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3. Streszczenie 

Glejak jest najbardziej agresywnym i najczęstszym pierwotnym złośliwym nowotworem 

mózgu u dorosłych. Charakteryzuje się szybką proliferacją, heterogennością molekularną  

i opornością na leczenie. Pomimo obecnego wielopoziomowego standardu leczenia, 

pięcioletnia przeżywalność wciąż wynosi poniżej 10%. Niepowodzenie konwencjonalnego 

protokołu leczenia wynika z nadmiernej sygnalizacji sieci kinaz tyrozynowych, takich jak 

EGFR i IGF1R/InsR, a także ze zmian genetycznych, takich jak utrata PTEN i mutacje w genie 

TP53. Dodatkowymi czynnikami ograniczającymi skuteczność terapii są obecność bariery 

krew–mózg oraz adaptacje metaboliczne komórek nowotworowych. 

Niniejsza rozprawa doktorska oceniła potencjał przeciwnowotworowy nowych 

pochodnych styrylochinazoliny i styrylochinazolonu oraz wyjaśniła ich wielopłaszczyznowy 

mechanizm działania na modelu 2D komórek ludzkiego glejaka. Zbadano trzy grupy związków: 

pochodną IS20 zawierającą grupę benzodioksolową, sulfonowane styrylochinazoliny (TS1–

TS6) i styrylochinazolinony (W1A, W1B, W1C, W2B). Wyniki wskazują na 

trójpłaszczyznowy mechanizm działania badanych pochodnych. Po pierwsze, pochodna IS20 

wykorzystuje podatność komórek glejaka na stres oksydacyjny, działając jako 

wewnątrzkomórkowy chelator żelaza, który indukuje generowanie reaktywnych form tlenu, 

zatrzymuje cykl komórkowy i ostatecznie wywołuje śmierć komórek. Po drugie, sulfonowane 

pochodne z serii TS zaburzają dynamikę polimeryzacji i depolimeryzacji mikrotubul, 

prowadząc do zatrzymania cyklu komórkowego w fazie G2/M, oraz osłabiając sygnalizację osi 

EGFR/mTOR. Po trzecie, najbardziej aktywna pochodna z grupy styrylochinazolonów - W1B 

hamuje aktywność IGF1R oraz EGFR, obniżając fosforylację Akt na szlaku PI3K/Akt/mTOR. 

W warunkach podwyższonego stężenia glukozy W1B zachowuje aktywność hamującą tylko 

wobec IGF1R, jednak skojarzenie z inhibitorem EGFR – dakomitynibem przywraca 

hamowanie EGFR przy zachowaniu inhibicji IGF1R i prowadzi do zwiększonego efektu 

terapeutycznego. 

Zidentyfikowano trzy główne związki wiodące: IS20 do terapii ukierunkowanej na stres 

oksydacyjny; TS5 jako antymitotyczny inhibitor sygnalizacji EGFR/mTOR; oraz W1B do 

terapii skojarzonej ukierunkowanej na szlaki kompensacji metabolicznej. Otrzymane wyniki 

wskazują, że styrylochinazoliny i styrylochinazolinony stanowią obiecujące związki wiodące 

do dalszych badań przedklinicznych, wykazujące przewagę nad podejściami terapeutycznymi 

ukierunkowanymi na pojedynczy cel molekularny w leczeniu glejaka.  

9:5506418448
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4. Abstract 

Glioblastoma is the most aggressive and most common primary malignant brain tumor in 

adults. It is characterized by rapid proliferation, molecular heterogeneity, and resistance to 

therapy. Despite the current multi‑level standard of care, the five‑year survival rate remains 

below 10%. The failure of the conventional treatment protocol results from excessive signaling 

through tyrosine kinase networks, such as EGFR and IGF1R/InsR, as well as from genetic 

alterations, including PTEN loss and TP53 mutations. Additional factors limiting therapeutic 

efficacy include the blood–brain barrier and metabolic adaptations of cancer cells. 

This doctoral dissertation evaluated the anticancer potential of novel styrylquinazoline and 

styrylquinazolinone derivatives and elucidated their multifaceted mechanism of action in 2D 

models of human glioblastoma cells. Three groups of compounds were investigated: the IS20 

derivative containing a benzodioxole group, sulfonated styrylquinazolines (TS1–TS6), and 

styrylquinazolinones (W1A, W1B, W1C, W2B). The results indicate a three‑pronged 

mechanism of action for the studied derivatives. First, the IS20 derivative exploits glioblastoma 

cells' vulnerability to oxidative stress by acting as an intracellular iron chelator that induces 

reactive oxygen species generation, cell cycle arrest, and, ultimately, cell death. Second, the 

sulfonated TS‑series derivatives disrupt microtubule polymerization/depolymerization 

dynamics, leading to G2/M cell cycle arrest and attenuating EGFR/mTOR axis signaling. Third, 

the most active derivative of the styrylquinazolinone group – W1B – inhibits IGF1R and EGFR 

activity, reducing Akt phosphorylation along the PI3K/Akt/mTOR pathway. Under 

high‑glucose conditions, W1B retains inhibitory activity only against IGF1R; however, its 

combination with the EGFR inhibitor dacomitinib restores EGFR inhibition while maintaining 

IGF1R suppression, leading to an enhanced therapeutic effect. 

Three main lead compounds have been identified: IS20 for oxidative stress‑targeted therapy; 

TS5 as an antimitotic inhibitor of EGFR/mTOR signaling; and W1B for combination therapy 

targeting metabolic compensation pathways. The results indicate that styrylquinazolines and 

styrylquinazolinones are promising lead compounds for further preclinical studies and 

demonstrate superiority over single-target agents in glioblastoma treatment. 
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5. Introduction 

5.1 Glioblastoma: Characteristics  

According to the World Health Organization (WHO), cancer is one of the leading causes of 

death worldwide. Some types of malignant neoplasms have an exceptionally low 5-year 

survival rate; among them are pancreatic cancer, stage IV esophageal cancer with metastases, 

and grade 4 gliomas.  

Gliomas are one of the most prevalent primary brain neoplasms arising from glial cells or 

neural stem and progenitor cells through genetic alterations. Currently, the glioma family can 

be divided into several subtypes, including pediatric-type diffuse low-grade gliomas, pediatric-

type diffuse high-grade gliomas, glioneuronal and neuronal tumors, circumscribed astrocytic 

gliomas, and adult-type diffuse gliomas, which include glioblastoma (GBM). According to the 

fifth edition of the WHO classification from 2021, central nervous system (CNS) tumors are 

graded on a scale of 1 to 4. Malignant gliomas are distinguished from benign tumors by their 

advanced histological grade: the higher the grade, the more aggressive the clinical course and 

the poorer the prognosis. Grading is based on an integrated diagnosis combining histological 

features with molecular markers, with the molecular features given higher importance [1]. For 

adult-type diffuse gliomas, this classification relies primarily on IDH1/2 mutation, 1p/19q 

codeletion, and CDKN2A/B deletion status, along with histological criteria such as necrosis 

and microvascular proliferation.  

Glioblastoma is graded as a WHO Grade 4 glioma with IDH-wildtype, and harbors one or 

more of the following genetic markers: TERT promoter mutation, epidermal growth factor 

receptor (EGFR) gene amplification, and chromosome +7/-10 alteration. GBM represents the 

most aggressive and prevalent form of primary malignant brain tumor in adults, characterized 

by rapid cellular proliferation, intense mitotic activity, infiltration into surrounding brain tissue, 

and poor clinical prognosis. The histological characteristics of GBM include cytological atypia, 

anaplasia, pseudopalisading necrosis, areas of necrosis, microvascular changes, and 

microscopic extension beyond the tumor border. In addition, the exceptional aggressiveness of 

glioblastoma and the challenges of treating it stem from a highly immunosuppressive tumor 

microenvironment, the accumulation of numerous genetic mutations in the major signaling 

pathways that regulate cell proliferation, growth, and survival, the blood-brain barrier (BBB), 

and subpopulation heterogeneity. The most common genetic mutations that occur in GBM are 

listed in Table 1 below.  

12:6889339095
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Gene/Chromosome Alteration Prevalence (%) 

Chromosome 10 Complete arm deletion 70-90 

PTEN Mutation/deletion 40 

EGFR Amplification 30-80 

TP53 Mutation 25 

TERT promoter Mutation 80 

CDKN2A Homozygous deletion 10-20 

MGMT promoter Methylation 30-50 

Table 1. Common genetic alteration in glioblastoma [2-12]. 

Glioblastoma appears in two ways: as primary tumors that arise de novo or as tumors that 

arise from lower-grade gliomas. This historical primary/secondary distinction has been 

superseded by the 2021 WHO report, in which glioblastoma is defined exclusively as an IDH-

wildtype diffuse astrocytic glioma in adults; tumors formerly designated "secondary" or "IDH-

mutant" glioblastoma, i.e., those progressing from lower-grade lesions, are now classified 

separately as astrocytoma, IDH-mutant, WHO Grade 4 [13, 14]. The two entities differ 

markedly in their clinical and molecular profiles. IDH-wildtype, which constitutes the large 

majority of cases historically diagnosed as glioblastoma, predominantly affects older adults 

(median age at diagnosis of 65), with a slight male predominance, and carries a median overall 

survival of less than two years despite aggressive therapy [15, 16]. By contrast, IDH-mutant 

astrocytomas arise in younger patients (median around 45 years) and are associated with 

substantially longer survival [15, 16]. At the molecular level, IDH-wildtype is characterized by 

TERT promoter mutation (over 80% of cases), EGFR amplification, which occurs in 30–80% 

of tumors and is associated with shortened survival, as well as a loss of PTEN (via mutation or 

chromosome 10 loss), which is identified in 15–40% of cases [17]. Homozygous deletion of 

CDKN2A/B is now recognized as a key molecular grading criterion. TP53 mutations are found 

in approximately 25% of IDH-wildtype GBM [18]. In contrast, IDH-mutant astrocytomas carry 

the defining IDH1/2 hotspot mutation, together with TP53 mutation and loss of ATRX 

expression, the latter serving as a diagnostic marker of astrocytic lineage. EGFR amplification 

and TERT promoter mutations are uncommon [19, 20]. Recurrent glioblastoma, which survives 

standard of care (SOC), also displays distinct biomarkers. Genomic profiling reveals that while 

TERT promoter mutations and chromosome 7 gain/10 loss are typically maintained at clonal 

events [21]. Genetic alterations in EGFR, PTEN, and NF1 frequently emerge via evolution 
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under therapeutic pressure [22]. Recurrence is also driven by dynamic shifts in the tumor 

microenvironment, including the activation of microglia/macrophages, and by transcriptional 

reprogramming that upregulates DNA damage response pathways, ultimately giving resistance 

to alkylating chemotherapy [23]. The status of O6-methylguanine-DNA methyltransferase 

(MGMT) promoter methylation remains the strongest predictive biomarker for temozolomide 

response in IDH-wildtype glioblastoma, with methylated tumors demonstrating significantly 

prolonged survival compared to unmethylated counterparts. This genetic alteration is of 

particular clinical value as its presence is associated with a more favorable prognosis and an 

increased response to certain therapies, which will be discussed in greater detail in the section 

on therapeutic approaches.  

 

5.2 Glioblastoma: Standard of care 

Despite the current SOC, which includes maximal surgical resection followed by 

radiotherapy and chemotherapy with temozolomide, as depicted in Figure 1, patient outcomes 

remain profoundly poor, with a median overall survival (OS) of approximately 14 to 16 months 

and a five-year survival rate of less than 5–10% [24]. Notably, GBM is mostly common in 

patients between 60–80 years of age, with a median age of diagnosis of 64–66, and is more 

common among men than women [25]. Glioblastoma detection and removal are exceptionally 

challenging due to its highly infiltrative growth pattern along deep white matter tracts, making 

true, complete surgical eradication anatomically impossible in many cases. Despite billions of 

research dollars, innumerable clinical trials, and an aggressively high death rate, the prognosis 

of patients diagnosed with GBM has remained extremely low and practically unchanged for 

decades. 
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Figure 1. Glioblastoma therapeutic approach always includes radiotherapy, chemotherapy and surgical 

therapy. 

The current foundational SOC for patients with newly diagnosed GBM, widely known as 

the Stupp protocol, is a highly coordinated, multimodal approach established by the pivotal 

joint EORTC-NCIC phase III trial (EORTC 26981-22981/NCIC CE.3) [26]. Management 

typically begins with maximal safe surgical resection. Surgery in the GBM is particularly 

challenging because the tumor must be removed while preserving the immediately adjacent 

healthy, functionally eloquent brain tissue to avoid permanent neurological deficits. To 

maximize the extent of resection, a critical prognostic factor, neurosurgeons increasingly utilize 

advanced intraoperative adjuncts, such as fluorescence-guided surgery with the prodrug 5-

aminolevulinic acid (5-ALA) [27, 28]. 5-ALA exploits the preferential accumulation of 

fluorescent protoporphyrin IX in malignant tissue, enabling the real-time visual differentiation 

of neoplastic tissue from healthy brain parenchyma [29]. Following surgical intervention, the 

Stupp protocol prescribes fractionated focal radiotherapy. The standard regimen delivers a total 

dose of 60 Gray (Gy), divided into 30 daily fractions of two Gy over six weeks. Because 

radiotherapy can also injure the adjacent healthy brain and cause neurotoxicity, precise 

techniques, such as intensity-modulated radiation therapy or volumetric-modulated arc therapy, 

are used to spare functional tissue. Concurrent with this six-week radiotherapy phase, the 

primary response drug, temozolomide (TMZ), is administered orally at a daily dose of 75 mg/m2 

[30]. After a four-week treatment break, patients enter the adjuvant maintenance phase, 

receiving up to six cycles of TMZ administered for five consecutive days every 28 days at an 

escalated dose of 150 to 200 mg/m2 [31]. The original Stupp trial demonstrated that the addition 

of concurrent and adjuvant TMZ to radiotherapy extended the median OS from 12.1 months to 

14.6 months and increased the two-year survival rate from 10.4% to 26.5% [32]. 

TMZ is approved by the Food and Drug Administration (FDA) and is regarded as the gold 

standard of GBM therapy. It is a small (194 Da), lipophilic, DNA-alkylating agent that 

effectively crosses the restrictive BBB [33]. TMZ spontaneously hydrolyzes to its active 

metabolite MTIC, which decomposes into a reactive methyldiazonium cation, which alkylates 

DNA to form lesions such as N7-methylguanine, 3-methyladenine, and the highly cytotoxic 

O6-methylguanine [34]. During DNA replication, these O6-methylguanine adducts mispair 

with thymine. The mismatch repair (MMR) system recognizes the mispair but cannot remove 

the modified guanine, leading to a futile repair cycle that ultimately generates DNA double-

strand breaks, cell cycle arrest at the G2/M phase, and apoptosis. TMZ is, nonetheless, 
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associated with serious adverse effects, including severe myelosuppression, lymphopenia, and 

gastrointestinal toxicity, and may drive adaptive hypermutations in surviving GBM cells [35]. 

 

Figure 2. Original Stupp protocol used in GBM treatment [36]. 

The efficacy of the Stupp protocol showcased in Figure 2 depends strongly on the epigenetic 

status of the MGMT gene, the principal predictive and prognostic biomarker [37]. MGMT 

encodes a DNA repair enzyme that removes alkyl groups from the O6 position of guanine, 

directly neutralizing the cytotoxic lesions induced by TMZ. In approximately 40% of IDH-

wildtype GBMs, the MGMT promoter is hypermethylated DNA [38], which silences the gene, 

abolishes enzyme synthesis and renders cancer cells highly susceptible to TMZ-induced 

apoptosis. Consequently, patients with a methylated MGMT promoter survive substantially 

longer than those with an unmethylated promoter, the latter conferring intrinsic resistance to 

alkylating chemotherapy.  

Despite this multimodal SOC, GBM remains essentially incurable, and recurrence is nearly 

universal. The limited efficacy of these standard regimens reflects a deeper obstacle, which is 

the profound genetic, epigenetic, and cellular heterogeneity of GBM, which sustains resistant 

subpopulations and drives recurrence. 

 

5.3 Glioblastoma: Heterogeneity and therapeutic challenges 

The development of new therapeutic compounds for GBM is constrained by several 

intrinsic obstacles: extreme inter- and intratumoral heterogeneity, the limited drug access 

imposed by the BBB, and aggressive genomic alterations in critical signal transduction 

networks, most notably the EGFR and mammalian target of rapamycin (mTOR) pathways [39]. 
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The EGFR gene encodes a transmembrane receptor tyrosine kinase (RTK), which is the 

most frequently altered RTK in GBM, with mutation or amplification occurring in 

approximately 40%-60% of primary tumors. Under physiological conditions, EGFR regulates 

cell survival, migration, and proliferation. In GBM, however, it undergoes profound structural 

aberrations, the most prevalent of which is the EGFRvIII mutation—an in-frame deletion of 

exons 2 through 7 (an 801 base-pair deletion). This truncation removes the extracellular ligand-

binding domain, rendering the receptor unable to bind EGF or other ligands. Notably, EGFRvIII 

retains continuous, ligand-independent constitutive kinase activity that persistently drives 

downstream oncogenic signaling. In addition, the EGFRvIII variant almost invariably arises in 

the combination of wild-type EGFR amplification, generating a pathogenic paracrine loop and 

promoting transactivation of other RTKs, such as c-MET, PDGFRA, and EPHA2 [40]. Its 

expression also enhances signaling through downstream effectors, including the STAT3 and 

PI3K/AKT axes, which promote cell survival, increase invasiveness, drive angiogenesis, and 

contribute to resistance to radio- and chemotherapy in GBM [41]. When EGFR is 

pharmacologically suppressed, GBM cells rapidly co-activate functionally redundant RTKs—

most prominently the insulin-like growth factor 1 receptor (IGF1R) and the insulin receptor 

(InsR)—which bypass the EGFR blockade to sustain downstream PI3K/Akt/mTOR signaling. 

In EGFR-dependent GBM cells expressing these receptors, the InsR/IGF1R axis acts as the 

dominant regulator of AKT: insulin or IGF1 can restore AKT phosphorylation even in the 

presence of EGFR inhibitors, whereas STAT3 and MEK/ERK remain suppressed [42]. 

IGF1R overexpression is a recognized poor prognostic factor in GBM that actively protects 

tumor cells against apoptosis [43]. Crucially, IGF1R signaling maintains the activation of 

downstream PI3K and AKT pathways even in the presence of potent EGFR or PDGFR 

inhibitors, thereby neutralizing the therapeutic efficacy of monotherapies [44, 45]. 

Consequently, effective targeted therapy in GBM is unlikely to succeed with single-target 

agents and instead requires polypharmacological or synergistic compounds capable of 

simultaneously extinguishing multiple nodes of this redundant oncogenic network. 
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Figure 3. Simplified PI3K/Akt/mTOR signaling pathway (created by Biorender). 

 

The PI3K/AKT/mTOR pathway is central to the pathogenesis of GBM; genetic alterations 

that activate this pathway have been reported in approximately 90% of tumors. The pathway 

regulates cell growth, proliferation, angiogenesis, DNA repair, apoptosis, autophagy, and 

nutrient sensing [46]. It is typically initiated by active RTKs (such as EGFR or PDGFR), which 

stimulate phosphoinositide 3-kinase (PI3K) to convert PIP2 into PIP3, as shown in Figure 3. 

PIP3, in turn, recruits AKT to the plasma membrane, where it undergoes full activation (a 

process partially mediated by mTORC2). Once activated, AKT phosphorylates numerous 

downstream targets, thereby suppressing apoptosis and activating mTORC1. Sustained 

signaling through this pathway is one of the principal reasons why targeted therapies fail in 

GBM. Beyond upstream RTK amplification, the pathway is frequently hyperactivated by the 
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loss or mutation of the tumor suppressor PTEN (phosphatase and tensin homolog) [47]. PTEN 

normally dephosphorylates PIP3 back to PIP2, acting as a critical brake on the cascade; its loss 

removes this constraint, leading to unchecked AKT and mTOR activity that drives tumor 

growth, lipogenesis, and therapy resistance. In addition, mTORC2 signaling contributes to 

alkylating agent resistance because the mTORC2/SGK1 axis induces N-Myc downstream-

regulated gene 1 (NDRG1), a protein that binds and stabilizes the MGMT enzyme, thereby 

protecting tumor cells against TMZ [48, 49]. 

The clinical management of GBM is persistently challenged by an almost inevitable 

recurrence, a phenomenon fundamentally driven by the persistence of glioblastoma stem-like 

cells (GSCs) [50, 51]. These highly plastic cells serve as a reservoir for tumor regrowth, as they 

can survive initial radio- and chemotherapy, only to reconstitute the heterogeneous tumor bulk 

post-treatment [52]. GSCs represent a rare subpopulation at the apex of the tumor hierarchy, 

possessing robust self-renewal capacity and the ability to differentiate into the complex cellular 

lineages that comprise the tumor mass. They reside in specialized microanatomical niches—

specifically the perivascular, invasive, and hypoxic regions—which offer sanctuary from 

conventional therapies. In the hypoxic necrotic core, for instance, oxygen deprivation stabilizes 

hypoxia-inducible factors (HIFs), which simultaneously promote aberrant angiogenesis and 

shift GSCs into a dormant, quiescent state that renders them virtually invisible to treatments 

targeting rapidly dividing cells [53].  

Another factor is the tumor microenvironment (TME), which further contributes to 

treatment failure. GBM is characterized as an immunologically "cold" tumor, replete with a 

dense infiltration of non-neoplastic stromal and immune cells that the tumor hijacks to support 

its survival [54]. Up to 40% of the tumor mass can consist of tumor-associated macrophages 

(TAMs) and microglia [55]. Through the secretion of cytokines, such as transforming growth 

factor-beta (TGF-β), interleukin-10 (IL-10), and prostaglandin E2 (PGE2), GSCs polarize 

myeloid cells toward an immunosuppressive, protumorigenic M2-like phenotype. IGF1R, 

frequently overexpressed on GSCs, reinforces this paracrine network by enhancing TGF-β and 

IL-10 production and further suppressing innate immune surveillance [56, 57]. These M2-

TAMs actively paralyze local anti-tumor immunity by inhibiting the infiltration and cytotoxic 

functions of CD8+ T cells and natural killer cells, while promoting the expansion of regulatory 

T cells (Tregs).  

Given the hyperactivation of specific molecular nodes like EGFR and PDGFR, early 

therapeutic paradigms focused on single-point inhibition. However, first-generation tyrosine 
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kinase inhibitors (TKIs) targeting EGFR, such as gefitinib and erlotinib, completely failed to 

provide survival benefits in phase II and III GBM clinical trials despite their success in non-

small cell lung cancer (NSCLC) [58, 59]. This failure stems from several factors. Primarily, 

gefitinib and erlotinib were designed to target the intracellular ATP-binding domain of 

activating mutations common in lung cancer. In contrast, the dominant driver in GBM 

(EGFRvIII) is an extracellular domain truncation that does not alter the kinase domain itself, 

rendering these specific inhibitors highly ineffective. Additionally, although these TKIs are 

lipophilic, they are highly susceptible to P-glycoprotein-mediated efflux at the BBB, resulting 

in sub-therapeutic accumulation within the CNS [60]. 

More critically, the profound intratumoral heterogeneity and extensive signaling 

redundancy in GBM severely undermine the efficacy of monotherapies. When a single 

molecular node (e.g., EGFR) is inhibited, cells rapidly engage compensatory receptor tyrosine 

kinases (e.g., c-MET, PDGFR, or IGF1R) to bypass the blockade and reactivate downstream 

PI3K or MAPK survival cascades [61, 62]. Consequently, overcoming the redundant resistance 

of GBM necessitates a paradigm shift from single-agent monotherapies toward rational, 

multifaceted, combinatorial targeted therapies. Effective future treatments must simultaneously 

address the complex signaling web, the immunosuppressive TME, and the physical constraints 

of the BBB. One primary approach involves multi-kinase inhibition to preemptively block 

compensatory RTK signaling [63]. Regorafenib, an oral multi-kinase inhibitor that 

simultaneously targets angiogenic (VEGFR1-3, TIE2), stromal (PDGFR-β), and oncogenic 

(RAF, RET, KIT) kinases, has shown encouraging efficacy. In the phase II REGOMA trial, 

regorafenib significantly improved OS in patients with relapsed GBM compared to lomustine 

chemotherapy, validating this multi-targeted blockade approach [64, 65]. Another strategy 

combines TKIs with inhibitors of downstream nodes, such as dual EGFR and mTOR inhibition, 

to sever the escape routes utilized by highly plastic GSCs [66]. 

As highlighted earlier, the formidable nature of the BBB critically limits the efficacy of 

targeted therapies, restricting the passage of approximately 98% of small-molecule drugs [67, 

68]. To fully comprehend the challenge, one must consider the spatial heterogeneity of the BBB 

during tumor progression. In the healthy brain, the dynamic neurovascular unit utilizes multi-

protein tight junctions (such as claudin-5, occludin, and zonula occludens-1) to stringently 

restrict paracellular diffusion [69]. During GBM development, hypoxia triggers the massive 

secretion of pro-angiogenic signals like VEGF and matrix metalloproteinases (MMPs). These 

enzymes degrade the endothelial basement membrane and tight junctions, forming a leaky, 
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dysfunctional blood-tumor barrier (BTB) [70]. Crucially, this disruption is highly localized. 

While the hypoxic tumor core exhibits a hyperpermeable BTB, the infiltrative margins of the 

tumor—where recurrence inevitably arises—are shielded by an intact and functionally "closed" 

BBB [71, 72]. Consequently, systemic therapies fail to reach these infiltrating glioblastoma 

cells. Furthermore, the BBB remains a formidable obstacle due to its aggressive biochemical 

defenses. Even in regions where the physical barrier is partially disrupted, the luminal 

membrane of capillary endothelial cells expresses a high density of ATP-binding cassette (ABC) 

efflux transporters, particularly P-glycoprotein (P-gp/ABCB1) and breast cancer resistance 

protein (BCRP/ABCG2) [73]. As noted with early TKIs, these active pumps continuously 

recognize and expel lipophilic small molecules back into the systemic circulation. To overcome 

these restrictive physiological barriers and achieve therapeutic concentrations in the brain, 

several advanced strategies are currently under investigation: 

1. Drug design: Next-generation small molecules are being rationally engineered (MW < 

500 Da, optimized lipophilicity) to evade recognition by ABC efflux transporters. For 

example, GNE-317 (a PI3K/mTOR inhibitor) and AZD3759 (an EGFR inhibitor) have 

been structurally modified to reduce their affinity for P-gp and BCRP, resulting in 

significantly greater BBB penetration than first-generation compounds [74]. 

2. Pharmacological Efflux Pump Inhibition: The co-administration of competitive dual 

efflux pump inhibitors, such as elacridar, aims to temporarily paralyze the BBB's active 

transport machinery and dramatically increase drug accumulation in the tumor core and 

surrounding healthy brain tissue [75, 76]. 

3. Engineered Nanocarriers: Lipid-based or polymeric nanoparticles can protect 

chemotherapeutics from systemic degradation and efflux pump clearance. By 

functionalizing the surface of these nanocarriers with targeting ligands (such as 

transferrin or angiopep-2), researchers can exploit receptor-mediated transcytosis to 

actively shuttle the drug across intact endothelial cells [77]. 

4. Physical Disruption and Delivery Modalities: Magnetic resonance-guided focused 

ultrasound combined with intravenous microbubbles applies acoustic energy to 

mechanically stretch tight junctions, creating a safe, reversible window for systemic 

drugs to enter the brain. Alternatively, convection-enhanced delivery bypasses the BBB 

entirely by infusing small molecules directly into the tumor interstitial space via 

stereotactically placed microcatheters [78]. 
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5.4  Intracellular vulnerabilities in GBM: Microtubule dynamics and redox homeostasis 

Beyond signaling cascades, the cytoskeleton, particularly the microtubule network, is 

indispensable for maintaining cellular architecture, executing mitosis, and facilitating the 

continuous intracellular trafficking of critical receptors (e.g., EGFR) to the plasma membrane. 

Microtubules are highly dynamic, cylindrical polymers composed of heterodimers of α- and β-

tubulin subunits, as shown in Figure 4.  

 

Figure 4. Dynamic microtubule formation process occurring inside living cells (created by Biorender). 

Microtubules serve as tracks for the kinesin and dynein motor proteins, which direct the 

intracellular transport of cargo, including signaling endosomes, mitochondria, lysosomes, and 

mRNA–protein complexes. During mitosis, the microtubule network reorganizes into the 

mitotic spindle, in which kinetochore fibers capture and segregate chromosomes to maintain 

genomic stability [69]. In interphase glioma cells, this motor-driven transport supports the 

asymmetric distribution of growth factor receptors and integrins, thereby promoting invasion 

and intercellular crosstalk [79], and it contributes to asymmetric cell division in glioma stem 

cells, which underlies tumor heterogeneity [80]. In GBM, this transport machinery is frequently 

co‑opted: tumor microtubes actively shuttle mitochondria and resistance factors between 

connected cells, thereby enhancing tumor cell survival against therapy [81]. In addition, in 
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GBM, microtubule dynamics are frequently hijacked to support uncontrolled cellular 

proliferation, aggressive invasion into the healthy brain parenchyma, and the formation of 

tumor microtubules (MTs). These are specialized network structures that facilitate long-range 

intercellular communication, calcium signaling, and the distribution of therapeutic resistance 

factors. Furthermore, the rapid segregation and anterograde transport of pro-tumoral 

components along these cytoskeletal highways are vital for maintaining the aggressive GBM 

phenotype. Consequently, microtubule-targeting agents (MTAs) represent a highly potent class 

of antineoplastic drugs [82, 83]. MTAs disrupt the delicate balance between tubulin 

polymerization and depolymerization, leading to failure of the proper chromosome alignment, 

activation of the spindle assembly checkpoint, cell cycle arrest at the G2/M phase, and, 

ultimately, mitotic catastrophe. 

MTAs are broadly classified into microtubule-stabilizing agents (e.g., taxanes) and 

microtubule-destabilizing agents (e.g., vinca alkaloids, colchicine-site binders). Historically, 

the clinical translation of MTAs for GBM has been severely hindered by two major obstacles: 

dose-limiting neurotoxicity and the restrictive properties of the BBB, as discussed in the 

previous section. Because mature, post-mitotic neurons rely heavily on microtubule networks 

for axonal transport and synaptic function, systemic administration of MTAs frequently results 

in severe peripheral neuropathies [84, 85]. Additionally, classical bulky, lipophilic MTAs (like 

paclitaxel and vincristine) are rapidly expelled from the CNS by the previously described P-gp 

and BCRP efflux pumps [86, 87]. To overcome these limitations, next-generation small-

molecule tubulin destabilizers have been rationally designed to evade efflux pumps. 

Compounds targeting the colchicine binding site—which is generally insensitive to P-gp-

mediated resistance—have shown remarkable preclinical promise. For instance, RGN3067 is a 

highly BBB-penetrant small molecule that binds the colchicine site of β-tubulin [88]. In vitro, 

it demonstrates nanomolar potency against human GBM cells (including temozolomide-

resistant LN-18 cells), inducing profound G2/M arrest and apoptosis [88]. Similarly, PTC596 

is an orally bioavailable tubulin-binding agent that lacks the traditional trimethoxyphenyl 

moiety, allowing it to evade standard resistance mechanisms, achieve high CNS penetration, 

and prolong survival in orthotopic GBM models [89]. As an alternative to directly targeting 

tubulin, emerging therapeutic strategies focus on inhibiting proteins that tightly regulate 

microtubule dynamics exclusively during cell division.  

The primary hereditary microcephaly genes—including KNL1, ASPM, CENPE, CITK, and 

KIF14—are ubiquitously expressed in proliferating cells but are selectively required for spindle 
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assembly and chromosome segregation in neural progenitors and malignant glial brain tumor 

cells [90].  

 

Figure 5. Glioblastoma tumor chronic oxidative stress (created by Biorender). 

The metabolic reprogramming required to sustain the rapid proliferation of GBM inherently 

disturbs cellular redox homeostasis [91]. Glioblastoma cells function under chronic oxidative 

stress, characterized by elevated baseline levels of reactive oxygen species (ROS) generated by 

intense glycolytic and mitochondrial oxidative phosphorylation, as well as the hypoxic tumor 

microenvironment [92]. According to the principle of hormesis, this moderate elevation in ROS 

acts as a signaling mechanism that promotes cellular survival, tumor invasion, and angiogenesis 

(via HIF-1α stabilization), as shown in Figure 5. To survive this inherently hostile environment 

without suffering lethal lipid peroxidation and DNA damage, GBM cells become exquisitely 

dependent on a robust antioxidant defense network, such as glutathione (GSH) synthesis, and 

the thioredoxin system [93]. Crucially, redox homeostasis also dictates the therapeutic response. 

Standard treatments like radiation and temozolomide (TMZ) exert significant cytotoxicity 

primarily by generating lethal levels of ROS [94]. In response, GBM cells rapidly undergo 

metabolic reprogramming, upregulating the nuclear factor erythroid 2-related factor 2 

(Nrf2)/Keap1 signaling axis [95]. Upon escaping Keap1-mediated degradation under oxidative 
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stress, the master transcription factor Nrf2 translocates to the nucleus to activate a vast array of 

antioxidant defense genes, including superoxide dismutase (SOD), catalase (CAT), and heme 

oxygenase-1 (HO-1) [96]. Consequently, high Nrf2 expression effectively neutralizes therapy-

induced oxidative stress, strongly correlates with profound chemoresistance, and is associated 

with a shorter time to tumor recurrence. 

This reliance on a fragile redox balance exposes a critical vulnerability: intentionally 

disrupting it by generating excessive ROS can overwhelm the tumor's antioxidant buffering 

capacity, triggering apoptosis or ferroptosis. Iron metabolism is fundamentally intertwined with 

this redox landscape. While GBM cells possess a heightened demand for intracellular iron to 

support DNA synthesis and energy production, an excess of labile ferrous iron (Fe2+) can 

catalyze the Fenton reaction, interacting with hydrogen peroxide to produce highly toxic 

hydroxyl radicals that initiate catastrophic lipid peroxidation [96]. Exploiting this iron-

dependent redox axis, agents that chelate iron and generate extreme ROS levels are emerging 

as powerful therapeutic tools. Iron chelators such as deferoxamine, thiosemicarbazones 

(Dp44mT), or terpyridine ligands systematically deplete intracellular iron pools [97, 98]. This 

targeted iron starvation, combined with massive oxidative stress, serves as a primary trigger for 

the profound upregulation of the N-myc downstream-regulated gene 1 (Ndrg1), an iron-

regulated metastasis suppressor [99]. Upon activation, Ndrg1 robustly stimulates the expression 

of the cyclin-dependent kinase inhibitor p21 (CIP1/WAF1). The dramatic accumulation of p21 

halts cell cycle progression, effectively arresting the rapidly dividing GBM cells in the G2/M 

phase [100]. Simultaneously, the severe disruption of redox homeostasis and the depletion of 

endoplasmic reticulum (ER) calcium stores induce profound ER stress [101]. Under these 

conditions, NDRG1 suppresses protective autophagy, forcing the critically damaged tumor cells 

into caspase-dependent apoptosis [102].  

To sum up, by strategically targeting the structural vulnerabilities of the cytoskeleton, 

dismantling redundant oncogenic kinase networks, and weaponizing the tumor's precarious 

redox balance, this multifaceted pharmacological approach aims to definitively overcome the 

profound adaptability, heterogeneity, and therapeutic resistance of glioblastoma multiforme. 

 

5.5 Quinazoline as a promising scaffold for targeted therapy 

Advances in medicinal chemistry and rational drug design have driven the development of 

new anticancer agents and more effective treatment regimens. In recent years, alongside 
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conventional chemotherapy, which remains one of the mainstays of cancer therapy, targeted 

approaches have been increasingly adopted [103]. In particular, the quinazoline ring has 

emerged as a privileged scaffold in medicinal chemistry, serving as the structural core for 

numerous FDA-approved TKIs, such as gefitinib, afatinib, and dacomitinib, used in oncological 

therapy.  

Afatinib is an irreversible second-generation EGFR/HER2 tyrosine kinase inhibitor that 

demonstrates clinical activity against brain metastases in EGFR-mutant NSLC [104]. However, 

its penetration across an intact BBB is severely restricted by active efflux via P-glycoprotein 

and breast cancer resistance protein, leading to cerebrospinal fluid concentrations far below 

plasma levels. Similarly, dacomitinib exhibits limited brain distribution in preclinical models 

due to efficient efflux transporter recognition, confining its CNS exposure under physiological 

conditions [105]. Both drugs achieve meaningful intracranial concentrations primarily when 

the BBB is disrupted by tumor growth. This inconsistent bioavailability highlights the need for 

novel quinazoline derivatives that are designed to evade efflux transporters and passively 

diffuse into the CNS. 

The structural evolution of this core through the addition of a styryl moiety has yielded the 

2-styrylquinazoline class. As with CP-31398, it is a compound able to stabilize the p53 protein. 

Recent pharmacological investigations have demonstrated that specific chemical modifications 

to this scaffold, such as the incorporation of sulfonic groups, tosyl moieties, or benzodioxole 

rings, can alter its biological activity profile. These structural variations enable 

styrylquinazolines to function as multitarget agents, capable of interacting with multiple 

molecular targets simultaneously. This versatility allows them to inhibit both receptor and non-

receptor tyrosine kinases, intercalate into DNA, or disrupt cytoskeletal organization, depending 

on their specific substitution pattern. Due to their generally lipophilic nature and tunable 

physicochemical properties, styrylquinazoline derivatives possess significant potential for CNS 

penetration, making them highly attractive candidates for the development of next-generation 

therapies against complex and resistant malignancies, such as GBM.  

 

5.6 Objectives and hypotheses 

      The overall aim of this doctoral dissertation was to evaluate the anticancer potential of novel 

styrylquinazoline and styrylquinazolinone scaffolds and to elucidate their mechanisms of action 

in cellular models of cancer, with particular emphasis on glioblastoma. The central hypothesis 
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was that styrylquinazoline and styrylquinazolinone derivatives act as multitarget anticancer 

agents whose activity arises from the simultaneous engagement of several oncogenic 

processes—microtubule dynamics, EGFR/IGF1R-driven PI3K/AKT/mTOR survival signaling, 

and cellular redox and metabolic homeostasis—and that such a multitarget profile offers an 

advantage over single-target inhibition in counteracting the therapeutic resistance 

characteristics of GBM. To test this hypothesis, the following specific objectives were defined 

across the four constituent studies: 

1. to characterize the in vitro antiproliferative and cytotoxic activity of the derivatives in a 

panel of cancer cell lines, including GBM models; 

2. to determine their effect on microtubule organization, mitotic progression, and cell-

cycle distribution; 

3. to assess their influence on EGFR/IGF1R/AKT/mTOR signaling using immunoassays 

and Western blotting; 

4. to investigate their impact on cellular redox and metabolic homeostasis and to identify 

the resulting mode of cell death. 
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6. Materials and methods 

6.1 Chemical synthesis 

The series of styrylquinazoline derivatives subjected to biological evaluation in this work 

was designed and synthesized in the Drug Design and Nanopharmacology group, led by Prof. 

Robert Musioł, at the Institute of Chemistry, University of Silesia. The styrylquinazoline 

derivative coded IS20, investigated in Paper 1, and the sulfonated styrylquinazolines coded 

TS1–TS6, investigated in Paper 2, were synthesized by Dr. Eng. Jacek Mularski. A series of 

styrylquinazolinone derivatives, coded W1A, W1B, W1C, and W2B, were designed and 

synthesized by Dr. Wioleta Cieślik. The structures of the tested compounds are shown in Fig. 

6. 

 

Figure 6. Tested compounds showcased in the papers. 

 

6.2 Cell culture models  

A panel of human cancer and normal cell lines was utilized to assess cytotoxicity and target 

selectivity, which were chosen to reflect different genetic landscapes. The in vitro models 

included  wild-type p53 glioblastoma (U-87MG), mutated p53 glioblastoma (U-251, T98G, 

LN-18, LN-229), colon cancer (HCT 116 and HCT 116p53-\-) and p53-null chronic myelogenous 
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leukemia (K562) cells. To evaluate safety, normal human astrocytes (NHA), human liver cells 

(HepG2), and normal human dermal fibroblasts (NHDF) were selected. Adherent cancer cell 

lines were cultured in Dulbecco's Modified Eagle's Medium supplemented with 10% heat-

inactivated fetal bovine serum, while K562 cells were maintained in RPMI-1640 medium with 

10% FBS. NHA cells were grown in a specialized astrocyte medium supplemented with N-2 

and epidermal growth factor. NHDF cells were grown in fibroblast growth medium with low-

serum content. All cultures were maintained at 37 °C in a humidified atmosphere containing 5% 

CO2 and routinely subjected to PCR-based mycoplasma testing to ensure the absence of 

contamination. Different cell cultures were present in paper 1 (K562, U-251, T98G, LN-18, 

LN-229, U-87MG, HCT-116, HCT 116p53-\-), paper 2 (U-251, U-87MG, K562, NHA, HepG2) 

and paper 3 (U-87MG, T98G, LN-18, LN-229, U-251, NHDF).     

6.3 Cytotoxicity, cell cycle, and cell death assays  

Antiproliferative activity was measured using the colorimetric MTS assay (CellTiter 96 

AQueous One Solution). Cells were seeded at 5,000 cells per well in 96-well plates (except 

NHA and NHDF that were seeded at 4,000 cells per well), incubated for 24 hours and were 

treated with varying concentrations of the compounds (paper 1: IS20; paper 2: TS1-TS8; paper 

3: W1A, W1B, W1C, W2B) for 72 hours, after which there were incubated for 1 hour with 100 

µL of DMEM without phenol red and 20 µL of the CellTiter 96®AQueous One Solution-MTS 

(Promega). Optical densities were measured at 490 nm utilizing a Varioskan LUX multi-plate 

reader to calculate the half-maximal inhibitory concentration (IC50).  

To assess cell cycle, cells were seeded at a density of 250,000 cells per 3 cm Petri dish and 

then incubated for 24 hours. The next day, the medium was removed, and treated cells were 

incubated for 24 hours with the desired compounds (paper 1: IS20 K562 with 6 & 12 µM, U-

251 with 10 µM; paper 2: U-251 TS1 2.5 & 5 µM, TS2 2.2 & 4.4 µM, TS3 1.8 & 3.6 µM, TS4 

1.7 & 3.4 µM, TS5 0.2 & 0.4 µM, K552: TS1 1.45 µM, TS2 1.65 µM, TS3 3.75 µM, TS4 1.3 

µM, TS5 10.75 µM). Collected cells were analyzed by flow cytometry using the Muse Cell 

Cycle (Millipore) kit according to the manufacturer's instructions to detect compound-induced 

cell cycle arrest.  

Cells for apoptosis were seeded in the same manner as for the cell cycle and incubated with 

the compounds for 48 hours (paper 1: IS20 K562 with 12 µM & U-251 with 15 µM; paper 2: 

same concentration as in cell cycle assay). Cells for autophagy were seeded at 20,000 (24 hours) 

and 10,000 (48 hours) in 96-well plates, incubated for 24 hours, and treated with IS20 at 12 µM 
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(K562) and 10 µM (U-251), respectively. Apoptosis and autophagy were validated using 

detection of specific fluorescent markers, including Annexin V/7-AAD staining for apoptosis 

and fluorescence with the LC3-antibody-based kit (Millipore) tracking of autophagosome 

formation in treated cells. 

6. Microtubule dynamics 

Evaluation the mechanical disruption of the cytoskeleton was evaluated using in vitro 

tubulin polymerization assays, which utilized fluorescent reporters to monitor the assembly of 

tubulin heterodimers, comparing the kinetics of the novel styrylquinazolines against classical 

stabilizers like paclitaxel. This was presented visually at the cellular level using high-resolution 

immunofluorescence imaging of the microtubule network.  

6.5 Redox homeostasis and metal complexation  

U-251 and K562 cells were seeded in 96-well plates at a density of 9,000 cells per well and 

incubated for 24 hours for ROS generation. The medium was then replaced with freshly 

prepared IS20 solutions and incubated for selected time points (3, 6, 9, 12, and 24 hours). For 

combination studies, cells were co-incubated with the compound and 100 µM ascorbic acid for 

24 hours. The same cells were seeded in 3 cm Petri dishes at a density of 500,000 cells per well 

and incubated for 24 hours for GSH depletion. To investigate the compounds' impact on redox 

homeostasis, intracellular ROS generation was quantified using CellROX, while the depletion 

of intracellular antioxidants like GSH was measured via colorimetric assays. ROS levels were 

calculated as a percentage relative to untreated controls, with normalization to Hoechst-stained 

cell number. GSH concentrations were normalized to untreated control.  

Furthermore, UV-Vis spectrophotometric titrations were conducted by dr Patrycja Rawicka 

to confirm the direct metal-chelating properties of the benzodioxole-functionalized derivatives 

on Fe3+.To evaluate the ability of IS20 to chelate metal ions, UV-Vis absorption titrations were 

performed with FeCl3•6H2O and CuSO4•5H2O. Absorption spectra were recorded from 275 to 

450 nm in 5 nm steps using a multi-well plate reader (Varioskan LUX). All spectra were 

normalized using vector normalization to identify hidden isosbestic points. 

6.6 Protein and gene expression profiling  

Intracellular signaling was measured using immunoblotting (Western blot) and Lumit 

immunoassays. Cells were lysed in RIPA buffer supplemented with protease and phosphatase 

inhibitor cocktails, and total protein was quantified using a BCA assay. After blocking in 5% 

non‑fat milk or BSA in TBST for 1 hour at room temperature, membranes were incubated 
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overnight at 4 °C with primary antibodies (typically diluted 1:1000), followed by washing and 

incubation with secondary antibodies for 1 hour at room temperature. Chemiluminescent 

signals were developed using SuperSignal™ West Pico or West Atto substrates (Thermo 

Scientific) and captured with a ChemiDoc™ XRS+ System (Bio‑Rad). Densitometric analysis 

was performed using ImageJ software with normalization to reference proteins. In the Lumit 

immunoassay, cells were lysed in a digitonin‑containing buffer, incubated with primary 

antibodies against phosphorylated targets together with Lumit secondary antibodies for 90 min 

at 23°C and then furimazine substrate was added to generate a bioluminescent signal. 

Luminescence was measured using a multi‑plate reader (Varioskan LUX) at time of 1 s per well. 

The protein targets are presented in Table 2. 

Transcriptomic factors were measured using quantitative Real-Time PCR (qRT-PCR). Total 

RNA was isolated using TRIzol reagent, reverse-transcribed into cDNA, and amplified on a 

QuantStudio 5 Real-Time PCR System. Amplification was performed under the following 

conditions: initial denaturation at 95 o C for 30 s, followed by 40 cycles of denaturation at 95 

oC for 15 s, annealing at 60 oC for 30 s, and extension at 72 oC for 30–60 s. A melt curve analysis 

was performed to confirm single‑product specificity and the absence of primer‑dimers or 

nonspecific amplicons. The relative mRNA expression of key stress and cell cycle genes 

(including Ndrg1, GADD45, CCNE2, LC3, and calreticulin) was normalized against the 

GAPDH reference gene using the 2^-ΔΔCT method. The gene targets are presented in Table 3. 

Targeted proteins in individual papers. 

Paper 1 Paper 2 Paper 3 

cyclin E1 p27Kip1 EGFR  

cdc2 p21Waf1/Cip1 IGF-I Receptor β 

p21Waf1/Cip1 p53 Akt 

PARP-1 Cyclin A2 p-Akt (Ser473) 

AIF Cyclin B1 p70 S6 Kinase  

caspase-9 cdc2 
p-S6 Ribosomal Protein 

(Ser240/244) 

cathepsin B Aurora A RAS 

BID EGFR vinculin 

p53 p-EGFR (Tyr1068) GAPDH 

HO-1 p-Akt (Ser473) cyclophilin β 
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HIF-1α PTEN cofillin 

EGFR p-STAT5 (Tyr694)  

p-EGFR (Tyr1068) PARP-1  

mTOR caspase-9  

p-mTOR (Ser2448) BID  

p-Akt (Ser473) GADPH  

p-p44/42 MAPK (Erk1/2) 

(Thr202/Tyr204) 
β-actin  

GAPDH RAS  

β-actin vinculin  

vinculin mTOR  

 p-mTOR (Ser2448)  

Table 2. Protein targets showcased in studies. 

Targeted genes in individual papers. 

Paper 1 Paper 2 

MnSOD CCNE2 

CAT GADD45 

HO-1 IDH-1 

Ndrg1 TUBB3 

Calreticulin Calreticulin 

IDH-1 LC3 

GADD45  

LC3  

p62  

Table 3. Gene expression targets showcased in studies. 

6.7 Statistical analysis 

Results were presented as the mean ± standard deviation from at least three independent 

experiments, each performed with technical replicates. The statistical analysis included: the 

one-way ANOVA with a Bonferroni post-hoc test, one-way ANOVA with a Dunn–Šidák 

correction test or unpaired t-test. A p-value of 0.05 or less was considered statistically 

significant. All statistical tests were performed using GraphPad Prism 9 software (GraphPad 

Software, USA). 
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7. Results and discussion  

7.1 Cytotoxicity effect of tested compounds 

The management of GBM is complicated by its pronounced heterogeneity, which underlies 

intrinsic and acquired resistance to conventional chemotherapeutics. In the search for novel 

therapeutic modalities to circumvent these resistance mechanisms, quinazoline-based scaffolds 

were investigated. The primary objective of this first phase of the study was to systematically 

evaluate the antiproliferative activity, structure-activity relationships, and cellular selectivity of 

three groups of derivatives: the benzodioxole-functionalized lead compound IS20 (Paper 1), the 

sulfonated styrylquinazolines (the TS series: Paper 2), and the related styrylquinazolinone 

derivatives (the W series: Paper 3). 

The biological studies focused primarily on glioblastoma cell lines with diverse gene 

expression profiles: U-251 and U87MG (Papers 1, 2, and 3) and LN-18, LN-229, and T98G 

(Papers 1 and 3). In addition, the chronic myeloid leukemia model K562 was used for the 

biological evaluation of IS20 and the sulfonated derivative series. The biological evaluation 

showed that IS20 had a highly specific antiproliferative profile. GBM lines harboring point 

missense mutations in the TP53 gene—U-251, LN-18, LN-229, and T98G, all TP53-mutant—

were sensitive to IS20, with half-maximal inhibitory concentrations: IC50 of 5.45 µM (U-251), 

5.99 µM (LN-18), 7.22 µM (LN-229), and 8.15 µM (T98G). IS20 was also cytotoxic toward 

the p53-null leukemia line K562, with an IC50 of 6.01 µM. These results suggest that, unlike 

classic alkylating agents, IS20 preferentially affects tumor cells carrying defective 

p53/apoptotic machinery.  

In the W series, the quinazoline ring is replaced by a 2-styryl-quinazolin-4(3H)-one scaffold 

carrying a chlorine atom on the quinazolinone core and a tosyl group (OTs on the styryl phenyl 

ring). The series comprises three 7-chloro derivatives differing in the position of the tosyl 

group—W1A (7-Cl, 2-OTs), W1B (7-Cl, 3-OTs), and W1C (7-Cl, 4-OTs)—together with the 

8-chloro analog W2B (8-Cl, 3-OTs). In the 7-chloro with 3-tosyl fragment derivative, W1B was 

the most active compound of the group, with IC50 values of 5.43 µM (U-251), 5.88 µM 

(U87MG), 21.01 µM (T98G), 11.06 µM (LN-18), and 3.57 µM (LN-229). Notably, its activity 

was not restricted to TP53-mutant lines, comparable potency being observed in the TP53-wild-

type line U87MG. By contrast, W1A, W1C, and W2B were inactive against all tested GBM 

lines (IC50 > 15–25 µM). This pattern defines a strict structure-activity requirement: among the 

7-chloro derivatives, only the meta-tosyl substitution (W1B, 3-OTs) retained activity, while 

both the ortho- (W1A, 2-OTs) and para-isomers (W1C, 4-OTs) lost it entirely; relocation of the 
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chlorine from C-7 to C-8 with retention of the optimal 3-OTs group (W2B) also abolished 

activity. Activity, thus, requires the combined presence of a 7-chloro substituent on the 

quinazolinone core and a 3-tosyl group on the styryl phenyl ring. 

The next group of compounds comprised the sulfonated styrylquinazolines, in which a 

chlorine atom was attached to the quinazoline ring. In vitro screening showed that the presence 

and position of this chlorine substituent strongly determined cytotoxic activity, producing 

markedly different antiproliferative profiles against U-251 and U87MG cells. The 6-chloro-

substituted derivative, TS5, displayed broad-spectrum, sub-micromolar cytotoxicity, with an 

IC50 of 0.17 µM against the U87MG and 0.21 µM against the U-251 cells, and retained potency 

against the non-adherent line K562 (IC50 of 0.26 µM). Conversely, shifting the chlorine atom 

to the 7-position on the quinazoline ring (TS1, TS2, and TS3) produced selectivity toward K562 

while reducing efficacy against glioblastoma. The 7-chloro derivatives possessing methyl or 

methoxy groups attached to the benzenesulfonate moiety (TS1, TS2, TS3) were active against 

K562 (IC50 values ranging from 0.29 µM to 0.75 µM) but considerably weaker against U87MG 

(IC50 values of 3.53 µM for TS2, 6.88 µM for TS3, and a total lack of activity for TS1 at 

concentrations up to 25 µM). The 7-chloro derivative bearing a 3-cyanobenzenesulfonate group 

(TS4) was inactive against K562 (>25 µM), but moderately active against both U87MG (1.78 

µM) and U-251 (1.76 µM) cell lines. In turn, the unsubstituted quinazoline cores (TS6-TS8) 

were inactive against most of the tested lines, confirming a stringent structure-activity 

relationship in which cytotoxicity depends on halogenation at the 6- or 7-positions. 

Cellular selectivity, defined by its capacity to eradicate neoplastic cells while preserving 

healthy cells, is the most critical determinant of therapeutic potential. In addition, it is worth 

noting that hepatotoxicity and neurotoxicity profiling indicated a favorable safety profile for 

the sulfonated styrylquinazolines. Against the hepatocellular line (HepG2), the entire TS series 

showed no measurable effects on proliferation or viability at concentrations exceeding 25 µM, 

and the compounds exhibited negligible cytotoxicity toward NHA. The in vitro therapeutic 

index (TI) reached nearly 23 for the TS1 in K562, while TS5 achieved TI values of 10.3 and 

8.5 in the U87MG and U-251, respectively. For comparison, Osimertinib demonstrated a TI 

below 0.58, and the microtubule-targeting agent paclitaxel exhibited indiscriminate cytotoxicity 

toward NHA. 

Part of the in vivo studies on the Danio rerio (zebrafish) model was performed by Prof. 

Anna Boguszewska-Czubara at the Department of Medical Chemistry, Medical University of 

Lublin. Importantly, fish embryo toxicity testing showed that IS20 was neither cardiotoxic nor 
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associated with developmental malformations at a sub-LC50 dose. Similarly, cardiotoxicity 

assessment of the TS series in zebrafish yielded LC50 values of 2.9 μM (TS1), 3.5 μM (TS3), 

and 3.6 μM (TS5), with cardiotoxic effects occurring in a dose-dependent manner. In Paper 2, 

the anti-tumor efficacy of the TS series was evaluated in a Danio rerio larva xenograft model 

using U-251 cells, in which TS5 produced the greatest tumor burden reduction at concentrations 

below its LC50. For W1B (Paper 3), zebrafish embryo toxicity testing yielded an LC50 of 25.29 

μM, indicating a more favorable safety profile than the EGFR/ErbB inhibitors osimertinib 

(LC50 = 10.73 μM) and dacomitinib (LC50 = 10.03 μM). In the LN229 zebrafish xenograft 

model, W1B reduced tumor size to 76.09% in the untreated control at 10 μM, and its 

combination with dacomitinib at 7.5 μM exceeded the effect of either monotherapy, consistent 

with the synergy observed in vitro under high-glucose conditions. 

7.2 Disruption of microtubule dynamics and G2/M cell cycle arrest  

The integrity and maintained dynamic instability of the microtubule network at equilibrium 

are essential for proper cellular division, intracellular trafficking, and signal transduction. 

Microtubules, α- and β-tubulin heterodimers, play a central role in the cell cycle. In the context 

of GBM, characterized by intense mitotic activity and a high proliferation index, disturbances 

in microtubule dynamics represent a critical point of vulnerability. The mechanism of action 

studies of the styrylquinazoline derivatives—the TS series and IS20—focused on cell-cycle 

perturbation and showed that both groups induce a pronounced G2/M arrest in cancer cell lines, 

albeit through partially distinct molecular pathways. 

The capacity of these derivatives to induce selective cell cycle arrest at the G2 to M 

transition has been confirmed by flow cytometry, particularly in U-251 cells. The most active 

compound from the TS series, TS5, increased in the G2/M phase of the cell cycle. U-251 

treatment with TS5 increased the accumulation of cells in the G2/M phase, from 32.5% in 

untreated controls to 86%. In addition, the cell cycle arrest potential of TS5 was further 

corroborated in K562 cells, where TS5 induced a 34.7% increase in the G2/M population. 

Similarly, although not to the same extent, a G2/M cell cycle arrest has been observed with 

IS20. It is worth noting that this derivative involves intracellular iron chelation and the 

generation of ROS into its mechanism of action, identically halting cell cycle progression at the 

G2/M checkpoint. These results confirmed that the styrylquinazoline core affects cell cycle 

progression across different oncological lineages and several cell-cycle proteins. 
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In vitro tubulin polymerization assays showed that TS1, TS3, and TS5 are potent enhancers 

of microtubule polymerization. TS5 promoted tubulin assembly like paclitaxel, hyper-

stabilizing the network and suppressing the dynamic instability required for mitotic spindle 

formation. Consistently, U-251 cells treated with these compounds showed marked 

reorganization of the microtubule network, which became densely condensed, disordered, and 

predominantly peripheral. qRT-PCR analyses confirmed that the TS derivatives disrupted 

microtubule dynamics. In addition, immunoblotting analyses revealed a pattern of cell cycle 

protein regulation by TS and IS20 derivatives, consistent with a blockade at the G2/M transition. 

The expression of the CCNE2 gene, which encodes Cyclin E, essential for entry into the DNA 

synthesis phase, was downregulated across the treated glioblastoma cells. Expression of key 

CDK inhibitors was upregulated. The p27 protein, which binds to and inactivates the Cyclin E-

CDK2 complex, experienced a nearly 3-fold increase following exposure to TS5. Another 

protein investigated in U-251 cells was p21, which was upregulated 14-fold by IS20 and also 

threefold by compounds in the TS series. The increased accumulation of p21 serves as a major 

biochemical roadblock, confirming that the cells are responding to cytoskeletal rearrangements 

that lead to stress and halts cell cycle progression. Because the cells are forcefully prevented 

from navigating the G2/M transition, the regulatory proteins responsible for spindle assembly 

and chromosomal alignment accumulate to highly pathological levels. Moreover, the 

expression of Cyclin B1 and CDK1, the core components of the mitosis-promoting factor, was 

significantly elevated in the GBM cells treated with a series of TS. Similarly, Aurora A kinase, 

an essential regulator of centrosome maturation, exhibited a staggering 10-fold overexpression 

in U-251 cells following incubation with TS5. The accumulation of Aurora A traps glioblastoma 

cells in an irreversible, hyperpolymerized mitotic state, ultimately leading to apoptosis. 

Beyond arresting cell division, microtubule disruption intersects with oncogenic survival-

kinase signaling. The cytoskeleton is not merely a static scaffold, but a dynamic infrastructure 

required for endosomal trafficking, receptor recycling, and the spatial organization of signaling 

complexes. By simultaneously arresting mitosis and perturbing this trafficking-dependent 

signaling, the styrylquinazolines may limit the compensatory mechanisms that contribute to 

resistance under conventional therapy. 

 

7.3 Inhibition of crucial GBM signaling pathways (EGFR, Akt/mTOR, and IGF1R)  

The hyperactivation and redundancy of RTK signaling networks remain principal drivers of 

oncogenesis and therapeutic resistance in GBM. Despite the central roles of the 
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PI3K/Akt/mTOR and the RAS/MAPK/ERK pathways, single-agent TKIs, such as erlotinib, 

gefitinib, or lapatinib, have failed to improve OS in GBM patients, an observation that 

motivated the multitarget evaluation of the styrylquinazoline derivatives in this work.  

Biochemical and cellular evaluations showed that both the TS series and IS20 attenuate 

EGFR signaling. In cell-free enzymatic kinase profiling, TS1, TS3, and TS5 inhibited the kinase 

activity of EGFR and of the related HER2 and HER4 receptors, with inhibition reaching 

approximately 20%–25%. The cellular suppression of EGFR signaling was more pronounced 

than this enzymatic inhibition alone would predict, suggesting that direct kinase inhibition is 

reinforced in cells by additional mechanisms, such as the cytoskeletal disruption. 

Phosphorylation of EGFR at Tyr1068 was quantified. While standard immunoblotting revealed 

a moderate reduction in p-EGFR (Tyr1068) following exposure to the compounds, highly 

sensitive Lumit immunoassay uncovered a significant suppression. In U-251 cells, TS5 and TS3 

produced an approximately 1.5-fold reduction in activated EGFR, and IS20 produced a 

comparable ~1.5-fold reduction in both U-251 and K562. By preventing the mitogenic signal 

at the plasma membrane, styrylquinazolines effectively blocked the primary oncogenic 

pathways mentioned above. 

Blocking the receptor signal inhibits signaling downstream of the receptor, causing the 

PI3K/Akt/mTOR signaling cascade to collapse and effectively depriving cancer cells of the 

metabolic advantage necessary to sustain proliferation, growth, and survival. Western blot 

analyses demonstrated that the reduced EGFR activation by the styrylquinazoline derivatives 

resulted in reduced phosphorylation of downstream Akt. In K562, TS5 lowered p-Akt (Ser473) 

levels approximately 7-fold, TS1 and TS3 reduced phosphorylated Akt nearly 3-fold, while  

IS20 caused a 1.5-fold decrease in p-Akt expression. This observation confirmed that the 

styrylquinazoline core acts as a universal disruptor of this pathway. In U-251 cells, however, 

the absolute levels of p-Akt (Ser473) remained largely unchanged despite the EGFR 

blockade—an observation consistent with the loss of PTEN in this line, which sustains 

constitutive PI3K/Akt activity upstream independently. However, these compounds 

successfully bypassed this PTEN-mediated resistance by directly impacting the terminal node 

of the mTOR cascade. This suggests that the combined effects of the styrylquinazolines—on 

receptor-level kinase activity, on receptor trafficking, and on cytoskeletal organization—can 

inactivate mTOR from its canonical upstream regulators even when Akt remains constitutively 

active. Such action may effectively disable the glioblastoma's translational machinery, leading 

to apoptosis. 
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The metabolic phenotype of GBM, dominated by the Warburg effect, makes glucose-driven 

survival signaling a relevant therapeutic target. Therefore, targeted circumvention of the 

metabolic adaptations highlights the critical synergy achieved by a novel quinazolinone insulin 

receptor/IGF1R inhibitor (W1B from the W series of tested compounds) within the glucose-

driven tumor microenvironment. W1B inhibited IGF1R by 74% and InsR by 60%, with only 

moderate activity against EGFR (35%) and HER2 (41%), and a negligible effect on non-

receptor tyrosine kinases in cell-free enzymatic assays. At the cellular level, immunoblotting of 

LN229 cells showed that W1B reduced both IGF1R and EGFR protein levels by more than 

two-fold and suppressed Akt (Ser473) phosphorylation. Under high-glucose conditions, EGFR 

levels remained essentially unchanged, and, despite continued IGF1R suppression, the 

Akt/mTOR axis was paradoxically upregulated, with elevated p-Akt, p70 S6K, and RAS. This 

pattern reflects activation of the glucose-driven compensatory survival cascade, in which  

EGFR-mediated signaling sustains Akt phosphorylation even when IGF1R is inhibited. To 

overcome this adaptive resistance, a synergistic, multifaceted combination strategy was 

employed, combining the drug W1B with the irreversible EGFR/ErbB inhibitor dacomitinib. 

The dual treatment in LN229 HG cells preserved IGF1R suppression and restored the marked 

EGFR inhibition that was lost with W1B alone, producing a clearly synergistic cytotoxic effect. 

The dual blockade simultaneously inhibits the IGF1R/InsR–driven survival axis—operative 

under high-glucose conditions—and the EGFR–driven compensatory arm is activated when 

IGF1R is engaged alone. By targeting both receptors simultaneously, the combination addresses 

the redundancy of the survival network, which limits the efficacy of single-target RTK 

inhibitors in GBM. 

 

7.4 ROS generation, oxidative stress, and cell death pathways  

As mentioned above, GBM inherently operates under chronic, elevated levels of oxidative 

stress driven by hyperactive oncogenic metabolism and hypoxia. While moderate 

concentrations of ROS fuel tumor proliferation and therapeutic resistance, pushing intracellular 

ROS levels beyond a critical threshold triggers catastrophic oxidative damage to lipids, proteins, 

and genomic DNA, culminating in cell death. Exploiting this redox vulnerability by deploying 

compounds that simultaneously generate ROS and deprive the cell of its antioxidant buffering 

capacity provides a bypass to resistance mechanisms. Evaluation of tested styrylquinazolines 

in Papers 1 and 2 unveiled a capacity to destroy cancer cells by a disruption of redox 

homeostasis, followed by the dual induction of apoptosis and autophagy. 
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The genesis of styrylquinazoline-induced oxidative stress is linked to the chelating 

properties of the scaffold. Extensive spectroscopic titrations definitively established that the 

IS20 derivative acts as a potent intracellular metal chelator, exhibiting a particularly high 

affinity for ferric iron. The formation of a stable IS20-Fe3+ complex was confirmed by the 

emergence of two distinct isosbestic points at 320 nm and 370 nm, indicating a well-defined 

equilibrium between the free ligand and the IS20–Fe³⁺ complex with no detectable 

intermediates. This causes IS20 to directly disrupt mitochondrial respiration and triggers a surge 

in ROS. Quantitative fluorescence analyses have demonstrated that exposure to IS20 incites a 

rapid and sustained accumulation of ROS within the first 12 to 24 hours of treatment. The 

cytotoxicity of IS20 has been shown to rely on oxidative stress, as validated by co-incubation 

experiments with the antioxidant ascorbic acid, which quenches the compound-induced ROS 

generation. This oxidative burden rapidly depletes the antioxidant reserves of glioblastoma cells, 

with measurable shifts in intracellular GSH levels reflecting active scavenging of the elevated 

ROS. 

As the redox imbalance intensifies, the primary enzymatic antioxidant defenses of 

glioblastoma cells undergo transcriptomic remodeling. Initial exposure to the styrylquinazoline 

derivatives induces upregulation of the MnSOD gene, consistent with a response to superoxide 

accumulation. However, catalase expression is concurrently downregulated, allowing H2O2 to 

accumulate and prolonging the oxidative stress. In parallel, the redox imbalance triggers 

overexpression of HO-1, leading to a 25-fold increase in mRNA within nine hours of IS20 

treatment. Because HO-1 catalyzes heme degradation and enriches the mitochondrial iron pool, 

it catalyzes further lipid peroxidation and accelerates mitochondrial damage. 

Therapeutically significant consequences of this iron depletion and oxidative stress include 

activation of HIF-1α and increased expression of the metastasis suppressor Ndrg1. 

Transcriptomic data revealed that IS20 induced a greater than 3.7-fold upregulation of Ndrg1 

expression in U-251. 

Ultimately, the collapse of redox and metabolic homeostasis triggers cell death, 

characterized by the co-activation of both intrinsic apoptosis and autophagy. The ER stress 

provides the primary bridge to autophagy. In our research, IS20 induced a more than 2.5-fold 

increase in the expression of the calreticulin gene in GBM. Flow cytometric analyses confirmed 

a greater than 4-fold induction of autophagy in U-251 cells (increase in the autophagy index 

compared to untreated control), accompanied by a 6-fold upregulation of the p62 (SQSTM1) 

gene and a 2.5-fold increase in LC3 mRNA. Sustained autophagic stress together with ROS 
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accumulation damages the mitochondria and engages the intrinsic apoptotic cascade. Flow 

cytometry analyses confirmed that the TS5 and IS20 compounds increased the GBM cell 

population by 60%-75 % at the early and late stages of apoptosis. At the molecular level, a 

hallmark of this response in our experiments is the engagement of the lysosomal–mitochondrial 

apoptotic axis: IS20 induced an 8-fold increase in procathepsin B, suggesting altered lysosomal 

proteolytic capacity, with downstream activation of BID. The resulting cascade leads to 

caspase-9 activation and the terminal cleavage of PARP-1. 

By acting as intracellular metal chelators and ROS inducers, these compounds activate multiple 

distinct cell death pathways-autophagic, caspase-dependent, and caspase-independent 

pathways, thereby limiting the ability of cancer cells to evade cytotoxic effects through single 

resistance mechanisms. 

8. Conclusions 

8.1 Multifaceted mechanism of action  

The overarching thesis of this dissertation, that the successful eradication of GBM strictly 

necessitates a multifaceted mechanism of action, has been validated through a comprehensive 

biological evaluation of styrylquinazoline and styrylquinazolinone derivatives. Historically, 

management of GBM has been hampered by the tumor's genomic instability, its 

immunosuppressive microenvironment, and the plasticity of its kinome. The 1st pillar relies on 

disrupting the tumor’s cytoskeletal architecture. Styrylquinazolines enhance tubulin 

polymerization, stabilizing the microtubule network and providing an irreversible G2/M phase 

cell cycle arrest. The 2nd pillar is attenuation of receptor tyrosine kinase signaling. Microtubule 

integrity is required for proper clustering, internalization, and recycling of RTKs. Therefore, 

cytoskeleton disruption complements the direct kinase-inhibitory activity of the tested scaffolds. 

As demonstrated, these compounds suppress EGFR signaling and the IGF1R axes. By 

concurrently blocking both EGFR and survival signals of IGF1R, these compounds induce a 

collapse of the downstream PI3K/Akt/mTOR cascade. The downregulation of activated Akt 

(Ser473) and mTOR (Ser2448) deprives the GBMs of their ability to sustain the Warburg effect. 

The 3rd pillar is the targeted use of the tumor's intrinsic oxidative stress as a weapon. 

Styrylquinazolines with benzodioxole groups exploit this by acting as potent intracellular iron 

chelators. By depleting the labile iron pool, these derivatives disrupt mitochondrial respiration 

and trigger a rapid increase in intracellular ROS that overwhelms the compensatory antioxidant 

enzymes. The accompanying oxidative damage and ER stress engage a combined cell death 
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program with simultaneous induction of caspase-dependent apoptosis and autophagy. In 

conclusion, the styrylquinazoline and quinazolinone derivatives represent a class of 

polypharmacological therapeutics. By fusing mitotic arrest, metabolic/kinase starvation, and 

fatal redox destabilization into a single molecular point, they lead to the destruction of 

glioblastoma cells. 

8.2 Identification of lead candidates  

The principal outcome of this work is the identification, from a broader library of 

synthesized compounds, of three lead candidates that satisfy a set of preclinical criteria 

extending beyond simple in vitro cytotoxicity, a favorable TI, the presence of physicochemical 

properties necessary for CNS penetration, and a multifaceted mechanism of action capable of 

overcoming the tumor's intrinsic genomic heterogeneity and metabolic plasticity. On this basis,  

three leads were selected: IS20 (Paper 1), TS5 (from the TS series: Paper 2), and W1B (from 

the W series: Paper 3). 

IS20 was identified as the lead candidate for redox-directed therapy. It acts as a potent 

intracellular iron chelator, producing a sustained oxidative and ER stress that exceeds the 

compensatory capacity of the cellular antioxidant system. IS20 induces upregulation of the 

Ndrg1 gene, which, in turn, degrades compensatory RTK signaling networks. Predictive AMDE 

modeling on IS20 revealed a highly favorable permeability that mirrors or exceeds the predicted 

BBB penetrability of several FDA-approved, CNS-active drugs, such as afatinib and erlotinib. 

Furthermore, prolonged in vivo toxicological assessments in zebrafish embryos confirmed that 

IS20 does not induce severe cardiotoxicity or lethal developmental malformations at therapeutic 

doses. Linking iron chelation, Ndrg1 activation, and dual autophagic-apoptotic cell death 

together in IS20 represents a pharmacological tool for eradicating chemotherapy-resistant 

glioblastoma with a TP53 mutation. 

TS5, the 6-chloro-substituted sulfonated styrylquinazoline, was identified as the lead 

antimitotic and multi-kinase agent. Within the TS series, the 7-chloro analogs (TS1 and TS3) 

showed selective sub-micromolar activity against leukemic (K562) cells but were considerably 

less active against the GBM panel. TS5 (6-Cl) extended this potency to a broad GBM panel, 

with sub-micromolar efficacy against both wild-type and p53-mutated GBM cells. The TI of 

TS5 against NHA compares favorably with the reference FDA-approved TKIs. In vivo 

validation in the Danio rerio xenograft model showed a reduction in glioblastoma tumor with 

a safety profile that vastly outperformed the third-generation clinical reference drug, 

osimertinib. ADME profiling indicated that TS5's high lipophilicity may limit BBB penetration 
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in its current form. TS4 demonstrated that the integration of a 3-cyanobenzenesulfonate group 

significantly improves theoretical BBB permeability. Therefore, TS5 serves as the definitive 

structural template for the next generation of brain-penetrant antimitotic kinase inhibitors. 

W1B, the styrylquinazolinone with a 7-chloro substituent on the quinazolinone ring, was 

identified as the lead candidate for combination therapy targeting metabolic-compensation 

pathways. Glioblastoma cells rely on the Warburg effect, heavily utilizing the insulin and 

IGF1R signaling axes to maintain PI3K/Akt activation. Enzymatic profiling confirmed W1B as 

a selective inhibitor of the IGF1R/InsR axis, indicating the ability to reduce expression of 

IGF1R, EGFR, and downstream activation by Akt in normal GBM conditions. Under high-

glucose conditions, EGFR remained largely unaffected, and Akt/mTOR was paradoxically 

upregulated, indicating a glucose-driven compensatory escape. Co-administration of W1B with 

the EGFR/ErbB inhibitor dacomitinib restored EGFR suppression and produced a synergistic 

cytotoxic effect. Therefore, W1B represents a rationally selected partner for combination 

strategies addressing metabolic-compensation resistance in GBM.  

Together, these three lead candidates validate the therapeutic versatility of the 

styrylquinazoline and quinazolinone scaffolds. They demonstrate that it is entirely possible to 

develop highly selective, multi-targeted agents that simultaneously target the main areas of 

GBM resistance—mitotic, redox, and metabolic. 

8.3 Clinical relevance and future directions 

The findings presented in this dissertation contribute a polypharmacological framework 

based on the styrylquinazoline and quinazolinone scaffolds, and identify three lead candidates 

(TS5, IS20, and W1B) for further development against GBM. The clinically relevant attribute 

of these leads is their capacity to engage several axes of tumor resilience in parallel while, in 

the most sensitive models, maintaining a favorable selectivity over normal cells. SOC alkylating 

agents frequently fail due to indiscriminate dose-limiting toxicities and an inability to 

selectively target the tumor over healthy neural parenchyma. In contrast, sulfonated derivatives 

demonstrate exceptional in vitro selectivity, sparing normal human astrocytes and fibroblasts. 

This high selectivity was successfully translated to in vivo systems, where the lead compounds 

exhibited a wide safety profile and minimal cardiotoxicity in Danio rerio embryo models at 

sublethal doses, inducing tumor regression in xenografts.  

Despite these highly promising preclinical outcomes, the successful clinical translation of 

these compounds requires decisive future directions, particularly concerning pharmacokinetics, 
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BBB penetration, and advanced in vivo validation. While predictive ADME profiling indicates 

that these styrylquinazolines may possess sufficient lipophilicity and structural features to cross 

the BBB, in parallel with structural modifications, future efforts must place greater emphasis 

on advanced nanomedicine formulations. The encapsulation of these lipophilic 

styrylquinazolines into lipid-based nanocarriers, such as liposomes or extracellular vesicle-

derived structural droplet drugs, presents a sophisticated strategy to bypass the BBB.  

Biological validation must transition to rodent and mammalian preclinical models. While 

the zebrafish xenograft model provided an excellent, high-throughput platform for initial in vivo 

toxicity and efficacy screening, the next logical step is to evaluate these compounds in patient-

derived xenograft (PDX) models in mice. Using PDX models accurately preserves 

heterogeneity, specific genetic lesions, and the complex, immunosuppressive tumor 

microenvironment inherent to human glioblastoma. These mammalian studies will be crucial 

for confirming target engagement in situ, quantifying actual drug concentrations, assessing 

hepatotoxicity, and assessing long-term systemic toxicities. Similarly, the synergistic 

combination of IGF1R/InsR metabolic inhibitors with established EGFR inhibitors (such as 

dacomitinib or osimertinib) should be evaluated in in vivo models of glucose-driven metabolic 

stress to confirm the elimination of collateral resistance pathways. By pursuing these 

comprehensive future directions, the multifaceted targeted therapies developed in this 

dissertation can be systematically advanced from promising molecular entities into viable, 

transformative clinical candidates for the treatment of glioblastoma. 
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