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Glioblastoma is one of the most common and detrimental forms of solid brain tumor, with over 10,000 new cases reported

every year in the United States. Despite aggressive multimodal treatment approaches, the overall survival period is

reported to be less than 15 months after diagnosis. A widely used approach for the treatment of glioblastoma is surgical

removal of the tumor, followed by radiotherapy and chemotherapy. While there are several drugs available that are

approved by the Food and Drug Administration (FDA), significant efforts have been made in recent years to develop new

chemotherapeutic agents for the treatment of glioblastoma.
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 1. Introduction

Gliomas refer to all forms of intra-axial tumors that originate from glial cells of the central nervous system (CNS). They are

the most common type of CNS tumors, representing about 80% of all malignant brain tumors . Historically, they

include types of cells that share similar histological characteristics, such as astrocytomas (high-grade astrocytomas are

denominated glioblastomas), brain stem gliomas, ependymomas, oligodendrogliomas, optic pathway gliomas, and mixed

gliomas . This method of categorization helps to understand the histological features of gliomas; however, it does not

provide information on the malignancy of a tumor. Meanwhile, rapid exploration in the past decade has provided

significant insight not only for understanding the mechanisms of the neoplasm on a molecular basis, but also in designing

new anticancer treatments. Therefore, in 2014, the International Society of Neuropathology included molecular

information on top of the histological characteristics in brain tumor diagnoses . This led to substantial modifications

to the World Health Organization Classification of Tumors of the CNS (CNS WHO) in 2016 . The updated CNS WHO

further classified gliomas into grades (Grade I, II, III, and IV) based on pathological evaluation using molecular information

on the malignancy level of the neoplasm. This subcategorization is particularly influential in clinical settings, as it can

assist in determining the type of treatment(s) for patients. Grade I tumors are neoplasms with low proliferation rates that

can be cured by surgery alone. On the other hand, grade II tumors are invasive and often recur despite low proliferative

potential. Grade III tumors are generally malignant tumors with histological confirmation that exhibit anaplasia and rapid

mitotic cell division, while grade IV gliomas are of the most advanced grade and are malignant tumors that have the

poorest prognosis, with high potential for fatal outcome .

The most common and yet most deleterious grade IV glioma subtype is glioblastoma . According to the Central Brain

Tumor Registry of the United States (CBTRUS) Statistical Report 2011–2015, glioblastomas constitute about 57% of the

average annual age-adjusted incidence rate of all neuroepithelial tumors and about 48% of all malignant brain and CNS

tumors. It has been noted that the incidence rate of glioblastoma tumors is 1.58 times higher in the male population

compared to females in the United States . Despite aggressive multimodal treatment, due to the detrimental nature and

quick progression (median survival of about 15 months) of glioblastomas, it is almost impossible to cure these patients .

Moreover, the heterogeneous nature of glioblastomas makes it extremely challenging to develop an effective therapeutic

approach with a uniform outcome for all patients .

Current standard glioblastoma treatment is multimodal in nature, involving surgery, radiotherapy, and chemotherapy.

Surgery for glioblastoma aims for a maximal and safe resection of the tumor. Maximal resection not only helps to relieve

the mass pressure in the brain but also prolong overall survival (OS) rate, as shown in a recent study by Yamaguchi et al.

. They reported that maximal resection for glioblastoma increases OS compared to incomplete resection .

Furthermore, the technological advancement of surgical therapy aided by fluorescence visualization with 5-aminolevulinic

acid, the navigation-guided fence post procedure, and intraoperative MRI has facilitated maximal and almost complete

resection of tumors . After surgery, most patients undergo radiotherapy and chemotherapy concurrently. The

current standard radiotherapy dosage regimen is 2 Gy per fraction per day for 5 days a week, continuously for 6 weeks,
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with a total dosage of 60 Gy . Early radiotherapy soon after surgery has shown to increase progression-free survival

(PFS). However, for OS no significant improvement has been shown . Surgical and radiotherapeutic management of

the disease has been extensively reviewed elsewhere .

2. Pathogenesis

Understanding the pathogenesis plays a key role not only in identifying disease biomarkers but also in designing and

developing potential chemotherapeutic agents. Herein, we discuss the nine most promising signaling pathways that are

involved in pathogenesis, and the possibility of targeting specific components of these pathways for the development of

chemotherapeutic agents for glioblastoma.

2.1. IDH Mutation

Isocitrate dehydrogenase (IDH) is an enzyme that plays a central role in the citric acid cycle. IDH has three isoforms:

IDH1, IDH2, and IDH3. IDH1 is found in peroxisomes and the cytoplasm, while IDH2 and IDH3 are found in the

mitochondrial matrix. Through oxidative decarboxylation by IDH1 and IDH2, isocitrate and NADP  are converted to α-

ketoglutarate (α-KG), NADPH, and carbon dioxide . This takes place in a reversible, multistep process that starts with

the oxidation of isocitrate to form oxalosuccinate, which is then decarboxylated to form α-KG, a cofactor for several

enzymes (Figure 1) .

Figure 1. The IDH1/2 enzyme converts isocitrate into α-ketoglutarate (shown in the blue) while the mutant IDH1/2 enzyme

converts α-ketoglutarate into 2-hydroxyglutarate (shown in orange). IDH: isocitrate dehydrogenase.

Mutations in IDH were found to be in almost all cases of secondary glioblastoma, as reported by Parsons et al. IDH

mutations exist in high numbers in secondary glioblastomas and grade II and III gliomas but are rare in primary

glioblastomas . The IDH mutation involves both a loss and gain of regular enzymatic function . It leads to a decrease

in its binding affinity for isocitrate, preventing the conversion of isocitrate to α-KG. In addition, IDH mutation also increases

its binding affinity for NADPH, which results in incomplete reaction by only reducing α-KG without carboxylation, forming

2-hydroxyglutarate (2-HG) instead of α-KG. The abnormal accumulation of 2-HG, an oncometabolite, is responsible for

cancerogenesis . This discovery resulted in mutant IDH (mIDH) inhibitors being identified as a new group of targeted

cancer therapies which help to separate proliferating cancer cells. Popovici-Muller et al. reported that the mIDH1 inhibitor

AGI-5198 was successful in 2-HG inhibition, and hindered the growth of mIDH1 glioma cells in vivo . Optimization of

AGI-5198 led to the finding of AG-120, which became the first mIDH1 inhibitor to achieve clinical proof-of-concept in

human trials . A selective R132H-IDH1 inhibitor, AG-5198, was discovered to almost completely block the ability of

mIDH1 to produce 2-HG, and induced expression of genes involved in gliogenesis .

Results from clinical studies show that AG-221 (a selective inhibitor of mIDH2) has a promising inhibitory effect against

advanced solid tumors . There is an ongoing phase I clinical trial (NCT03343197) with AG-120 (mIDH1 inhibitor) and

AG881 (non-specific IDH inhibitor). The objective of this trial is to understand the role of AG-120 and AG881 in the

suppression of 2-HG by comparing the concentration of 2-HG in resected and treated tumors from IDH1 mutant glioma

patients with the concentration of 2-HG in untreated tumor. Currently, two other chemotherapeutic agents, FT-2102 (a

selective mIDH1 inhibitor) and IDH305 (an IDH1(R132H) inhibitor), are also in clinical trials (NCT03684811,

NCT02381886). The objective of these clinical trials is to determine the dose-limiting toxicities (DLTs).

2.2. Notch Pathway

The Notch signaling plays an important role in cell differentiation, proliferation, and apoptotic events in different cell types

and tissues, including neurons of the CNS. It is necessary to ensure that neural stem cells are promoted towards

becoming glial cells instead of differentiating into another form . Due to its key role in cell processes, it is easy for Notch

signaling to deviate towards tumorigenesis.
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There are four receptors involved in this pathway; Notch-1, Notch-2, Notch-3, and Notch-4. Notch-1 is found to be either a

tumor suppressor or an oncogene based on the tissue type. Moreover, it has been found to be associated with glioma

progression to determine the malignant phenotype of glioma. Notch-2, on the other hand, was identified as a prognostic

marker for glioma along with Notch-3, which also promotes glioma cell proliferation. Lastly, Notch-4 was found to correlate

with tumor aggressiveness .

Studies have shown the Notch pathway to be a potential and effective target in stem-like glioma cells, which were found to

express Notch family genes . In general, drugs inhibiting the Notch pathway are classified into three categories: α-

secretase inhibitors, γ-secretase inhibitors, and other molecules. A detailed discussion of different classes of inhibitors and

their biological effects has been published by Bazzoni et al. . Ying et al. studied glioblastoma stem-like cell response to

all-trans retinoic acid (RA) treatment. They found that RA can downregulate neurosphere cell expression of the Notch

pathway targets Hes2, Hey1, and Hey2. When treated with RA, Notch receptor intracellular domain (NICD1) is forced to

rescue glioblastoma neurospheres, thus causing inhibition of Hes2, Hey1, and Hey2. They concluded that this is an

indication of RA affecting glioblastoma stem-like cells towards cell growth arrest, differentiation, and stem cell pool loss

.

Similarly, Hovinga et al. performed a study on the relationship of neurosphere formation and CD133+ cells. It has been

shown in the past that CD133+ cells are capable of self-renewal via the Notch pathway. Consequently, they discovered

that Notch inhibition led to a decrease of neurosphere formation and CD133+ cells in glioblastoma while promoting an

increased sensitivity to radiation . Fan et al. studied glioblastoma neurosphere formation and Notch-2, which increases

tumor cell growth. They demonstrated that inhibition of the Notch pathway, using gamma-secretase inhibitors, reduced

glioblastoma neurosphere engraftment in vivo, which caused mice to live longer . These studies indicate that inhibition

of the Notch pathway is a potential therapeutic strategy to treat glioblastoma . Currently there is one Notch inhibiting

agent, CB-103, in a phase I/IIA clinical trial (NCT03422679) against metastatic solid tumors. The current primary outcome

measures of the trial are to determine DLTs and antitumor efficacy.

2.3. Ceramide Signaling

Acid ceramidase (ASAH1) is an enzyme that metabolizes ceramides into sphingosine and free fatty acids (Figure 2).

Ceramides promote senescence and cell death . On the contrary, sphingosine-1-phosphate (S1P), the immediate

product due to metabolism, fosters cell survival and proliferation . Histologically confirmed glioma cells have shown a

change from ceramides to S1P, leading to higher S1P concentrations than ceramide. With lower amounts of ceramides,

apoptosis occurs less, which allows the glioma cells to spread more freely . In addition, modification of ASAH1 in

glioblastoma enables it to be secreted to interstitial tissues, allowing it to transfer their malignant potential to nearby cells

.

Figure 2. Reaction of acid ceramidase (ASAH1), a lysosomal enzyme that converts ceramides into sphingosine, which is

further converted to sphingosine-1-phosphate (S1P) by sphingosine kinase. Ceramide promotes apoptosis while S1P

stimulates cell survival and proliferation.

Previous studies have shown that glioblastomas express ASAH1 in high numbers. Doan et al. demonstrated that

irradiated cell culture and tumor tissues have higher expression levels of ASAH1 compared to non-irradiated culture and

tumor tissues, therefore leading to apoptotic resistance and glioblastoma recurrence . This led to the identification of

overexpression of ASAH1 as a potential biomarker associated with glioblastomas and the development of anticancer

therapy. Although there are no drugs in clinical trials targeting ceramide signaling for glioblastomas, ASAH1 inhibitors

(carmofur, N-oleoylethanolamine, and ARN14988) have been studied against multiple glioblastoma stem cell lines, U87,

and patient-derived cell lines. In vitro studies of ASAH1 inhibitors have shown to be more effective against glioblastoma
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tumor cell lines compared to the Food and Drug Administration (FDA)-approved drug temozolomide (TMZ), therefore

suggesting that ASAH1 inhibitors can restrain ASAH1 activity and increase tissue ceramide levels to induce apoptosis 

.

2.4. Vascular Endothelial Growth Factor (VEGF) Signaling Pathway

Vascular endothelial growth factor (VEGF), a potent angiogenic cytokine, stimulates the growth of new blood vessels to

restore oxygen supply. The normal VEGF pathway starts when cells are lacking oxygen, which leads to the production of

the hypoxia-inducible factor. This leads to releasing of VEGF followed by binding of the VEGF to VEGF receptors

(VEGFRs), stimulating the tyrosine kinase pathway and ultimately resulting in angiogenesis. The normal signaling

completes angiogenesis during embryonic development, collateral circulation, and following muscle injury and

wounds .

Unfortunately, VEGF also plays a key role in promoting angiogenesis in glioma stem cells and optimizing the function and

survival of its microenvironment. For survival of glioblastoma, a vascular supply must be maintained, and early extensions

in the growing tumor receive this vascular supply by angiogenesis . Hence, blocking the VEGF pathway and thereby

inhibiting angiogenesis would be an effective strategy to treat the disease. Various anti-angiogenic agents have been

shown to be effective in blocking the VEGF pathway, thereby treating several different cancers . Though anti-VEGF

therapy has been widely used and has shown benefits in the reduction of vasogenic edema associated with this disease,

the overall survival benefit and resistance to therapy are yet to be improved. However, several approaches using

combination therapy with radiotherapy, immunotherapy, cytotoxic drugs etc., in addition to anti-VEGF therapy showed

improved results . A recent study on combination therapy with platelet-derived growth factor (PDGF) inhibitors

showed more promising results when combined with anti-VEGF therapy in terms of survival benefit and sensitization to

therapy .

In the clinical setting, several receptor tyrosine kinase inhibitors (TKIs) such as tivozanib, cediranib, lenvatinib, sorafenib,

sunitinib, and pazopanib are currently being studied for VEGFR inhibition. In addition, other therapeutic agents such as

the TTAC-001 antibody, the VXM01 vaccine, and combination treatment with bevacizumab are also currently being

studied. There are about 10 ongoing clinical trials and three recently published major clinical trials that are based on

VEGF and VEGFR as the therapeutic targets for glioblastomas.

2.5. PDGF Signaling

Platelet-derived growth factor (PDGF) became a target for therapy for glioblastoma due to its ability to promote

glioblastoma proliferation and survival . In normal glial cells, PDGF signaling starts with the binding of the PDGF

ligands such as PDGFA, PDGFB, and PDGFC to the platelet-derived growth factor receptor (PDGFRα or PDGFRβ). The

PDGFR is classified as a cell surface receptor tyrosine kinase (RTK). Upon binding, the PDGFRs dimerize, allowing the

subunits to cross phosphorylate several tyrosine residues in the receptor. This activated form acts as a docking site for

multiple protein complexes to activate many signal transduction cascades, ultimately leading to DNA synthesis and cell

proliferation .

On the contrary, a PDGF autocrine loop is exhibited in glioblastomas which should be absent in normal brain tissue .

Multiple observations have found PDGF overexpression in glioblastomas. PDGFA and PDGFB are highly expressed in

comparison to the other ligands, with PDGFC being expressed the least . Westermark noticed that the PDGFRα gene

is amplified, mutated, or rearranged in glioblastoma tumors, playing a role in oncogenesis . Similarly, Shih et al. found

PDGF and PDGFR to be overexpressed in glial tumor cell lines and samples correlating with higher tumor grade.

Autocrine signaling in tumor proliferation was tested in cell culture where PDGF inhibitors were able to limit colony activity

and cell growth . Popescu et al. investigated a PDGFR inhibitor, AG1433, and discovered that both the growth factor

and its receptors can control cell proliferation, differentiation, and apoptosis in glioblastoma. They remarked that it was

able to reduce cell survival to 56.5% with the highest concentration (100 μM) at 72 h . Another study by Hong et al.

found the TKI imatinib to be successful at enhancing the radiosensitivity and chemosensitivity of gliomas. Moreover, it has

been observed that it can radiosensitize the cells and inhibit tyrosine phosphorylation of numerous intracellular proteins in

a dose-dependent manner . Another PDGFRα inhibition study conducted by Mangiola et al. found a significant

decrease in cell proliferation in core cancer stem cells, by about 38 ± 9.5%. They also observed a decrease in the

modulation of PDGFRα expression . These studies indicate that PDGF is a well-studied pathway that could lead to

possible treatments for glioblastoma.

In clinical settings, several TKIs such as tandutinib, crenolanib, sorafenib, sunitinib, and pazopanib are currently being

studied. There are about six ongoing clinical trials and two recently published major clinical trials that are based on PDGF

and PDGFR as the therapeutic targets for glioblastoma.
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2.6. Epidermal Growth Factor Receptor (EGFR) Pathway

The epidermal growth factor receptor (EGFR) is a transmembrane cell RTK that binds extracellular signaling ligands such

as epidermal growth factors and transforming growth factor-α to its extracellular domain. In normal glial cells, the EGFR

pathway starts when the receptor binds to its signaling ligand and becomes activated, undergoing transitions to an active

homodimer from an inactive monomer. This dimerization induces intracellular protein-tyrosine kinase activity and results in

tyrosine residues being autophosphorylated in the C-terminal domain of EGFR. Such autophosphorylation stimulates the

initiation of many signal transduction cascades, which ultimately lead to DNA synthesis, cell proliferation, migration, and

adhesion .

Mutations in EGFR have been widely recognized to be involved in the pathogenesis of glioblastomas. The amplification of

EGFR was found to be more commonly present in primary glioblastomas (40%), and rarely present in secondary

glioblastomas . Furthermore, EGFR amplification was found to be rare or nonexistent in pediatric glioblastomas . In

a population-based study conducted by Ohgaki et al., EGFR amplification was found to be detected only in glioblastoma

patients older than 35 years, confirming the results of the previous study . For tumors with amplified EGFR expression,

about half of those cases have the EGFRvIII variant, which is an ideal target for therapies .

Though EGFR was one of the first molecule linked to oncogenesis of glioblastoma, targeting it has been challenging in

this disease. Hence, recent studies have focused on both immunotherapy as well as tyrosine kinase inhibitors (TKIs). For

example, OSI-774, an EGFR-TKI, has shown to be promising in a study conducted by Halatsch et al. They showed that it

induces apoptosis in malignant glioblastoma and is a promising agent against secondary glioblastoma . However,

phase I/II clinical trials of another TKI, lapatinib, showed limited antitumor activity in patients. Though TKIs are promising,

EGFR inhibitors in the pre-clinical settings as well as drug delivery and activity must be evaluated further . EGFR-

targeting therapeutic agents such as dacomitinib,nimotuzumab, ABBV-321, AMG596, CART-EGFRvIII T cells, EGFR(v)-

EDV-DOX, axitinib, cabozantinib, neratinib, afatinib, alectinib, and tesevatinib are currently in clinical studies. From

January 2017 to September 2019, about six major clinical trials were published, while currently there are about 19

ongoing clinical trials based on EGFR-targeting therapeutic agents and tyrosine kinase inhibition for glioblastomas.

2.7. PI3K/AKT/mTOR Pathway

The PI3K/AKT/mTOR pathway (Figure 3) is a vital intracellular signaling pathway for regulating the cell cycle.

Phosphatidylinositol 3-kinases (PI3Ks) are intracellular signal transducer enzymes that can activate serine/threonine-

specific protein kinase (AKT) through phosphorylation. Subsequently, AKT can activate the mammalian target of

rapamycin (mTOR). mTOR forms two complexes which are characterized by different binding partners; mTOR complex 1

(mTORC1) and mTOR complex 2 (mTORC2) . mTORC1 is rapamycin-sensitive and is activated by at least five cues

(growth factors, stress, energy status, oxygen, and amino acid concentration), and promotes glial cell growth upon

activation by eukaryotic translation initiation factor 4E binding protein 1(E4BP1) and ribosomal protein S6 kinase (S6K) 

. Conversely, mTORC2 is insensitive to rapamycin, which drives the glial cell proliferation, motility, and survival through

the activation of AGC protein kinases . However, it is found that overactivation of the PI3K/AKT/mTOR pathway

reduces in the survival of glioblastoma patients and increases in the aggression of the tumor as it overstimulates

processes responsible for cell proliferation, survival and migration in glioblastoma . Therefore, researchers have

identified PI3K, AKT, and mTOR as molecular targets for glioblastomas.

Figure 3. Schematic representation of a simplified overview on the PI3K/AKT/mTOR pathway with the role of phosphate

and tensin homolog (PTEN) and receptor tyrosine kinase (RTK).

Recently, a few preclinical trials have found mTOR inhibitors to be successful. For example, Mecca et al. found that

CC214-1 and CC214-2, mTOR kinase inhibitors, were capable of inhibiting glioblastoma growth by blocking mTOR2C2

activity both in vitro and in vivo. In the clinical setting, PI3K inhibitors such as BKM120, regorafenib, GDC-0084, and

fimepinostat as well as mTOR inhibitors such as temsirolimus, everolimus, CC-115, ABI-009, AZD2014, sapanisertib, and

siroquine are currently being studied. From January 2017 to September 2019, about four major clinical trials were

published, while currently, there are about 11 ongoing clinical trials based on P13K and mTOR inhibition for glioblastomas.
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2.8. Phosphate and Tensin Homolog (PTEN) Signaling

Another key element associated with glioblastoma in the PI3K pathway is phosphate and tensin homolog (PTEN). PTEN

is a tumor suppressor that antagonizes PI3K signaling and prevents AKT activation via its lipid phosphatase activity

(Figure 3) . In glioblastomas, it has been reported that PTEN is inactivated due to mutations. A single mutation in one of

the homolog genes is insufficient to initiate tumor growth; however, the deletion of one or both results in uncontrollable cell

growth . It has also been found that PTEN can sensitize glioma cells to chemotherapy and radiation therapy , hence

making PTEN a molecular target for glioblastoma immunotherapy.

Recent developments in the preclinical setting have focused on correction to PTEN mutation. A study reported the

correction of PTEN in glioblastoma using the adeno-associated virus-mediated gene that reduced the cellular proliferation

in the glioblastoma cell lines, indicating that it could be a potential treatment for this disease . Furthermore, another

study illustrated that correction of the mutant allele of PTEN in glioblastoma cells lines (42MGBA and T98G) using gene

editing resulted in reduced cell proliferation .

2.9. SHH Signaling

In normal glial cells, signaling starts with the sonic hedgehog (SHH) glycoprotein binding to and inactivating the protein

Patched1 and co-receptors, leading to inactivation of the protein Smoothened (SMO). However, when SMO is activated,

the nuclear localization of glioma-associated (GLI) transcription factors takes place. Once GLI enters the nucleus it leads

to the activation of GLI1 and GLI2 transcription factors. Such activation promotes target activation in SHH signaling,

leading to proliferation, angiogenesis, epithelial-to-mesenchymal transition, and stem cell self-renewal . In

glioblastomas, the abnormal activation of SHH signaling typically by mutation in Patched1 and/or activating mutations in

SMO leads to the transformation of adult stem cells into glioblastoma stem cells.

Therefore, SHH signaling has become one of the focal points for glioblastoma treatment since mutations in the pathway

play a key role in cell proliferation and tumorigenesis. Since SMO inhibition prevents downstream activation of GLI, SMO

is an important molecular target for the development of SHH pathway inhibitors . SMO inhibitors such as vismodegib,

trametinib, and glasdegib have been under investigation for glioblastoma .

3. Conclusions

Tumor heterogeneity, patient-to-patient variability, and different stages of disease progression at the time of diagnosis

foster complexity in the treatment of glioblastoma. While there are a few FDA-approved multimodal-approach treatments

for glioblastoma, survival is still poor in majority of the patients. Understanding the molecular-level information on the

mechanistics of neoplasms has led to the design of multiple new compounds which are now under investigation at

different stages of clinical development. Based on the ongoing clinical trials, new treatment options are likely to evolve in

the coming years. In addition, extensive research is ongoing to develop other novel strategies to better combat the

disease. Ultimately, the overall goal is to lessen patient suffering by providing a better standard of life and increasing

overall survival.
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