with the tumour core for a panel of 19, treatment naïve, GBM tumours. Expression values were filtered
and RhoGEF expression at the tumour rim was normalized to RhoGEF expression at the tumour core.
RNA-Seq dataset GSE107559 (Ivy Glioblastoma Atlas Project [34]) was analysed to validate the findings
within GSE12689. The GlioVis data portal (http://gliovis.bioinfo.cnio.es) [59] was used for the analysis
of this validation dataset.

4.2. Cell Culture

The invasive human GBM cell line U87R-GFP (a gift from Peter Forsyth, Moffitt Cancer Center,
Tampa, FL, USA) was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) F12 supplemented
with 10% fetal bovine serum and 400 mg/mL G418 as previously described [36]. Human umbilical
vein endothelial cells (HUVECs) were cultured in complete Endothelial Cell Basal Medium 2
(EBM-2). The GBM patient-derived xenograft (PDX) cell line, GBM6 (a gift from Jann Sarkaria,
Mayo Clinic, Rochester, MN, USA) was established from GBM tumour material serially passaged in
mice, as previously reported [37]. The GBM6 line was cultured on poly-L-lysine and laminin coated
plastic ware, in Knockout DMEM-F12 media (Gibco, Waltham, MA, USA) supplemented with EGF,
FGF and StemPro (Gibco). Cells were maintained at 37 ◦C and 5% CO2. We acknowledge the growing
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problem of cell line misidentification which has been highlighted in several cases in the literature.
We note that recent literature indicates the U87MG cell line no longer reflects the original tumour
from which it was derived and harbours a different genotype to that of the originally isolated patient
cells. Nevertheless, the literature does indicate that the U87 cell line remains classified as a GBM
tumour-derived cell line, despite the genomic differences now present [60].

4.3. siRNA Transfections

Cells were transfected using 2 separate siRNA duplex molecules that target βPix/COOL-1
mRNA, and as a control, a scramble siRNA duplex that targets no known mRNA. siRNA duplexes
for βPix/COOL-1were purchased from IDT (Coralville, IA, USA). 3 × 105 cells were seeded in
each well of a 6-well cell-culture plate in standard growth medium for all assays. After 5 h,
dharmafect 1 (2 µL, Dharmacon, Inc., Lafayette, CO, USA) in 200 µL Opti-MEM (Gibco–Life
Technologies Corp., Norwalk, CT, USA) was mixed with siRNA duplex (5 nM concentration) in
200 µL Opti-MEM and incubated for 20 min. Media were then removed from cells and 400 µL of
siRNA/Opti-MEM mixture was added dropwise to cellsand 1.6 mL antibiotic-free medium was added.
24 h later medium was removed and replaced with fresh antibiotic-containing. Viability of cells
were assessed via trypan blue assay 2 days following transfection and cells passaged for further
use [61]. The following siRNAs (sense strand provided) were used at 5 nM concentration: βPix/COOL-1
duplex #1: 5′-AGCCUUCAGAUGAGGAGUUCGCGTC-3′ (βPix-1), and βPix/COOL-1 duplex #2:
5′-AUCAUACA GAUAGACAAGAUAUUCA-3′ (βPix-2). A non-targeting negative control was also
used (Catalogue #DS NC1).

4.4. Western Blot Analysis of βPix/COOL-1 Expression

βPix/COOL-1 protein levels in whole cell lysates were determined using western blot analysis.
Following treatment, cells were washed (PBS)cells lysed with RIPA buffer (Cell Signalling Technology,
Inc., Danvers, MA, USA) master mix (containing PhosSTOP protease and phosphatase inhibitor
cocktails). Total protein concentration was determined via Bradford assay. SDS–PAGE was then used
to separate proteins (equal amounts per well) and proteins transferred onto PVDF membrane. Specific
proteins were then detected using βPix/COOL-1 specific antibody (07-1450, Millipore Inc., Darmstadt,
Germany) and α-tubulin antibody (Clone DM1A, T6199 Sigma-Aldrich, Sigma Aldrich, Gillingham,
UK). Membranes were developed by ECL and films scanned (Figures 2, 4 and 5, Figures S2 and S3).
Densitometric analysis was performed using ImageJ software (National Institutes of Health, Bethesda,
MD, USA).

4.5. Sulpho-Rhodamine B (SRB) Proliferation Assay

In all, 5000 cells were added per well of a 96 well plate (in duplicate) in FBS-free medium. Cells
were cultured under standard conditions following transfection, changing the medium every 2 days.
Cells were fixed at 4 h, 4 days and 6 days post seeding using 100 µL 10% trichloroacetic acid (TCA)
in PBS at 4 ◦C for 60 min. Each well was washed with deionized water and allowed to dry. 100 mL
of 0.2% sulforhodamine B (SRB) in 1% acetic acid was added to each well and agitated at 300 r.p.m.
for 30 min at room temperature. Each well was washed in 1% acetic acid and allowed to dry. 200 µL of
10 mM Tris was added to each well and agitated at 300 r.p.m. at room temperature for 30 min before
absorbance was read at 490 nm using a plate reader.

4.6. Cell Cycle Analysis of GBM Cells

72 h and 120 h post-transfection medium was collected and adherent U87R cells in monolayer
culture harvested, washed twice with sample buffer (100 mg glucose; 100 mL PBS without Ca2+ or
Mg2+) and fixed in 70% (v/v) cold ethanol. Cells were pelleted, washed once with sample buffer and
resuspended in propidium iodide (PI) solution (50 µg mL−1 PI, 0.5 mg mL−1 RNase in sample buffer,
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pH 7.4) for 30 min in the dark. The data from 10,000 cells per sample were collected and analysed using
the BD FACSDiva program on a LSR II HTS flow cytometer (BD Bioscience, Franklin Lakes, NJ, USA).

4.7. Matrigel Invasion Assay

Freshly transfected cells were incubated for 16 h in serum-free medium. Cells were detached
using accutase (#A6964, Sigma-Aldrich) and counted using a haemocytometer. 1 × 105 cells were
resuspended in 50 µL of basement membrane extract (BME, thawed at 4 ◦C) diluted to 10 µg mL−1

with serum-free media. This mixture was added to the 24-well transwell insert. The BME-cell mixture,
was allowed to polymerise for 30 min by incubation at 37 ◦C. In all, 200 µL of serum free medium was
added to the upper chamber and 700 µL of media supplemented with 20 serum, was added to the
lower well. Cells were allowed to invade for 24 h at 37 ◦C and 5% CO2. Chambers were placed in
4% (v/v) paraformaldehyde (PFA) in PBS for 30 min at room temperature followed by crystal violet
solution (0.25% w/v) for 40 min at room temperature. Chambers were washed in PBS and a cotton
swab was used to remove non-invading cells were from the insert. Inserts were allowed to dry and
were imaged using a Zeiss Axiovert 200M microscope (Zeiss, Oberkochen, Germany) equipped with a
2.5× objective. Invading cells were counted manually and using the Image J software.

4.8. Migration Assay

To observe the wound-healing response of HUVEC cells, transfected cells were seeded in duplicate
in a 6-well plate. Subsequently once cells became confluent (day 3), a wound healing migration assay
was performed by making three parallel scratches in the each of the six wells using a sterile 10 µL
micropipette tip. Cells were washed and 500 µL fresh serum-free medium added. Images of each
scratch were taken using a light microscope at time 0 h, 3 h and 7 h post scratch. Using Image J software,
distances were measured at 6 different points on each and were plotted as percentage migration from
time 0 h.

4.9. Clonogenic Assay

To assess clonogenic survival of cells in monolayer culture, cells were transfected withβPix/COOL-1
siRNA or scramble siRNA as described above. Cells were then plated in triplicate at 500 cells per well,
into six-well cell culture plates in serum containing media. Colonies were allowed to grow for 10 days.
Colonies were fixed with 4% PFA and stained with crystal violet (0.25% w/v). Colonies containing >50
cells were counted via light microscopy to determine percent survival Three replicates were averaged
for each treatment.

4.10. Tube Formation (Angiogenesis) Assay

In order to assess the effect of βPix/COOL-1 knockdown on tube formation, following transfection,
1.5 × 104 HUVECS were added to matrigel coated wells of a 96 well plate in 150 µL of complete
medium. Cells were then incubated for 20 h at 37 ◦C. Images were taken using light microscope and
analysed with ImageJ. The number of branching points (the point at which a tube splits) were counted
as were the lengths of each tube from branching point to branching point.

4.11. Enzyme-Linked Immunosorbent Assay

In order to confirm the efficacy of the commercially available (Arg-Gly-Asp (RGD)-conjugated,
InVivoPlex, AparnaBio, Rockville, MD, USA) nanoparticle system (RGD-NP), we aimed to first assess
VEGF knockdown in U87 tumour material. Tissue was harvested from mice treated with VEGF
siRNA-loaded RGD-NP (5 µM or 10 µM) and homogenized in RIPA lysis buffer containing protease
inhibitors. Tissue homogenate was centrifuged at 13,000 rpm for 10 min at 4 ◦C to pellet insoluble
contents and collect the supernatant. The supernatant was then assessed using the VEGF ELISA Kit
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(R&D Systems, Abingdon, UK) which detects human VEGF-A, including VEGF165, human VEGF121,
and human VEGF165b.

4.12. GBM Orthoxenograft Studies

In vivo studies were licensed and approved by the Department of Health and Children Dublin,
Ireland (License number B100/3654). Protocols were further approved by the Royal College of Surgeons
in Ireland Animal Research Ethics Committee. Animal experiments were carried out under Directive
2010/63/EU of the European Parliament on the protection of animals used for scientific purposes.
All in vivo studies were carried out in a specific pathogen free (SPF) facility. Adult NOD/SCID mice
(Female) were imported from Charles River UK (Cambridge, UK) housed in groups of N = 4 in
individually ventilated cages (Techniplast, London, UK) and given access to food and water ad libitum.
Environmental enrichment of red polycarbonate houses, nesting material and clear plastic tunnels
was provided. A 12 h light/12 h dark cycle, 40–50% humidity and temperature of 18–22 ◦C were
maintained throughout. Animals were assessed daily to monitor overall health status. Experimental
animal numbers were calculated using the formula: N = (Zα + Zβ)2

× (2σ2/δ2).
Throughout, female NOD/SCID (4–6 weeks; 18–22 g average weight) mice were anesthetized

with O2/isoflurane mixture (1.5% isofluorane in 100% O2), and 2 × 105 of U87R-GFP-Luc2 cells
orthotopically implanted via stereotaxic injection as previously described [62]. Bioluminescence
imaging (BLI) performed with an IVIS Spectrum (Perkin Elmer, Waltham, MA, USA) was employed
to monitor tumour growth until treatment commenced. Imaging was carried out under anesthesia
(1.5% isofluorane in 100% O2) on a heated stage. 15 min prior to imaging mice received150 mg/kg
luciferin (Perkin Elmer) administered via intraperitoneal injection. A 1 s reference image was taken
(binning = 4, F-stop = 1). Living Image software (V4.3.1, Perkin Elmer Perkin Elmer, Waltham, MA,
USA) was utilised for image analysis and average radiance (p/s/cm2/sr) was analysed.

In all studies, prior to commencing therapy mice were randomized into treatment groups using
the = Rand() function in Excel, and treatment group identifiers blinded. All intratumoural injections
were carried out under anesthesia delivered via nose cone (1.5% isofluorane in 100% O2), in a stereotaxic
frame using non-rupture ear bars (World Precision Instruments, Sarasota County, FL, USA). Animals
were maintained on a heated bed and temperature monitored throughout. Adverse effects were scored
on a multi-category scale and a modified rodent coma scale employed to monitor neurological status.
Animals were monitored daily for adverse effects of treatment.

Confirmation of in vivo knockdown capacity of the siRNA-loaded RGD-NP was carried out prior
to commencement of the efficacy study. Tumour-bearing mice (N = 5) received an intratumoural
injection of RGD-NP loaded with βPix/COOL-1 specific siRNA (10 µg) using a 5 µL Hamilton syringe,
and were euthanised via cervical dislocation on day 3 and 4 following injection. U87R tumour cells
and cortical astrocytes were macro-dissected from the bulk of the brain tissue, and protein extracted.
western blot analysis was performed as described above (Figure S4).

For the efficacy study, N = 40 mice were randomized into four treatment groups 2 weeks following
implantation. βPix/COOL-1 targeting siRNA or scramble control siRNA were delivered locally to
tumours using the RGD-NP via a 5 µL Hamilton syringe. Mice received two doses of siRNA-loaded
RGD-NP (10 µg siRNA) on day 27 and 33 following tumour implantation. On day 37 following
implantation animals were treated with Bev or Vehicle (PBS) (6 × 10 mg/kg IP, once every second day).
For survival analysis animals were humanely euthanised via cervical dislocation upon presentation
of neurological symptoms (ataxia, staggering paralysis, seizure or head tilt) or >20% weight loss.
All sections of this manuscript adhere to the ARRIVE Guidelines for reporting animal research.

4.13. Statistical Analysis

All analyses were performed in triplicate. Data are expressed as means with error bars representing
standard deviation (SD). Data were analysed using GraphPad software (GraphPad Software, San Diego,
CA USA) or Excel (Microsoft, Redmond, WA, USA). A Student’s t-test, Wilcoxon signed rank test and
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ANOVA was performed to assess statistical significance with p < 0.05 deemed significant. Statistical
analysis of the in vivo data was performed using a log-rank test for survival studies with p < 0.05
deemed significant.

5. Conclusions

Our work presents proof-of-concept evidence that the RhoGEF βPix/COOL-1 might represent a
vulnerable therapeutic target in GBM. A limitation of the current study was a lack of funding to study
the effect of a targeted NP system to deliver βPix/COOL-1 siRNA in combination with Bev in additional
clinically relevant animal models. Future studies should employ large cohorts of faithful preclinical
models (e.g., PDX population trials [63]) and incorporate standard of care therapy (TMZ, radiation).
It will also be important to assess therapeutic efficacy in the adjuvant or recurrent setting, using models
which support tumour resection [63,64].
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densitometry analysis showingβPix/COOL-1 protein expression following siRNA knockdown in cortical astrocytes
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Author Contributions: Conceptualization, A.T.B. and M.S.; Data curation, K.C. and D.W.M.; Formal analysis,
K.C., D.W.M., M.A.J., N.L.T., K.W., P.D., K.J.S., P.J.O., B.M., L.P.S., F.L. and R.M.S.; Funding acquisition, A.T.B. and
M.S.; Investigation, K.C., D.W.M., M.A.J., N.L.T., K.W., P.D., K.J.S., P.J.O., B.M., L.P.S., and F.L.; Methodology, A.T.B.
and M.S.; Resources, D.L., J.N.S., R.M.S., A.T.B. and M.S.; Supervision, A.T.B. and M.S.; Visualization, K.C., D.W.M.,
A.T.B. and M.S.; Writing—original draft, K.C., D.W.M., M.A.J., N.L.T., K.W., K.J.S., P.J.O., B.M., L.P.S., R.M.S., M.S.
and A.T.B.; Writing—review & editing K.C., D.W.M., M.A.J., N.L.T., K.W., P.D., K.J.S., P.J.O., B.M., L.P.S., F.L., D.L.,
R.M.S., M.S. and A.T.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a Science Foundation Ireland Technology Innovation Award (15/TIDA/2963).
A.T.B. is further supported by the “GLIOTRAIN” (http://www.gliotrain.eu) award, a Horizon 2020 Research and
Innovation program funded under the Marie Skłodowska-Curie ETN initiative (Grant Agreement #766069). K.S. is
supported by the Beaumont Hospital Cancer Research and Development Trust.

Acknowledgments: The authors would like to acknowledge Peter Forsyth (Moffitt Cancer Centre, Tampa, FL,
USA) for the kind gift of U87R cells.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Wen, P.Y.; Weller, M.; Lee, E.Q.; Alexander, B.A.; Barnholtz-Sloan, J.S.; Barthel, F.P.; Batchelor, T.T.; Bindra, R.S.;
Chang, S.M.; Chiocca, E.A.; et al. Glioblastoma in Adults: A Society for Neuro-Oncology (SNO) and European
Society of Neuro-Oncology (EANO) Consensus Review on Current Management and Future Directions.
Neuro Oncol. 2020. [CrossRef] [PubMed]

2. Neftel, C.; Laffy, J.; Filbin, M.G.; Hara, T.; Shore, M.E.; Rahme, G.J.; Richman, A.R.; Silverbush, D.; Shaw, M.L.;
Hebert, C.M.; et al. An Integrative Model of Cellular States, Plasticity, and Genetics for Glioblastoma. Cell
2019, 178, 835–849. [CrossRef]

3. Ostrom, Q.T.; Gittleman, H.; Truitt, G.; Boscia, A.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS statistical
report: Primary brain and other central nervous system tumors diagnosed in the United States in 2011–2015.
Neuro Oncol. 2018, 20, iv1–iv86. [CrossRef]

4. Stupp, R.; Mason, W.; van den Bent, M.J.; Weller, M.; Fisher, B.M.; Taphoorn, M.J.B.; Belanger, K.; Brandes, A.A.;
Marosi, C.; Bogdahn, U.; et al. Radiotherapy plus Concomitant Adjuvant Temozolomide for Glioblastoma.
N. Engl. J. Med. 2005, 352, 987–996. [CrossRef] [PubMed]

5. Guarnaccia, L.; Navone, S.E.; Trombetta, E.; Cordiglieri, C.; Cherubini, A.; Crisà, F.M.; Rampini, P.; Miozzo, M.;
Fontana, L.; Caroli, M.; et al. Angiogenesis in human brain tumors: Screening of drug response through a
patient-specific cell platform for personalized therapy. Sci. Rep. 2018, 8, 8748. [CrossRef]

http://www.mdpi.com/2072-6694/12/12/3531/s1
http://www.gliotrain.eu
http://dx.doi.org/10.1093/neuonc/noaa106
http://www.ncbi.nlm.nih.gov/pubmed/32328653
http://dx.doi.org/10.1016/j.cell.2019.06.024
http://dx.doi.org/10.1093/neuonc/noy131
http://dx.doi.org/10.1056/NEJMoa043330
http://www.ncbi.nlm.nih.gov/pubmed/15758009
http://dx.doi.org/10.1038/s41598-018-27116-7


Cancers 2020, 12, 3531 16 of 19

6. Chi, A.S.; Sorensen, A.G.; Jain, R.K.; Batchelor, T.T. Angiogenesis as a Therapeutic Target in Malignant
Gliomas. Oncologist 2009, 14, 621–636. [CrossRef]

7. Liao, K.-L.; Huang, S.; Wu, Y.-P. The prognosis for patients with newly diagnosed glioblastoma receiving
bevacizumab combination therapy: A meta-analysis. Onco Targets Ther. 2018, 11, 3513–3520. [CrossRef]
[PubMed]

8. Deutsch, M.B.; Panageas, K.S.; Lassman, A.B.; DeAngelis, L.M. Steroid management in newly diagnosed
glioblastoma. J. Neurooncol. 2013, 113, 111–116. [CrossRef]

9. Kunkel, P.; Ulbricht, U.; Bohlen, P.; Brockmann, M.A.; Fillbrandt, R.; Stavrou, D.; Westphal, M.; Lamszus, K.
Inhibition of glioma angiogenesis and growth in vivo by systemic treatment with a monoclonal antibody
against vascular endothelial growth factor receptor-2. Cancer Res. 2001, 61, 6624–6628.

10. Piao, Y.; Liang, J.; Holmes, L.; Zurita, A.J.; Henry, V.; Heymach, J.V.; de Groot, J.F. Glioblastoma resistance to
anti-VEGF therapy is associated with myeloid cell infiltration, stem cell accumulation, and a mesenchymal
phenotype. Neuro Oncol. 2012, 14, 1379–1392. [CrossRef] [PubMed]

11. Shimizu, T.; Ishida, J.; Kurozumi, K.; Ichikawa, T.; Otani, Y.; Oka, T.; Tomita, Y.; Hattori, Y.; Uneda, A.;
Matsumoto, Y.; et al. δ-Catenin Promotes Bevacizumab-Induced Glioma Invasion. Mol. Cancer 2019, 18,
812–822. [CrossRef] [PubMed]

12. Lucio-Eterovic, A.K.; Piao, Y.; de Groot, J.F. Mediators of Glioblastoma Resistance and Invasion during
Antivascular Endothelial Growth Factor Therapy. Clin. Cancer Res. 2009, 15, 4589–4599. [CrossRef] [PubMed]

13. Jahangiri, A.; De Lay, M.; Miller, L.M.; Carbonell, W.S.; Hu, Y.-L.; Lu, K.; Tom, M.W.; Paquette, J.;
Tokuyasu, T.A.; Tsao, S.; et al. Gene Expression Profile Identifies Tyrosine Kinase c-Met as a Targetable
Mediator of Antiangiogenic Therapy Resistance. Clin. Cancer Res. 2013, 19, 1773–1783. [CrossRef] [PubMed]

14. Keunen, O.; Johansson, M.; Oudin, A.; Sanzey, M.; Rahim, S.A.A.; Fack, F.; Thorsen, F.; Taxt, T.; Bartos, M.;
Jirik, R.; et al. Anti-VEGF treatment reduces blood supply and increases tumor cell invasion in glioblastoma.
Proc. Natl. Acad. Sci. USA 2011, 108, 3749–3754. [CrossRef] [PubMed]

15. Fack, F.; Espedal, H.; Keunen, O.; Golebiewska, A.; Obad, N.; Harter, P.N.; Mittelbronn, M.; Bähr, O.;
Weyerbrock, A.; Stuhr, L.; et al. Bevacizumab treatment induces metabolic adaptation toward anaerobic
metabolism in glioblastomas. Acta Neuropathol. 2015, 129, 115–131. [CrossRef]

16. Zuniga, R.M.; Torcuator, R.; Jain, R.; Anderson, J.; Doyle, T.; Ellika, S.; Schultz, L.; Mikkelsen, T. Efficacy,
safety and patterns of response and recurrence in patients with recurrent high-grade gliomas treated with
bevacizumab plus irinotecan. J. Neurooncol. 2009, 91, 329–336. [CrossRef]

17. De Groot, J.F.; Fuller, G.; Kumar, A.J.; Piao, Y.; Eterovic, K.; Ji, Y.; Conrad, C.A. Tumor invasion after
treatment of glioblastoma with bevacizumab: Radiographic and pathologic correlation in humans and mice.
Neuro Oncol. 2010, 12, 233–242. [CrossRef]

18. Chinot, O.L.; Wick, W.; Mason, W.; Henriksson, R.; Saran, F.; Nishikawa, R.; Carpentier, A.F.; Hoang-Xuan, K.;
Kavan, P.; Cernea, D.; et al. Bevacizumab plus Radiotherapy–Temozolomide for Newly Diagnosed
Glioblastoma. N. Engl. J. Med. 2014, 370, 709–722. [CrossRef]

19. Gilbert, M.R.; Dignam, J.J.; Armstrong, T.S.; Wefel, J.S.; Blumenthal, D.T.; Vogelbaum, M.A.; Colman, H.;
Chakravarti, A.; Pugh, S.; Won, M.; et al. A Randomized Trial of Bevacizumab for Newly Diagnosed
Glioblastoma. N. Engl. J. Med. 2014, 370, 699–708. [CrossRef]

20. Cook, D.R.; Rossman, K.L.; Der, C.J. Rho guanine nucleotide exchange factors: Regulators of Rho GTPase
activity in development and disease. Oncogene 2014, 33, 4021–4035. [CrossRef]

21. Fortin Ensign, S.P.; Mathews, I.T.; Symons, M.H.; Berens, M.E.; Tran, N.L. Implications of Rho GTPase
Signaling in Glioma Cell Invasion and Tumor Progression. Front. Oncol. 2013, 3, 1–11. [CrossRef] [PubMed]

22. Van Der Meel, R.; Symons, M.H.; Kudernatsch, R.; Kok, R.J.; Schiffelers, R.M.; Storm, G.; Gallagher, W.M.;
Byrne, A.T. The VEGF/Rho GTPase signalling pathway: A promising target for anti-angiogenic/anti-invasion
therapy. Drug Discov. Today 2011, 16, 219–228. [CrossRef] [PubMed]

23. Lawson, C.D.; Ridley, A.J. Rho GTPase signaling complexes in cell migration and invasion. J. Cell Biol. 2018,
217, 447–457. [CrossRef] [PubMed]

24. Murray, D.W.; Didier, S.; Chan, A.; Paulino, V.; Van Aelst, L.; Ruggieri, R.; Tran, N.L.; Byrne, A.T.; Symons, M.
Guanine nucleotide exchange factor Dock7 mediates HGF-induced glioblastoma cell invasion via Rac
activation. Br. J. Cancer 2014, 110, 1307–1315. [CrossRef] [PubMed]

http://dx.doi.org/10.1634/theoncologist.2008-0272
http://dx.doi.org/10.2147/OTT.S156723
http://www.ncbi.nlm.nih.gov/pubmed/29950856
http://dx.doi.org/10.1007/s11060-013-1096-4
http://dx.doi.org/10.1093/neuonc/nos158
http://www.ncbi.nlm.nih.gov/pubmed/22965162
http://dx.doi.org/10.1158/1535-7163.MCT-18-0138
http://www.ncbi.nlm.nih.gov/pubmed/30872378
http://dx.doi.org/10.1158/1078-0432.CCR-09-0575
http://www.ncbi.nlm.nih.gov/pubmed/19567589
http://dx.doi.org/10.1158/1078-0432.CCR-12-1281
http://www.ncbi.nlm.nih.gov/pubmed/23307858
http://dx.doi.org/10.1073/pnas.1014480108
http://www.ncbi.nlm.nih.gov/pubmed/21321221
http://dx.doi.org/10.1007/s00401-014-1352-5
http://dx.doi.org/10.1007/s11060-008-9718-y
http://dx.doi.org/10.1093/neuonc/nop027
http://dx.doi.org/10.1056/NEJMoa1308345
http://dx.doi.org/10.1056/NEJMoa1308573
http://dx.doi.org/10.1038/onc.2013.362
http://dx.doi.org/10.3389/fonc.2013.00241
http://www.ncbi.nlm.nih.gov/pubmed/24109588
http://dx.doi.org/10.1016/j.drudis.2011.01.005
http://www.ncbi.nlm.nih.gov/pubmed/21262381
http://dx.doi.org/10.1083/jcb.201612069
http://www.ncbi.nlm.nih.gov/pubmed/29233866
http://dx.doi.org/10.1038/bjc.2014.39
http://www.ncbi.nlm.nih.gov/pubmed/24518591


Cancers 2020, 12, 3531 17 of 19

25. Ding, Z.; Dhruv, H.; Kwiatkowska-Piwowarczyk, A.; Ruggieri, R.; Kloss, J.; Symons, M.; Pirrotte, P.;
Eschbacher, J.M.; Tran, N.L.; Loftus, J.C. PDZ-RhoGEF Is a Signaling Effector for TROY-Induced Glioblastoma
Cell Invasion and Survival. Neoplasia 2018, 20, 1045–1058. [CrossRef] [PubMed]

26. Ding, Z.; Dong, Z.; Yang, Y.; Fortin Ensign, S.P.; Sabit, H.; Nakada, M.; Ruggieri, R.; Kloss, J.M.; Symons, M.;
Tran, N.L.; et al. Leukemia-Associated Rho Guanine Nucleotide Exchange Factor and Ras Homolog Family
Member C Play a Role in Glioblastoma Cell Invasion and Resistance. Am. J. Pathol. 2020, 190, 2165–2176.
[CrossRef]

27. White, K.; Connor, K.; Clerkin, J.; Murphy, B.M.; Salvucci, M.; O’Farrell, A.C.; Rehm, M.; O’Brien, D.;
Prehn, J.H.M.; Niclou, S.P.; et al. New hints towards a precision medicine strategy for IDH wild-type
glioblastoma. Ann. Oncol. 2020. [CrossRef]

28. Voloshin, T.; Schneiderman, R.S.; Volodin, A.; Shamir, R.R.; Kaynan, N.; Zeevi, E.; Koren, L.;
Klein-Goldberg, A.; Paz, R.; Giladi, M.; et al. Tumor Treating Fields (TTFields) Hinder Cancer Cell
Motility through Regulation of Microtubule and Actin Dynamics. Cancers 2020, 12, 3016. [CrossRef]

29. Goicoechea, S.M.; Awadia, S.; Garcia-Mata, R. I’m coming to GEF you: Regulation of RhoGEFs during cell
migration. Cell Adhes. Migr. 2014, 8, 535–549. [CrossRef]

30. Garrett, T.A.; Van Buul, J.D.; Burridge, K. VEGF-induced Rac1 activation in endothelial cells is regulated by
the guanine nucleotide exchange factor Vav2. Exp. Cell Res. 2007, 313, 3285–3297. [CrossRef]

31. Goel, H.L.; Pursell, B.; Shultz, L.D.; Greiner, D.L.; Brekken, R.A.; Vander Kooi, C.W.; Mercurio, A.M. P-Rex1
Promotes Resistance to VEGF/VEGFR-Targeted Therapy in Prostate Cancer. Cell Rep. 2016, 14, 2193–2208.
[CrossRef] [PubMed]

32. Datta, A.; Bryant, D.M.; Mostov, K.E. Molecular Regulation of Lumen Morphogenesis. Curr. Biol. 2011, 21,
R126–R136. [CrossRef] [PubMed]

33. Hoelzinger, D.B.; Mariani, L.; Weis, J.; Woyke, T.; Berens, T.J.; McDonough, W.; Sloan, A.; Coons, S.W.;
Berens, M.E. Gene Expression Profile of Glioblastoma Multiforme Invasive Phenotype Points to New
Therapeutic Targets. Neoplasia 2005, 7, 7–16. [CrossRef]

34. Puchalski, R.B.; Shah, N.; Miller, J.; Dalley, R.; Nomura, S.R.; Yoon, J.-G.; Smith, K.A.; Lankerovich, M.;
Bertagnolli, D.; Bickley, K.; et al. An anatomic transcriptional atlas of human glioblastoma. Science 2018, 360,
660–663. [CrossRef] [PubMed]

35. Darmanis, S.; Sloan, S.A.; Croote, D.; Mignardi, M.; Chernikova, S.; Samghababi, P.; Zhang, Y.; Neff, N.;
Kowarsky, M.; Caneda, C.; et al. Single-Cell RNA-Seq Analysis of Infiltrating Neoplastic Cells at the
Migrating Front of Human Glioblastoma. Cell Rep. 2017, 21, 1399–1410. [CrossRef] [PubMed]

36. Johnston, A.L.M.; Lun, X.; Rahn, J.J.; Liacini, A.; Wang, L.; Hamilton, M.G.; Parney, I.F.; Hempstead, B.L.;
Robbins, S.M.; Forsyth, P.A.; et al. The p75 Neurotrophin Receptor Is a Central Regulator of Glioma Invasion.
PLoS Biol. 2007, 5, e212. [CrossRef] [PubMed]

37. Carlson, B.L.; Pokorny, J.L.; Schroeder, M.A.; Sarkaria, J.N. Establishment, Maintenance, and In Vitro and
In Vivo Applications of Primary Human Glioblastoma Multiforme (GBM) Xenograft Models for Translational
Biology Studies and Drug Discovery. In Current Protocols in Pharmacology; John Wiley & Sons Inc.: Hoboken,
NJ, USA, 2011; Chapter 14, Unit 14.16.

38. Osuka, S.; Van Meir, E.G. Overcoming therapeutic resistance in glioblastoma: The way forward. J. Clin. Investig.
2017, 127, 415–426. [CrossRef] [PubMed]

39. Furnari, F.B.; Fenton, T.; Bachoo, R.M.; Mukasa, A.; Stommel, J.M.; Stegh, A.; Hahn, W.C.; Ligon, K.L.;
Louis, D.N.; Brennan, C.; et al. Malignant astrocytic glioma: Genetics, biology, and paths to treatment.
Genes Dev. 2007, 21, 2683–2710. [CrossRef] [PubMed]

40. Norden, A.D.; Young, G.S.; Setayesh, K.; Muzikansky, A.; Klufas, R.; Ross, G.L.; Ciampa, A.S.; Ebbeling, L.G.;
Levy, B.; Drappatz, J.; et al. Bevacizumab for recurrent malignant gliomas: Efficacy, toxicity, and patterns of
recurrence. Neurology 2008, 70, 779–787. [CrossRef]

41. Comunanza, V.; Bussolino, F. Therapy for Cancer: Strategy of Combining Anti-Angiogenic and Target
Therapies. Front. Cell Dev. Biol. 2017, 5, 1–18. [CrossRef]

42. Staruschenko, A.; Sorokin, A. Role of βpix in the kidney. Front. Physiol. 2012, 3, 1–9. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.neo.2018.08.008
http://www.ncbi.nlm.nih.gov/pubmed/30219706
http://dx.doi.org/10.1016/j.ajpath.2020.07.005
http://dx.doi.org/10.1016/j.annonc.2020.08.2336
http://dx.doi.org/10.3390/cancers12103016
http://dx.doi.org/10.4161/cam.28721
http://dx.doi.org/10.1016/j.yexcr.2007.05.027
http://dx.doi.org/10.1016/j.celrep.2016.02.016
http://www.ncbi.nlm.nih.gov/pubmed/26923603
http://dx.doi.org/10.1016/j.cub.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/21300279
http://dx.doi.org/10.1593/neo.04535
http://dx.doi.org/10.1126/science.aaf2666
http://www.ncbi.nlm.nih.gov/pubmed/29748285
http://dx.doi.org/10.1016/j.celrep.2017.10.030
http://www.ncbi.nlm.nih.gov/pubmed/29091775
http://dx.doi.org/10.1371/journal.pbio.0050212
http://www.ncbi.nlm.nih.gov/pubmed/17696644
http://dx.doi.org/10.1172/JCI89587
http://www.ncbi.nlm.nih.gov/pubmed/28145904
http://dx.doi.org/10.1101/gad.1596707
http://www.ncbi.nlm.nih.gov/pubmed/17974913
http://dx.doi.org/10.1212/01.wnl.0000304121.57857.38
http://dx.doi.org/10.3389/fcell.2017.00101
http://dx.doi.org/10.3389/fphys.2012.00154
http://www.ncbi.nlm.nih.gov/pubmed/22654768


Cancers 2020, 12, 3531 18 of 19

43. Zhou, W.; Li, X.; Premont, R.T. Expanding functions of GIT Arf GTPase-activating proteins, PIX Rho guanine
nucleotide exchange factors and GIT–PIX complexes. J. Cell Sci. 2016, 129, 1963–1974. [CrossRef] [PubMed]

44. Feng, Q.; Baird, D.; Peng, X.; Wang, J.; Ly, T.; Guan, J.-L.; Cerione, R.A. Cool-1 functions as an essential
regulatory node for EGFreceptor- and Src-mediated cell growth. Nat. Cell Biol. 2006, 8, 945–956. [CrossRef]
[PubMed]

45. Kuo, J.; Han, X.; Hsiao, C.; Yates III, J.R.; Waterman, C.M. Analysis of the myosin-II-responsive focal adhesion
proteome reveals a role for β-Pix in negative regulation of focal adhesion maturation. Nat. Cell Biol. 2011, 13,
383–393. [CrossRef] [PubMed]

46. López Tobón, A.; Suresh, M.; Jin, J.; Vitriolo, A.; Pietralla, T.; Tedford, K.; Bossenz, M.; Mahnken, K.; Kiefer, F.;
Testa, G.; et al. The guanine nucleotide exchange factor Arhgef7/βPix promotes axon formation upstream of
TC10. Sci. Rep. 2018, 8, 1–12. [CrossRef]

47. Omelchenko, T.; Rabadan, M.A.; Hernáandez-Martínez, R.; Grego-Bessa, J.; Anderson, K.V.; Hall, A. B-Pix
Directs Collective Migration of Anterior Visceral Endoderm Cells in the Early Mouse Embryo. Genes Dev.
2014, 28, 2764–2777. [CrossRef]

48. Stevens, B.M.; Folts, C.J.; Cui, W.; Bardin, A.L.; Walter, K.; Carson-Walter, E.; Vescovi, A.; Noble, M.
Cool-1-Mediated Inhibition of c-Cbl Modulates Multiple Critical Properties of Glioblastomas, Including the
Ability to Generate Tumors In Vivo. Stem Cells 2014, 32, 1124–1135. [CrossRef]

49. Lei, X.; Deng, L.; Liu, D.; Liao, S.; Dai, H.; Li, J.; Rong, J.; Wang, Z.; Huang, G.; Tang, C.; et al. ARHGEF7
promotes metastasis of colorectal adenocarcinoma by regulating the motility of cancer cells. Int. J. Oncol.
2018, 53, 1980–1996. [CrossRef]

50. Chan, S.-H.; Huang, W.-C.; Chang, J.-W.; Chang, K.-J.; Kuo, W.-H.; Wang, M.-Y.; Lin, K.-Y.; Uen, Y.-H.;
Hou, M.-F.; Lin, C.-M.; et al. MicroRNA-149 targets GIT1 to suppress integrin signaling and breast cancer
metastasis. Oncogene 2014, 33, 4496–4507. [CrossRef]

51. Ito, H.; Tsunoda, T.; Riku, M.; Inaguma, S.; Inoko, A.; Murakami, H.; Ikeda, H.; Matsuda, M.; Kasai, K.
Indispensable role of STIL in the regulation of cancer cell motility through the lamellipodial accumulation of
ARHGEF7–PAK1 complex. Oncogene 2020, 39, 1931–1943. [CrossRef]

52. Ngok, S.P.; Anastasiadis, P.Z. Rho GEFs in endothelial junctions. Tissue Barriers 2013, 1, e27132. [CrossRef]
[PubMed]

53. Birukova, A.A.; Malyukova, I.; Mikaelyan, A.; Fu, P.; Birukov, K.G. Tiam1 and βPIX mediate Rac-dependent
endothelial barrier protective response to oxidized phospholipids. J. Cell. Physiol. 2007, 211, 608–617.
[CrossRef] [PubMed]

54. Lou, B.; Connor, K.; Sweeney, K.; Miller, I.S.; O’Farrell, A.; Ruiz-Hernandez, E.; Murray, D.M.; Duffy, G.P.;
Wolfe, A.; Mastrobattista, E.; et al. RGD-decorated cholesterol stabilized polyplexes for targeted siRNA
delivery to glioblastoma cells. Drug Deliv. Transl. Res. 2019, 9, 679–693. [CrossRef] [PubMed]

55. Gilleron, J.; Querbes, W.; Zeigerer, A.; Borodovsky, A.; Marsico, G.; Schubert, U.; Manygoats, K.; Seifert, S.;
Andree, C.; Stöter, M.; et al. Image-based analysis of lipid nanoparticle–mediated siRNA delivery, intracellular
trafficking and endosomal escape. Nat. Biotechnol. 2013, 31, 638–646. [CrossRef] [PubMed]

56. Glaser, T.; Han, I.; Wu, L.; Zeng, X. Targeted Nanotechnology in Glioblastoma Multiforme. Front. Pharm.
2017, 8, 1–14. [CrossRef]
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