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1.1 General Introduction  

Cells are abruptly involved in uncontrolled cell growth and division. It acquires persistent proliferation 

through autocrine and paracrine signals in various alternative pathways [1, 2, 3]. Uncontrolled cell growth 

and division lead to the formation of a solid lump or tumor known as a cancer cell (The Hallmarks of 

Cancer). Cancer cells can be of two types: Benign and Malignant tumors. Benign tumors spread gradually 

with distinct borders and do not invade neighboring tissues or other body parts, whereas malignant tumors 

spread quickly and develop into local or distant metastasis (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic diagram represents benign and malignant tumors that proliferate, show irregular 

boundaries, invade surrounding tissue and spread to other body parts that develop metastasis [1]. 

The primary factor of mortality in cancer is metastasis, which is a hallmark of the tumor. The 

characteristics of cancer cells are colonizing, invading, and helping in communication with the tumor 

microenvironment. The molecular mechanisms underlying the metastasis process must established to 

find a therapeutic approach for effective interventions. Cancer cells disseminate into the bloodstream and 

reach another site of the body through circulation, where they adapt new biological conditions and 
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tolerate blood vessel pressure to develop metastasis [2], [3]. The term "metastasis" refers to the growth 

of secondary tumors away from the primary tumor site of the body [4]. Figure 2 depicts metastasis and 

highlights key ideas that help to shape this characteristic feature of cancer [5]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Overview of the metastatic cascade: The five essential stages of metastasis consist of 

invasion, intravasation, circulation, extravasation, and colonization [5]. 

1.2. Brain tumors 

The primary component of the brain is the central nervous system, which is responsible for the overseeing 

and processing of the body function. Brain tumors occur when abnormal cells develop solid tumor mass 

[6]. Depending on the size of the tumor and the area of the brain affected, it causes a variety of symptoms 

such as chronic headaches, lightheadedness, dizziness, fainting, exhaustion, appetite loss, irritability, 

behavioral changes, difficulty of focus, changes in eyesight, seizures, vomiting, and mental abnormalities 
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and other symptoms are among them [7]. Depending on the type of cells (Figure 3), tumors are broadly 

categorized based on the type of cells from where they originated. 

 

 

 

 

 

 

 

 

 

 

Figure 3: Different types of tumors in the adult brain and spinal cord: Brain tumors are also 

frequently graded to compare and categorize the severity of tumors within cell type to determine the best 

possible treatments (source:  American Association of Neurological Surgeons). 

1.2.1. Glioma 

Gliomas represent the most common brain tumor of the central nervous system produced by the brain’s 

glia or supporting cells. They account for about 78 percent of malignant brain tumors predominantly 

affecting adults. Glioma affects about 40% more in men than women. Analysis of incidence rate temporal 

patterns of high-grade versus low-grade gliomas in adults aged 15 to 44 revealed a close convergence of 

their occurrence rates [8]. Previously described the clinical characteristics, imaging results, and 

molecular profiles of adult-type diffuse gliomas [9]. Gliomas are estimated to have an annual incidence 

of 6 cases per 100,000 people worldwide, with non-Caucasian populations having a much lower 

prevalence, particularly for glioblastoma [10], [11]. These tumors have traditionally been grouped 

according to their histological characteristics like other tumors. However there has been a paradigm shift 

due to the enormous progress made in cancer genomics, and molecular profiles are now starting to be 

included in diagnosing gliomas [12], [13]. 
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1.2.2. Classification of gliomas based on World Health Organization (WHO)  

The majority of primary brain tumor fatalities are caused by gliomas, which comprise about 30% of all 

primary brain tumors and 80% of all malignant ones (Figure 5). According to histological classification, 

gliomas are divided into astrocytoma, oligodendrogliomas, mixed oligoastrocytic gliomas, or 

ependymoma based on morphological resemblances to the neuroglial cell types present in the brain [14], 

[15], [16], [17]. The most extensively used approach for classifying CNS tumors is the WHO 

classification, which is present in its 5th version. The 5th edition (2021) improves upon the previous one 

by giving more weight to molecular markers when it comes to classification and grading, with the 

majority of improvements made in the cIMPACT-NOW publications [18]. 

The 2021 WHO classification identified IDH-mutant astrocytoma as one form and falls into one of three 

WHO grading categories: 2, 3, or 4 and replaces terminology like "anaplastic astrocytoma" with the 

grading of tumors inside tumor types. The 5th version of the WHO classification glioma mainly occurs 

as astrocytoma, which is further classified into four grades based on histopathology and molecular 

markers (Figure 4A, B) such as:  

1. Pilocytic astrocytoma Grade 1 (WHO grade 1): It exhibits proliferative potential with the 

possibility of a cure after resection with a proper diagnosis known as a benign tumor, which 

shows the best prognosis and survival. 

2. Diffuse astrocytoma Grade 2 (WHO grade 2): It is infiltrative with low proliferative potential, 

possibility of recurrence associated with hypercellularity, and progresses to higher malignant 

grades, and survival period of 5 to 8 years. 

3. Anaplastic astrocytoma Grade 3 (WHO grade 3): Histological data reveals a high rate of 

hypercellularity, malignant, nuclear atypia, and increased mitotic activity, and a survival time of 

3 years. 

4. Glioblastoma Grade 4 (WHO grade 4): It is the most malignant brain tumor with histological 

evidence of malignancy, very high rate of hypercellularity, high mitotic activity, vascular 

proliferation, prone to necrosis, and survival time of 12 to 15 months. 
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Figure 4:  Typical histological features of astrocytoma grades represented by (A) MRI images and (B) 

histopathological images showed by H&E staining [19]. 

In India, the occurrence of CNS tumors ranges from 5 to 10 cases per 100,000 people, showing upward 

trajectory, and constitutes 2% of all malignancies [20]. Prospective scrutiny is conducted on hospital-

based databases that documented CNS malignancies. The data are collected from registrations in the 

neuro-oncology clinic of a tertiary care center over a span of one year [21]. Astrocytomas, containing 

38.7% of cases, stand out as the most widespread primary brain tumors with high-grade gliomas detected 

59.5% in the majority of cases. According to reports, subependymal giant cell astrocytoma and pilocytic 

astrocytoma are the two most common low-grade astrocytic tumors. Similar findings were appeared from 

a South Indian tertiary care facility with 15 years of experience and 1043 patients [22]. 47.3% of 

astrocytoma, 11.4% medulloblastoma, 9.7% craniopharyngioma, 4.8% ependymal tumors, and 4.1% 

nerve sheath tumors are the five most prevalent tumors shown in (Figure 5). 

 

International Association of Cancer Registries (IARC), India records more than 28,000 cases of brain 

tumors each year, with greater than 24,000 fatal cases. IDH mutation is the most recent classification of 

astrocytic tumors comes under single diagnosis (Figure 5). These IDH mutant astrocytomas are now 

categorized into grades 2, 3, and 4 based on histopathological and molecular analysis [23], [24]. 
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Figure 5: Frequency of IDH mutation by WHO grade for selected astrocytoma histopathologies, 

CBTRUS Statistical Report: US Cancer Statistics – NPCR and SEER, 2018-2019. 

IDH-mutant astrocytomas (Figure 6) are graded using both histological characteristics and molecular 

markers (WHO classification of CNS tumors, 5th version 2021) [13]. Grade 2: Well-differentiated cells 

with minimal necrosis or microvascular proliferation, modest mitotic activity, and no CDKN2A/B 

homozygous deletion. Grade 3: It is characterized by lack of CDKN2A/B homozygous deletion, 

anaplasia, considerable mitotic activity, and no necrosis or microvascular proliferation; Grade 4: 

Necrosis, microvascular proliferation, or homozygous CDKN2A/B loss [18]. At the same time, diffuse 

astrocytoma with IDH wild-type (IDH wt) shown in (Figure 6), is an uncommon group of tumors with 

heterogeneous molecular characteristics, clinical features, and dismal prognosis. The cIMPACT-NOW 

Consortium for the taxonomy of primary brain tumors indicates that IDH wt is present in a particular 

group of patients who display genetic mutation such as EGFR amplification, 7q gain/10p loss, and 

pTERT mutation associated with GBM. Diffuse lower-grade gliomas and diffuse astrocytic gliomas are 

WHO grades 2 and 3, IDH wt with molecular features of GBM, [25]. 
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Figure 6: Astrocytoma grades WHO classification based on molecular genetic characteristics [18]. 

1.2.3. Global incidences of brain tumors 

The statistics from the Central Brain Tumor Registry of the United States reveals that the overall 

incidence of malignant brain tumors in individuals of all ages has experienced a yearly decline of nearly 

0.8% from 2008 to 2017 [26]. Whereas it has increased in nonmalignant tumors [27], the incidence of 

brain tumors between 2014 and 2018 is 24.25 per 100,000, including 7.06 per 100,000 malignant brain 

tumors and 17.18 per 100,000 nonmalignant ones [28]. The global occurrence of brain tumors has 

increased by approximately two times in the last 15 years (14.4/100,000) [29]. There will be 88,190 

recent cases of brain and other CNS tumors detected in Americans by 2021, including 25,690 aggressive 

and 62,500 benign tumors of the brain [28]. Only around one-third of brain tumors are malignant, but 

they account for the majority of disease-related deaths. The average number of deaths from primary 

malignant brain tumors and other CNS tumors each year is 16,606. Among these death rate, gliomas 

contribute to 78.3% with GBM representing more than 50% of the glioma-related deaths. Males were 

more likely to be diagnosed with malignant brain tumors than females (8.28/100,000 vs. 5.98/100,000), 
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but the reverse for nonmalignant tumors (13.07/100,000 vs. 20.97/100,000) [28]. Gender disparities in 

malignant brain tumors progressively emerged above 40 years of age. Glioblastoma multiforme, diffuse 

astrocytoma, and other gliomas exhibit a higher incidence rate among males compared to females. 

Among different racial groups, black demonstrates the highest morbidity for benign brain tumors at a 

rate of 20.14 per 100,000, whereas white exhibits the highest morbidity for malignant brain tumors with 

a rate of 7.55 per 100,000 [28]. 

1.2.4. The current standard of care for glioma 

Glioblastoma (GBM) is the primary brain tumor that most frequently affects people. However, optimal 

multidisciplinary treatment consists of maximal surgical resection, followed by radiation therapy plus 

concurrent and maintenance temozolomide (TMZ) [30]. Subtotal gross total resection, concurrent radio-

chemotherapy at a dose of temozolomide (TMZ), localized radiation therapy to the tumor site, and tumor 

treating areas should be typical therapies for HGG, such as GBM [31], [32]. Even though MGMT 

promoter methylation predicts TMZ response, it only influences the first line of treatment in GBM 

patients, but no standard of care exists in the recurrent setting. Without standard therapeutic involvement, 

all cases of GBM will certainly progress or relapse into recurrent GBM (rGBM).  

Additionally, the progression-free survival (PFS) in GBM from bevacizumab, a VEGF (vascular 

endothelial growth factor) antagonist approved by the US Food and Drug Administration's (FDA) 

bevacizumab for rGBM [33], [34]. As soon as possible, surgically removed tumors further prevent the 

development of malignant tumors. Regular treatment associated with supportive care for GBM patients 

are the prevailing standard of care for GBMs [35]. Despite various treatment approaches, effective 

therapies for GBM pathogenesis are still lacking because of the small sample size and heterogeneity. 

Therefore, there is a need to focus on maintaining and improving the patient’s quality of life and 

increasing survival [36]. 

1.2.5. Glioma risk factors 

Although current research on risk factors due to environment and genes for brain and other CNS 

malignancies are still lacking significant findings, but some gene regions and uncommon genetic variants 

may increase the risk of numerous brain tumors [40]. Endogenous variables such as allergies, head 

injuries, virus infections, and others were also examined [41, 42]. The only identified environmental risk 

factor for brain cancers are ionizing radiation. Numerous reports have demonstrated that low-dose 

treatment radiation increases the incidence of multiple types of brain tumors, such as gliomas, 
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meningiomas, and nerve sheath tumors. The risk of ionizing radiation was higher for young individuals 

with gliomas [43]. However, it remained unclear how exposure of diagnostic radiation may affect brain 

tumors [44]. Appropriate nutrition practices could prevent 30–50% of cancers, however their impact on 

brain malignancies has yet to be completely elucidated. Brain tumors were frequently thought to be 

strongly associated with foods high in precursors of N-nitroso compounds (like nitrite) and antioxidants 

(such as vitamins) [45, 46]. The most recent meta-analysis examined 12 different dietary classes and 

discovered the vegetables and tea protected against glioma. However, consuming too many grains and 

processed meat considerably raised the risk [46]. When viewed as a whole, the mediterranean diet plan 

demonstrated a greater influence in brain tumors, according to the large prospective cohort study, which 

did not find a relationship between any particular food group and these malignancies [47]. 

1.3. Glioblastoma 

Glioblastoma is a highly invasive and aggressive type of brain tumor because of the complexity and 

difficulty of removing all tumor cells and ensuring recurrence. It rarely develops in the cerebellum, 

brainstem, or spinal cord; instead, it is mainly found in the cerebral hemispheres of the brain, especially 

in the frontal and temporal lobes [48]. GBM cells can infiltrate normal brain tissue by degrading the 

extracellular matrix (ECM), penetrating the parenchyma and the perivascular space of the brain [49, 50]. 

For instance, hypoxia impairs antitumor immune responses and promotes resistance to traditional cancer 

therapy, which is the most dangerous factor in a GBM patient’s life. Targeting hypoxia is thus a desirable 

approach for GBM treatment [51]; only less than 3 to 5% survive longer than five years after diagnosis, 

which provides a significant therapeutic challenge [31]. 

1.3.1. Hypoxia in GBM 

The primary cause of mortality and morbidity worldwide is cancer. Based on the latest available data, it 

revealed that approximately 14.1 million new cases of cancer and 8.2 million related to death [52]. Cancer 

cells characteristics like uncontrolled cell proliferation, and changes in the tumor microenvironment play 

an active role in vascular abnormalities and cell invasiveness [53]. It can facilitate angiogenesis, 

metastasis, and survival in response to various components in the tumor milieu, including pH, growth 

hormones, O2 levels, and immune cells [54]. To sustain their survival and development does not appear 

to be modifying the subjects; tumor cells adapt to their surroundings. Cells that are growing in the 

absence of O2 and nutrients create new blood vessels, known as de novo angiogenesis; to fulfill its 

requirement for survival because of discontinuous endothelium newly generated blood arteries are leaky 

[55]. Hypoxia is a crucial component for the existence of big tumor masses; the complexity and 
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variability of the tumor milieu that favor cancer recurrence and growth. Therefore, hypoxia could be an 

essential target for developing targeted therapy. Tumor-associated microenvironment (TAM) infiltration 

and tumor core region are significant characteristics in hypoxia to develop resistance to conventional 

chemotherapeutics. Hence, there is a crucial need to develop innovative therapeutic approaches to target 

both brain tumor and its surrounding microenvironment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Major hallmarks of GBM: The cancer niche is a complex network of stromal, endothelial, 

and malignant cells of genomic traits that have evolved to enhance survival and encourage tumor cells 

to proliferate and metastasize uncontrollably [56].  

Hypoxia favors the overall survival of tumors and the development of cancer, suggesting that hypoxia 

rises as the tumor develops; therefore, cells exposed to chronic hypoxia are more likely to proliferate and 

survive. Patients with chronic hypoxic tumors are linked to an aggressive phenotype and highly resistant 
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to therapy, suggesting the clinical importance of hypoxia [57]. Hypoxia-inducible factors (HIFs) are 

associated with hypoxic tumor microenvironments and frequently overexpressed in solid and metastatic 

tumors, including head and neck, breast, prostate, colon, lung, and pancreatic cancer. [58]. When oxygen 

levels are low, HIF-1 expression is induced and moves into the nucleus, acts as a transcription factor and 

binds to the HIF-1 sequence present in the numerous genes involved in the biology and metabolism of 

cancer, regulating the proliferative rate, metastasis, and aggressiveness of cancer cells [59, 60]. 

 

Figure 8: The hypoxic environment of tumor and role in oncogenesis: Deprivation of oxygen in the 

tumor core has been linked to tumor development and poor prognosis. Upregulation of HIF-1 has shown 

to enhance the expression of many cancer-related markers [37]. 

Glioblastoma tumors are highly vascular brain tumors with extremely dismal prognosis. Hypoxia is one 

of the significant characteristics of malignant GBM; the principal adaptive cellular response to a hypoxic 

environment is the upregulation of hypoxia-inducible transcription factors (HIFs). Similar to HIF1, HIF2 

has also been extensively investigated in hypoxic cancer; HIF2 represents a more potentially targeted 

approach in glioblastoma due to their appearance in glioma stem cells. Expression and activation of 
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HIF2A display a role in stimulating angiogenesis signaling pathways through triggering oncogenes and 

suppressing tumor-suppressor genes in GBM [61, 62, 63, 64, 65, 66]. 

 

Figure 9: Schematic representation of angiogenic events in GBM: Angiogenesis processes are 

initiated by the angiogenic factors released from the GBM cells in the hypoxic tumor microenvironment 

[38]. 

1.3.2. RAP2B 

RAP2B, a member of the Ras oncogene family known to induce tumorigenesis and are highly 

upregulated in various cancers [67]. The Rap family shares a 50–60% sequence homology with the Ras 

proto-oncogene family. RAP2B displayed approximately 50% identity with classical Ras proteins. It has 

three distinct regions: the effector domain responsible for interacting with downstream effector, a 

nucleotide-binding domain interacts with GTP and GDP, and the C-terminal contains a tetrapeptide motif 

responsible for sequential post-translational modification is required to trigger trans-localization to the 

plasma membrane. The Rap2 subfamily includes the members of RAP2A, RAP2B, and RAP2C [68]. 



Chapter 1: General Introduction 

13 

 

RAP2A and RAP2B proteins have 90% and 70% of the same amino acid sequence [69]. RAP1B and 

RAP2B are the only two Rap family GTPases significantly expressed in circulating human platelets that 

encourage lung cancer and renal carcinoma cells to migrate, multiply, and invade [70, 71]. 

 

 

 

 

 

  

Figure 10: RAP2B structure: RAP2B is made up of three well-defined domains: the nucleotide-binding 

region (amino acids 11-148), the effector domain (amino acids 32-40), and the C-terminal CAAX motif 

(amino acids 179-183) [72]. 

1.3.2.1. RAP2B functions 

RAP2B, a small guanosine 5′-triphosphate (GTP)-binding protein is widely up-regulated in many 

tumors. RAP2B activities GTPase is primarily controlled by guanine nucleotide exchange factors 

(GEFs) [72] that promote the GTP-bound active state and GTPase-activating proteins (GAPs) that enable 

the GDP-bound inactive state. The specific effects of RAP2B can affect multiple cancer-associated 

cellular processes, including cytoskeleton reorganization, proliferation, migration, and inflammation [73, 

74, 71, 75]. RAP2B signaling is used FAK as a downstream target and stimulates FAK-phosphorylation 

to activate EMT and promote prostate cancer and hepatocellular carcinoma cells progression [72, 76, 77, 

78]. RAP2B promotes lung cancer cell motility, invasion, and migration by enhancing the activity of the 

matrix metalloproteases-2 enzyme. RAP2B overexpression might increase the phosphorylation level of 

the extracellular signal-regulated protein kinases 1/2 [71]. RAP2B high expression contributes to lung 

carcinogenesis by activating the NF-κB pathway [79], suggesting that RAP2B may be a possible 

therapeutic target for various cancers. 
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Figure 11: RAP2B activity is controlled by GTPase-activating proteins (GAPs), guanine nucleotide 

exchange factors (GEFs), and their downstream effectors. 

1.3.3. HIF2A 

HIF2A overexpression is significantly associated with high grades of astrocytoma and poor patients’ 

survival [80]. HIF2A has a crucial role in the maintenance of hypoxia-driven stem cells, which support 

GIC self-renewal, growth, and tumorigenicity, and the expression of HIF2A is inversely correlated with 

glioma patient survival [81]. Hypoxia-regulated transcription factor HIF2A plays a role in stem cell 

maintenance [81]. The first HIF2 inhibitor, Welireg, is developed by Merck as a novel cancer medicine 

approved by US FDA for treating tumors linked to the VHL syndrome. There were no systemic 

treatments authorized for the treatment of VHL-related tumors before Welireg. Patients receiving Welireg 

for VHL-related tumors showed high response rates and long-lasting responses [82, 83]. The 

proliferation, metastasis, apoptosis, drug resistance, angiogenesis, stemness, and metabolism of gastric 

cancer cells are all controlled by HIF, which impacts how the disease progresses [84]. We eagerly await 

the day when researchers find HIF-targeting medications that could be clinically effective for treating 

cancer. 
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1.3.4. pFAK/pPYK2 

pPYK2 is essential in developing multiple tumor types and crucial for cell migration and invasion [85], 

[86]. FAK/PYK2 as a downstream effector of the Rap GTPases [87], found in prostate cancer (PC3) and 

DU145 cells [88]. RAP2B plays an indispensable role in Rap-mediated cellular adhesion and migration. 

RAP2B overexpression increases the phosphorylation of FAK and promotes in prostate cancer (PCa) 

cells development. Correspondingly, inhibition of phosphorylated FAK was observed after RAP2B 

depletion in both PC3 and DU145 cell lines [89]. PYK2 activity correlates with glioma cell migration; 

however, the intrinsic mechanism of PYK2 activity remains unclear. FAK and PYK2 are associated with 

poorer overall survival, tumor cell invasion, and proliferation. FAK/PYK2 inhibitors may inhibit 

recurrent tumor growth after the postoperative phase. To better understand the involvement of 

RAP2B/HIF2A/PYK2 expression in contributing to EMT activation in GBM cell growth under hypoxia. 

1.3.5. EMT Pathway: 

Epithelial-to-mesenchymal transition (EMT) is a crucial regulator of this invasive condition in malignant 

gliomas which strongly linked to GBM malignancy. EMT is a complicated process controlled by multiple 

transcriptional factors interacting with various signaling pathways. These interactions form a network 

that enables cancer cells to develop invasive and infiltrative properties, creating a favorable environment 

for cancer growth [90]. Genetic and epigenetic changes make cancer cells more prone to EMT-inducing 

signals [91]. Myeloid cells that are either resident or circulatory (such as macrophages or microglia) may 

migrate into the tumor stroma in gliomas due to inflammatory processes or a hypoxic environment inside 

the tumor or the surrounding healthy tissues [92]. These cells release various growth factors, such as 

TGF-β, EGF, PDGF, and FGF-2, which can cause EMT through receptor tyrosine kinases (RTKs). These 

factors alter the levels of transcription factors required for the initiation of EMT and different proteases 

that increase invasiveness into the surrounding normal brain [92, 93]. The primary signaling cascade that 

RTKs can trigger in response to growth stimuli is RAS-RAF-MEK-ERK, generally known as MAPK 

kinase pathway. Activation of this pathway controls cell motility and invasion while inducing EMT by 

increasing the expression of EMT transcription factors. Under normal circumstances, glycogen synthase 

kinase three beta (GSK3β) easily phosphorylates (p) the cytoplasmic-located β-catenin, leading to 

ubiquitin-proteasome-mediated degradation. However, signaling pathways, including PI3K/AKT and 

wnt, cause mutations in GSK3β or decrease its activity in various types of cancer, resulting in β-catenin 

stabilizing and moving into the nucleus, where it binds forces with lymphocytes. Furthermore, the 
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chronic hypoxic tumor microenvironment can encourage EMT in glioma cells by activating the 

transcription factors Twist and Zeb through hypoxia-inducing factor (HIF-1) upregulation [90]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Activation of EMT signaling pathways play role in GBM progression [39]. 

 

1.4. Rationale of the present study 

Gliomas are brain tumors that infiltrate the surrounding brain tissue profoundly. This fundamental shift 

is mainly attributable to recognizing that various genetic signatures are associated with multiple clinical 

outcomes. This represents the core idea of “precision medicine” [94] and demands alternative 

anticipations and treatment approaches. Glioblastomas develop very rarely in the cerebellum, brainstem, 

or spinal cord. Instead, they are mostly found in the brain's cerebral hemispheres, especially in the frontal 

and temporal lobes [48, 49, 50]. For instance, hypoxia impairs antitumor immune responses and 
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promotes resistance to traditional cancer therapy, which is the most dangerous factor in a GBM patient’s 

life. Targeting hypoxia is thus a desirable approach for GBM treatment [51]. RAP1B and RAP2B are the 

only two Rap family GTPases significantly expressed in circulating human platelets that encourage lung 

cancer cells and renal carcinoma cells to migrate, multiply, and invade [70, 71]. Increased expression of 

RAP2B uses a downstream target of FAK, PYK2, NF-kB, ERK, and MMP-2 signaling activation. It 

plays a role in the proliferation and migration of prostate cancer, hepatocellular carcinoma cells, breast 

cancer, and lung cancer [72, 76, 77, 79]. RAP2B stimulates FAK phosphorylation and promotes the EMT 

process [78]. 

Additionally, RAP2B is a unique p53 target and contributes to the p53 pro-survival role. The silencing 

of RAP2B could make tumor cells more susceptible to apoptosis in response to DNA damage [95]. 

Knockdown of RAP2B increases the sensitivity of adriamycin and sensitizes HCT116 cells. Moreover, 

several drawbacks still limit the clinical application and targeted therapy in glioma; therefore, targeting 

RAP2B could be a therapeutic target for glioma treatment. The cellular response in hypoxia is regulated 

by transcription factors attributed to the hypoxia-inducible factor (HIF) family. Elevated HIF2A 

expression is associated with lower overall survival in non-small cell lung cancer (NSCLC) [96]. 

Although hypoxia, which primarily regulates HIF2A is fundamentally understood but the mechanisms 

behind hypoxia-induced tumor aggressiveness are still not fully understood [97, 98]. LRP1 triggers 

phosphorylation of PYK2 induced MMP-9 activation and promotes HVSMC migration and remodeling 

of blood vessels in response to hypoxia [99]. PYK2 plays a role in the pathogenesis of PH in hypoxia 

[100]. However, EMT, a biological process, enables stationary epithelial cells to transform into mobile 

mesenchymal phenotypes that are detachable and invasive [101]. This mechanism starts cancer 

metastasis in tumor cells by stimulating neo-angiogenesis, which increases migratory abilities, 

invasiveness, and resistance to apoptosis [102, 103]. We aimed to established the role of hypoxia-induced 

RAP2B/HIF2A expression that leads to EMT activation in GBM cell growth and migration. The class of 

synthetic tyrphostin compounds produced as a series of tyrosine kinase inhibitors with improved affinity 

for the tyrosine kinases, including epidermal growth factor receptor kinase, such as tyrphostin A9 [104]. 

In previous literature, Tyrphostin A9 attenuated hypoxia-induced HPASMC proliferation. PYK2 

inhibition attenuated ERK½ activation as early as 24 hrs after the onset of hypoxia [105]. However, 

RAP2B expression and function are associated with various cancer malignancies [106, 107, 108]. 

Similarly, HIF2A is also associated with tumor malignancies and linked to poor overall survival [81, 

109, 110], but its translational relevance is still needed. The report indicates the therapeutic relevance of 

HIF2A, PYK2, and EMT in hypoxia of various cancers [111] but nothing about glioblastoma. Previously 
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reported that the HAT1-HIF2A axis requires hypoxia-induced maintenance and reprogramming of 

cancer stem cells [98]. RAP2B expression, function, and correlation with HIF2A are unexplored in GBM 

under hypoxia. First time in the current study, we examined the hypoxia-responsive gene RAP2B, 

essential for HIF2A stabilization in GBM cell proliferation and migration under hypoxia vs normoxia. 

In the present study, we investigated the clinical and functional significance of RAP2B/HIF2A axis 

mediated activation of FAK/PYK2-EMT signaling pathway and its therapeutic relevance through 

chemical and molecular approaches, therefore indicating that RAP2B-HIF2A axis use as a potential 

therapeutic target.  
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1. Clinical significance and molecular mechanism of RAP2B connection with HIF2A in 

glioblastoma progression under hypoxia vs normoxia. 

A. To demonstrate the expression and correlation of RAP2B and HIF2A in malignant 

astrocytoma. 

B.  Evaluating the role of RAP2B correlation with HIF2A in GBM progression under 

hypoxia vs normoxia. 

2. To evaluate the combination of RAP2B knockdown and Tyrphostin A9 treatment: Inhibition on 

GBM progression in hypoxia. 

3. Tyrphostin A9 attenuates glioblastoma growth by suppressing PYK2/EGFR-ERK signaling 

pathway.  

4. To study Tyrphostin A9 anticancer potential and protective role in the cognitive assessment by 

targeting RAP2B/HIF2A/pPYK2-EMT signaling in glioma rats under hypoxia. 
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Objective 1. Clinical significance and molecular mechanism of RAP2B connection with HIF2A in 

glioblastoma progression under hypoxia vs normoxia. 

A. To demonstrate the expression and correlation of RAP2B and HIF2A in malignant 

astrocytoma. 

B.  Evaluating the role of RAP2B connection with HIF2A in GBM progression under 

hypoxia vs normoxia. 

Abstract 

Hypoxia is a crucial feature of malignant glioma which enhances tumor malignancy by triggering the 

epithelial-mesenchymal transition (EMT). RAP2B is one of the oncogenes belonging to the Ras family, 

and its function in cancer development. RAP2B and HIF2A overexpression found in malignant glioma; 

however, the link between hypoxia and RAP2B/HIF2A expression and their function in regulating EMT 

remains unknown. This objective investigated how RAP2B and HIF2A regulate EMT and promote GBM 

cell progression under hypoxia. PCR, RT-qPCR, western blot, and immunohistochemistry (IHC) were 

performed to evaluate RAP2B and HIF2A mRNA and protein expression in malignant astrocytoma 

tissues. Our results showed high mRNA and protein expression of RAP2B, HIF2A, EGFR, PYK2, pFAK, 

N-cadherin, and vimentin in malignant astrocytoma. High expression of RAP2B strongly correlated with 

IDH1/2 wildtype and associated with poor prognosis of GBM patients confirmed by correlation study. 

Increased expression of RAP2B and HIF2A positively correlated and associated with patients’ poor 

survival in high-grade astrocytoma. In vitro we also found overexpressed RAP2B elevate mRNA and 

protein expression of RAP2B, HIF2A, EGFR, pFAK, pPYK2, and EMT signaling in both GBM cells 

under CoCl2-induced hypoxia. MTT, clonogenic, and wound healing assays were employed to assess 

proliferation, growth, and migration in GBM cells under CoCl2-induced hypoxia. Our study showed that 

overexpression of RAP2B increased proliferation and migration by activating HIF2A/pFAK/pPYK2-

EMT signaling in both GBM cells under CoCl2-induced hypoxia. Our results showed strong 

colocalization between RAP2B and HIF2A, in malignant astrocytoma and GBM cells. Similarly, we also 

observed strong colocalization between RAP2B and vimentin, GFAP, pPYK2 in LN18 and LN229 GBM 

cells under CoCl2-induced hypoxia confirmed through immunofluorescence. The current research 
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showed that hypoxia-induced RAP2B and HIF2A could be EMT regulators and represent as a novel 

therapeutic avenue for GBM under hypoxia. 

 

2.1. Introduction 

Glioblastoma (GBM) is the major brain tumor of the central nervous system (CNS) that affects adult 

most commonly [1]. GBM comprises 14.5% overall brain CNS tumors and 48.6% of the aggressive 

types, despite being an uncommon tumor with an incidence rate of less than 5 cases per 100,000 

individuals [2]. In a few instances, glioblastomas occur in cerebellum, brainstem and spinal cord but 

most cases, they are found in the cerebral hemispheres, particularly the frontal and temporal lobes [3]. 

Because of their infiltrative characteristics make it challenging to identify and distinguish a border zone 

between tumor and healthy brain. GBM treatment is difficult because of its invasive characteristics, 

heterogeneity, quick development of radio-chemotherapy resistance, and the existence of the blood-brain 

barrier (BBB); These are the main challenges in developing effective therapy [4]. Glioma cells undergo 

adaptive modifications, allowing them to survive in an advanced hypoxic microenvironment [5]. 

Hypoxia increases the potential stimulus for neovascularization, which is crucial for malignant gliomas 

to increase blood flow to provide nutrition and oxygen supply [6]. Hypoxia regulates gene expression in 

stem cell development, angiogenesis, migration, and metabolism, whereas tumor hypoxia is a detrimental 

factor that changes the tumor microenvironment [7].  

The first time RAP2B identified, when a platelet cDNA library was screened in 1990 [8]. RAP2B is one 

of the Rap subfamily members which belongs to the Ras family; its expression is commonly elevated in 

a range of human tumors. RAP2B expression as well as function are well studied in tumors progression 

and associated with tumor malignancies [9]. RAP2B is highly upregulated and reported as a potential 

oncogene in lung cancer that contributes to carcinogenesis via NF-kB pathway [10]. RAP2B is a unique 

p53 target contributing to p53 pro-survival function [9]. Non-small cell lung cancer cell proliferation, 

invasion and migration are reportedly suppressed through miR-342-3p via targeting RAP2B [11]. 

RAP2B overexpression increases cell migration by enhancing matrix metalloproteinase-2 (MMP-2) 

protein expression in human suprarenal epithelioma [12]. Present study reported that high expression of 

RAP2B is strongly associated with hypoxic core region of malignant astrocytoma. Increased expression 

of RAP2B in hypoxia trigger activation of EMT by which GBM cells acquire proliferation and migration. 

Therefore, in the current study we investigating the association between hypoxia and RAP2B is essential 

for developing effective therapeutic approach against GBM. 
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Upregulation of the hypoxia-inducible factor (HIF) family is a characteristic of hypoxia-induced 

aggressive behavior of glioma cells [13]. HIF1 and HIF2 are two substantially homologous HIF proteins 

that binds to the related HRE sequences. Despite exhibiting a very limited expression pattern, HIF2A 

role in tumor development studied extensively [14]. A hypoxic environment can trigger the epithelial-

mesenchymal transition (EMT) during glioma progression by regulating various pathways, including 

wnt/β-catenin [15], transforming growth factor (TGF-β) [16], and the Sonic Hedgehog (SHH) signaling 

pathway [17]. However, it is necessary to find an alternative mechanism through which hypoxia 

promotes glioma malignancy. HIF2A is the primary key player in the pathophysiology and prognosis of 

lung cancer [18], and it is also highly expressed in various cancer correlates with less survival, indicating 

that HIF2A could be an alternative marker for poor clinical outcome [19]. However, more investigation 

is still required to properly comprehend the precise mechanism through which hypoxia encourages 

glioma malignancy.  

Recently reported that RAP2B positively regulate the development and metastasis of prostate cancer and 

also demonstrated that silencing of RAP2B significantly decrease the expression levels of FAK 

phosphorylation in HCC cells [20]. Proline-rich tyrosine kinase 2 (PYK2), a homolog of FAK, is a non-

receptor tyrosine kinase that combines signals from cell surface receptors like receptor tyrosine kinases 

G-protein coupled receptors, and integrin adhesion receptors [21]. It is reported that PYK2 and FAK 

phosphorylation due to activation of Rap downstream of integrin interaction has been documented [22]. 

FAK is essential in developing various tumor types by connecting integrins and the dynamic actin 

cytoskeleton to regulate cell motility and invasion [23]. In earlier research, FAK is found to be a 

downstream effector of the Rap GTPases, and it is crucial for Rap-mediated cellular adhesion and 

migration [24]. PYK2 signaling has been linked to several cellular functions, including cell proliferation, 

survival, and migration. PYK2 is highly expressed in glioma and positively associated with glioma cell 

proliferation and migration [25]. RAP2B plays an essential role in various cancer progression, including 

glioma, but expression and correlation between RAP2B and HIF2A in glioma progression through 

pFAK/pPYK2-EMT pathway under CoCl2-induced hypoxia remains unknown. 

 

2.2. Materials and Methods: 

2.2.1. Patient specimens  

Surgically resected astrocytoma biopsies (n=90), including control biopsies (non-tumor, n=20), were 

collected from patients admitted for diagnosis and treatment in the Krishna Institute of Medical Sciences 
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(KIMS) Secunderabad Telangana, India.  After collection of astrocytoma biopsies samples were further 

frozen in liquid nitrogen. Astrocytoma grading was performed for diagnosis using the WHO 

histopathological grading system [26]. This study examined 110 samples, including WHO grade 2 n=23, 

WHO grade 3 n=32, WHO grade 4 n=35, and adjacent temporal lobe epilepsy tissues as controls (non-

tumor) n=20. Patients' clinicopathological data, including age and gender, survival rate, and family 

history, were kept up to date in the hospital registry. Written informed consent was obtained from the 

Department of Neurosurgery, KIMS Hospital for all patients who underwent surgery. This study was 

approved by the Institutional Ethics Committee (IEC) of the University of Hyderabad and the KFRC-

Ethics Committee (KIMS) to use human tissues for experimental purposes. 

 

2.2.2. Processing of astrocytoma biopsy samples for molecular and histopathological study 

 

 

Figure 1: Diagrammatic representation of the experimental procedures for processing astrocytoma 

biopsies for PCR, western blot, and IHC staining. 

 

2.2.3. RNA isolation and Polymerase chain reaction (PCR)/quantitative (RT-qPCR)  

Total RNA was extracted from frozen astrocytoma tissues and GBM cell lines through the Trizol (sigma) 

method following manual instructions. The RNA quantification and purity were checked by Nanodrop 

spectrophotometer (Thermo-Scientific), and cDNA was prepared by PrimeScriptTM 1st strand cDNA 
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synthesis kit (TaKaRa, #6110). 1-5µg of RNA was used for cDNA preparation by following the 

manufacturer’s instructions. PCR was performed using the Dream Taq Green DNA polymerase 

EmeraldAmp® GT PCR Master Mix (2X) (Cat# RR310) method. The PCR reactions (20µl) contain 2µl 

diluted cDNA (1:5), primers (5µM) 2µl each, Taq polymerase mix-10µl, and dH2O to make the total 20µl 

volume. The PCR condition includes 94 0C for 3 minutes, 94 0C for 15 seconds, primer-specific annealing 

temperature 55-60 0C for 30 seconds, and 72 0C for 30 seconds for 25 cycles in an Applied Biosystems 

thermocycler PCR machine. The amplified product was detected by 1-2% EtBr agarose gel 

electrophoresis. The quantitative PCR was performed by TB Greentm (Syber green) premix Ex Taqtm II 

(Tli RNaseH Plus, #RRB20A) through manual instructions in an Applied Biosystems fast real-time PCR 

machine. The qPCR conditions include pre-denaturation 95 0C for 5 minutes, and final denaturation 95 

0C for 15 seconds, primers-specific annealing tm 55-60 0C for 30 seconds, and extension at 72 0C for 15 

seconds for 40 cycles. Each reaction was performed in triplicates and the melting curve was analyzed to 

detect reaction specificity. The mRNA expression was quantified using the procedure described earlier 

[40]. Gene-specific primers were enlisted in Table S1 (Chapter 3). GAPDH was used as an internal 

control for both PCR and qPCR.  

 

2.2.4. Western blotting  

Whole-cell protein was extracted from the astrocytoma biopsy tissues and GBM cell lines using RIPA 

lysis buffer. Lysed tissues or cells were centrifuged at 12000 rpm for 20 minutes at 4 ℃ Protein was 

quantified by a Bradford reagent from Sigma (#B6916). Denatured proteins were separated by 8–12% 

SDS-PAGE and transferred into a nitrocellulose membrane (AmershamTM #10600001). The 

nitrocellulose membrane was blocked with 5% nonfat milk (Himedia #GRM1254-500G) solution or 

bovine serum albumin (BSA) (Hychem Laboratories #97350) in 1XTBST and incubated for 1 hrs at 

room temperature (RT). After blocking, the membrane was probed with specific primary antibody names 

listed in Table 3 (Chapter 3) at 4 °C overnight on a shaker. On the following day after primary 

incubation, membranes were washed with 1XTBST and subsequently incubated with horseradish 

peroxidase (HRP)-conjugated secondary antibodies, detailed in Table 3. Chemiluminescence visualized 

immunoreactivity in a chemo-doc Touch detection system (Bio-Rad) imaging system. β-actin was used 

as an internal reference. 
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2.2.5. Immunohistochemistry (IHC) and Immunofluorescences (IF)  

Astrocytoma biopsies tissues were used for molecular study. Similar tissue sections of each grade, like 

grade 2, grade 3, and grade 4, including control of 5-10 μm were prepared by microtome (LEICA-1850) 

collected from KIMS hospital and stored at room temperature for histopathological study. Before 

staining, tissue sections were dewaxed by heating on a slide warming table (YORCO Sales PVT. LTD.) 

at 100 °C for 20 min, subsequently dehydrated in xylene for 3 washes of 5 min each. Simultaneously 

rehydrated for 5 min washes in alcohol gradient 100, 95, 75, and 50% ethanol and then washed with 

distilled water. Slides were cooked for 20 minutes 3 cycles (5, 10, 5 minutes) called antigen retrieval 

with Tris/EDTA (pH 9.0) buffer, and immunohistochemical staining was performed as per the Bio-SB 

mouse/rabbit poly detector DAB HRP (#BSB 0003) KIT manual. The tissue sections were thoroughly 

washed with Tris-buffered saline (1XTBS) in each step, visualized with 3, 3'-diaminobenzidine 

tetrahydrochloride, and then counterstained with hematoxylin. Images were captured in 8 to 10 random 

fields from each sample in a Thermo-Fisher scientific microscope (EVOS M5000 Invitrogen). The 

previously described method quantified IHC on positively stained/unstained cells (Babu et al., 2021). 

The expression was classified as negative, low, moderate, and high in the following manner (0-5% 

stained cells- negative, >5-30% stained cells- low, >30-60% stained cells- moderate, and >50% stained 

cells- high). For immunofluorescence (IF) briefly, tissue sections followed the same procedure as 

described for IHC till primary antibody incubation, but the secondary antibody was tagged with FITC-

conjugated Alexa FluorTM 488 and Alexa FluorTM 555 was incubated for one hour at RT in the dark. 

After secondary antibody incubations, sections were washed with 1XTBS and counterstained with a 

vecta-shield mounting medium (DAPI). Images were captured in 8–10 random fields in the confocal 

microscope (Carl Zeiss LSM 880) at 63X objective. Colocalization was analyzed using Fiji software. 

 

2.3. Materials: 

High glucose DMEM media (#AL007A-500ML), Fetal Bovine Serum (FBS) (#RM9955-500ML), Anti-

anti (antibiotic and antimycotic) (#REF A002-20ML), and 0.25% trypsin-EDTA (#TCL049-100ML) 

were purchased from Himedia. RAP2B construct (pEGFP+RAP2B) was purchased from Addgene. 

LipofectamineTM 2000 was obtained from Thermo-Fisher Scientific (Catalog number 11668027). Trizol 

reagent was purchased from Sigma (T9424-100ML). PrimeScript 1st strand cDNA Synthesis Kit 

(#6110A) and SYBR green (TB Green Premix Ex Taq II, #RR820A) were purchased from TaKaRa 

(Japan). Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis kit #V13241 was 

ordered from Thermo-Fisher Scientific. CoCl2 (#232696-5G) was ordered from Sigma-Aldrich. RIPA 
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Lysis Buffer prepared recipes NaCl 150mM, EDTA 2mM, Tris-Base 50mM, Na-deoxycholic acid, NaF 

and Na-Benzoate from Himedia, Glycerol (G9012-500ML) and NP-40 IGEPAL® CA-630 (18896-

50ML) from Sigma, Protease (#P0044-1ML) and Phosphatase (#P8340-1ML) Inhibitor Cocktail from 

Sigma. Primers were obtained from IDT, culture plates from Thermo-Scientific (Nunc). Matrigel® 

Matrix (REF 354230) was purchased from Corning. Pre-stained Protein Marker Tricolor PLUS 

(#786419), DNA ladder (#786853), and Femto-LUCENTTM PLUS-HRP Chemiluminescent reagent 

(ECL) (#786003) developer was obtained from G-Biosciences. 

 

2.4. Cell Treatment 

2.4.1 Cell culture and transfection 

Two LN18 and LN229 established GBM cell lines were procured from cell repository of NCCS Pune, 

India. In this study included GBM cell lines were authenticated and free from mycoplasma 

contamination. These GBM cell lines were cultured in a complete high glucose DMEM medium added 

with 10% FBS and 1X Anti-Anti (antibiotic and antimycotic) and grown in a 37 oC humidified chamber 

5% CO2 incubator. GBM cells were seeded with approximately 70 to 80% confluency in six well-plates, 

and the next day, media was replaced with fresh incomplete DMEM without anti-anti and FBS. pEGFP 

empty vector (control) and pEGFP-RAP2B (RAP2B clone) were diluted in incomplete media. pEGFP 

empty vector and pEGFP-RAP2B construct were transfected into both GBM cell lines using 

LipfectamineTM 2000 (11668030) transfection reagent following the manufacturer’s instructions. After 6 

hrs of transfection incomplete media was replaced with complete DMEM media. Both GBM cells were 

exposed to a defined dose of CoCl2 150μM for LN18 and 200μM for LN229 after 24 hrs of transfection 

and further incubated for another 24 hrs. RNA and protein were extracted after 48 hrs of transfection. 

Plasmid construct for the ectopic expression of RAP2B, we used GFP-Rap2b, which was gifted from 

Philip Stork (Addgene plasmid #118321; http://n2t.net/addgene:118321;PRID:Addgene_118321) [41]. 

CoCl2-induced chemical hypoxia is one of the most widely used models. CoCl2 is a hypoxia imitative 

agent known to induce hypoxia and stabilize hypoxia-inducible factors 1α and 2α. Treatment with CoCl2 

known as hypoxia and without CoCl2 treatment called as normoxia. Both GBM cells were first seeded 

and allowed them to reach 70 to 80% confluency. After transfection respective plasmid cells were 

allocated to the normoxia group (transfected with pEGFP and RAP2B without CoCl2 treatment) cells 

cultured at the constant temperature of 37 ℃, and hypoxia (transfected cells with pEGFP and RAP2B 

cultured in the DMEM medium with 150μM and 200μM of CoCl2 treatment) in an incubator at constant 

temperature 37 ℃ with 5% CO2 incubator for 24 hrs to induced chronic hypoxia according to different 
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experimental condition. Cultured GBM cells were transfected with empty vector (pEGFP) and RAP2B 

clone in normoxia vs hypoxia and allocated with defined experimental conditions pEGFP, RAP2B, 

pEGFP+CoCl2, RAP2B+CoCl2 (RAP2B cloned in pEGFP vector). Various experiments were performed, 

such as MTT, clonogenic, and scratch wound healing assay, and expressions of genes and proteins were 

detected by RT-qPCR, western blot, and immunofluorescence. 

2.4.2. MTT Assay 

Cell viability test was performed using the MTT assay through 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl-2H-tetrazolium bromide MTT method. LN18 and LN229 GBM cells were transfected with 

control and RAP2B. After 12 hrs of transfection GBM cells were trypsinzed and seeded at a density of 

1×104 cells/well in 200 μl medium of 96-well plate. After 24 hrs of transfection, cells were exposed to 

150μM and 200μM of CoCl2 respectively incubated for another 24 hrs. MTT reagent 20 μl (5mg/ml) was 

added in each well at different time points 0, 24, 48, and 72 hrs and incubated at 37 ℃ in a 5% CO2 

incubator for 3 to 4 hrs. The supernatant was removed after 3 to 4 hrs of incubation, and 100 μl of DMSO 

was added in each well and shaken for 30 seconds. The optical density was measured at 570 nm using 

an ELISA plate reader. Media without cells were used as blank to normalize the experimental reading. 

Cell viability formula=control group-Experimental group/Control group×100. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

2.4.3. Clonogenic assay 

For the colony formation assay, 500-1000 cells were seeded in 6-well plates and transfected with empty 

vector and RAP2B construct with the help of transfection reagent lipofectamine 2000 in incomplete 

DMEM medium (without 10% FBS and anti-anti). After 6 hrs of transfection, incomplete media was 

replaced with fresh complete media. After 24 hrs of transfection GBM cells were exposed to 150 and 

200 μM of CoCl2 into a 6-well plate in 2 ml complete medium for another 24 hrs. Cell culture mediums 

were changed every 3 days and cultured at 37 ℃ humidified chambers in a 5% CO2 incubator. Sustained 

culturing until the clones were visible; after that the medium was removed, and the cells were fixed for 

15-20 minutes with a 4% paraformaldehyde solution. Following this, the clones were stained with 0.1% 

crystal violet, and the colonies were dried in the air for 1 hrs prior to being photographed and counted. 

Images were captured in the print scanner, and the number of clones was measured using Image J 

software. 
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2.4.4. Total RNA Extraction and RT-qPCR 

LN18 and LN229 GBM cells were seeded at 70-80% of confluency and transfected with control and 

RAP2B exposed with 150 and 200 μM of CoCl2 in respective GBM cell lines for 24 hrs incubation at 37 

℃ humidified chambers with 5% CO2 incubator. Total RNA was extracted using the Trizol method 

(Sigma) followed manufacturer’s instructions. RNA purity and concentration were checked with 

Nanodrop (Thermo-Scientific). 2 to 5μg of total RNA was transcribed into cDNA with cDNA synthesis 

kit (#6110A) TaKaRa as per manual instructions using specific primer oligodT reverse for cDNA 

synthesis. Semiquantitative PCR was performed using Dream Taq Emerald Amp® GT PCR Master Mix 

2X (Code No. RR310A) (TaKaRa) as per manual suggestions in PCR machine (Applied Biosystems) 

under following conditions: pre-denaturation at 95 ℃ for 30 sec and final denaturation for 2 minutes at 

various annealing temperature at different target for 40 sec, pre-extension at 72 ℃ for 30 sec and final 

extension at 72 ℃ for 5 min for 25 to 30 cycles. GAPDH is used as an internal control. The data was 

analyzed using Image J software, and values were normalized by GAPDH. 

 

2.4.5. Western Blot 

LN18 and LN229 GBM cells were cultured in complete media and the next day media was replaced with 

incomplete DMEM (without 10% FBS and anti-anti). GBM cells were transfected with control vector 

and RAP2B clone, further exposed with CoCl2 after 24 hrs of transfection and incubated for another 24 

hrs hypoxia (with CoCl2) and normoxia (without CoCl2). The protein was extracted by RIPA lysis buffer 

from respective experimental conditions. Bradford reagent was used to quantify protein and separated in 

8 to 10% SDS page gel electrophoresis at room temperature. Proteins were transferred to nitrocellulose 

membrane at 30 volts for 4 ℃ overnight. The nitrocellulose membrane was blocked with 5% skimmed 

milk or Bovine serum albumin (BSA) and further incubated with various targeted primary antibodies at 

4 ℃ for overnight. The primary antibodies are listed in Table 3 (Chapter 3); subsequently, after primary 

antibodies incubation, the secondary antibody labeled with horseradish peroxidase was incubated for 1 

hrs at room temperature. The target protein was detected after using chemiluminescence (ECL). Here, β-

actin was used as an internal control. Bands were quantified by image J software, analyzed value, and 

plotted graph in GraphPad Prism 9.3 version. 

 

2.4.6. Wound healing assay 

For scratch wound healing assay, GBM cells were grown to 80-90% of confluency and transfected with 

empty vector and RAP2B clone. Further treated with CoCl2 (induced hypoxia) for 24 hrs to see RAP2B 
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expression and its effect on GBM cell migration in hypoxia. Transfected GBM cells with experimental 

condition pEGFP and RAP2B clone in normoxia and pEGFP+CoCl2 and RAP2B+CoCl2 in hypoxia 

formed monolayer, a scratch was made in the center of six-well plates in each well using 10 μl of 

microtip. Cells were washed with 1XPBS to remove dead cells and added fresh medium. Cells migration 

images were captured, and cell mobility was observed by measuring the movement of the cells toward 

the wound in each well. Images were captured at different time points: 0, 24, and 48 hrs. Here, we 

measured the wound length to monitor the migration rate by scale plate using Image J software. The 

formula was applied to calculate migration rate (MR) at different time points: MR= (Do-D’)/Do 

mentioned in [42], where Do represents the wound at time 0, and D’ represents the wound length at 

different time points. Each experiment was performed in triplicates. 

 

2.4.6. Immunofluorescence 

LN18 and LN229 GBM cells were transfected with pEGFP and RAP2B clones. After 12hrs of 

transfection, cells were trypsinized and seeded into coverslips. GBM cells were exposed to 150 μM and 

200 μM of CoCl2 to induce hypoxia and without CoCl2 i.e., normoxia. After 48 hrs of incubation saw 

effect of overexpressed RAP2B on HIF2A expression and their colocalization under hypoxic and 

normoxic condition. Cells were fixed with 4% PFA for 10 minutes, blocked with 5% goat serum, and 

incubated with the primary antibodies overnight at 4 ℃ and further incubated with the secondary 

antibodies Alexa FluorTM 488 and Alexa FluorTM 555 for 1 hrs at room temperature (RT) in the dark. 

Each coverslip was counterstained with DAPI and observed under a confocal microscope (Carl Zeiss 

LSM 880) at 63X magnification.  

 

2.5. Statistical Analysis: 

Graph Pad Prism version 9.3 was used for statistical analysis. One-way ANOVA was used to calculate 

the differences between the data sets, and the Sidak multiple comparison test and the student’s t test were 

used to determine the differences between the two variables. The Kaplan-Meier curve was used to 

analyze the survival statistics with the Fischer exact and Chi-square tests to assess the clinicopathological 

associations with RAP2B and HIF2A expression and compared by Log-rank (Mantel-Cox) test. The 

Pearson correlation coefficient was used to examine the relationship between RAP2B/HIF2A and their 

downstream gene expression in various astrocytoma grades. A strong positive correlation was indicated 

by the correlation coefficient value r2 = +1, a negative correlation by r2 = -1 and no correlation was shown 
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by r2 = 0. The mean ± SEM was used to represent the continuous data. Statistical significance indicates 

as *p≤0.05; **p≤0.01; ***p≤0.001; ***p≤0.0001; ns – not significant. 

2.6. Results 

2.6.1. RAP2B and HIF2A upregulations associated with astrocytoma malignancy and patient’s 

poor survival:  

We checked expression profiles of RAP2B, HIF2A, pFAK, pPYK2, and EMT-associated markers 

vimentin, β-catenin, VEGF, and GFAP in various grades of astrocytoma (n=90) and normal tissues 

(n=20). RAP2B, HIF2A, EGFR and PYK2 mRNA expression was evaluated through semiquantitative 

PCR in all grades of astrocytoma tissues and control (Figure 2A). These results evidenced that high 

transcript level of RAP2B and HIF2A in malignant astrocytoma. Densitometry analysis results revealed 

that significant increased transcript levels of RAP2B (***p=0.0004), HIF2A (***p=0.0006), EGFR 

(**p=0.0037) and PYK2 (***p=0.0007) in higher grade astrocytomas as compared to lower-grades and 

control brain tissues (Figure 2B). Subsequently, RT-qPCR results also evidenced that increased mRNA 

expression of RAP2B (**p=0.0012), (***p=0.0003) and HIF2A (***p=0.0001), (****p≤0.0001) in 

grade 3 and grade 4 respectively compared to low grade and control tissues (Figure 2C, S6). The 

correlation study also indicated that increased mRNA expression of RAP2B and HIF2A were positively 

correlated r2=0.978; *p=0.0107 (Figure 2D), suggesting that increased mRNA expression pattern 

associated with malignant astrocytoma. Similarly, we also checked the protein expression of RAP2B and 

HIF2A through western blot in similar astrocytoma grades and control tissues used for RNA. This result 

indicated that increased protein expression of RAP2B and HIF2A in grade 3 and grade 4 compared to 

low-grade and control tissues (Figure 3A). Densitometry analysis result revealed a significantly 

increased protein expression of both RAP2B (***p=0.0003) and HIF2A (***p=0.0005) in higher grades 

astrocytoma compared to lower grades and control tissues (Figure 3B). This revealed that high 

expression positively associated with astrocytoma malignancies. The correlation studies suggested a 

positive correlation between RAP2B and HIF2A at protein levels r2=0.98, *p=0.010 (Figure 3C). We 

used TCGA (www.cancer.gov/ccg/research/genome-sequencing/tcga) and GEPIA (gepia.cancer-pku.cn) 

online available database and confirmed our results RAP2B and HIF2A increased transcripts expression 

in GBM tissues. These results evidenced that RAP2B and HIF2A expression significantly high in GBM 

tissues compared to normal tissue. The median survival of astrocytoma patients was affected by the 

increased protein expression and positive correlation between RAP2B and HIF2A, but their expressions 

and correlations were independent of the patient's age and gender (Table 1). These results verify the 
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relationship between HIF2A and RAP2B in high-grade astrocytoma tissues. Astrocytoma tissues with 

high positive RAP2B expression also showed 86.5% HIF2A expression, indicating an association 

between RAP2B and HIF2A in astrocytoma malignancies (Table S4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Upregulation of RAP2B in malignant astrocytoma: Astrocytoma cohort (n = 90) exhibiting 

(A, B), PCR and densitometry result depicting more transcript expression of RAP2B, HIF2A, EGFR and 

PYK2 in GIII and GIV tissues compared to low-grade and control tissues. (C), RT-qPCR results showed 

increased RAP2B transcript levels in grade 3 and grade 4 compared to the grade 2 and control. (D), 

Correlation analysis found a positive correlation between RAP2B and HIF2A in malignant astrocytoma.  



Chapter 2: Clinical significance and Molecular mechanism of RAP2B 

38 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: RAP2B expression elevated in malignant astrocytoma: (A, B), Western blot results and 

densitometry analysis show high protein expression of RAP2B (***p=0.0002) and HIF2A 

(***p=0.0003) in high grade astrocytoma tissues compared to low-grade and control tissues. (C), The 

correlation study evidences a strong positive correlation between RAP2B and HIF2A at the protein level 

(r2=0.98), (*p=0.010) in high-grade astrocytoma compared to low-grade and control. 
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2.6.2. Increased expression of RAP2B/HIF2A and pFAK/pPYK2-EMT signaling proteins 

associated with astrocytoma malignancies 

We checked the protein expression of RAP2B and HIF2A with their downstream proteins EGFR, pFAK, 

pPYK2, and EMT markers in astrocytoma grades (n = 90) along with control brain tissues (n = 20) 

through western blot. Western blot results indicated increased protein expression of RAP2B, HIF2A, 

EGFR, GFAP, pFAK, pPYK2, N-cadherin and vimentin in grade 3 and grade 4 astrocytoma tissues 

compared to low grade and control (Figure 4A). Densitometry analysis also showed significantly 

increased protein expression of RAP2B and HIF2A (****p<0.0001), and their downstream proteins 

EGFR (***p=0.0001), pPYK2 (***p<0.001), pFAK (***p=0.0003), EMT markers like vimentin 

(***p=0.0001), and N-cadherin (**p=0.0017) in higher grades of astrocytoma as compared to lower 

grades and control tissues (Figure 4B). These results suggested that the upregulation of these protein 

markers strongly associated with astrocytoma malignancies. Further, we have examined mRNA and 

protein expression of RAP2B, HIF2A, and PYK2 in several GBM cell lines through PCR, RT-qPCR, 

Western blotting and densitometry result. The in-vitro data demonstrated the elevated differential 

expression patterns of RAP2B, HIF2A, and PYK2 at mRNA (Figure 4C, D) and protein (Figure 4E, 

F) levels. Based on their expression pattern and availability, we have selected three GBM cell lines, 

LN18, LN229, and U87 to validate our clinical data. Further, we verified RAP2B and HIF2A expression 

and role in GBM cell lines with CoCl2 (hypoxia) vs without CoCl2 (normoxia). 

2.6.3. RAP2B and HIF2A expression positively correlated with astrocytoma grades: 

We evaluated the correlation between RAP2B and HIF2A expression with several clinicopathological 

features, such as age, gender, and different grades of astrocytoma tissues. We found increased (positive) 

expression of RAP2B and HIF2A in 67 (74.44%) tissues and 23 (25.5%) tissues with negative expression 

of RAP2B and HIF2A out of a total 90 astrocytoma biopsies. High grade of astrocytoma significantly 

correlated with the overexpression of RAP2B (***p=0.0002) and HIF2A (***p=0.0004) compared to 

noncancer tissues. However, we also observed that there was no remarkable correlation among the 

RAP2B/HIF2A expressions and the patient’s age (p≤0.98), (p≤0.99), gender (p≤0.58), (p≤0.77) 

represented in Table 1. In the total astrocytoma cohort, high-grade astrocytoma tissues showed positive 

expression of 77.7% GFAP, 83.3% β catenin, 94.4% vimentin, and 88.8% negative expression of E-

cadherin shown in Table S1. 
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Figure 4: Enhanced RAP2B/HIF2A/pPYK2-EMT signaling proteins associated with astrocytoma 

malignancies: (A, B), Western blot and densitometry analysis depicts significantly increased protein 

expression of RAP2B, HIF2A, EGFR, GFAP, pPYK2, pFAK, N-cadherin and vimentin in high-grade 

astrocytoma tissues compared to low grade and control tissues. (C, E), Representative PCR and western 

blot results showing differential mRNA and protein expression patterns of RAP2B, HIF2A, and pPYK2 

in multiple GBM cell lines. (D, F), Real time PCR and densitometry results representing mRNA and 

protein expression levels in multiple GBM cell lines. 
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Table 1: The correlation between RAP2B and HIF2A expression with various clinicopathological 

features. 

 

Table 1: The correlation between RAP2B and HIF2A expression with various 

clinicopathological features. 

Features RAP2B expression profile (N = 90) Chi-square test 

Positive (n = 67) Negative (n = 23) 

Gender 

Male (n = 67) 51 (76.1%) 16 (23.8%) ns 

Female (n = 23) 14 (60.8%) 9 (39.1%) 

Age 

≤40 (n = 37) 26 (70.2%) 11 (29.7) ns 

≥40 (n = 53) 41 (77.3%) 12 (22.6%) 

Histopathological Grades (WHO-2016, Classification System) 

GII (n = 23) 10 13  

***p=0.0002 GIII (32) 25 7 

GIV (35) 32 3 

 HIF2A protein expression (n=90)  

  

Gender 

Male (n = 67) 48 (71.6%) 19 (28.3%)  

ns Female (n = 23) 13 (56.5%) 10 (43.4%) 

Age 

≤40 (n = 37) 22 (59.4%) 15 (40.5%)  

ns ≥40 (n = 53) 37 (69.8%) 16 (30.1%) 

Histopathological Grades (WHO-2016, Classification System) 

GII (n = 23) 10 13  

***p=0.0004 

 

GIII (n = 32) 27 5 

GIV (n = 35) 30 5 
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2.6.4. Positive relationship between RAP2B/HIF2A and EMT proteins in malignant astrocytoma 

RAP2B is a small GTP-binding protein that acts as an oncogene in various cancers and its upregulation 

is associated with cancer malignancies, including glioma [1, 2]. In our study, Hematoxylin and Eosin 

(H&E) staining (Figure 5A) represented increased cellularity, nuclear atypia and multinucleation in 

malignant astrocytoma compared to lower grade and control. Now, we checked RAP2B with HIF2A 

expression, localization and colocalization in the tissue section of astrocytoma grades 2, 3, 4, and control 

through IHC and immunofluorescence (IF). HIF2A, nuclear expression is a marker for chronic hypoxia. 

IHC results showed strong positive nuclear staining of RAP2B (67.6%) and HIF2A (66.9%) in GIV as 

compared to GII (12.6%), (9.8%) and control (4.5%), (3.7%). Simultaneously, IHC staining showed 

increased expression of downstream protein EGFR (63.1%), pPYK2 (62.02%), and vimentin (64.9%) in 

high grade astrocytoma as compared to low-grade (12.3%), (6.6%), (4.6%) and control (3.71%), (2.32%), 

(2.75%) at tissues level (Figure 5A). IHC staining also showed consistently positive RAP2B and HIF2A 

staining in high-grade astrocytoma at the tissue level supporting of previous results, PCR, RT-qPCR, and 

western blot. The densitometry results of IHC disclosed the expression pattern of RAP2B and HIF2A 

divided into four groups (negative, low positive, positive, and high positive) and significantly increased 

(RAP2B and HIF2A) ****p≤0.0001, EGFR, pPYK2 and vimentin (****p≤0.0001) in high grade 

astrocytoma compared to lower grade and control tissues (Figure 5B, C, S1). We also observed that 

RAP2B expressed high-grade astrocytoma tissues showing strong positive staining of HIF2A and 

vimentin compared to low-grade and control tissues as represented in Table S5. Out of 90 astrocytoma 

tissues were found with high expression of 56.6% RAP2B, 50% HIF2A, 47.7% pPYK2, and 63.3% 

vimentin in high-grade astrocytoma in Table S2. High-grade astrocytoma tissues with elevated 

expression of RAP2B/HIF2A showed 83.3% positive vimentin expression, representing a strong 

association with mesenchymal property in malignant astrocytoma depicted in Table S6. 
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Figure 5: Increased expression of RAP2B and HIF2A linked to poor survival: (A) H&E and IHC 

results representing the pathological characteristics of various grades of astrocytoma and RAP2B, 

HIF2A, EGFR, pPYK2 and vimentin increased in higher grade astrocytoma. (B, C), Densitometry 

analysis showed significantly high protein expression of RAP2B and HIF2A (****p<0.0001) in 

malignant astrocytoma compared to low-grade and control tissues.  
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2.6.5. High expression of RAP2B and HIF2A associated with astrocytoma malignancy and poor 

prognosis 

To establish the clinical relevance of RAP2B and HIF2A in malignant astrocytoma tissues. Increased 

expression of RAP2B and HIF2A strongly associated with astrocytoma patients’ poor survival. Kaplan-

Meier survival statistics were examined for 79 cases out of the 90, because follow-up information was 

not obtained for the remaining 11 cases. The Kaplan-Meier curve evidenced that patient with elevated 

expression of both RAP2B and HIF2A had a worse prognosis (Figure 6D) than the patient with HIF2A 

and RAP2B alone (Figure 6C, E). The hazard ratio of 4.9 (95% CI = 2.834 to 22.85) in the log-rank 

(Mantle-Cox) test indicated a noteworthy survival distribution (****p<0.0001) between the 

aforementioned groups, and the median survival of highly expressed RAP2B and HIF2A astrocytoma 

patients were 17 months. We performed immunofluorescence (IF) staining to confirm the positive 

staining and colocalization of RAP2B and HIF2A in high grades astrocytoma. IF images and 

densitometry results evidenced that increased RAP2B and HIF2A staining and colocalization in grade 3 

and grade 4 as compared to low grade and control tissues (Figure 6A, B). In our finding, target protein 

colocalization was calculated by Pearson’s correlation coefficient represented by r through quantifying 

pixel intensity in the two channels of whole images. Pearson’s correlation coefficient (PCC) in grade 3 r 

= 0.944, M1 = 0.213, M2 = 0.311 and in grade 4 r = 0.979, M1 = 0.242, M2 = 0.396 compared to grade 

2 r = 0.88, M1 = 0.33, M2 = 0.429 and control r = 0.605, M1 = 0.623, M2 = 0.535. PCC represented 

strong colocalization between RAP2B and HIF2A in grade 3 and grade 4, suggesting that increased 

expression and colocalization of RAP2B/HIF2A might promote activation of pFAK/pPYK2-EMT 

signaling pathway that might be involved in astrocytoma malignancies. Additionally, the 

clinicopathological examination demonstrated that the expression of RAP2B, HIF2A, EGFR, pPYK2, 

GFAP, and vimentin linked with pathological grading but independent of age and gender in Table 2. 

Astrocytoma patients with positive expressions of RAP2B, HIF2A, vimentin (****p<0.0001), pPYK2 

(***p=0.0010) and GFAP (***p=0.0002) positively correlated and associated with the worst prognosis. 

In this study, the relationship between elevated expression of RAP2B/HIF2A and positive correlation 

with EGFR, pPYK2, GFAP, and vimentin was investigated, this revealed that a strong association with 

malignant astrocytoma. This indicating that upregulation of RAP2B/HIF2A/EGFR/pPYK2-EMT 

signaling proteins involved in astrocytoma progression and poorer clinical outcomes and targeting 

RAP2B and HIF2A could improve astrocytoma malignancy and patient survival.  
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Figure 6: Increased RAP2B and HIF2A expression associated with poor patient survival: (A, B), 

Confocal images and densitometry analysis result showing increased nuclear colocalization between 

RAP2B and HIF2A in grade 3 (***p = 0.0002) and grade 4 (****p<0.0001) compared to grade 2 and 

control. (C, D, E), The Kaplan-Meier survival graph results represent increased expression of RAP2B 

and HIF2A alone showed poor survival but increased expression of RAP2B and HIF2A together showed 

more dismal survival. The Log-rank test reveals significant survival difference (****p≤0.0001) 

compared to low or negative expression of RAP2B and HIF2A. 
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Table 2: Association between RAP2B, HIF2A, EGFR, pPYK2, GFAP and vimentin in different 

grades of astrocytoma. 

The expression pattern of RAP2B, HIF2A, EGFR, GFAP, and vimentin proteins and follow-up 

information with various clinicopathological characteristics of astrocytoma patients 

S. 

No. 

Tumor 

grade 

Age/Sex RAP2B pPYK2 HIF2A GFAP Vimentin Follow-up 

time 

(months) 

+ve/-ve +ve/-ve +ve/-ve +ve/-ve +ve/-ve 

1 CON 24/M +ve -ve -ve +ve -ve 40 L 

2 CON 20/M -ve -ve -ve +ve -ve 56 L 

3 CON 19/M +ve -ve +ve -ve -ve 35 L 

4 CON 39/M -ve +ve -ve -ve -ve 43 L 

5 CON 58/F -ve -ve -ve -ve -ve NA 

6 CON 35/F -ve -ve - ve -ve -ve 60 L 

7 CON 13/M +ve +ve -ve +ve -ve 48 L 

8 CON 47/F -ve -ve +ve -ve -ve 59 L 

9 CON 43/M -ve -ve -ve -ve -ve NA 

10 CON 35/M +ve +ve +ve -ve +ve NA 

11 CON 51/F -ve -ve -ve -ve -ve 65 L 

12 CON 49/F -ve -ve -ve -ve -ve NA 

13 CON 32/M -ve -ve -ve +ve -ve 30 L 

14 CON 29/F -ve -ve -ve -ve -ve 52 L 

15 CON 41/M -ve +ve -ve +ve -ve 29 L 

16 CON 55/M -ve -ve -ve +ve -ve 32 L 

17 CON 51/M +ve +ve +ve +ve -ve 32 L 

18 CON 43/M +ve +ve -ve +ve -ve 38 L 

19 CON 7/F -ve +ve +ve +ve -ve 40 L 

20 CON 23/F +ve -ve +ve -ve -ve 22 L 

21 Grade 2 37/M -ve -ve -ve +ve -ve 27 L 

22 Grade 2 33/M -ve +ve -ve +ve +ve 15 D 

23 Grade 2 30/M +ve -ve +ve +ve +ve 10 D 
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24 Grade 2 29/F -ve +ve -ve +ve -ve 17 D 

25 Grade 2 10/M +ve -ve +ve +ve +ve 12 D 

26 Grade 2 53/M +ve -ve +ve +ve +ve 19 D 

27 Grade 2 40/F -ve -ve +ve +ve -ve 30 L 

28 Grade 2 45/M +ve -ve -ve +ve +ve 16 D 

29 Grade 2 36/F -ve -ve -ve +ve -ve 22 L 

30 Grade 2 44/M +ve -ve +ve +ve -ve 18 L 

31 Grade 2 42/M +ve -ve -ve -ve -ve 34 D 

32 Grade 2 30/F +ve -ve -ve +ve -ve 27 D 

33 Grade 2 39/M +ve +ve +ve +ve -ve 25 D 

34 Grade 2 54/M +ve -ve -ve +ve -ve 13 D 

35 Grade 2 51/M -ve +ve -ve +ve -ve 20 D 

36 Grade 2 59/M +ve +ve +ve -ve +ve 19 D 

37 Grade 2  77/F +ve -ve -ve +ve -ve 28 D 

38 Grade 2 51/M -ve -ve -ve +ve -ve 52 D 

39 Grade 2 31/M -ve +ve -ve +ve -ve 15 D 

40 Grade 2 11/F -ve +ve -ve -ve -ve 14 D 

41 Grade 2 50/M +ve +ve +ve -ve +ve 16 L 

42 Grade 2 42/M -ve -ve -ve +ve +ve 19 D 

43 Grade 2 32/F -ve +ve +ve +ve -ve 22 D 

44 Grade 3 27/F +ve -ve -ve +ve -ve 28 L 

45 Grade 3 21/F -ve +ve -ve -ve +ve 20 L 

46 Grade 3 38/F -ve +ve -ve +ve +ve 10 D 

47 Grade 3 43/M +ve +ve +ve +ve +ve 15 D 

48 Grade 3 46/M +ve -ve +ve -ve -ve 23 D 

49 Grade 3 54/M +ve +ve +ve +ve +ve 19 L 

50 Grade 3 17/M -ve +ve -ve +ve -ve NA 

51 Grade 3 37/M +ve -ve +ve +ve +ve 11 L 

52 Grade 3 53/M +ve -ve +ve +ve -ve 25 L 

53 Grade 3 34/M +ve +ve +ve -ve +ve 17 D 
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54 Grade 3 60/M +ve +ve +ve +ve +ve 23 D 

55 Grade 3 52/M +ve +ve +ve -ve +ve 29 D 

56 Grade 3 43/F +ve -ve +ve -ve +ve 15 L 

57 Grade 3 45/M +ve +ve +ve +ve +ve 7 D 

58 Grade 3 34/M +ve +ve +ve +ve +ve 12 D 

60 Grade 3 71/M +ve +ve +ve +ve -ve 9 L 

61 Grade 3 42/M +ve +ve +ve -ve +ve 8 L 

62 Grade 3 50/M +ve +ve +ve +ve +ve 16 D 

63 Grade 3 44/F +ve -ve +ve +ve -ve 22 L 

64 Grade 3 72/M +ve +ve +ve +ve +ve 6 D 

65 Grade 3 65/M +ve +ve +ve +ve +ve 4 D 

66 Grade 3 24/F -ve -ve +ve +ve -ve 23 L 

67 Grade 3 37/F -ve +ve -ve -ve -ve 19 L 

68 Grade 3 43/M +ve +ve +ve +ve +ve 5 D 

69 Grade 3 54/M +ve -ve +ve +ve +ve 9 D 

70 Grade 3 7/M +ve +ve +ve +ve +ve 10 D 

71 Grade 3 19/M +ve +ve +ve -ve +ve 13 D 

72 Grade 3 23/F +ve -ve -ve +ve -ve 16 L 

73 Grade 3 48/M +ve +ve +ve +ve +ve 7 D 

74 Grade 3 55/M +ve +ve +ve -ve -ve 17 L 

75 Grade 3 59/M +ve +ve +ve +ve +ve 8 D 

76 Grade 3 37/M +ve +ve +ve +ve +ve 11 D 

77 Grade 4 29/F +ve -ve +ve +ve +ve 12 L 

78 Grade 4 31/M +ve -ve -ve -ve -ve 15 L 

79 Grade 4 43/F +ve +ve +ve -ve +ve 9 D 

80 Grade 4 46/M +ve -ve +ve +ve -ve 13 L 

81 Grade 4 33/M +ve +ve +ve +ve +ve 6 D 

82 Grade 4 38/M +ve -ve -ve +ve -ve 14 L 

83 Grade 4 33/M +ve +ve +ve +ve +ve 7 D 

84 Grade 4 58/M +ve +ve +ve +ve +ve 3 D 
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85 Grade 4 37/M +ve +ve +ve +ve -ve 18 L 

86 Grade 4 39/M +ve +ve -ve -ve +ve 5 D 

87 Grade 4 40/M +ve +ve +ve +ve +ve 8 D 

88 Grade 4 30/F -ve -ve +ve -ve +ve 15 L 

89 Grade 4 35/M +ve -ve +ve +ve +ve 4 D 

90 Grade 4 36/M +ve -ve +ve +ve +ve 6 D 

91 Grade 4 41/M +ve +ve +ve -ve +ve 7 D 

92 Grade 4 19/M -ve +ve +ve -ve +ve 9 L 

93 Grade 4 48/M +ve -ve +ve -ve +ve 5 D 

94 Grade 4 22/F +ve -ve +ve +ve +ve 8 L 

95 Grade 4 77/M +ve +ve +ve +ve +ve 2 D 

96 Grade 4 52/M -ve +ve +ve +ve -ve 10 L 

97 Grade 4 37/F +ve -ve -ve +ve -ve 14 L 

98 Grade 4 41/M -ve -ve +ve +ve +ve 9 L 

99 Grade 4 45/M -ve +ve +ve +ve +ve 3 D 

100 Grade 4 51/M +ve +ve +ve +ve +ve 4 L 

101 Grade 4 65/M -ve -ve -ve -ve +ve 14 D 

102 Grade 4 59/M +ve -ve -ve +ve -ve 17 L 

103 Grade 4 49/M -ve -ve -ve +ve +ve 11 D 

104 Grade 4 54/M +ve +ve +ve +ve +ve 5 D 

105 Grade 4 67/M +ve -ve +ve +ve +ve 4 D 

106 Grade 4 49/M -ve +ve -ve +ve -ve 15 L 

107 Grade 4 65/F -ve +ve -ve +ve -ve 13 L 

108 Grade 4 40/F +ve +ve -ve +ve -ve 10 L 

109 Grade 4 62/M +ve -ve +ve -ve +ve 9 D 

110 Grade 4 53/F +ve +ve +ve +ve +ve 7 D 

111 Grade 4 36/M +ve +ve +ve +ve +ve 3 L 

# +ve and -ve represent the presence and absence of protein respectively, L; Live, D; Dead, NA; not 

applicable (still alive) 
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2.7. Overexpression of RAP2B in GBM cells and its expression increased by CoCl2. 

LN18 and LN229 GBM cell lines were transfected with pEGFP empty vector (control) and RAP2B clone 

(Cloned RAP2B in pEGFP vector, i.e., pEGFP-RAP2B). After transfection, cells were exposed to 

150μM and 200μM of CoCl2 treatment for 24 hrs to mimic hypoxia and another group without CoCl2, 

i.e., normoxia. We found that 60 to 70% of LN18 and LN229 GBM cells were transfected with RAP2B. 

RAP2B expression was detected in both GBM cell lines by fluorescence microscopy (Figure 7C) and 

western blot (Figure 7A, B). Western blot results evidenced that increased RAP2B expression in 

overexpressed RAP2B but enhanced when exposed with CoCl2 compared to control. We assured RAP2B 

overexpression through fluorescence microscopy and western blot every time before performing our 

other experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: RAP2B expression in LN18 and LN229 GBM cells transfected with RAP2B clone: (A, 

B), Western blot result showing elevated ectopic RAP2B expression after 48 hrs of transfection with 

CoCl2 (to mimic hypoxia) and without CoCl2 (normoxia) exposure. (C), Fluorescence microscopy 

images reveals overexpression of RAP2B denoted by red arrow after 48 hrs of transfection. 
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2.7.1. Overexpression of RAP2B promotes proliferation and colony-forming ability enhanced by 

CoCl2-induced hypoxia in GBM cells. 

To provide additional evidence supporting an oncogenic role of RAP2B in the survival and growth of 

GBM cells under hypoxic conditions. LN18 and LN229 GBM cells were transiently transfected with 

pEGFP (empty vector) and RAP2B construct (cloned in pEGFP vector). After 12 hrs of transfection cells 

were trypsinized and seeded for MTT and clonogenic assays, exposed with and without CoCl2 treatment 

such as hypoxia vs. normoxia after 24 hrs of transfection. MTT assay result demonstrated that 

overexpressed RAP2B effect on GBM cell proliferation under both hypoxia and normoxia. Our result 

demonstrated that increased cell proliferation in overexpressed RAP2B (**p = 0.0038, **p = 0.0043), 

pEGFP+CoCl2 treated (**p = 0.0041, *p = 0.023) but significantly enhanced cell proliferation in 

RAP2B+CoCl2 (***p = 0.0002, ***p = 0.0001) as compared to pEGFP in both GBM cells (Figure 8A, 

B). This suggesting that CoCl2-induced hypoxia resulted more proliferation compared to normoxia 

similar to previous study [46]. MTT assay graph results showed 9.8-fold, 8.1-fold increased mean of the 

OD values in overexpressed RAP2B (**p = 0.0029), (**p = 0.0043), 6.8fold, 4.5-fold increase in 

pEGFP+CoCl2 (**p = 0.0074), (*p = 0.021) but significantly increased 13.4-fold, 11.9-fold in 

RAP2B+CoCl2 (***p = 0.0002), (***p = 0.0005) compared to pEGFP in both GBM cells. Further, we 

checked the expression of GFAP, a marker of glial cell proliferation. Western blot and densitometry 

results revealed increased expression in RAP2B and pEGFP+CoCl2 but elevated in RAP2B+CoCl2 

(Figure 10, A, B, C) in both GBM cells under hypoxia vs normoxia. These results suggested that 

overexpression of RAP2B under hypoxia promotes more GBM cell proliferation. 

To investigate overexpressed RAP2B effects on one of the most critical cancer cell characteristics, 

colonies forming ability from a single cell under hypoxia vs normoxia. We performed a clonogenic assay 

following the above-mentioned experimental conditions for MTT assay. Clonogenic assay results 

showed that increased colony number in overexpressed RAP2B and pEGFP+CoCl2 but significantly 

increased colony number in RAP2B+CoCl2 compared to pEGFP (normoxia) (Figure 8C, E). 

Densitometry analysis results demonstrated that increased number of colonies 25.2%, 35% in 

overexpressed RAP2B (**p = 0.0041), (**p = 0.00176), 21.9%, 27% in pEGFP+CoCl2 (*p = 0.0137), 

(*p = 0.025), and significantly increased colonies number 47%, 52% in RAP2B+CoCl2 (***p = 0.0005), 

(***p = 0.0003) compared to pEGFP (normoxia), in LN18 and LN229 GBM cell lines (Figure 8D, F). 

This result suggests that overexpression of RAP2B under hypoxia has a significant role in GBM cell 

growth. 



Chapter 2: Clinical significance and Molecular mechanism of RAP2B 

52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Upregulation of RAP2B/HIF2A promotes GBM cell proliferation and growth under 

CoCl2 induced hypoxia: (A, B), MTT assay results demonstrating significant increased cell proliferation 

in RAP2B+CoCl2 compared to pEGFP (***p = 0.0002, ***p = 0.0001). (C, D, E, F), Clonogenic assays 

result and densitometry analysis represent a significantly increased colonies number in RAP2B+CoCl2 

compared to pEGFP (***p = 0.0005), (***p = 0.0003) hypoxia vs normoxia in both GBM cells. 
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2.7.2. Overexpression of RAP2B increases MMP-9 and VEGF expression and promotes GBM cell 

migration through HIF2A/pFAK/pPYK2-EMT pathway in GBM cells under CoCl2-induced 

hypoxia.  

We performed a scratch wound healing assay to investigate the effect of overexpressed RAP2B in GBM 

cell migration under hypoxia. Both GBM cells were transfected with pEGFP, RAP2B without CoCl2 

(normoxia), pEGFP+CoCl2, and RAP2B+CoCl2 with CoCl2 (hypoxia). We found that overexpressed 

RAP2B in hypoxia increased the migration of GBM cells compared to normoxia (Figure 9A, B). The 

wound healing assay images were captured at three time points 0, 24, and 48 hrs after the wound was 

made. We measured the mean length between migrated cells in all experimental groups. The mean value 

of migrated cells was increased 6.8-fold, 7.5-fold in overexpressed RAP2B, 4.4-fold, 5.1-fold in 

pEGFP+CoCl2 but significantly increased 12.6-fold, 15.9-fold in RAP2B+CoCl2 compared to pEGFP in 

both GBM cells. Densitometry analysis results also showed increased percent migrated cells 53%, 58.2% 

in overexpressed RAP2B (**p = 0.004), (**p = 0.0032) and 47.5%, 51.9% pEGFP+CoCl2 (*p = 0.032), 

(**p = 0.0072) but significantly increased percent migration 81.4%, 86% in RAP2B+CoCl2 (***p = 

0.0003), (****p≤0.0001) compared to pEGFP in LN18 and LN229 GBM cells (Figure 9C, D). 

Subsequently, we also checked the molecular markers involved in migration, like MMP-9 and VEGF in 

both GBM cells. Western blot and densitometry results represented the increased protein expression in 

overexpressed RAP2B, pEGFP+CoCl2 but enhanced expression in RAP2B+CoCl2 compared to pEGFP 

normoxia (Figure 10A, B, C). These results suggested that overexpression of RAP2B in hypoxia plays 

a significant role in GBM cell migration through activation of MMP-9 and VEGF. 
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Figure 9: Upregulation of RAP2B/HIF2A promotes GBM cell migration under CoCl2-induced 

hypoxia: (A, B), The scratch wound healing assay images showing migration in LN18 and LN229 GBM 

cells. (C, D), Densitometry results depicting increased migration in RAP2B, pEGFP+CoCl2 and 

significantly increased in RAP2B+CoCl2 compared to pEGFP (***p = 0.0003), (****p≤0.0001) in both 

GBM cells. 
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2.7.3. Overexpressed RAP2B enhances activation of HIF2A/pFAK/pPYK2-EMT signaling in GBM 

cells under CoCl2-induced hypoxia. 

To explore the molecular mechanism of RAP2B-induced activation of HIF2A/pFAK/pPYK2-EMT 

signaling enhance proliferation and migration of GBM cells under hypoxia. We examined that 

overexpressed RAP2B increased HIF2A expression and their positive correlation involved in activating 

the EGFR/pFAK/pPYK2-EMT signaling pathway in GBM cells with and without CoCl2. HIF2A is a 

potential marker for chronic hypoxia induction [47]. Our PCR and densitometry results demonstrated 

that increased mRNA expressions of RAP2B, HIF2A, EGFR, PYK2, GFAP, CTNNB1, VEGF, CDH2, 

and VIM in overexpressed RAP2B, pEGFP+CoCl2 but high expression in RAP2B+CoCl2 compared to 

pEGFP (Figure 10D, E, F). Subsequently, we also performed Western blot to check the protein 

expression level after overexpression of RAP2B in hypoxia vs normoxia. Western blot and densitometry 

result also evidenced that increased protein expression of RAP2B, HIF2A and their downstream proteins 

EGFR, pFAK, pPYK2, β-catenin, N-cadherin, vimentin, snail, and slug in overexpressed RAP2B and 

pEGFP+CoCl2, but enhanced expression in RAP2B+CoCl2 compared to pEGFP (Figure 10G, H, I). We 

also demonstrated IF between overexpressed RAP2B and HIF2A, GFAP and vimentin. Our IF results 

revealed that overexpressed RAP2B increased staining and colocalization of HIF2A, GFAP and vimentin 

in RAP2B, pEGFP+CoCl2 but enhanced in RAP2B+CoCl2 in both GBM cells (Figure S2-S4). Figure 

S5 represented epithelial to mesenchymal property. This finding suggested that overexpression of 

RAP2B acts as an oncogene, and its oncogenicity increased more when exposed with CoCl2-induced 

hypoxic microenvironment. These promoted GBM cell growth and malignancy by enhancing the 

activation of HIF2A/EGFR/pFAK/pPYK2-EMT signaling pathway in both GBM cells. Overexpression 

of RAP2B enhanced the expression of vimentin and N-cadherin in hypoxia; these are the most important 

molecular markers of EMT induction. This confirmed that hypoxic exposure could be the cause of 

RAP2B mediated EMT activation in GBM cells. This finding revealed that increased expression of 

RAP2B/HIF2A induced the activation of pPYK2 and EMT, indicating that RAP2B/HIF2A acts as an 

oncogene promoter for EMT induction in both LN18 and LN229 GBM cells under hypoxia. 
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Figure 10: Upregulation of RAP2B/HIF2A activates pFAK/pPYK2-EMT signaling pathway in 

both GBM cells under hypoxia: (A, B, C), Western blot and densitometry results representing increased 

protein expression of GFAP, MMP-9 and VEGF in RAP2B, pEGFP+CoCl2 but enhanced in 

RAP2B+CoCl2 compare to pEGFP. (D, E, F, G, H, I), PCR, western blot and their densitometry results 

depicting increased mRNA and protein expression of RAP2B, HIF2A, EGFR, PYK2, GFAP, CTNNB1, 

VEGF, CDH2, and VIM in RAP2B, pEGFP+CoCl2 but higher in RAP2B+CoCl2 compared to pEGFP in 

both GBM cells.  
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2.8. Discussion 

The metastasis of cancer is the most critical event that impacts patient prognosis. Molecular research has 

enabled us to examine the causes of tumor resistance to established clinical therapies and shed light on 

the possible mechanism of cancer progression [27]. Studying the relationship between RAP2B and 

HIF2A expression in malignant astrocytoma tissues and GBM cells is critical. Previous research found 

that CoCl2 (a hypoxia-mimicking agent) induces hypoxia in different cancers and promotes cancer cell 

proliferation and migration in a time or concentration-dependent manner. The current work developed 

an in vitro hypoxia model exposed with CoCl2 to induced hypoxic microenvironment in support of the 

previous study [28]. It established a positive association between RAP2B and HIF2A to see their effect 

on GBM cell proliferation and migration. Previously reported that a hypoxic tumor microenvironment 

significantly alters the oxygen balance in various solid tumor tissues [29]. The presence of hypoxia may 

cause a variety of biological changes in solid tumors, and these alterations may be the fundamental cause 

of resistance to radiation and chemotherapy [30]. 

Ras protein controls gene expression and involved in cell proliferation, death, differentiation, and 

cytoskeletal rearrangement [31]. RAP2B, a small GTP-binding protein, found to be highly expressed in 

numerous types of tumors and acts as an oncogene including glioma [32], but limited information is 

explored. However, no one has reported RAP2B expression and function in GBM cell progression under 

hypoxia. The current study examined the expression correlation between RAP2B and HIF2A and their 

clinical and functional significance in malignant astrocytoma tissues. Our finding revealed that increased 

mRNA and protein expression of RAP2B and HIF2A in high grades astrocytoma tissues (grade 3 and 

grade 4) compared to low-grade (grade 2) and control. Interestingly, in the present study, we explored 

the increased expression of RAP2B positively correlated with HIF2A, suggesting that upregulation of 

RAP2B and HIF2A were associated with astrocytoma malignancy. The current study showed that 

increased expression of RAP2B and HIF2A significantly associated with high-grade astrocytoma 

(****p<0.0001) and positively associated with patient's poor survival but independent of patient age and 

gender shown in Table 1 supporting previous report [32]. Surprisingly, the correlation analysis exhibited 

that increased expression of RAP2B and HIF2A were positively correlated and associated with dismal 

survival compared to low grade and control. EMT is a progressive program associated with 

carcinogenesis and provides malignant properties in cancer cells by boosting mobility, invasion, and 

resistance to apoptotic stimuli [33]. Downstream protein expressions of pFAK, pPYK2 GFAP, vimentin, 

β-catenin, and N-cadherin were also highly upregulated in high-grade astrocytoma tissues, showing a 
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positive association with RAP2B/HIF2A in malignant astrocytoma. Moreover, understanding the 

relationship between RAP2B and HIF2A-mediated EMT activation in malignant astrocytoma could be 

highly significant. Here, we also performed IHC and IF; these results showed significantly more positive 

nuclear staining of RAP2B and HIF2A and colocalization in higher-grades astrocytoma compared to 

lower grades and noncancer tissues. Increased expression and colocalization between RAP2B and HIF2A 

positively associated with the high expression of pPYK2 and EMT proteins; suggesting that the 

RAP2B/HIF2A axis could be involved in the activation of pPYK2 and EMT in malignant astrocytoma. 

Furthermore, the transcript and protein expression data evidenced that activation of 

RAP2B/HIF2A/pFAK/pPYK2-EMT signaling in malignant astrocytoma, suggesting that these signaling 

pathway might be involved in GBM pathogenesis. We also compared our results of RAP2B and HIF2A 

transcript expression of malignant astrocytoma tissues positively correlated with gene expression data of 

RAP2B and HIF2A in GBM tissues from the online available databases TCGA and GEPIA. This 

indicated that clinicopathological analysis and etiological correlation between RAP2B and HIF2A in 

GBM malignancy and patients' poor survival emphasize its clinical significance. This indicated that 

targeting RAP2B and HIF2A could be a potential biomarker against glioma. 

Previous reports suggested that RAP2B promotes cancer metastasis by affecting cell migration, invasion, 

angiogenesis, and cytoskeleton rearrangement [34]. Previously existing literature indicated that RAP2B, 

is a novel p53 target involved in Ca2+-dependent FAK-ERK1/2 signaling, wnt signaling, c-Jun N-

terminal kinase (JNK), and nuclear factor NF-kB signaling pathways, which regulate cell growth, 

differentiation, bacterial autophagy, synaptic transmission, and neuronal shape [35]. Herein, we provided 

insight into the expression and function of RAP2B under hypoxia through HIF2A/pFAK/pPYK2-EMT 

pathway in GBM cell progression. The present study demonstrated the differential mRNA and protein 

expression of RAP2B, HIF2A, and pPYK2 in C6, U87, LN18, LN229, and 1321N1 GBM cell lines. 

HIF2A is a hypoxia-inducible marker involved in cancer progression, and malignancies regulate various 

signaling pathways [36]. In the current study, we demonstrated that overexpression of RAP2B increased 

mRNA expression of RAP2B, HIF2A, VIM, EGFR, VEGF, PYK2, GFAP and proteins expressions of 

RAP2B, HIF2A, EGFR, β-catenin, vimentin, GFAP, VEGF, pFAK, pPYK2, snail and slug but enhanced 

expression in overexpressed RAP2B under hypoxia confirmed through PCR and western blot. In our 

finding, first time we showed overexpression of RAP2B increased expression and stabilized HIF2A in 

normoxia vs hypoxia. Increased expression of RAP2B/HIF2A axis enhanced the expression of MMP-9 

and VEGF a proof of their role in migration under hypoxia, supporting previous studies [23]. Previously 
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reported that RAP2B unique function alter various cancer-related cellular processes, including 

inflammation, proliferation and migration [37]. Therefore, we performed in vitro functional assays and 

molecular studies to support our clinical outcome and investigated the impact of overexpressed RAP2B 

on GBM cell proliferation and migration under hypoxia. Several studies reported that overexpression of 

RAP2B and its oncogenic status promotes proliferation and migration through ERK, pFAK, AKT, and 

EMT pathways in various cancers, including glioma [32]. Likewise, HIF2A is also highly expressed in 

hypoxia and promotes tumorigenesis in multiple cancers through NF-kB, EGFR, p38/MAPK, 

Ras/MAPK, PI3K/AKT and EMT signaling pathways [38]. In the present study, we performed various 

cell-based assays like MTT, clonogenic, and scratch wound healing assay in vitro under hypoxia vs 

normoxia. Our finding demonstrated that overexpression of RAP2B increased proliferation, colony 

number, and migration but enhanced its effects when exposed to CoCl2 for 24 hrs in both GBM cells. 

Thus, suggesting that overexpressed RAP2B oncogenicity increased in hypoxia and enhanced the 

proliferation and migration of GBM cells. Further, we performed immunofluorescence to confirm the 

colocalization between RAP2B and HIF2A, vimentin, GFAP, pPYK2. Our present study demonstrated 

that increased RAP2B and HIF2A staining strongly colocalized in the nucleus in overexpressed RAP2B 

in normoxia but enhanced expression and colocalization in LN18 and LN229 GBM cells under hypoxia. 

Likewise, overexpressed RAP2B increased vimentin, GFAP and pPYK2 staining as well as 

colocalization in normoxia and enhanced under hypoxia in both GBM cells. These suggested that 

overexpression of RAP2B increased HIF2A expression, and indicating that RAP2B/HIF2A-dependent 

activation of pFAK/pPYK2-EMT signaling could involve in GBM cell proliferation and migration in 

normoxia but enhanced their effects in hypoxia. Therefore, we strongly believe that apart from other 

oncogenic targets, RAP2B/HIF2A could be one of the most important oncogenic promoters for PYK2-

EMT activation in GBM cell progression under hypoxia vs normoxia. These suggesting their clinical 

importance as a potential biomarker in malignant astrocytoma and established an oncogenic role of 

RAP2B/HIF2A in hypoxia. 

2.9. Conclusion 

Overall, the current study confirmed that increased expression of RAP2B/HIF2A in malignant 

astrocytoma associated with patients’ worst survival. Furthermore, we verify our clinical data with in 

vitro, increased expression of the RAP2B/HIF2A axis positively enhanced pFAK/pPYK2-EMT signaling 

under hypoxia vs normoxia in GBM cells. Activation of RAP2B/HIF2A/pFAK/pPYK2-EMT signaling 

enhanced proliferation and migration in overexpressed RAP2B under hypoxia vs normoxia GBM cells. 
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These findings provided compelling evidence that increased RAP2B/HIF2A protein expression might 

play a role in the pathogenesis of gliomas and could be an essential target against GBM under hypoxia. 

2.10. Additional Information  

Study Approval  

All procedures performed in the study involving human participants were approved by the Institutional 

Ethics Committee (IEC), University of Hyderabad, Hyderabad; Telangana (TS), with IEC reference 

number UH/IEC/2016/18. The written informed consent was obtained from all participants included in 

the study.  

Supporting Information  

To determine the association between RAP2B/HIF2A and IDH in malignant astrocytoma. High-grade 

astrocytoma tissues with increased expression of RAP2B showed 58.2% IDH mutant and 65.6% IDH 

wild type, but negative RAP2B represented 41.7% IDH mutant and 34.3% IDH wild type. Similarly, 

positive HIF2A tissues showed 62.6% IDH mutant and 59.7% in IDH wild type, but HIF2A negative 

tissues showed 37.3% IDH mutant and 40.2% IDH wild type shown in Table S3. The correlation study 

indicated the negative and positive association of GFAP, vimentin, and N-cadherin with RAP2B, as 

depicted in Table S7. To identify the relationship between RAP2B and HIF2A in high-grade astrocytoma 

tissues. Astrocytoma tissues with high positive RAP2B expression showed 86.5% HIF2A expression, 

indicating the association between RAP2B and HIF2A in astrocytoma malignancies represented in Table 

S4. 

Supplementary Tables: 

 

Table S1. EMT proteins associated with human astrocytoma grades 

Astrocytoma 

grades 

Grade 2 (n = 16) Grade 3 (n = 16) Grade 4 (n = 18) Total (n = 50) 

GFAP (+) 9 (56.25%) 13 (81.25%) 14 (77.7%) 36 (72%) 

β-catenin (+)  11 (68.75%) 14 (87.5%) 15 (83.3%) 40 (80%) 

Vimentin (+) 7 (43.75%) 13 (81.25%) 17 (94.4%) 37 (74%) 

E-cadherin (-) 6 (37.5%) 13 (81.25) 16 (88.8%) 35 (70%) 
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EMT signaling activation involves EMT biomarkers at protein levels; (+ve/-ve) represents the 

presence/absence of protein expression. 

 

Table S2: RAP2B/HIF2A association with EMT marker in different grades of astrocytoma 

Tissues CON (n = 7) GII (n = 12) GIII (n = 17) GIV (n = 24) Total (n = 53) 

RAP2B (+) 4 (57.1%) 11 (91.6%) 15 (88.2%) 22 (91.6%) 48 (86.6%) 

HIF2A (+) 3 (42.8) 9 (75%) 14 (82.3%) 23 (95.8%) 46 (83.3%) 

Vimentin (+) 1 (14.2%) 5 (41.6) 15 (88.2%) 20 (83.3%) 40 (68.3%) 

 

Table S3: Expression correlation between RAP2B/HIF2A and IDH mutant and wild-type 

status in human astrocytoma grades.  

IDH status RAP2B staining (n = 67)             p-value 

 Positive Negative 

IDH–mutant type 39 (58.2%) 28 (41.7%)  

**p = 0.0056 IDH–wildtype 44 (65.6%) 23 (34.3%) 

  HIF2A staining (n = 67)             p-value 

 Positive Negative 

IDH–mutant type 42 (62.6%) 25 (37.3%)  

**p = 0.0095 

IDH–wildtype 40 (59.7%) 27 (40.2%) 

Co-expression of RAP2B and HIF2A in a hypoxic tumor microenvironment worsens 

astrocytoma malignancy and survival. 

 

Table S4: Association between RAP2B and HIF2A in astrocytoma (n = 90) 

 RAP2B expression profile p-value 

                 (+)                                           (-)  

HIF2A (+)              (58) 86.5 %                         (9) 13.4% ****p<0.0001 

HIF2A (-)            (13) 19.4%                           (54) 80.5% 
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The relationship between RAP2B and HIF2A was examined in astrocytoma tissues (n=67) by 

using Fisher’s exact test, which is represented by positive (+) or negative (-). 

 

Table S5: IHC staining for RAP2B, HIF2A, and Vimentin in astrocytoma tissues. 

Astrocytoma 

grades 

No. of individuals 

with positive staining 

RAP2B HIF2A Vimentin 

Grade 2 10      +   ++    + 

Grade 3 17      +   +++    +++ 

Grade 4 20      +   ++++    ++++ 

Non tumor 

(Control) 

5      +    -    + 

This table represents the strong positive RAP2B stained astrocytoma tissue associated with 

HIF2A and vimentin positive and strong positive staining. 

 

Table S6: Expression of RAP2B, HIF2A, pPYK2 and vimentin in astrocytoma grades and 

normal brain tissues (n = 110). 

Groups No of cases Negative 

staining (%) 

Moderate 

staining (%) 

High (%) 

staining 

p-value 

RAP2B 

Astrocytoma 90 13 (14.4%) 32 (35.5%) 45 (50%) ****p<0.0001 

Normal 20 15 (75%) 5 (25%) 0 (0%) 

HIF2A 

Astrocytoma 90 9 (10%) 30 (33.3%) 51 (56.6%) ****p<0.0001 

Normal 20 17 (85%) 2 (10%) 1 (5%) 

pPYK2 

Astrocytoma 90 12 (13.3%) 35 (38.8%) 43 (47.7%) ****p<0.0001 

Normal 20 14 (70%) 3 (15%) 3 (15%) 

Vimentin 

Astrocytoma 90 5 (5.5%) 28 (31.1%) 57 (63.3%) ****p<0.0001 

Normal 20 19 (95%) 1 (5%) 0 (0%) 
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The association between RAP2B, HIF2A, pPYK2 and vimentin for determining clinical outcome 

of astrocytoma patients. 

 

Table S7: Clinical correlation between RAP2B and EMT proteins in human astrocytoma 

(70). 

 RAP2B expression profile Fischer’s exact test 

    (+)                                    (-)  

GFAP (+) 40                                     10 **p = 0.0080 

GFAP (-) 9                                       11 

 RAP2B expression profile  

   (+)                                    (-)  

Vimentin (+) 42                                      8 ***p = 0.0001 

Vimentin (-) 7                                      13 

 RAP2B expression profile  

   (+)                                    (-)  

N-cadherin (+) 39                                     10 ***p=0.0003 

N-cadherin (-) 7                                      14 

RAP2B association with GFAP, vimentin, and N-cadherin were examined in astrocytoma grades 

using Fischer’s exact test denoted by positive (+) or negative (-) protein expression. 

 

 

 

 

 

 

Figure S1: Densitometry analysis results show significantly elevated protein expression of EGFR, 

pPYK2 and vimentin (****p<0.0001) in malignant astrocytoma compared to lower grade and control 

tissues.  
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Figure S2: The IF images indicating over-expression of RAP2B increased RAP2B/HIF2A nuclear 

staining and colocalization in GBM cells under hypoxia vs normoxia. 

 

 

 

 

 

 

 

 

 

 

Figure S3: Representative IF images showing over-expression of RAP2B increased RAP2B/GFAP 

expression and colocalization in GBM cells under hypoxia vs normoxia. 
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Figure S4: The IF images demonstrating the over-expression of RAP2B increased vimentin expression 

and colocalization with RAP2B in GBM cells under hypoxia compared to normoxia. 

 

 

 

 

 

 

 

 

 

Figure S5: A schematic illustration showing the overexpression of vimentin, which is mainly associated 

with EMT in the progression of GBM [39]. 
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Figure S6: This result depicting increased transcript expression of HIF2A in grade 3 and grade 4 

astrocytoma tissues compared to low grade and control. HIF2A mRNA significantly increased in grade 

3 (***p=0.0001) and grade 4 (****p<0.0001) compared to low grade and control. 
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Objective 2: To evaluate the cumulative therapeutic effect of RAP2B knockdown and Tyrphostin 

A9 treatment: Inhibition on GBM progression 

Abstract 

RAP2B is a novel p53 target, because of its high expression and oncogenic potential contributes to the 

development of various cancers as well as glioma. One of the essential characteristics of malignant 

gliomas is that EMT promotes tumor malignancy induced by hypoxia. The relationship between RAP2B 

and HIF2A as well as their therapeutic approach in GBM cells under hypoxia remains unknown. Herein, 

first time we investigated the linked between RAP2B and HIF2A expression, function as well as 

therapeutic approach in hypoxia. RAP2B/HIF2A role in activation of pFAK/pPYK2-EMT signaling 

promotes GBM cell proliferation and migration after 24 hrs of CoCl2 exposure. In the present study, we 

evaluated the anticancer efficacy of a nontoxic dose of TYR A9 after RAP2B silencing in GBM cells 

under hypoxia. We observed that combination therapeutic approach of RAP2B knockdown and TYR A9 

nontoxic dose showed better anticancer effect on GBM cells. We performed PCR, western blot, and 

immunofluorescence. PCR and western blot results proved that decreased mRNA and protein expression 

of RAP2B, HIF2A, EGFR, pFAK, pPYK2, β-catenin, N-cadherin, vimentin, snail, slug, MMP-9, VEGF 

and GFAP in siRAP2B, CoCl2+siRAP2B and CoCl2+TYR A9 treatment but diminished their 

expressions in combination of siRAP2B+TYR A9 treatment induced by pretreatment of CoCl2 for 24 hrs 

in both GBM cells. siRAP2B, CoCl2+siRAP2B and CoCl2+TYR A9 treatment decreased RAP2B and 

HIF2A protein expression and their colocalization but abolished in combination of siRAP2B and TYR 

A9 induced by pretreatment of CoCl2 for 24 hrs. We performed various cell-based experiments, MTT, 

clonogenic and wound healing assay, AO/EtBr, and annexin V staining to assess proliferation, migration, 

and apoptosis in GBM cells under hypoxia vs normoxia. Interestingly, our study evidenced that RAP2B 

knockdown increased the sensitivity of TYR A9 nontoxic dose inhibited proliferation, migration and 

sensitized GBM cells to induced apoptosis under hypoxia. However, combination treatment of siRAP2B 

and TYR A9 attenuated RAP2B and HIF2A mediated activation of pFAK/pPYK2-EMT signaling 

pathway and inhibited GBM cell progression under hypoxia. This suggests that RAP2B knockdown 

increased the anticancer efficacy of TYR A9 even at nontoxic doses, collectively evidencing that a 

combination of siRAP2B and TYR A9 could provide a strong promising therapeutic approach against 

glioma. 
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3.1. Introduction 

Gliomas is the major malignant tumors of the central nervous system, have a poor prognosis. The median 

survival time for glioblastoma (WHO grade 4) is less than two years [1]. Therefore, it is crucial to 

understand the mechanism of glioma growth and identify new molecular targets for glioma treatment. 

However, despite several therapeutic efforts to target different signaling pathways or potential driver 

mutations, significant improvement has yet to be found with the addition of temozolomide (TMZ) or 

radiation as early therapy. RAP2B is predominantly 80% upregulated in several cancers, and 

additionally, it is a unique target of p53 and contributes to p53-mediated pro-survival function. Inhibition 

of RAP2B could make tumor cells more susceptible to apoptosis in response to DNA damage [2]. 

Tyrosine kinases and the downstream signaling proteins are inhibited by tyrosine kinase inhibitors [3]. 

Tyrphostin A9 is a member of the group of synthetic tyrphostin substances that are a series of tyrosine 

kinase inhibitors with improved affinity for epidermal growth factor receptor kinase domain [4]. A few 

selected tyrosine kinase inhibitors, such as AG1478 and AG1417, are being studied as possible anticancer 

drugs in preclinical models [5]. Tyrphostin A9 inhibits activated PYK2 (Tyr402 phosphorylation) and 

also reduced hypoxia-induced human pulmonary artery smooth-muscle (HPASM) cell proliferation. 

PYK2 expression is linked to the increased expression of HIF-1α and are involved in pulmonary vascular 

wall cell proliferation [6].  

Overexpressed RAP2B promotes the proliferation, migration, and invasion in prostate cancer, breast 

cancer, human suprarenal epithelioma, and HCC cancers by regulating various signaling pathways [7]. 

Despite earlier reports on RAP2B expression and function in human glioma, but the relationship between 

RAP2B and HIF2A expression and their function under hypoxia remains unknown. Therefore, this 

objective aimed to understand the positive correlation between RAP2B and HIF2A that contributes to 

GBM cell progression under hypoxia. Downregulation of RAP2B makes HCT116 colorectal cancer cells 

more susceptible to apoptosis caused by Adriamycin (Adr), indicating that RAP2B increases Adr 

resistance in cancer cells [2]. It is reported that siRNA-mediated knockdown of RAP2B and FAK 

inhibitors blocks the EMT process by targeting RAP2B and FAK, showing treatments for cutaneous 

squamous cell carcinoma (CSCC) [8]. Previous findings motivated us to evaluate the anticancer efficacy 

of TYR A9 nontoxic dose treatment after RAP2B knockdown against GBM cells under hypoxia. In the 

current study, we found that RAP2B knockdown enhanced the sensitivity of TYR A9 and increased the 

susceptibility of GBM cells to apoptosis under hypoxia. In the present study, we demonstrated that the 

knockdown of RAP2B decreased HIF2A expression and abolished it after a combination of siRAP2B 
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and TYR A9 treatment. Interestingly, we investigated PYK2 expression and function inhibited by TYR 

A9 in GBM cells under hypoxia. First time, we showed CoCl2 treatment increased expression of RAP2B, 

HIF2A and GFAP, VEGF, MMP-9 together with EMT protein levels and phosphorylation levels of 

EGFR, FAK, PYK2 promotes GBM cell progression after 24 hrs of treatment. Our results showed 

RAP2B knockdown or TYR A9 treatment decreased the expression of RAP2B/HIF2A/pFAK/pPYK2-

EMT signaling proteins and VEGF, MMP-9, GFAP but attenuated by combination of RAP2B 

knockdown and TYR A9 nontoxic dose in hypoxia. Combined treatment of RAP2B knockdown and 

TYR A9 nontoxic dose inhibited RAP2B/HIF2A axis suppressed GBM cell proliferation and migration 

by inhibiting the activation of the pFAK/pPYK2-EMT signaling pathways. RAP2B knockdown and TYR 

A9 treatment induces apoptosis but enhanced more apoptosis induction in combination of siRAP2B and 

TYR A9 nontoxic dose in GBM cells under hypoxia. Therefore, this study indicated that RAP2B/HIF2A 

axis may serve as a potential novel regulator of PYK2-EMT signaling in GBM under hypoxia.  

 

3.2. To developed therapeutic approaches against GBM cell progression under hypoxia by 

inhibition of RAP2B/HIF2A axis 

 

Figure 1: The experimental procedure showing in above diagram represents therapeutic approach by 

transfection of siRAP2B and TYR A9 treatment in both GBM cells under hypoxia (100 μM, 150 μM and 

200 μM of CoCl2) vs normoxia (without CoCl2). 
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3.3. Material and Methods 

3.3.1. Materials 

DMEM, FBS, Anti-Anti (antibiotic and antimycotic) and trypsin, Trizol reagent, cDNA synthesis kit, 

Premix Dream Taq, and SYBR premix Ex Taq II, RIPA Lysis buffer recipes, Protease and Phosphatase 

cocktail, Bradford reagent, primers used as objective 1, Protein marker, enhanced chemiluminescent 

(ECL) following details refer to objective 1 with mentioned modified experimental conditions siRNA 

for RAP2B was purchased from Genex; Lipofectamine 2000 was obtained from Thermo-Fisher 

Scientific. Annexin V- fluorescein isothiocyanate (FITC)/Propidium iodide (PI) apoptosis kit purchased 

from Thermo-Fisher Scientific. Tyrphostin A9 was purchased from TCI; for details refer to objective 3. 

3.4. Cell culture and transfection 

Two established GBM cell lines, U87 and LN18, were procured from NCCS Pune, India. These cells 

were maintained in a complete DMEM medium with 10% FBS, 1X anti-anti (antibiotic and antimycotic) 

at 37 ℃ humidified chambers in 5% CO2 incubator. GBM cells were seeded with approximately 70 to 

80% confluency in six well-plates and, the next day, replaced media with fresh incomplete DMEM 

without anti-anti and FBS. Further diluted siRNA target for RAP2B and negative control siNC (scramble 

siRNA) in incomplete medium and incubated for 20 minutes at room temperature. To knockdown 

RAP2B expression in U87 and LN18 GBM cells were transfected with 30nmol siRNA targeted for 

RAP2B (siRAP2B) and scrambled siRNA non targeted (Negative control) when cells reached 70% 

confluency using LipofectamineTM 2000 (Invitrogen; Thermo-Fisher Scientific, Inc.) for 6 hrs in 

incomplete DMEM. After 6hr of incubation, incomplete media was replaced with complete DMEM and 

normally grew for 24 hrs before subsequent experimentation. siRNA sequences were given: A scrambled 

RNA (siNC) was used as a negative control for RAP2B in GBM cells. Experimental group in this study 

siNC (scramble siRNA), siRAP2B (RAP2B targeted siRNA), CoCl2 treatment for 24 hrs (To induce 

hypoxia), CoCl2+siRAP2B, CoCl2+TYR A9, CoCl2+siRAP2B+TYR A9. GBM cells were transfected 

with siRAP2B for 24 hrs of incubation, CoCl2+siRAP2B cells were pretreated with CoCl2 for 24 hrs and 

then transfected with siRAP2B, CoCl2+siRAP2B+TYR A9 Firstly, treated with CoCl2 for 24 hrs and 

transfected with siRAP2B and then TYR A9 nontoxic dose (10 μM for U87 and 20 μM for LN18 below 

IC50 value) treatment for another 24 hrs, CoCl2+TYR A9 cells were pretreated with CoCl2 and then 

treated with 20 μM and 40 μM (IC50 value) of TYR A9 in respective GBM cell lines. 
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3.4.1. Transfection of siRNA in GBM cells 

siRNA is a powerful technique to knockdown RAP2B (Sense sequence: 5’-CCA-UGA-GAG-AGU-

ACA-AAG-U55-3’) and (Antisense sequence: 5’-ACU-UUG-UAC-UCU-CUC-AUG-G56-3’) were 

designed and synthesized from Eurogentec Belgium (SR-NP001-004-siRNA Duplex SePOP 40nmol). 

Commercially available scrambled siRNA was purchased from Qiagen (#1022076). According to the 

manual instructions, scramble siRNA and RAP2B target siRNA transfection was performed using 

Lipofectamine®2000 reagent (1mg/ml) (Catalog No. 11668030) purchased from Invitrogen. The 

maximum transfection efficiency was determined at 30 nmol of RAP2B targeted siRNA. RAP2B 

knockdown was confirmed at both mRNA and protein levels after 48 hrs of siRNA transfection. 

3.4.1.1 RNA isolation and quantitative real-time PCR (RT-qPCR) 

U87 and LN18 GBM cell lines were used for RNA isolation and PCR followed the mentioned 

experimental conditions. Experimental groups used in this study such as GBM cells were treated with 

defined dose (100 μM and 150 μM) of CoCl2 treatment for 24 hrs. GBM cells were transfected with 

scrambled siRNA (control), siRAP2B, CoCl2+siRAP2B pretreated defined dose of CoCl2 for 24 hrs and 

then transfected with siRAP2B, CoCl2+TYR A9 pretreated defined dose of CoCl2 for 24 hrs treated with 

TYR A9 treatment (IC50 dose) and CoCl2+siRAP2B+TYR A9 pretreated CoCl2 for 24 hrs transfected 

with siRAP2B and then treated with TYR A9 nontoxic dose. GBM cells with above mentioned 

experimental conditions total RNA was extracted from both GBM cells through the Trizol method. For 

cDNA synthesis, reverse transcribes to cDNA synthesis using the first strand cDNA synthesis KIT, 

semiquantitative PCR, and RT-qPCR were performed using a similar procedure detailed refer to 

objective 1. Genes used for this study detailed mentioned in Table S1. Each gene was normalized with 

GAPDH, and relative quantification was performed using the 2-∆∆Ct. 

 

3.4.1.2 Western blot and antibodies 

Above mentioned experimental condition for RNA isolation, same experimental conditions were used 

for western blot in U87 and LN18 GBM cell lines. Followed procedure for protein isolation, 

quantification, and SDS page information provided in objective 1 applied to this objective—antibodies 

details mentioned in below given Table 3. 

 

 



Chapter 3: To evaluate the cumulative therapeutic effect of RAP2B knockdown   

74 

Table 3 Antibodies’ details are listed below: 

 

Name of 

Antibody 

Company Name Catalog WB 

dilutions 

IHC 

dilutions 

IF 

dilution 

β- Actin Sigma Aldrich A3854 1:25000   

EGFR CST 2220S 1:1000 1:100  

RAP2B Abcam ab101369 1:3000 1:250 1:100 

HIF2A Novus Biological NB100-132SS 1:2000 1:250 1:100 

pPYK2 Invitrogen  #44-618G 1:1000 1:250 1:100 

PYK2 Santa Cruz sc-393181 1:500 1:50  

pFAK CST #8556T 1:1000 1:250 1:100 

β-catenin CST D10A8 #8480T 1:1000 1:250  

N-cadherin CST D4R1H #13116T 1:1000   

Vimentin CST D21H3 #5741T 1:2000 1:250 1:100 

Slug CST C19G7 #9585T 1:1000   

Snail CST C15D3 #3879T 1:1000   

MMP-9 Santa Cruz 2C3 sc-21733 1:1000   

VEGF Gene Tex GTX102643 1:1000   

GFAP Abcam #ab7260 1:3000 1:250 1:100 

Ki-67 CST D2H10 #9027  1:250  

PCNA Santa Cruz PC10 sc-56 1:1000   

pERK1/2 CST #4377 1:2000 1:250 1:100 

tERK1/2 CST #9102 1:1000   

pSRC CST Tyr416 #6943 1:2000   

FAK CST #3285T 1:1000   

Cleaved caspase-3 CST (D175) #9664T 1:1000 1:100  

Caspase-3 CST #9662S 1:1000   

Cleaved Caspase-9 CST 7237T 1:1000   

PARP both CST 9542T 1:1000   

GFP G-1544 Sigma Aldrich 1:3000   
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Bcl2 CST 4223 T 1:1000   

Bax CST 2772 T 1:1000   

Bad CST 9292 T 1:1000   

Cytochrome-C Santacruz sc-13560 1:1000   

P53 Abcam Ab131442 1:3000   

Anti-rabbit GeNei Lab (#1140380011730) 1:10000   

anti-mouse GeNei Lab (#1140680011730) 1:10000   

3.4.1.3. MTT assay 

MTT assay was performed to see the inhibition of GBM cell proliferation in above mentioned 

experimental conditions for RNA isolation. U87 and LN18 GBM cells were counted and seeded 1×104 

cells/well of 96 well plates allowed them to grow for overnight. Both GBM cell lines transfected with 

scrambled siRNA, siRAP2B, CoCl2 treatment of defined dose 100 μM and 150 μM for 24 hrs (to induce 

hypoxia) of respective cells, CoCl2+siRAP2B pretreated with CoCl2 for 24 hrs transfected with siRAP2B 

incubated for another 24 hrs. CoCl2+TYR A9, pretreated CoCl2 treated with TYR A9 (IC50 dose) for 

another 24 hrs and CoCl2+siRAP2B+TYR A9, pretreated CoCl2 GBM cells transfected with siRAP2B 

and then treated with TYR A9 nontoxic dose for another 24 hrs. Both GBM cells were incubated and 

added MTT reagent at different time points 0, 24, 48 and 72 hrs. MTT assay was performed following 

the procedure mentioned in objective 1 refer to page no 33. 

3.4.1.4. Clonogenic assay 

Followed above all experimental conditions mentioned for MTT assay and used methodology details 

provided in objective 1 refer to page no 33.  

3.4.1.5. Scratch wound healing assay 

To perform wound healing assay, both GBM cells were seeded 80 to 90% confluency for each 

experimental condition as mentioned above for MTT assay. Followed procedure, capturing images and 

calculated % of migrated cells mentioned in objective 1 applied for this objective also. 

 

3.4.1.6. Flow cytometry for apoptosis detection 

Annexin V-FITC apoptosis assay was performed to see induction of apoptosis in both GBM cells under 

hypoxia vs normoxia. U87 and LN18 GBM cells were seeded at density of 5×106 in each 60 mm dish 

and transfected with siNC, siRAP2B, CoCl2+siRAP2B, CoCl2+TYR A9 and CoCl2+siRAP2B+TYR A9. 
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Pretreated with and without CoCl2 of 100 μM and 150 μM defined dose for respective GBM cells (to 

mimic hypoxia) for 24 hrs. After 24 hrs of transfection, both GBM cells were trypsinized and washed 

with pre-chilled 1XPBS. Cells were centrifuged at 2000 rpm for 3 minutes and supernatant was removed 

carefully, further resuspended in 100μl of annexin V binding buffer. Cells suspension was incubated with 

5 μl of annexin V/FITC and 1 μl of propidium iodide for 15 minutes at room temperature in the dark. 

After incubation, additionally added 400 μl of binding buffer (as per manual instructions) before 

detecting apoptosis through flow cytometry. Further, samples were analyzed using FACS BD caliber 

instrument. Rate of apoptosis and statistical analysis was performed using Flow Jo software. Experiments 

are repeated twice independently. 

3.4.1.7. Immunofluorescence 

Both U87 and LN18 GBM cell lines were seeded on coverslip and grown overnight at 37 ℃ humidified 

chambers in 5% CO2 incubator. Next day, cells were washed with 1X PBS added incomplete media and 

transfected with siNC, siRAP2B without CoCl2, (normoxia), CoCl2+siRAP2B, CoCl2+TYR A9 (IC50 

dose) and CoCl2+siRAP2B+TYR A9, pretreated with 100 μM and 150 μM of CoCl2 (to mimic hypoxia) 

respectively for 24 hrs transfected with siRAP2B and treated with TYR A9 at dose IC50 value and below 

IC50. 100 μM and 150 μM of CoCl2 treatment without transfection for 24 hrs (induce hypoxia). After 48 

hrs of incubation performed immunofluorescence staining following methodology mentioned in 

objective 1 applied for this also. Each sample at least 30 to 50 cells were counted and analyzed. 

Fluorescence intensity represented the quantitative protein expression. On the other hand, the results of 

colocalization between RAP2B and HIF2A, vimentin showed quantitatively in the term of the 

colocalization factor, which was quantified using the Fiji image J software. The co-localization factor is 

calculated as [(fraction of co-localized cells) × (fraction of colocalized foci per cell) ×100]. 

3.5. Statistical analysis 

In this study, all experiments were performed more than two times. GraphPad prism 9.3 software was 

used to analyze all experimental data. The comparison between experimental groups and control 

performed One way ANOVA and Two-way ANOVA test depending on the number of groups analyzed 

using Sidak’s multiple comparisons test. Differences were considered significant at p<0.05. 

 

 

 



Chapter 3: To evaluate the cumulative therapeutic effect of RAP2B knockdown   

77 

3.6. Results 

3.6.1. RAP2B knockdown enhanced TYR A9 sensitivity inhibits GBM cell proliferation and growth 

in CoCl2-induced hypoxia 

We attempted to understand whether the knockdown of RAP2B involved in inhibiting GBM cell 

proliferation and growth under hypoxia. We confirmed knockdown of RAP2B mRNA and protein levels 

detected through PCR and western blot (Figure 4D, G) in both GBM cells under hypoxia vs normoxia. 

Uncontrolled proliferation and growth are the fundamental characteristics of cancer cells. Therefore, we 

evaluated the role of RAP2B knockdown and TYR A9 treatment alone and combination of both RAP2B 

knockdown and TYR A9 nontoxic dose on cell proliferation and growth confirmed by MTT and 

clonogenic assay. MTT assay results (Figure 2A, B) showed that decreased cell proliferation in RAP2B 

knockdown (siRAP2B) compared to nontarget siRNA (siNC) without CoCl2 (**p = 0.0052), (**p = 

0.0038). Similarly, CoCl2+siRAP2B, CoCl2+TYR A9 treatment also reduced cell proliferation, however 

significantly inhibited cell proliferation in combination of CoCl2+siRAP2B+TYR A9 (nontoxic dose) 

compared to CoCl2 (**p = 0.0028), (**p = 0.0012), (***p = 0.0004), (***p = 0.0001) and 

(****p≤0.0001) in both GBM cells. These results suggested that the knockdown of RAP2B increased 

TYR A9 anticancer efficacy significantly inhibited proliferation in GBM cells. Likewise, clonogenic 

assay (Figure 2C, E) and densitometry analysis results (Figure 2D, F) demonstrated that decreased 

colony number in siRAP2B compared to siNC (**p = 0.0035) (**p = 0.0027). Similarly, 

CoCl2+siRAP2B, CoCl2+TYR A9 treatment also reduced number of colonies but significantly repressed 

in combination of CoCl2+siRAP2B+TYR A9 (nontoxic dose) compared to CoCl2 (**p = 0.0041), (**p 

= 0.0022), (***p = 0.0006), (***p = 0.0008) and (****p≤0.0001). Interestingly, these results indicated 

that RAP2B knockdown and TYR A9 treatment decreased colony-forming ability but combination of 

silenced RAP2B and TYR A9 nontoxic dose significantly inhibited colony-forming ability of GBM cells 

under hypoxia. This suggesting that silenced RAP2B increased anticancer efficacy of TYR A9 even at 

nontoxic dose. Simultaneously we also checked molecular markers involved in proliferation like GFAP, 

protein level detected by western blot. Western blot and densitometry results (Figure 4A, B, C) 

demonstrated that GFAP protein levels were decreased in siRAP2B compared to siNC (normoxia). 

Similarly, CoCl2+siRAP2B, CoCl2+TYR A9 treatment also reduced GFAP protein level but diminished 

in CoCl2+siRAP2B+TYR A9 compared to CoCl2 treated (hypoxia) in both GBM cells. 
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Figure 2: Knockdown of RAP2B enhanced sensitivity of TYR A9 non-toxic dose in GBM cells: (A, 

B), MTT assay results indicates decrease cell proliferation in siRAP2B (normoxia), CoCl2+siRAP2B and 

CoCl2+TYR A9 (IC50) but inhibited in CoCl2+siRAP2B+TYR A9. (C, E), Clonogenic assay images 

represent number of colonies were detected in all experimental groups in both GBM cells. (D, F), 

Densitometry analysis results showing decreased no. of colonies in siRAP2B, CoCl2+siRAP2B, 

CoCl2+TYR A9 but significantly reduced in CoCl2+siRAP2B+TYR A9 compared to CoCl2 

(****p≤0.0001). 
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3.6.2. RAP2B downregulation increases TYR A9 sensitivity significantly inhibited cell migration 

by regulating VEGF and MMP-9 level in GBM cells. 

The impact of RAP2B knockdown and TYR A9 treatment at (nontoxic dose) (10 μM for U87 and 20 μM 

for LN18) was examined on cell migration using scratch wound healing assay in both GBM cell lines. 

The effect of knockdown RAP2B, TYR A9 treatment and combination of both knockdown RAP2B and 

TYR A9 nontoxic treatment on cell migration without CoCl2 (normoxia) and with CoCl2 (hypoxia) in 

both GBM cells. Scratch wound healing assay images and densitometry analysis results (Figure 3A, B, 

C, D), evidenced that reduced migration in RAP2B knockdown (siRAP2B) compared to control (siNC) 

normoxia (**p = 0.0013), (**p = 0.0021). Similarly, CoCl2+siRAP2B, CoCl2+TYR A9 treatment also 

decreased migration but significantly inhibited migration in combination of CoCl2+siRAP2B+TYR A9 

(nontoxic dose) compared to CoCl2 (hypoxia) (**p = 0.0024), (**p = 0.0041), (***p = 0.0005), (***p = 

0.0003) and (****p<0.0001) in both GBM cells. Densitometry analysis results (Figure 3C, D) showed 

67% decreased migration in siRAP2B compared to control (siNC). Likewise, decreased migration 66% 

in CoCl2+siRAP2B, 72% in CoCl2+TYR A9, but significantly inhibited 87% migration in 

CoCl2+siRAP2B+TYR A9 compared to CoCl2 treated (hypoxia). Simultaneously we also checked 

molecular markers involved in migration like MMP-9 and VEGF protein levels were detected by western 

blot. Western blot and densitometry results (Figure 4A, B, C) demonstrated that MMP-9 and VEGF 

protein levels were decreased in siRAP2B compared to siNC (normoxia). Similarly, CoCl2+siRAP2B, 

CoCl2+TYR A9 treatment also reduced MMP-9 and VEGF protein levels but diminished in 

CoCl2+siRAP2B+TYR A9 compared to CoCl2 treated (hypoxia) in both GBM cells. These results 

suggested that RAP2B knockdown and TYR A9 decreased migration in normoxia vs hypoxia. RAP2B 

knockdown enhanced anticancer potential of TYR A9 even at nontoxic dose and combination of both 

inhibited cell migration in both GBM cell lines under hypoxia. 
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Figure 3: siRAP2B enhanced inhibitory effect of TYR A9 nontoxic dose in GBM cells: (A, B) 

Scratch wound healing assay indicates inhibition of cell migration in both GBM cells under hypoxia vs 

normoxia. (C, D) Densitometry analysis representing percent of wound width closer efficiency inhibition 

in siRAP2B CoCl2+siRAP2B, CoCl2+TYR A9 and CoCl2+siRAP2B+TYR A9 compared to CoCl2 and 

siNC. 
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3.6.3. Cumulative therapeutic effect of RAP2B knockdown and TYR A9 nontoxic dose attenuate 

activation of HIF2A/pFAK/pPYK2-EMT signaling pathway in GBM cells under hypoxia 

The pFAK/pPYK2 signaling pathways are a conventional cell survival involved in the cell proliferation, 

differentiation, aggressiveness, metastasis and apoptosis. Previously reported that pFAK/pPYK2 

signaling pathway is activated by RAP2B oncoprotein in the several type of cancer [21]. In present study 

we verified that combination therapeutic approach by RAP2B knockdown along with TYR A9 treatment 

in both U87 and LN18 GBM cell lines under hypoxia (Figure S1). Semi-quantitative PCR, western blot 

and densitometry results demonstrated that decreased mRNA and protein expression of RAP2B, HIF2A, 

EGFR, pPYK2, pFAK, β-catenin, N-cadherin, vimentin, snail and slug in siRAP2B compared to siNC 

(control normoxia). Likewise, CoCl2+siRAP2B, CoCl2+TYR A9 treatment also decreased these mRNA 

and proteins expression but abolished in CoCl2+siRAP2B+TYR A9 (nontoxic dose) compared to CoCl2 

(hypoxia) in both GBM cells (Figure 4D, E, F and G, H, I). Simultaneously, we were also interested to 

check their localization, therefore we performed immunofluorescence in U87 GBM cell line under 

hypoxia vs normoxia. Immunofluorescence results revealed that decreased RAP2B, HIF2A and vimentin 

staining and their colocalization in siRAP2B, CoCl2+siRAP2B, CoCl2+TYR A9, but inhibited in 

CoCl2+siRAP2B+TYR A9 compared to CoCl2 (****p<0.0001) and siNC (***p = 0.0003), (***p = 

0.0008) (Figure 5A) in U87 GBM cell. Further, colocalization was calculated by Pearson’s correlation 

coefficient of each identified object for the pixel intensities in the two channels of whole image-based 

intensity correlation (r) when reach to 1.0 represented strong colocalization. Pearson’s correlation 

coefficient showed weak colocalization between RAP2B and HIF2A r = 0.321, RAP2B and vimentin 

r=0.386 in siRAP2B compared to siNC r = 0.771, r = 0.601. Similarly, PCC showed less colocalization 

in CoCl2+siRAP2B r = 0.407, r = 0.331, in CoCl2+TYR A9 r = 0.292, r = 0.309 but inhibited in 

CoCl2+siRAP2B+TYR A9 r = 0.0109, 0.105 compared to CoCl2 treated r = 0.967, r = 0.846 in U87 GBM 

cells under hypoxia. These results showing that PCC (r) values very close to 1 represents strong 

colocalization in CoCl2 and control and combination of RAP2B knockdown and TYR A9 nontoxic dose 

treatment inhibited expression, colocalization and RAP2B/HIF2A/pFAK/pPYK2-EMT signaling 

pathway induced by CoCl2 after 24 hrs of treatment in both GBM cells. 
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Figure 4: RAP2B knockdown enhanced anticancer effect of TYR A9 (nontoxic dose) in GBM cells: 

(A, B, C), Western blot and densitometry results showing decreased protein expression of RAP2B, GFAP, 

VEGF and MMP-9 in siRAP2B, CoCl2+siRAP2B, CoCl2+TYR A9 but inhibited in 

CoCl2+siRAP2B+TYR A9. (D, E, F and G, H, I), PCR and western blot along with densitometry results 

representing decreased mRNA and protein expression of RAP2B, HIF2A, EGFR, PYK2, GFAP, 

CTNNB1, VEGF, CDH2 and VIM in siRAP2B, CoCl2+siRAP2B, CoCl2+TYR A9 but abolished in 

CoCl2+siRAP2B+TYR A9. These experiments were repeated twice independently. 
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Figure 5: Enhanced sensitivity of TYR A9 (nontoxic dose) after RAP2B silencing in GBM cells: 

(A), Confocal images representing decreased colocalization between RAP2B and HIF2A, RAP2B and 

vimentin in siRAP2B compared to control. Similarly reduced colocalization in CoCl2+siRAP2B, 

CoCl2+TYR A9 but inhibited in CoCl2+siRAP2B+TYR A9 compared to CoCl2. Pearson’s correlation 

coefficient was calculated for both red and green channel intensity r = 0.0109, 0.105 in 

CoCl2+siRAP2B+TYR A9 U87 GBM cell line. 
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3.6.4. RAP2B silencing enhanced anticancer potential of TYR A9 and promotes apoptosis 

induction in GBM cells under hypoxia 

We performed flow cytometry to examine the effect of RAP2B knockdown along with TYR A9 nontoxic 

treatment on apoptosis induction in LN18 and U87 GBM cell lines under hypoxia vs normoxia. In the 

present study we demonstrated that increased annexin V staining in siRAP2B compared to siNC. 

Similarly, CoCl2+siRAP2B, CoCl2+TYR A9 treatment also increased annexin V staining but enhanced 

in CoCl2+siRAP2B+TYR A9 (CST) compared to CoCl2 detected through flow cytometry (Figure 6A, 

B) in both GBM cells. Densitometry analysis showed (31%), (28%) increased annexin V staining in 

siRAP2B, evidenced that induced apoptosis compared to siNC (*p = 0.027), (*p = 0.039). Moreover, 

increased annexin V staining (26%), (24%) in CoCl2+siRAP2B and (47%), (36%) in CoCl2+TYR A9 but 

significantly increased annexin V staining (52%), (66%) in CoCl2+siRAP2B+TYR A9 compared to 

CoCl2 (*p = 0.025), (*p = 0.037), (**p = 0.0023), (**p = 0.0035) and (****p<0.0001) (Figure 6C, D) 

in both GBM cells. Flow cytometry results were analyzed by FlowJo 7.1 software and also calculated 

percent of apoptosis, suggesting that inhibition of RAP2B/HIF2A role in apoptosis. Interestingly, we also 

checked the expression of apoptosis related markers through western blot showed in (Figure 8). Western 

blot and densitometry results showed RAP2B knockdown increased the expression of pro-apoptotic 

proteins like caspase 9, cleaved caspase 3, Bax, Bad, p53 cleaved PARP and reduced expression of anti-

apoptotic protein Bcl-2 compared to siNC. Similarly, CoCl2+siRAP2B, CoCl2+TYR A9 treatment also 

increased pro-apoptotic proteins expression and deceased anti-apoptotic protein expression but enhanced 

pro-apoptotic proteins expression and abolished antiapoptotic protein expression in combination of both 

CoCl2+siRAP2B+TYR A9 compared to CoCl2 treatment in both GBM cells (Figure 8A, B & C). 

Simultaneously we also performed acridine orange and EtBr staining to confirm apoptosis in both GBM 

cells. Fluorescence images (Figure 7A) were showed uniform green color represented healthy cells, 

concentrated one side accumulated green color and orange color depicted early and late apoptotic cells. 

Densitometry analysis in (Figure 7B, C) showed that 19%, 13% increased EtBr staining in siRAP2B 

compare to siNC (*p = 0.023), (*p = 0.042). Similarly, 17%, 11% increased EtBr staining in 

CoCl2+RAP2B and 25%, 21% in CoCl2+TYR A9, but 42%, 36% significantly increased in 

CoCl2+siRAP2B+TYR A9 compared to CoCl2 (*p = 0.031), (*p = 0.035), (**p = 0.0066), (**p = 0.0092) 

and (***p = 0.0002), (***p = 0.0006) in both GBM cells under hypoxia. This evidencing that RAP2B 

knockdown and TYR A9 treatment induced apoptosis but combination of siRAP2B+TYR A9 nontoxic 

treatment significantly increased apoptosis in LN18 and U87 GBM Cells under hypoxia. 
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Figure 6: Knockdown of RAP2B increased TYR A9 toxicity and enhanced apoptotic cell death in 

GBM cells: (A, B), Flow cytometry results representing FITC-conjugated annexin-V positive cells and 

propidium iodide (PI) staining of all experimental groups in both GBM cells. (C, D), Densitometry 

analysis results represent increase apoptotic cells in siRAP2B, CoCl2+siRAP2B and CoCl2+TYR A9 but 

increased high number of apoptotic cells in CoCl2+siRAP2B+TYR A9 compared to CoCl2 treated and 

siNC. 
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Figure 7: RAP2B knockdown enhanced anticancer efficiency of TYR A9 nontoxic dose in GBM 

cells: (A), Fluorescence images with dark green concentrated at one side, orange and red color 

representing early, late apoptotic cells and necrotic cells of both GBM cells in all experimental groups. 

(B, C), Densitometry analysis results representing increased apoptotic cells in siRAP2B, 

CoCl2+siRAP2B and CoCl2+TYR A9 but more apoptotic cells in CoCl2+siRAP2B+TYR A9 (CST) 

compared to CoCl2 treated and siNC. 
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Figure 8: Combination of RAP2B knockdown and TYR A9 nontoxic dose treatment induces 

apoptosis in both GBM cells: (A, B, C), Western blot and densitometry results showing increased 

expression of pro-apoptotic protein markers and decreased antiapoptotic protein marker in siRAP2B, 

CoCl2+siRAP2B, CoCl2+TYR A9 but enhanced more pro-apoptotic proteins expression and inhibited 

antiapoptotic protein expression in CoCl2+siRAP2B+TYR A9 (CST) compared to CoCl2 and siNC in 

both U87 and LN18 GBM cells. β actin used as a loading control. 
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3.7. Discussion 

Glioblastoma is a molecularly heterogeneous brain tumor with limited treatment options and a dismal 

prognosis [9], although molecular characteristics have been extensively studied [10]. As a result, 

identifying the main biomarkers and targets that influence prognosis is critical for improving the clinical 

outcome of glioma patients. Previous studies reported that hypoxia is known to be a primary cause of 

glioma development and resistance to treatment particularly common in malignant astrocytoma that have 

always higher necrosis and microvascular proliferation. Existing studies reported that RAP2B belongs 

to the Ras superfamily members predominately elevated in a various cancer [11a, 11b, 11c], also reported 

as a potential oncogene in glioma [12a, 12b] and lung cancer development by activating the NF-kB 

pathway [13a, 13b]. Previously explored that VEGF and MMP-9 play role in vascular endothelial cell 

proliferation and promote angiogenesis, which is essential for new blood vessels formation. MMP-9 

helps in extracellular matrix degradation and promote cell migration [14]. The relation and expression 

correlation between RAP2B and HIF2A as well as their therapeutic relevance in hypoxia is still unknown 

in glioma. As previously reported that high grade of glioma coincides with high deficiency of oxygen 

and its aggressive behavior [15a, 15b]. In support of previous study, the present study evidenced that 

increased expression of RAP2B and HIF2A in high grade astrocytoma might be associated with 

ubiquitous hypoxic microenvironment in malignant astrocytoma tissues. Furthermore, we verify our 

clinical outcome with in vitro, we used CoCl2 exposure for 24 hrs to mimic hypoxic microenvironment 

in GBM cells. We investigated the relationship between hypoxia and RAP2B/HIF2A axis expression and 

function in GBM cells proliferation and migration. Herein, we observed increased mRNA and protein 

expression of RAP2B after 24 hrs of CoCl2 exposure in both GBM cells. This is first study we found that 

RAP2B, a novel hypoxia responsive gene along with increased HIF2A expression after 24 hrs of CoCl2 

(mimic hypoxia) treatment in U87 and LN18 GBM cells. This evidencing that increased expression of 

RAP2B and HIF2A positively correlated and enhanced their expressions and correlation in hypoxia. 

Simultaneously, we also demonstrated their downstream signaling, we observed that increased 

expression of RAP2B/HIF2A axis positively correlated with expressions of EGFR, pFAK, pPYK2, 

GFAP, MMP-9, VEGF, vimentin, N-cadherin, β catenin, snail and slug. These evidencing that CoCl2-

induced hypoxia increased RAP2B/HIF2A expression and activation of pFAK/pPYK2-EMT signaling 

pathway, this might involve in GBM cell progressions supporting previous study [16]. First time our 

finding revealed that increased RAP2B and HIF2A expression positively correlated with malignant 

astrocytoma as well as in GBM cell lines. In the current study we also examined that increased RAP2B 
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and HIF2A expression and their positive correlation triggered proliferation and migration in both GBM 

cells under hypoxia vs normoxia. Furthermore, our aim to develop siRNA mediated therapeutic approach 

against GBM cells under hypoxia. small interference RNA (siRNA) is an extremely powerful method 

for assessing targeted gene function by transcriptional gene silencing through mRNA degradation. 

However, many factors limit the clinical application of siRNA-based therapies. Several previous reports 

suggested that the use of combination treatment in many cancers that share a common pathway to inhibit 

cancer growth. Previous study reported that knockdown of RAP2B increased sensitivity of adriamycin 

against GBM [17]. In the present study GBM cells were transfected with siRNA specific to RAP2B to 

confirmed RAP2B knockdown (siRAP2B) and then treated with TYR A9 nontoxic dose for 24 hrs in 

pretreated CoCl2. We observed that RAP2B knockdown increased anticancer potential of TYR A9 at 

nontoxic dose and increased its inhibitory effect on GBM cell progression under CoCl2-induced hypoxia. 

Previously reported that RAP2B knockdown repressed expressions of various downstream signaling and 

blocked cancer progression in addition of inhibitor [11]. In the current study, first time we demonstrated 

that RAP2B knockdown increased anticancer efficacy of TYR A9 even at nontoxic dose (below IC50 

value) in GBM cells under hypoxia. Surprisingly, in the current study we found that RAP2B knockdown 

or TYR A9 treatment decreased mRNA and protein expression of RAP2B and HIIF2A along with their 

downstream EGFR, pFAK, pPYK2, MMP-9, GFAP, VEGF, vimentin, N-cadherin, β catenin, snail and 

slug but inhibited in combination of both RAP2B knockdown and TYR A9 (nontoxic dose) treatment 

induced by pretreated CoCl2 after 24 hrs of exposure in both GBM cells. Interestingly, we found that 

decreased mRNA and protein expression of HIF2A after RAP2B knockdown proved that HIF2A is not 

stabilized under hypoxia in both GBM cells, indicating that HIF2A not present at upstream of RAP2B. 

However, the total protein levels of FAK, EGFR and PYK2 were not changed in siRAP2B, 

CoCl2+siRAP2B, CoCl2+TYR A9 and CoCl2+siRAP2B+TYR A9 treatment in normoxia vs hypoxia. 

Increased mRNA and protein expressions of RAP2B and HIIF2A along with their downstream EGFR, 

pFAK, pPYK2, MMP-9, GFAP, VEGF, vimentin, N-cadherin, β catenin, snail and slug were confirmed 

through PCR and western blot in both GBM cells without and with CoCl2 treatment after 24 hrs. We 

demonstrated that knockdown of RAP2B and TYR A9 treatment decreased proliferation and migration 

in GBM cells but abolished in combination of siRAP2B and TYR A9 nontoxic dose treatment in both 

GBM cells under hypoxia. After confirming RAP2B and HIF2A inhibition simultaneously we performed 

multiple cell-based assays like MTT, clonogenic and scratch wound healing assay. We observed that 

decreased cell proliferation, colony forming ability and migration in siRAP2B, CoCl2+siRAP2B, 

CoCl2+TYR A9 but diminished in combination of both compared to control (normoxic) and CoCl2 
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treated (hypoxic) GBM cells. EMT process occurs during tumorigenesis and progression of high-grade 

glioma [18]. This finding suggested that knockdown of RAP2B or TYR A9 treatment reduced 

proliferation, migration and activation of RAP2B/HIF2A/pPYK2-EMT signaling whereas attenuated in 

combination of siRAP2B+TYRA9 nontoxic dose treatment in both GBM cells under hypoxia. This study 

indicating that RAP2B/HIF2A axis is a master regulator of hypoxia and involved in activation of 

pFAK/pPYK2-EMT pathway in GBM cells proliferation and migration. Targeting RAP2B/HIF2A axis 

prevented EMT signaling and blocked the transition from epithelial to mesenchymal in support of 

previous report [19]. Our finding revealed that targeting RAP2B/HIF2A axis inhibited pFAK/pPYK2-

EMT signaling pathway and GBM cells proliferation, migration in hypoxia. This evidencing that 

combination of RAP2B knockdown and TYR A9 nontoxic dose treatment could be more effective 

therapy against GBM. 

These findings indicated that RAP2B mediated HIF2A involved in the activation of pFAK/pPYK2-EMT 

signaling pathways in glioma progression under CoCl2 induced hypoxia after 24 hrs of treatment. In 

agreement of RAP2B staining we also performed immunofluorescence to see their colocalization with 

HIF2A and vimentin through confocal microscopy. RAP2B knockdown decreased RAP2B, HIF2A, 

GFAP and pPYK2 staining and their colocalization compared to control. Similarly, CoCl2+siRAP2B, 

CoCl2+TYR A9 treatment also decreased RAP2B, HIF2A, GFAP and pPYK2 staining as well as their 

colocalization but inhibited in CoCl2+siRAP2B+TYR A9 compared to CoCl2 in both GBM cells. 

According to accumulating evidence apoptosis plays a crucial role in inhibition of tumorigenesis and 

malignancy. As previously reported, glioma cell death and the prognosis of the patient were predicted by 

the apoptosis associated gene signature [20]. Therefore, in the present study RAP2B knockdown 

increased expression of proapoptotic markers like Caspase 9, Bax, Bak, cleaved Caspase 3 and cleaved 

PARP and reduced expression of antiapoptotic marker Bcl-2 compared to control. Likewise, 

CoCl2+siRAP2B, CoCl2+TYR A9 treatment also increased expression of proapoptotic markers and 

reduced expression of antiapoptotic marker, but combination of siRAP2B+TYR A9 nontoxic enhanced 

more expression of pro-apoptotic proteins and inhibited antiapoptotic protein expression compared to 

CoCl2. Additionally, we observed that increased annexin V and EtBr staining positive cells evidenced 

that increased apoptosis in siRAP2B, CoCl2+siRAP2B, CoCl2+TYR A9 but enhanced more annexin V 

and EtBr staining proved high apoptosis induction in CoCl2+siRAP2B+TYR A9 compared to CoCl2 and 

control in U87 and LN18 GBM cells. Collectively, our results demonstrate that RAP2B knockdown and 
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TYR A9 treatment induced apoptosis but combination therapy led to more apoptotic cells in both GBM 

cells.  

3.8. Conclusion 

Altogether, the correlation and their positive association between hypoxia and RAP2B/HIF2A axis 

provide a strong, effective approach for predicting the prognosis of malignant astrocytoma. Further, we 

confirmed our clinical data with an in vitro by establishing an oncogenic role of RAP2B/HIF2A axis in 

CoCl2-induced hypoxia. Indeed, our study demonstrated that CoCl2 induced hypoxia increased 

expression of RAP2B/HIF2A and activation of the pPYK2-EMT signaling pathway which promotes 

GBM cells proliferation and migration. We developed combination therapeutic approach by siRAP2B 

and TYR A9 nontoxic treatment and found significantly inhibited proliferation and migration by 

attenuating the RAP2B/HIF2A/pPYK2-EMT signaling pathway in both GBM cells under hypoxia. We 

concluded that RAP2B/HIF2A could be a new regulator of EMT and a promising target for developing 

combination therapy may provide an effective and potential therapeutic approach against GBM under 

hypoxia. 

3.9. Additional Information 

Supplementary Figure:  

Proposed signaling involved in glioblastoma progression and its regulation by siRAP2B and TYR 

A9: 

 

 

 

 

 

 

 

 

 

Figure S1: Proposed model of the study: Schematic diagram illustrating the clinical significance and 

therapeutic approach of RAP2B inhibition in relation to HIF2A-mediated EMT in GBM cells. 
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Supplementary Tables: 

 

Table S1: Real-time PCR primer sequences  

S. No Primers Primer Sequences (5’-3’) Tm 

1. RAP2B Forward primer 5’-GAGAAGTACGACCCGACCATCG-3’ 59.1 

 RAP2B Reverse primer 5’-GAGGCTGTAGACCAGGATGAAGC-3’ 59.2 

2. EGFR Forward primer 5’-GCGTCCGCAAGTGTAAGAAGTG-3’ 62.2 

 EGFR Reverse primer  5’-GAGATCGCCACTGATGGAGG-3’ 59.9 

3. HIF2A Forward primer 5’-AAGCCTTGGAGGGTTTCATT-3’ 50 

 HIF2A Reverse primer 5’-TCATGAAGAAGTCCCGCTCT-3’ 52 

4. PYK2 Forward primer 5’-CGAGCTCCTAGAAAAGGAAGTG-3’ 55.0 

 PYK2 Reverse primer 5’-GGCGAGAGTGTTGAAGAAC-3’ 53.5 

5. p53 Forward primer 5’-GTACTCCCCTGCCCTCAACAAG-3’ 60.5 

 P53 Reverse primer 5’-ACCATCGCTATCTGAGCAGC-3’ 59 

6. VEGF Forward primer 5’-AAGGAGGAGGGCAGAATCAT-3’ 52 

 VEGF Reverse primer 5’-ATCCGCATAATCTGCATGGT-3’ 50 

7. CTNNB1 Forward primer 5’-TGTAGAAGCTGGTGGAATGC-3’ 57.3 

 CTNNB1 Reverse primer 5’-CCTTCCTGTTTAGTTGCAGC-3’ 57.3 

8. GFAP Forward primer 5’-AGCAGATGAAGCCACCCTG-3’ 58.8 

 GFAP Reverse primer 5’-AACCTCCTCCTCGTGGATC-3’ 58.8 

9. CDH11 Forward primer 5’-CCAATGTGGGAACGTCAG-3’ 55.9 

 CDH11 Reverse primer 5’-GATACCTGTCTGTGCTTCC-3’ 56.6 

10. VIM Forward primer 5’-GACAGGATGTTGACAATGCG-3’ 57.3 

 VIM Reverse primer 5’-GCTCCTGGATTTCCTCTTC-3’ 56.6 

11. GAPDH Forward primer 5’-TGACAACTTTGGTATCGTGGAAGG-3’ 56 

 GAPDH Reverse primer 5’-AGGCAGGGATGATGTTCTGGAGAG-3’ 59 
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Objective 3: Tyrphostin A9 attenuate glioblastoma growth by suppressing PYK2/ EGFR-ERK 

signaling pathway 

Abstract 

The primary brain tumor known as glioblastoma (GBM) is lethal and has very poor clinical outcome. 

Tyrosine kinase inhibitors (TKIs) have anticancer efficacy in GBM and other cancers with restricted 

therapeutic outcomes. In our ongoing research, we planned to explore the clinical impact of 

phosphorylated proline-rich tyrosine kinase-2 (PYK2) and epidermal growth factor receptor (EGFR) in 

GBM and assess its draggability using a synthetic TKI called Tyrphostin A9 (TYR A9). The expression 

profiles of phosphor-PYK2 and EGFR were evaluated in astrocytoma biopsies (n=48) and GBM cell 

lines using qPCR, western blot and immunohistochemistry. The clinical correlation of phospho-PYK2 

and EGFR were examined with several clinicopathological features and the Kaplan-Meier survival curve. 

The drugability of phospho-PYK2 and EGFR along with the ensuing anticancer efficacy of TYR A9, 

were assessed in GBM cell lines and intracranial C6 glioma model. We observed that elevated phospho-

PYK2 and EGFR expression, which worsens the malignancy of astrocytomas and linked with the 

patient’s poor survivability. The mRNA and protein correlation data revealed that positive relationship 

between phospho-PYK2 and EGFR in GBM tissues. In vitro results showed that TYR A9 decreased 

GBM cell growth, migration as well as induce apoptosis by diminishing PYK2/EGFR-ERK signaling. 

In-vivo studies demonstrated that TYR A9 treatment significantly decreased glioma growth and 

increasing animal survival through suppressing PYK2/EGFR-ERK signaling pathways. The findings of 

our study collectively indicate that a poor prognosis was linked to elevated phospho-PYK2 and EGFR 

expression in astrocytomas. The translational effect of TYR A9 through inhibition of PYK2/EGFR-ERK 

signaling pathway was highlighted in-vitro and in-vivo evidence. 
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4.1. Introduction 

In Glioblastoma (GBM), approximately 30-60% of intracranial tumors are highly malignant primary 

brain tumors [1]. GBM's elaborate molecular and cellular heterogeneity causes unrestricted cell growth, 

invasion, and chemoresistance, aggravating patients’ poor survivability (14–15 months) [1-3]. In fact, 

due to the diffuse infiltrative behavior of GBM extensive vascularization, high toxicity or low efficacy, 

and drug resistance of currently available chemotherapeutics, the current standard of care, which includes 

surgical resection followed by chemotherapy or radiotherapy, often fails [3-5]. A better understanding of 

the molecular etiology of GBM and the investigation of alternative therapeutic options have been spurred 

by increased incidences of GBM and dismal prognosis. 

Advancements in genomics have revealed diverse genetic modifications in receptor tyrosine kinases 

(RTKs) in cancer, which disrupt multiple cellular functions such as cell proliferation, survival, apoptosis 

etc [6, 7]. As a driver oncogene, the epidermal growth factor receptor (EGFR) is most frequently 

amplified RTK or mutated (kinase domain) in a variety of cancers, including GBM [8, 9]. Proline-rich 

tyrosine kinase-2 (PYK2) is a non-receptor cytoplasmic tyrosine kinase protein widely dispersed across 

the central nervous system. It is a member of the family of tyrosine kinase [10]. Focal adhesion kinase 

(FAK), a non-receptor tyrosine kinase that exhibits strong sequence homology and a comparable domain 

is structurally similar to it. It is also participated in the regulation of cytoskeleton dynamics, cell survival, 

and cell growth [11]. Selective activation of the PYK2 cascade occurs either by autophosphorylation at 

Tyr402 or through Ca2+/Calmodulin-dependent protein kinase II (CAMKII) signaling pathways [12, 13]. 

Phospho-PYK2 (pPYK2) is highly expressed and activates multiple signaling pathways, including 

PI3K/STAT3, Src/GPCR/RhoA, ERK/MAPK etc [14-16]. In various cancers, activation of these 

pathways promotes immune cell polarization and adhesion and increases cell migration, invasion, and 

proliferation [11, 17-21]. Gliomas have not yet been investigated for the connectivity of pPYK2 and 

EGFR in mitogen-activated protein kinase (MAPK) signaling despite reports of this relationship in 

several malignancies [15, 22]. Previous studies have demonstrated the function of p-PYK2 in the 

migration and proliferation of glioma cells [18, 23]. More research is necessary to understand the 

molecular mechanisms of PYK2 in GBM progression and malignancy as the clinical and therapeutic 

significance of pYK2 in GBM is currently lacking. The current study explored the expression of activated 

PYK2 and the clinical correlation with the EGFR-mediated extracellular receptor kinase (ERK) signaling 

pathway in GBM. 
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It has demonstrated clinical significance to target RTKs in different cancers using TKIs or molecular 

scissors [24, 25]. Tyrphostin A9 (TYR A9) is a small (282.38 g/mol) synthetic tyrosine kinase inhibitor 

that has been shown to specifically inhibit PYK2, VEGF, and the receptor for platelets-derived growth 

factor (PDGFR) [26-29]. Neuroblastoma and breast cancer cell lines show that TYR A9 has anti-

migratory and cell death potential 28, 30], apart from its low toxicity TYR A9 ability to cross the blood-

brain barrier (BBB) [5] led us to assess its anticancer effectiveness in GBM. Here, we also aim to 

determine whether the rationale for using a TKI (TYR A9) to inhibit the dual tyrosine kinases PYK2 and 

EGFR could effectively block downstream ERK signaling [31, 32].  

The results of the present investigation showed that EGFR and activated PYK2 influenced ERK signaling 

in malignant astrocytomas and its translational impact by TYR A9. We showed that elevated expression 

of pPYK2, and EGFR was positively associated with astrocytoma malignancy and patients’ poor 

survival. In GBM, there is a positive correlation between pPYK2, EGFR, and pERK½, according to the 

correlation analysis. Subsequently, the inhibition of PYK2 and EGFR-modulated ERK signaling pathway 

by TYR A9 reduced the growth of GBM cells and triggered apoptosis in vitro and in vivo. 

4.2. Materials and methods 

4.2.1. Astrocytoma Biopsies 

We have collected resected astrocytoma tissues (n = 48) and non-tumor control (temporal epilepsy tissues 

n = 12) from Krishna Institute of Medical Sciences (KIMS) Secunderabad surgically. Astrocytoma 

biopsies were histopathologically classified into different grades such as diffused astrocytoma-Grade 2 

(n = 14), anaplastic astrocytoma-Grade 3 (n = 14), and Glioblastoma (GBM)-Grade 4 (n = 20) by 

pathologists at KIMS hospital according to the World Health Organization (WHO) defined 2016 

classification scheme [33]. All astrocytoma and control biopsies were snap-frozen in liquid nitrogen and 

stored at −80 °C. The clinicopathological information of patients, such as age/gender, survival, and 

family history, was maintained in the hospital registry. Written informed consent was obtained from each 

patient or their relatives to use clinical biopsies and clinicopathological information in the study. The 

study was approved by the Institutional Ethics Committee (IEC), University of Hyderabad, India. 

 

4.2.2. Cell cultures 

Rat glioma cell line C6 and human GBM cell line U87 and LN18 were obtained from the National Centre 

for Cell Sciences (NCCS), Pune, India. Cell maintenance information was provided in objective 1 that 

is applicable to this objective. 
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4.2.3. Reagents and Chemicals 

Details provided in objective 1 refer page no 31. 

 

4.2.4. Isolation of RNA and Polymerase chain reaction (PCR)/quantitative PCR  

Total RNA was extracted using the Trizol reagent method from frozen astrocytoma tissues or GBM cell 

lines according to Trizol method (sigma) manual instructions. The mRNA expression was calculated 

using the procedure described earlier [34]. Gene-specific primers were enlisted in Table S1 (page no 

127). GAPDH was used as an internal control for both PCR and qPCR. Following procedure, refer to 

objective 1, page no 34. 

  

4.2.5. Western blotting 

The general information provided for objective 1 is also applicable to this objective. Refer to page no 

34. 

 

4.2.6. Haemotoxylin and Eosin and Immunohistochemistry (H&E and IHC) staining. 

Astrocytoma tissue sections of different grades, such as grade 2, grade 3, and grade 4, including control 

tissues, were obtained from KIMS hospital. All histological staining, such as Haemotoxylin and Eosin 

(H&E), Immunohistochemistry (IHC), and Immunofluorescence (IF), were performed by following 

protocol optimized in our laboratory [35, 36]. The following procedure provided for objective 1 is also 

applied in this chapter refer to page no 31. 

  

4.2.7. MTT [3-(4,5 Dimethyl-2 thiazolyl)-2,5-diphenyl-2- tetrazolium bromide] cell proliferation 

assay  

The MTT assay was performed following the previously described method [37]. Briefly, GBM cell lines 

C6, U87, and LN18 were trypsinized and seeded 1×104 cells/well in 96 well plates and kept for overnight 

growth at 37 °C in a 5% CO2 incubator. After overnight incubation, cells were treated with different 

micromolar concentrations, viz. 5 µM, 10 µM, 15 µM, 20 µM, 30 µM, 40 µM of TYR A9 and vehicle 

control (DMSO 0.01%) for 24 hrs. After 24 hrs of treatment, MTT (5mg/ml) was added to each well and 

incubated for 3 hrs in the dark in a CO2 incubator. Subsequently, the MTT solution was removed, and 

DMSO 100 μl/well was added to dissolve formazan crystals. Absorbance was taken at 570 nm by a 

microtiter ELISA plate reader (TECAN). All experiments were repeated three times, and results were 

presented as mean ± SEM. 
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4.2.8. Clonogenic assay   

C6, U87, and LN18 GBM cells were seeded at a density of 1000 cells/well in six-well plates and kept in 

a CO2 incubator for overnight growth at 37 °C. Cells were treated with a range of concentrations (10 µM, 

20 µM, and 40 µM) of TYR A9 and vehicle control for 24 hrs. After 24 hrs of treatment, fresh media was 

added every three days until the colonies formed. The colonies were fixed with 4% paraformaldehyde 

(PFA) and stained with 0.5% crystal violet. Colony counting and analysis were done using the method 

described earlier [35, 38]. 

 

4.2.9. Cell migration (scratch wound healing) assays  

Cell migration was evaluated using the scratch wound healing assay. The GBM cells C6, U87 and LN18 

were seeded in 6-well plates at density of 1×105 cells/well and incubated for 24 hrs at 37 °C in a CO2 

incubator. Upon reaching 80% confluency, a wound scratch was made using a 10 μl tip. Dead cells were 

promptly removed by washing them twice with 1XPBS before adding 2ml of complete medium. The 

cells were exposed to different concentrations of TYR A9 (5 µM, 10 µM, 15 µM, and 20 µM) as well as 

a vehicle control for 24 hr. At 4 x magnification, images were taken using an inverted phase-contrast 

microscope (Leica DFC 300 FX) at various time intervals 0, 6, 12, and 24 hr. The wound-healing width 

ratio was used to estimate the wound-healing percentage at each time point. All experiments were 

repeated thrice, and results were presented as mean ± SEM. 

 

4.2.10. Cell cycle and annexin V staining and analysis through fluorescence-activated cell sorting 

(FACS) 

To study the effect of TYR A9 in the cell cycle distribution of C6 and U87, a density of 1 × 105 GBM 

cells were seeded in 60 mm dishes and kept for overnight growth in a CO2 incubator. Both GBM cell 

lines were treated with different concentrations of TYR A9 (10 µM, 20 µM, and 40 µM) and vehicle 

control for 24 hrs. Cells were trypsinized with 0.25% 1X trypsin EDTA, twice washed with 1XPBS, and 

fixed with 70% ethanol for 4 hrs at 4 0C. After incubation, the fixed cells were washed twice with 1XPBS 

and incubated with propidium iodide (PI) solution containing PI (50µg/ml), RNase A (50 µg/ml), and 

1% triton-X100 or with annexin V-fluorescent tag antibody in the dark for 30 minutes for 1hr as 

mentioned in earlier studies [39, 40]. The PI-stained cells were used for cell cycle analysis, and annexin 

V-stained cells were used to detect apoptosis through flow cytometry (FACS Calibur-BD Biosciences). 

We use the flowJo v10.7.1 software to analyze data. 
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4.2.11. Intracellular reactive oxygen species (ROS) levels  

The 2′7′-Dichlorofluorescin diacetate (DCFDA, #D6883-Sigma) method was used for ROS estimation. 

C6 and U87 GBM cells were trypsinized and seeded 10000 cells in each well of 96-well plates and grown 

overnight in a CO2 incubator. Cells were treated with different concentrations of TYR A9 (5 µM, 10 µM, 

15 µM, 20 µM, and 40 µM) and vehicle for 24 hrs. After 24hr of TYR A9 exposure, cells were washed 

with 1XPBS and incubated with 20µM DCFDA in the dark for 30 minutes in a CO2 incubator at 37 ℃. 

An ELISA micro-plate reader measured the fluorescence with excitation and emission wavelengths of 

485 and 530 nm. All experiments were repeated three times, and results were presented as mean ± SEM. 

 

4.2.12. Mitochondrial membrane potential (ΔΨm)  

The mitochondrial membrane potential was determined by tetramethyl rhodamine methyl ester (JC-1) 

upon TYR A9 exposure. JC-1 dye can bind specifically to the polarized mitochondria and is widely used 

to study ΔѰm [41]. In a 35mm dish, C6 and U87 cells (1×105) were seeded and allowed to grow overnight 

in a 5% CO2 incubator. For a full day, the cells were exposed to various concentrations of TYR A9 (10 

µM, 20 µM, and 40 µM) and vehicle control. Following the treatment, the cells were stained with 5 μM 

of JC-1 dye for 30 minutes in the dark in a 5% CO2 incubator, following the manufacturer's instructions. 

Cells were washed with 1XPBS. Using a Zeiss fluorescence microscope, the fluorescence was measured 

at a 20x magnification to determine the ΔΨm. 

 

4.3. Intracranial-C6 glioma model and TYR A9 treatment 

We bought male Wistar rats weighing 180–230 grams from Jiva Life Sciences in Hyderabad. Every 

animal was kept in pathogen-free conditions in animal house facilities at the University of Hyderabad 

for a minimum of two weeks with a 12-hour light/dark cycle. Using stereotaxic surgery, the C6 glioma 

cell line was intracranially allografted [42, 43]. Before starting stereotaxic surgery, rats were deeply 

anesthetized by intraperitoneal (i.p.) injection of xylazine (15 mg/kg body weight) and ketamine (80 

mg/kg body weight). Anesthetized rats were fixed on stereotaxic apparatus with the help of ear bars, and 

a midline scalp incision was made on the head to expose the skull and visualized the bregma point. Using 

striatum coordinates (0.5mm posterior; 3mm lateral), the skull was thinned with a 1mm diameter dental 

drilling machine. C6 glioma cells (2×106) were resuspended in a 6:4 (v/v) mixture of culture media and 

matrigel [44] and injected into the right striatum at a 6mm depth by microinjector with a speed of 5μl/min. 

After stabilizing cells in the striatum, the syringe was removed, and the incision was covered with dental 
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cement. Animals were kept back in the cage and maintained under aseptic conditions. After 7 days of 

stereotaxic surgery, animals were randomly selected and categorized into two groups with eight animals 

each. The vehicle control (0.1%DMSO) or TYR A9 (1.5mg/kg body weight) groups were treated 

intraperitoneally (i.p.) daily for 10 days. TYR A9 non-toxic dose and treatment route was selected 

according to the previous report [45]. The animal procedures followed the Institutional Animal Ethics 

Committee guidelines (UH/IAEC/PPB/2021-22/22) of the University of Hyderabad. 

 

4.3.1. Tissue sample collection and histopathological analysis 

All animals were sacrificed and perfused intra-cordially with 0.9% saline buffer followed by 4% 

paraformaldehyde (PFA) for histopathological evaluation. The rat’s brain was removed and fixed in 4% 

PFA for 24 hrs, then dehydrated in ethanol and embedded in paraffin. Fixed brain tissues were sectioned 

with microtome (5-um thick) and collected on silane (3-aminopropyl triethoxysilane) coated glass slides 

for further histopathological analysis. After deparaffinization and rehydration, sections were used for 

H&E and IHC staining as described above, and tumor area or volume was calculated using formula: 

(V)=4/3 π (L/2×W/2×H/2). 

 

4.4. Statistical analysis 

All results were analyzed through statistical software Sigma Plot 11.0 or GraphPad Prism 9. The median 

or mean were used to evaluate central tendency and presented as median or mean ± SEM. The statistical 

significance was calculated by One-way ANOVA (Holm-Sidak method) for multiple groups or student 

t-tests (Mann-Whitney U) for two groups, and p ≤ 0.05 is considered significant. The Pearson correlation 

was performed to study the correlation between the experimental groups. Survival data was analyzed 

using the Kaplan-Meier survival curve and compared using the Log-rank (Mantel-Cox) test. All 

experiments were performed in four replicates and repeated at least thrice. The graphical illustration 

represents mean values, and the bar represents SEM; the p-value ≤ 0.05 was considered statistically 

significant and described as not significant (ns) if P > 0.05; * P ≤ 0.05; ** P ≤ 0.01, *** P ≤ 0.001; **** 

P ≤ 0.0001. 
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4.5. Results  

4.5.1. Upregulated expression of PYK2 and EGFR associated with astrocytoma malignancy and 

patients’ poor survival 

The PYK2 and EGFR transcripts expression was evaluated through qPCR in different grades of 

astrocytoma tissues (n = 48) and control tissues (n = 12). Results showed increased PYK2 transcript 

levels in grade 3 (p = 0.003) and grade 4 (p = 0.009) as compared to control brain tissues (Figure 1A). 

The increased PYK2 transcript level was positively correlated with EGFR mRNA (r2 = 0.98; P = 0.007) 

expression, and the increased expression pattern was increased with astrocytoma progression (Figure 

1B). The pPYK2 and EGFR protein expression analysis in different grades of astrocytoma (n=48, 

including n = 12 control tissues) through western blot indicated increased pPYK2 and EGFR expression 

in grade 3 and grade 4 compared to the grade 2 and control tissue (Figure S1). The representative IHC 

staining in astrocytoma (n = 3, each grade) tissue sections displayed high total and phospho form of 

PYK2 and EGFR protein in grade 3 and grade 4 compared to the grade 2 and control tissue (Figure 1C). 

The pPYK2 and EGFR protein correlation analysis using densitometry values of western blot revealed a 

significant positive correlation between pPYK2 and EGFR (r2 = 0.91; P = 0.04) (Figure 1D). The positive 

expression of pPYK2 and EGFR was not significantly associated with the patient’s age and gender; 

however, their positive expression considerably affected the median survival of astrocytoma patients 

(Table 1). The increased pPYK2 expression was significantly (p = 0.0279) correlated with astrocytoma 

grades (Table 1). Patients’ survival analysis through the Kaplan Meier curve showed that positive pPYK2 

expression was associated with patients' poor survival (Log-rank test p≤0.047) (Figure S2). Noticeably, 

the patients with both pPYK2 and EGFR expression revealed dismal patients’ survival (Log-rank test 

p≤0.0128) with a hazard ratio of 4.20 (95% CI 1.403 to 17.25) (Figure 1E), suggesting that the increased 

expression of pPYK2 and EGFR aggravate astrocytoma malignancy and patients’ poor survival. 
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Figure 1: Upregulated PYK2-EGFR levels in astrocytomas (A), The qPCR mRNA expression 

analysis of PYK2 in astrocytoma tissues (n = 48) shows that, in comparison to the control (n = 12), PYK2 

mRNA levels were significantly higher in grade 3 (n = 14) p = 0.003 and grade 4 (n = 20) p = 0.0009. 

(B), PYK2 and EGFR have a positive expression correlation, according to the correlation analysis (r2 = 

0.98; p = 0.007). (C), H&E images display pathological features of different grades of astrocytoma, and 

the representative IHC images show that grade 3 (n = 3) and grade 4 (n = 3) have stronger pPYK2 and 

EGFR staining than grade 2 (n = 3) and the control (n = 3). (D), pPYK2 and EGFR protein correlation 

analysis using normalized densitometry values of western data show a significant positive correlation 

between pPYK2 and EGFR (r2 = 0.91, p = 0.04). (E), The survival graph indicates a worse survival 

proportion of patients with positive pPYK2 and EGFR proteins; the Log-rank test reveals significant 

survival statistics (p≤0.0128) with a hazard ratio of 4.20 (95% CI 1.403 to 17.25). 
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Table 1: Clinicopathological association of pPYK2 and EGFR in astrocytoma 

Parameters pPYK2 protein expression (n = 48)   

Positive  Negative  Chi-square test 

Age 

<35 (n = 21)                       17 4 p = 0.61 

>35 (n = 27)                      19 8  

Gender 

Male (n = 30) 23 7 p = 1.00 

Female (n = 18) 13 5  

Astrocytoma grades (WHO-2016, Classification system) 

GII (n = 14) 7 7 *p = 0.0279 

GIII (n = 14) 11 3  

GIV (n = 20) 18 2  

Median survival age                                 24 months                               35 months  

  

EGFR protein expression (n = 48)  

 

 Positive  Negative   

Age 

<35 (n = 21)                       16 5 p=0.82 

>35 (n = 27)                      21 6  

Gender 

Male (n = 30) 23 7 p=0.79 

Female (n = 18) 14 4  

Astrocytoma grades (WHO-2016, Classification system) 

GII (n = 14) 9 5 p=0.362 

GIII (n = 14) 11 3  

GIV (n = 20) 17 3  

Median survival age                                 18 months                               30 months  

Median survival age                                 15 months for both pPYK2 and EGFR-positive patients 
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4.5.2. Activated PYK2/EGFR-ERK signaling and pPYK2 druggability by TYR A9 in GBM  

The mRNA expression of PYK2 and EGFR, along with its downstream ERK2 and ERK1, were in 

astrocytoma biopsies using qPCR (n = 50, including control brain tissue n = 10) and PCR (n = 16, 

including control brain tissue n = 4). The PCR and qPCR results showed significantly increased mRNA 

expression of PYK2 (p = 0.023), EGFR (p = 0.0013), and MAPK3/ERK1 (p<0.0001) in grade 4 

compared to the control tissues (Figure 2A, S3 A). Similarly, the protein expression through western blot 

revealed elevated levels of pPYK2, EGFR, pEGFR, and its downstream pERK½ in astrocytoma grades 

compared to the control tissues (Figure 2B). Densitometry analysis results revealed significantly higher 

levels of pPYK2 (p = 0.006), EGFR (p = 0.005), and pERK½ (p = 0.018) in grade 4 compared to the 

control tissues (Figure S3 B). A pairwise Pearson correlation map representing a strong positive 

correlation between pPYK2, EGFR, and pERK½ in astrocytoma tissues was created using the normalized 

densitometry values to create a correlation matrix (Figure S4). The pERK½ IHC staining in astrocytoma 

tissue sections (n = 3, each grade) showed an increased pERK½ expression level in grade 3 and grade 4 

compared to the grade 2 and control tissues (Figure S5). We also performed immunofluorescence (IF) 

staining to confirm that pPYK2 and pERK1/2 are co-localized. According to the IF results, increased 

expression and co-localization of pPYK2 and pERK½ in grade 4 compared to the control tissues (Figure 

S6), which suggested that activated pPYK2/EGFR-pERK½ signaling axis in malignant astrocytoma 

might be associated with astrocytoma malignancy. We further examined PYK2 expression in several 

GBM cell lines using qPCR and western blotting. The results showed differential expression patterns of 

PYK2 at mRNA (Figure S7) and protein (activated or pPYK2) levels (Figure 2C). To evaluate pPYK2 

druggability by TYR A9, based on pPYK2 expression, we selected three GBM cell lines, C6, U87, and 

LN18 (Figure 2N). Interestingly, we found dose-dependent pPYK2 inhibition upon 24hrs of TYR A9 

exposure in these cell lines (Figure. 2D). To study the anticancer efficacy of TYR A9, we treated C6, 

U87, and LN18 cells at multiple doses. We observed a significant dose-dependent inhibition of C6, U87 

and LN18 cell proliferation after 24 hrs of TYR A9 treatment compared to the vehicle control (0.01% 

DMSO) (Figure 2E-G). The half-effective concentration (EC50) of TYR A9 was calculated by a 

nonlinear fit equation. The estimated EC50 dose was 20±2 µM for both the C6 and U87 cell lines and 

38±2 for the LN18 cell line (Figure S8). We used half EC50 (10 µM), EC50 (20 µM), and 2X EC50 (40 

µM) doses of TYR A9 for the further in-vitro experiments. Time-dependent inhibition in cell growth of 

C6, U87, and LN18 cell lines was observed upon TYR A9 exposure (Figure S9), indicating dose and 

time-dependent antiproliferative efficacy of TYR A9. The proliferating cell nuclear antigen (PCNA) 

estimation with western blot indicated dose-dependent inhibition in both GBM cell lines compared to 
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the vehicle control (Figure S10). To find out the long-term effect of TYR A9 on C6, U87, and LN18, we 

performed a colony assay, which showed significantly reduced colonies growth in terms of size and 

number in the C6 cell line at 10 µM (p = 0.023) 20 µM (p = 0.0003) and 40 µM (p<0.0001) of TYR A9 

concentrations as compared to the vehicle control (Figure 2H, I). Similarly, a dose-dependent reduced 

colonies formation was also observed in U87 and LN18 GBM cell lines at 20 µM (p = 0.001) and 40 µM 

(p = 0.0001) of TYR A9 concentrations as compared to the vehicle control (Figure 2J-M).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Activated PYK2-EGFR induced ERK signaling pathway and pPYK2 draggability by 

TYR A9 in GBM: (A), The mRNA levels of PYK2 and EGFR, along with its downstream ERK by PCR 

and qPCR analysis, indicate an increased mRNA expression of PYK2 (p = 0.023), EGFR (p = 0.0013) 

and MAPK3/ERK1 (p<0.0001) in grade 4 (n = 16) as compared to the control tissues (n = 10). (B), The 

representative western blot shows that grade 4 (n = 4) tissues have higher levels of PYK2, EGFR, and 
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pERK½ protein expression than do the control tissues (n = 4). (C), Showing differential protein 

expression of total and pPYK2 in GBM cell lines. (D), Dose-dependent inhibition of pPYK2 by TYRA9 

in C6, U87, and LN18 cell lines. (F, G, E), The cell proliferation assay showed inhibited cell proliferation 

in a dose-dependent manner upon TYR A9 exposure in C6, U87, and LN18 cell lines. (H-M), The dose-

dependent reduced colonies formation in the C6 cell line at TYR A9 doses of 10 µM (p = 0.023), 20 µM 

(p = 0.0003), 40 µM (p<0.0001) compared to the vehicle control, together with U87 and LN18 cell line 

showing significant reduction at 20 µM and 40 µM TYR A9 doses compared to the vehicle control. 

 

Activation of pPYK2/EGFR-ERK signaling pathway in glioblastoma progression 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2N: The schematic diagram displayed proof of concept of the current study indicating TYR A9 

treatment attenuates GBM cell proliferation and migration and induces GBM cell death by inhibiting 

PYK2 and EGFR-induced ERK activation. 

  

4.5.3. TYR A9 treatment altered cell cycle distribution, induced apoptosis, and depolarized 

mitochondria. 

To investigate, if TYR A9 can cause cell death and inhibit GBM cell growth, Phase-contrast microscopic 

evaluation showed altered C6 and U87 cell morphology with an indication of cell death upon TYR A9 

exposure (Figure S11). Trypan blue dye exclusion staining confirmed cell death with increased TYR A9 
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concentrations compared to the vehicle control in C6 and U87 cell lines (Figure S12). To find out the 

cell cycle distribution and mode of cell death, we stained C6 and U87 cells with PI after TYR A9 and 

vehicle exposure and analyzed them through FACS. The cell cycle analysis showed TYR A9 treatments 

arrested the cell cycle at G0/G1 cyclic phase at 10µM and 20µM of TYR A9 concentrations compared 

to the vehicle control (Figure 3A and S13). Simultaneously, annexin V staining (Figures 3B) and 

acridine orange/ethidium bromide (AO/EB) staining (Figures S14) showed an increased annexin V 

levels or AO/EB ratio respectively after TYR A9 treatment than the vehicle control, indicating apoptosis 

induction in both cell lines (Figures 3B, S14). Western blot results showed increased levels of apoptotic 

proteins like cleaved PARP and cleaved caspase3 after treatments with 10µM and 20µM of TYR A9 in 

both the C6 and U87 cell lines (Figure 3C). Additionally, TYR A9 dose-dependent exposure increased 

pro-apoptotic mitochondrial protein BAX and BAK; and decreased anti-apoptotic protein Bcl2 compared 

to the vehicle control (Figure 3C). These findings demonstrated that TYR A9 treatment induced 

apoptosis cell death in GBM cell lines. One of the main causes of apoptosis is further disruption of the 

mitochondrial membrane potential (∆Ψm) [28, 39]. The JC-1 fluorescent dye is used to identify variations 

in ∆Ψm. It forms J-aggregates upon binding to the mitochondrial membrane and emits red-orange 

fluorescence, indicating polarized mitochondria with high ∆Ψm. However, in depolarized mitochondria 

with low ∆Ψm, it emits green fluorescence and forms J-monomers. To determine the ΔѰm using the 

red/green fluorescence intensity ratio [41]. TYR A9 treatment in C6 (Figure 3D) and U87 (Figure 3E) 

cells showed decreased red and increased green fluorescent intensity at 20µM and 40µM concentrations 

compared to the vehicle control. The quantified graph showed a remarkable decrease in red/green 

fluorescence ratio with increasing TYR A9 dose in C6 (10 µM, 20 µM, 40 µM; p<0.0001) and U87 (10 

µM; p = 0.008, 20 µM and 40 µM; p<0.0001) compared to vehicle control (Figure 3F, G), indicating 

deceased ΔѰm. Besides, western blots showed increased cytosolic cytochrome-c protein levels after 

TYR A9 treatment compared to the vehicle control in C6 and U87 cell lines (Figure 3H), proving 

mitochondrial depolarization. Emerging reports raise concern about drug toxicity and chemoresistance, 

particularly anticancer drugs with ROS-inducing potentials [46]. Considering this point, we also 

examined TYR A9 effect on ROS production and checked the expression level of a key enzyme NOX2 

involved in ROS/NOS production. We observed significantly low ROS levels at TYR A9 dose 10 µM, p 

= 0.008, and 15 µM, p = 0.0002, compared to the vehicle control in the C6. Similarly, significant ROS 

inhibition was also observed in the U87 cell line at 10µM (p = 0.0004) and 15µM (p = 0.0001) of TYR 

A9 concentrations as compared to the vehicle control after 24hrs of TYR A9 exposure (Figure S15A). 
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Western blots revealed lower NOX2 protein levels in TYR A9 treated cells compared to the vehicle 

control (Figure S15B), suggesting TYR A9 mediated cell death response is independent of ROS levels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: TYR A9 treatment altered the cell cycle, induced apoptosis, and depolarized 

mitochondria: (A), The cell cycle distribution graph shows G0/G1 cyclic arrest at 10 µM and 20 µM of 

TYR A9 dose in C6 and U87 cell lines compared to the vehicle control. (B), FACS analyzed the dot plot, 

which exhibits increased Annexin V staining after TYR A9 treatment in C6 and U87 cell lines. (C), 

Apoptosis-associated proteins evaluated by western blot show increased cleaved PARP and Caspase 3 

together with mitochondrial pro-apoptotic (total and phospho p53, BAX, and BAK) and decreased anti-

apoptotic protein BCL2 upon TYR A9 exposure compared to the vehicle control in both cell lines. (D, 

E), JC-1-stained cells images and (F, G), quantified red/green fluorescence intensity indicate a significant 
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decrease with increasing TYR A9 dose in C6 (10 µM, 20 µM, 40 µM; p<0.0001) and U87 (10 µM; 

p=0.008, 20 µM and 40 µM; p<0.0001) compared to vehicle control. (H), Increased cytochrome C levels 

in dose dependent manner in both GBM cells. All experiments were performed in four replicate and 

repeated three times. 

4.5.4. TYR A9 reduced GBM cell migration and sensitized TMZ resistance by suppressing 

pPYK2/EGFR modulated ERK½ signaling in GBM cell lines.  

In C6, U87, and LN18 cells, the wound healing migration assay at half EC50 and EC50 dose of TYR A9 

revealed slow wound closure compared to the vehicle control (Figure 4A and S16). The relative cell 

migration graph showed significantly inhibited cell migration of C6 (p = 0.0002) and U87 (p = 0.0007) 

cell lines at half EC50 (10µM) TYR A9 dose as compared to the vehicle control (Figure 4B, C). Similarly, 

significant inhibition in cell migration was also observed in the LN18 cell line at 20 µM of TYR A9 dose 

(Figure S16). Further, to demonstrate the clinical relevance of TYR A9 in GBM, specifically in 

temozolomide (TMZ) resistance GBM cells [65, 107], we evaluated the synergistic effect of TYR A9 

and TMZ in C6, U87, and LN18 cell lines by using previously indicate TMZ doses 50 µM and 100 µM 

[95]. Interestingly, we observed attenuated cell proliferation of C6, U87, and LN18 cells, treated in 

combination with TYR A9 (EC50) plus TMZ (50 µM or 100 µM) as compared to the TMZ alone (Figure 

S17); this effect was more intense after 48hr of TYR A9 plus TMZ (50 µM or 100 µM) exposure. 

Eventually, no statistical significance was observed when combined doses, TYR A9 plus TMZ (50 µM 

or 100 µM) were compared with TYR A9 (EC50) (Figure S17). Similarly, the colony formation assay 

showed a significant reduction in colony formation of C6 and LN18 cells in combined doses, TYR A9 

plus TMZ (50 µM or 100 µM) as compared to the TMZ 50 µM and 100 µM alone (Figure 4D-E). Note 

LN18 is a TMZ-resistant cell line [50] and showed considerable difference in terms of colony size and 

number in combined doses of TYR A9 40 µM plus TMZ (50 µM or 100 µM) as compared to the TYR 

A9 (40 µM) and TMZ 50 µM or 100 µM alone (Figure 4F, G).  To evaluate the molecular mechanisms, 

we exposed C6, U87, and LN18 cells with TYR A9 at half EC50 and EC50 and double EC50 

concentrations. We observed repressed phosphorylation of PYK2, EGFR, FAK, Src, and ERK together 

with EGFR protein in C6, U87 and LN18 cell lines (Figure 4H). Additionally, to verify TYR A9 

attenuated phosphorylation of PYK2, we induced phosphorylation of PYK2 by TNF-α in notion with 

previous evidence [22] and simultaneously treated with TYR A9. The western blot and quantified protein 

intensity analysis showed dose-dependent inhibition of TNF-α induced PYK2 phosphorylation in U87 

cells at 20 µM and 40 µM of TYR A9 concentrations as compared to the TNF-α (Figure S18).  
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Figure 4: TYR A9 reduced GBM cell migration and sensitized TMZ resistance by suppressing 

PYK2/EGFR modulated ERK½ signaling pathways: (A–C), The scratch wound healing migration 

assay reveals significant inhibition of cell migration after 24 hrs of TYR A9 exposure at 10 µM dose in 

C6 (p = 0.0002), and U87 (p = 0.0007) compared to the vehicle control. (D–G), Colony assay shows a 

significant reduction in colony formation in combined doses of TYR A9 plus TMZ compared to TMZ or 

TYRA9 alone in both C6 and LN18 cells. (H), The representative western blot depicts repressed 
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phosphorylation of PYK2, EGFR, FAK, Src, and ERK with total EGFR protein upon dose-dependent 

TYR A9 exposure in GBM cell lines. 

 

4.5.5. TYR A9 restricted tumor growth and improved animal survival by suppressing 

PYK2/EGFR-ERK signaling with induced apoptosis in in-vivo 

We grafted C6 cells into Wistar rats to create an intracranial glioma model to evaluate the anticancer 

efficacy of TYR A9 formally. In comparison to the vehicle control (0.1% DMSO), we observed that TYR 

A9 (1.5 mg/kg body weight) treatment for ten days at intervals of 24hrs significantly reduced glioma 

growth (p = 0.002) (Figure 5A, B). To verify the anticancer efficacy of TYR A9 in glioma rats, we 

performed a histopathological study after TYR A9 treatments. Our histological H&E and Ki67-IHC 

staining on TYR A9 and vehicle-treated glioma rats revealed significantly fewer tumor cells in TYR A9-

treated glioma rats (p = 0.0004) than in the vehicle-treated glioma rats (Figure 5C, D). We also evaluated 

the impact of TYR A9, including drug toxicity and animal survival for 60 days of post-TYR A9 treatment. 

We notice there was no weight loss in TYR A9 treated glioma rats compared to the vehicle-treated glioma 

rat (Figure 5E). The Kaplan-Meier survival curves indicated TYR A9 treated glioma rats showed 

significantly improved survival by Log-rank (Mantel-Cox) test (p=0.0144) as compared to the vehicle-

treated glioma rats (Figure 5F). TYR A9 treated glioma rats had a longer median survival of 45 days 

compared to the vehicle-treated rats 15-20 days. IHC staining with phospho PYK2, pEGFR, and 

pERK1/2 showed considerably low positive pPYK2 (p = 0.0008), pEGFR (p = 0.0028) and pERK½ (p 

= 0.0027) (Figure 5G-J) in TYR A9 treated glioma rats compared to the vehicle-treated glioma rats. 

Subsequently, cleaved caspase 3 staining showed a significantly high positive level of cleaved caspase 3 

cells in TYR A9 treated glioma rats (p = 0.0012) compared to the vehicle-treated glioma rats (Figure 

5G, K). These in-vivo data corroborate in-vitro evidence advocating the anticancer potential of TYR A9 

by suppressing PYK2/EGFR-ERK signaling pathways. 
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Figure 5: TYR A9 attenuated tumor growth with improved animal survival by suppressing 

PYK2/EGFR-ERK signaling and inducing apoptosis: (A, B), Histological evaluation by H&E and 

total tumor area estimation demonstrates significantly reduced tumor growth upon TYR A9 treatments 

(p = 0.002) compared to the vehicle (0.1% DMSO) treated glioma rats. (C, D), H&E and Ki67-IHC 

staining indicate significantly decreased tumor cells in TYR A9 treated glioma rats (p = 0.0004) 

compared to the vehicle-treated glioma rats. (E), TYR A9 treated glioma rats exhibit no weight loss 

compared to vehicle-treated glioma rats. (F), The Kaplan-Meier survival curves reveal TYR A9 treatment 

significantly improved survival by Log-rank (Mantel-Cox) test (p = 0.0144) compared to the vehicle-

treated glioma rats. (G–J), IHC images and quantified graphs show significantly low positive staining of 

H pPYK2 (p = 0.0008), I pERK (p = 0.0027), and pEGFR (p = 0.0028) in TYR A9 treated compared to 
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the vehicle-treated glioma rats. (G, K), IHC staining for cleaved Caspase 3 reveals considerably high 

cleaved caspase 3 positive cells in TYR A9 (p = 0.0012) compared to vehicle-treated glioma rats. 

4.6. Discussion 

To prevent GBM-associated mortality, more translational research is necessary because the complex 

cellular and molecular etiology of GBM engenders resistance against the current standard of care [108, 

109]. Indeed, the molecular-based grading and present therapeutic regimen, including surgery combined 

with radio and chemotherapy, improved GBM prognosis. However, drug resistance and GBM 

reoccurrence impose low clinical outcomes [5, 33, 25], implying that developing therapeutic approaches 

for GBM is desperately needed. 

Emerging studies disclosed that the receptor tyrosine kinases (RTKs) modulated signaling pathways 

could elicit cancer progression and malignancy [6, 7, 25]. Altered expression and activity of PYK2 and 

EGFR are reported in several cancers, including glioma [8, 11, 17, 18, 20, 21]. In the current study, we 

found that high grade 3 and grade 4 of astrocytoma associated with GBM malignancy had upregulated 

levels of pPYK2 and EGFR, supporting the findings of the earlier study [23]. Interestingly, we observed 

that the increased pPYK2 expression was positively correlated with EGFR protein expression in 

astrocytoma grades. The increased pPYK2 and EGFR expression in astrocytoma grades were positively 

associated with patients' poor survival in agreement with previous reports indicating activated PYK2 

might be a key trans-activator of EGFR, which initiates Ras/MEK/ERK signaling cascade [21, 22]. 

Simultaneously, we identified activated PYK2/EGFR-ERK signaling pathways in malignant astrocytoma 

(grade 3 and grade 4), suggesting the involvement of this signaling axis in GBM pathogenesis. Moreover, 

the clinicopathological analysis revealed an etiological association between pPYK2 and EGFR in GBM 

malignancy and the patient’s poor survival [20, 23, 50], showing its clinical significance. 

To verify the druggability of pPYK2 and EGFR modulated ERK signaling in GBM and its phenotypic 

consequences, we used TYR A9, a known TKI which is an efficient inhibitor of PYK2, PDGF, and VEGF 

[26-29]. We found that TYR A9 treatment suppressed pPYK2 expression and significantly reduced cell 

proliferation and cell survival at EC50 of TYR A9 in C6, U87, and LN18 cell lines. Our long-term cell 

proliferation and cell survival through clonogenic assay indicated significantly reduced colony formation 

at different doses of TYR A9 in C6, U87, and LN18 GBM cell lines, supporting the antiproliferative 

properties of TYR A9 [28, 30]. Cell proliferation is regulated by the cell cycle; we sought to evaluate 

whether TYR A9 could affect cyclic distributions of GBM cells in notion with a previous report [31]; 

our cell cycle data revealed G0/G1 cyclic phase arrest upon TYR A9 treatment in both C6 and U87 GBM 
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cell lines also an indication of apoptosis induction. Eventually, cellular staining with an apoptosis marker 

annexin V after TYR A9 treatment confirmed apoptotic cell death in both C6 and U87 cell lines. 

Similarly, our western blotting data showed increased expression levels of apoptosis stimulators, 

including p53, Bax, cleaved caspase3, and cleaved PARP, and reduced anti-apoptosis BCl2 protein upon 

TYR A9 treatment in C6 and U87 cell lines, validating apoptosis stimulating efficacy of TYR A9 [28]. 

We further measured mitochondrial membrane potential (ΔѰm) through JC-1 staining, which revealed 

TYR A9 treatment decreased mitochondrial membrane potential in both GBM cell lines, coincides with 

the fact that the decreased ΔѰm is associated with the mitochondrial permeabilization that leads to the 

cytochrome-c release in the cytosol and increases Bax protein levels. Our western blotting data confirmed 

increased cytochrome-c protein upon TYRA9, indicating TYR A9 induces mitochondrial-dependent 

apoptosis in agreement with the earlier reports [28, 51, 52]. Tyrphostin A9 also acts as a mitochondrial 

uncoupler [53]; mechanistically, mitochondrial uncoupling proteins (UCPs) impede oxidative 

phosphorylation and reduce mitochondrial ROS production [52]. Several UCPs have been identified with 

their therapeutic implication in various diseases, including cancer [53, 54]. In agreement with previous 

reports [55-57], this is the first study where, in addition to the anticancer efficacy of TYR A9 in GBM 

cell lines, we showed TYR A9 significantly reduced ROS levels and NOX2 protein orthogonally verifies 

TYR A9 repressing potentials of PYK2 phosphorylation, as pPYK2 can trigger ERK½ mediated ROS 

generation [58]. Cancer cell migration and invasion are enhanced upon integrin binding to the ECM and 

recruitment of FAK and PYK2 activation, which initiates phosphorylation of various downstream 

effectors involved in cell proliferation and migration [10, 59]. Accordingly, our cell-based wound-healing 

assay results showed significant inhibition in C6, U87 and LN18 cell migration. 

In agreement with the existing literature suggesting drug resistance is critical in limiting the usage of 

TKIs in therapeutic interventions [60], we sought to evaluate whether TYR A9 can sensitize TMZ 

efficacy or resistance in GBM cells [47, 61]. Besides, TYR A9 is most potent among 51 tyrosine kinase 

inhibitors, and various reports have demonstrated that TYR A9 can potentially target MAP kinases (ERK 

and JNK) and NF-κB pathways [27, 28, 45, 53] are known signaling pathways regulating TMZ 

resistance. Intriguingly, combined treatment of TYR A9 and TMZ reduced cell proliferation and cell 

growth of GBM cell lines, including TMZ resistance LN18 cells. However, an in-depth study with an 

appropriate chemoresistance model is required to demonstrate the synergistic or TMZ sensitization effect 

of TYR A9 in GBM. 
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Further, our western data indicating TYR A9 treatment attenuated protein levels of pPYK2, pEGFR, 

pFAK, pSRC, pERK, and total EGFR in C6, U87 and LN18 GBM cell lines, suggesting suppressed ERK 

signaling cascade, which is a key molecular pathway that regulates cell survival, cell migration and 

chemoresistance (TMZ) [10, 59, 61]. Conversely, we also showed TYR A9 efficacy in suppressing TNF-

α induced PYK2 phosphorylation, together presenting a strong druggable effect of TYR A9 and restricted 

cell migration potential in agreement with earlier studies [10, 23, 26]. 

We assessed the anticancer efficacy of TYR A9 in the intracranial C6 glioma model in order to support 

our in-vitro data. Our histopathological analysis by H&E and Ki67-IHC staining showed that TYR A9 

treatment significantly reduced tumor growth with augmented animal survival. Toxicity of TKIs is the 

major concern in the therapeutic intervention of cancer [60]. Similarly, we evaluated the toxic effect of 

TYR A9 in glioma rats. We found no weight loss or any abnormalities in skin coat or fur loss in TYR 

A9-treated glioma rats, suggesting TYRA9 could be a safer therapeutic drug for glioma. Further, IHC 

staining displayed considerably low cellular positivity of pPYK2, pEGFR, and pERK½. It significantly 

increased cleaved caspase 3 cellular staining in TYR A9 treated glioma rats compared to the vehicle-

treated glioma rats corroborating in-vitro data, and advocating anticancer potential of TYR A9 by 

suppressing PYK2/EGFR-ERK signaling pathways.   

 

4.7. Conclusion 

Overall, the present study demonstrated that an upregulated pPYK2 and EGFR in GBM aggravate 

disease malignancy and dismal patient survival. The in-vitro and in-vivo study showed that TYR A9 

treatment significantly reduced GBM cell growth and induced apoptosis. Additionally, TYR A9 exposure 

suppressed pPYK2 and EGFR-modulated ERK signaling cascades, suggesting TYR A9 can be used as a 

pharmacological inhibitor of PYK2 phosphorylation (Tyr-402) and EGFR-triggered ERK signaling 

cascade in GBM. 
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4.8. Additional Information  

Ethical approval 

The study's use of clinical biopsies and clinicopathological information was approved by the Institutional 

Ethics Committee (UH/IEC/2016/180), University of Hyderabad, India. All animal procedures followed 

the Institutional Animal Ethics Committee guidelines (UH/IAEC/PPB/2021-22/22) of the University of 

Hyderabad. 
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Figure. S1: The pPYK2 and EGFR protein expression by western blot in different grades of astrocytoma 

(n=48, including n=12 control tissues) show increased pPYK2 and EGFR protein levels in astrocytoma 

grades as compared to the control tissues 
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Figure. S2: The survival curve indicates pPYK2 positive patients exhibit poor survival compared to the 

negative pPYK2 patients. The Log-rank test showed significant survival statistics (p≤0.047). 

 

 

 

 

 

 

 

 

 

 

 

Figure. S3: The mRNA expression by PCR-gel analysis indicated an increased mRNA expression of 

PYK2, EGFR, and MAPK3/ERK1 in high grades of astrocytoma as compared to the low and control 
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tissues. Protein quantification shows significantly increased pPYK2 (p = 0.006), EGFR (p = 0.005), and 

pERK½ (p = 0.018) in grade 4 (n = 4) compared to the control tissues (n = 4).  

 

 

 

 

 

 

 

 

Figure. S4: The correlation matrix (a pair-wise Pearson correlation map) showing a significant positive 

correlation of pPYK2, EFGR, and pERK½ in astrocytoma grades (a-Con, b-G2, c-G3, and d-G4). 

 

 

 

 

 

 

Figure. S5: The representative IHC image indicates increased cellular staining pERK1/2 in G3 and G4 

compared to the G2 and control brain tissues. 
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Figure. S6: The IF image shows increased expression and co-localization of pPYK2 and pERK1/2 in G4 

compared to the control brain tissues, the zoom-in images with arrowheads showing co-localization of 

pPYK2 and pERK1/2 in G4.    

 

 

 

 

 

                                          

                                                

Figure. S7: q-RTPCR analysis showing differential mRNA expression of PYK2 in GBM cell lines. 
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Figure. S8: The half-effective concentration (EC50) estimation of TYR A9 in C6, U87, and LN18 GBM 

cell lines by nonlinear fit equation. 

 

 

 

 

 

 

 

 

Figure. S9: MTT cell proliferation assay evaluates time-dependent inhibition in cell proliferation of C6, 

U87, and LN18 cells. 
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Figure. S10: The dose-dependent inhibition of PCNA protein levels upon TYR A9 exposure in C6 and 

U87 cell lines.  

 

 

 

 

 

 

 

Figure. S11: The microscopic images indicate altered cell morphology and cell death upon TYR A9 

doses compared to the vehicle treatment in both cell lines. 

 

                      

 

 

 

 

Figure. S12: The cell death analysis by trypan blue dye exclusion test indicates TYR A9 exposure-

induced cell death compared to the vehicle control in both lines. 
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Figure. S13: Cell cycle histograms indicate G0/G1 cyclic arrest at 10 and 20µM TYR A9 dose compared 

to the vehicle control in both cell lines. 
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Figure. S14: Acridine orange (AO)/ethidium bromide (EB) stained IF images display early (orange 

staining-white arrow) and late apoptotic (red staining-yellow arrow) cell bodies upon TYR A9 exposure 

in both GBM cell lines. The bar graphs showing quantified AO/EB ratio indicate significant apoptosis in 

C6 at 10 µM (p = 0.048), 20 µM (p<0.00001), 40 µM (p<0.00001) of TYR A9 dose compared to the 

vehicle control. U87 cell lines also show similar dose-dependent effects at 10 µM (p<0.00001), 20 µM 

(p<0.00001), and 40 µM (p<0.00001) of TYR A9 dose compared to the vehicle control.  
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Figure. S15: (A) TYR A9 exposure significantly decreased ROS level at TYR A9 dose 10µM, p = 0.008 

and 15 µM, p = 0.0002 compared to the vehicle control in the C6. Likewise, in the U87 cell line at 10 

µM (p = 0.0004) and 15µM (p = 0.0001) of TYR A9 concentrations compared to the vehicle control. 

(B) Western blot analysis shows decreased NOX2 levels in TYR A9 treated cells compared to the vehicle 

control.  

 

 

 

 

 

 

 

 

Figure. S16: Wound healing assay shows inhibited cell migration of LN18 cells upon TYR A9 exposure 

compared to the vehicle control.  
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Figure. S17: MTT cell proliferation assay shows the combined effect of TYR A9 and TMZ in C6, U87, 

and LN18 cells. Combined doses of TYR A9 plus TMZ showed a significant difference as compared to 

TMZ alone; however, no significant difference was observed when compared with TYR A9.  

 

 

 

 

 

 

Figure. S18: The western blot and quantified protein intensity analysis show dose-dependent inhibition 

of TNF- α induced PYK2 phosphorylation in the U87 cell line. 
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Supplementary Tables: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S1: PCR and q-RT-PCR primers 

S. 

No 

Primer Sequences Primer Sequences (5’--3’) Tm 

1 PYK2 Forward primer CGAGCTCCTAGAAAAGGAAGTG 55.0 

 PYK2 Reverse primer GGCGAGAGTGTTGAAGAAC 53.5 

2 EGFR Forward primer GCGTCCGCAAGTGTAAGAAGTG  56.7 

 EGFR Reverse primer GAGATCGCCACTGATGGAGG  55.9 

3 ERK2 Forward primer CTCAAGATCTGTGACTTTGGCC  59.25 

 ERK2 Reverse primer GAAAGATGGGCCTGTTAGAAAG  59.8 

4 ERK1 Forward primer GAACTCCAAGGGCTATACCAAG  59 

 ERK1 Reverse primer GTAGTTTCGGGCCTTCATGTTG  58.9   

5 GAPDH Forward primer AAG GCT GGG GCT CAT TTG CAG  56.3 

 GAPDH Reverse primer GCA GGA GGC ATT GCT GAT C 56.7 
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Objective 4: To study the anticancer efficacy and protective role of TYR A9 in the cognitive 

assessment by targeting RAP2B/HIF2A/pPYK2-EMT signaling in glioma rat hypoxia vs normoxia. 

Abstract 

Glioma rats have hypoxia-induced cognitive impairment because of its invasive behavior and high tumor 

load. C6 glioma cells were implanted in the Wistar rat brain to develop a glioma model that plays a role 

in neurological disorders, cerebral inflammation, and memory loss. TYR A9 has a protective role, 

anticancer, antioxidant and anti-inflammatory effect against neuroinflammation. The anticancer effects 

and mechanism by which TYR A9 maintains cognitive function and prevents glioma rat growth in 

hypoxia vs normoxia remains unknown. In hereto, first time we examined TYR A9 anticancer effects 

and neuroprotective role in vehicle and CoCl2-treated glioma rats. Hematoxylin and eosin (H&E) staining 

result showed that decreased cellularity and nuclear atypia, necrosis and microvascular proliferation 

compared vehicle and CoCl2-treated glioma rats. In our finding, TYR A9 and CoCl2+TYR A9 treatment 

increased survivability compared to CoCl2 and vehicle-treated glioma rats. Glioma-bearing rats increased 

expression of RAP2B, HIF2A, EGFR, pPYK2, Ki-67, and vimentin proteins but enhanced in CoCl2-

treated glioma rats. TYR A9 and CoCl2+TYR A9 treated glioma rats decreased the expression of 

RAP2B, HIF2A, EGFR, pPYK2, Ki-67, and vimentin confirmed through IHC staining. These results 

evidenced that decreased staining of Ki-67 reduced glioma growth in TYR A9 and CoCl2+TYR A9 

treated glioma rats. TYR A9 treatment protected cognitive function and increased survivability by 

inhibiting RAP2B/HIF2A/pPYK2-EMT signaling pathway without and with CoCl2 treated glioma rats. 

TYR A9 and CoCl2+TYR A9 treated glioma rats increased the cleaved caspase-3 level, this evidencing 

a proof of apoptosis induction. This suggests that apoptosis might be the reason for the reduction of tumor 

load in TYR A9 and CoCl2+TYR A9 treated glioma rats. 
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5.1. Introduction 

Cerebral gliomas account for 40% to 60% of primary brain tumors. Mass-reduction surgery is currently 

used as a treatment method, followed by radiation and chemotherapy. Despite surgery, radiation, and 

chemotherapy, patients with gliomas have a poor prognosis due to their aggressive and invasive 

properties [1]. Chemotherapy improves the prognosis of patients with malignant gliomas by increasing 

life expectancy compared to surgery and radiation [2, 3]. However, chemotherapy for glioma has some 

drawbacks, including treatment failure due to improper distribution and the blood-brain barrier that 

causes low or limited drug absorption in the brain tumor. Establishing an experimental animal model is 

crucial to comprehend the biological characteristics of glioma [4]. The determination of humane 

endpoints is particularly challenging for models of rapidly growing brain tumors such as gliomas [5]. 

Human endpoints are described imprecisely or not in experimental rats focused on the etiology of brain 

tumors; Kaplan-Meier curve survival analysis is used for survival rates [6]. The frequency of anxiety, 

depression, and cognitive impairment in glioma patient has been extensively investigated [7]. The most 

frequent side effects of treatment include behavioral symptoms like sadness, anxiety, and cognitive 

impairment [8].  

Tyrphostin A9 (TYR A9), a tyrosine kinase inhibitor, is an innovative anticancer drug used to treat 

various cancers [9, 10], including glioma [11]. In a previous paper, we reported that TYR A9 treatment 

inhibits glioma cell proliferation and increases the median survival of glioma rats [11]. In the current 

study, we sought to understand Tyrphostin A9 restricted tumor growth and increased survivability in 

CoCl2-treated glioma rats. Furthermore, we hypothesized that TYR A9 might have a protective role and 

maintain cognitive function in glioma rats without and with CoCl2 treatment. The present study 

investigated the effects of TYR A9 on the inhibition of RAP2B/HIF2A/pFAK/pPYK2-EMT signaling 

that might contribute to the hippocampus-dependent cognitive impairment induced by C6 glioma cells 

implantation and enhanced by CoCl2. 

5.2. Material and Methods: 

5.2.1. Cell Culture 

The C6 rat glioma cell line was procured from NCCS Pune. Cells were cultured in complete high glucose 

DMEM supplemented with 10% fetal bovine serum (FBS) and 1X Anti-Anti (antibiotic and antimycotic) 

purchased from Himedia. Cells were trypsinized and grown at 37 ℃ humidified chambers in a 5% CO2 

incubator. 
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5.2.2. Animals housing 

All trials employed adult male rats with weights between 250 and 300 g. The animals were housed in 

standard laboratory conditions with unlimited food and water provided to them all the time. All 

experiments were performed according to International Guiding Principles for Biomedical Research 

Involving Animals. The Committee for the Care and Use of Laboratory Animals at the University of 

Hyderabad approved the experimental procedure. Total 24 Wistar rats were divided into the 4 groups 

vehicle control (n = 6), CoCl2 (n = 6), TYR A9 (n = 6) and CoCl2+TYR A9 (n = 6). The Kaplan-Meier 

curve was used to examine animal survival rates to assess the impact of CoCl2 and the therapeutic effect 

of TYR A9.  

5.2.3. C6 rat glioma cell implantation and treatment 

C6 cells were intracranially implanted in the striatum region of the cerebral hemisphere to create the C6 

glioma model. In each group, 8-12 weeks old, 4 to 6 Wistar rats were used. Before performing surgery, 

animals were acclimatized in an animal house facility for 15 days at the University of Hyderabad. Before 

performing stereotaxic surgery, animals were anesthetized using ketamine 80 mg/kg of body weight and 

xylazine 15 mg/kg of body weight. The bregma was exposed by making a small incision using stereotaxic 

apparatus 1 mm AP and 3 mm to the LV of the bregma, and 3mm depth burr hole was drilled. A density 

of 5×104 C6 glioma cells suspension was injected in the striatum region of the rat brain through a 

Hamilton syringe and left in place for three minutes after the injection to prevent reflux. A drilled burr 

hole was filled with dental cement. Analgesia was given to the animals and kept on a heating pad until 

they recovered. After seven days of implantation, rats were randomly divided into 4 groups based on the 

experiment conditions. Treatment was started after 10 days of implantation. Group 1: 10% DMSO 

vehicle treatment, Group 2: CoCl2 treatment 50 mg/kg of body weight, Group 3: TYR A9 1.5mg/kg of 

body weight, and Group 4: CoCl2+TYR A9 (pretreatment of CoCl2) 50 mg/kg of body weight for 5 days 

and after 24 hrs of interval started TYR A9 treatment 1.5 mg/kg body weight every 24 hrs of interval for 

10 days. Animals’ examination started after fifteen days of implantation, like neurological disorders, 

body weight, and behavior of animals compared with negative control (1XPBS) treated rats. All 

procedures that involved rats were approved by the Animal Care and Use Committee guidelines 

(UH/IAEC/PPB2021-22/22) of the Central University of Hyderabad. 

5.2.4. Rat brain extraction 

Before the test, 2 to 3 rats were randomly sacrificed, and extracted brains were used to assess the 

expression of molecular markers associated with GBM progression. After completion of treatment from 

each group, vehicle treated with 10% DMSO, CoCl2, TYR A9, and CoCl2+TYR A9, rats were 
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anesthetized and performed the heart perfusion using 0.9% saline solution and then fixed by 4% PFA. 

All groups were sacrificed and harvested brain, the extracted brain was fixed in 4% PFA for 

histopathological study to determine the levels of EGFR, RAP2B, HIF2A, pPYK2, and vimentin. 

5.3. Development of C6 rat glioma model and treatments 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The schematic diagram represents stereotaxic surgery and implantation of C6 to develop a rat 

glioma model. Therapeutic approach for treating rat glioma and explored histopathology (Diagram made 

using Bio-render). 

5.4. Methodology and experimental plans: 

We chose the spontaneous movement test because it allows us to assess the rat’s exploratory and working 

memory after completion of TYR A9 treatment compared to vehicle and CoCl2-treated glioma rats. We 

trained all experimental rats for a brief time regarded as the acquisition for all cognitive test. The 

percentage of correct and incorrect alterations for each experimental rat were calculated based on the 

selection of its alteration. 
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Figure 2:  Experimental timeline for the treatment, behavioral test and survivability. 

5.4.1. Cylinder Test 

Each animal from the experimental group’s: vehicle control, CoCl2, TYR A9, and CoCl2+TYR A9 was 

put inside a spotless, clear, open-top cylinder (26 cm in height; 16 cm in diameter), which was used to 

record video for three minutes. Each rat's rears the position at which it stands upright on its hind limbs 

were counted. After each trial, the cylinder was frequently sanitized with 70% alcohol. The typical 

number of rears and grooming time was calculated for each group of animals. 

5.4.2. Beam Balance Test 

To evaluate the motor deficiencies after observing glioma symptoms for three days and conduct tests 

every day. Every animal from all four experimental conditions, rats were trained to walk from one end 

of a beam to opposite end. In a beam balance test, a one-meter beam with a 25 mm width stands 60 cm 

above the ground. Each experimental rat was trained by placing it at one end and allowing it to move 

toward the other end. Each group rat’s scoring paw slips and the time it takes to walk the beam are 

calculated. After each experimental rat, the beam was cleaned using 70% alcohol and dry paper, and the 

rats' droppings were removed from the beam. 
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5.4.3. Barnes Maze test 

This test used to assess glioma rats' long-term spatial memory and cognitive functions. A circular 

platform with 20 evenly placed holes lengthwise its edge the test's physical component (100 cm in 

diameter). One of the holes has an escape platform underneath it, and the remaining 19 holes are empty, 

the escape hole position is maintained at a constant place. Each animal was led for four days from the 

maze's center to a platform that might be used to escape (acquisition phase). After each test, 70% alcohol 

was used to clean the escape platform and the maze. On day five, the escape platform was removed, and 

then animals were put on a probing trial to assess the reference memory. The number of holes entered 

prior to the escape hole i.e. primary error and the time it took to locate the escape hole, the primary 

latency was calculated. Rat videos were documented and tested individually with ANY-maze behavioral 

tracking software version 6.1, Stoelting Co, Wood Dale, USA. 

5.4.4. Rotarod test motor function assessment 

Rotarod test was performed to assess coordinated motor function after 10 days of intracranial 

implantation of C6 glioma cells in Wistar rats. We used four groups: vehicle control, CoCl2, TYR A9, 

and CoCl2+TYR A9. For each experiment, the rotarod speed was gradually accelerated from 0 to 15 rpm 

for each trial. Four rats from each group were trained for 5 days, and a timer switch was turned on at the 

same time the cylinder was made to rotate. When the rat fell off the rotating rod, a photosensitive switch 

was tripped, and the timer stopped for that compartment and immediately noted that time. The Rotarod 

test was performed twice after five days of training on days 7, 8, and 9, consisting of four trials in a day 

with 10-minute intervals between each trial. The elapsed time was recorded in seconds at 10 and 15 rpm, 

respectively. 

5.5. Statistical analysis 

The statistical study was carried out using Graph Pad Prism version 9.3. All data are expressed as mean 

and SEM of four samples. Sidak’s multiple comparisons test was used in One-way ANOVA data analysis 

for multiple groups. The differences were determined significant at *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001; ns not significant. 
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5.6. Results: 

5.6.1. TYR A9 reduces tumor growth and maintained body weight in rat glioma hypoxia vs 

normoxia 

Our finding showed histopathological analysis by H&E staining. Hematoxylin and Eosin (H&E) 

staining represented high cellularity and nuclear atypia, multinucleation in the CoCl2 and vehicle-

treated glioma rat compared to TYR A9 and CoCl2+TYR A9 (Figure 3A). CoCl2 and vehicle-treated 

glioma rats exhibited multilayer arrangement and necrosis areas. Morphological assessments were 

performed after 10 days doses of TYR A9 1.5 mg/kg of body weight. TYR A9 and CoCl2+TYR A9 

showed improved physiology like fur density and brain structure compared to CoCl2 and vehicle-treated 

glioma rats. We also analyzed the tumor volume of TYR A9 and CoCl2+TYR A9 vs CoCl2 and vehicle 

control. After 10 days of treatment every 24 hrs of interval, TYR A9 and CoCl2+TYR A9 treatment 

significantly reduced tumor volume 0.413mm3±0.039, 0.462mm3±0.056 compared to vehicle 

1.052mm3±0.062 and CoCl2 1.442mm3±0.076 (Figure 3B), this indicating that inhibited tumor growth. 

We also evaluated the body weight of vehicle, CoCl2, TYR A9 and CoCl2+TYR A9 treated glioma rats. 

In our findings we found that CoCl2 and vehicle-treated glioma rats began to significantly decreased 

body weight with increased tumor load but TYR A9 and CoCl2+TYR A9 (****p<0.0001) treated glioma 

rats maintained their body weight with reduced tumor growth (Figure 3C). 
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Figure 3: TYR A9 and CoCl2+TYR A9 treatment effects on tumor growth and body weight: (A, 

B), The results of histopathological analysis (H&E) represent TYR A9 and CoCl2+TYR A9 treatments 

significantly reduced cellularity and reduced tumor volume compared to CoCl2 and vehicle (***p = 

0.0002) treated glioma rats. (C), Vehicle and CoCl2 treated glioma rats showed weight loss, but not in 

TYR A9 and CoCl2+TYR A9 (****p<0.0001) treated glioma rats. Statistical significance represented as 

**p<0.01, **p<0.001, ****p<0.0.0001. 
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5.6.2. TYR A9 treatment improved median survival and inhibited RAP2B/HIF2A/pPYK2-EMT 

pathway in glioma rats under hypoxia vs. normoxia 

In our finding, H&E staining (Figure 4A) showed restricted tumor growth with clearly defined 

boundaries of glioma striatum in TYR A9 and CoCl2+TYR A9 treated glioma rats compared to CoCl2 

and vehicle-treated glioma rats. IHC results represented weaker Ki-67 staining in TYR A9 and 

CoCl2+TYR A9 treated glioma rats compared to CoCl2 and vehicle-treated glioma rats (Figure 4B), 

suggesting that TYR A9 and CoCl2+TYR A9 inhibited glioma growth. Densitometry analysis result 

evidenced that significantly decreased Ki-67 staining in TYR A9 and CoCl2+TYR A9 compared to CoCl2 

and vehicle-treated glioma rat (***p = 0.0001), (***p = 0.0002) (Figure 4C). Further, we analyzed the 

TYR A9 effect on the survival of vehicle and CoCl2-treated glioma rats. Kaplan Meier curve analysis 

showed that improved median survival of 30 to 50 days of TYR A9 and CoCl2+TYR A9 treated glioma 

rats showed by long rank (Mantel-Cox) survival curve evidenced significant difference (****p<0.0001) 

compared to CoCl2 and vehicle-treated glioma rats (Figure 4D). In our observation, 3 to 4 rats out of 8 

survived more than 50 to 60 days from TYR A9 and CoCl2+TYR A9 treated groups, but 4 to 5 rats out 

of 8 died before 15 to 20 days from CoCl2 and vehicle-treated glioma rats, only 2 to 3 rats were survived 

up to defined 20 to 30 days (Figure 4D). Immunohistochemistry (IHC) results revealed that decreased 

expression of RAP2B, HIF2A, EGFR, pPYK2, and vimentin in TYR A9 and CoCl2+TYR A9 treated 

glioma rats as compared to CoCl2 and vehicle-treated glioma rats. (Figure 5A). Densitometry results 

indicated that significantly decreased expression of RAP2B, HIF2A, EGFR, pPYK2, and vimentin in 

TYR A9 and CoCl2+TYR A9 compared to vehicle and CoCl2-treated glioma rats (Figure 5B, C, D, E, 

F, G). Increased expression of RAP2B, HIF2A, EGFR, and pPYK2 in cancer tumorigenesis and 

vimentin expression is a key EMT regulator in cancer progression [12a].  
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Figure 4: TYR A9 therapeutic effect on tumor growth inhibition in glioma rat treated with CoCl2: 

(A, B), H&E, and Ki67-IHC staining show reduced tumor growth in TYR A9 and CoCl2+TYR A9 as 

compared to CoCl2 and vehicle-treated glioma rats. (C), Densitometry analysis represents a significantly 

decreased Ki-67 in TYR A9 and CoCl2+TYR A9 compared to CoCl2 and vehicle control. (D), Using the 

Log-rank (Mantel-Cox) test, the Kaplan-Meier survival curves show increased survivorship in TYR A9 

and CoCl2+TYR A9 compared to CoCl2 and vehicle-treated glioma rats. Statistical significance is 

represented as **p<0.01, ***p<0.001. 
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Figure 5: TYR A9 therapeutic effect on protein expressions: (A), IHC images and respective 

densitometry analysis graphs showing significantly reduced staining of (B) pEGFR, (C) RAP2B, (D) 

HIF2A, (E) pPYK2, (F) β catenin, and (G) Vimentin in TYR A9 and CoCl2+TYR A9 compared to CoCl2 

and vehicle-treated glioma rats (****p<0.0001). Statistical significance represented as ****p<0.0.0001. 
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5.6.3. Tyrphostin A9 treatment maintained sensorimotor coordination, motor function, and 

equilibrium in glioma rat hypoxia vs normoxia. 

In our study, cylinder test demonstrated the number of rearing was elevated in both TYR A9 (33.25±4.19) 

and CoCl2+TYR A9 (31.76±4.85) as compared to CoCl2 (14±1.58) and vehicle-treated glioma rat 

(19.75±2.78), (***p = 0.0002), (***p = 0.0004) (Figure 6C). Furthermore, there was no difference in 

the rearing rate between TYR A9 and CoCl2+TYR A9. Glioma rats showed paw slippage characteristics 

and coordination loss induced by C6 glioma cells implanted in the dorsal striatum. A simple beam balance 

test showed motor coordination in the brain. This test revealed that TYR A9 and CoCl2+TYR A9 

exhibited less contralateral foot slipping in the average time (4.53±0.577) and (6.66±0.88) to transverse 

the beam compared to CoCl2 (time to transverse 18.07±0.83) and vehicle (time to transverse 13±1.15) 

(***p = 0.0003), (***p = 0.0005) (Figure 6D). Our finding Barnes maze test showed that the primary 

latency within a shorter time interval (33.5±4.5) and (47.7±4.97) with less rate of primary errors in TYR 

A9 treated group and CoCl2+TYR A9 group compared to CoCl2 (92±6.61) and vehicle-treated glioma 

rats (75.35±6.26), (***p = 0.0007), (***p = 0.0003) (Figure 6B). Glioma rats with vehicle-treated and 

CoCl2 treated 5 rats out of 8 with mild symptoms showed more primary latency and errors. The heat map 

results showed that the TYR A9 and CoCl2+TYR A9 spent maximum time close to the escape hole after 

the primary latency during probe trial on day 5 compared to CoCl2 and vehicle-treated glioma rats. The 

majority of the rats in the CoCl2 group showed freezing behavior in the centre of the maze and found the 

escape hole after multiple poke, and vehicle-treated rats found the escape platform after multiple primary 

errors (Figure 6A, B). Based on Barne maze results, there was no difference in primary latency between 

TYR A9 and CoCl2+TYR A9. Interestingly, we found that the TYR A9 and CoCl2+TYR A9 groups 

showed that improved spatial reference memory skills with minor error rate than CoCl2 and vehicle-

treated glioma rats. We also performed rotarod test to evaluate the coordinated motor function in rats 

treated with vehicle, CoCl2, TYR A9 and CoCl2+TYR A9. Rats with mild symptoms were used for 5 

days of rotarod training. Each group of rats were tested on day 7. Glioma rats treated with TYR A9 

(spent time 145.7±1.76 sec) on rotarod and CoCl2+TYR A9 (spent time 137.6±2.08 sec) on rotarod 

spent more time or more latency to fall from the rotating rotarod as compared to CoCl2 (spent time 

49.33±1.72 sec) and vehicle-treated glioma rats (spent time 61.37±1.67 sec) (Figure 7A). Latency 

time was calculated for each rat from the all-experimental groups. Densitometry analysis results 

suggested that a significant difference was found in motor performance on days 7, 8, and 9 after training 
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at two different 10 rpm (***p = 0.0003), (***p = 0.0001) and 15 rpm (****p<0.0001) (Figure 7B, C). 

Relative fall latency was quantified for each group by two-way ANOVA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: TYR A9 therapeutic effects on cognitive functions: (A, B) Barnes maze experiment 

depicting primary latency within a short time interval in TYR A9 and CoCl2+TYR A9 compared to CoCl2 

and vehicle-treated glioma rats. (C), The cylinder test exhibiting an increased number of rearing in both 

the TYR A9 and CoCl2+TYR A9 groups compared to CoCl2 and vehicle-treated glioma rats. (D), The 

beam balance test result shows a characteristic of contralateral foot slipping. TYR A9 and CoCl2+TYR 

A9 treated group showed less foot slippage and took the least time to transverse the beam compared to 

CoCl2 and vehicle-treated glioma rats. Statistical significance denoted as *p<0.05, ***p<0.001. 
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Figure 7: Effects of TYR A9 treatment on motor function of glioma rats: (A), The rotarod test shows 

improved motor function in glioma rats treated with TYR A9 and CoCl2+TYR A9 compared to CoCl2 

and vehicle-treated glioma rats. (B, C), Densitometry analysis results show rats tested at 10 and 15 rpm 

had more latency to fall from rotating rods in TYR A9 and CoCl2+TYR A9 group, suggesting better 

motor performance than CoCl2 and vehicle-treated glioma rats. Statistical significance represented as 

***p<0.001, ****p<0.0.0001. 
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5.7. Discussion 

Neurocognitive impairments are common among brain tumor patients; 80% of patients were identified 

through neurocognitive tests [12b]. The majority of patients with malignant brain tumors like 

meningiomas and malignant gliomas exhibit defects in various neurocognitive domains. In contrast, 

neurocognition impairments were not associated with the location of brain tumors [13]. The C6 rat 

glioma model is one of the crucial experimental models used in neuro-oncology to examine the 

development and invasion of high-grade gliomas [14]. The C6 cells are spindle-like and implanted into 

the adult Wistar rat brain to create a glioma model that unveils the same histological characteristics as 

human GBM, including foci of tumor necrosis, nuclear polymorphism, and a high mitotic index [15, 

16]. Previous literature suggested that TYR A9 treatment is potentially used to protect and restore 

neuronal and axonal damage in neurodegenerative diseases [17]. In the present study, we demonstrated 

that implantation of C6 glioma cells, the progression of tumor glioma, behavioral assessment, and 

following treatment started in the given baseline time 10, 20, 25, 30, 35, 40, 45, 50, and 55days, in 

support of previous study [18, 19]. Here, in the current study, we investigated the anticancer efficacy of 

TYR A9 and its effect in the maintenance of cognitive function in glioma rat hypoxia vs normoxia. 

Previously reported that Tyrphostin A9 protects nerve growth in both the central and peripheral nervous 

systems, which encourages nerve regeneration [20]. In the present study, experimental group vehicle 

control and CoCl2 treated glioma rat evidenced that increased tumor growth impaired brain function, but 

TYR A9 and CoCl2+TYR A9 treatment decreased tumor growth and maintained brain function in the 

glioma rat hypoxia vs normoxia in support of previous report [16]. Histopathological analysis such as 

Hematoxylin and Eosin (H&E) staining showed increased cellularity and nuclear atypia in the vehicle, 

and CoCl2-treated glioma rats compared to TYR A9 and CoCl2+TYR A9 treated glioma rats. Ki-67- IHC 

staining showed decreased staining with restricted tumor growth in TYR A9 and CoCl2+TYR A9 treated 

glioma rats. Glioma rats treated with vehicle and CoCl2 drastically decreased body weight but maintained 

in TYR A9 and CoCl2+TYRA9 treatment. High oncogenic protein expression promotes tumor growth, 

leading to cognitive impairments in glioma rats [16]. Immunohistochemistry (IHC) staining results 

demonstrated that decreased expression of RAP2B, HIF2A, EGFR, pPYK2, and vimentin in TYR A9 

and CoCl2+TYR A9 compared to CoCl2 and vehicle-treated glioma rats.  

 Previously reported that vehicle-treated glioma rat-induced neuroinflammation [21] and treatment of 

CoCl2 enhanced neuroinflammation, which strongly impacted cognitive impairment [22]. The present 

study demonstrated that vehicle and CoCl2-treated glioma rats could potentiate cognitive impairment 
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after tumor formation at 15 to 20 days of implantation. We also observed that glioma rats treated with 

CoCl2 worsened survival, greater cognitive impairment and altered behavior from days 15-20, such as 

loss of rearing and exploration, insensitive to touch escape. We administered TYR A9 drug treatment in 

glioma rats at day 10 after C6 cells implantation, and another group of CoCl2+TYR A9 glioma rats 

pretreated with CoCl2 for five days, and after one-day intervals started TYR A9 treatment for 10 days. 

TYR A9 and CoCl2+TYR A9 group rats showed an improvement in behavioral patterns from day 25 to 

30, such as exploration, i.e., exploring each and every corner, grooming, rearing, and improved in touch 

sensing, body balance, and locomotory behavior as compared to vehicle and CoCl2 treated glioma rat. 

Most of the vehicle and CoCl2-treated glioma rats died on days 15, 17, and 20 because of high tumor 

burden and hypoxic tumor microenvironment supporting of previous report [23]. In the present study, 

we planned to perform behavioral tests in the vehicle, and CoCl2-treated glioma rats with mild symptoms 

survived up to 30 to 40 days. After their survival vehicle, CoCl2, TYR A9, and CoCl2+TYR A9 treated 

glioma rats were exposed to the beam balanced test on day 27-30 with 3 trials/day. Barne maze test 

training on days 33 to 36 with three sessions/day and days 38 to 39 as a probe trial, as a general practice. 

We performed a cylinder test that revealed the number of rearing was significantly improved in both the 

TYR A9 and CoCl2+TYR A9 compared to vehicle and CoCl2 glioma rats. The beam balance test results 

showed a characteristic of contralateral foot slipping. Glioma rats treated with TYR A9 and CoCl2+TYR 

A9 showed less slipping and take least time to transverse the beam compared to vehicle control and 

CoCl2-treated glioma rats. 1XPBS-treated rats were used as a reference. Our results from the Barnes 

maze test exposed that glioma rats treated with TYR A9 and CoCl2+TYR A9 showed less primary latency 

with short interval than the vehicle and CoCl2 group. The primary error rate increased in the vehicle and 

CoCl2 treated compared to the TYR A9 and CoCl2+TYR A9 group. 1XPBS treated rat primary latency 

time used as a reference. The heat maps showed that they spent maximum time into the escape hole with 

less primary latency in TYR A9 and CoCl2+TYR A9 treated glioma rats compared to the vehicle and 

CoCl2 treated glioma rats on day 5 in probe trial. Overall, based on the Barnes maze results, TYR A9 

and CoCl2+TYR A9 treated glioma rats unveiled improved spatial reference memory skills with reduced 

error rate as compared to vehicle and CoCl2 treated glioma rats. The rotarod test showed the motor ability 

of glioma rats. Glioma rats treated with TYR A9 and CoCl2+TYR A9 spent more time on the rotating 

rod or had more latency to fall from the rotarod than vehicle control and CoCl2 treated. We scheduled a 

3 to 4-day interval gap between each test because it is not advisable to conduct subsequent cognitive 

tests. Inhibition of these RAP2B/HIF2A/pPYK2-EMT signaling proteins by TYR A9 suggests that TYR 
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A9 could be used as a new therapeutic approach to maintain cognitive function and anticancer effect 

against glioma under hypoxia. 

5.8. Conclusion 

Overall, TYR A9 demonstrated strong anticancer effectiveness in an established experimental C6 rat 

glioma model and protection against the cognitive impairment induced by CoCl2 and vehicle-treated 

glioma rats. Histopathological results revealed that decreased expression of RAP2B, HIF2A, EGFR, 

pPYK2, and vimentin in TYR A9 and CoCl2+TYR A9 treated glioma rats, indicating that explored 

one of the potential mechanisms to target glioma. In conclusion, we understood that 1.5 mg/kg (body 

weight) of TYR A9 inhibited glioma growth and malignancy, improved the survivability and 

maintained cognitive function of glioma rats in hypoxia vs normoxia. Inhibition of 

RAP2B/HIF2A/pPYK2-EMT by TYR A9 signaling pathway in hypoxia and normoxia, suggesting 

that TYR A9 could be a new therapeutic approach against glioma. 

5.9. Additional Information 

Study approval 

For the following details, refer to objective 3, page no 117. 

Supporting information 

 

Figure 1: Rat images represented morphological changes in loss of fur density and stiff body, loss 

of coordination in CoCl2 treated glioma rat, loss of fur density, and numbness in hind limb in vehicle-

treated glioma rat. TYR A9 and CoCl2+TYR A9 treated glioma rats show maintained fur density with 

shining and healthy compared to CoCl2 and vehicle-treated glioma rats. 
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TYR A9 treatment induces apoptosis in glioma rats’ hypoxia vs normoxia 

 

Figure 2: IHC staining shows more positive cleaved caspase 3 staining in TYR A9 and CoCl2+TYR 

A9 compared to CoCl2 and vehicle-treated glioma rats. 

 

Cylinder test after TYR A9 treatment in rat glioma hypoxia vs normoxia 

 

 

 

 

 

 

 

Figure 3: Cylinder test images showed more exploratory and rearing in TYR A9 and CoCl2+TYR 

A9 treated rats compared to CoCl2 and vehicle-treated glioma rats. 
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Beam balance test after TYR A9 treatment in glioma rat hypoxia vs. normoxia 

 

 

 

 

 

 

 

 

 

Figure 4: Illustrating beam balanced test represents improved motor coordination in TYR A9 and 

CoCl2+TYR A9 treated glioma rats compared to CoCl2 and vehicle-treated glioma rats. 
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Discussion and summary 

Glioma is an umbrella term used to categorize primary brain tumors based on their presumed cell origin. 

These include astrocytic tumors (astrocytomas, anaplastic astrocytomas, and glioblastomas), 

oligodendrogliomas, ependymomas, and mixed gliomas [1, 2, 3]. The most common and malignant type 

of brain tumor is called glioblastoma multiforme. It accounts for more than 60% of adult brain tumors. 

It is still a deadly tumor instead of a variety of modern therapies against GBM but has a median survival 

of approximately 14 to 15 months [4, 5]. Hypoxia is a prominent characteristic of GBM and its 

microenvironment associated with tumor growth, progression, and resistance to conventional cancer 

therapy. The master regulators of the transcriptional response to hypoxia in tumor cells and their 

microenvironment are called hypoxia-inducible factors (HIFs); one family member such as HIF2A, 

highly expressed in various cancers, including glioma under hypoxia. According to previous reports and 

existing databases, overexpression of HIF2A genes in high-grade astrocytoma and its expression 

correlated with patients’ poor survival. Several studies have evidenced that RAP2B also highly expressed 

in various cancers and plays a significant role in cancer development. The oncogenic role of RAP2B in 

different cancers progression through FAK/EMT signaling [6, 7, 8]. Based on existing literature, In the 

present study we investigated potential biomarkers and developed a therapeutic approach with potent 

anticancer drug and molecular targets against GBM in hypoxia [4]. Our research showed that 

overexpression of RAP2B and HIF2A associated with pathological grading of astrocytomas and patients’ 

poor survival. Increased expression of RAP2B/HIF2A in malignant astrocytoma positively correlated 

with pPYK2-EMT signaling, suggesting that it may have an etiological role in the malignancy and poor 

prognosis of GBM. Furthermore, in the present finding, we investigated the important role of RAP2B-

mediated activation of the HIF2A/FAK/PYK2-EMT signaling pathway in GBM cell progression under 

CoCl2 induced hypoxia. Our results evidenced that overexpression of RAP2B enhanced the expression 

of HIF2A/PYK2/FAK-EMT signaling proteins and promoted proliferation and migration in both GBM 

cells under CoCl2-induced hypoxia. These results verify our clinical data in GBM cell lines and suggest 

that understanding the clinical and functional aspects of RAP2B/HIF2A and their etiological relevance 

with EMT in astrocytoma is purposeful. In vitro results showed that CoCl2-induced hypoxia increased 

RAP2B expression, evidencing that RAP2B is a hypoxia-responsive gene. Overexpression of RAP2B 

increased HIF2A expression under normoxia but enhanced under hypoxia in GBM cells. This suggests 

that RAP2B is essential for HIF2A stabilization under hypoxia and normoxia. Finally, we demonstrated 

that the RAP2B/HIF2A axis enhanced activation of pPYK2/pFAK-EMT signaling involved in GBM cell 
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survival and growth in hypoxia, therefore implying that the RAP2B/HIF2A axis could be a novel 

potential therapeutic target against GBM in hypoxia. 

Several studies have evidenced that a combination of different drugs and molecularly targeted treatment, 

such as cytotoxic chemotherapy, compared to single-drug treatment have synergistic anti-tumor effects. 

Although RAP2B, HIF2A, PYK2, and EMT proteins are reported in gliomas, but RAP2B/HIF2A 

mediated activation of PYK2-EMT signaling in gliomas is still unknown. More research is needed to 

determine its translational relevance. Therefore, the present study used siRNA-mediated knockdown of 

RAP2B (molecular target) and anticancer drug TYR A9 (nontoxic dose) treatment against GBM cell 

progression in hypoxia supporting previous report [9]. Although there is currently no information 

regarding astrocytoma malignancy and chemoresistance, emerging reports demonstrated the therapeutic 

significance of RAP2B/HIF2A by molecular approach siRNA mediated knockdown of RAP2B and TYR 

A9. We demonstrated that combined treatment of TYR A9 (nontoxic dose) and RAP2B knockdown 

(siRAP2B) significantly inhibited GBM cell proliferation and migration by attenuating 

RAP2B/HIF2A/pPYK2-EMT signaling in hypoxia. Based on our present results, we concluded that 

RAP2B knockdown increased anticancer efficacy of TYR A9 even at nontoxic dose and inhibited 

proliferation and migration as well as sensitized GBM cells to induced apoptosis under hypoxia. Based 

on the MTT, clonogenic, and wound healing assay, we also showed that TYR A9 sensitizes TMZ-

resistant cell lines (LN18) and inhibits proliferation and migration, showing its consistent anticancer 

efficacy. In this study, we found evidence that the administration of TYR A9 suppressed GBM cell 

proliferation and migration by blocking the pPYK2/EGFR-ERK1/2 signaling pathway. In vitro 

observations were represented by in vivo data. H&E staining demonstrated that restricted tumor growth 

and IHC-staining showed decreased Ki-67 staining in TYR A9 treated compared to vehicle-treated 

glioma rats. 

Additionally, we showed that TYR A9 treatment improved survival and maintained body weight 

compared to vehicle-treated glioma rats. Furthermore, TYR A9-treated glioma rats showed decreased 

staining of pEGFR, pPYK2, and pERK1/2 confirmed through IHC, indicating the inhibition of the 

pPYK2/EGFR-ERK1/2 signaling pathway compared to vehicle-treated glioma rats. Our finding 

evidenced that increased cleaved caspase 3 staining proves apoptosis induction in TYR A9 treated glioma 

rats, suggesting that TYR A9 treated glioma rats induced apoptosis and decreased tumor growth. 

We conducted an in-vitro RAP2B overexpression and knockdown in CoCl2-induced hypoxia. The 

present study investigated TYR A9 anticancer efficacy in the Wistar rat glioma model treated with CoCl2. 

In vitro study further validated with in vivo data and established the relationship between 
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RAP2B/HIF2A/pPYK2-EMT signaling and CoCl2-induced hypoxia. The present finding investigated 

the TYR A9 anticancer effect on RAP2B/HIF2A/pPYK2-EMT signaling in glioma rats without and with 

CoCl2. Histopathological examination such as H&E staining showed that restricted tumor growth, 

maintained body weight, and IHC represented decreased Ki-67 staining in TYR A9 and CoCl2+TYR A9 

treated glioma rats compared to vehicle and CoCl2 treated glioma rats. Subsequently, we also 

demonstrated that decreased staining of RAP2B, HIF2A, EGFR, pPYK2, β-catenin, and vimentin in 

TYR A9 and CoCl2+TYR A9 treated compared to vehicle and CoCl2 treated glioma rats. This indicating 

that anticancer efficacy of TYR A9 inhibited glioma growth and proliferations in hypoxia supporting 

previous report [10]. Additionally, the behavioral test was performed to measure how cognitive function 

was disturbed as the tumor progressed in the glioma model. Further, we demonstrated the effect of TYR 

A9 on the improvement of cognitive impairment and altered behavior of glioma rats induced by CoCl2. 

Our finding observed cognitive impairment in the glioma rat model after tumor formation at 15 to 20 

days of C6 cell implantation. CoCl2-treated glioma rats showed worst survival with greater cognitive 

impairment because CoCl2 treatment might induce neuroinflammation that strongly leads to cognitive 

impairment. The cylinder test exhibited that increased number of rearing in both TYR A9 and 

CoCl2+TYR A9 compared to vehicle and CoCl2-treated glioma rats. The beam balance test results 

showed a characteristic of contralateral foot slipping. Glioma rats treated with TYR A9 and CoCl2+TYR 

A9 showed less foot slipping and took less time to transverse the beam than vehicle and CoCl2 treated. 

Our Barne maze test revealed that glioma rats treated with TYR A9 and CoCl2+TYR A9 showed primary 

latency within a short time interval compared to the vehicle and CoCl2 groups. The heat maps showed 

that TYR A9 and CoCl2+TYR A9 treated spent more time in the escape platform with fewer primary 

errors compared to the vehicle and CoCl2-treated glioma rats during the probe trial on day 5. Based on 

Barne maze test results, TYR A9 and CoCl2+TYR A9 treated glioma rats revealed better spatial reference 

memory skills with less error rate than the vehicle and CoCl2 treated. The rotarod test was used to 

evaluate coordinated motor function. Glioma rats treated with TYR A9 and CoCl2+TYR A9 spent more 

time and had more latency to fall from the rotating rod than vehicle and CoCl2 treated. For all the 

cognitive tests, 1X PBS-treated rats were used as a reference. Based on the outcomes of our study, we 

understood that 1.5mg/kg of body weight TYR A9 inhibited glioma growth and malignancy and 

improved survivability of glioma rats. This evidence shows that TYR A9 also helps neuroprotection and 

restores cognitive function in the glioma model in vivo. 
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Abstract
Purpose  Glioblastoma (GBM) is a fatal primary brain tumor with extremely poor clinical outcomes. The anticancer effi-
ciency of tyrosine kinase inhibitors (TKIs) has been shown in GBM and other cancer, with limited therapeutic outcomes. In 
the current study, we aimed to investigate the clinical impact of active proline-rich tyrosine kinase-2 (PYK2) and epidermal 
growth factor receptor (EGFR) in GBM and evaluate its druggability by a synthetic TKI-Tyrphostin A9 (TYR A9).
Methods  The expression profile of PYK2 and EGFR in astrocytoma biopsies (n = 48) and GBM cell lines were evaluated 
through quantitative PCR, western blots, and immunohistochemistry. The clinical association of phospho-PYK2 and EGFR 
was analyzed with various clinicopathological features and the Kaplan–Meier survival curve. The phospho-PYK2 and EGFR 
druggability and subsequent anticancer efficacy of TYR A9 was evaluated in GBM cell lines and intracranial C6 glioma 
model.
Results  Our expression data revealed an increased phospho-PYK2, and EGFR expression aggravates astrocytoma malignancy 
and is associated with patients’ poor survival. The mRNA and protein correlation analysis showed a positive association 
between phospho-PYK2 and EGFR in GBM tissues. The in-vitro studies demonstrated that TYR A9 reduced GBM cell 
growth, cell migration, and induced apoptosis by attenuating PYK2/EGFR-ERK signaling. The in-vivo data showed TYR A9 
treatment dramatically reduced glioma growth with augmented animal survival by repressing PYK2/EGFR-ERK signaling.
Conclusion  Altogether, this study report that increased phospho-PYK2 and EGFR expression in astrocytoma was associ-
ated with poor prognosis. The in-vitro and in-vivo evidence underlined translational implication of TYR A9 by suppressing 
PYK2/EGFR-ERK modulated signaling pathway.
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