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for GB includes surgical tumor resection, chemotherapy, 
and ionizing radiation. Several factors pose challenges to 
effective treatment, including the diffuse nature of the 
tumor that limits the scope of resection, the rapid prolif-
erative rate of the tumor cells, the activation of multiple 
signaling pathways, the fast development of therapy-
resistant clones, and the impediment of the blood-brain 
barrier (BBB) to therapy [5].

Initially believed to arise from glial cells, GB has been 
described as invasive and undifferentiated [6, 7]. The 
tumors and their surrounding microenvironment exhibit 
a heterogeneous character due to the varying appear-
ance of necrosis, hemorrhage, or cystic degeneration [8]. 
Furthermore, a strong line of evidence suggests that GB 
arises not only from glia but also from multiple cell types 
with neural stem cell-like properties that exist at variable 
stages of differentiation, ranging from stem cells to neu-
rons to glia [9–11]. This tumor heterogeneity hinders the 
classification and treatment of GB. Consistent with this 
view, it has long been suggested that these heterogeneous 
GB cells display phenotypic variations largely defined by 

Background: GB is morphologically and 
molecularly heterogenous disease
Glioblastoma (GB) is an incurable primary brain cancer 
arising in the cerebral hemispheres of the brain [1]. The 
World Health Organization (WHO) designates the GB as 
a grade 4 tumor, which is the highest on the malignancy 
scale. Despite the intensive basic and clinical research, 
the 5-year survival of treated GB remains at 5% with a 
median survival of about 15 months [2, 3]. The disease 
incidence in adults is about 3.19–4.17 cases per 100,000 
persons, while in pediatric patients, the incidence is 
about 0.85 per 100,000 persons [4] The standard-of-care 
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Abstract
Glioblastoma (GB) is a highly heterogeneous type of incurable brain cancer with a low survival rate. Intensive 
ongoing research has identified several potential targets; however, GB is marred by the activation of multiple 
pathways, and thus common targets are highly sought. The signal regulatory scaffold IQGAP1 is an oncoprotein 
implicated in GB. IQGAP1 nucleates a myriad of pathways in a contextual manner and modulates many of the 
targets altered in GB like MAPK, NF-κB, and mTOR/PI3K/Akt1, thus positioning it as a plausible common therapeutic 
target. Here, we review the targets that are subjects of GB treatment clinical trials and the commonly used animal 
models that facilitate target identification. We propose a model in which the dysfunction of various IQGAP1 
pathways can explain to a larger extent some of the GB heterogeneity and offer a platform for personalized 
medicine.
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molecular alterations in signaling pathways rather than 
by differences in cell types of origin [12]. Indeed, several 
studies have implicated many molecules in GB pathobiol-
ogy (Table 1). However, the underlying molecular mech-
anisms leading to the inception or maintenance of the 
disease remain incompletely defined, thus hindering the 
development of targeted therapies. Accordingly, research 
is currently directed at addressing the issue of heteroge-
neity through single-cell-based assays such as single-cell 
Systems Genetics Network Analysis (scSYGNAL), RNA 
sequencing (RNA-seq), epigenetics, Transposase Acces-
sible Chromatin (ATAC-Seq), and gene expression Spa-
tial Transcriptomics [13, 14]. Thus, unraveling the causes 
and consequences of the molecular alterations leading to 
GB progression represents a crucial requisite to devel-
oping new targeted and safe therapeutic approaches for 
GB. The aim of this review is to summarize the current 
developments in GB research targets, preclinical animal 
models, and treatment clinical trials directed at plausible 
molecular targets, and discuss future directions to inves-
tigate new pathways in GB management involving a scaf-
fold signaling protein as a common target.

Identified molecular targets in GB
A wealth of molecules has been implicated in GB, but 
while illustrating the heterogeneity of the disease, they 
fall short of providing effective treatment. Several genetic 
mutations and pathway alterations have been implicated 
in GB development, which may contribute to the inter- 
and intra-heterogeneity of the tumors. As depicted in 
Table  1, these include genetic mutations of the epider-
mal growth factor receptor (EGFR), over-expression of 
platelet-derived growth factor subunit A (PDGFA), and 
loss of heterozygosity of phosphatase and TENsin homo-
log on chromosome 10q23 (PTEN). The mutations lead 

to alterations in downstream effector pathways, includ-
ing the small GTPase Ras, the p53 tumor suppressor 
known as the guardian of the genome, and the cell cycle 
regulator retinoblastoma (RB) protein [1]. Interestingly, 
a subset of human GB cells without p53 mutations were 
reported to over-express the proto-oncogene mouse dou-
ble minute 2 (MDM2), a negative regulator of p53 [15]. 
Further alterations include the Janus kinase (JAK)/signal 
transducer and activator of transcription (STAT) path-
way, nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-κB) transcription factor, and the Sonic 
Hedgehog (Shh) signaling pathway [16]. Typically, GB 
displays dysfunction of genes, proteins, or pathways that 
control cell proliferation, cell-cell adhesion, and apopto-
sis (Table 1); which we will discuss in more detail below.

EGFR houses a combination of transmembrane 
(ligand-binding) and tyrosine kinase domains that con-
trol several downstream cellular pathways [17]. Thus, 
mutations in EGFR alter the downstream phospha-
tidylinositol-3-kinase (P13K/Akt) and the mitogen-
activated protein kinase (MAPK) pathways [18]. The 
mammalian target of rapamycin (mTOR/P13K/Akt path-
way) regulates cell cycle, apoptosis, cellular stress, and 
cell growth. In turn, Akt1 controls mTOR, which pro-
motes protein biosynthesis of cyclin D1 [19]. The MAPK 
component ERK1/2 triggers a signaling cascade of the 
MAPK superfamily proteins that regulate cell cycle and 
cell proliferation [16, 20]. Research has also shown that 
EGFR colocalizes with the IQ motif-containing GTPase 
Activating Protein 1 (IQGAP1), a scaffold oncoprotein 
that regulates a plethora of cellular functions, including 
cell-cell contacts, cell motility, cell division and prolif-
eration, protein traffic, and apoptosis [21, 22]; however, 
its underlying mechanisms in these various events are 
just emerging as discussed later below. PTEN is a tumor 

Table 1  Known molecular targets in glioblastoma
Molecule Function Reference(s)
Epidermal Growth Factor Receptor 
(EGFR)

Receptor with tyrosinase kinase and ligand-binding activity; induces downstream cell 
proliferation

[18]

Platelet Derived Growth Factor A 
(PDGFA)

Subunit of the PDGF gene umbrella (six subunits that form ligand and tyrosine kinase recep-
tors); functions in neuroprotection, glial cell development, and hematopoiesis

[26]

Phosphatase and TENsin homolog on 
chromosome 10q23 (PTEN)

Tumor suppressor gene; regulates cell proliferation, apoptosis, and DNA repair [25]

Rat Sarcoma Virus (Ras) Collection of G-proteins; regulate intermediates with signal transduction and cell proliferation 
pathways

[113]

Retinoblastoma Protein (RB) Tumor suppressor protein; targets G1/S cell cycle checkpoint, and negatively regulates 
apoptosis

[114]

Tumor protein p53 (p53) Tumor suppressor protein; prevents malignant transformation of cancer cells and eliminates 
damaged cells

[115]

Janus kinase/Signal transducer and 
activator of transcription (JAK/STAT)

Signaling pathway that activates transcription; triggers pro-tumorigenic functions: anti-apop-
tosis, cancer cell proliferation, and immune suppression

[34]

Nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB)

Collection of five transcription factors; control and trigger cell proliferation, motility, and 
differentiation

[37, 38]

Sonic Hedgehog (Shh) Signaling pathway within the hedgehog (Hh) domain; assists in organogenesis, cell homeosta-
sis, and neural cell type specification

[116]
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suppressor that has been identified as a frequent GB 
target because its mutations promote uncontrolled and 
rapid tumor progression [23]. Like EGFR, PTEN also 
modulates the mTOR/PI3k/Akt signaling through the 
conversion of PIP3 to PIP2 where the formation of PIP3 
triggers the activation of mTOR/Akt, which activates key 
cell proliferation pathways [24] and modulates cell pro-
liferation, apoptosis, and DNA repair [25]. PDGFA is 
a subunit that forms homo-, or hetero-dimers that are 
involved in embryogenesis, glioma cell development, and 
hematopoiesis [26]. In vivo studies in mice and rats have 
also shown that PDGFA can trigger oligodendrocyte pre-
cursor cells [27]. Further, overexpression of PDGFA in 
mouse models has led to GB development [28].

The retinoblastoma (RB) protein regulates the cell 
cycle through the arrest of the G1/S phase [16, 29]. RB 
proteins, when phosphorylated, do not bind to E2F, a 
transcription factor that promotes cell proliferation [29]. 
Conversely, when RB is not phosphorylated, the pro-
tein binds to E2F, thus inhibiting cell cycle progression 
into the S phase [29]. The RB pathway is altered in GB 
in many ways, including homozygous deletion, promoter 
methylation, or mutation of pathway component proteins 
(16). The tumor suppressor p53 protein that controls cell 
proliferation and cell cycle progression is also altered in 
GB [30]. The p53 protein contributes to preventing dam-
aged cells from propagating through the cell cycle [31]. 
Typically, p53 is altered in GB through deletions of the 
CDKN2A/ARF locus [30, 32]. Gene deletions within 
CDKN2B and CDKN2C, which encode tumor suppressor 
genes CDK4 and CDK6, promote uncontrolled cancer 
cell proliferation [18, 33]. The JAK/STAT signaling path-
way regulates tumorigenic functions like angiogenesis 
and anti-apoptosis along with mediating cell responses 
to growth factors or cytokines [34, 35]. JAK proteins, 
activated by cytokine stimulation, phosphorylate STAT 
proteins to initiate pathway activation [35]. The STAT 
component includes a collection of transcription fac-
tors in the cytoplasm that are activated by phosphoryla-
tion [34]. In GB, secretion of interleukin (IL)-6, IL-8, and 
growth factors activate the STAT proteins and increase 
tumor proliferation [34, 36].

The transcription factor NF-κB controls cell prolifera-
tion, motility, and differentiation through downstream 
effector activation that includes EGFR, PGFR, and recep-
tor tyrosine kinases [37, 38]. GB tumors exhibit increased 
NF-κB activation accompanied by tumor cell prolifera-
tion and macrophage-induced inflammation [38, 39]. The 
Shh is a signaling pathway that functions in embryonic 
development and tissue homeostasis [16]. The Shh mech-
anism of action includes the release of a glioma-associ-
ated oncogene homolog (GLI1) [16]. GLI1, a zinc finger 
protein, is stabilized in promoting tumorigenic pathways 
in coordination with Shh [40].

Clearly, the normal cellular functions of these vari-
able molecules are intertwined, and when one of them 
becomes aberrant, their function converges to induce 
or sustain the GB disease state. However, key questions 
remain, including whether the altered protein/pathway is 
a cause or a consequence of the tumor progression, and 
how the heterogeneity in GB evolves. These questions 
are particularly significant because the GB heterogene-
ity evolves over time, and the treatment itself induces 
further heterogeneity in the tumor [14]. For this purpose 
and others, several animal models have been developed 
that provide advantages as well as exhibit limitations in 
replicating the features of human GB, and that we con-
sider below.

Preclinical animal models in GB studies
Although several animal models are currently being used 
in target research, there is not a single model that cap-
tures the features and complexities of human GB, but the 
collective results yielded by these models offer valuable 
information for understanding the landscape of the dis-
ease, at least in part. Rodent models, specifically rats and 
mice, are the primary animal models used in GB research 
[41]. The four main rat-brain tumor models include the 
C6 glioma, 9 L/LacZ gliosarcoma, RG-2 glioma, and F98 
glioma [42]. In comparison to mice models, the main 
advantage of the rat-brain models over the mice models 
is the larger physical size that allows for greater implan-
tation and localization accuracy [41]. Each rat glioma-
model corresponds to a different cell line such as C6, 9 L/
LacZ, RG-2, or F98 injected into a rat [41]. The C6 gli-
oma model was developed from Wistar-Furth adult rats 
and highlights histological GB characteristics including 
tumor necrosis, vascular alterations, and various levels 
of invasiveness [43, 44]. There is also significant tumor 
growth caused by the secretion of angiogenic factors like 
the vascular endothelial growth factor (VEGF) and basic 
fibroblast growth factor (bFGF) [45]. The F98 model is 
similar to the C6 model in that it has significant vascu-
lar alterations and invasiveness and has an infiltrative 
and aggressive growth pattern that mimics the dynamic 
of human GB growth pattern [43]. Molecularly, research 
has shown that the F98 model exhibits over-expression of 
platelet-derived growth factor subunit B (PDGFB), Ras, 
epidermal growth factor receptor (EGFR), and cyclin D1/
D2 [46].

The 9  L/LacZ and the RG-2 both have an aggressive 
glioma growth pattern, along with tumor margins, and 
corresponding feeder vessels [43]. The 9 L model has less 
vascularization and smaller necrotic centers, whereas the 
RG2 has larger necrotic centers [43, 45]. The 9 L model is 
highly immunogenic and models a mutant p53 gene [42]. 
Molecularly, the non-immunogenic RG2 model harbors 
a p53 wildtype and has increased expression of PDGFB, 
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IGF-2, Ras, Erb3/HER3, and cyclin D2 [42]. While each 
model has unique characteristics, their growth patterns 
tend to be similar within the range of two to four days 
[43]. A comparison of vessel growth between the models 
showed that 9 L rat models had a higher average length 
of newly observed vessels, followed by RG-2, C6, and F98 
[43]. In pre-existing vessels, F98 had the greatest average 
length change, followed by C6, 9  L, and RG2 [43]. Dis-
advantages of rat models include the potential for spon-
taneous resection, the substantial number of rats needed 
for modeling, and the monetary cost and time needed 
for maintenance [42]. Thus, there is no single rat model 
that replicates the complexity of GB, and the differences 
among them create difficulty in effectively modeling the 
disease and creating clinical therapeutics.

The four main mouse-GB models include syngeneic 
murine, genetically engineered, cell-line xenograft, and 
patient-derived xenograft (PDX) [47]. Genetically engi-
neered mouse models (GEMM) are centered around Tet-
regulated (tetracycline) Cre-inducible gene (Cre/loxP) 
technology that create genetic alterations like mutation, 
activation, and inversions [48]. GEMM also allows for 
cells to be expressed at certain time intervals and be iso-
lated to certain singular or multiple cells [47]. However, 
GEMM production can take a significant amount of 
development time ranging from months to years [49].

Syngeneic mouse models are those that arise from 
spontaneous or chemically induced gliomas. Typical 
chemical models include GL261, GL26, and CT-2  A, 

while P560 is a spontaneous model [47, 50]. Murine 
models allow researchers to understand molecular 
GB interactions, quantify immune responses, and test 
potential clinical therapeutics [51]. The downside of syn-
geneic models includes a lack of accurate tumor micro-
environments as seen in human GB, susceptibility to 
genetic drift, and a high mutation rate [3]. The two types 
of xenograft mouse models are patient- or cell-line-
derived. Patient-derived xenografts (PDX) preserve the 
GB genetic and histological features from human tissue, 
during mice injection [47]. Cell-line xenografts are mice 
injected with human GB cell lines like U87, U251, T98G, 
and A172 [47]. The benefits of xenografts include main-
taining the high variability of the original tumor after 
engraftment, which helps in clinical applications [47]. 
However, xenografts can take several months to develop 
tumors [52]. Another disadvantage is that the single cell 
lines used to generate the model may not reflect the het-
erogeneity of the GB tumors [47]. While active preclini-
cal research is ongoing, clinical trials are being applied to 
promising therapies directed at many signaling proteins, 
some of which are listed in Table 2 and discussed below.

Current GB treatment clinical trials and approaches
As of 2023, the National Cancer Institute (NCI) lists 
about 382 current Phase I-III treatment clinical trials 
for GB on its website. Some of these are monotherapy, 
combination immunotherapy, or addition to standard-
of-care therapy for newly diagnosed, treated, or recurrent 

Table 2  Current glioblastoma treatment clinical trial
Name (Clinical Trial Identifier 
# or Drug Brand Name)

Company Name Function Reference(s)

Berubicin (NCT04915404) CNS 
Pharmaceuticals

Anthracycline agent; inhibits topoisomerase II [55]

ONC201
(NCT02525692)

Chimerix D2 dopamine receptor (DR) antagonist; Upregulates DR5/TRAIL (TNF-related 
apoptosis inducing ligand), alters MET (Mesenchymal Epithelial Transition), 
and inactivates Akt/ERK signaling

[58, 59]

WP-1122 (NCT05195723) Moleuclin Biotech 
Inc.

2-deoxy-d-glucose analog; Glycolysis inhibitor that targets hexokinase and 
glucose-6-phoshphate isomerase

[60]

VBI-1901 (NCT03382977) VBI Vaccines Inc. Cytomegalovirus antigen vaccine; targets gB and pp65 antigens [61, 62]
Temferon
(NCT03866109)

Geneta Science Hematopoietic cell immuno-therapy: CD34 + hematopoietic stem/progenitor 
cells (HPSCs) that produce IFN-α

[33]

Bevacizumab (BVZ/Avastin) Genentech, Inc. VEGF inhibitor; prevents tumor angiogenesis [67]
Erlotinib (Tarceva) Genentech, Inc. Used in-coordination with BVZ; anticancer agent that inhibits EGFR, causes 

cell cycle arrest, and initiates apoptosis
[117]

Docetaxel (Taxotere) Sanofi-Aventis Inc. Used in-coordination with BVZ; antineoplastic agent that inhibits microtubule 
assembly and causes G2/M cell cycle arrest

[118]

Trastuzumab (Herceptin) Genentech, Inc. Used in-coordination with BVZ; IgG1 monoclonal antibody that targets the 
HER2 (Human epidermal growth factor receptor 2

[119]

Temozolomide (Temodar/
Temodal)

Merck & Co., Inc Alkylating agent: Imidazotetrazinone derivative that is hydrolyzed into a 
methyl diazonium ion

[55]

Carmustine Implant (Gliadel 
Wafers)

Arbor 
Pharmaceuticals

Carmustine-infused wafers that are a cell-cycle alkylating agent [55]

Rindopepimut
(CDX110)

Celldex Therapeutics Immunotherapeutic vaccine against EGFRvIII oncogenic deletion mutant [120]
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gliomas. Immuno-therapies or small molecule inhibitors 
under clinical studies are directed to EGFR, FGFR, and 
GSK3β in addition to others listed in Table 2. As of Janu-
ary 2024, about 591 GB clinical trials are either recruit-
ing or not-yet recruiting [53] with the majority being 
in phase I or II [54]. A selection of the therapies that 
received FDA-approval and have been used in GB man-
agement are listed in Table 2 and here we discuss a few 
additional trials. Typical therapeutic techniques in clini-
cal trials include target therapy, immunotherapy, and 
cytotoxic chemotherapy [54]. Current pharmacologic 
clinical trials include Berubicin and ONC201. Berubi-
cin, a doxorubicin analog that can cross the BBB, inhibits 
topoisomerase II (TopoII), an enzyme that alters dsDNA, 
and thereby induces apoptosis [55]. Phase I Berubicin 
trials in GB patients (n = 25) yielded an efficacy rate of 
48%, including one with a complete response [56]. Beru-
bicin has been undergoing Phase II trials and is actively 
recruiting patients [55]. ONC201, an orally administered 
drug, is a D2 dopamine receptor (DRD2) antagonist that 
can cross the BBB [57]. DRD2 regulates GB cell-growth 
by modulating receptor and ligand interactions of MET 
(mesenchymal-epithelial transition factor receptor) and 
TRAIL (tumor necrosis factor-related apoptosis-induc-
ing ligand), which are both involved in tumor survival 
[58]. Initial animal models and Phase I trial results have 
shown that ONCO201 led to tumor regression and is 
currently active in Phase II testing [59].

Recently, WP-1122, a 2-deoxy-D-glucose (2-DG) orally 
administered analog, received FDA orphan drug des-
ignation and has been undergoing Phase 1 trials [60]. 
WP-1122 functions as a glycolysis inhibitor through the 
manipulation of hexokinase and phosphoglucose isom-
erase, thus inducing apoptosis and cell cycle arrest [60]. 
GB vaccines are also in clinical trials; the VBI-1901 is an 
example of a vaccination treatment that targets immu-
nogenic cytomegalovirus (CMV) antigens like gB and 
pp65 that are commonly found in GB patients [61]. Ini-
tial testing with 10 patients showed that VBI-1901 treat-
ment led to a loss of CMV-specific CD4 cells along with 
a lack of patient immunological tolerance [61, 62]. VBI-
1901 is currently undergoing further Phase 1 Trials and 
is actively recruiting patients [61, 62]. Finally, Temferon, 
a drug that was also recently given orphan drug desig-
nation by the FDA, is a collection of CD34 + hematopoi-
etic stem/progenitor cells (HPSCs) that have undergone 
lentiviral transduction [33]. Temferon promotes the 
production of interferon IFN-α, an anti-tumoral cyto-
kine that has immunomodulatory and anti-angiogenesis 
properties [63]. Temferon is currently undergoing Phase 
II testing [64]. Despite the versatility and promise of the 
ongoing clinical trials, the identification of more effective 
therapies remains a pressing goal. Treatment clinical tri-
als continue to face many challenges, including limited 

patient awareness about ongoing clinical trials, the com-
plex nature of designing and implementing experimental 
protocols, the restrictive eligibility criteria, and patient 
socio-economic disparities, such as cost, travel, and time 
that limit patient participation [54, 65].

Besides treatment clinical trials, some drugs have been 
FDA-approved. These treatments include Bevacizumab 
(BVZ), an intravenously administered monoclonal IgG1 
antibody that was FDA-approved in 2009 and serves as 
a second-line treatment for GB [66]. BVZ is a therapeutic 
antibody that inhibits the VEGF protein to prevent tumor 
angiogenesis [67]. Current experiments include the 
use of BVZ in conjunction with various drug combina-
tions including Erlotinib, an EGFR inhibitor; Docetaxel, 
an anti-microtubule agent; and Trastuzumab, an IgG1 
monoclonal antibody treatment [66, 68, 69]. Another 
prescribed therapeutic is Temozolomide (TMZ), a che-
motherapeutic agent administered orally after radiation 
treatment [17]. TMZ is an alkylating agent that triggers 
tumor cell death; however, many GB patients develop, or 
have a pre-existing, resistance to TMZ, thus negating the 
potential therapeutic effects [70]. Intravenously admin-
istered alkylating agents such as Carmustine are used in 
implanted biodegradable wafers known as Gliadel wafers 
[17, 71]. Gliadel wafers are typically inserted around the 
tumor areas after surgical resection [71].

Despite the available treatments, the present GB treat-
ment bottleneck represents a lack of specific and predic-
tive biomarkers for targeted therapy [72]. Further, each 
clinical therapeutic can have significant adverse side 
effects including diarrhea, fatigue, kidney injury, or car-
diac complications, thus posing an even greater risk for 
patient survival [73]. Typically, pharmacological agents 
are used in combination with surgical resection or radi-
ation in treating GB; however, there is still a need for 
effective clinical treatments due to drug-delivery chal-
lenges imposed by the blood-brain barrier (BBB) and 
the blood-tumor barrier (BTB) [74]. The BBB and BTB, 
which maintain brain homeostasis and membrane per-
meability, hinder the ability of drug compounds to freely 
diffuse into the affected brain areas [75]. Additionally, 
the unique GB heterogeneity requires the development 
of patient-specific treatment, thus layering another chal-
lenge to effective treatment. A more efficient approach 
would be the identification of common therapeutic tar-
gets as proposed below.

IQGAP1 as a potential common therapeutic target in GB
The role of scaffold proteins in complex human mala-
dies is emerging as a new field of study. IQGAP1 is an 
oncoprotein that normally serves as a regulatory signal-
ing scaffold (Fig.  1A) in many pathways that modulate 
versatile cellular functions [22]. The modular nature 
of the protein allows it to bind to various signaling and 
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structural proteins, including receptors, kinases, cyto-
skeletal proteins, and transcriptional factors to medi-
ate numerous cellular functions ranging from secretion, 
endocytosis, and cell migration to cell division and prolif-
eration [22, 76]. As such, IQGAP1 has been implicated in 
many cancers [77] including GB development, invasion, 
and proliferation, and has been suggested as a prognos-
tic marker in a glioma rat model [78]. Studies using U251 
and U373 cell lines harvested from human GB showed 
that IQGAP1 levels were significantly overexpressed in 
GB tissue [79]. Although the role of IQGAP1 in oncogen-
esis has been largely attributed to protein overexpression, 
recent evidence suggests that subcellular mislocaliza-
tion and partner dysfunction are key factors at least in 
certain cancers [80]. In GB, IQGAP1 localizes to podo-
some/invadopodia-like structures [81, 82], filopodia [83], 
tumor-associated microvesicles [84], and GB stem cell 
niches [85]. Hence, targeting IQGAP1 in GB and other 
cancers is now the subject of intensive research, albeit 
still in its infancy, and a target therapy is not yet in sight.

Because GB is defined by the activation of multiple sig-
naling pathways as discussed above, and IQGAP1 scaf-
fold represents a signaling hub that nucleates many of 
such pathways, it is intuitively appealing to propose it 
as a common therapeutic target in GB. Notably, many 
of the GB therapy targets such as EGFR, FGFR, GSK3β, 
and Sigma Receptor 1 (SigmaR1 or dopamine receptor), 
as well as many molecules listed in Table  1, are known 
effectors of IQGAP1 [22, 86, 87], thereby further sup-
porting the notion that IQGAP1 scaffold can serve as an 

ideal upstream common target for GB marked by vari-
able pathways.

Furthermore, IQGAP1 has been shown to modulate 
cell proliferation through NF-κB regulation, which leads 
to varied matrix metalloproteinase 2 (MMP2) protein 
expression [93]. MMP2, a zinc-dependent endopeptidase 
associated with tumor angiogenesis, has been studied 
in rodent models where an inverse correlation between 
MMP2 presence and cancer prognosis was noted [94]. 
Also, IQGAP1 directly binds several members of the 
mitogen-activated protein kinase (MAPK) cascade 
where it serves as a scaffold to modulate the Ras/MAPK 
pathway [95]. MAPK is hyperactivated in GB lesions 
and promotes cancer cell migration [96]. Similarly, the 
mTOR/PI3K/Akt1 kinase pathway has been implicated 
in GB and is currently a clinical therapeutic target in 
brain tumors [24, 97]. Several studies demonstrated that 
IQGAP1 directly binds and regulates the activities of 
the P13K/Akt1/mTOR pathway [98–100]. Interestingly, 
pharmacogenetic studies demonstrated that IQGAP1 
exhibits a higher sensitivity to the bona fide mTOR- and 
PI3K-specific inhibitors like rapamycin and LY29002 [98, 
101]. Again, these findings not only support the idea that 
IQGAP1 would be an effective clinical target in glioblas-
toma working upstream of key oncogenic pathways, but 
also that existing FDA-approved drugs can be repur-
posed for treatment.

Fig. 1  IQGAP1 Scaffold as a Common Target in glioblastoma. A. Schematic Structure of IQGAP1 and Some Glioblastoma Relevant Partners. IQGAP1 is a ubiq-
uitous modular signaling protein that nucleates many cellular pathways. It binds a variety of receptors, including EGFR1/HER1, VEGFR, PDGFRβ, and ERα. 
It also binds and regulates the activities of several kinases, including the mTOR/Akt1/PI3K and the MAPK pathways. Having a nuclear localization signal 
(NLS) at its C-terminus, it also plays roles in the nucleus. CHD denotes the calponin homology domain; IR-WW is the IQGAP1 repeats (IR) and proline-rich 
(WW) region involved in protein-protein interactions; IQ denotes the isoleucine and glutamine rich region that binds calcium-calmodulin and many other 
proteins; GRD is the Ras-GTPase related domain that bind small GTPases like Cdc42; RGCt is the Ras GAP C-terminal domain that engages multiple protein 
partners some of which are indicated on the drawing. As IQGAP1 modulates many cellular functions, its dysfunction has been implicated in many human 
diseases, including GB. B.A Proposed Model for IQGAP1 as a Common Clinical Target in Glioblastoma. IQGAP1 serves as a scaffold of most of the molecules 
and pathways that have been largely implicated in GB, particularly EGFR, MAPK, PI3K/Akt1/mTOR, and YAP/TAZ. Receptor-mediated endocytosis across 
the BBB [88] in vivo has been demonstrated for a few peptides [89] such as insulin, insulin-like receptor, transferrin, and EGFR [90], all of which are IQGAP1-
binding partners [22, 76]. Further, previous studies have shown that caffeine, antidepressants, and anti-schizophrenia drugs can cross into the BBB [91]. 
Accordingly, IQGAP1 pharmacological inhibitors such as Haldol [92] or inhibitory peptides such as the IR-WW fragment will have a facile route to the GB 
tumors, potentially making targeting IQGAP1 a more effective strategy
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Potential approaches to targeting IQGAP1 in GB
Immunotherapy and pharmacologic inhibitors with small 
molecules are at the forefront of precision medicine. 
Recently, peptides, proteins, and antibodies have become 
of increasing interest to the pharmaceutical industry due 
to their high potency, selectivity, and lack of toxicity; thus, 
they have been investigated as potential treatment for 
other brain diseases [89]. Despite the limitations imposed 
by the blood-brain barrier (BBB), their short duration of 
action, and their need for parenteral administration in the 
clinic, the past decade has witnessed significant advances 
in delivering peptides to the brain, and they now repre-
sent ~ 10% of the world’s pharmaceutical sales revenues 
[102]. In this regard, receptor-mediated endocytosis 
across the BBB has been demonstrated in vivo for a few 
peptides [89]. These receptors include insulin receptor, 
the insulin-like receptor, transferrin, and EGFR [90]; all 
of which bind to IQGAP1 to mediate protein traffic in a 
context-dependent manner [22, 76]. Therefore, it is antic-
ipated that delivery of an IQGAP1 inhibitory peptide into 
brain tumors likely will be efficient and more specific. 
Recently, the efficacy of pharmacologic drugs like the 
antipsychotic drug Haloperidol (Haldol), which inhib-
ited GB cell proliferation [92], and the inhibitory IR-WW 
peptide against IQGAP1 that arrested cytokinesis in can-
cer cells [80], have been demonstrated in cell culture and 
animal models (manuscript in preparation) with poten-
tial therapeutics for GB. Repurposing Haldol as anti-GB 
treatment will require some chemical modifications that 
address the known adverse side effects of Haldol such as 
dyskinesia. Our mechanistic cellular studies reveal effects 
on the cytoskeleton that could be addressed by chemical 
synthesis of new analogs (unpublished).

Mechanistic pharmacogenetic studies using the GB 
cell lines U87 and LN18 and Haldol revealed that Haldol 
inhibits GB cell proliferation by altering IQGAP1 signal-
ing differentially in the two cell lines [92]. These studies 
uncovered previously known and unknown partners that 
included the Rho GTPase-activating protein 6 isoform 
1 (Rho GAP). Rho GTPase is inactivated in GB leading 
to promoting cancer cell metastasis [103]. Interestingly, 
analyses of Haldol-mediated inhibition of GB cell lines 
identified several transcription factors in the immunopre-
cipitated proteins, as novel partners for IQGAP1, includ-
ing myotubularin-related phosphates (MTMR), retinol 
dehydrogenase, and zinc finger proteins. While MTMR 
is known for maintaining protein catalytic activity and 
stability [104], it also regulates transcriptional activity 
by modulating the extracellular signal-regulated kinase 
(ERK1/2) [105]. Recently, ERK regulation of autopha-
gic transcription via mTOR was shown to be required 
for GB growth that was synergistically inhibited by a 
combination of mTOR and ERK pharmacologic inhibi-
tors [106]. The retinol dehydrogenase family of proteins 

has been shown to promote glioma cell division through 
upregulation of the transforming growth factor-β (TGF-
β)/SMAD signaling pathway [107]. Overexpression of 
zinc finger proteins, a collection of transcription fac-
tors, has also been shown to promote GB cell prolifera-
tion [108]. Significantly, support for IQGAP1 scaffold as 
a target hub in GB transcriptional regulation is provided 
by the finding that the transcriptional co-activators yes-
associated protein (YAP) and the transcriptional coacti-
vator with PDZ-binding motif (TAZ) that operate in the 
Hippo pathway drive the GB stem-like cell (GSC) state 
responsible for initiating and sustaining the GB tumors 
[109]. IQGAP1, via its IQ motifs, binds YAP directly and 
appears to inhibit its transcriptional activity [110]. It is 
becoming evident that IQGAP1 has a dual role in gene 
transcription and other cellular functions. For example, 
it serves as a co-activator with the estrogen receptor-α 
(ERα) and β-catenin while serving as an inhibitor of the 
nuclear factor of activated T-cell (NFAT), a family of 
transcription factors important in the immune response 
[20, 111, 112]. Thus, it is possible that IQGAP1, under 
physiological conditions, plays a positive or negative 
regulatory role in the transcription of the same gene in 
a context-dependent manner. This is consistent with the 
reports that chronic inhibition/loss or activation/expres-
sion of IQGAP1 leads to disease states like triple-nega-
tive breast cancer [80], thus justifying its designation as a 
molecular rheostat in cell homeostasis [22]. In our hands, 
Haldol inhibited cancer cells harboring activation (MDA-
MB-231) or inhibition (MDA-MB-468) of IQGAP1 [80; 
manuscript in preparation]. The mechanism by which 
IQGAP1 regulates the YAP/TAZ co-activators and inter-
play in GB stem cell initiation and maintenance awaits 
further investigation. Altogether these findings, while 
highlighting the signaling heterogeneity of glioma cell 
lines, present the opportunity for harnessing the various 
pathways of IQGAP1 in GB to identify more personalized 
clinical therapeutics. Additionally, as IQGAP1 resides as 
a hub in the crossroads of multiple pathways, many of 
which are associated with GB, it presents an opportunity 
for developing a common marker or therapeutic target in 
GB.

We propose a model in which IQGAP1 serves as a 
regulatory scaffold at the apex of the pathways that medi-
ate GB cell initiation and proliferation through various 
partners, including receptors, transcription factors, and 
kinases (Fig.  1B). Thus, it seems appealing to envision 
that targeting IQGAP1 would be a plausible therapeu-
tic strategy in the heterogeneous nature of GB; however, 
much more mechanistic work is required to bring this 
notion to fruition.
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Conclusion
In summary, Glioblastoma (GB) has proven to be difficult 
to classify or treat due to tumor and microenvironment 
heterogeneity brought by dysregulation of a variety of 
signaling pathways. Thus far, the majority of the impli-
cated signaling pathways reside directly downstream 
of the oncoprotein IQGAP1, which normally serves as 
a scaffold to nucleate and regulate a variety of special-
ized pathways often using different combinations of the 
same molecules. Consequently, IQGAP1 has been associ-
ated with various cellular functions including apoptosis, 
cell proliferation, and cell-cell communication, and its 
dysfunction has been implicated in many human can-
cers, including GB. It is therefore fitting to propose that 
IQGAP1 presents an ideal target in the search for effec-
tive GB therapy. These potential therapeutics include 
inhibitory peptides and pharmacologic small molecule 
inhibitors; however, much more research is needed to 
realize this goal.
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