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ABSTRACT: Neuro-oncology is the study of brain and spinal cord neoplasms. Molecular targets and signaling pathways 
are pivotal in advancing modern healthcare, particularly in personalized medicine. Signaling pathways, which regulate 
cellular processes such as growth, division, and survival, are frequently dysregulated in cancer. Targeting these pathways 
has enabled the development of personalized therapies that improve efficacy while minimizing side effects. This ap-
proach has led to significant improvements in patient outcomes, reduced treatment toxicity, and a shift toward precision 
medicine, driving innovation in drug discovery. The integration of molecular targets and signaling pathways into clinical 
practice highlights their importance for enhancing patient care.
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I. INTRODUCTION

Neuro-oncology comprises fields that are associated 
with the study of benign and metastatic brain tumors 
but are not limited to disorders comprising the spinal 
cord and peripheral nervous system. This branch of 
medicine is constantly growing as new areas are be-
ing researched and developed.1,2 Brain tumors are a 
myriad of different virulent tumors that are difficult 
to treat with regular treatment methods. Right now, 
molecular neuro-oncology is formulating new ways 
on how brain tumors can be treated by pinpointing 
oncogenic pathways for targeted therapy.3 Primary 
brain tumors have many variables in terms of histol-
ogy, genetics, and outcome which makes it difficult 
to have a proper diagnosis and treatment. According 
to the World Health Organization, a separate molec-
ular classification system for CNS tumors has been 
beneficial.4 The WHO CNS classification is a sys-
tem developed by the World Health Organization to 
classify tumors of the CNS, including those of the 

brain and spinal cord. The fifth edition of this clas-
sification system published in 2021 defines over 40 
tumor types and subtypes. The system is always pe-
riodically updated based on the latest advances. The 
changes in this classification are important because 
it change how CNS tumor patients are treated.5 The 
2021 classification introduced changes in nomen-
clature and grading and new tumors, particularly 
pediatric tumors are introduced. It emphasizes the 
importance of integrated diagnosis and layered 
reports.5,6

Every single brain tumor has its own unique 
clinical challenges. Despite having many techno-
logical advances, treatment options remain limited 
for certain brain tumors, especially for ones that 
need better-targeted therapies, because it makes 
them resistant to current treatment models. Man-
agement of brain metastases, or in other words 
the management of cancer cells from spreading 
from primary site to secondary one, involves a lot 
of strategizing and personalized approaches. The 
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heterogeneity of the tumors poses a challenge in 
diagnosis because each individuals treatment will 
be different. Another major concern in neuro-on-
cology is the side effects that are present in ther-
apies such as radiotherapy and chemotherapy. 
Accurate detections of brain tumors early on are 
important for better outcomes, but screening tools 
and other tools are not advanced enough yet. The 
integration of new therapies poses challenges too, 
because ensuring that they are used safely requires 
a lot of research and clinical trials.7

A molecular target is a molecule found within 
the neurons or brain tumor cells. Specific to neu-
ro-oncology, there have been many advances in 
understanding the central nervous system. Glio-
blastoma is a group of primary malignant brain 
tumors that has a poor prognosis.8 However, the 
options for diagnosis have always been limited, 
even with patients being diagnosed with radio-
therapy and/or chemotherapy.9 But, through new 
studies, molecular targeted therapies are achieving 
anticancer effects. This is due to several interlinked 

mechanisms that it can go through such as angio-
genesis and inhibitions of cell proliferation.10 It 
does this by interfering with specific molecules 
that block cancer growth. These therapies are ap-
proved by the US Food and Drug Administration 
(FDA).11 The most common molecular targets 
are protein kinase 9 pathways, cell/cycle apop-
tosis pathways, and the least common pathways 
are wnt/β-catenin pathways (Table 1).12 Molecu-
lar targeting differs from other therapies because 
they damage normal cell proliferation while trying 
to wipe out cancerous cells which is harmful and 
has many side effects on other parts of the human 
body.13 Targeted therapies have indeed reached 
remarkable results for various cancer types.11 Al-
though this type of treatment helps patients, it is 
difficult for patients to receive personalized care 
because of the limited availability of different 
drugs, as they are quite specific and do not have 
a one-size-fits-all solution. Developing more tar-
geted drugs takes time, so only a fraction of people 
get the actual treatment they need.14

TABLE 1: Some of the molecular targets of neuro-oncology
Drug Molecular target Cancer type Ref.

Bevacizumab VEGF Glioblastoma 15
Nimotuzumab EGFR 16
Temozolomide + Nivolumab 
and Radiotherapy

Unmethylated O6-methylguanine-DNA-
methyltransferase (MGMT) promoter

17

Crizotinib Anaplastic Lymphoma Kinase (ALK), ROS1, 
c-MET

22

Ipilimumab Cytotoxic T-lymphocyte-associated protein 4 
(CTLA-4)

24

Imatinib BCR-ABL, c-KIT, and platelet-derived growth 
factor receptor alpha (PDGFRA)

Various cancers 18

Ivosidenib (IVO) Mutant IDH1 Glioma 19
Erlotinib EGFR Non-small cell lung 

cancer (NSCLC) with 
brain metastases

20

Vemurafenib BRAF V600E mutation Pediatric brain tumors 21
Palbociclib Cyclin-dependent kinases 4 and 6 (CDK4/6) Medulloblastoma 23
Everolimus Mammalian target of rapamycin (mTOR) Diffuse intrinsic pontine 

glioma (DIPG), high-
grade glioma (HGG)

25
Ribociclib Cyclin-dependent kinases 4 and 6 (CDK4 and 

CDK6)
25
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II. NEURO-ONCOLOGY TYPES

Primary brain tumors encompass a wide range of 
types, and they each affect different parts of the cen-
tral nervous system.26 There are over 100 primary 
brain tumors and each is then categorized as benign 
and malignant.2 Benign brain tumors are not can-
cerous and slower-growing tumors. They have dis-
tinct borders, which means that they don’t invade 
surrounding tissues or other parts of the body. The 
treatment is the removal of the tumor, or it may be-
come malignant.27

Malignant tumors are the opposite of a benign 
brain tumor. They are cancerous and develop very 
fast. They have irregular borders and spread through-
out the body with a process called metastasis. There 
are various treatment methods for malignant brain 
tumors, such as “surgery, radiotherapy, chemother-
apy, immunotherapy, or a combination of therapies 
to prevent the cancerous spread.”27 Malignant brain 
tumors are harder to treat as they mostly only have 
a five-year survival rate of not greater than 35%.28 
The symptoms and complications almost always 
relate to the specific anatomical area the tumor af-
fects. Some symptoms such as focal or lateralized 
symptoms include hemiparesis, which is weakness 
on one side, aphasia, which is difficulty with speech, 
and visual field deficits. These symptoms progress 
over many days or weeks. Sometimes, in cases of 
leptomeningeal disease, symptoms can involve mul-
tiple areas of the CNS. These are some uncommon 
symptoms, but there are common symptoms such as 
headaches, nausea and vomiting, mental changes, 
gait difficulties, cranial nerve palsies, and radicular 
pain.26 Some of the most common types of tumors 
are described below.

A. Gliomas

Gliomas are the most frequent type of adult primary 
CNS tumors.29 Subtypes are diffuse astrocytomas, 
oligodendrogliomas, and oligoastrocytomas. Glio-
blastomas, the most common tumor, are also the 
most aggressive form of astrocytoma.2

 Also, a small 
percentage of gliomas are linked to Mendelian dis-
orders such as neurofibromatosis, tuberous sclero-
sis, and Li-Fraumeni syndrome. But now with more 

and more research, genomic studies have provided 
more insight that will help cure and improve success 
rates with biomarkers. Some are O6-methylgua-
nine-DNA methyltransferase (MGMT) methylation, 
Isocitrate dehydrogenase (IDH) mutation, Glioma 
cytosine–phosphate–guanine (CpG) island methyl-
ator phenotype (G-CIMP).30

B. Astrocytomas

Astrocytomas are a type of glioma that originate from 
astrocytes, star-shaped cells in the CNS. They grow 
and spread in the brain, meaning they are diffusely 
infiltrative tumors, which make it much harder to 
cure as they are constantly spreading.31 They are dif-
ficult to treat with even advanced histopathological 
tools. Because this type of glioma is very infiltrative, 
it is tough to differentiate it from other brain lesions. 
This response is more apparent when using less sen-
sitive methods such as CT scans. Astrocytomas can 
mimic stroke-like symptoms, causing misdiagnosis. 
MRI is the best standard for brain tumor diagno-
sis, but because astrocytomas have such irregular 
shapes and growth patterns, it makes it challenging 
to tell. Because they rapidly progress, especially 
after initial misdiagnosis, it highlights the aggres-
sive nature of this type of tumor. Even though basic 
MRI models produce profound knowledge on CNS 
brain tumors, contrast-enhanced MRI and advanced 
sequences such as perfusion or diffusion-weighted 
imaging are needed to obtain sufficient detail for di-
agnosis. It is needed for distinguishing astrocytomas 
from other CNS lesions. Taking this tumor out with 
complete surgical resection is often unsuccessful 
because it is constantly spreading. Along with all 
of this, these tumors are often resistant to standard 
therapies such as radiotherapy, chemotherapy, and 
other long-term management.32 Either way, the role 
of MRI is crucial in diagnosis and management, and 
does is used to make as much headway as possible. 
It’s used for initial detection, assessment of tumor 
location, and tumor grade evaluation. MRI shows 
enhancement patterns, edema (swelling), and/or 
necrosis (dead tissue), which are seen in more ag-
gressive astrocytoma, and tumor borders. There 
are many advanced MRI techniques. To get insight 
on how the tumor affects surrounding brain tissue 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

JEP(T)-59098.indd                       83                                                               Manila Typesetting Company                                                               10/13/2025                      10:58AM



84	 Raja et al.

diffusion tensor imaging (DTI) and functional MRI 
(FMRI) are used. MR spectroscopy and perfusion 
MRI measure biochemical changes in the brain and 
measure blood flow in the tumor, respectively.33 Ac-
cording to demographics, the cerebrum, cerebellum, 
brain stem, and spinal cord are most likely to be af-
fected by the percentage that is 63.8%, 4.8%, 3.5%, 
and 1.8%, respectively.

Symptoms vary depending on the location 
of the tumor, but they typically include seizures, 
headaches, and focal neurological deficits such as 
changes in motor function, sensory perceptions, or 
speech difficulties. The prognosis and survival rate 
also vary depending on age, tumor size, and tumor 
location.34 Endothelial growth factor receptor vIII 
(EGFRvIII) is a mutant variant of the EGFR. This 
is most involved in the increase of astrocytoma 
cells. It has been studied for its role in promoting 
uncontrolled cell division and tumor growth. IDH1 
(codon 132) and IDH2 (codon 172) mutations are 
key biomarkers. IDH-mutant DA is normally asso-
ciated with better prognosis and survival whereas 
IDH-wild type DA is not, and is more aggressive.35 
PMMRDIA (Primary Mismatch Repair-Deficient 
IDH-Mutant Astrocytomas) are aggressive tumors 
found mostly in children and young adults, the av-
erage age being 14. Even with IDH mutations, the 
median survival is only 15 months. PMMRDIA has 
multiple mutations, and microsatellite instability 
(genetic abnormalities) is common.36 Several other 
molecular markers have been tested but not limited 
to diffuse Astrocytomas associated with ATRX mu-
tations, TP53 mutations, and MGMT methylation.34

C. Oligodendrogliomas

Oligodendrogliomas, or ODG are rare, widespread 
tumors that develop in the white matter in the brain. 
They can be classified into low-grade oligoden-
drogliomas and high-grade oligodendrogliomas.37 
The methods for grading low-grade and high-grade 
ODG’s methods are based on traditional histology 
and not on well-established biomarkers, making it 
difficult for treatment. Just like astrocytomas, be-
cause they have various shapes and sizes, it causes 
difficulty in imaging the tumor, making it harder 
to treat.38 Regarding growth, infiltrative growth 

patterns are more common in tumors with intact 
1p/19q. Compared with tumors having 1o/19q loss, 
this type has much more infiltrative behavior. Either 
way, any of these types of tumors have infiltrative 
growth patterns, they just vary.39 Survival rates get 
lower the higher the age and histologic tumor grade, 
making older patients face much more significant 
challenges.40 For grade II oligodendrogliomas, the 
mean survival time was 74 months and for grade III, 
it was 39 months. Likewise, the mean age at diag-
nosis is 42 years for grade II, and for grade III, it is 
49 years.41 In the 2021 World Health Organization 
(WHO) Classification of Tumours of the Central 
Nervous System, oligodendrogliomas are specif-
ically characterized by IDH mutations and 1p/19q 
co-deletion. They are required for diagnosis. These 
tumors are generally graded as WHO grade II or 
grade III. Grade II is low-grade, whereas grade II is 
anaplastic.42 As for MRI scans for oligodendroglio-
mas, they are the key to diagnosing and managing 
the tumor. They are superior to CT scans in assess-
ing tumor extent and cortical involvement. One of 
the main issues in diagnosing oligodendrogliomas 
is differentiating it from other forms of clear cell 
neoplasms even with all the newer technologies to 
help.43 Hematoxylin-eosin stained slide assessment 
under a standard light microscope is what the di-
agnosis for this tumor relies on. The difficulty for 
diagnosis is also because there are mixed tumors 
with astrocytomas as well, making oligoastrocyto-
mas tumors. They are clonal neoplasms, meaning it 
underwent some type of genetic mutation, and not 
two different tumors colliding.44 Oligodendroglio-
mas have microscopic cells that migrate through-
out the brain. So, even after surgical resection, it is 
still hard to get cured fully because of the leftover 
microscopic cells.45 The symptoms of this tumor 
cannot be exactly pinpointed. It depends on where 
and how it progresses. The symptoms are mainly 
seizures or cognitive and/or deficits. It differs from 
low-grade oligodendrogliomas and high-grade 
oligodendrogliomas.46

D. Oligoastrocytomas

Oligoastrocytomas are classified as WHO grades 
II or III tumor that are a mixture of two neoplastic 
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cells found in oligodendrogliomas and astrocyto-
mas.47 Oligodendrogliomas need both IDH-mt and 
1p/19q co-deletion. Astrocytomas are put into two 
categories, IDH wild-type (IDH-wt) and IDH-mt.48 
Astrocytomas have TP53 and ATRX mutations as 
well.49 However, oligoastrocytomas are a subset of 
these two tumor cells mixed. Oligodendroglioma 
cells are in a honeycomb pattern in a uniform matter 
whereas astrocytomas have a looser structure. Oli-
goastrocytomas have both cell types in the tumor.50 
Based on studies, if the tumor is smaller than 5 cm, 
the survival outcomes and behavior resemble those 
of oligodendrogliomas, which tend to have a bet-
ter prognosis. But in contrast, for tumors 5 cm or 
larger, survival patterns and aggressiveness are more 
like more aggressive astrocytomas,51 the most seen 
symptom of this tumor is epileptic seizures, followed 
by fatigue52 before the concept of oligoastrocytomas, 
the regimens of oligodendrogliomas and astrocyto-
mas overlapped, making it hard to clearly determine 
the tumor. Because oligoastrocytoma is a mixture of 
two different tumor cells, the treatment approach is 
varied. Neuro-oncologists are more concerned with 
making sure that they choose the right therapy rather 
than focusing on the prognosis.53 As per drugs to 
treat this, PCV, procarbazine, lomustine, and vincris-
tine are three chemotherapy drugs that may help. In 
the RTOG 9802 trial, PVC combined with radiation 
therapy showed that there was a median of 13.3 years 
rather than the median of just 7.8 years for patients 
only undergoing radiation therapy. But, this is not set 
because there are different outcomes based on differ-
ent subgroups of this tumor regarding IDH mutations 
and 1p/19q codeletion statuses.54

III. �MOLECULAR TARGETS OF 
NEURO-ONCOLOGY

A molecular target in neuro-oncology specifically 
refers to a molecule found within the neurons or 
brain tumor cells. They are often a protein or a recep-
tor.55 There are many important signaling pathways, 
but some are more prominent than others. Signaling 
pathways or normally started by something called 
ligands.56 Some of these targets include phosphati-
dylinositol-3-kinase (PI3K) Akt, mammalian target 
of rapamycin (mTOR), EGFR, vascular endothelial 

growth factor (VEGF) among others. Each of these 
targets does something different. PI3K/Akt and 
mTOR signaling pathways focus on aspects of cell 
growth and survival. PI3K/Akt pathway supports 
cell survival under environments with low nutri-
ents, oxygen, and other conditions which makes 
it easier for cancer progression. mTOR mainly fo-
cuses on processes essential for cell growth, cell 
cycle progression, and metabolism, which is what 
makes these pathways go hand in hand.57 EGFRs 
play a role in tissue development in organs such as 
the skin, liver, and gut. When this factor’s signal is 
shared with other receptors, it amplifies the original 
signal causing cancer growth, which is why EGFR 
is associated with more aggressive tumor behavior.58 
Less aggressive gliomas are seen with IDH mutant 
gliomas.59 There are different drugs for each of these 
pathways, for example, erlotinib targeting EGFR 
and bevacizumab targeting VEGF.60 Conventional 
therapies such as surgery and chemotherapy do not 
suffice, and neuro-oncology is complicated. How-
ever, precision medication seems promising and is 
rapidly changing with new data incoming.2,61

A. Drug-Targeting Growth Factors

Drug-targeting growth factors are aimed at interfer-
ing with the molecular signaling pathways to reduce 
cell proliferation leading to cancer. Growth factor 
receptors are proteins found on the cell surface that 
leads to a bunch of different signals, but if dysregu-
lated can cause problems in the cells causing cancer 
and also resist apoptosis, which is programmed cell 
death.62 EGFR is associated with particularly ag-
gressive tumors, which is why EGFR is more com-
monly expressed in many tumors because it is often 
overexpressed. Once EGFR is activated, it triggers 
a cascade of signaling events through several path-
ways such as the PI3K/AKT pathway, the MAPK/
ERK pathway, and the JAK/STAT pathway. This 
in turn does a lot with cell survival, proliferation, 
metastasis, and angiogenesis, making it the perfect 
target to focus on. which is involved in cell survival 
and metabolism, which is why it is better to target 
EGFR rather than the pathways itself.63 EGFR is 
part of the ErbB family of tyrosine kinase. This fam-
ily also includes HER2/neu (erbb2), HER3 (erbB3), 
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and HER4 (erbB4).64,65 Drugs such as gefitinib and 
erlotinib are classified as cancer therapies, specifi-
cally tyrosine kinase inhibitors, which can help re-
duce and inhibit tumors with EGFR. Although up 
to date, there have been five EGFR inhibitors, three 
being tyrosine kinase inhibitors and the others be-
ing antibodies such as Cetuximab, a monoclonal 
antibody.66

B. �Drugs Targeting the Ras Signaling 
Pathway

The Ras signaling pathway is a critical communica-
tion system made with several regulators that regu-
late processes such as cell growth, differentiation, 
and survival.67 The Ras family is a family of proteins 
of small GTPases, H-Ras, N-Ras, and the two K-Ras 
isoforms, K-Ras4A and K-Ras4B.68 Ras is activated 
by growth factors or other signals. Ras proteins, 
in turn, transmit signals, primarily the MAPK and 
PI3K/AKT pathways, which can lead to either posi-
tive or negative effects on apoptosis.69 These down-
stream pathways regulate cell cycle progression, 
apoptosis, and mechanisms that are critical to cell 
maintenance and function.68 Cancer cells utilize Ras 
signaling pathways because the pathway is disrupted 
due to mutations that cause Ras proteins to be con-
tinuously active. That gives way to uncontrolled cell 
division and enhances the survival of cancer cells.67 
Because of this, it has been highlighted as a target, 
but directly targeting Ras proteins has been chal-
lenging because of the structure. This means that it 
makes it harder for drugs to effectively bind and in-
hibit them. Therefore, scientists target the processes 
and proteins that support Ras rather than Ras itself.2 
In cancers, the Ras pathway can be a driving force 
behind oncogenesis. This is because of mutated 
Ras proteins that are known as H-Ras, K-Ras, and 
N-Ras, which are the driving force behind oncogen-
esis, or upstream and downstream effectors leading 
to a dysregulated pathway.70 Studies have estimated 
that cancers with Ras mutations can be seen in 19% 
of all cancer cases, with about 3.4 million new cases 
globally each year.71 There are several drugs that tar-
get the Ras signaling pathway to inhibit it.

Farnesyltransferase inhibitors (FTIs) drugs 
block a key enzyme that supports Ras function but 

with a combination of other inhibitors.72 A key pro-
cess in Ras activity is called farnesylation. Faryesly-
ation is catalyzed by the enzyme farnesyltransferase, 
which is what FTIs try to inhibit.73 FTIs were origi-
nally developed to block the activity of mutated Ras 
proteins74; however, more recent studies are show-
ing that FTIs may target a different protein instead 
of Ras. Other drugs used for cancer treatment are 
Lonafarnib, a well-known drug for FTIs,75 and Tip-
ifarnib, which is undergoing clinical trials.76 These 
drugs might be more effective for tumors where the 
normal (wild-type) Ras is overactive, rather than tu-
mors with mutated Ras.77 Other types of inhibitors 
are MEK and ERK inhibitors. Moreover, mainly 
what they do is block downstream signals that Ras 
proteins use to drive cell division, which disrupts 
tumor growth. The RAS-RAF-MEK-ERK pathway 
is one of the most important signaling pathways in 
cells and plays a major role in cell development by 
inhibiting MEK or ERK, therapies could block the 
last steps in the pathway, potentially preventing the 
cancerous cells from growing. Trametinib and cobi-
metinib are MEK inhibitors.78 They are approved, 
but ERK inhibitors such as Ulixertinib (BVD-523) 
are still undergoing clinical trials.79 However, stud-
ies have shown that cells may have developed resis-
tance to MEK inhibitors that still rely on the MAPK 
pathway for their growth and survival.80 Targeting 
later steps such as ERK could still work, which is 
why combining MEK and ERK inhibitors would be 
the best option.81 It is, however, important to note 
that these drugs and approaches in general are still 
under active research (Fig. 1).

C. �Drugs Targeting the Phosphoinositide 3ʹ 
Kinase (PI3K)/Akt Pathway

PI3K is a critical signaling cascade involved in car-
cinogenesis, proliferation, invasion, and metastasis 
of tumor cells.82 This signaling pathway, including 
mTOR, is frequently overlapped with RAS, which 
means targeting any one of them will target this 
pathway as well, but they each have their mech-
anisms.83 PI3KS are enzymes that modify lipid 
molecules by adding a phosphate group to the 3’-
OH group of inositol phospholipids, producing 
PI(3,4,5)P3, a second messenger. When receptor 
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protein tyrosine kinases (RPTKs) are activated, 
PI3Ks generate PI(3,4,5)P3 and PI(3,4)P2 at the cell 
membrane. These lipid products recruit Akt, a key 
signaling protein, to the inner plasma membrane. 
From there, AKT initiates downstream signaling.83 
Continuous activation of PI3K/ AKT can lead to the 
PIK3C gene being produced excessively, altering 
pathway regulation.84 Dysregulation has been seen 
many times over many different cancers. Cells are 
mutated and genetically altered, and the deregula-
tion means it counteracts efforts to inhibit it. There-
fore, inhibiting AKT may be an option for treating 
cancer with these types of tumors.82 However, dif-
ferent studies and investigations have found that 
monotherapy is not very reliable, so a combination 
of targeted therapy is a better option.85 There are 
different types of inhibitors in the pathway. Dual 
PI3K/mTOR inhibitors are one of the more useful 
inhibitors as they inhibit both of those respective 
pathways. NVP-BEZ235 (Dactolisib) inhibits the 
kinase activity of both PI3K and mTOR, preventing 

the reactivation of compensatory signaling loops 
often triggered by single-agent therapies.86 In vitro 
efficiency, NVP-BEZ235 effectively reduced glio-
blastoma cell proliferation and induced apoptosis 
in various cell lines.87 Isofom-specific PI3K inhibi-
tors exist, and they are designed to target individual 
PI3K isoforms, reducing toxicity compared to pan-
PI3K inhibitors. This type of inhibitor is particularly 
effective in tumors with specific molecular alter-
ations, making them ideal for precision medicine. 
This selectivity can improve therapeutic activity. 
This approach can potentially offer more tailored 
and effective cancer therapies while minimizing 
side effects seen with broader inhibitors.88 PI3Kα 
isoform is heavily involved in activating the PI3K/
AKT pathway in GBM cells. Alpelisib, a selective 
PI3Kα inhibitor, successfully blocked PI3K/AKT 
activation and reduced the growth of GSC-derived 
neurospheres, suggesting PI3Kα’s critical role in 
GBM progression.89 Idelalisib is a small-molecule 
inhibitor that specifically targets the delta isoform 

FIG. 1: The key steps in the Ras signaling pathway begins with the activation of a cell surface receptor by an external 
ligand. This activates the associated GTPase Ras through GEF. Once activated, Ras triggers a cascade of downstream 
signaling events, including the activation of the Raf-MEK-ERK kinase cascade, which regulates various cellular 
processes such as growth, differentiation, and survival. (Figure was generated using www.BioRender.com with an 
academic license.)
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(p110δ) of phosphoinositide 3-kinase (PI3K). Un-
like other PI3K isoforms, PI3Kδ is predominantly 
expressed in hematopoietic cells, which include B 
cells. By inhibiting PI3Kδ, idelalisib blocks several 
key cellular signaling pathways that are essential for 
the survival of malignant B cells, making it effec-
tive therapeutic strategies for B cell malignancies.90 
Conversely, Pan-PI3K targets all four isoforms of 
class I PI3K, α, β, γ, and δ. This is why they are re-
ferred to as pan-inhibitors. The goal of using these 
drugs is to block the entire PI3K signaling pathway 
But because of their broad-spectrum activity, it 
means they also inhibit PI3K in normal cells, which 
can cause adverse events (AEs) and off-target toxic-
ity. This limits their ability to be used effectively at 
higher therapeutic doses, often leading to treatment 
discontinuation due to side effects.88 Buparlisib has 
clinical potential as a pan-PI3K inhibitor in various 
cancers as it demonstrates its excellent brain pen-
etration, crucial for treating intracranial tumors. It 
shows effective target inhibition.91 Akt inhibitors are 

another type of inhibitor in cancer treatment. Akt, 
which is also known as Protein Kinase B, is a key 
regulator of processes such as cell survival, growth, 
migration, and differentiation. It is often overac-
tive in various cancers, including breast, lung, and 
ovarian. The PI3K pathways require Akt phosphor-
ylation at two key sites, Thr308 and Ser473. These 
play a major role in tumor progression. While this 
is promising, the drugs have to overcome the com-
plexity of Akt’s multiple isoforms with other sig-
naling molecules. Clinical trials with Akt inhibitors 
have been ongoing, but the inhibitors’ effectiveness 
has been limited, so even though progress has been 
made, Akt inhibition remains a challenging but still 
crucial area in cancer therapy development.92 Ipata-
sertib is a selective Akt kinase inhibitor studied for 
solid tumors.93 But, in essence, all of these drugs 
have demonstrated varying levels of bioavailability, 
brain penetration, and efficacy in clinical studies, 
which indicate their potential for precision thera-
pies (Fig. 2).

FIG. 2: This diagram shows how the PI3K/AKT pathway works. When growth factors bind to cell surface receptors, 
they activate PI3K, which produces PIP2 amd PIP3. It then activates AKT, a protein that triggers cell survival, growth, 
and metabolism. AKT also activates mTOR. Mutations in any part of this pathway can lead to uncontrolled cell growth 
and cancer. (Figure was generated using www.BioRender.com with an academic license.)
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D. Drugs Targeting mTOR

mTOR, or the mammalian target of rapamycin, is a 
protein kinase. mTOR plays a critical role in regu-
lating protein synthesis, autophagy, and other cel-
lular processes essential for growth and survival. 
Dysregulated mTOR signaling is seen in diseases 
other than cancer, such as diabetes. Recent advances 
have enhanced the understanding of mTOR’s func-
tions and regulation, which is helpful for clinical 
interventions in disease treatment.94 mTOR is a 
289-kDa serine-threonine kinase belonging to the 
PI3K-related kinase (PIKK) family. mTOR oper-
ates within two distinct multiprotein complexes, 
mTORC1 and mTORC2, which are very important. 
mTORC1 consists of the mTOR catalytic subunit, 
Raptor, which handles assembly and substrate re-
cruitment, mLST8, whose role remains unclear, and 
the negative regulators PRAS40 and Deptor. In its 
inactive state, PRAS40 and Deptor inhibit mTORC1 
by binding to the complex, but their phosphoryla-
tion during activation reduces this inhibition, en-
abling mTORC1 to promote downstream signaling. 
mTORC2 is composed of Rictor, mSIN1, Protor-1, 
mLST8, and Deptor. Rictor and mSIN1 stabilize the 
complex, while Deptor acts as an inhibitor, similar 
to its role in mTORC1. The protein mLST8 is crit-
ical for the stability and activity of mTORC2, with 
its absence significantly impairing the complex’s 
function.95 mTORC1 is seen inside of various cellu-
lar compartments, including mitochondria, neuronal 
membranes, the nucleus, endoplasmic reticulum, 
Golgi, and lysosome surfaces, with activation pre-
dominantly occurring on lysosomes.96 mTORC2 
regulates metabolism, growth, and survival by ac-
tivating AKT through phosphorylation at key sites, 
with RICTOR being essential for this process. Its 
activity is influenced by various signals.97 mTOR is 
quite important because it is a critical regulator of 
cellular processes, which is why it is included in the 
involvement in tumorigenesis. Despite significant 
progress in understanding mTOR, many aspects re-
main unclear, especially concerning mTORC2’s ac-
tivation, regulation, and interplay with mTORC1.98 
Everolimus (Afinitor) is an mTOR inhibitor. It was 
approved in 2009 for targeted-therapy refractory 
mRCC, and demonstrated significant efficacy in the 

RECORD study, improving progression-free sur-
vival (PFS) to 4.0 months compared to 1.9 months 
for placebo. While effective, it requires careful 
management of side effects such as stomatitis and 
pneumonitis, emphasizing patient-centered care in 
clinical use.99 Temsirolimus is another inhibitor, spe-
cifically a mTORC1 inhibitor. Despite its efficacy, 
challenges such as immune suppression, metabolic 
side effects, and drug resistance highlight the need 
for ongoing research to optimize its use in cancer 
therapy for this inhibitor.100 Sirolimus (rapamycin), 
originally isolated from Streptomyces hygroscopi-
cus for its antifungal properties, has demonstrated 
significant antitumor and immunosuppressive ef-
fects. It is effective in preventing organ transplant 
rejection and potentially useful in cancer therapy 
and is currently being studied for its antiprolifera-
tive effects in cancer treatment.101 Ridaforolimus is 
an inhibitor It shows a cytostatic mode of action, 
halting tumor cell growth without causing immedi-
ate cell death. In preclinical studies, it demonstrated 
antitumor effects in various tumor cell lines and 
mouse models, particularly with intermittent dosing. 
Ridaforolimus’ effective dosing strategies may of-
fer a potential therapeutic approach with minimized 
side effects.102 A preclinical study showed that com-
bining Vistusertib, a dual mTORC1/2 inhibitor, with 
paclitaxel resulted in additive effects on cell growth 
inhibition and significantly reduced tumor volumes 
(Fig. 3).

E. �Drugs Targeting the Sonic Hedgehog 
(Shh)/Patched (PTCH) Pathway

The Hh signaling pathway, particularly the Shh 
component, plays a crucial role in embryonic de-
velopment and tumorigenesis, contributing to radio- 
and chemo-resistance in brain tumors and leading 
to poor prognosis. Advances in understanding the 
Shh pathway, including signaling and interactions 
with other pathways, are paving the way for targeted 
therapies and clinical trials, offering potential treat-
ment options for brain and other cancers.103 PTCH 
is a protein that can also be referred to as PTCH1. 
It is a key regulator of this pathway. PTCH inhibits 
activity of Smoothened, or SMO, which prevents 
the pathway’s activation, but this happens in the 
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absence of Hh ligands. When the ligands do bind 
to PTCH, the suppression of SMO is lifted, which 
means it turns on the pathway signalling, which af-
fects cell growth and differentiation.104 This signal-
ling pathway is seen in many other types of cancers 
with other pathways as well, making it clear that it 
is utilized into tumorigenesis a lot, which is how it 
is related to cancer.105,106 Vismodegib (Erivedge) is 
a small molecule that inhibits the Hh pathway that 
binds to smoothened (SMO), preventing uncon-
trolled cell proliferation. It was approved by the 
FDA in 2012 and by EMA in 2013, but its role in 
other cancers still under investigation.25 Sonidegib 
(Odomzo) is actually the second Hh inhibitor to be 
approved by the FDA, after Vismodegib.107 For the 
most part, this drug is under many drug trials with 
other drugs. Itraconazole is actually a systemic an-
tifungal, and was identified as a potential antagonist 
of the Hh signaling pathway, inhibiting Hh activity 
and medulloblastoma growth SMO through a dis-
tinct mechanism from other SMO antagonists,108 but 
these are only some inhibitors amongst others in this 
pathway (Fig. 4).

F. Drugs Inhibiting Angiogenesis

Angiogenesis is the process through which new 
blood vessels are formed from pre-existing ones. 
It is essential for various physiological functions 
such as tissue repair, development, and reproduc-
tion, and also plays a pivotal role in pathological 
conditions such as cancer and chronic respiratory 
diseases. Key regulators such as VEGF are in-
volved in this process.109 Angiogenesis contributes 
significantly to tissue remodeling and progression, 
making it a critical target for therapeutic interven-
tions.110 VEGF-driven angiogenesis starts tumor 
growth and metastasis by creating a blood supply. 
It also affects tumor microenvironment interactions, 
influencing immune evasion and cancer cell behav-
ior. Understanding VEGF’s role in these processes 
has led to the development of anti-angiogenic ther-
apies.111 Drugs targeting the VEGF pathway have 
shown significant promise in inhibiting angiogene-
sis. Bevacizumab, an anti-VEGF antibody, is FDA 
approved for second-line treatment of GBM, where 
it reduces vascular permeability, though its impact 

FIG. 3: mTOR works in two complexes, mTORC1 and mTORC2. mTORC1 is activated by growth factors and nutri-
ents and promotes protein synthesis and cell growth. mTORC2 helps with cell survival and organization. The pathway 
is regulated by signals from AKT. (Figure was generated using www.BioRender.com with an academic license.)
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on overall survival remains limited.112 Aflibercept 
binds VEGF-A, VEGF-B, and placental growth fac-
tor to block angiogenesis. While primarily used for 
ocular diseases, its mechanism has potential appli-
cations in GBM.113 Regorafenib, a multikinase in-
hibitor, targets VEGFR1-3 and other receptors such 
as PDGFR and FGFR, offering broader antiangio-
genic and tumor inhibition.114 Although early clini-
cal trials of VEGF inhibitors are facing challenges, 
continued research holds promise for overcoming 
limitations in anti-angiogenic therapies for brain tu-
mors115 (Fig. 5). Current research in neuro-oncology 
is focused on understanding the molecular mech-
anisms underlying angiogenesis and resistance to 
anti-angiogenic therapies. Efforts include identify-
ing novel angiogenic targets, utilizing combination 
therapies with immunotherapy or molecular inhibi-
tors, and developing biomarkers to predict treatment 
response. These approaches aim to enhance the 
durability of angiogenesis inhibition and improve 
clinical outcomes for patients with malignant brain 
tumors.116–118

IV. CONCLUSIONS

Molecular targets and signaling pathways are cru-
cial in understanding disease mechanisms and 
advancing personalized therapies, significantly im-
proving diagnostic accuracy, treatment outcomes, 
and reducing adverse effects. Targeted interven-
tions focusing on key pathways such as MAPK/
ERK and PI3K/AKT/mTOR have revolutionized 
modern healthcare, offering enhanced efficacy and 
fewer side effects, ultimately improving survival 
rates and quality of life for patients. Key challenges 
include tumor heterogeneity, therapeutic resistance, 
and limited access to comprehensive molecular di-
agnostics, which can hinder the effective implemen-
tation of targeted therapies. Additionally, integrating 
these therapies into existing protocols requires care-
ful consideration of cost, regulatory approval, and 
evidence from ongoing clinical trials to guide opti-
mal combination strategies. Future research should 
prioritize identifying more novel molecular targets 
and addressing resistance mechanisms to current 

FIG. 4: This diagram shows how the PTCH receptor controls the Hh signaling pathway. When Hh binds to PTCH, it 
actually removes the inhibition on SMO, allowing SMO to activate signaling. This leads to the activation of transcrip-
tion factors, which control cell growth and development. (Figure was generated using www.BioRender.com with an 
academic license.)
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therapies. Promising areas of future research in mo-
lecular neuro-oncology include the development of 
combination therapies to overcome resistance mech-
anisms, and the identification of novel biomarkers 
for early diagnosis and treatment stratification. Ad-
ditionally, developing cost-effective diagnostic tools 
and ensuring global access to precision medicine re-
main for maximizing patient benefits and transform-
ing healthcare delivery.
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