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3. Streszczenie

Glejak jest najbardziej agresywnym i najczgstszym pierwotnym zto§liwym nowotworem
moézgu u dorostych. Charakteryzuje si¢ szybka proliferacja, heterogennoscia molekularng
1 opornoscia na leczenie. Pomimo obecnego wielopoziomowego standardu leczenia,
pigcioletnia przezywalnos$¢ wcigz wynosi ponizej 10%. Niepowodzenie konwencjonalnego
protokotu leczenia wynika z nadmiernej sygnalizacji sieci kinaz tyrozynowych, takich jak
EGFR i IGF1R/InsR, a takze ze zmian genetycznych, takich jak utrata PTEN i mutacje w genie
TP53. Dodatkowymi czynnikami ograniczajagcymi skutecznos$¢ terapii sg obecnos$¢ bariery

krew—mozg oraz adaptacje metaboliczne komoérek nowotworowych.

Niniejsza rozprawa doktorska ocenita potencjal przeciwnowotworowy nowych
pochodnych styrylochinazoliny 1 styrylochinazolonu oraz wyjasnita ich wieloptaszczyznowy
mechanizm dziatania na modelu 2D komorek ludzkiego glejaka. Zbadano trzy grupy zwigzkow:
pochodng IS20 zawierajaca grupe benzodioksolowsa, sulfonowane styrylochinazoliny (TS1-
TS6) 1 styrylochinazolinony (WIA, WIB, WIC, W2B). Wyniki wskazuja na
trdjptaszczyznowy mechanizm dziatania badanych pochodnych. Po pierwsze, pochodna IS20
wykorzystuje podatnos¢ komoérek glejaka na stres oksydacyjny, dzialajac jako
wewnatrzkomorkowy chelator zelaza, ktéry indukuje generowanie reaktywnych form tlenu,
zatrzymuje cykl komorkowy 1 ostatecznie wywotuje §mier¢ komorek. Po drugie, sulfonowane
pochodne z serii TS zaburzaja dynamike¢ polimeryzacji i depolimeryzacji mikrotubul,
prowadzac do zatrzymania cyklu komorkowego w fazie G2/M, oraz ostabiajac sygnalizacj¢ osi
EGFR/mTOR. Po trzecie, najbardziej aktywna pochodna z grupy styrylochinazolonéw - W1B
hamuje aktywno$¢ IGF1R oraz EGFR, obnizajac fosforylacje Akt na szlaku PI3K/Akt/mTOR.
W warunkach podwyzszonego st¢zenia glukozy W1B zachowuje aktywno$¢ hamujaca tylko
wobec IGFI1R, jednak skojarzenie z inhibitorem EGFR — dakomitynibem przywraca
hamowanie EGFR przy zachowaniu inhibicji IGFIR 1 prowadzi do zwigkszonego efektu

terapeutycznego.

Zidentyfikowano trzy gldwne zwiazki wiodace: IS20 do terapii ukierunkowanej na stres
oksydacyjny; TS5 jako antymitotyczny inhibitor sygnalizacji EGFR/mTOR; oraz WIB do
terapii skojarzonej ukierunkowanej na szlaki kompensacji metabolicznej. Otrzymane wyniki
wskazuja, ze styrylochinazoliny i styrylochinazolinony stanowig obiecujace zwigzki wiodace
do dalszych badan przedklinicznych, wykazujace przewage nad podejsciami terapeutycznymi

ukierunkowanymi na pojedynczy cel molekularny w leczeniu glejaka.



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 IGFIR/InsR, as well as from genetic
alterations, including PTEN loss and 7P53 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, WI1B, WIC, W2B). The results indicate a three-pronged
mechanism of action for the studied derivatives. First, the [S20 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 [V 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.
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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
CDKNZ2A/B is now recognized as a key molecular grading criterion. 7P53 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/m?
[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/m? [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].
The Stupp protocol

Radiotherapy

R _

6 cycles of 150-200 mg/m? for 5 days
Chemotherapy during 28-day cycle

Temozolomide 75 mg/m? of body-surface
are per day, 7 days per week

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/IGFIR 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 mTORCI. 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, mTORC?2 signaling contributes to
alkylating agent resistance because the mTORC2/SGK1 axis induces N-Myc downstream-
regulated gene 1 (NDRGI), 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-B), 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-f§ 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
(EGFRUVIII) 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-B), and oncogenic
(RAF, RET, KIT) kinases, has shown encouraging efficacy. In the phase Il 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/ABCG?2) [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 a- and -

tubulin subunits, as shown in Figure 4.
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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 B-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].
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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-1a 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)/Keapl signaling axis [95]. Upon escaping Keapl-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 (Fe*") 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 (Ndrgl), an iron-
regulated metastasis suppressor [99]. Upon activation, Ndrgl 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, NDRGI1 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/IGFIR/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 Musiot, at the Institute of Chemistry, University of Silesia. The styrylquinazoline
derivative coded 1S20, 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 WI1A, WI1B, WI1C, and W2B, were designed and
synthesized by Dr. Wioleta Cieslik. The structures of the tested compounds are shown in Fig.
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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 116P**-") 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 116P**"), 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-TSS; paper
3: WIA, W1B, W1C, W2B) for 72 hours, after which there were incubated for 1 hour with 100
pL of DMEM without phenol red and 20 pL 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 (ICso).

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 uM, U-
251 with 10 uM; paper 2: U-251 TS12.5 & 5 uM, TS2 2.2 & 4.4 uM, TS3 1.8 & 3.6 uM, TS4
1.7 & 3.4 uM, TS5 0.2 & 0.4 uM, K552: TS1 1.45 uM, TS2 1.65 uM, TS3 3.75 uM, TS4 1.3
uM, TS5 10.75 uM). 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 uM & U-251 with 15 uM; 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 uM
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(K562) and 10 uM (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 [S20 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 pM 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 Fe**.To evaluate the ability of IS20 to chelate metal ions, UV-Vis absorption titrations were
performed with FeCl3*6H>0 and CuSO4+5H>0. 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 I 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 1hour 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 Imagel 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 ° C for 30 s, followed by 40 cycles of denaturation at 95
°C for 15 s, annealing at 60 °C for 30 s, and extension at 72 °C 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 Ndrgl, GADD45, CCNE2, LC3, and calreticulin) was normalized against the
GAPDH reference gene using the 2*-AACT method. The gene targets are presented in Table 3.

Targeted proteins in individual papers.

Paper 1 Paper 2 Paper 3
cyclin E1 p27%iP! EGFR
cde2 p21 Wafl/Cipl IGF-I Receptor B
p2 1 WarlCint P53 Akt
PARP-1 Cyclin A2 p-Akt (Serd473)
AIF Cyclin B1 p70 S6 Kinase
p-S6 Ribosomal Protein
caspase-9 cdc2 (Ser2401244)
cathepsin B Aurora A RAS
BID EGFR vinculin
p53 p-EGFR (Tyr1068) GAPDH
HO-1 p-Akt (Serd73) cyclophilin 3
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HIF-1a PTEN cofillin
EGFR p-STATS (Tyr694)
p-EGFR (Tyr1068) PARP-1
mTOR caspase-9
p-mTOR (Ser2448) BID
p-Akt (Serd73) GADPH
p-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) P-actin
GAPDH RAS
B-actin vinculin
vinculin mTOR
p-mTOR (Ser2448)

Table 2. Protein targets showcased in studies.

Targeted genes in individual papers.

Paper 1 Paper 2
MnSOD CCNE?2
CAT GADDA45
HO-1 IDH-1
Ndrgl TUBB3
Calreticulin Calreticulin
IDH-1 LC3
GADD45
LC3
po62

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—Sidak
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 7P53 gene—U-251, LN-18, LN-229, and T98G, all TP53-mutant—
were sensitive to IS20, with half-maximal inhibitory concentrations: ICso of 5.45 uM (U-251),
5.99 uM (LN-18), 7.22 uM (LN-229), and 8.15 puM (T98G). IS20 was also cytotoxic toward
the p53-null leukemia line K562, with an ICsp of 6.01 uM. 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(3 H)-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 1Cso values of 5.43 uM (U-251), 5.88 uM
(U8TMG), 21.01 uM (T98G), 11.06 uM (LN-18), and 3.57 uM (LN-229). Notably, its activity
was not restricted to 7P53-mutant lines, comparable potency being observed in the 7P53-wild-
type line US7MG. By contrast, WI1A, W1C, and W2B were inactive against all tested GBM
lines (ICso> 15-25 uM). 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
ICs0 0f 0.17 uM against the U§7MG and 0.21 pM against the U-251 cells, and retained potency
against the non-adherent line K562 (ICso of 0.26 uM). 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 (ICso values ranging from 0.29 uM to 0.75 uM) but considerably weaker against US7MG
(ICso values of 3.53 uM for TS2, 6.88 uM for TS3, and a total lack of activity for TS1 at
concentrations up to 25 uM). The 7-chloro derivative bearing a 3-cyanobenzenesulfonate group
(TS4) was inactive against K562 (>25 uM), but moderately active against both U§7MG (1.78
pM) and U-251 (1.76 uM) 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 uM,
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 US7MG 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-LCso dose. Similarly, cardiotoxicity
assessment of the TS series in zebrafish yielded LCso values of 2.9 uM (TS1), 3.5 uM (TS3),
and 3.6 uM (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 LCso. For W1B (Paper 3), zebrafish embryo toxicity testing yielded an LCso of 25.29
uM, indicating a more favorable safety profile than the EGFR/ErbB inhibitors osimertinib
(LCso = 10.73 uM) and dacomitinib (LCsp = 10.03 uM). In the LN229 zebrafish xenograft
model, W1B reduced tumor size to 76.09% in the untreated control at 10 uM, and its
combination with dacomitinib at 7.5 uM 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, a- and B-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 TSS 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
[S20. 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 CCNE?2 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 TSS5. Another
protein investigated in U-251 cells was p21, which was upregulated 14-fold by I1S20 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 IGFIR)
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 IGFIR 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 IGFIR 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
EGEFR 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 1S20-Fe** 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-Fe** complex with no detectable
intermediates. This causes [S20 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 H,O» 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 1S20
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-la and increased expression of the metastasis suppressor Ndrgl.
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 1% 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 2™ 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 IGFIR, 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 3™ 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: 1S20 (Paper 1), TSS (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
Ndrgl 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, Ndrgl activation, and dual autophagic-apoptotic cell death
together in IS20 represents a pharmacological tool for eradicating chemotherapy-resistant

glioblastoma with a 7P53 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 TKlIs. 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.

WI1B, 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
IGFIR 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, 1S20, 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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Unveiling the role of Ndrg1 gene
on the oxidative stress induction
behind the anticancer potential of
styrylquinazoline derivatives

Katarzyna Malarz2**, Michat Kuczak?, Patryk Rurka?, Patrycja Rawicka?,
Anna Boguszewska-Czubara®, Josef Jampilek®, Jacek Mularski*, Robert Musiol® &
Anna Mrozek-Wilczkiewicz'?

This work presents a multifaceted mechanism of the anticancer action of a 2-styrylquinazoline
derivative. Extensive analysis of various aspects related to tyrosine kinase inhibition and effects on
cellular targets at both the gene and protein levels revealed the potential of this 1520 compound for
future research. This study presents a detailed analysis of the relationship between ABL and SRC kinase
affecting the inhibition of the EGFR/mTOR signaling pathway in a non-obvious manner. The study
was supported by experiments using various molecular biology techniques to confirm the induction of
oxidative stress, inhibition of the cell cycle in the G2/M phase and the triggering of cell death via both
the apoptosis and autophagy pathways. The cell models included those with different p53 protein
status, which affected the cellular response in the form of altered Ndrg2 expression. Finally, the
appropriate physicochemical properties of 1520 for adequate bioavailability and toxicity to the body
were observed in an in vivo model.

Keywords Anticancer drug, Styrylquinazoline, Oxidative stress, Iron chelator, Ndrgl, p33 protein,
Autophagy, Apoptosis

The quinazoline scaffold is a versatile and unique motif, which has proved beneficial in drug design and discovery.
Compounds containing quinazoline rings have a wide range of biological activities, including therapeutic
effects such as antitumor' ™, antibacterial®, anti-inflammatory®, antiviral®, and antifungal®’. Importantly,
this privileged structure is commonly present in many FDA-approved EGFR inhibitors, particularly gefitinib,
erlotinib, lapatinib, and afatinib'’. In recent years, quinazoline compounds containing a styryl moiety have
become increasingly popular in medicinal chemistry. It has been possible to identify compounds with interesting
antitumor activity, which, despite some common features, are characterized by a diverse molecular mechanism
of action (see Fig. 1), some of which show clinical relevance. The first example of a promising compound in the
preclinical studies is CP-31398. This small molecule is known to be a p53 reactivator and is characterized by both
stabilization of the active conformation of wild-type p53 protein and the ability to activate it in some types of
cancers harboring a mutation of this protein''. Studies on CP-31398 have revealed a more complex mechanism
of apoptosis induction in both a p53-dependent and -independent manner via Bax induction’?, Our team
recently identified an interesting enzymatic inhibition profile for CP-31398 against several proteins belonging to
the non-receptor tyrosine kinase family!®. Another structurally very similar compound is KIN-281, described as
a MELK, BMX and STAT3 inhibitor'!. Conversely, its analog KIN-236 can interact with and effectively diminish
the activity of a wide range of tumor-related kinase proteins, including the Ca®'/calmodulin-dependent protein
kinase (CAMK) family, ERBB4 and Lyn B'". Diversification and design of novel compounds based on the CP-
31398 core led to the discovery and synthesis of a 2-styryl-4-aminoquinazoline (10ah). Its anticancer activity
against several cancer cell lines was greater than that of the output p33 reactivator and was shown to be most
potent against gastric cancer cells (IC, value below 2 pM). Similarly, the molecular mechanism of its anticancer
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Fig. 1. Diversity of 2-styrylquinazoline-core compounds and their biological signature in cancer cells.
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Fig. 2. The chemical structure of 1S20 (6b) styrylquinazoline, along with its anticancer activity on a panel of
cancer cell lines with different TP53 gene status and kinase inhibition profiles. *Values for anticancer activity
of 1820 against HCT 116 cells, as well as kinase inhibition activity by [$20, CP-31398, and imatinib, were taken
from our previous work'®.

activity was different and focused on DNA intercalation and upregulation of p53 and p21 to cause G2/M cell
cycle arrest, as well as regulation of pro- and anti-apoptotic molecules that led to caspase-dependent apoptosis'®.
Some structural modifications involving the attachment of a thiophene ring can be found in compound 9b,
which was an effective and selective COX-1 inhibitor, with possible indications of activity in skin, breast,
colorectal and ovarian cancers where COX-1 is overexpressed'”. Recently, we designed and investigated a
series of styrylquinazolines with a thioaryl moiety in the C4 position. Interestingly, we revealed two different
binding modes for the 151 and IS8 derivatives, indicating interaction with the DFG-flip and DFG-flip/DFG-in
conformational states of ABL kinase'®. Tn turn, the sulfonic styrvlquinazoline (BS1) characterized by our team
proved to be a potent antimitotic agent that enhanced tubulin polymerization much more than the currently
utilized paclitaxel’”. Notably, our earlier work described the anticancer activity of a series of styrylquinazalines
based on a similar structural scaffold to CP-31398. Among them, we indicated molecule 6b (described in this
work as 1820, structure in Fig. 2), with a benzodioxol group, could be a promising compound with more than
90% inhibitory potency against non-receptor tyrosine kinases, including ABL, and kinases of the SRC family'?.
It is also worth pointing out that its antiproliferative activity against several types of cancer, was significantly
greater than CP-31398.
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Despite the great interest in quinazoline derivatives, there are many gaps in fully understanding the action of
these compounds on cell biochemistry and interactions with various molecular targets. In addition, the indicated
examples show that despite the similar structural pattern, the molecular mechanism of action of the compounds
at the cellular level is quite different. Considering this, we decided to explore this area of cellular biochemistry
in-depth, focusing on the effect of 1520 derivatives on cellular metabolism, redox disruption, EGFR/mTOR
signaling and cell cycle progression in glioblastoma and leukemia cells with altered p53 status. We also examined
the mechanism of cell death through both autophagy and apoptosis. Notably, a comprehensive analysis of 1520
action, due to its superior ability to inhibit several tyrosine kinases, may reveal interesting interactions with
other molecular targets. Indeed, this could be particularly important in outlining new therapeutic opportunities
in designing compounds containing the styrylquinazoline scaffold.

The tumor suppressor protein p53 is a crucial molecule that regulates cell cycle progression, DNA repair,
apoptosis, autophagy, and senescence. Under physiological conditions, p53 is typically maintained at low levels,
but with increased cellular stress, its levels can upregulate, and it becomes activated, which modulates various
cellular events*®. The hehavior of p53 may differ under low and high oxidative stress. For example, in response
to low levels of oxidative stress, p33 may have an antioxidant function, unlike the occurrence of high oxidative
stress, in which p53 exhibits pro-oxidative activities and suppresses antioxidant genes to enhance the level of
oxidative status, leading to apoptosis**. The frequency of TP53 gene mutations and p33 protein aberrations is
very high in many types of tumors, at approximately 50% of cases. In glioblastoma (GBM), deregulation of p33
signaling occurs in up to 84% of patients. Together with the heterogeneity within the tumor. the multiplicity of
genetic abnormalities among the most important signaling pathways (such as EGER, PI3K, Ras, IDH-1), and the
recurrence due to the presence of stem cells makes GBM the most aggressive brain tumor with poor prognosis,
and thus difficult to treat™*.

One of the more important downstream targets of p53 is the ABL protein, encoded by the proto-oncogene
of the same name, which is involved in cell proliferation, differentiation, and migration. Of note, the BCR-ABLI
fusion transcript is a characteristic lesion of leukemia, but its active form has also been found in some cases
of GBM>?, Surprisingly, in recent years, more similarities have been found in leukemic cells among sets of
mutations involving signaling pathways and gene expression abnormalities detected in GBM*. While p53 has
been shown to directly regulate the activity of ABL in response to DNA damage, ABL also interacts with p33,
enhancing its transcription and increasing the expression of p21, which can decide cell fate in two ways*®. Thus,
the interplay between p53 and ABL is particularly important for regulating processes leading to cell cycle arrest,
suppression of tumor growth and in triggering apoptosis.

Results and discussion
Activity landscape of 1S20 against cell lines with different TP53 status
Understanding the molecular mechanism of action of the 2-styrylquinazoline derivative 1S20 began by
evaluating its antiproliferative profile on five GBM cell lines, including U-251, T98G, LN-18, LN-229, and U87-
MG, and a leukemia cell line K562. It is worth noting that both leukemia and GBM cell lines, except U7-MG,
were characterized by altered TP53 expression levels and heterogeneity of p53 mutants. The GBM cells (U-251,
T98G, LN-18 and LN-229) carry a point missense mutation resulting in a one amino acid substitution in the
codon, which may cause the p53 protein to acquire 2 gain-of-function feature. Each of these GBM cell lines
produces a different version of the final protein due to different amino acid exchange sites in the codons™ (Table
S1). Conversely, in K562 cells, the p53 protein is inactivated by the loss of one allele and an insertion mutation
in exon 5 of the second allele, resulting in the production of a truncated protein of 148 amino acids in length ™,
The loss of wild-type p53 activity is often attributed to the development of chemoresistance. Morcover, altered
expression and mutations of this protein result in the acquisition of oncogenic functions, which has a key impact
on the regulation of proliferation, growth, survival, transduction and redox signaling in cancer cells®".

In general, IS20 exhibited adequate antiproliferative activity levels against cells with p53 mutation. As shown
in Fig. 2, the most susceptible cell line to the compound was U-251, for which the calculated 1C, value was 5.45
HM. Also, in the case of IN-18 and K562 cells, the biological activity of 520 was equally high (IC, was around
6 pM). For the remaining GBM cells with a mutation in p53, the IC_ value was 7.22 and 8.15 M, Interestingly,
the most resistant cell line was found to be U87-MG, in which the antiproliferative activity of [S20 was reduced
more than 2-fold ( 1C,, 12.99 uM). We have juxtaposed our results with previous data from colon cancer cell
lines: HCT 116 p53 wim-rypc and HCT 116 with p53~~"* and found that 1520 was not effective, regardless of the
cellular p53 protein status. Such a difference could be due not only to the expression of the TP53 gene and p33
protein in these lines but also to interactions with other targets and metabolic reprogramming, In addition, the
diverse expression landscape present in cells may significantly impact the activity of multi-targeted inhibitors™.
In this regard, we decided to unravel the mechanism of action of 1520 on two different cell lines, K562 and
U-251, with altered p33 status. We further wanted to examine the regulation of metabolism, cell cycle and redox
signaling in p53 mutant cells in which the similarity between ABL and IDH-1 enzymes was discovered*.

Destabilization of the cellular redox balance

Maintaining redox homeostasis is an essential process for normal growth, proliferation, survival and regulation
of cell signaling pathways. However, if equilibrium is being disrupted, the elevated reactive oxygen species (ROS)
drives cellular metabolism, promoting uncontrolled cell growth, tumor progression and metastasis. Hence,
cancer cells adapt to increased levels of intrinsic ROS and exhibit an altered capacity of the ROS-scavenging
system’*. Therefore, an approach targeting the disruption of redox homeostasis may be an effective strategy for
eradicating cancer cells™”, Thus, ROS is perceived as a double-edged sword or Trojan horse™. It has been shown
to facilitate cancer cells’ vulnerability to damage and the effects of oxidative stress due to the excessive increase in
ROS concentrations induced by anticancer drugs, and metal chelators™~*, It should be noted that excessive ROS
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can completely deplete the capacity of antioxidant systems, leading to oxidative damage to lipids, proteins, and
DNA, and ultimately triggering cell death through apoptosis™. In a therapeutic context, modulation of redox
equilibrium and the associated cellular signaling is an effective and selective approach due to the significant
differences in ROS levels between cancer and normal cells™,

Changes in the level of ROS in leukemia and GBM cells were monitored using a fluorescence CellROX
dye assay. Experiments were conducted over 3 to 24 h following treatment with 1520. Our analysis revealed
a significant increase in ROS levels in both cell lines (Fig. 3A-navy blue bars), and in particular, a clear trend
of growing ROS levels was observed in K562 cells. Elevated ROS levels were observed as early as 2 h following
compound administration, after which they continued to increase at subsequent time points, reaching their
highest level after 12 h (an increase of more than 135%). Smaller changes were observed in U-251 cells, with
the highest level of ROS detected 24 h after exposure to 1820 (over 110%). The observed differences may be due
to cellular vulnerability and the ability of the antioxidant system to eliminate ROS. As mentioned above, even
small changes in the ROS levels and prolonging this condition can be sufficient to disrupt redox homeostasis,
which leads to the induction of oxidative stress. It is noteworthy that the potential of 1520 to generate ROS after
24 h was drastically suppressed after incubation with the antioxidant ascorbic acid (Fig. S1A). Similarly, higher
viability of K562 and U-251 cells was observed after incubation with 1820 in combination with ascorbic acid (Fig.
S1B). In the literature, it has been shown that CP-31398 can also induce ROS production in cancer cells, which
can trigger cell death by apoptosis*™*'. However, how this p53 reactivator can directly increase ROS levels while
also affecting the cellular antioxidant defense system has not been clarified. Moreover, the quinazoline core can
exhibita high affinity for metal ions, which are also present in coordination compounds with transition metals,
such as copper®®#,

With this in mind, we explored whether 2-styrylquinazoline derivative is capable of chelating ions and
forming active redox complexes, as this could explain the disruption of redox homeostasis. Thus, we performed
spectroscopic titration of the 1520 solution with iron (IIT) and copper (11) (Fig. 52). In general, adding both
metal ions caused a decrease in absorption intensity at 345 nm. After titration with Fe™, two marked isosbestic
points were located at 320 and 370 nm, while for Cu”", only one was observed at 320 nm. These isosbestic points
indicate the existence of equilibrium in this region and the occurrence of at least two molecular forms of the
compound (free and ion-bound). The isosbestic point located at shorter wavelengths is likely responsible for the
electron transitions in the molecule from the ground state to the excited state in the presence of metal ions. In
turn, an isosbestic point shifted toward longer wavelengths is associated with the charge transfer mechanism
between the ligand and the metal ion*!. Thus, two well-identified isosbestic points may confirm the presence
of a stable complex between the [S20 ligand and the Fe'* ion in the solution. In contrast, only one isosbestic
point was observed when titrated with Cu’* ions, which may suggest a weak affinity for these jons and a lower
chelating ability by [S20.

Next, the response of the antioxidative defense system to the elevation of ROS levels in both cell lines was
evaluated. For this purpose, we performed a series of GSH concentration measurements in a similar kinetic
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Fig. 3. The time-dependent impact of the tested 1520 derivative on ROS (navy blue bars) and GSH (green
bars) levels in the K562 and U-251 cells (A). The mRNA expression of MnSOD, and CAT genes in the K562
and U-251 cells after incubation with 1820 in kinetic experiments (B). The data were normalized to the
control-untreated cells and analyzed using the unpaired t-test: *p <0.05, **p<0.01, ***p<0.001, ****p<0.0001
compared to the control. The results are presented as the mean £ SD of several independent experiments
(11=5). The red dashed lines indicate the standardized levels of ROS and GSH in the control, which is taken to
be 100%.
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manner. We detected many fluctuations in GSH concentration in K562 and U-251 cells (Fig. 3A-green bars),
which may indicate that the cellular defense program was activated upon ROS production by 1520. The largest
depletion of GSH levels (about 20%) was observed after 2 12 h incubation in leukemia cells. It seems that a
decrease in antioxidant potential may correlate with the highest ROS concentration. Surprisingly, the GSH levels
increased over the following 12 h. Smaller fluctuations were noticed in U-251 cells, in which GSH levels finally
decreased after a 24 h incubation with [S20. The reduction of GSH levels can trigger carly apoptotic events such
as mitochondrial damage followed by cytochrome ¢ release, and a cascade of caspase activation®, However,
it should be noted, that the GSH system, together with thioredoxin, is not a large detoxification system, but a
second-line defense against ROS™. Therefore, insight into other antioxidant effectors involved in free-radical
leveling is crucial. Antioxidant disruption and loss of potential to nullify ROS may encompass a multifaceted
mechanism that involves the regulation of a set of different factors and signaling pathways. Such regulation may
result from differential susceptibility to ROS-based therapy.

For this reason, our attention focused on the impact of 1520 on the regulation of superoxide dismutase
(MnSOD) and catalase (CAT) gene expression as elements of the first line of cellular defense, which are
responsible for scavenging radicals, such as superoxide (O,") or hydrogen peroxide (H,0,). Gene expression
analysis indicated fluctuations in MrSOD and CAT levels in both cell lines (Fig. 3B). We noticed a significant
upregulation of MrSOD and CAT expression after 9 h and 12 h of treatment with 1520 in K562 cells, respectively.
In GBM cells, MnSOD levels increased after 6 h and 24 h of treatment, in contrast to the expression of CAT,
which decreased after 9 h of incubation with 1S20. The sustained reduction in CAT' expression appears to be a
response to the prolonged oxidative state, that weakens and depletes resources for nullifying radicals. Moreover,
the differences in MnSOD responses appear to correspond to a steady increase in ROS levels in both tested cell
lines.

Modulation of oxidative stress-related and iron-regulated proteins

To comprehensively assess the induction of oxidative stress by 1520, we examined changes in heme oxygenase- 1
(HO-1) at the gene and protein levels. This molecule has a pro- and antioxidant role in cells depending on
the status of redox homeostasis and the fate of iron distribution'”. HO-1 is responsible for heme degradation
to biliverdin, releasing carbon monoxide and ferrous iron (Fe™*). Biliverdin and its transformation product,
bilirubin, can act as powerful antioxidants. However, increased HO-1 expression may lead to an enrichment
of iron avadabdxl) in the mitochondrial pool**®, thereby increasing iron accumulation and inducing cell
damage™. We found an almost 1.5-fold increase in HO-1 gene expression was registered in K562 cells after a
9h mcubatlon with IS20 (Fig. 4A). Conversely, remarkable changes were found in U-251, where HO-I gene
expression increased at least more than 5-fold during the entire incubation (Fig. 4B). Of note, a strong, more
than 25-fold, increase in FO-1 levels was recorded in a 9 h incubation with 1S20. At the protein level, we also
confirmed significant upregulation of HO-1 expression in U-251 cells (Fig. 4C). It should be noted that another
protein associated with the destabilization of redox balance, and an increase of oxygen levels in the cellular
environment is HIF-1a. Therefore, it is not surprising that 1520 caused a 5-fold increase in HIF-1a protein levels
in the GBM cells. Unfortunately, both mentioned proteins were undetectable in leukemia cells using the Western
Blot technique.

Another crucial molecule in the cellular stress response is the iron-regulated metastasis suppressor N-myc
downstream-regulated gene | (Ndrgl). This molecule negatively regulates cancer cell growth, differentiation,
invasion and migration™'. It is also a powerful target for anticancer therapy due to its role in many significant
cellular processes, and its reduced expression is found in several types of cancer, such as brain, breast, and
pancreatic’!?, For example, Sun et al. revealed that decreased Ndrgl gene expression in gliomas could contribute
to catcinogenesis, cancer progression and survival®, Most importantly, several studies by Richardson's group
have shown that Ndrgl expression can be regulated by factors that induce hypoxia, DNA damage and changes
in intracellular iron™, Indeed, the iron chelators from the thiosemicarbazone group (i.e., Dp44mT), as well
as deferoxamine (DFQ), can induce strong upregulation of Ndrgl expression at the gene and protein levels
by decreasing iron levels in cells**°. Moreover, Ndrg! expression can be augmented by HIF-la-dependent
and —independent mechanisms™. The qRT-PCR analysis showed that Ndrgl gene expression was strongly
increased following treatment with 1520 in both cell lines (Fig. 4 A, B), with a more than 3.7-fold upregulation
of Ndrgl in the U-251 cell line. Notably, the effect was slightly stronger in K562 cells, Moreover, this regulatory
mechanism appears to depend on HIF-1a, which was elevated in GBM cells. Interestingly, both molecules may
also promote endoplasmic reticulum stress (ER stress), which can exist and crosstalk with oxidative stress®”*,
Elevated ROS levels can deregulate redox homeostasis at several sites in cells, such as the mitochondria,
cytosol and ER. The ER is responsible for protein synthesis, folding, post-translational modifications, as well as
maintaining calcium homeostasis. However, it is sensitive to any changes in the cellular environment. Thus, if
the antioxidant defense is ineffective, several cellular events occur that have multilevel effects on the regulation
of signaling pathways, including Ca®* influx, energy demand, hypoxia, ER stress, or autophagy™”. These findings
prompted us to investigate the impact of 1520 on the calreficulin expression, a gatekeeper of the Ca®* pool
in the ER. Indeed, we detected a greater than 2.5-fold increase in the expression of this gene in GBM cells
(Fig. 4B). This is consistent with previous data, in which Waser et al. suggested that depletion of intracellular
Ca?" stores in the ER induces calreticulin gene activation in both in vitro and in vivo models™. Moreover, recent
reports have shown that overexpression of calreticulin can enhance autophagosome formation and autophagy-
related cell death under ER stress®™. The mechanism of this activation focused on interactions with LC3 protein
through the LC3-interacting region (LIR) motif conserved in the calreticulin protein®’, Metal chelator studies
demonstrated enhanced Ndrgl, calreticulin and LC3-11 expression®, Yet, surprisingly, detailed analysis showed
that cndoﬁgenuu.s overexpression of Ndrgl in cells may act as a suppressor of autophagy and an enhancer of
apoptosis”’. Interestingly, no significant changes in calreticulin expression were observed in leukemia cells. These
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Fig. 4. 'The impact of 1520 on the expression of selected genes and proteins associated with oxidative stress
and iron regulation in the K562 (A) and U-251 cells (B,C). The HO-I expression was determined in Kinetic
experiments, while Ndrgl, calreticulin, and IDH-1 gene expression after 24-hour incubation. The levels of HO-1
and HIF-la proteins were determined after 24-h treatment with [S20 in U-251 cells. The results of gene and
protein expression are presented as the mean + SD of several independent experiments (n=5). Immunoblots
shown are representative of five independent experiments. The displayed blots were cropped, and the full-
length blots are shown in Fig. S6. The statistical analysis was performed using a t-test or one-way ANOVA with
Bonferroni’s posthoc test: *p<0.05, 7" p<0.01, ™ p<0.001, ****p <0.0001 compared to the untreated controls.

data reinforce our belief that the two types of p53-mutated cancers have different susceptibility to 1S20-induced
oxidative stress. The indicated changes are also of interest due to the impact of styrylquinazoline on induced cell
death through pathways related to both autophagy and apoptosis.

Furthermore, we evaluated the impact of IS20 on cellular metabolism under stress conditions by determining
IDH-1 expression in both tested cell lines. The IDH-1 protein is involved in the tricarboxylic acid (TCA) cycle,
one of the most essential cellular reactions. During the TCA cycle, reduced nicotinamide adenine dinucleotide
phosphate (NADPH) co-enzyme is produced, which is essential for cellular processes that maintain redox
balance and facilitate the production of lipids and nucleotides™, Notably, a reduction in NADPH availability
has implications for the induction of oxidative stress due to the depletion of the GSH pool and the thioredoxin
system®. Shi et al. have indicated that the overexpression of IDH-1-R132H in glioma cells caused a decrease
in NADPH levels, resulting in an increase in ROS levels and a decrease in GSH levels®'. Our analysis indicated
that 1520 applied at a dose of 10 uM caused a significant, almost 1.5-fold increase in the IDH-1 levels in U-251
cells (Fig. 4B). Notably, gene analysis showed the total mRNA expression, while IDH1 protein is often mutated
in GBM cells at the arginine site at position 132. Importantly, the opposite effect was registered in leukemia
cells, where an almost 1.5-fold downregulation was detected (Fig. 4A). Considering the literature, this change
is favourable and may lead to an increase in total ROS levels and oxidative stress. Interestingly, the different
behaviour of 1520 in these cellular environments may be related to stimulating alternative pathways due to
different basal levels of IDH-1 in both tested cell lines, as well as existing mutant forms of IDHI protein™.
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Inhibition of EGFR/mTOR signaling pathway

As mentioned above, we showed that the 1520 compound can inhibit several non-receptor tyrosine kinases,
such as ABL and SRC. We then checked the possibility of blocking receptor tyrosine Kinases from the ErbB and
insulin-related families. As depicted in Table S2, the styrylquinazoline at | uM concentration demonstrated
moderate potential to inhibit the activity of EGFR and HER2 receptor kinase (approximately 25 to 30% inhibition
of activity), We registered slightly higher values for insulin-like growth factor 1 receptor (IGFIR), whose activity
was blocked by 40% following 1520 administration. Nevertheless, we also examined the possibility of inhibiting
the EGFR signaling pathway with its downstream targets at the cellular level. Our assumptions about the
impact of the tested compound on this signaling pathway were based on the knowledge that Ndrgl can interact
with and suppress many oncogenic signaling pathways by downregulating EGFR expression®. An important
example of this may be the inhibition of SRC kinase activation through upregulation of Ndrgl and interaction
with EGFR, which may translate into downregulation of signaling pathways like p130™* substrate and Abl®.
For this purpose, we determined the expression of EGFR, phosho-EGFR at Tyr1068, phospho-Akt at Ser473,
phospho-ERK1/2 (p44/42) at Thr202 and Tyr204, mTOR and p-mTOR at Ser2448 after exposure to 1520 using
the Western Blot method. We found that 1520 caused a significant reduction in the EGFR activation in GBM cells
(Fig. 5). In addition, some fluctuations in the phosphorylation of EGFR protein in both cell lines were observed.
It appears that 1520 caused a slight decrease in the expression of EGFR phosphorylated at Tyr1068. However, to
clarify, we performed additional experiments to determine the p-EGFR levels using the Lumit Immunoassay,
which gives more linear read-outs for the level of protein phosphorylation, making it more suitable to discover
more minute changes (Fig. 53)*. The data from this assay showed that 1520 caused a significant, greater than
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Fig. 5. The impact of 1520 on the expression of EGFR and its downstream signaling proteins in K562 (A)

and U-251 (B) cells. The results of protein expression are presented as the mean 4+ SD of six independent
experiments (1 =6). Immunoblots shown are representatives from these independent experiments. The
displayed blots were cropped, and the full-length blots are shown in Fig. $6. Statistical significance is presented
above as *p<0.05, "' p<0.01, ***p<0.001, ****p <0.0001 relative to the respective control, statistical analysis
was done using one-way ANOVA with Bonferroni’s posthoc test (for Western Blot) or Dunn-Sidak correction
test (for Lumit Immunoassay).
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1.5-fold decrease in p-EGFR levels in both K562 and U-251 cells. These findings suggest that 1520 may interfere
with EGFR activation and phosphorylation, which may affect the transduction of the signaling cascade in cells.
Moreover, further analysis of Western Blot results confirmed EGFR pathway inhibition through reducing levels
of downstream targets, such as p-Akt and p-ERK1/2. Moreover, 1520 at 12 uM caused a significant, almost
1.5-fold decrease in the expression of Akt phosphorylated at Ser473 in leukemia cells. It should be noted that
this protein is a crucial effector of cell proliferation, metabolism, survival and migration. In addition, literature
revealed that overexpression of Ndrgl can regulate PI3K/Akt signaling and GSK3f8 protein in GBM cells,
resulting in inhibition of cell proliferation and invasion®*®”, Similarly, the ERK1/2 protein, which belongs to
the MAPK protein family, regulates cancer growth and proliferation. By upregulating Ndrgl, iron chelators
may deactivate the MEK/ERK signaling cascade, that is stimulated by EGFR™. Hence, we detected a significant,
greater than 3.6-fold downregulation of p-ERK1/2 after exposure to 1820 in GBM cells. Unfortunately, the level
of this protein in leukemia cells was undetectable.

Finally, we evaluated the expression of mTOR signaling after incubation with 1820. The mTOR protein
regulates metabolism, activates cell survival, and suppresses autophagy. Thus, insights into the altered expression
of this protein may be important given the stimulation of ER stress by 1520 through the calreticulin activation,
which affects autophagosome formation. Generally, expression of mTOR phosphorylated at Ser2448 was
inhibited after exposure to 1520 in hoth cell lines. The increased effect was observed in K562 cells, in which
1820 caused a significant 3.5-fold decrease in the expression, while we detected an almost 1.5-fold reduction in
the expression of p-mTOR levels in GBM cells. These results were also confirmed by Lumit immunoassay, as
depicted in Fig. $3. In summary, these data suggest that 1520 can induce autophagy as a result of oxidative and
ER stress occurring in the cells. To confirm this hypothesis, we further verified the induction of autophagy using
flow cytometry and determined the expression of two autophagy-related genes (LC3 and pé2).

Cell cycle arrest and regulation of cell cycle-related proteins

To more deeply evaluate 520, we determined its effect on the cell cycle progression and the change in expression
of cell cycle-related genes and proteins. The earlier described changes regarding redox disturbance and iron
homeostasis can result in cell cycle inhibition and apoptosis induction. Therefore, we performed a series of
flow cytometry, QRT-PCR, and Western Blot experiments on K562 and U-251 cells (Fig. 6). Analysis of the flow
cytometry data showed that IS20 causes a significant increase in the cell population in the G2/M phase in both
cell lines. Simultaneously, the cell number in the GO/G1 and S phases is reduced. Detailed histograms and a
table with the percentage of cells in each phase of the cell cycle are shown in Fig. 54. These findings indicate cell
cycle arrest in the G2/M phase by 1520. Despite the similar inhibition of the cell cycle induced by 1520 on both
cancer cells, interesting changes were noticed at the molecular level, including a significant 1.8-fold decrease
in the expression of GADD45 after exposure to 1520 at 12 pM in K562 cells (Fig. 6A). The opposite effect was
registered in GBM cells, in which a more than 4.5-fold rise in GADD45 mRNA levels was observed (Fig, 68).
Interestingly, the similar trend was observed in our earlier studies on sulfonic styrylquinazolines'’, GADD45
plays a crucial role in G2/M checkpoints, and its stimulation is often associated with DNA damage and stress
signal responses, causing cell cycle arrest and the induction of apoptosis. Notably, this gene can be regulated
by both p53-dependent and p53-independent pathways. In addition, upregulation of GADD45 can recruit and
activate p38 and JNK kinases, which can mediate the oxidative stress response depending on the potency of the
effector/ligand™. In the context of cell death induction, GADD45 may also act together with CDKNIA encodes
p21YIPIWATT protein, and our analysis indicated that 1520 caused significant activation of p21“M"!"WAF! in both
cell lines. A greater effect was observed in GBM cells, where we noted an almost 14-fold increase in the level
of this protein. These data are consistent with our previous reports on iron chelators, in which the activation
of the protein was associated with early hallmarks of apoptosis**-’. Moreover, it was observed that p21 was
an important stimulator of different cellular responses concerning the destabilization of redox homeostasis,
which correlated with different cellular susceptibility to changes in ROS concentrations™. It is worth mentioning
that Ndrgl can also upregulate p21 through transcriptional and post-transcriptional mechanisms™. In the case
of styrylquinazolines, Zhong et al. found that CP-31398 arrested the cell cycle in the G2/M phase, which can
be assigned to the enhancement of the p21 protein'. Similarly, KIN-281 increased p21 expression in a p53-
dependent manner, contributing to cell growth inhibition'".

Other proteins examined were cyclin E1 and cdc2, which are responsible for the transition from G0/G1 to S
phase and from G2 to mitosis of the cell cycle, respectively. Interestingly, we observed a different pattern of 1520
action on tested cancer cell lines. The cyclin E1 and cdc2 were slightly downregulated after exposure to 1820 at
12 uM in the K562 cells (Fig. 6A), while in U-251 cells, the opposite effect was observed where 1520 induced a
more than 1.5-fold increase in these proteins (Fig. 6B). An explanation for the different activation of these cell
cycle proteins may be the involvement of p53 in the network of interactions and responses to the breakdown of
cellular homeostasis and the induction of multilineage oxidative stress. Indeed, the leukemia cells studied were
devoid of p53 protein, while the GBM cells harbored a mutated form of it.

Dual cell death activation by autophagy and apoptosis

To summarize and verify previously obtained results, we conducted experiments to determine the type of cell
death induced by 1S20. For this purpose, we conducted an experiment using flow cytometry, measuring the
fluorescence of an anti-LC3 mouse monoclonal antibody conjugated to Alexa Fluor 555 (Fig. 7 and Fig. S$5).
This assay allows quantitative measurement of autophagy level. These results indicate a significant increase in
autophagy induction ratios in both tested cell lines following incubation with 1S20. The largest increase of more
than 4 times was recorded for the U-251 cell line after just 24 h of incubation (Fig. 7B). A 2.5-fold increase
was registered for the K562 cell line, however, this occurred after a longer 48-hour incubation time (Fig. 7A).
Notably, these levels are higher than those of the reference Imatinib. In addition, experiments were performed
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Fig. 6. 'The impact of 1520 on the progression of the cell cycle and related molecules in the K562 (A) and
U-251 (B) cells. The chart presents the percentage of cells in the GO/GL, S and the G2/M phases of the cell
cycle. The mRNA expression of GADD45 in the cells and immunoblotting results with densitometric analysis
of cyclin E1, cde2 and p21 “P1"WART protein expression after 24-hour treatment with 1520, Results were
normalized to the reference gene/protein and are from five independent experiments (1 =5). Immunoblots
shown are representative from these independent experiments. The displayed blots were cropped, and the full-
length blots are shown in Fig, 56. All presented data were analyzed using a one-way ANOVA with Bonferroni’s
post-hoc test: *p<0.03, *p<0.01, ***p<0.001, ****p <0.0001 compared to the control.

using gRT-PCR to determine the levels of LC3 and p62 genes, which are considered markers of autophagy™™,
For LC3, the increase in mRNA levels was greatest for the U-251 cell line (more than 2.5-fold), while for the
leukemia cells, it increased 1.5-fold. Significant increases in the p62 gene were registered for both cell lines, with
the largest (6-fold) for glioblastoma and about 3-fold for the leukemia cells. The elevated level of both genes
indicates the presence of autophagy. These results are consistent with those obtained previously and demonstrate
that iron binding by chelators increases the expression of Ndrg1, which in turn affects the activation of HIF-1a™,
Another example is the interrelation of autophagy with an increase in calreticulin®, the occurrence of oxidative
stress™ and inhibition of the mT'OR pathway ™.

The termination of cell proliferation is often associated with the triggering of several cell death pathways,
therefore, experiments measuring the fluorescence of apoptotic cells were performed. These results are consistent
for both cell lines and show a clear increase in both early and late apoptosis at approximately 60% after incubation
with 1S20 (Fig. 8). These results indicate a strong activation of apoptotic processes by [S20.

The next step was to analyze apoptotic-related proteins (Fig. 9). One of the indicators of the apoptosis process
is the presence of cleaved PARP and caspase-9 proteins. Densitometric analysis indicated a 10-fold increase in
the concentration of the PARP cleavage fragment with a molecular weight of 89 kDa following administration
with 12 uM of 1520 incubated with the K562 cell line. The U-251 cell line showed a more than 3-fold increase
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Fig. 7. The influence of IS20 on the autophagy induction and expression of autophagy-related genes in the
K562 (A) and U-251 (B) cells. The expression of LC3 and p62 genes was determined in both cell lines after
a 24 h incubation with 1520. The results are presented as the mean + SD from five independent experiments
(1n=5). The statistical analyses were carried out using a one-way ANOVA with Bonferroni’s post-hac test:
*p<0.05,*p<0.01,**p<0.001, ****p <0.0001 compared to the untreated cells (control).
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Fig. 8. The impact of 1520 on the induction of apoptosis in the K562 (A) and U-251 (B) cells. The histograms
display the percentage of live, early, and late independent experiments. The statistical analysis of the data

was performed using a one-way ANOVA with Bonferroni’s post-hoc test: *p<0.05, **p<0.01, ***p<0.001,
**+*p<0.0001 compared to the untreated cells (control).

in the concentration of this cleavage product. Moreover, 1520 also influenced the activation of the cell death
pathway through caspase-9 cleavage. In both cell lines, an approximately 2-fold increase in the 37-35 kDa
molecular weight caspase-9 cleavage product was observed compared to control cells. Apoptosis-inducing
factor (AIF) protein is involved in triggering a caspase-independent apoptotic pathway”®. Therefore, we decided
to test if the mechanism of 1S20 action also occurs through a pathway independent of caspase involvement.
Western Blot results indicate that this protein was activated more than 3-fold in the leukemia line for an 1520
concentration of 6 uM. This indicated a multifaceted action of the tested derivative. Interestingly, the AIF protein
was undetected in the glioblastoma line. While for the K562 cell line, p53 was undetected due to the loss of one
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Fig. 9. The impact of IS20 on the induction of expression of apoptosis-related proteins in the K562 (A) and
U-251 (B) cells. Results were normalized to the reference protein and are from five independent experiments
(1n=5). Immunoblots shown are representative from these independent experiments. The displayed blots were
cropped, and the full-length blots are shown in Fig. S6. The statistical analysis of the data was performed using
a one-way ANOVA with Bonferroni’s post-hoc test: *p<0.05, “*p<0.01, ***p<0.001, ****p <0.0001 compared
to the untreated cells (control).

allele and insert mutation in the second allele™™”, the U-251 cell line gave an unusual response. Many papers
on 2-styrylquinazolines, including CP-31398, showed overexpression of p53 protein'’, while our study shows a
decrease in activity, This is noteworthy because of the elevated p21 level in both lines and indicates an important
role for the p53 protein in the cell's response to treatment, Cathepsin B is a lysosomal cysteine peptidase involved
in programmed cell death. This protein is initially synthesized as an inactive proenzyme form (44 kDa), and
modified into an active two-chain form (27 and 24 kDa)"™. The intrinsic apoptotic pathway activated by increased
ROS levels initiates leakage of cathepsin B from the lysosome, resulting in BID activation”. A marked (8-fold
for U-251 and 4-fold for K562) increase of procathepsin B (44 kDa) was observed for both cell lines incubated
with 1820. Additionally, the heavy chain form of cathepsin B demonstrated a marked decrease. BID belongs to
a pro-apoptotic member of the Bel-2 protein family, and its expression is upregulated by the tumor suppressor
p53*, Upregulation of BID was observed in both leukemia and glioblastoma cell lines, which confirms the pro-
apoptotic mechanism of 1520.

ADME properties

In the early stage of the drug discovery process, especially orally administered drugs, it is important to perform
at least indicative absorption, distribution, metabolism, and excretion (ADME) profiling to provide critical
information about the basic physiologic behavior of a potential drug. ADME screening is generally performed
using software-based approaches, and ADME profiling is subsequently verified for selected drug candidates in
preclinical and clinical studies®'#2,

The Lipinski Rule of Five (Ro5) is one of the most accepted recommendations concerning the physicochemical
parameters of biologically active compounds, and all medicinal chemists try to follow it when designing
molecules™. Ro5 contains the limits of specific molecular descriptors (MW <500, logP <5, HBD <5, HBA < 10)
set based on experimentally and statistically obtained results so that a compound that meets this recommendation
has a higher chance of becoming a drug. However, a good drug-like score does not make a molecule a drug,
and vice versa®#, It is clear that ADME-friendly properties, such as lipophilicity, polar surface area, etc., are
important in the context of specific ligand-receptor interactions.
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The following table (Table 1) shows the predicted ADME-influencing properties of 1S20 compared to
those of the model tyrosine kinase inhibitors (TKIs) presented in the paper, i.e., gefitinib, erlotinib, lapatinib,
afatinib, KIN-281, KIN-236 and CP-31398 with an N-phenylquinazolin-4-amine scaffold. Also, imatinib was
chosen as the comparator drug duc to its ability to inhibit ABL, although the N-[4-(pyridin-3-yl)pyrimidin-
2-yl|benzene-1,3-diamine fragment is in its molecule. TKIs are known to have limited bioavailability, tend to
be extensively metabolized, and are substrates of P-glycoprotein™, therefore, in addition to Ro5 parameters,
intestinal absorption and permeation into the brain were also characterized.

1520 has a molecular weight (MW) close to erlotinib (MW approx. 400). Lipinski’s recommendation of
MW <500 is not met by lapatinib and KIN-236. Limit values also have imatinib, KIN-281 and afatinib. The
compounds KIN-281, KIN-236, and lapatinib do not meet the recommendation of Ro5 for lipophilicity (logP < 5).
1820 has a logP value of ca. 4.6, so it is the fourth most lipophilic molecule from Table 1. All the compounds
meet the criteria for the number of H-bond donors (HBD) and acceptors (HBA), and in this regard, 120 is close
to KIN-236, gefitinib and erlotinib. The number of rotatable bonds (RB) of 120 is close to imatinib, while the
topological polar surface area (TPSA) of IS20 is close to KIN-281 and gefitinib, and parachor is close to its parent
CP-31398. TPSA has been recognized as a good indicator of intestinal drug absorption, with the acceptable limit
for good absorption being a TPSA value< 120 A**’, In addition, for orally administered compounds, which are
intended to cross the blood-brain barrier (BBB), the TPSA value should be lower than 70 A3 The TPSA value
of 1520 is 65.50 A%, which suggests that the compound should have good intestinal absorption. The predicted
value of the rate of absorption in the jejunum (k, = 0.051 min™") o[ 1820 is closest to erlotinib and is the highest
of all the evaluated compounds.

A remarkable prediction was made by ACD/Percepta for BEB permeation. [n general, logBB = 0.3 is for BBB
permeable drugs and logBB <-0.3 is for impermeable drugs®, the value of logBB = -0.33 for [S20 is borderline and
lies between the predicted values for imatinib (logBB = -0.16) and lapatinib {logBB = -0.50). More informative
are the values of the permeability surface-area product (expressed as logPS)®, which for 1820 is logP$ = -1.1
and thus close to lapatinib and gefitinib (logPS = -1.4). For all three drugs (imatinib, lapatinib, and gefitinib),
the probability of penetration through the BBB into the brain ranges from 0.62 to 0,97 (values are taken from
the DrugBank database). 1520 has some parameters similar to erlotinib, whose BBB permeation probability is
0.93 (value from DrugBank), and the brain plasma equilibrium rate predicted by ACD/Percepta for 1520 is -3.1
and is equal to the rate predicted for imatinib. However, the ABL inhibitor is a strong substrate for efflux via
P-glycoprotein and has limited effect on the brain. Conversely, the value for IS20 is quite close to afatinib (-3.3),
which can penetrate the BBB in preclinical models and is sufficient for action in the central nervous system
(CNS). Therefore, 1520 may also be predicted to be able to reach therapeutic levels in the CNS. However, more
detailed studies on relevant cellular models” are needed.

In vivo studies
To elucidate the toxicological reactions of organisms to 1520, the Danio rerio experimental model was employed
as a reliable and rapid in vivo tool for toxicity t. Zebrafish possess several advantageous characteristics,

including economical housing requirements, diminutive size reducing space and test agent consumption, and a
high fecundity rate, with individual females capable of generating approximately 300 eggs, thereby supporting
their efficiency as a model organism. Moreover, zebrafish and humans share an approximate 70% genomic
similarity. Notably, there exists considerable conservation of critical developmental and physiological processes,
such as those governing the digestive, nervous, and cardiovascular systems, when compared to humans.
This conservation largely underpins the robust parallels in response to pharmacological agents between the
two species, with numerous zebrafish models accurately recapitulating human discases both genetically and
phenotypically®”. Indeed, zebrafish have attained widespread recognition as a primary model organism within
the dom;:’in of high-throughput screening for biological investigations, akin to conventional models such as mice
and rats™,

Imatinib | 193.60 | 3.10 86,28 1110.03 0.043 016 |20 -3.1

2 8 7
Gefitinib | 446.90 | 3.70 | 1 7 8 68.74 921.04 0.049 012 |-14 -2
Erlotinib | 393.44 [3.05 |1 7 n 7473 877.68 0.050 084 |-15 -2
Lapatinib | 581.06 | 5.22 |2 8 11 | 11473 1159.20 0.046 050 |[-14 -35
Afatinib | 48594 [ 344 |2 8 8 88.61 980.17 0.044 46 |-20 =33
KIN-281 | 49287 | 601 |3 5 9 | 6707 1027.98 0.047 031 |-23 -4.4
KIN-236 | 503.46 | 599 || 6 11 59.51 1079.62 0047 041 |20 -4.2
CP-31398 | 36247 | 3.72 || 5 8 50.28 834.47 0.048 000 |-1.7 -32
1820 397.43 [ 459 |1 6 5 65.50 £39.46 0.051 0.33 1.1 3.1

Table 1. Values of parameters characterizing physicochemical properties of discussed TKIs predicted using
ACD/Percepta ver. 2012. Molecular weight (MW), lipophilicity (log P), number of H-bond donors (HBD),
number of H-bond acceptaors (HBA), number of rotatable bonds (RB), topological polar surface area (TPSA),
absorption rate in human jejunum at pH 6.5 (k ), permeability across BBB (logBB - concentration of drug in
brain divided by concentration in blood), rate of brain penetration (logPS - permeability surface-area product).
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Fig. 10. The toxicity of 1S20 in Danio rerio experimental model. (A) Toxicity (expressed as LC ) after 24, 48
and 72 h of incubation with 1520; (B) Toxicity (expressed as LC., ) of IS20 in FET after 96 h of incubation; (C)
Cardiotoxicity, measured as heart rate [beats per minute], the statistical analysis of the data was performed
using a one-way ANOVA with Tukey's post-hoc test: *p <0.05 compared to the untreated control (E3) fish; (D)
Example of malformations stated for the incubation with 1520 versus untreated control (E3) fish; PE pericardial
edema, TA tail autophagy.

The toxicological evaluation of IS20 was performed according to the OECD 236 test. The freshly fertilized
zebrafish eggs were exposed to different concentrations of 1520. Every 24 h, the embryos were observed for visual
indicators of lethality like the coagulation of fertilized eggs, lack of somite formation, lack of detachment of the
tailbud from the yolk sac and lack of heartbeat. The obtained outcomes showed that the toxicity of 1520 increased
with time of incubation from 14.02 uM (24 h: Fig. 10A) to 3.85 uM (96 h: Fig. 10B),

Zebrafish present an attractive platform for cardiovascular risk assessment post-treatment due to the
straightforward nature of heart rate measurement. Notably, zebrafish exhibit remarkable resilience, as they can
persist without cardiac output and despite major vascular anomalies for extended periods, a feat not commonly
observed in larger animal models. These attributes have collectively propelled Damio rerio into the spotlight for
evaluating cardiotoxicity and cardiovascular developmental effects following drug administration”!.

As an indicator of normal heart functions, heartbeats were measured after incubation of 96 h. Interestingly, a
small decrease in heart rate was observed only at the highest dose (Fig. 10C). Additionally, at that dose of 1520,
we observed developmental malformations, which are a consequence of some heart dysfunctions (Fig. 10D).
Pericardial edema (PE) is commonly observed in zebrafish embryo-based chemical toxicity screens, with the
underlying mechanism potentially related to disruption of embryonic osmoregulation. Tail autophagy (TA) is
closely related to the disruption of circulation related to deregulation of heart functions.

Conclusions

Unlike our previous investigations in which we presented large libraries of compounds searching for a privileged
structure, in this paper, we present 1520, which is attractive in terms of its multi-target mechanism of action.
The selected cell model included cell lines with different p53 status, which allowed us to analyze the effect of
this protein on different molecular targets. 'This work aimed to conduct a detailed analysis of the mechanism
of action of the antiproliferative activity of the 1S20 derivative based on previous results showing interesting
inhibitory potential for tyrosine kinases, particularly ABL and SRC. Notably, this is the first report to indicate
that a 2-styrylquinazoline compound can bind to iron and exhibit chelating properties, thereby affecting the
generation of ROS. Disruption of cellular homeostasis by 1520 triggered several factors, including antioxidants
such as GSH, MrSOD and CAT, associated with cellular defense against the induction of oxidative stress. This, in
turn, affected the activation of HO-1 and HIF-1a proteins. Interestingly, the Nerg gene was overexpressed and
inhibited the EGFR/mTOR signaling pathway. The final effect ol 1520 was the activation of coexisting cell death
pathways apoptosis and autophagy, which was confirmed by the activation of the cascade of proteins responsible
for these processes. Based on the prediction from the primary ADME screening using the commercially available
ACD/Percepta software, it could be assumed that the investigated compound may have suitable physicochemical
parameters for sufficient bioavailability. The in vive studies on the Danio rerio model evaluated the toxicological
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responses of 1520 on living organisms. The lethal doses were decreased with incubation time, receiving an LC.
value of approximately 3.85 pM at the end of the exposure period, i.e., at 96 hpf. The compound was not found to
be cardiotoxic up to the LD, dose. Moreover, no lethal malformations were observed, only those connected with
lower heart rates at the highest survived dose (4 uM), namely PE and TA. Further chemical modifications should
be considered to fully avoid or at least diminish the cardiotoxicity. Based on the structure of the 1520 as well as
its profile of activity, ROS generation and excessive oxidation stress can be regarded as factors connected with
cardiotoxicity. According to our former study the chelation of iron may be a key feature for oxidative toxicity.
This is connected with higher lipophilicity, which can strengthen the toxicity against circulatory system and also
with ionophoric activity”’*. From'?, some less lipophilic styrylquinazolines are known to still possess good
multitarget anti-kinase activity. Particularly, exchange the benzodioxole to methoxylated phenyl group would
be beneficial. On the other hand, in'?, we presented less lipophilic sulfonates of C4 quinazoline core with good
activity, which may suggest a possible route. Further modifications that will be considered are the bioisosteric
exchange of the 4-amine-quinazoline group that may be involved in the chelation of divalent metal ions and may
therefare participate in oxidizing stress.

Materials and methods

Chemicals

The metal salts, such as iron(I11) chloride hexahydrate and copper(II) sulfate pentahydrate, were purchased from
POCH and Chempur, respectively. DMSO (99.9% purity) for spectroscopy studies was obtained from Thermo
Scientific. Imatinib was acquired from Sigma-Aldrich. The 1820 compound (N-(1,3-benzodioxol-5-yI)-2-[(E)-
2-(2-methoxyphenyl)vinyl] quinazolin-4-amine) was synthesized and characterized as described previously*.

Cell culture

The human glioblastoma cell lines T98G, LN-18, LN-229, and U-87MG were purchased from ATCC. The
glioblastoma cell line U-251 was kindly provided by Prof. G. Kramer-Marek from the Institute of Cancer
Research in London, United Kingdom. The human suspension chronic myelogenous leukemia cell line K562
was purchased from Sigma-Aldrich. All adherent cancer cell lines were cultured in Dulbeccos modified Fagle's
medium (DMEM) that had been supplemented with 10% heat-inactivated fetal bovine serum (FBS) (all from
Sigma-Aldrich) in 75 cm” flasks (Nunc). The suspension cell line K562 was cultured in an RPMI-1640 medium
(Sigma-Aldrich), which contained 10% heat-inactivated FBS. Each medium contained a combination of
penicillin and streptomycin (1% v/v; Gibeo). All cell lines were cultured under standard conditions at 37 °C with
a 5% CO, humidified atmosphere. Moreover, all cell lines were routinely tested for mycoplasma using the PCR
technique with specific Mycoplasnia primers to confirm that there was no contamination,

Cell treatments

The 1520 compound was dissolved in DMSO at a concentration of 8.35 mM, then diluted in medium (DMEM
or RPMI-1640) to a concentration of 25 uM (final DMSO concentration did not exceed 0.3%). For cytotoxicity
assays, cells were incubated with 1520 in various concentrations (0-25 uM). For the remaining assays, K562 cells
were incubated with IS20 at 12 uM and 6 pM, and the U-251 cells were exposed to 1520 at 10 uM, The doses
of 1520 for these experiments were selected based on the results of antiproliferative activity and calculated IC
values. Imatinib was used for autophagy assays, which was dissolved in DMSO at a concentration of 8.35 mM,
then diluted in DMEM or RPMI-1640 medium to concentrations of 25 pM or 0.4 M, respectively.

Cytotoxicity studies

The cells were seeded in 96-well plates (Nunc) at a density of 5,000 cells per well and incubated under standard
conditions at 37 °C for 24 h. The assay was performed following a 72 h incubation with 1520, according to
standard methodology as described previously'*!*. Briefly, 100 ul. of DMEM without phenol red containing 20
uL of the CellTiter 96 AQueous One Solution-MTS (Promega) solution was added to each well and incubated
for 40 min-1 h at 37 °C. The optical densities of the samples were measured at 490 nm using a multi-well plate
reader {Varioskan LUX, Thermo Scientific). The results were compared to the control and were estimated as the
inhibitory concentration (IC, ) values (using GraphPad Prism 9). Each compound was tested in triplicate in a
single experiment, with cach experiment being performed at least four times.

Intracellular measurement of ROS levels

The U-251 and K562 cells were seeded in 96-well plates at a density of 9,000 per well and incubated with the
treshly prepared solutions of 1520 for 3, 6,9, 12 and 24 h. Additionally, the cells were incubated for 24 h with a
solution of 1820 with ascorbic acid (100 pM). The ROS levels were measured immediately using the CellROX’
Green Reagent assay procedure. In addition, Hoechst 33,342 (Molecular Probes™) staining was used to determine
the number of cells in each well. Briefly, after treatment, the medium was removed (plates with K562 cells had
been previously centrifuged), and a 100 pL. mixture of CellROX Green Reagent (5 pM) and Hoechst 33,342 (6
uM) was added to each well. The samples were incubated for 30 min under standard conditions in the dark.
‘The fluorescence was measured using a multi-plate reader (Synergy 4, Bio Tek), and readings were performed
at 485 nm excitation and 520 nm emission, and 345 nm excitation and a 485 nm emission for CellROX Green
Reagent and Hoechst 33,342, respectively. ROS levels were calculated as the percentage relative to the untreated
controls. The experiments were performed at five times.

Time-dependent measurement of GSH level
The U-251 and K562 cells were seeded in 3 cm Petri dishes (Nunc) at a density of 500,000 cells per well. The next
day, the medium was replaced by freshly prepared solutions of 1S20. The cells were incubated with this derivate
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at the same times as the levels of intracellular ROS measurement. Preparation of the lysates and intracellular
glutathione levels were determined by the method described by Rahman et al.””. In short, the lysates in a volume
of 20 uL were transferred into 96-well plates. Then, freshly prepared DNTB (0.67 mg/mL) and glutathione
reductase (1.67 units/mL) solutions in KPE buffer were added to each well and incubated for 30 s. Immediately
afterward, a solution of B-NADPH (0.67 mg/mL) prepared in KPE buffer was added to each well. The samples
were mixed, and the absorbance was measured immediately at 412 nm in a Synergy4 multi-well plate reader.
Data were compared to the levels of GSH in untreated cells (control). The experiments were repeated at five
times.

Cell cycle assay

The K562 and U-251 cells were seeded in 3 em Petri dishes at a density of 250,000 cells per well and incubated
under standard conditions. After a day, the medium was removed and replaced by freshly prepared solutions of
1820. After a 24-hour incubation, the assays were performed using a Muse Cell-Cycle Kit (Millipore) according,
to the manufacturer’s instructions. In short, cells were collected, washed with cold PRS and centrifuged at 300 g
for 5 min. Next, the cells were fixed in ice-cold 70% ethanol and stored at -20 °C overnight. The following day,
the cells were washed with cold PBS and centrifuged. Then, the cell pellets were resuspended in 200 pl. of Muse™
Cell Cycle Reagent. Samples were incubated for 30 min at room temperature in the dark. The analysis of cellular
subpopulation values in individual cell cycle phases was estimated using a Muse Cell Analyzer (Millipore). The
experiments were performed at least four times.

Apoptosis assay

The K562 and U-251 cells were seeded in the same manner as for the cell cycle assay. After a day, the medium was
removed and replaced by freshly prepared solutions of the tested compound [S20. The samples were incubated
for 48 h. Next, the assays were performed using the FITC-Annexin V. Apoptosis Detection KIT with 7-AAD
(Bio-Legend) according to the manufacturer’s instructions. In short, the cells were collected, washed twice with
cold PBS and centrifuged at 300 g for 5 min. Then, the pellets of cells were resuspended in 100 ul. Annexin V
Binding Buffer. Next step, 5 pL of FITC-Annexin V and 5 ul. 7-AAD Viability Staining Solution were added to
each sample and incubated for 15 min at room temperature in the dark. After immunostaining, the number of
events for live, early and late apoptotic cells was determined using a Muse Cell Analyzer. The experiments were
performed at least four times.

Autophagy assay

The K562 and U-251 cells were seeded in 96-well plates and incubated at 37 °C for 24 h. The cell density
was 20,000 cells per well (for the 24 h assay) and 10,000 per well (for the 48 h assay). Next, the medium was
changed for freshly prepared solutions of 1820 and the cells were incubated for 24-48 h. Additionally, the cells
were treated with imatinib as the positive control. After treatment, the assays were performed using a Muse™
Autophagy LC3-antibody-based kit (Millipore) according to the manufacturer’s instructions. Briefly, the cells
were collected, washed with cold Hank's Balanced Salt Solution and centrifuged at 300 g for 5 min. Then, the cells
were resuspended in a mixture of 95 uL 1X Autophagy Reagent B and 5 pL Anti-LC3 Alexa Fluor'555 antibody.
The samples were incubated on ice for 30 min in the dark, After incubation, the cells were centrifuged and
resuspended in 200 pL of a 1X Assay Buffer. Then, the samples were directly processed to analyze the autophagy
induction using a Muse Cell Analyzer. The autophagy induction ratio was calculated based on the ratio between
the target’s fluorescence versus the control sample. The experiments were performed at five times.

qRT-PCR studies

The total RNA was isolated from the K562 and U-251 cells after 24-h treatment with 1S20 according to the TRIzol
Reagent procedure (Ambion). Reverse transcription was performed with 5 pg of total RNA using a GoScript™
Reverse Transcriptase kit (Promega) and Oligo(dT),, Primers (Sigma). The Real-Time PCR was carried out
in a 10 pL reaction volume using CTX96 Touch™ Real-Time PCR Detection System (Biorad). Each sample
contained SsoAdvanced™ Universal SYBR Green Supermix (Biorad), a specific primer pair mix (0.5 pM each)
and 1 pL of cDNA. The reaction was performed under the following conditions: initial denaturation at 95 °C for
30 5; followed by 40 denaturation cycles at 95 °C for 15 s; annealing (primer-specific temperature for 30 s) and
extension at 72 °C for 60 s, The results were analyzed based on a comparison of the expression of the target genes
to a reference gene (GAPDH) using the 2-4*“T method. The experiments were performed at least four times.

Immunoblotting studies

The K562 and U-251 were seeded in 3 cm Petri dishes at a density of 500,000 cells per well and incubated under
standard conditions for 24 h. Next, the cells were incubated with freshly prepared solutions of 1520 for one day.
After this time, the U-251 cells were detached by trypsinization. In turn, K562 were immediately collected into
Eppendorf tubes. All samples were centrifuged at 2,000 rpm. Next, the cell pellets were resuspended in a RIPA
buffer containing Halt Protease Inhibitor Cocktail, Halt Phosphatase Inhibitor Cocktail along with 0.5 M EDTA
(all from Thermo Scientific) and lysed on ice for 20 min. The obtained lysates were sonicated and centrifuged at
10,000 rpm for 10 min at 4 °C. The supernatants were transferred to new tubes and used in further studies. The
protein concentration was measured using a Micro BCA™ Protein Assay Kit (Thermo Scientific) according to the
manufacturer’s instructions. 16 pg of the proteins were electrophoresed on SDS-Page gels and transferred onto
nitrocellulose membranes. The membranes were blocked in 5% non-fat milk prepared in TBST (containing 0.1%
Tween-20) for 1 h, After this time, the membranes were incubated with specific primary antibodies (all from
Cell Signalling Technology) at 1:1000 dilution for target proteins: cyclin E1 (#4129), cdc2 (#9116), p21™W/ewt
(#2947), PARP (#9542), AIF (#5318), caspase-9 (#9508}, cathepsin B (#31718), BID (#2002), p33 (#2524),
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HO-1 (#5853), HIF-1a (#14179), EGFR (#4267), phospho-EGFR (Tyr1068) (#¥2236), mTOR (#2983), phospho-
mTOR (Ser2448) (#5536), phospho-Akt (Ser473) (#4060), phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)
(#9101), as well as at 1:2000 dilution for reference proteins: GAPDH (#2118), -actin (#3700) and vinculin
(#13901) overnight at 4° C, The following day, membranes were washed in TBST and incubated with horseradish
peroxidase (HRP)-conjugated sccondary antibodies for 1 h at room temperature. Then, the membranes were
washed in TBST and incubated with a SuperSignal ™ West Pico Chemiluminescent Substrate { Thermo Scientific).
The chemiluminescence signals were captured using a ChemiDoc™ XRS + System (BioRad). The experiments
were repeated at least five times. The densitometric analysis was performed using Image] software (Wayne
Rashand, National Institutes of Health, USA).

Lumit immunoassay

The U-251 and K562 cells were seeded into 96-well plates at a density of 50,000 for 24 h before the treatment.
Next, the medium was changed for freshly prepared solutions of 1820 and the cells were incubated for 24 h. At
the same time, Fluorogenic Live Cell Substrate (GF-AFC Substrate) was added for the final concentration in
each well of 50 pM. Lumit immunoassay was done following the manufacturer’s instructions. In brief, lysis buffer
containing digitonin was mixed with the immunoassay reaction buffer and added to the wells. The plates were
then mixed for 20 min. After that, primary antibodies against p-EGFR (Tyr1068), mTOR, p-mTOR (Ser2448)
and Lumit secondary antibodies were added 1o the wells. The plates were then incubated at 23 °C for 90 min,
followed by adding furimazine substrate. Luminescence and fluorescence were measured after 2 min using a
multi-plate reader Varioskan LUX. The instrument was set to 1's time. Tests were done at least three times with
duplicate repeats on each plate.

In vivo toxicity

The fish embryo toxicity (FET) test was performed on zebrafish - Danio rerio (Experimental Medicine Centre,
Medical University of Lublin, Poland) according to OECD Test Guideline 236 to determine the toxicity of 1520.
According to the procedure, newly fertilized zebrafish eggs were exposed to the solution of 1520 for a period of
96 h at concentrations ranging from I to 25 pM. The system applied in the experiment was static, as the changes
in solution concentrations did not exceed the range of 20% of nominal concentration values. The solutions were
prepared in normal embryo culture medium - E3 solution (5 mmol/L NaCl, 0.17 mmol/L KCI, 0.33 mmol/L
CaCl,, and 0.33 mmol/L MgSO,, containing no methylene blue, with a pH value of about 7.2). The experiment
was performed in 24-well plates, with five embryos per well, and ten per group. Each plate was covered and kept
in an incubator set at 28+ 0.5 °C under a light/dark period of 12/12 h. Every 24 h, acute toxicity was determined
based on a positive outcome in any of the four visual indicators of lethality, including the coagulation of fertilized
eggs, lack of somite formation, lack of detachment of the tailbud from the yolk sac and lack of heartbeat. The
values of LC,; for each timepoint (24, 48, 72 and 96 h) were calculated using GraphPad Prism 10. The final value
of toxicity is the one measured at the end of the exposure period (96 hpf - hours post fertilization). Cardiotoxicity,
as defined by heart rate, was also evaluated at that time point.

Experiments using the Danio rerio model were carried out on larvae up to 96 h post-fertilization, and
therefore the approval of Ethics Committees was not required (according to Polish law and EU directives). All
experiments using the in vivo model were carried out respecting the 3Rs principle and other guidelines (e.g.
ARRIVE) for working with animals.

Tyrosine kinase assay

To determine the inhibition of non-receptor tyrosine Kinases, assays were performed using the kinase selectivity
system TK-1 and the ADP-Glo Kinase Assay (both from Promega). The protocol was developed by our group
and previously described'***, Experiments were performed at least four times. Data are expressed asa percentage
of tyrosine kinase inhibitory activity after treatment with the derivatives tested.

Studies of the complexing properties of 1IS20 with metal ions

The tested compound and metal jons (Fe (TIT) and Cu (IT)) were dissolved in DMSO to obtain an initial stock
solution of 100 yuM. Then, solutions of the tested 1520 derivative and ions were prepared by transferring the
appropriate volume into individual wells of a 96-well black plate with a transparent bottom (Nunc). Finally,
each well contained 200 ul. of solution containing: the 1520 derivative at a concentration of 50 pM and various
concentrations of ions to obtain the following ligand-to-metal molar ratios: 1:0; 10:1; 5:1; 3.3:1; 2.5:1; 2:1; 1.67:1;
1.43:1; 1.25:1; 1.11:1; 1:1, The prepared plates were then incubated for 4 h at room temperature. Absorption
spectra in the range of 275 to 450 nm (in 5 nm steps) were measured using a multi-well plate reader Varioskan
LUX. All spectra were normalized using vector normalization to reveal the hidden isosbestic point (HIP).
Absorption spectra were processed by OriginPro 2023 software.

ADME calculations
All parameters were predicted using the commercially available program ACD/Percepta ver. 2012 (Advanced
Chemistry Development, Inc., Toronto, ON, Canada, 2012).

Statistical analysis

‘The obtained results are presented as the mean + standard deviation (SD) from 3 1o 6 independent experiments.
Depending on the type of experiment, the statistical analysis was carried out using the one-way ANOVA with
a Bonferroni post-hoc test or unpaired (-test. Lumit Immunoassay statistical analysis was done with the usage
of one-way ANOVA with a Dunn-Siddk correction test. A p-value of (.05 or less was considered statistically
significant. All statistical tests were performed using GraphPad Prism ¢ software (GraphPad Software, USA).
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ARTICLEINFO ABSTRACT

Keywords:
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Tubulin polymerization
Antimitotic activity
Apoptosis

Develaping new microtubule-targeting agents is extremely important for cancer treatment. One of the goals is to
overcome drug resistance, since these agents can cause mitotic arrest and thus cause impairment to cell signaling.
Despite this, there are many gaps in our understanding of the complex actions of such agents. In this study, we
report the synthesis and biological evaluation of a novel series of sulfonic styrylquinazoline derivatives, featuring
three quinazoline core variants: unsubstituted, 6-chloro, and 7-chloro. Antiproliferative assays revealed that the
6-chloro derivative exhibited potent sub-micromolar activiry against gliobl (GBM) and leukemia cell lines,
while the 7-chloro analogs showed selective activity agalnst leukemia cells. Importantly, the compounds were
selective against normal cells. Further detailed molecular studies revealed that the most active compounds
caused cell cycle arrest in the G2/M phase and disrupted microtubule polymerization-depolymerization dy-
namics, thereby affecting intracellular signaling pathways. Mechanistic studies showed the influence of the
derivatives on cell cycle-related proteins {Aurora A and eyclin BI) and the inhibition of EGFR/Akt/mTOR and
EGFR/Ras cell signaling. Cell death was induced primarily through apoptosis and potentially via autophagy,
depending on the type of cell line. In addition, detailed compurational studies have established 2 plausible
binding model for these derivatives at the cevipabulin site of tubulin. Finally, physicochemical properties were
determined to ensure adequate bioavailability, also toxicity and therapeutic efficacy were studied an an in vivo
model. Notably, the 6-Cl derivative showed significantly better therapeutic efficacy than osimertinib on the
zebrafish GBM xenograft model.

1. Introduction well as the recruitment and activity of motor proteins and MT-associated
proteins (MAPs). The latter proteins significantly affect protein-MT in-

Microtubules (MTs) are highly dynamic cytoskeletal structures teractions, cross-linking and overall MT stability, as well as suscepti-

composed of multiple a—/p-tubulin heterodimers, which are function-
alized by various post-translational modifications (PTMs), such as
acetylation or phosphorylation. They play a central role in cytoskeleton
formation and maintenance, the intracellular trafficking of proteins, and
the regulation of cell motility, division, and apoptosis [1]. Various
cellular functions are defined by the dynamic instability of MTs, which
includes a gradual growth at the plus end followed by rapid depoly-
merization (known as “catastrophe™) and subsequent rescue [2]. More-
over, tubulin diversity alters the dynamics and mechanics of MTs, as

“ Corresponding author,
E-mail address: katarzyna malarzia us.edupl (K, Malarz),

https://dol.org/10.1016/).bivorg.2026.109517

bility to chemotherapy and tumor growth [3].

Altered patterns of PTMs, MAPs, and the presence of different
tubulin isotypes can significantly influence the intracellular movement
of cytoplasmic components and oncogenic signaling 4. An instance is
the increased acetylation of a-tubulin, which promotes cell migration
and maintains the active state of protein kinase B/Akt, thereby
enhancing the epithelial-mesenchymal transition (EMT), causing cancer
metastasis [5]. Similarly, elevated levels of f-tubulin isotypes have been
observed in many tumors, which often correlate with their aggressive
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nature, and poor prognosis [ 4. Also, mutations in tubulin genes, such as
missense or truncating mutations, can affect therapeutic responses after
the administration of microtubule-targeting agents (MTAs). Differences
in the amino acid residues lining the drug-binding pocket can signifi-
cantly alter the strength and specificity of drug-tubulin interactions [ /1.
Besides this, there are also several known mechanisms of drug resis-
tance, including overexpression of P-glycoprotein or drug efflux pumps,
reduced levels of ABCG2, and changes in the expression of the MAP
protein [8]. In particular, the interaction between MTs and MAPs or
motor proteins can influence the expression of mitogen-activated pro-
tein kinases (MAPKs), which have pivotal roles in cell survival,
apoptosis, and cell proliferation. Considering the crucial role of MTs in
maintaining cellular architecture and dynamics, they represent an
attractive target for the development of new targeted therapeutic stra-
tegies against many types of cancer.

MTAs are currently among the most widely used chemotherapeutic
drugs in clinical practice. Many of them, such as paclitaxel, docetaxel,
vineristine, and vinblastine, being the most effective tubulin inhibitors,
have been approved by the FDA and EMA for the treatment of solid
tumors and hematological malignancies [9]. However, their use in
monotherapy has revealed serious limitations related to the develop-
ment of drug resistance, as well as the occurrence of adverse effects such
as high toxicity to healthy tissues, neurotoxicity, and myelosuppression
[10]. Therefore, new approaches are constantly being sought, including
the use of combination therapy to overcome drug resistance and
improve therapeutic efficacy. For example, paclitaxel is being studied in
1586 ongoing clinical trials for solid tumors. On the other hand, new
MTAs with high anticancer potential are being intensively developed,
which have the ability to overcome resistance mechanisms to previous-
generation MTAs, cross the blood-brain barrier (BBB), and inhibit
angiogenesis |11-139]. It is noteworthy that MTAs were traditionally
classified as antimitotic drugs that inhibit cell division through the
formation of aberrant mitotic spindles and blocking the metaphase-
anaphase ftransition. However, this perception has changed and
evolved in light of evidence indicating that the disruption of MT as-
sembly can profoundly affect cellular signaling, protein-protein in-
teractions, and metabolic activity [14]. Nowadays, MTAs are
increasingly recognized as agents with a broader cellular mechanism of
action that extends beyond their simple antimitotic activity associated
with tubulin binding. However, the complex and multifaceted mecha-
nism underlying their action has not yet been fully elucidated.

Many MTAs have been reported in the literature to activate the JNK,
ERK, and p38 MAPK signaling pathways, triggering an apoptatic
response [15,16]. These agents are divided into two groups, destabi-
lizing and stabilizing, based on their interference with the dynamic
balance of MTs. Hence, they regulate and alter the interactions between
MTs and various MAPs, ultimately affecting the triggering of apoptosis
through a p53-dependent or -independent pathway. Interestingly,
compounds have recently been described that cause microtubule
dysfunction, increase the effect of iron and calcium ions on mitochon-
drial damage, and induce both apoptotic and ferroptotic mechanisms of
cell death [17]. Notably, disruption of MT dynamics can also cause
downregulation of other important signaling pathways, including EGFR
[ 18], HIF-1a-mediated angiogenesis [ 19, EMT [20], JAK2/STAT3 [21]
and Wnt/[J-catenin [22], Therefore, dual EGFR/tubulin inhibitors based
on furo[2,3-dlpyrimidine, pyrrolo[3,2-dlpyrimidine, 2-arylobenzo-
furan, or 1,24-triazole scaffolds are increasingly being developed
[23]. There are also reports of compounds based on the quinazoline
scaffold as MT-disrupting agents [24-26]. In our group, we have so far
focused on developing novel non-receptor tyrosine kinase inhibitors
containing the styrylqui line structural motif. We have character-
ized a group of p53 reactivator analogues, CP-31398 [27], and subse-
quently described in detail the mechanism of action of one of the
molecules, 1S20 (6b), demonstrating its ability to induce oxidative stress
by affecting the expression of the Ndrgl gene and disrupting the EGFR
signaling pathway [ 28 |. Further work on the synthesis of thio-analogs of
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styrylquinazoline derivatives, with increased bioavailability and
improved binding to different conformations in the DFG pocket of Abl
Kkinase, has been performed [29]. In addition, our studies have also
revealed a different mechanism of action of the compounds on cell cycle
inhibition depending on how they bind to Abl kinase. Interestingly, the
study of intermediates in the synthesis of these thio-aryl derivatives
revealed interesting antiproliferative and antimitotic properties. Several
benzenesulfonates enhanced tubulin polymerization similarly to pacli-
taxel bur exhibited a significantly greater potential for inhibiting the cell
cycle in the G2/M phase [20]. Analysis of the mechanism of action also
revealed the possibility of activating two cell death pathways, depend-
ing on the status of p53. Nevertheless, the possible interaction of ben-

enesulfe s with tubulin and cell cycle proteins, as well as their
impact on key signaling pathways regulated by EGFR, which are
responsible for metabolism, growth, cell proliferation, and metastasis,
has not been characterized, Accordingly, in the present study, we
expanded this compound library by designing additional sulfonated
styrylquinazolines and complemented the experimental work with in
silico analyses on a large virtual compound library to provide additional
support for hypotheses concerning their possible interaction with
tubulin, together with multidimensional cellular and molecular studies.
Ultimately, a deeper understanding of cellular biochemistry and the
multidirectional action of antimitotic agents may lead to more effective
and rational development of innovative therapeutic strategies.

2. Results and discussion
2.1. Synthesis of novel compounds

The new benzenesulfonates that are the subject of the following
biological studies were synthesized according to known procedures
[27,29.30], The presented small series is an extension of our group'’s
previous studies on new scaffolds responsible for high antiproliferative
activity and having the potential to inhibit the cell cycle in the G2/M
phase through interaction with tubulins, as mentioned above [30].
Hence, three series of sulfonated styrylquinazolines were obtained,
which had chlorine substitution at position 7 of the quinazoline ring
(TS1-TS4), chlorine at position 6 (TS5), and were unsubstituted (TS6-
TS8). The structures of the final compounds (112 1) were confirmed by
'H and ®C NMR spectroscopy and mass spectrometry, as displayed in
the Supplementary Information (Fig. $1-S16).

2.2. Anticancer profiles of the tested sulfonic styrylquinazolines

The biological evaluation of the synthesized compounds began with
an analysis of their antiproliferarive activiry profiles against a panel of
cancer cells representing different types and genetic landscapes,
particularly regarding the status of the TP53 gene, known as the
guardian of the genome. So far, several studies have shown that com-
pounds containing styrylquinazoline (27| or styrylquinoline [31.32]
scaffolds are extremely interesting and promising in the treatment of
tumors with a mutated or absent p53 protein. Therefore, for this study,
we selected cancer cells with a wild-type p53 protein: US7MG (glio-
blastoma), cancer cells with mutated p53: U-251 (glioblastoma) [33],
and cancer cells devoid of p53: K562 (leukemia) [34]. The results are
presented in Table 1.

In general, there was a clear difference in the antiproliferative ac-
tivity of the tested compounds in which the quinazoline ring was
substituted by 6-Cl or 7-Cl and those that were unsubstituted. Among the
tested compounds, the TS5 derivative with chlorine in position 6 was the
most active toward the tested cancer cells. The lowest ICg, for TS5 was

i d against both gliobl cells, i.e. 0.17 pM and 0.21 uM for
UB7MG and U-251 cells, respectively. Interestingly, GBM may be
particularly vulnerable to MTAs due to the high genome instability
affecting MT dynamics, the abnormal activity of cell division regulators
or chromosome instability [35]. On the other hand, Abbassi et al.
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Fig. 1. Structures of tested sulfonic styrylquinazolines.

Table 1
Antiproliferative activity of tested compounds for a panel of cancer cells and
normal astrocytes (NHA).

No. Antproliferative activity - ICs, values [puM]
UB7MG u-2s51 K562 HepG2 NHA
029+ 6724
2!
TS1 >25 2536058 >25 i
353 4 0.34 4 g 206 +
TS2 s 224+020 7o >25 e
0.75 = 531%
TS3 6.88 + 0.14 1.80 + 0.34 0.08 >25 0.37
1.785 + 1761 + 270 £
4 0.746 0.338 22 2% 0.31
0.26 + N 175 &
TSS 0.17 £ 0.02 0.21 £ 0.02 0.08 »25 014
15.06 + 215+ 24.85 +
TS6 7as%035 S >25 s
TS7 =25 >25 >25 NT NT
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11.24 + 2019 + ) 655+
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o 1877 + 3.09 = . s
CP-31398 NT 1is 5 N1 N1
Paclitaxel  NT 0065002 NT NT g‘g? =
Nocodazole  NT 025+0.10 NT N1 NT

INT - not tested.

revealed that the isoform landscape of tubulin is unique 1o each glio-
blastoma cell line, and only the total expression level of a- and p-tubulin
influences MTAs sensitivity [ 7G|, Therefore, it is surprising that the rest
of the chloroquinazolines displayed a worse activity profile on GBM
cells. In US7MG cells, the two 7-Cl derivatives, TS4 with a cyano, and
TS2 with methoxy group attached to the benzenesulfonate showed
moderate activity (ICs; was 1.79 and 3.53 uM, respectively), while TS3
showed a weak level of activity and TS1 was inactive. Moreover, the
antiproliferative activity profile of these compounds was slightly better
in U-251 cells. The recorded 1Cgq values for the four derivatives were
similar and ranged from 1.76 {TS4) to 2.53 uM (TS1). Such results may
indicate a different mechanism or efficacy of tubulin binding in the case
of 6- and 7-chloroquinazoline.

Similarly, the high activity level for TS5 was registered for K562
cells, where the caleulated ICsp was 0.26 pM. Interestingly, the leukemia
cell line was the most susceptible to the other tested compounds. The 7-

chloroquinazolines, such as TS1, 1S2, and TS3, with a methyl or
methoxy group attached to the benzenesulfonate were characterized by
a high activity level against K562, with an ICsg ranging from 0.29 to
0.75 pM. The situation was completely different for the TS4 derivative
with a 3-cyanobenzenesulfonate group, which was inactive (=25 pM)
only against these non-adhesive cells.

Interestingly, the ituted qui li did not show anti-
proliferative activity against the tested cell lines with one exception.
Namely, the TS6 derivative with 3,4,5-trimethoxy attached to the styryl
group showed moderate activity against K562 cells, the calculated 1Cq,
was 2.15 pM. For GBM cell lines, TS6 had a weak level of activity (ICsq
from 7.25 to 15.06 pM). Surprisingly, taking into account our previous
studies [27,29,20], compounds TS7 and TS8 containing a benzodioxol
group were inactive against the cancer cells. However, it should be
noted that the benzodioxol group in the novel compounds was
substituted at a different position, on the styryl moiety side. This most
likely resulted in an inability to interact with the critical amino acids of
the proteins in the protein binding pocket and a loss of activity.

The hepatotoxicity profile of the tested compounds was analyzed for
HepG2 cells, which are commonly used for these assays, as well as for
studying drug metabolism through cytochrome P450 induction. As
depicted in Table 1, none of the sulfonic styrylquinazolines had an effect
on the proliferation and condition of liver cells (=25 pM). In addition, to
determine the selectivity of the tested compounds, assays were per-
formed on normal astrocyte (NHA) celis. The therapeutic index (T1) was
calculated as the ratio of the 1Cs; of normal cells versus that of cancer
cells (Fig. 2, Table 81). The higher the value of this parameter, the more
selective the drug is toward tumor cells and the safer it is for healthy
tissues. The highest TI of approximately 23 was recorded for TS1 on
K562 cells. The other derivatives showed quite good selectivity toward
leukemia cells, with TI values ranging from about 11.57 (TS6} to 6.69
(TS5). In contrast, one derivative (TS4) showed low selectivity. In the
case of GBM cells, TS5 proved to be the most selective derivative. High
T1 values reaching 10.3 and 8.5 were recorded for US7MG and U-251,
respectively. It is worth noting that the TIs for most anticancer drugs,
including those approved for use by the FDA, are very low. As expected,
the reference drug: osimertinib (3rd generation EGFR inhibitor) showed
low selectivity (Tis were below 0.58) in our tests. Similarly, the clini-
cally used chematherapeutic drug paclitaxel, a well-known microtubule
disruptor, exhibits high cytotoxicity toward normal astrocytes, resulting
in low selectivity.
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Fig. 2. In vitro therapeutic indexes of tested compounds that exhibited antiproliferative activity. The Tl is the ratio of the 1C5, values of normal versus cancer cells (i

e., IGsg (NHA)/IC5y (US7MG)) with variance ratio.
2.3. Influence on cell cycle arrest and destabilization of tubulin assembly

The first step toward explaining the molecular mechanism of action
of the tested derivatives was to determine their effect on cell cycle arrest.
The effect of biologically active sulfonic derivatives on cell lines
differing in p53 status (U-251 and K562) was evaluated (Fig. 3A).
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Representative histograms from one of the experiments with rables
summarizing the results are provided in Figs. $17 and S18. In general,
the highest level of cell cycle arrest in the G2/M phase was observed in
the U-251 cells. As our previous studies have shown, glioblastoma is
particularly vulnerable to the effects of antimitotic compounds. Tt is
worth noting that the most active derivative, TS5 (with double the 1Cg,
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Fig. 3. Impact of the tested compounds on cell cycle arrest in U-251, and K562 cell lines (A) and destabilization of tubulin assembly dynamics in U-251 cells after 31
of incubation (B). Statistical significance compared to the control was performed with one-way ANOVA and post hoc to Dunnett’s correction from at least four in-
dependent experiments and presented on the charts as: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. The scale in the images was 10 pm.
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concentration), caused the greatest inhibition of the cell cycle. A
remarkable increase in the population of cells in the G2/M phase was
recorded, reaching almost 86% (32.5% in untreated control) with a
simultaneous decrease in the content of cells in the S and G1 phases. A
significant effect was also observed with other derivatives, where the
percentage of cells in the G2/M phase increased to 80%. Similarly, a
high number of cells in the above mentioned phase of the cell cycle was
observed for the ICso concentration of the tested TS1-TS5 derivatives. In
leukemia cells, the changes in cell eycle distribution were less impres-
sive, The TS5 derivative triggered a 34.7% increase in the population of
leukemia cells in the G2/M phase compared to the control (from 50% to
84.7%). In turn, for the TS3 compound, a 27% increase in cells was
observed. The changes in the degree of sensitivity of the tested cells to
sulfenic styrylquinazoline agents may be related to differences in the
expression of key cell cycle-related proteins, such as CDK, cyclins, and
Auroras, It is worth noting that the regulation of tubulin dynamics
during mitosis is a highly complex process in which a number of regu-
latory proteins are involved, as many studies have shown |37, In the
following sections, we examine and describe in more detail the effects of
the most active compounds on gene and protein expression using qRT-
PCR and Western blot methods.

Moreover, the behavior of the tubulin assembly process in U-251
cells was monitored after treatment with the most active derivatives:
TS1, TS3, and TS5. After 3 h of incubation, changes in MT dynamics
were observed, as evidenced by more intense red tubulin bands
compared to untreated cells {(Fig. 3B). In addition, the cytoskeletal
network of the MTs appeared to be more disordered and condensed at
the cell periphery. This effect persisted during the 24 h incubation
(Fig. S19A). Moreover, the pattern of increased microtubule networking
after TS5 treatment seemed similar to the effect induced by paclitaxel.
This was also confirmed by in vitro tubulin polymerization tests, in
which an increase in the degree of polymerization was observed after
incubation with TS5 (Fig. S19B). Thus, like the previous series of sul-
fonated styrylquinazolines [ 301} and another series of 2,4-bis substituted
quinazolines |38], the tested compounds can increase tubulin poly-
merization, leading (o a dynamic imbalance between MT assembly and
disassembly. The observed effect can affect the retention of cellular
metabolism, the impairment of cellular signaling, including that related
to the EGFR and mTOR pathways, the disruption of intracellular trans-
port, and cell cycle arrest in the G2/M phase.

2.4. In silico analyses - binding modes to tubulin

Cell-based and enzymatic assays demonstrated that treatment with
the tested compounds alters tubulin dynamics. The observed effects are
consistent with either enhanced microtubule polymerization or attenu-
ation of depolymerization processes. These findings motivated a focused
computational investigation aimed at identifying the most probable
tubulin binding site(s) for the biologically active benzenesulfonates,
assessing the stability and reproducibility of their binding modes, and
determining whether the ligands can be rationalized as a coherent and
tunable chemical family.

A primary objective of this analysis was to determine whether li-
gands based on a styrylquinazoline core functionalized with a benze-
nesulfonate moiety exhibit preferential positioning toward specific
tubulin binding sites, The virtual library comprised quinazoline cores
lacking halogen substitution as well as two additional variants bearing
6-chloro and 7-chloro substituents, Structural diversity was introduced
through systematic variation of both the styryl and benzenesulfonate
substituents. In addition to motifs present in experimentally tested
compounds, 20 benzenesulfonate and 22 styryl variants were defined,
yielding a total of 1320 unique structures (20 = 22 x 3). A complete list
of SMILES for all screened compounds is provided in the SI (section
3.1). For each structure, up to 100 conformers were generated using the
Conformator program |20, resulting in approximately 132,000 ligand
instances per binding pocket. Initial ligand placement within each
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binding site was guided by a proprietary workflow component to ensure
consistency with experimentally observed binding modes. Docking cal-
culations were performed against 21 Protein Data Bank structures rep-
resenting experimentally characterized rubulin binding sites. The
corresponding binding pockets are summarized in Table S4 (section 3.2
in the S1). For each ligand instance, the top three preliminarily aligned
poses were retained, and all associated conformers were subsequently
re-docked and rescored using the JAMDA protocol, yielding approxi-
mately 7.2 million evaluated ligand instances. Based on the docking
performance of established reference ligands, a JAMDA score threshold
of —3.5 was adopted to identify high-confidence binding solutions.
Notably, only nine structures across the entire virtual library satisfied
this criterion, and all were associated exclusively with docking to the
cevipabulin binding site (PDB ID: 7CLD). Importantly, these top-ranking
solutions also exhibited high internal shape similarity, indicating
convergence toward a single, well-defined binding geometry (section
3.3 in the Sl). The combined selectivity and geometric coherence of
these  poses support the classification of the  styr-
ylquinazoline-benzenesulfonate scaffold as a coherent ligand family
suitable for further optimization toward tubulin-stabilizing activity.

A two-tier docking strategy was employed to examine ligand pref-
erences across several experimentally characterized tubulin pockets.
Rather than relying exclusively on docking score ranking to infer bind-
ing relevance, we evaluated the structural consistency of docking out-
comes using a shape-based similarity analysis that is independent of
atom-by-atom correspondence or predefined reference poses (11g. 4A).
For the cevipabulin binding site (PDB ID: 7CLD), all significant docked
poses (score cutoff: —2.5) were compared pairwise using the RDKit
implementation of the Shape Tanimoto metric. This descriptor quan-
tifies volumetric similarity after optimal spatial alignment and thus re-
ports whether independent docking runs converge toward the same
geometric region within the binding pocket. To quantify pose consis-
tency, a consensus geometry (medoid) was defined as the pose exhibit-
ing the highest average three-dimensional shape similarity to all other
poses in the ensemble, rather than an averaged or artificial geometry.
The shape similarity of each pose to this medoid was then used as a
quantitative measure of binding-mode stability. High similarity values
indicate convergence toward a single, well-defined, and reproducible
binding geometry, whereas low similarity values reflect geometric
dispersion and the absence of a dominant binding mode. Analysis of the
relationship between within-site docking rank and shape similarity
revealed a clear monotonic trend. Higher-ranking solutions consistently
clustered around the consensus geometry, while progressively lower-
ranked poses displayed reduced similarity and increased geometric
dispersion. This relationship was supported by both rank-based and
linear correlation analyses and further corroborated by binned statistics,
which showed a systematic decline in median shape similarity accom-
panied by a broadening of the similarity distriburion as docking rank
deteriorated (7ig. 4B). Collectively, these observations indicate that top-
ranked docking solutions correspond to a stable and reproducible
binding space rather than isolated favorable configurations, whereas
lower-ranked poses are characterized by conformational heterogeneity
and diminished geometric coherence. Thus, docking rank and pose
stability emerge as mutually reinforcing criteria, with shape-based
similarity providing an orthogonal validation of favorable binding
modes. The ligand library analyzed in this study was constructed as
systematic permutations of substituents on a common chemical scaffold.
Notably, despite substantial substituent diversity, the docked ligands
converged toward a common, geometrically stable binding region. This
behavior indicates that the cevipabulin pocket tolerates chemical vari-
ation within the explored substituent space without enforcing alterna-
tive global binding orientations. This observation reflects geometric
robustness of the binding mode rather than fine-grained equivalence
between individual substituents and should therefore not be interpreted
as a quantitative structure-activity relationship. Consistent with this
analysis, molecular docking revealed that the highest-ranking ligands
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Fig. 4. Statistical analysis of docking score and

adopt binding modes closely resembling that of cevipabulin, occupying
the corresponding [-tubulin binding site (section 3.4 in the SI).
Importantly, the synthesized compounds also ranked highly for the
cevipabulin binding site, with TS5 showing the most favorable docking
score (section 3.5 in the SIJ.

2.5. Influence on genes and proteins associated with cell cycle progression

In a further step, we investigated the effects of the tested derivatives
on cell eycle-related molecules at the gene and protein levels. The first of
the proteins tested was the p27 molecule (Fig. 5A). There were high
statistically significant levels of expression, ranging from an almost 3-
fold increase for TS5 and a 2.5-fold increase for TS1 and TS3
compared to the control for the U-251 cell line. More than a 3-fold
overexpression of this protein was also observed in leukemia cells for

Docking score (a.u.)

pose consistency (A) and pose coherence (B).

TS1 and TS3, and 1.5-fold for TSS5. The increase in p27 levels has the
effect of inhibiting the cell cycle by affecting cyclin-kinases complexes.
According to [40,47] p27 can bind to the cyelin E-CDK2 complex, sup-
pressing its function and thereby blocking the progression from the G1
phase to DNA synthesis. Cyclin E, on the other hand, is encoded by the
CCNEZ2 gene, therefore a decrease in the expression of this gene explains
the increase in p27 protein levels. As shown in Fig. 5B a decrease in
CCNE2 expression for line U-251 was recorded for all the derivatives
tested. In contrast, for the leukemia cell line, a decrease was noted only
for compound TS5, but by as much as 5.8-fold relative to the control.
Another protein involved in the control of cell cycle processes at the G1
step is p21. As with the p27 protein, the expression of the p21 protein
was also heightened for all three compounds for the U-251 cell line
compared to the control, with abour a 3-fold staristically significant
increase in the case of TS5 and TS3, and 2.5-fold for TS1. The K562 cell
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Fig. 5. Impact of the tested ds on the of pi and genes related to cell eycle progression in U-251, and K562 cells. Assessment of proteins

expression using Western blot rechnique. The immunoblots shown are representative of at least four independent experiments. The displayed blots were cropped, and
the full-length blots are shown in Fig, §24 (A). Determination of expression levels of cell cycle-related genes (CONE2, GADD45, IDH1, TUBB3) using QRT-PCR (B), The
gene expression values were normalized to a reference and compared to icells (n=7). S ical significance compared to the control was performed with
one-way ANOVA with post hoe to Sidak's correction and presented on the charts as: " p < 0.05; ** p < 0.01; *** p < 0.001; ***¥ p < 0.0001.
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line did not show any p2l protein expression. A similar situation
occurred with the p53 protein, which was absent in the K562 cell line.
The incubation of the U-251 cell line with the three studied derivatives
resulted in a slight decrease in p53 levels.

In the case of the cyclin A2 protein, which is involved in § and G2-
phase cell division, the observed fluctuations were not statistically sig-
nificant. A high overexpression (arpund 4 times) of cyclin Bl was
registered for the U-251 cell line after incubation with all the tested
compounds. For the U-251 cell line, changes in cyclin B1 levels were not
statistically significant. Cyclin B1 is involved in the G2 phase of cell
division. The observed increase in its expression in line U-251 is
consistent with the results of cell cycle inhibition by flow cytometry.
Additionally, we registered a downregulation of the IDHI gene, which
also confirmed cell eycle arrest in the G2/M phase. These changes may
cause further fluctuations in the level of cyclin B1 [42]. The ede2 protein
is also involved in the G2 phase, forming a complex with cyclin B/A, A
statistically significant increase in cdc2 levels was similarly recorded for
line U-251, being approximately 1.5-fold for compounds TS3 and TSS5. In
addition, for line K562 we noted a similar increase (approximately 1.5-
fold) in cde2 concentration for the TS3 derivative. Confirmation that the
tested compounds inhibited the cell cycle in the G2/M phase was also
provided by GADD45 gene expression analysis. GADD45 may be regu-
lated by the p53 protein and plays a crucial role in controlling the G2/M
checkpoint following DNA damage [43.44]. The highest increase in
GADD45 expression was observed for the U-251 line for compound 183,
at almost 3-fold, followed by 2-fold for TSS and 1.5-fold for TS1. For
leukemia, a significant (2.5-fold) increase was also registered for TS1
and about 2-fold for TS5. This relationship did not apply to the TS3
compound.

The protein involved in the subsequent phases (M phase) of the cycle
is Aurora A, for which the greatest increase in expression was observed.
For the U-251 line, where inhibition of the cycle in the G2/M phase was
the most evident in previous flow cytometry experiments, incubation
with compound TS5 resulted in a more than 10-fold increase in Aurora A
expression, while compounds TS1 and TS3 gave an approximately 8-fold
increase in the concentration of the analyzed protein. Similarly, in the
K562 line, all the derivatives tested resulted in an increase in Aurora A
expression: TS5 by more than 6-fold, TS1 and TS3 by about 5-fold. In
addition, Aurora A enhanced the polymerization of tubulins, confirming
earlier studies |45,46].

The influence of the tested derivatives on the expression of the
TUBB3 gene encoding the pIIT tubulin isotype was also examined. As
previously mentioned, the BIII isotype may play a key role in the
aggressive hehavior of many tumors and may also be a key factor in
response to therapy. As shown on Fig 5B, all of tested sulfonic styr-
ylguinazolines caused a significant increase in TUBB3 expression for
K562 cells. For TS3 and TS5, this increase was more than 2.2-fold. For U-
251, some downward fluctuations in expression were observed. How-
ever, it is worth noting that the biosynthesis and regulation of tubulin
levels are the result of post-transcriptional regulation as well as the in-
fluence of other cellular components. Gasic et al. have shown that PI3K
activity modulates tubulin gene expression due to changes in MT sta-
bility, leading to autoregulation of tubulin mRNA [47]. On the other
hand, MT can be regulators of the PI3K signaling cascade through direct
participation in the recruitment of receptor substrates, the maintenance
of activated AKT, and the spatial regulation of antagonists such as PTEN
[48,49]).

2.6, Regulation of EGFR cellular signaling

As mentioned above, MT can affect many major cell signaling
pathways that transmit signals and control cell growth, proliferation,
differentiation, migration and death. Indeed, the MT destabilizing
agents can inactivate EGFR phosphorylation and suppress the signaling
pathway [18]. Gao et al. also showed that histone deacetylase 6
(HDAC6), which is an MT-associated deacetylase, associates with
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endosomal compartments and controls the trafficking of EGFR and
promotes its degradation |50/, Similarly, the nucleocytoplasmic protein
TBC1D3 interacts with the MT network and is responsible for regulating
the stability and signaling of EGFR [51]. Moreover, EGFR kinase itself
can interact with the cytoskeleton, cell-cell junctions and MT motor
proteins to promote cell growth and adhesion |52, With this in mind,
we decided to evaluate the ability of the tested compounds, as MT dis-
rupting agents, to alter the expression of EGFR and its downstream
targets in the signaling pathway. Protein expression studies using the
Western blot methad were performed, and the results are presented in
Fig. 6A, with the densitometric analyses in Fig., $23.

Data analysis showed that EGFR activation by phosphorylation of
tyrosine at position 1068 was almost halved after incubation with TS3
on leukemia cells. A slight reduction in p-EGFR levels was also observed
after incubation with TS1 and TS5. To detect more subtle changes in the
level of phosphorylated EGFR (Tyr1068), we performed additional ex-
periments using the Lumit Immunoassay, which may be more suitable
for this purpose [53]. As depicted in Fig. 6B, the EGFR activation was
significantly inhibited (almost 1.5-fold) after exposure to TS3 and TS5
derivatives, which was not so well illustrated by the Western blot
technique. It appears that the observed inhibition of the EGFR receptor
may result from disturbances in microtubule assembly dynamics. Kinase
assays showed approximately 20-25% inhibition of EGFR activity by
TS1, TS3, and TS5 derivatives (data shown in Table $2).

Other components of the signaling pathway activated by EGFR are
Akt and PI3K. In particular, Akt is the main mediator of cellular re-
sponses regulating glucose metabolism, cell proliferation and survival,
transeription, and cell migration. This means that this enzyme is at the
crossroads of many important cellular signaling pathways, including
EGFR, IGFR1, VEGFR, and FGFR. As mentioned above, co-regulation
between PI3K/Akt signaling and MT behavior has been observed. It
should be noted that PI3K and Akt, together with GSK3, may regulate
MT stability and organization [54). For example, disassembly of MTs
switches off PI3K/Akt signaling by dephosphorylation and inactivation
of Akt |55]. Importantly, a significant decrease in the level of activated
p-Akt (Ser473) was observed in K562 cells after incubation with all the
tested derivatives (Fig. 6A). The highest effect, an almost 7-fold reduc-
tion in expression, was observed for TS5 in K562 cells. For TS1 and TS3,
an almost 3-fold reduction in p-Akt level was observed. Surprisingly, we
did not observe significant changes in U-251 cells. One explanation for
this effect may be the status of PTEN, which is an antagonist of PI3K
activity and signal transduction to Akt, Loss of PTEN has been observed
in U-251 cells, which may exacerbate the overactivation of the PI3K/Akt
pathway and sustain its high level. Despite this, an interesting effect was
observed with mTOR, the last element of the EGFR signaling pathway.
The mTOR complex is mainly responsible for launching the process of
cell survival, as well as protein synthesis. Literature data also show that
PI3K/Akt inhibition may increase the apoptotic effect induced by MTAs,
as a result of the inhibition of the mTOR function | 56]. For U-251 cells, a
nearly two-fold decrease in the expression of phosphorylated mTOR at
position 2448 serine was recorded after treatment with TS derivatives
(Fig. 6B).

The protein STATS can regulate the processes of cell invasion, sur-
vival and migration, and it can also interact with PI3K/Akt signaling in
this regard. Importantly, the activation and phosphorylation of this
protein is particularly evident in leukemia cells due to the excessive
oncogenic activity of BCR-Abl kinase [57]. Our analysis revealed an
almost 3-fold downregulation of p-STATS expression after treatment
with the TS5 derivative. This effect may correlate with the high inhi-
bition of Akt kinase activity, which leads to a therapeutic effect.

Lastly, the effect of sulfonic styrylquinazolines on RAS expression
was evaluated. This protein, together with RAF-MEK-ERK-MAPK, is
another key mediator of the response after EGFR activation. In the RAS
signaling pathway, mainly ERK and MAPK proteins react with substrates
to regulate cellular responses by increasing cell proliferation and dif-
ferentiation, as well as suppressing apoptosis. Importantly, the Ras
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Fig. 6. Impact of the tested pounds on the expression of p: related to the EGFR signaling pathway. Assessment of expression of EGFR and its downstream
proteins on U-251, and K562 cells by Western blot. The i blots shown are rep of at least four independent experiments. The displayed blots were
cropped, and the full-length blots are shown in Fig. $24 (A). Changes in p-EGFR (Y1068) and p-mTOR (52448) proteins after treatment with TS1, TS3 and TS5 in U-
251 cells (B). The p d protein lumi values were first normalized 1o the cell count with fluor and then lized to the lumi of
untreated control protein samples. Statistical significance compared to control was performed with one-way ANOVA with post hoe to Sidak's correction and presented

on the charts as: ¥ p < 0.05 “* p < 0.01; *** p < 0.001.

protein can interact with the p110 subunit of PI3K, mediating Akt
activation |58, An increase in RAS expression (almost 1.5-fold) was
observed in the U-251 cells treated with the TS3 derivative, which also
seemed to correlate with a slight upward fluctuation in Akt expression

staining, indicating the distribution of cells in the early and late
apoptosis phases, as well as necrosis. It should be noted that annexin V is
a specific protein that has a high affinity for phosphatidylserine. In

d d cells, this phospholipid is located on the inner side of the

In contrast, a decrease in RAS levels was observed in K562 cells, with the
highest effect detected for TS3. Moreover, RAS can activate JNK/SAPK
signaling, which is involved in the stress response and participates in the
triggering of apoptosis. It has been shown that the effect of MTAs on the
activation of this signaling cascade can lead to phosphorylation of the
anti-apoptotic factor Bel-2 [59). It can therefore be assumed that,
depending on the type of tumor and its proteomic profile, the RAS
protein may play a dual role, either by inhibiting signal transduction
through the PI3K/Akt/mTOR pathway or by enhancing the induction of
apoptosis through JNK/SAPK signaling.

2.7. Cell death induction
Finally, the mode of cell death after exposure to the tested de-

rivatives was determined. For this purpose, experiments were performed
using a microcapillary flow cytometer and annexin V/7-ADD dual-cell

U-251 cells

:
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pl b and is therefore inaccessible to annexin V. However,
one of the early events of apoptosis is the translocation of phosphati-
dylserine to the surface of the plasma membrane, which enables the
interaction of the phoespholipid with FITC-conjugated annexin V and the
recording of a signal from damaged cells. Our analyses revealed that all
of the tested compounds were able to induce apoptosis in U-251 and
K562 cells. Graphs presenting detailed results are shown in 'ig. 7. Also,
representative histograms from one of the experiments with tables
indicating the percentage of cells that were live, in early, or in late
apoptosis are provided in Figs. §20 and $21. The highest number of cells
in early and late apoptosis was recorded for TS5 in U-251 cells (almost
75% compared to 14.9% in the control). Similar values were observed
for TS2 and T$4. In the case of K562 cells, the percentage of cells un-
dergoing apoptosis was around 50% for the TS2, TS5, and TS6
derivatives.

Next, the influence of TS1, TS3 and TS5 derivatives on the expression

K562 cells

)

Cil  TS1 TS2

145 165 375 13 1075 M

[ Live [ Early Apoptotic 1 Late Apoptotic 1 Dead

Fig. 7, Evaluation of apoptosis induction for U-251, and K562 cells after 48 h exposure to the tested compounds. Statistical significance compared (o control was
performed with one-way ANOVA and post hoc to Dunnett's correction from at least four independent experiments and presented on the charts as: * p < 0.05; *“p <

0.01; *** p < 0.001; **** p < 0.0001.
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of proteins associated with apoptosis induction, such as caspase-9,
PARP-1. and BID was evaluated. As shown in Fig. 5A, Western blot an-
alyses confirmed that the tested compounds induce caspase-9 cleavage,
which activates the executioner caspases that initiates apoprosis. The
highest effects were registered for TS5 (almost 3.5-fold) in U-251 cells,
and TS1 (almost 3-fold) in K562 cells. The last substrate that is proteo-
Iytically cleaved by the executioner caspases is the PARP-1 protein. It is
responsible for DNA repair and transcriptional regulation, which is
halted by the which is et ed a characteristic feature of
apoptosis. A significant increase in the expression of cleaved PARP-1
was observed for TS1 and TS3 in both U-251 and K562 cells. More-
over, the BID protein, which has a pro-apoptotic role in cells, was
upregulated in U-251 and K562 cells. As with PARP, a significant in-
crease in BID expression was observed after treatment with TS1 and TS3.

Finally, we decided to check the effect of the tested compounds on
the expression of two genes, calreticulin and LC3 related to autophagy
and ER stress mechanisms (Fig. 8B). As indicated in the literature, both
benzenesulfonates and sulfonamides, as well as other antimitotic agents
that disrupt MT dynamics and organization, can induce autophagy
[30.60,61]. Moreover, a dual mode of cell death has been proven for
lexibulin, which can induce apoptosis and autophagy through the in-
duction of ER stress and increased ROS concentration [62]. On the other
hand, several reports for MTAs indicate that suppression of autophagy
can enhance the apoptotic effect [£3,64]. It is worth noting that many
proteins involved in the response to apoptosis, autophagy, and oxidative
stress, such as JNK and MAPK, are regulated by MTs 1651, These cyto-
skeleton elements can also be critical for the regulation of ER
morphology, dynamics, and transport to the cell periphery [65]. Yang
et al. have proven that calreticulin induced during ER stress can increase
the production of autophagosomes through interaction with LC3 and
intensify the induction of autophagy | 67 |. Our qRT-PCR analyses did not
show any significant changes in the level of calreticulin expression on
glioblastoma cells (Fig. #B). In contrast to leukemia cells, in which an
almost 2-fold increase in the expression of this gene was recarded after
treatment with the TS3 derivative. Moreover, the other two derivatives
caused a significant increase of almost 1.5-fold in K562 cells. This effect
correlated with an over 1.5-fold increase in LC3 gene expression in the
leukemia cell line. Interestingly, in the case of the TS3 compound, no
significant increase was observed in K562 cells. In contrast, a decrease in
LC3 expression was observed in U-251 cells after exposure to TS3. These
results suggest that autophagy-related pathways may contribute to the
response in K562 cells with p53 protein deficiency. Further protein-level
analyses of autophagic markers are required 1o substantiate this mech-
anism. In contrast, apoptosis is the preferred type of cell death in GBM
cells, which correlates with the observed augmented effect in the
annexin V assay. On the other hand, the different isotypes occurred in
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Fig. 8. Impact of tested compounds on the exy
apoptotic proteins (cleaved caspase-9, PARP-1, and BID) using the Western blot
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GBM cells may contribute to more resistance to ER stress and autophagy
induction. Like, the downregulation of the TUBB3 gene (I':g. 5B), which
has been proven to be an LC3-binding partner [68].

2.8. ADME properties

Styrylquinazolines, despite their widespread use in drug design and
extensive biological activity attributed to the quinazoline scaffold, pose
a challenge from an ADME perspective due to their generally problem-
atic solubility and overall bioavailability [69-717. Many quinazoline
agents targeting various tyrosine kinases are characterized by limited
bioavailability, undergo intensive metabolism, and their effect is hin-
dered by the fact that they are substrates of the efflux transporter P-
glycoprotein [71). These reasons led to an attempt to predict at least
approximate ADME properties in order to evaluate the possible behavior
of our compounds in more advanced systems.

The gold standard in the design of drug-like molecules is the fulfill-
ment of the criteria of the so-called Lipinski Rule of Five (Ro5), which
contains the limits of specific molecular descriptors (MW <500, logP
<5, HBD <5, HBA <10) determined on the basis of experimentally and
statistically obtained results so that a compound meeting this recom-
mendation has a higher chance of becoming a drug | 72|, However, a
good drug-like score does not make a molecule a drug, and vice versa
[73,74]. Tt is clear that ADMET-friendly properties, such as lipophilicity,
polar surface area, erc., are important in the context of specific ligand-
receptor interactions. The predicted properties affecting ADME (also
other parameters, not only Ro5) of active compounds TSI-TS6 are
shown in Tuble 2. It also presents the physicochemical properties and
ADME profile of drugs that have been approved for the treatment of
GBM (temozolomide, lomustine) or are in clinical trials (quinazoline
tyrosine kinase inhibitors: tandutinib, cediranib, vandetanib) for the
therapy of GBM. Additionally, values for lorlatinib, the 3rd generation
non-quinazoline tyrosine kinase inhibitor that is able to cross the BBB,
have been added to Tuble 2,

All the compounds TS1-TS6 meet the recommended Ro5 malecular
weight value, with the exception of TS4 and TS6, the other derivatives
have logP 5 (range 5.1-5.23). None of the compounds are H-bond
donors (HBD), while TS1 and TS5 have six H-bond acceptors (HBA) and
TS2-4 seven H-bond acceptors and TS6 eight H-bond acceptors, so the
HBA meets the Ro5. Similarly, the number of rotational bonds (RB) is six
for TS1 and TS5, while being seven for TS2-4 and eight for TS6. The
topological polar surface area (TPSA) has been recognized as a good
indicator of drug absorption in the intestine (TPSA <120 Az) and BBB
penetration (TPSA <60 A?) 75.76). The TPSA values of the discussed
compounds ranged from 86.76 t0 95.99 A% (except for the less effective
TS4 with TPSA = 110 A%), which suggested that the compounds should
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Table 2
Values of p ch izing physicoch 1 properties and ADME profiling of active compounds TS1-TS6 and selected medicines predicted using the
commercially available program ACD/Percepta ver. 2025.

Comp. MW log® HBD HBA RB  TPSA[A’]  Parachor[cm®] ko 3 %PPB  logBB  logPS  Brain plasma equilibrium rate

[min""}

TS1 466.94 5.28 0 6 6 86.76 947,28 0.049 99.73 -0.38 -11 -3.3

TS2 482.94 5.1 1] 7 4 95.99 967.62 0.049 99.71 0.38 11 3.3

TS3 482.94 5.09 ) 7 7 9599 967.62 0.049 99.64 -0.20 1.1 3.3

sS4 477.92 4.13 a 7 7 110.55 956.66 0.049 49.04 0,05 =12 -29

TS5 466.94 5.28 1} 6 6 86.76 947.28 0.049 99.73 -0.38 =11 -33

TS6 49255 4.45 0 8 8 105.22 1027.37 0.049 W72 0.64 1.2 3.1

Temozolomide 194.15 -0.98 2 8 1 105.94 314.93 0.007 17.80 -0.06 -35 -3.5

Lomustine 233.70 252 1 5 4 6177 460.87 0.060 59.46 0.49 =15 -23

Tandutinib 56272 3.9 1 10 10 9229 1261.72 0.043 88.42 066 21 37

Cediranib 450.51 415 1 7 8 72.50 960.18 0.048 90.35 0.65 ~L.8 -34

Vandetanib 475.36 4.64 1 6 6 59.51 92,57 0.049 97.29 0.33 1.6 ~-34

Lorlatinib 406,42 1.38 2 8 1 110.06 770.54 0.044 76.59 -0.27 -2.4 -28

molecular weight (MW), lipophilicity (log P), number of H-bond donors (HBD), number of H-bond acceptors (HBA), number of bl

bonds (RB), topological polar

surface area (TPSA), absarption rate in human jejunum at pH 6.5 (k.), drug binding to plasma proteins (%PPH), permeability across BBB (logBB - concentration of drug
in brain divided by concentration in blood), rate of brain penetration (logPS - permeability surface-area product).

have good intestinal absorption, bur the derivatives might not show
adequate BBB penetration as the TPSA values were higher than 60 A2
Sufficient intestinal absorption was also confirmed by the rate of ab-
sorption in the human jejunum at pH 6.5 (k, = 0.049 min~"), which was
the same for all the molecules. In addition, the prediction indicated that
all the compounds should be significantly (approx. 99%) bound to
plasma proteins, mainly alpha(1)-acid glycoprotein and albumin.

Although the TS1-TS5 compounds were not predicted to be P-
glycoprotein substrates, literature data |71/, suggest that quinazoline-
based scaffolds are often recognized by this efflux transporter, war-
ranting cautious interpretation. LogBB values for TS1-3, TS5, TS6
ranged from —0.64 to —0.30 (logBB < -0.3 is for impermeable drugs
[771), indicating that the compounds are likely to be CNS inactive due to
low brain penetration, as already indicated by the magnitude of the
TPSA values. The exception is TS4 with a logBB of 0.05.

Standard drugs used for GBM treatment temozolomide and lomus-
tine are well absorbed, weakly or moderately bound to proteins, but
according to modeling using ACD/Percepta 2025 temozolomide is CNS
non-penetrating (total CNS score — 3.55) while lomustine is CNS well-
penetrming (total CNS score — 1.85). All three clinically evaluated

lines for GBM tr are well absorbed, tandutinib is weakly
bound to proteins, while cediranib and vandetanib are strongly bound
(similar to our studied compounds). In terms of BBB penetrability,
tandutinib and vandetanib are CNS-poorly penetrative (total CNS score
— 3.04 or — 3.12, respectively), while cediranib is CNS-penetrating
(total CNC score — 2.79). Lorlanitib has specific values, see Table 2,
but has a completely different (and extremely interesting) structure from
quinazolines - its backbone is a 12-membered macrolactam. From the
point of view of in silico physicochemical and ADME profiling, this is an
almost perfect molecule.

Physicochemical profiling suggests that compounds TSI-TS6
generally show a good match with Ro5. In summary, preliminary ADME
profiling predicts sufficient absorption after oral admimstration. How-
ever, as can be seen from the data presented in Table 2, the ability of the
active derivatives to penetrate brain tissue appears to be limited without
further structural madifications, It is expected, according to ACD/Per-
cepta 2025, that only TS4 will have sufficient penetration for activity in
the CNS. Therefore, [urther studies will be essential to substantiate these
predictions [78,791.

Unfortunately, the findings from this meta-analysis are cc
with other published works |50, where the development of effective
therapies based on quinazoline tyrosine kinase inhibitors for the treat-
ment of GBM encounters low permeability of these agents across the
BBB. General strategies for improving the delivery of anticancer drugs
across the BBB for the treatment of GBM have been presented, for
example, in reviews [ 81521, The chemical structure can be modified to

prepare new generations of tyrosine kinase inhibitors, such as the
aforementioned lorlatinib [54) or cediranib [55). In the case of the
discussed sulfonated styrylquinazolines, it would be possible to modify
1S5 by replacing 4-methylbenzene-1-sulfonate with 3-cyanobenzene-1-
sulfonate. This changes the overall CNC score from —3.68 10 —2.89,
which causes easy BBB permeability. In general, according to the ACD/
Percepta 2025 prediction, the introduction of an N-heterocyclic group
onto the sulfonate increases penetrability across the BBB. The penetra-
bility of tyrosine kinase inhibitors across the BBB can be increased also
by galenic modifications, as described, for example, by Jampilek and
Kralova | Bh], f e. by encapsulanon into lipid-based nanoparticles, such
as T 1es, solid lipid nanoparticles or nano-
structured lipid Lamers Furthermore, surface-modified formulations
with so-called Trojan horses, various molecules recognized by influx
transport systems or, conversely, efflux inhibitors, can be applied.
Physically-assisted methods can also be used to disrupt the BBB (87 88].

2.9. In vivo studies in the zebrafish model

To further explore the therapeutic potential of TS compounds, we
employed the Danio rerio experimental model. Acute toxicity was first
assessed following OECD Guideline 236 Fish Embryo Acute Toxicity,
revealing LCgq values of 2.913 yM (TS1), 3.538 uM (TS3}, 3.614 pM
(T85) and 10.72 pM (Osimertinib), indicating a comparable toxicity
profile among TS derivatives and a substantially lower toxicity for Osi-
mertinib, a known anticancer drug (Fig 9). Moreover, heart function
was evaluated by quantifying heart rate (beats per minute) in zebrafish
larvae following 96 h exposure to increasing concentrations of TS1
(Hig. 9 B), TS3 (Fig. 9C) and TS5 (Vig. 9 D). All three compounds
demeonstrated a dose-dependent cardiotoxic potential, with a noticeable
reduction in heart rate beginning ar 3 yM. Staristical significance was
observed for: TS1 at 3 pM (p < 0.05), 4 pM (p < 0.05); TS3 at 3 uM (p <
0.05),4 yM (p < 0.01), 5 pM (p < 0.005) and TS5 at 3 pM (p < 0.05). 4
uM (p < 0.005), 5 pM (p < 0.005).

To better characterize and visualize the toxicity profiles of the TS
compounds, representative images of zebrafish larvae exposed for 96 h
to increasing concentrations (1-5 pM) of TS1, TS3 and TS5 compounds
are presented on Fig. 10, Untreated embryos maintained in E3 medium
served as controls and displayed normal morphology, including straight
body axis, transparent abdominal region, and absence of cardiac or
developmental abnormalities. Progressive morphological defects were
observed upon exposure to TS compounds. Three major phenotypic
categories are indicated on the images: scoliosis {body-axis curvature)
which is bending or lateral deviation of the spine, indicative of neuro-
toxic or musculoskeletal developmental impairment; pericardial edema
which is subtle to moderate swelling or loss of transparency around the
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Fig. 9. Toxicity of TS1, TS3, TS5 and Osimertinib shawed as (A) mortality rate [9] of zebrafish embryos (Danio rerio) exposed to various chemical compounds.
Calculated values of LCg; for TS1, TS3, TS5 and Osimertinib: 2.913, 3.538, 3.614 and 10.72 yM, respectively. Cardiotoxicity of of (B) TS1, (C) TS3, (D) TS5 showed as
heart rate per minute; one-way ANOVA, Tukey post fioe: *p < 0.05, **p < 0.01, ***p < 0.005.

cardiac region, consistent with early cardiotoxicity; abdominal opacity
observed as cloudiness, yolk retention or swelling in the abdominal
cavity, suggestive of disrupted metabolism, delayed yolk resorption or
potential hepato-renal toxicity. The severity and frequency of these
malformations increased in a concentration-dependent manner, with the
highest prevalence occurring at 3-5 pM for all tested TS compounds.
These phenotypes support the LCso values obtained in zebrafish assays
and provide visnal confirmation of developmental and organ-specific
toxicity associated with TS compound exposure.

Based on the FET results, cardiotoxicity and d
phenotypic analysis of developmental malformations, sublethal con-
centrations (0.5, 1, and 2 pM) were selected for efficacy testing in xen-
ografted zebrafish. The results aligned well with previous in vitro data,
where TS5 demonstrated the strongest antiproliferative activity (ICs =
0.21 pM) compared to TS1 (2.53 pM), TS3 (1.80 uM) and Osimertinib
(20.13 pM). To assess the therapeutic potential of these compounds, 2-
dpf zebrafish embryos were xenografted with human glioblastoma U-
251 cells into yolk sac and subsequently exposed to TS compounds at
concentrations of 0.5, 1, and 2 pM for 72 h. Osimertinib was used as a
reference at concentrations of 5, 7.5 and 10 pM. The results were
consistent with prior in virro findings: TS5 demonstrated the highest
antitumor activity, with the 2 uM dose showing the most pronounced
therapeutic effect (713 11), comparable to the results of Osimertinib at
the dose of 10 pM. This suggests TS5 as a promising candidate for further

Nod

preclinical evaluation in mouse models.
3. Conclusion

Our previous research focused on highly active benzenesulfonates,
which are usually used as intermediates in synthesis. For the first time,
we discovered the strong potential of these compounds to inhibit the cell
cycle in the G2/M phase, to a greater extent than paclitaxel. Encouraged
by these results, we synthesized and examined in depth a novel small
series of sulfonic styrylquinazolines that had a chlorine substituent at
position 7 of the quinazoline ring (TS1-TS4), chlorine at position 6
(TS5), and were unsubstituted (TS6-TS8). The biological assays revealed
high antiproliferative activity for the TS5 derivative with chlorine in
position 6 against GBM and leukemia cells (IC5 ranged from 0.17 to
0.26 pM). In turn, the 7-chloroquinazolines (TS1-TS3) d a high
activity profile for leukemia cells (ICsp ranged from 0.29 to 0.75 pM),
while being characterized by lower levels of activity for GBM cells.
Importantly, the tested compounds showed a lack of hepatoxicity, as
well as high selectivity with respect to normal astrocyte cells, Further in-
depth molecular studies uncovered the multifaceted mechanism of ac-
tion of the most active compounds, TS1, TS3, and TS5, focusing on the
disruption of MT bly and di bly dynamics. Studies were
performed on cell cycle inhibition, tubulin polymerization in cells, and
the effect of the compounds on the expression of genes and proteins

111

111:2404689201



P. Rurka et al. Bioorganic Chemistry 170 (2026) 109517

E3
control

1 R, 1 5 :

Fig. 10. Phenotypic documentation of zebrafish larvae after 96 h with TS p images of h larvae exposed to
cancentrations (1-5 pM) of TS1, T83 and TS5 compared with the untreated E3 control group. Phenolypu: abnormalities are indicated with colored arrows: 8 (red) -
scoliosis; PE (green) — pericardial edema; AO (yellow) - abdominal opacity. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

1.0pM

Osimertinib

1.0uM

Fig. 11. Anti-tumor effectiveness of TS1, TS3 and TS5 in Dario rerio xenografl model evaluated as a percentage of tumor area measurements for the U-251 xenograft
after 72 h of incut with tested T ds: (A) TS1, (B) TS3 (C) TS5 and (D) Osimertinib at three different concentrations: 0.5, 1 and 2 M, compared to 100%

for the untreated contral group (E3). One-way ANOVA; *p < 0.05.

associated with the cell cycle and the EGFR/mTOR and Ras pathways. caused a remarkable cell cycle arrest in the G2/M phase in both U-251
The results indicated that the tested derivatives, in particular TS5, and K562 cells. Significant changes in tubulin status were also observed
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in GBM cells. In addition, the tubulin polymerization test confirmed a
similar enhancement of assembly as with paclitaxel. Cellular experi-
ments showed that the tested derivatives caused upregulation of Aurora
A, cyclin B, and GADD45, which correlated with cell cycle arrest.
Importantly, for the first time in this class of compounds, inhibition of
the EGFR/Akt/mTOR and Ras signaling pathways, which are involved in
cell growth, proliferation, and survival, was discovered. Finally, the
tested derivatives induced cell death through apoptosis in GBM cells and
through a coexisting mechanism of apoptosis and autophagy in K562
cells, Based on ADME profiling, it can be assumed that the compounds

died have suitable physicochemical parameters for sufficient
bioavailability. In vivo toxicity studies on zebrafish showed a similar
toxicity profile for TS compounds as in in vitre studies (in the range of
2.9-3.6 pM). Meanwhile, therapeutic efficacy studies in zebrafish with
xenografted U-251 tumors showed that TS5 at a dose of 2 yM was more
effective than osimertinib at a dose of 10 pM. Therefore, TS5 appears to
be a promising candidate for further preclinical evaluation.

4. Experimental section

The Fourier transform nuclear magnetic resonance spectra of the
sample solutions were obtained using a Bruker Avance III 500 spec-
trometer (500 MHz for 'H and 126 MHz for '*C), and the chemical shifts
are reported in & units (parts per million) relative to tetramethylsilane,
the residual solvent peaks being used as the reference. The NMR samples
were prepared in concentrations in the range 5-10 mM. The high-
resolution mass spectra were measured using an electrospray single-
quad Agilent Infinity Lab LC/MSDXT mass spectrometer, equipped
with an Agilent 1260 Infinity 1l HPLC system (Agilent Technologies).
The chromatographic separations were performed on a Teledyne 1ISCO
Combiflash Rf150+ system.

4.1. Synthesis

A novel method was devised for synthesizing the sulfone derivatives
that are the focus of our research (see Scheme 1), Key features of this
method are its high throughput and the simplicity with which pure
es can be isolated. A typical application involved preparing a
suspension of 2-(E)-styrylquinazolin-4(3H)-one in dichloromethane
(0.1 mmol in 5 mL}, initiating stirring, and adding 100 pL of DIPEA, 0.2
mmol of sulfonyl chloride, and DMAP (6.0 mg, 0.05 mmol), The mixture
was left in the dark. Over time, depending on the substrates' nature, the
system homogenized. 25 mL of anhydrous 2-propanol was then added.
The remaining sulfonyl chloride is converted into the corresponding
propyl ester. The low solubility of the resulting product in 2-propanol
leads to its precipitation from the reaction mixture. Filtration and
washing with 2-propanol on the filter were sufficient to achieve 98%
purity.

h
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4.1.1. TS1: 7-Chloro-2-[(E)-2-(2-methoxyphenyl)ethenyl | quinazolin-4-yl
3-methylbenzene- 1-sulfonate

'H NMR (500 MHz, CD2Cl») 6 8.28 (d, J = 16.2 Hz, 1H), 8.18-8.13
(m, 1H), 8.12 (dd, J — 8.9, 0.6 Hz, 1H), 8.10-8.07 (m, 1H), 7.95 (dd, J —
2.1,0.7 Hz, 1H), 7.70 (dd, J = 7.6, 1.8 Hz, 1H), 7.58 (dd, J = 8.7, 2.0 Hz,
1H), 7.56-7.52(m, 2H), 7.42 (ddd, J - 8.2,7.4, 1.7 Hz, 1H), 7.26 (d, J
16.0 Hz, 1H), 7.09-7.03 (m, 2H), 4.04 (s, 3H), 2.44 (s, 3H); "*C NMR
(126 MHz, CD2Cl,) 4 161.50, 161.38, 158.01, 153.88, 141.03, 139.82,
136.51, 135.52, 135.34, 130.85, 120.23, 128.93, 128.40, 127.99,
126.97,126.97, 126.41, 124.79, 124.52, 120.78, 113,09, 111.18, 55.59,
20.94; MS (ESI) caled for Cp4H;9CIN,048 M + HIT 467.08; found 467.2;

4.1.2. TS2: 7-Chloro-2-[(E)-2-(2-methoxypheny
inazolin-4-yl 3-methoxyb 1-sulfonate

'H NMR (500 MHz, CD,Cl2) 5 8.24 (d, J = 16.0 Hz, 1H), 8.12 (d, J =
8.8 Hz, 1H), 7.96 (d, J = 2.0 Hz, 1H), 7.93 (ddd, J = 7.8, 1.8, 0.9 Hz,
1H), 7.73 (dd, J - 2.6, 1.7 Hz, 1H), 7.69 (dd, J — 7.7, 1.7 Hz, 1H),
7.61-7.55 (m, 2H), 7.41 (ddd, J - 8.2, 7.4, 1.7 Hz, 1H),7.28 (d,J - 16.0
Hz, 1H), 7.27 (ddd, J = 8.4, 2.6, 1.0 Hz, 1H), 7.06 (L, J = 7.5 Hz, 2H),
7.04 (d, J = 8.4 Hz, TH), 4.03 (s, 3H), 3.85 (s, 3H); '“C NMR (126 MHz,
CD,Cly) & 161.55, 161.38, 159.99, 158.09, 153.93, 141.07, 137.78,
135,56, 130.84, 130.17, 128.43, 128.25, 127.06, 126.98, 124.78,
124.47,121.39, 121.07, 120.74, 113,37, 113.14, 111.15, 55.79, 55.56;
MS (ESI) caled for CpsH gN2OsS M + H| ' 483.08; 483.2;

Dphenylethenyl)

tetheny(]

4.1.3. T53: 7-Chloro-2-[(E)-2-(2-methoxyphenyDph

inazolin-4-yl 4-methoxyb 1-sulfi
TH NMR (500 MHz, CD,Cly) 4 8.32 (d, J = 16.0 Hz, 1H), 8.29-8.23
(m, 2H), 8.12 (d, J — 8.8 Hz, 1H), 7.94 (d, J — 2.0 Hz, 1H), 7.72 (dd, J —
7.6,1.7 Hz, 1H), 7.57 (ad, J = 8.7, 2.0 Hz, 1H), 7.42 (ddd, J = 8.1, 7.4,
1.7 Hz, 1H), 7.26 (d, J = 16.0 Hz, 1H), 7.14-7.09 (m, 2H), 7.09-7.04 (m,
2H), 4.05 (s, 3H), 3.8 (5, 3H); 1°C NMR (126 MHz, CD2Cl3) 4 161.51,
161.40, 158.04, 153.82, 146.30, 140.98, 135.27, 133.59, 130.85,
129.75, 129.75, 129.27, 129.27, 128.36, 127.91, 126.94, 126.92,
124.79, 124,51, 12080, 113.05. 111.21, 55.65, 21.54; MS (ESI) calcd
for Cp4H1gN20sS M + H|* 483.08; found 483.2;

4.1.4. TS4: 7-Chloro-2-[(E)-2-(2-methoxyphenyDphenylethenyl]

i lin-4-yl 3-cyanobi 1-sulfonate

"H NMR (500 MHz, CD.Cl,) § 8.60 (1d, J = 1.8, 0.6 Hz, 1H), 8.58
(ddd, J = 8.0, 1.9, 1.2 Hz, 1H), 8.24 (d, J = 16.1 Hz, 1H), 8.13 (dd, J =
8.8, 0.6 Hz, 1H), 8.01 (ddd, J = 7.8, 1.6, 1.2 Hz, 1H), 7.98 (dd, J = 2.0,
0.5 Hz, 1H), 7.81 (td, J = 7.9, 0.7 Hz, 1H), 7.73 (dd, J = 7.6, 1.7 Hz, 1H),
7.61 (dd, J = 8.8, 2.0 Hz, 1H), 7.43 (ddd, J = 8.2, 7.4, 1.7 Hz, 1H), 7.24
(d, J =16.1 Hz, 1H), 7.07 (t, J = 7.5 Hz, 1H), 7.06 (d, J = 8.3 Hz, 1H),
4.05 (s, 3H); *3C NMR (126 MHz, CD,Cl,) 5 161.29, 161.18, 158.00,
153.99, 141.43, 138.37, 137.76, 135.31, 133.20, 132.68, 131.06,
130.27, 128.70, 127.77, 127.07, 126.40, 124.59, 124.23, 120.82,

RS
OES;
1 (6]
NS
R®S0CI,, DIPEA | /
'
) CH,Cly, DMAP, RT o )
| —r | —rR
27

Scheme 1. The general chemical synthesis procedure of the targer molecules. R': 6-H, 6-Cl, 7-H, 7-Cl; R% 2-OCHy, 3.4,5-0CHj, 1,3-benzodioxole, 6-Br-1,3-ben-

zodioxole; R various substituents.
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116.65, 113.95, 11272, 111.23, 55.69; MS (ESI) caled for
Ca4H}6CIN204S [M + H|* 478.06; found 478.2;

4.1.5. TS5: 6-Chloro-2-[(E)-2-(2-methoxyphenyl)phenylethenyl]
inazolin-4-yl 4-methylb 1-sulf

TH NMR (500 MHz, (CD3)2C0) 4 8.02 (d, J = 16.1 Hz, 1H), 7.98-7.94
(m, 2H), 7.84 (dd, J = 2.3, 0.7 Hz, 1H), 7.71 (dd, J = 9.0, 2.2 Hz, 1H),
7.67 (dd, J = 8.9, 0.7 Hz, 1H), 7.48 (dd, J = 7.7, 1.8 Hz, 1H), 7.33-7.25
(m, 2H) 7.14 (ddd, J — 8.3, 7.3, 1.7 Hz, 1H), 6.99 (d, J — 16.1 Hz, 1H),
6.87 (dd, J = 8.4, 1.0 Hz, TH), 6.80-6.75 (m, TH), 3.79 (s, 3H), 2.17 (s,
3H); '3C NMR (126 MHz, CD,Cl,) 4 160.59, 160.58, 158.00, 151.68,
146.35, 135.59, 134.90, 133.53, 133.01, 130.77, 129.77, 129.51,
129.30, 127.84, 126.91, 124.56, 122.38, 120.79, 115.15, 111.21, 55.64,
21.55; MS (ESI) caled for Co4H9CIN04S M + H|™ 467.08; found 467.2;

4.1.6. TS6: 7-Chloro-2-[(E)-2-(3,4,5-trimethoxyphenyl)phenylethenyl]

inazolin-4-yl 4-methylb 1-sulf

"H NMR (500 MHz, (CD3),C0) & 8.22-8.19 (m, 2H), 8.18 (ddd, J =
8.2, 1.5,0.7 Hz, 1H), 8.05 (ddd, J — 8.4, 7.0, 1.5 Hz, 1H), 7.98 (ddd, J —
8.4, 0.7, 0.7 Hz, 1H), 7.76 (ddd, J — 8.1, 6,9, 1.1 Hz, 1H), 7.72 (d. J —
15.9 Hz, 1H), 7.67-7.59 (m, 2H), 7.23 (d, J = 15.8 Hz, 1H), 7.08 (s, LH},
4.00 (s, 6H), 3.81 (s, 3H), 2.51 (s, 3H); 3¢ NMR (126 MHz, CD2Clz) &
161.38, 160.57, 153.26, 151.80, 146.11, 143.61, 134.74, 133.90,
1323.73,129.68, 129.68129.23, 129.23, 127.62, 127.24, 124.43, 123.26,
116.20, 114.44, 110.24, 97.24, 56.49, 56.45, 56.00, 25.14, 21.53; MS
(PSI) caled for CygHyN2065 M + H|™ 493.14; found 493.4;

4.1.7. TS7: 2-[(E)-2-(2H-1,3-b di
methylbenzene-1-suifonate

"H NMR (500 MHz, (CD3),S0) 6 8.15 (dd, J = 8.0, 1.5 Hz, 1H), 8.03
(d, J = 16.2 Hz, 1H), 7.88 (ddd, J = 8.5, 7.1, 1.6 Hz, 1H), 7.72 (dd, J =
8.3, 1.1 Hz, 1H), 7.56 (ddd, J — 8.2, 7.2, 1.1 Hz, 1H), 7.53-7.47 (m, 2H),
7.18 (d, J = 16.2 Hz, 1H), 7.14-7.10 (m, 2H), 7.09 (dd, J = 8.1, 1.1 Hz,
1H), 7.02 (dd, J = 7.7, 1.2 Hz, 1H), 6.96 (t, J = 7.8 Hz, 1H), 6.23 (s, 2H),
2.29 (s, 3H); '*C NMR (126 MHz, CD,Cly) & 161.64, 159.79, 152.97,
148.02,146.21, 146.13, 135.01,133.99, 133,61, 129.84, 129.84129.18,
129.01,129.01127.87, 127,74, 123.35,121.82, 121.46,118.70, 114.83,
108.90, 101.56, 21.56; MS (ESI) caled for CpqHijgN,OsS [M + H|*
447.10; found 447.20;

I-4-ylethenyllqui lin-4-yl 4-

4.1.8. '158: 2-[(E)-2-(6-bromo-2H-1,3-benzodioxol-5-yDethenyl)

lin-4-yl 4 bulh 1-sulfi

4-methy

U

'H NMR (500 MHz, CD,Cl,) 5 8.25 (d, J — 15.8 Hz, 1H), 8.23-8.20
(m, 2H), 8.18 (ddd, J — 8.2, 1.3, 0.8 Hz, 2H), 7.99-7.89 (m, 2H), 7.66
(ddd, J = 8.2, 6.3, 1.8 Hz, 1H), 7.47-7.43 (m, 2H), 7.31 (s, 1H), 7.17 (s,
1H), 7.07 (d, J = 15.7 Hz, 1H), 6.10 (s, 2H), 2.46 (s, 3H); "°C NMR (126
MHz, CD.Clz) 4 161.56, 159.53, 153.14, 149.50, 148.15, 146.16,
137.20,134.91, 133.56, 129.84, 129.84129.13, 129.05, 129.05, 128.16,
127.87,127.83,123.32,116.82, 114.80, 112.85, 106.29, 102.47, 21.45;
MS (ESI) caled for CyqH;7BrN;0sS [M -+ H|" 525.01, 527.01; found
525.2, 527.2;

4.2. Cell culture

The human glioblastoma cell line US7MG was purchased from ATCC.
The glioblastoma cell line U-251 was kindly provided by Prof. G.
Kramer-Marek from the Institute of Cancer Research in London, United
Kingdom. The human suspension chronic myelogenous leukemia cell
line K562 and the human hepatoma cell line HepG2 were bought from
Sigma-Aldrich. The normal human astrocytes NHA were purchased from
Gibco. All of the adherent cancer cell lines were cultured in Dulbecco’s
modified Eagle's medium (DMEM) that had been supplemented with
10% heat-inactivated fetal bovine serum — FBS (all from Merck). The
suspension cell line (K562) was cultured in RPMI-1640 medium
(Merck), which contained 10% heat-inacrivated FBS. The NHA cells
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were cultured in astrocyte medium with 1095 FBS, N-2 supplement and
EGF (20 ng/mL, Gibco). Each complete medium contained a mixture of
two antibiotics - penicillin and streptomyein (1% v/v; Gibco). The cell
lines were cultured ar 37 “C with 5% CO, humidified atmosphere.

4.3. Cytotoxicity studies

The cells were seeded in 96-well plates (Nune) at a density of 5,000
cells per well (UB7MG, U-251, K562, and HepG2) or 4,000 cells per well
(NHA) and incubated under standard conditions at 37 “C for 24 h. Assays
were carried out following a 72 h incubation with the various concen-
trations of the tested compounds. DMEM without phenol red with
CellTiter 96AQueous One Solution-MTS (Promega) solution was then
added ro each well and incubated for 1 h ar 37 °C. The optical densities
of the samples were measured at 490 nm using a multi-plate reader
(Varioskan LUX, Thermo Scientific), The obtained results were
compared to the control and were d as the inhibitory concen-
tration (ICsg) values using GraphPad Prism 9. Fach individual com-
pound was tested in triplicate in a single experiment with each
experiment being performed three or four times.

4.4. Cell cycle assay

The U-251, and K562 cells were seeded in 3 cm Petri dishes (Nunc) at
a density of 200,000 and incubated at 37 “C. After 24 b, the medium was
removed and various concentrations of TS1-TS6 compounds were added
to each cell line. The cells were then incubated for an additional 24 h and
assays were performed using the Muse™ Cell Cycle Kit (Millipore) ac-
cording to the supplier’s information. Briefly, the cells were collected,
washed with cold PBS and centrifuged. The cells were then fixed in ice-
cold 70% ethanol and stored at 20 °C overnight. The next day, the cells
were washed with cold PBS, centrifuged and resuspended in Muse™ Cell
Cycle Reagent. The samples were incubated for 30 min ar room tem-
perature in the dark. After staining, the cellular subpopulation values in
the individual cell cycle phases were assessed using a Muse Cell Analyzer
(Millipore). The experiments were performed at least four times.

4.5. Annexin V binding assay

Cells were seeded, and compounds were applied in the same

as previously described in Section 4.5. Assays were then performed after
a 48-h treatment using the FITC Annexin V Apoptosis Detection kit with
7-AAD (Bio-Legend) according to the manufacturer's instructions. The
cells were collected, washed with PBS and centrifuged. The cells were
then resuspended in Annexin V Binding Buffer and incubated for 15 min
at room temperature in the dark with FITC Annexin V and 7-AAD
Viability Staining Solution. After staining, the samples were counted
for live, early, and late apoptotic cells using the Muse Cell Analyzer. The
experiments were performed at least four times.

4.6. Immunoblorring

The U-251 and K562 cells were seeded in 3 cm Petri dishes (Nunc) at
a density of 500,000 and incubated for 24 h at 37 “C, After 24 h, the
medium was removed, and various concentrations of TS1, TS3, and TS5
compounds were added to each cell line. The cells were then incubated
for an additional 24 h and collected, centrifuged, and lysed on ice in
complete RIPA buffer containing Halt Protease Inhibitor Cocktail, Halt
Phosphatase Inhibitor Cocktail, and 0.5 M EDTA (all from Thermo Sci-
entific). The amount of protein was determined using a BCA Protein
Assay Kit (Thermo Scientific) according to the manufacturer’s protocol.
Equal amounts of the proteins were electrophoresed on SDS-Page gels
and transferred onto nitrocellulose membranes, After blocking with 5%
non-fat milk with TTBS, the membranes were cut and incubated over-
night at 4 °C with one of the chosen primary antibodies (from Cell-
Signaling, Abcam, or Fine Biotech): p27*P! (#3688), p21'Vell/Cipl
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(#2947), p53 (#2524), Cyclin A2 (#4656), Cyclin Bl (#Fnab02122},
cde2 (#9110), Aurora A (#14475), EGFR (#4267), p-EGFR (Tyr1068)
(#2236), p-Akt (Ser473) (#4060), PTEN (#ab32199), p-STAT5
(Tyr694) (#9359), PARP-1 (#9542), Caspase-9 (#9508), BID (#2002),
GAPDH (#2118), p-actin (#3700), (all diluted 1:1000), RAS
(#ab52939) (diluted 1:5000) and vinculin (#13901) (diluted 1:2000).
The antibodies were diluted in 5% non-fat milk or BSA with TTBS. The
membranes were then washed and incubated with horseradish
peroxidase-conjugated secondary antibodies for 1 h at room tempera-
ture. Chemiluminescence signals were recorded after staining with a
SuperSignal'™ West Pico Chemiluminescent Substrate {Thermo Scien-
tific) using a ChemiDoc’™ XRS+ System (BioRad). The experiments were
performed at least three times. The densitometric analysis for the
Western blots was performed using ImageJ 1.41.

4.7. Lumit Immunoassay

The cells were seeded in a white flat-bottom 96-well plate at a
density of 50,000 for U-251, and K562 and incubated under standard
condition at 37 “C for 24 h. Afterward, the cells were treated with so-
lutions of the tested compounds (TS1, TS3, and TSS5). At the same time,
fluorogenic Live Cell Substrate (GF-AFC Substrate) was added to give a
final concentration 50 pM in each well. After 24 h, the lysis buffer
containing digitonin was mixed with the immunoassay reaction buffer
and added to the wells. The plate was then digested for 20 min on a plate
shaker at 800 rpm. Subsequently, primary antibodies against EGFR
(#4267), p-EGFR (Tyr1068) (#2236), mTOR (#2983 and #4517), and
p-mTOR (Ser2448) (#5536), and Lumit secondary antibodies (Promega)
were added to the lysates. The plates were then incubated at 23 °C for
90 min, followed by adding Lumit Detection R The lumi
and fluorescence were measured after 2 min using @ multi-plate reader
(Varioskan LUX). The instrument was set to a time of 1s. Tests were
performed at least three times, with at least duplicate repeats for each
experiment.

4.8. Tyrosine kinase inhibition assay

The assays were conducted using the Kinase Selectivity TK-1
profiling system and the ADP-Glo Kinase Assay (both from Promega),
following the manufacturer's instructions and protocols previously
described by our group [89]. The inhibitory potential of compounds
TS1, TS3, and TS5, as well as the reference drugs Osimertinib and
Erlotinib, was assessed against EGFR, HER2, HER4, and IGF-1R kinases.
The experiments were performed three times. The data expressed as the
percentage of the inhibition of tyrosine kinase after treatment with the
tested compounds,

4.9. Cell imaging

U-251 cells were seeded into 60 mm plates containing inside a mi-
croscope coverslip (approximately 120,000 cells) and incubated for 24 h
at 37 °C under 5% CO atmosphere. The medium was then removed, and
the cells were treated with the solution of tested compounds, TS1, TS3,
and TS5, at concentration equal to triple the value of the 1Csp. After 180
min of incubation, the medium was removed, and the cells were incu-
bated with a 1x solution of Tubulin Tracker™ Deep Red and 4 pg/ml,
solution of Hoechst 33342 (both from Invitrogen) in a medium without
phenol red for 30 min. The cells were washed three times with PBS and
mounted with a serum-free medium without phenol red, The cells were
observed after excitation at 385 nm (for nuclei staining) and 650 nm (for
tubulin) using a Cellinsight CX7 High Content Analysis Platform
(Thermo Scientific).

4.10. Tubulin polymerization assay

The impact of TS5 on tubulin polymerization was assessed using an
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In Vitro Tubulin Polymerization Kit (>99% pure bovine tubulin) from
Millipore, in accordance with the manufacturer's protocol. Briefly, TS5,
along with the reference agent paclitaxel (a polymerization enhancer),
was applied at a concentration of 10 pM. The compounds were mixed
with purified bovine tubulin (60 pM) and polymerijzation buffer con-
taining 1 mM GTP in a 96-well plate maintained on ice. The plate was
then transferred to a Synergy 4 multi-plate reader preheated to 37 °C,
and turbidity changes were monitored at 350 nm every 30 s for 90 min.
All experiments were performed in triplicate.

4.11. Analysis of mRNA expression

Approximately 500,000 cells of each of the tested cell lines (U-251
and K562) were seeded on 3 ¢m Petri dishes (Nunc) and incubated at
37 °C for 24 h. The next day, the culture medium was removed and
replaced with medium solutions of TS1, TS3 and TS5, After 24 h treat-
ment, the cells were lysed using TRIzol Reagent (Ambion) for about 30
min in room temperature. The obtained lysates were collected into
sterile 1.5 mL Eppendorf tubes and kept in the freezer at a temperature
of —80 “C. The isolation of RNA was performed according to the man-
ufacturer's protocol (Ambion), followed by the synthesis of cDNA using a
ProtoScript 11 First Strand ¢cDNA Synthesis Kit (New England Biolabs),
also according to the provided protocol. The obtained final product was
used for quantitative Real-Time PCR (qRT-PCR) reaction carried out
using a2 QuantStudio'™ 5 Real-Time PCR System (Applied Biosystems).
During the experiment, six target genes were measured (calreticulin,
CCNE2, GADD45, IDHI, LC3, and TUBB3) and their results were
compared to the results of the reference gene (GAPDH) (Table $3).
Reaction mix was prepared in 10 yL volume, consisting of 5 pL of Luna &
Universal gPCR Master Mix (New England BioLabs), 0.25 L of forward
and reverse primers, 1 pL of ¢<DNA, and ddH»0. The PCR reaction fol-
lowed the protocol: 60 s of initial denaturation (95 “C), 40 cyclesof 15 s
denaturation (95 °C), 30 s extension (60 °C), and plate reading. The
experiments were performed at least four times.

4.12. Invivo

Experiments using the Danio rerio model were carried out on larvae
up to 96 h post-fertilization, and therefore the approval of Ethics Com-
mittees was not required (according to Polish law and EU directives). All
experiments using the in vivo model were carried out respecting the 3Rs
principle and other guidelines (e.g. ARRIVE) for working with animals.

4.12.1. Zebrafish toxicity studies

The evaluation of toxicity was performed according to modified
OECD 236 procedure. Briefly, freshly obrained zebrafish (Danio rerio)
embryos were distributed onto 24-weli plates, with 5 embryos per well,
two wells per group. The embryos were maintained in E3 medium and
subjected the treatment with TS1, TS3, TS5 and Osimertinib at the doses
ranging from 0 to 15 pM on separate plate each. Embryos were incu-
bated in a controlled environment in an incubator at a constant tem-
perature of 28 + 0.5 “C and a day-night cycle of 14 h of light followed by
10 h of darkness. After 96 h of exposure, the {ollowing developmental
endpoints were assessed: (1) coagulation of embryos, (2) absence of
somite formation, (3) tail separation and (4) absence of cardiac activity.

4.12.2. Zebrafish xenograft experiments

Tumor U-251 cell lines were cultured until cells reached 70% of
confluence, then washed with phosphate-buffered saline (PBS), de-
tached and stained with Vybrant CM-Dil (ThermoFisher; 4 pL/mL in 1%
PBS) for 10 min at 37 “C in darkness. The stained cell suspension was
resuspended in PBS to a final concentration of 2.5 % 10° cells/mL. The
number of 500-1000 cells od fluorescently labeled cancer cells were
injected into the yolk sac of 2 days post-fertilization (dpf) zebrafish
embryos. Successfully engrafted embryos were imaged (Zeiss Discovery
V8) to assess tumor size and subsequently allocated into treatment
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groups: E3, TS1-0.5, 1, 2 pM, TS3-0.5, 1, 2 uM, TS5-0.5, 1, 2 pM and
Osimertinib - 5, 7.5, 10 pM. Then, the embryos were incubated at 31 °C
for 72 h when tumor size was measured via image analysis. Fluorescence
images were captured using a Zeiss Discovery V8 fluorescence micro-
scope and analyzed with FlJI/Image) software to quantify tumor-
derived fluorescence at injection point and 72 h post-injection. The
difference was calculated as a percentage versus 100% for non-treated E3
control group.

4.13. ADME calculations

All the parameters were predicted using the commercially available
program ACD/Percepta ver. 2025 (Advanced Chemistry Development,
Inc., Toronto, ON, Canada, 2025).

4.14. In silico with statistical analysis of pose consistency

The docking results for the highest-ranking ligand were analyzed and
visualized using UCSF ChimeraX. Pose consistency was quantified using
RDKit shape-based similarity (Shape Tanimoto) computed relative to a
consensus pose (a medoid). Scatter plots of shape similarity versus
docking rank were complemented by rolling-window trend estimates
(rolling median; window size defined as a fixed fraction of the dataset)
to me i under sub ial point dispersion.
The mlerquamle range (IQR; 25th—75Lh percentile) within each window
was used as a robust measure of local geometric variability. Pearson's
correlation coefficient (r) and Spearman's rank correlation coefficient
(p) were reported to quantify linear association and monotonic depen-
dence, respectively. These analyses assess geometric convergence and
pose reproducibility and are not intended to establish guantitative
structure-activity relationships.

relationshi

4.15. Statistical analysis

The results are presented as the mean + standard deviation (SD)
from at least three independent experiments. The statistical analyses for
the cell eycle, apoptosis, and gene and protein expression were per-
formed using one-way ANOVA with multiple comparisons with post-hoe
test correction (Dunnett's or Sidak's). All the samples were compared to
their respective controls, a p-value of 0.05 or less being considered
statistically significant. All statistical analyses were performed using
GraphPad Prism 9.0.
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Aberrant signaling through insulin-like growth factor I receptor (IGFIR)
and epidermal growth factor receptor (EGFR) drives glioblastoma (GBM)
progression and therapy resistance. Herein, we describe the synthesis and
biological evaluation of WIB, a novel slyrylquinazolinone-based
small-molecule inhibitor. In antiproliferative assays, W1B exhibited potent
submicromolar activity against a panel of GBM cell lines. Kinase assays
and binding studies confirmed strong inhibition and high binding affinity
toward TGFIR. Molecular docking suggested possible interactions with
both IGFIR and EGFR, with WIB adopting distinct binding poses in each
kinase domain. In cellular studies. WIB reduced IGFIR and EGFR pro-
tein levels in LN229 cells and suppressed Akt phosphorylation. Under
high-glucose conditions, however, WIB only retained inhibitory activity
toward IGFIR, resulting in attenuated effects on the Akt/mTOR axis and
underscoring the influence of glucose-dependent signaling rewiring on drug
efficacy. Combination studies revealed that WIB acts synergistically with
the EGFR inhibitor dacomitinib, effectively overcoming compensatory
activation of parallel pathways. Biomimetic lipophilicity and in silico phar-
macokinetic analyses indicated that styrylquinazolinone has the potential
to cross the blood-brain barrier (BBB). The i vivo studies on Danio rerio
have shown a good safety profile, as well as strong antitumor potential of
the tested compound. Therefore, these findings establish WI1B as a promis-
ing derivative for the development of next-generation dual IGFIR/EGFR
inhibitors in GBM.
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BEB, blood-brain barrier; EGFR, epidermal growth factor receptor; Fb, unbound fractions in brain tissue; Fu, unbound fractions in plasma;
GBM, glioblastoma; HPLC, high-performance liquid chromatography; IAM, immabilized artificial membrane; IGF1R, insulin-ike growth factor
1 receptor; InsR, insulin receptor; logBB, logarithm of blood—brain partitioning; logPcw, logarithm of the cyclohexanefwater partition
coefficient; logPow, logarithm of the octanol-water partition coefficient; logPS, logarithm of passive diffusion; logPS-fu, brain, logarithm of
brainplasma equilibrium; MST, microscale thermopherasis; NSCLC, non-small cell lung cancer; RTKs, receptor tyrosine kinases; TME, tumor
microenvironment; TPSA, topological polar surface area.
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1. Introduction

The insulin-like growth factor | receptor (IGFIR) is a
key mediator of signaling pathways that regulate cell
growth, proliferation. metabolism, and survival [1].
IGFIR is a transmembrane tyrosine kinase receptor
activated by 1GFI and IGF2. which bind Lo its extra-
cellular domain and initiate autophosphorylation of
intracellular tyrosine residues [2]. This leads to the
activation of multiple downstream pathways. most
notably the PI3K/AKT/mTOR and RAS/RAF/
MEK/ERK cascades, as well as Src and JAK/STAT,
which are crucial for stimulating cell proliferation.
migration and resistance to apoptosis [3]. IGFIR also
influences the expression of drug transporters, DNA
repair enzymes, and cell cycle regulators [4]. Overex-
pression or constitutive activation of IGFIR has been
observed in various types of cancers, including glio-
blastoma (GBM), non-small c¢ell  lung cancer
(NSCLC). breast cancer, colon cancer, and pancreatic
cancer [5]. Beyond tumor cell-intrinsic mechanisms,
IGFIR also shapes the immune landscape of the
tumor microenvironment (TME) by driving immuno-
suppression through STAT3. MAPK, and PI3K sig-
naling that attenuates cytotoxic T-cell activity [6.7].
These findings highlight IGFIR as a key driver of
tumor progression and immune evasion, supporting
the inhibition of this receptor as a therapeutic strategy.

Glioblastoma, the most aggressive and treatment-
resistant primary brain tumor, is characterized by high
IGFIR expression and correlates with poor prognosis,
reduced survival, and limited responsiveness to standard-
of-care therapies such as temozolomide [8.9]. Despite the
use of intensive treatment modalities, the median overall
survival for GBM patients is only about 10.2months,
and the five-year survival rate remains below 5% [10].
The development of novel therapeutic approaches has
faced numerous obstacles, one of the most critical being
efficient drug delivery across the highly selective blood—
brain barrier (BBB), which restricts the efficacy of nearly
98% of therapeutic agents [11].

Although targeted therapies against receptor tyrosine
kinases (RTKs). such as epidermal growth factor recep-
tor (EGFR) and IGFIR. have shown promise in pre-
clinical models, clinical translation has been largely
unsuccessful [12,13]. This hmited efficacy is mainly
attributed to the pronounced molecular heterogeneity of
GBM. particularly within the EGFR/PI3K/AKT,/m-
TOR. CDK4/6-CDKN2A/B-RB1 and p53 signaling
networks, as well as the emergence of resistance mecha-
nisms. including loss of EGFR expression and activa-
tion of compensatory pathways (e.g.. ¢-MET, IGFIR)
[14.15]. Importantly, similar to other RTKs, IGFIR

P. Rurka et al.

[unctions as a central hub within highly integrated sig-
naling networks [16]. Its extensive crosstalk with EGFR
[17]. integrins [18], and insulin receptor (InsR) [19] has
complicated the development of effective IGFIR-
directed therapeutics. while simultancously providing a
rationale for cotargeting strategies. Ullimately, over-
coming the resilience of such interconnected signaling
systems may require the use of multi-agent or
combination-based therapeutic approaches. Indeed.
combination  strategies with OSI-906 (Linsitinib)
(Fig. 1). a dual inhibitor of IGFIR/InsR. and gefitinib,
the EGFR inhibitor, showed greater efficacy in treating
subcutaneous GBM xenograft tumors. However, this
effect may have been counteracted by increased Akt
kinase expression [20]. Despite more than 180 clinical
trials involving IGF I R-targeting agents, none have been
approved lor oncology indications, and only a [ew have
included patients with primary brain tumors [13]. None-
theless. early clinical data suggest the potential of the
small-molecule AXLI1717 (Picropodophyllin) (Fig. 1).
which induced a durable response in patients with astro-
cytoma in a phase I trial [21].

Significant efforts have been directed toward the
development of IGFIR inhibitors, encompassing both
monoclonal antibodies [22-25] and small-molecule
tyrosine kinase inhibitors. Notable examples of the lat-
ter are NVP-AEWS541 (a pyrrolopyrimidine derivative)
[26] and BMS-754807 (a pyrrolotriazine derivative)
[27.28] (Fig. 1). Quinazoline-based compounds, such as
HMI-30 [29] (Fig. 1), along with other derivatives [30],
have also been shown to inhibit IGF1R. The quinazo-
line ring in these molecules underscores its potential as
a versatile scafTold lor engaging the IGFIR aclive site.
making it an attractive template for the design of
next-generation inhibitors.

Compounds incorporating sulfonyl group (=SO»-).
including tosyl (4-methylphenylsulfonyl) moieties, are
primarily known for their auxiliary functions in organic
synthesis or for modulating physicochemical properties
such as solubility and stability—including biochemical
stability—while often preserving good bioavailability.
Less frequently. they serve as essential pharmacophores
in biologically active molecules. and reports on their use
as selective kinase inhibitors, including IGFIR inhibi-
lors, remain limited. Notably, GSKI1904529A [31]
(Fig. 1), a potent and selective IGFIR inhibitor, features
a sulfonyl group in its side chain that is critical for inter-
actions with the kinase active site. Moreover, sulfonyl-
indole-based compounds have demonstrated significant
IGFIR inhibitory activity [32]. This underscores the
value of sulfonyl moicties as key interaction motifs in
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Fig. 1. The chemical structures of insulin-like growth factor 1 receptor (IGF1R) inhibitors,

the design of IGFIR-targeted inhibitors. In our group.
we have been actively developing compounds containing
a styrylquinazoline motif, focusing on their antiproli-
ferative and tyrosine kinase ihibitory properties. We
mitially characterized a series of p53 reactivator ana-
logues, such as CP-31398 [33]. Subscquently, we cluci-
dated the mechanism of action of one derivative, 1520
(6b), demonstrating its capacity to induce oxidative
stress by modulating Ndrg! gene expression and disrupt-
ing EGFR signaling [34]. Subscquent efforts explored
thio-analogs of styrylquinazoline, which increase bio-
availability and improve binding to different conforma-
tions in the DFG pocket of ABL kinasc [35]. as well as
sulfamoyl derivatives as dual IDH1/ABL inhibitors [36].
Moreover, several benzenesulfonates revealed pro-
nounced anti-GBM activity, driven by robust G2/M cell
cvcle arrest and cenhanced tubulin  polymerization
[37.38].

Given the limited efficacy of current kinasc inhibitors
in aggressive and resistant tumors, there is a clear need
to develop novel compounds with enhanced properties.
Leveraging our expertise, we have designed and synthe-
sized a novel series of derivatives featuring a unique
T-chloroquinazolinone core, a styryl moiety. and a tosyl
group, a structural combination not previously
reported. Among these, one compound has emerged as

a promising IGFIR inhibitor, whose mechanism of
action we have characterized in GBM cells, including
under conditions of elevated glucose metabolism. More-
over, we have explored strategies for the effective combi-
nation of this approach with the EGFR inhibitor
dacomitinib, emphasizing its potential for multi-
targeted therapeutic approaches. As monotherapies.
EGFR inhibitors such as dacomitinib or osimertinib are
effective in the NSCLC [39], but display limited activity
in GBM [40]. Likewise. quinazoline-based agents, such
as lapatinib, have shown no efficacy in recurrent GBM
[41]. Tn turn, afatinib demonstrated only modest activity
in patients with recurrent GBM, and a similar outcome
was observed for dacomitinib [40,42].

2. Material and methods

2.1. Chemistry

All of the reagents were purchased from Sigma
Aldrich. Microwave syntheses were performed in a
CEM Discover 2.0 microwave reactor. Thin-layer
chromatography (TLC) experiments were performed
on alumina-backed silica gel 460 Fasy plates (Merck.,
Darmstadt. Germany). The plates were illuminated
under UV (254 nm and 360 nm). The melting points

Malecular Oncology (20261 & 2026 The Authors). Moiecular Oncofogy published by Joan Wiloy & Sons Ltd on behalf of Fedoration of Europoan Bochemical Societies. 3

S Sy POF SO 3 A THZOZAHRIT I A3 T 30D SN TPUROS 9 PUNY PIEIH FUODEN G pO0C LOTORES L TN 111 Ry Sagpw Ao s - sdiig ol popaopsne 'l I920RLEL

SR A0 AN 0 L G PR S0 O ) 0 10 SN 40 AISKIY G Rl

121

121:2687628393



Dual IGF1R/EGFR targating in glucose-driven GBM

were determined on an Optimelt MPA-100 (SRS,
USA). All 'H and “C NMR spectra were recorded
on a Bruker Avance TII 500 MHz FT-NMR spec-
trometer (500 MHz for 'H and 101,126 MHz for "*C,
Bruker Comp., Karlsruhe, Germany). Chemical shifts
are reported in ppm (8) using the signal of the sol-
vent (DMSO-d;) as the reference against the internal
standard Si(CH3);. Easily exchangeable signals were
omitted when they were diffuse. Signals are desig-
nated as follows: s. singlet: d, doublet; dd, doublet of
doublets; ddd. doublet of doublet of doublets: t, trip-
let; tt, triplet of triplets: td, triplet of doublets; m,
multiplet. Mass spectra were measured using a maXis
impact EST/APCI-Q-TOF mass spectrometer (Bruker
Daltonics. USA) with direct injection into an APCI
source in the positive mode.

2.1.1. General procedure for the preparation of tosyl
aldehyde derivatives (A-C)

A solution of hydroxybenzaldehyde (1.0eg, 5 mmol),
p-toluenesulfonyl chloride (l.1eq, 5.5mmol), and
triethylamine (2.5eq, 12.5mmol) in dichloromethane
(CH,Cls, 40mL) was placed in a 100 mL round bot-
tom flask. The mixture was stirred at room tempera-
ture for 3h. The reaction mixture was washed with
water (3x20 mL). and the water layer was extracted
with EtOAc (320 mL). The organic layer was dried
by MgSO,. After filtration and removal of the solvent
under reduced pressure, the crude product was dried
under air.

2.1.2. General procedure for the preparation of 2-
methylquinazolin-4(3H)-one derivatives (W1-2)

The 2-aminobenzoic acid derivatives (23.4 mmol) were
dissolved in acetic anhydride (110mL), and the reac-
tion mixture was stirred at 80 °C for 2h. The solvent
was then evaporated, and the crude product was
washed with isopropanol and filtered out. To a dry
solid (benzoxazin-4-one intermediates) was added
90 mL of ammonium hydroxide (32% NH,). and they
were stirred at room temperature for 6 days. The prod-
uct precipitated from the solution was filtered out and
washed with water. The solid compound was dried
under vacuum overnight.

2.1.3. General procedure for the preparation of
styrylquinazolinone derivatives (WI1A-C, W2B)

A mixture of the appropriate 2-methylquinazolin-4
(3H )-one derivative (WI1-2) (1 mmol) and the appro-
priate tosyl aldehyde (A-C) (1 mmol) was heated in

P. Rurka et al.

3mL of 80% concentrated acetic acid. The reaction
was carried out in a4 microwave reactor at 130 °C for
1.5h. The reaction mixture was then cooled in a refrig-
erator to precipitate the solid. The resulting solid was
filtered under reduced pressure and recrystallized from
acetic acid to afford the corresponding styrylquinazoli-
nonce derivative as a white solid.

The physicochemical data with spectroscopic ana-
lyses for all compounds are given in the Supplemen-
tary Information.

2.2, Molecular docking

The ligand molecule was drawn manually using Avo-
gadro 1.1.1 software [43] and optimized within the
UFF force field [44] (15000 steps. steepest descent
algorithm)., The flexible, optimized ligand molecule
was docked into the binding pocket of the five protein
structures found in the PDB database: 1K3A (IGFIR),
1 M17 (EGFR), 2ZM3 (IGFIR), 3EKN (InsR) and
4HJO (EGFR). Vina software [45] was used for dock-
ing simulations, with all default procedures and algo-
rithms implemented in AutoDock Vina during docking
procedures. The docking procedure was carried out
within the rectangular region of dimensions 22 x 22 x
16A%, which covers the originally co-crystallized
ligands present in the PDB structures as well as the
closest amino acid residues that exhibit contact with
those ligands. In addition to the flexibility of the
ligand molecules, the rotation of selected sidechains (in
particular: two Leu. one Lys. one Arg. one Val, two
Met and two Asp) in the proximity of the
co-crystalized ligands was allowed. Visual inspection
of the location and orientation of the docked ligands
was accompanied by RMSD-based clustering in order
to control the uniformity of the binding pattern.
Before docking the compound, the adopted methodol-
ogy was validated by performing docking for cach of
the ligands present in the crystal structure of the given
protein. All procedures were the same as described
above.

2.3. Measurements of tyrosine kinase activity

RTK inhibition was measured using Kinase Selectivity
Profiling Systems (TK-1 and TK-2) and ADP-Glo
Kinase Assay (Promega). WI1B was dissolved in
100 pp DMSO and a 1 pm solution was prepared in 1x
Kinase Reaction Buffer (40mm Tris—pH 7.5: 20mm
MgCly: 0.1 mg-mL~" BSA: 50 um DTT) with a final
DMSO concentration of 5%. Then, each kinase
(EGFR, HER2, HER4, IGFIR. InsR, KDR.
PDGFRa, PDGFERDb) or (ABL1, BRK, BTK, CSK.
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Fyn A, Lek, Lyn B, Sre) from an 8-well strip was dis-
solved in 95 pL of 2.5x Kinase Reaction Buffer, and
the 8-well strips containing substrates in 15SpL of
100 um ATP. The tyrosine kinase inhibition assay was
performed on a white 384-well plate by transferring
I pL of WIB solutions. then adding 2 pL of the previ-
ously prepared kinase and substrate solutions, then
incubating for I h at room temperature. Kinase activ-
ity was detected by adding SpL of ADP-Glo™
Reagent to each well, shaking the plate for two
minutes, and incubating for 40 min at room tempera-
ture, Then, 10pL of Kinase Detection Reagent was
added, remixed, and incubated for 30min at room
temperature. Luminescence was measured using a Var-
ioskan LUX multidetector plate reader (Thermo
Fisher Scientific. USA), with analysis and graphical
representation employing GRAPHPAD PRISM 9 (Graph-
Pad Software. USA).

2.4. Binding assays (microscale thermophoresis
—MST)

WIB affinity to the IGFIR protein was measured by
MST using the Monolith NT.115 Blue/Red device
(NanoTemper Technologies. Germany). Experiments
were performed in a buffer containing 50 mm HEPES
(pH =7.5), 300 mm NaCl. 10mw MgCly and 0.05%
Tween 20. Recombinant human IGF-I R/IGFIR pro-
tein (His-tagged) (Bio-Techne) was labeled using the
Monolith His-Tag RED-tris-NTA 2nd Generation
labeling kit (NanoTemper Technologies). The final
labeled protein concentration was 30 nm. Final serial
dilutions of WI1B were prepared starting at 10 pv, with
2-fold dilutions to 0.000305pm in assay buffer. For
Kd determination, labeled proteins were incubated
with serial dilutions of WIB for 15min at room tem-
perature. Samples were then centrifuged (12000 x g for
10 min), placed in standard capillaries (NanoTemper
Technologies) and measured at 25 °C using 80% LED
power and 40% MST power. Experiments were
repeated at least three times. Data analysis was per-
formed using MO.AFFINITY ANALYSIS 2.3 SOFTWARE
{NanoTemper Technologies). All final graphs were
prepared using GRAPHPAD PRISM 9.

2.5. Cell culture

The human GBM cell lines US7MG (RRID:CVCL_
0022). T98G (RRID:CVCL_0556). LNI8 (RRID:
CVCL_0392) and LN229 (RRID:CVCL_0393) were
purchased from ATCC. The human breast carcinoma
cell line MCF-7 (RRID:CVCL_0031), and the lung
adenocarcinoma PC-9 (RRID:CVCL_B260) were

Dual IGF1R/EGFR targeting in glucose-driven GBM

obtained from Merck. Normal human dermal fibro-
blasts (NHDF) were purchased from PromoCell. The
U-251 (RRID:CVCL_0021) GBM cell line was kindly
provided by Prof. G. Kramer-Marek from the Institute
of Cancer Research i London, United Kingdom.
GBM cell lines and MCF-7 cells were cultured in Dul-
bececo’s modified Eagle’s medium F-12 (DMEM),
whereas PC-9 cells were cultured in RPMIT 1640
medium. Both media were supplemented with 10%
heat-inactivated fetal bovine serum—FBS (all reagents
from Merck). For some experiments, LN229 celis
(later named LN229 HG) were also cultured in
DMEM containing high glucose (DMEM HG: Merck)
and supplemented with 10% heat-inactivated TBS.
The NHDF cell line was cultured in fibroblast growth
medium with a low-serum content (PromoCell). Each
complete medium contained penicillin and streptomy-
cin (1% v/v: Gibco). Cell lines were cultured at 37 °C
with a 5% CO, humidified atmosphere. Cell lines were
routinely tested for mycoplasma contamination using
the PCR technique. All cell lines used in this study
were purchased specifically for the purposes of this
research and have been authenticated within the past
three years.

2.6. Cytotoxicity

Cells were seeded in 96-well plates (Nunc) at a density
of 5000 cells per well (U-251, USTMG, T98G, LNIS,
LN229, LN229 HG, MCF-7, PC-9) or 4000 cells per
well (NHDF) and incubated under standard conditions
at 37 °C for 24h. The assay was conducted after a
72 h incubation period with the various concentrations
of the tested compounds. Then, DMEM without phe-
nol red with CellTiter 96 AQueous One Solution-MTS
(Promega) solution was added to each well and incu-
bated for 1h at 37 °C. The optical densities of the
samples were measured at 490 nm using a multi-plate
reader (Varioskan LUX). The obtained results were
compared to the control and were calculated as inhibi-
tory concentration (ICsq) values with GRAPHPAD PRISM
9. All experiments were performed independently four
times. with each compound tested in triplicate.

2.7. Immunoblotting

The LN229 and LN229 HG cells were seeded in a
3c¢m Petri dishes (Nunc) at a density of 500000 and
incubated for 24h at 37 °C. After 24 h, DMEM or
DMEM HG medium was removed and various con-
centrations of WIB compound were added. For the
combination therapy experiments, LN229 HG cells
were treated with WI1B, dacomitinib, or their
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combination at the 1Cs, dose. The cells were then
incubated for an additional 24 h and collected, centri-
fuged, and lysed on ice in complete RIPA buffer con-
taining  Halt  Protease Inhibitor Cocktail, Halt
Phosphatase Inhibitor Cocktail, and 0.5M EDTA (all
Thermo Scientific). The protein amount was deter-
mined using & BCA Protein Assay Kit (Thermo Scien-
tific) according to the manufacturer’s protocol. Equal
amounts of the proteins were electrophoresed on
SDS/PAGE gels and transferred onto nitrocellulose
membranes, After blocking with 5% non-fat milk with
TTBS. the membranes were cut and incubated over-
night at 4°C with one of the chosen primary antibodies
(from CellSignaling or Abcam): EGFR (D38BI)
(#4267), TGF-1 Receptor f (D23H3) (#9750). Akt
(#9272), phospho-Akt (Serd473) (DIE) (#4060). p70 S6
Kinasc (49D7) (#2708), phosphe-S6 Ribosomal Pro-
tein (Ser240,244) (D68FS) (#5364), RAS (EPI125Y)
(#ab52939). vinculin (EIE9V) (#13901), GAPDH
(14C10) (#2118), cyclophilin f§ (DIVST) (#43603), and
cofillin (D3F9) (#5175). The antibodies were diluted in
5% non-fat milk with TTBS. The membrancs were
then washed and incubated with horseradish
peroxidase-conjugated secondary antibodies for 1h at
room temperature. The chemiluminescence signals
were recorded after staining with a SuperSignal™
West Atto Chemiluminescent Substrate (Thermo Sci-
entific) using a ChemiDoc™ XRS+ System (BioRad).
The experiments were performed six times. The densi-
tometric analysis was performed using Imagel 1.41.
Statistical analysis (one-way ANOVA with Dunnett’s
post hoc test) and graph preparation used GRAPHPAD
PRISM 9.

2.8. Combination therapy with EGFR inhibitor

The LN229 or LN229 HG cells were seeded in 96-well
plates (Nunc) at a density of 5000 cells per well and
incubated at 37 °C for 24 h. After 24 h, solutions of
WI1B, dacomitinib, or their combination at ICs, were
added and incubated for 72h. Then, DMEM without
phenol red with CellTiter 96”AQueous One Solution-
MTS (Promega) solution was added to each well and
incubated for 1 h at 37 °C. The optical densities of the
samples were measured at 490 nm using a multi-plate
reader (Varioskan LUX). Each variation was tested in
triplicate in a single experiment with each experiment
being performed at least three or four times. Drug
combination effects were calculated using CompuSyn
software [46]. The CI values are presented in Table S3.
Statistical analysis (two-way ANOVA with Tukey's
post hoc test) and graph preparation were performed
using GRAPHPAD PRISM 9.

P. Rurka et al.

2.9. Computational and biomimetic studies

The ACD/Percepta software (version 2012, Advanced
Chemistry Development, Inc., Toronto, ON, Canada)
was used in the in sifico studies. Statistical analysis of
the results obtained was made using the Minitab I8
Statistical Software (Minitab Inc.. State College,
USA).

The Shimadzu Vp liquid chromatographic system
(Shimadzu, Kyoto, Japan) equipped with LC 10AT
pump, SPD 10A UV-Vis detector. SCL 10A system
controller, CTO-10 AS chromatographic oven and
Rheodyne injector valve with a 20 pL. loop was applied
in the HPLC-TAM measurements, The solution of
WIB was prepared in methanol (Merck., Darmstadt,
Germany) at a concentration of 1 mg-mL™". The opti-
mization process of the chromatographic separation
was made before the experiment. The flow rate of the
mobile phases was established to | mL-min~" and the
temperature was set at 20 °C. The tested compound
was detected with the UV light at 340nm. The
IAM.PC.DD2 stationary phase (100x4.6 mm i.d.,
10 pm: Regis Chemicals Company, Morton Grove,
USA) was used as the stationary phase while the buff-
ered solutions of acetonitrile were used as mobile
phases. The mobile phases composition was in each
measurement: 0.4: 0.3: 0.6; 0.7% v/v acetonitrile-buffer
(pH =7.4). The buffer was prepared from the solu-
tions of both Na,HPO, (0.02 mol-dm ) and citric acid
(0.01 mol-dm 7). The dead time values were measured
from the citric acid peaks. All the reported logarithms
of the retention factor were measured three times. The
values of peak asymmetry factor were in the aceepi-
able range.

2.10. In vivo studies

All experiments using the Danio rerio model were per-
formed in accordance with European regulations, in
particular the Directive 2010/63/EU, and the corre-
sponding Polish legislation implementing this directive
(Act of 15 January 2015 on the protection of animals
used for scientific or educational purposes). According
to these regulations. Danio rerio larvac up to 120h
post-fertilization (hpf) are not considered protected
animals. Therefore, no animal experimentation license
or ethical approval number was required for the proce-
dures described in this study. All experiments using
the in vive model were carried out respecting the 3Rs
principle and other guidelines (e.g.. ARRIVE) for
working with animals.

Strain: Wild-type AB strain. Developmental stage:
Embryos (Toxicity assays were performed from 0 to
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96 hpf. Microinjection experiments were conducted
between 48 and 120 hpf). Sex: Sex cannot be deter-
mined al the embryonic and larval stages used in this
study. In zebrafish, phenotypic sex differentiation
oceurs later during juvenile development (typically sev-
eral weeks post-fertilization). Embryos and larvae were
maintained under standard conditions at 26 °C in aer-
ated water with oxygen saturation maintained at
>80%. Embryos were kept in E3 embryo medium
containing 5mv NaClL 0.17 mm KCL 0.33 mvm CaCls,
and 0,33 my MgSO,.

2.10.1. Zebrafish toxicity studies

Toxicity testing was carried out following a modified
OECD Guideline 236 protocol. In brief, freshly col-
lected zebrafish (Danio rerio) embryos were placed
into 24-well plates, five embryos per well. with two
wells assigned to each treatment group. Embryos were
maintained in E3 medium and exposed to WIB, lapati-
nib, dacomitinib, or osimertinib at concentrations
ranging from 0 to 50 pm, cach compound tested on a
separate plate. Incubation was performed under con-
trolled conditions at 28 +0.5 “C with a light-dark
cvcle of 14/10h. After 96h of continuous exposure,
the following developmental endpoints were evaluated:
(1) embryo coagulation, (2) lack of somite formation,
(3) failure of tail detachment, and (4) absence of heart-
beat. The half-maximal inhibitory concentration (ICsp)
values were determined from dose-response curves
gencrated for each compound, providing a quantitative
measure of toxicity.

2.10.2. Zebrafish xenograft experiments

The LN229 cells were cultured until reaching approxi-
mately 70% confluence, washed with phosphate-
buffered saline (PBS), and detached for labeling. Cells
were stained with Vybrant CM-Dil (Thermo Fisher:
4pl-mL " in 1x PBS) for 10 min at 37 °C in the dark.
After staining, the cell suspension was adjusted in PBS
to a final concentration of 2.5x10° cellsmL '
Approximately 500-1000 fluorescently labeled cells
were microinjected into the yolk sac of 2days post-
fertilization  (dpf) zcbrafish embryos. Successful
engraftment was verified by Huorescence imaging
{Zeiss Discovery V8), after which embryos were ran-
domly assigned to treatment groups: vehicle control
(E3 medium), WIB, lapatinib. osimertinib, dacomiti-
nib. each tested at concentrations of 5. 7.5. and 10 pm.
In addition, the combination of W1B and dacomitinib
at a dose of 7.5um was tested. Following treatment,
embryos were incubated at 31 °C for 72 h, after which

Dual IGF1R/EGFR targeting in glucose-driven GBM

tumor size was evaluated. Fluorescence images were
acquired using a Zeiss Discovery V& microscope, and
quantitative analysis was performed with FIJI/Tmagel
soltware. Tumor-derived Nuorescence was measured at
baseline (immediately post-injection) and at 72h and
changes in tumor size were expressed as a percentage
relative 1o the untreated E3 control group, which was
set at 100%.

3. Results

3.1, Synthesis of novel compounds

The synthesis of styrylquinazolinones was performed
in & multistep process as shown in Fig. 2. The first
step involved the preparation of the starting quinazoli-
none cores, with 2-methyl-4(3 H )quinazolinones (W1-2)
synthesized via the cyclocondensation of anthranilic
acid with acetic anhydride. followed by treatment with
concentrated aqueous ammonia [47.48]. This method
cnabled efficient formation of the quinazolinone core
substituted with a methyl group at the C-2 position. In
parallel, tosylbenzaldehyde derivatives (A-C) were
obtained through a nucleophilic substitution reaction
between p-toluenesulfonyl chloride and various hydro-
xybenzaldehydes. The reaction was carried out in
dichloromethane using triethylamine as a base [49,50].
The key step in the synthetic pathway involved the
condensation of the obtained 2-methyl-4(3// )quinazo-
linone derivatives (W1-2) with the corresponding tosyl-
benzaldehyde derivatives (A-C). This reaction was
performed under microwave irradiation at 130 °C for
90 min in glacial acctic acid [37]. The application of
microwave-assisted heating enabled a substantial
reduction in reaction time compared to conventional
thermal methods [33]. All synthesized styrylquinazoli-
nones (WIA-C and W2B) were purified by recrystalli-
zation in concentrated acetic acid. Their structures
were confirmed by spectroscopic analyses, including
'H and "C nuclear magnetic resonance (NMR) spec-
troscopy, as well as high-resolution mass spectrometry
(HRMS). These data are provided in the Supplemen-
tary Information (Fig. S1-S8).

3.2. Antiproliferative activity of
styrylquinazolinones toward glioblastoma

The synthesized compounds were assessed for antipro-
liferative activity against GBM cells. For this purpose.
five human GBM cell lines with different genetic and
proteomic profiles were selected. As summarized in
Table 1, only one of the tested derivatives (W1B) con-
taining a 7-chloroquinazoline ring with a tosyl group
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Fig. 2. Synthesis of the studied compounds,

W1A: 7-Cl; 2-0Ts
Wi1B. 7-Cl, 3-OTs
W1C:7-Cl: 4-OTs
W2B: 8.Cl; 3-0Ts

Table 1. Antiproliferative activity of the tested compounds against @ panel of glioblastoma human cell lines and normal human dermal
fioroblasts (NHDF}, expressed as ICy; values {concentration required to inhibit 50% of cell prolifaration) 4 SD.

Antiproliferative activity-ICs [pv]

Compounds U-251 U8TMG T98G LNT8 LN229 NHDF
WIA »>25 >25 >25 >25 »25 =

W1B 5434097 5.88 =1.20 21.01 +2.87 11.06 = 1.50 3574103 988+1.18
wicC =25 =25 > 25 =>25 >25 -

W28 >20 >15 »25 > 20 >20 -
Osimertinib 20.13+0.34 11.24 £ 0.46 731218 7.35+0.27 8.99+037 6.27 £0.38
Lapatinib 11.37=0.46 21.22+1.87 17.87 £0.42 12.74=1.29 12,60+ 0.32 -
Dacomitinib 3.80 + 0.61 3.66 + 0.39 11.98 + 0.41 5,86 +0.27 5.8440.17 -

substituted at position 3 in the styryl moiety showed
very good biological activity. In contrast. two other 7-
chloroquinazoline analogues were inactive, with the
concentration required to inhibit 50% ol cell prolifera-
tion (ICso) exceeding 25 um. The W2B derivative, con-
taining an 8-chloroquinazoline scaffold, displayed poor
solubility. Among the tested models, the LN229 cell
line was the most susceptible. with WIB achieving an
1Csy value of 3.57 pm. Notably. this derivative also
exhibited strong activity against U-251 and USTMG
cells, with ICsy values of 5.43 and 5.88 pm, respec-
tively. In contrast, LNI8 cells were more resistant to
WIB (11.06 pm). whereas T98G cells exhibited mark-
edly reduced susceptibility, with an 1Csq of 21.01 pwm.
Evaluation of two additional epithelial cell lines
(Table S1) revealed that compound WIB exhibited
moderate antiproliferative activity against MCF-7
cells. In contrast, its activity against PC-9 cells

(ICs0=6.54 pm) was comparable to that observed in
U-251 and USTMG cells.

In our assays. we also tested two FDA-approved
relerence drugs, including osimertinib, a third-
generation EGFR inhibitor that crosses the BBB, and
two quinazoline-based HER2/EGFR inhibitors, such
as lapatinib and dacomitinib. In general, osimertinib
exhibited a weaker activity profile than W1B, with two
exceptions. In LNIR cells, its activity was comparable.
whereas the EGFR inhibitor showed higher potency in
TY98G cells. In contrast, lapatinib consistently dis-
played lower activity across all tested cell lines. The
third reference compound was dacomitinib, which
exhibited a similar activity prolile to W1B.

We further evaluated the selectivity of W1B against
normal fibroblasts and compared it with osimertinib.
The therapeutic index (TI) was calculated as the ratio
of ICs, for normal cells to ICs, for cancer cells, with
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(A) WA1B Kinase Inhibition Profile

3535% 41.15%

% inhibiton of kinase

FSF LS FFLEL
& ¥ ¥ g ¥ & &

Dual IGF1R/EGFR targeting in glucose-driven GBM

(B) WA1B - IGF1R binding affinity
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Fig. 3. Inhibition levels on the receptor tyrosine kinases by the W1B compound. & graphical representation of W1B inhibition is shown as
mean %] and standard deviation (SD) (n = 4) (AL The binding affinity of W1B to IGF1R was measured using the microscale thermophoresis
(MST) method to determine the dissociation constant (Ky). A fraction bound line chart was plotted from the showcased mean points and

their SD {n=23) (B).

higher values indicating greater safety for normal tis-
sues. WIB exhibited TI values of 2.8, 1.8, and 1.7
against LN229, U-251. and US7MG cells, respectively.
In contrast, osimertinib showed limited selectivity (Tls
below 0.8), consistent with the profile of many clini-
cally approved anticancer agents.

3.3. Inhibitory profile of W1B on receptor
tyrosine kinases

We screened our lead compound—WIB at a concen-
tration of | uM, for inhibition of a puanel of RTKs
using Kinase Profiling System TK-1. This ATP-
competitive profiling assay included eight representa-
tive RTKs: EGFR, HER2, HER4 (from ERBB fam-
ily). as well as IGFIR, InsR, KDR, and two PDGFR
isoforms. As depicted in Fig. 3A, WIB exhibited pro-
nounced inhibitory activity against two insulin-related
RTKs. The highest effect was observed for IGFIR,
where kinase activity was diminished by more than
74%. In the case of InsR, a more than 60% reduction
of kinase activity was observed. WIB also exhibited
moderate inhibitory effects on two members of the
ERBB family. reducing EGFR and HER2 Kkinase
activities by 35% and 41%, respectively. Moreover,
the tested compound showed rather weak inhibitory
potential against HER4, KDR, and PDGFRs. We also
assessed WIB with regard to inhibition of non-
receptor tyrosine kinases, such as ABL, BRK, BTK.
CSK. Fyn. Lek. Lyn. and Sre. The results are pre-
sented in Table S2. Notably. our lead compound
showed selective activity against RTKs. Indeed, WIB

did not reduce the activity of any non-receptor kinase
by more than 20%.

In further experiments, we focused on determining
the binding affinity of WIB with IGFLR. For this pur-
pose, a microscale thermophoresis (MST) technique
was used, and the IGFIR His-Tag protein was labeled
with a fluorescent tag. The binding curve showing the
bound and unbound states of the ligand with the pro-
tein is presented in Fig. 3B. From these traces, the dis-
sociation constant (K4) for WIB was determined to be
S98 nm.

3.4, Binding interactions of W1B with IGF1R and
EGFR kinases

The next step involved molecular docking studies to
further characterize WIB interactions with targel
kinases. Five protein structures were selected from the
Protein Data Bank (PDB): 1K3A (IGFIR), IMI7
(EGFR), 2ZM3 (IGFIR), 3EKN (InsR), and 4HJO
(EGFR), into whose binding pockets the ligand was
docked. First, the docking protocol was verified by
comparing the experimentally determined ligand pose
(based on XRD data) with the most energetically
favorable pose obtained by docking. as shown in
Fig. §9. In all cases, it was possible to reconstruct the
ligand position in the binding pocket with high accu-
racy, as well as its conformation (which is significant
given the presence of many rotatable bonds in the
WIB). The largest, yet still acceptable, deviations were
observed for flexible side chains of erlotinib in PDB
structures 1M 17 and 4HJO.
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(A)  PDB:1M17,4HIO ©
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Fig. 4. Superpaosition of energetically favorable W1B arrangements docked to EGFR (PDB structures: 1M17 and 4HJO) (A) and to IGF1R/
InsR (PDB: 1K3A, 2ZM3, and 3EKN) (B}, Panel (C) prowides a schematic representation of the possible ligand orientations shown in (A) and
(B) relative to the protein structure of PDB: 1M17, Ligand colors correspond to the color coding of the respective PDB structures in panels

(A) and |BI.

The binding energies corresponding to the most
energetically  favorable WIB—protein arrangements
were then determined for: 1K3A (—8.1kcal-mol '),
IM17 (~94kcalmol™), 2ZM3 (8.6 keal-mol™),
3EKN (—9.2 kcal-mol™"), and 4HJO (—9.9 keal-mol™').
1t is worth noting some differences in the binding ener-
gics involving the two alternative structures of the
same proteins, namely IGFIR and EGFR. which
amounted 1o 0.6kcalmol™"  and  0.5kcalmol™',
respectively.

The next stage involved structural analysis of the
WI1B-protein complexes corresponding to the most
favorable binding energics. Notably. all proteins are
structurally similar, with an average RMSD per resi-
due after superposition ranging from approximately
0.9 to 1.5 nm. depending on the pair compared. There-
fore. a relatively similar ligand—protein interaction
mechanism can be expected. As shown in Fig. 4A.B,
WIB can adopt two distinct poses within the binding
pocket, depending on the target protein. which are
accompanied by different ligand conformations. In
complexes with EGFR (PDB: IM17 and 4HJO), W1B
occupies the binding pocket in a more extended pose,
associated with an clongated conformation of the mol-
ecule. In contrast, when bound to IGFIR and InsR
(PDB: IK3A, 2ZM3, and 3EKN). WIB adopts an
alternative pose. characterized by a partially lolded

conformation driven in part by the rotation of an S-O
bond. Regardless of these differences. the ligand
occupies a similar binding pocket region (Fig. 4C).
with slightly larger contact areas for the extended con-
formation, correlating with higher binding energies.
Furthermore, significant conformational variability
and different orientations of ligands with similar struc-
tural characteristics are typical for ligands present in
the crystallized structures of the studied proteins,
Differences in ligand—protein interactions characteris-
tic of the identified ligand orientations are illustrated in
Fig. 5A,B. using PDB structures IM17 (EGFR) and
27ZM3 as representative examples. First, we focused on
the causes of different ligand orientations in proteins
with similar structures. In addition to differences in the
backbone conformation. which are conformationally-
locked during docking. a potential cause could be difTer-
ences in the primary sequence, The binding pocket [rag-
ment near the bound ligand differs in the type of amino
acid residues present. For instance, Metl079 and
Met1142 (present in IGFIR/InsR: 1K3A, 2ZM3, and
3EKN) are replaced by Leu and Thr in EGFR (IM17
and 4HJO). Additional substitutions  include
Glyl152 - Thr.  Aspl086 — Cys,  Glul080 — Gln,
Vall063 — Cys, Thrl083 — Pro, Metl165— Leu, and
GIn1007 — Ser. These changes, which affect the interac-
tion characteristics between individual amino acid
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Fig. 5. The energetically favorable location of the ligand molecule bound to the EGFR (PDB: 1M17) {A) and to the IGF1R (PDB: 2ZM3) (B).
The ligand molecule is shown as thick sticks whereas all tha closest amino acid residues {< 0.4 nm) are represented by thin sticks,

residues and the W1B, qualitatively explain the struc-
tural differences in the ligand—protein complex. In par-
ticular, the presence of Leu858 in EGFR (IM17 and
4HJO) enables CH-n interactions with the aromatic—
aliphatic portion of WIB. thereby stabilizing its
extended conformation. In contrast, the absence of this
interaction in the other structures favors a folded con-
formation of the ligand. Additionally, in the context of
changes in the backbone conformation. the most signifi-
cant structural difference in the proteins appears to be
the deviation of the loop connecting the B-strands
around Phel010 (the equivalent in PDB: IMI7 is
Phe723). This last change allows encrgetically favorable
#-m interactions with the phenyl rings of W1B in the case
of EGFR (PDB: 1M 17 and 4HJO). In the other struc-
tures, the analogous residues are shifted away from the
binding pocket and do not contact the ligand, while the
space left unoccupied by Phe is instead filled by a frag-
ment of WIB in its folded conformation.

When considering the residues involved in the driv-
ing force for binding, it is particularly worth mention-
ing the nonpolar residues (Leu, Val, Ala) and weakly
polar residues (Met)., whose cluster forms the main
center of favorable interactions, primarily CH-x inter-
actions, with the quinazoline ring of WIB. These
favorable interactions in this region arc further
enhanced by contacts with the sidechains of Thr,
which can be either polar or nonpolar. depending on
the fragments of the sidechain and the ligand. In the
case of the folded conformation of WIB in the
IGF1R/InsR (PDB: 1K3A, 2ZM3, and 3EKN). inter-
actions with the aforementioned nonpolar and weakly
polar residues also involve the outer phenyl ring and
its substituent. Here, the primary type of responsible
interaction is also CH-r. Conversely, in the extended
conformation of WI1B in EGFR (PDB: 1IM17. 4HJO).
there is an additional 7—z contact with the sidechain

of Phe. These interactions are complemented by a
series ol polar interactions, mainly involving Asp resi-
dues and the flexible side chain of Lys, which acts as a
donor for hydrogen bonds with the sulfonyl group.

3.5. W1B-mediated inhibition of IGF1R and EGFR
signaling pathways

To further validate our previous findings, we assessed
the cellular effects of WIB on IGFIR- and EGFR-
mediated signaling pathways. In particular, we evalu-
ated the protein levels of downstream signaling ele-
ments of these pathways, including Akt, p-Akt, Ras,
as well as two mTOR-regulated proteins: p70 S6
kinase and p-S6 ribosomal protein. Representative
western blot results are shown in Fig. 6A, with the
corresponding  densitometric analyses provided in
Fig. SI1. Uncropped blot images are provided in
Fig. S12. The analysis revealed that W1B significantly
reduced EGFR and IGFIR levels in LN229 cells. The
most significant downregulation was observed at a
concentration of 3.5 pm and 2.3 pm. at which the levels
of both proteins decreased by more than 2-fold. As
expected, this resulted in the inhibition of one of the
key effectors of the signaling pathway cascade. namely
Akt activation. We observed that both WI1B concen-
trations reduced the level of Akt phosphorylation at
Ser473. To further confirm inhibition of Akt signaling.
the ratio of phosphorylated Akt to total Akt was ana-
lyzed and showed a comparable level of suppression
(see Fig. SI1).

Next, we examined two downstream effectors of
mTOR signaling, which displayed an interesting
expression pattern in response to treatment. At 2.3 um,
WIB reduced p70 SO6K levels but enhanced p-S6 ribo-
somal protein expression. Conversely. treatment at
3.5pm led to an almost 1.9-fold increase in p70 S6K
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Fig. 6. Protein expression profiles in LN229 [A) and LN223 HG (B)
cells following incubation with W18 at various concentrations. The
immunoblots  shown are reoresentative of six indepandent
experiments, Proteins were cropped, and full-length blots are
provided in Fig. $12.

and a l.6-fold reduction in p-S6 levels compared to
untreated cells. Treatment with WIB had minimal
ceffect on RAS levels.

Furthermore, we investigated the effect of the small-
molecule inhibitor WIB on LN229 cells under condi-
tions of elevated glucose availability. For this purpose,
LLN229 cells were cultured in high-glucose Dulbecco’s
modified Eagle’s medium (DMEM) (hereafter referred
to as LN229 HG). Under these conditions, the newly
determined 1Cs, value was 34.4+3.5um, indicating
that enhanced metabolic activity diminishes the
potency of WIB to some extent. Consequently, we
assessed the impact of WIB on the EGFR/IGFIR sig-
naling axis in LN229 HG cells. As depicted in Fig. 6B,
EGFR expression remained at high levels after treat-
ment with WIB. In contrast, IGFIR levels were signif-
icantly reduced (almost 1.5-fold) after treatment with
23pm and 35pum of WIB. Despite the inhibition of
IGFIR. the AktymTOR signaling pathway was upre-
gulated in LN229 HG cells. as evidenced by increased
levels of p-Akt and p70 S6K. Additionally. RAS abun-
dance was also elevated under these high-glucose
conditions.

3.6. Combination strategy of W1B with EGFR
inhibitor

We evaluated the effects of a combination therapy reg-
imen comprising W1B and dacomitinib on the IGFIR

P. Rurka et al.

and EGFR Kinases under conditions of elevated glu-
cose concentration. As presented in Fig. 7. simulta-
neous administration of the compounds resulted in a
comparable degree of IGFIR inhibition to that
observed with WIB. However, a marked decrease in
EGFR activity was observed when both inhibitors
were administered simultancously, compared to mono-
therapy. Uncropped blot images are provided in
Fig. S13.

As the results were so interesting, we decided to ver-
ify the synergistic action more quantitatively, The effi-
cacy of the therapy was assessed at its final stage (after
72h) using a cytotoxicity assessment method. The
results presented in Fig. 8 show a significant reduction
in cell survival after combination therapy under stan-
dard conditions and conditions of increased glucose
concentration. Supporting these observations, the com-
bination yielded CT values of 0.94 in the LN229 cells
and an even stronger synergistic score of 0.87 in the
LN229 HG variant (Table S3 and Fig. S10).

3.7. In silico determination of BBB permeation

To pre-evaluate the ability of the novel quinazoli-
none derivative to cross the BBB, the in silico phar-
macokinetic  analysis  was  performed  using
ACD/Percepta software. The calculated parameters
included BBB penetration (logBB), passive diffusion
(logPS), brain-plasma equilibrium (logPS*g, pruin). and
the unbound fractions in plasma (Fu) and brain tis-
sue (Fb). These descriptors provide an initial indica-
tion of CNS pharmacokinetics and are summarized
in Table 2.

In our study., WIB had very low unbound fractions
in both brain (Fb=0.0016) and plasma (Fu=0.11),
while the equilibrium rate between brain and plasma
(logPS-fu, brain = —3.1) was relatively high.

To further refine BBB permeability predictions.
additional physicochemical properties were assessed
using the Hansch method (see Table 3). Steric. elec-
tronic, and hydrophobic descriptors were calculated.
since molecular size, shape. and lipophilicity are criti-
cal for both targetl binding and membrane permeation.
Lipophilicity was quantificd by partition cocfficients
between n-octanol and water (logPow) and between
cyclohexane and water (logPew), which provide com-
plementary insights into solvation and membrane
affinity.

WIB, with a molecular weight of 4529 g-mol .
exhibits pronounced polarizability. as well as has a
topological polar surface area (TPSA) of 93.2 A% and
an n-octanol/water partition coefficient (logPow) cal-
culated as 4.206.
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Table 2. The BBB Pharmacokinetic Descriptors of W1B Calculated
n siico 1ACD/Percepta software).

Leg BB Log PS LoaPS* 1, wsn Fu b

~0.87 =1.1 =31 0.0016 0.01

3.8. Biomimetic studies on the lipophilicity

Lipophilicity is a key determinant of CNS accessibility.
given its decisive role in barrier penctration and sys-
temic distribution. To experimentally assess this prop-
erty for WIB, we employed non-cell-based biomimetic
in vitro studies as a model of passive transport and

Table 3. Physicochemical parameters calculated in silico.

LogPow LogPew MW [g-mol '] TPSA (A2

4,208 1717 452.91 93.21

absorptive behavior across biological membranes. Spe-
cifically, high-performance liquid chromatography
(HPLC) with an immobilized artificial membrane
(IAM) system was used.

Chromatographic experiments were performed using
an IAM.PC.DD2 column as the stationary phase,
while buffered acetonitrile solutions served as mobile
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Fig.9. Toxicity of W1B, osimertinib, lapatinb, and dacomitinib
showed as mortality rate [%]+ SD of zebrafish embryos (Danio
rerio) exposed to a range of concentrations: 0-50um. Calculated
values of LDso for W1B, osimertinib, lapatinib, and dacomitinib:
25.29, 10.73, 20.08, and 10.03 pw respectively.

phases (0.4, 0.5, 0.6, 0.7% v/v acetonitrile/buffer;
pH = 7.4). The logarithm of retention factors extrapo-
lated to a purely aqueous mobile phase (log kw) was
calculated according to the Soczewinski-Wachtmeister
Eq. [1}):

logh = logkw —s¢ (1)

where log & is the logarithm of the retention factor
measured in the mixed aqueous-organic effluent sys-
tem, ¢ is the volume fraction of the organic modifier,
and s is the solute-specific slope characteristic for the
chromatographic system.

Application of this model yielded an extrapolated
log kw value of 2.533 for WIB, with a solute-specific
slope s =4.787 and an excellent correlation coefficient
(R® =0.98), confirming the robustness of the linear fit.

3.9. In vivo studies

WIB displayed a safety profile comparable to lapatinib
and clearly superior to osimertinib and dacomitinib
(Fig. 9). The LCs, values obtained from the zebrafish
embryo acute toxicity assay were 23.29 pm for WIB,
20.06 pm for lapatinib, 10.73 pm for osimertinib, and
10.03 pm for dacominitib.

In terms of therapeutic efficacy, W1B demonstrated
strong antitumor activity in xenografted zebrafish
embryos, with outcomes consistent with prior in viire
data (Fig. 10A-D). Tumor growth was significantly
reduced at all tested concentrations, with the most
pronounced effect observed at the highest dose. At this
concentration, tumor size was decreased to 76.09% in

P. Rurka et al.

the WiB-treated group and to 76.97% in the osimerti-
nib group and 87.42% in case of dacomitinib treat-
ment, whereas lapatinib-treated embryos showed only
a modest reduction Lo 91.44% (Fig. 10E). These results
are in agreement with the antproliferative activity
observed in vitro. where W1B exhibited a potent effect
(TCso=3.57 = 1.03 pm), superior to all of them: osi-
mertinib (TCsyp = 8.99 4+ 0.37 pm). dacomitinib (ICsy =
5.844+0.17 pm) and lapatinib (ICsy = 12.60 + 0.32 pwv).
Notably. at 7.5 pm, the combination of WIB and daco-
mitinib achieved an antitumor effect superior to that
observed for cither compound alone. The selection of
the 7.5pm dose for both compounds was dictated by
the toxicity profile of dacomitinib (LCsy= 10.03 pwv).
Consequently, this combination demonstrates efficacy
at sub-10 py concentrations while maintaining a favor-
able toxicity profile (Fig. 10F).

4. Discussion

The therapeutic management of  glioblastoma is
severely compromised by the tumor’s intrinsic molecu-
lar complexity and the restrictive properties of the
BBB. Consequently, developing novel small molecules
with favorable physicochemical profiles for CNS pene-
tration that selectively target tumor proliferation is of
paramount importance. In evaluating the antiprolifera-
tive spectrum of our synthesized compounds, the
robust activity of the WIB derivative against both
GBM and specific epithelial models is of particular
interest. Our findings highlight a stringent structure—
activity relationship within this novel class of styryl-
quinazolinones. The striking potency  discrepancy
between WIB and its inactive analogues underscores
that the specific combination of a 7-chloroquinazoline
scaffold with a tosyl group substituted at position 3 of
the styryl moiety is critical for conferring significant
biological activity. Beyond brain tumors, we expanded
our evaluation to include the PC-9 cell line, an EGFR-
mutant non-small cell lung cancer (NSCLC) model.
Notably, NSCLC has a well-documented clinical pro-
pensity for brain metastasis, making PC-9 a highly rel-
evanl complementary model in the context of our
brain-targeted, glioblastoma-oriented rescarch. The
fact that W1B’s activity against PC-9 cells was compa-
rable to that observed in standard GBM models (U-
251 and U87MG) underscores its potential against
malignancies capable of penetrating the CNS. Further-
more. the comparison of WIB with clinically utilized
EGFR/HER?2 inhibitors highlights its favorable safety
profile. While osimertinib showed limited selectivity
(TIs below 0.8), a characteristic consistent with the
profile of many clinically approved anticancer agents.
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In contrast, WIB demonstrated a superior safety mar-
gin for normal tissues. Thus. the promising antiproli-
ferative activity and favorable selectivity of WIB
prompted us to explore further its inhibitory effects on
several RTKSs relevant to GBM.

RTK signaling pathways represent the most com-
monly dysregulated signaling networks in GBM, with
alterations occurring in nearly 90% of tumors [51].
These uberrations, arising from both mutations and
gene amplification, lead to receptor overexpression and
constitutive activity, thereby highlighting them as key
therapeutic targets, Among these, the most prominent
are EGFR, IGFIR, PDGFR, and VEGFR. The enzy-
matic profiling of WIB revealed a distinct selectivity
profile. demonstrating preferential activity against spe-
cific RTKs. Most notably, WIB exhibited potent
inhibitory activity against IGFIR. dccreasing its activ-
ity by more than 74%. This marked reduction in enzy-
matic activity in the presence of WIB is indicative of
its mechanism as a competitive inhibitor, efficiently
engaging the ATP-binding site and thereby impeding
the phosphorylation process required for receptor acti-
vation. This robust target engagement was further cor-
roborated by MST analysis, which yielded a
submicromolar dissociation constant (Kg = 598 nm).
Such a value highlights a strong and specific interac-
tion between WIB and IGFIR, further supporting its
potential as a promising inhibitor. However, it should
be emphasized that the full utility of the compound
will be established through cellular studies, specifically
by evaluating its ability to inhibit receptor-mediated
signaling pathways.

Qur i silico studies provided deep structural
insights into the interaction profile of WIB. All calcu-
lated binding energies were substantial, indicating
strong ligand-protein affinity and effective occupancy
of the binding pocket. The slight variability in binding
encrgies between alternative structures of the same
proteins (such as IGFIR and EGFR) indicates non-
negligible differences in the conformation of the pro-
tein’s backbone. These results are partially consistent
with experimental data: however, they may not fully
capture the influence of the complete protein environ-
ment or the differences in the inhibitory potency and
behavior of WIB toward EGFR and IGFIR.

A critical observation from the structural analysis is
the ligand’s ability to adopt two distinct poses depend-
ing on the target protein. This divergent structural pat-
tern can be rationalized by specific sequence variations
within the binding pockets. The structural differences
in the ligand—protein complex are qualitatively
explained by changes in the interaction characteristics
between individual amino acid residues and the W1B.

P. Rurka et al.

In particular, the presence of Leu858 in EGFR cnables
CH-r interactions with the aromatic—aliphatic portion
of WIB. thereby stabilizing its extended conformation.
In contrast, the absence of this interaction in the other
structures favors a folded conformation of the ligand.
Additionally. regarding changes in the backbone con-
formation, the most significant structural difference in
the proteins appears to be the deviation of the loop
connecting the fi-strands around Phel010 (the equiva-
lent in PDB: IM17 is Phe723). This change allows
energetically favorable n-x interactions with the phenyl
rings of WIB in the case of EGFR. In the other struc-
tures, the analogous residues are shifted away from
the binding pocket and do not contact the ligand.
while the space left unoccupied by Phe is instead filled
by a fragment of WIB in its folded conformation. In
addition, the main driving force for binding is the
CH-x interactions involving a cluster of nonpolar resi-
dues (Val, Leu, and Ala), present in the binding
pocket of every considered protein. with the quinazo-
line scaffold of the WIB. However, the final arrange-
ment of the other fragments of the ligand in the
pocket and its conformation strongly depend on the
primary structure of the protein.

At the cellular level, activation of IGFIR and
EGFR initiates signaling cascades through Akt and
RAS proteins, ultimately modulating mTOR  expres-
sion and rcgulating key cellular processes such as
metabolism, proliferation. growth, survival, and motil-
ity. To investigate the mechanism underlying the
action of WIB, the protein levels of IGFIR and
EGFR. and their downstream signaling elements.
including Akt, p-Akt, RAS, as well as two mTOR-
regulated proteins: p70 S6 kinase and p-S6 Ribosomal
protein were evaluated. Our analysis demonstrated
that W1B effectively downregulates both receptors in
L.N229 cells, leading to a potent inhibition of Akt acti-
vation. Interestingly. two downstream effectors of
mTOR signaling displayed an interesting expression
pattern in response to treatment. First was p70 S6K, a
direct substrate of mTORCI, which cooperates with it
to augment protein synthesis. ribosomal biogenesis.
and stimulate overall anabolic processes [52]. It is also
worth mentioning that full activation of mTORC]
requires the presence of amino acids and insulin stimu-
lation [53]. Our analysis demonstrated a significant
reduction in the p70 S6K abundance when GBM cells
were treated with WIB at 2.3 um. In contrast, treat-
ment with the higher concentration (3.5 pm) led to an
almost 1.9-fold increase compared to untreated cells.
A possible explanation for this nonlinear protein
response is the differential phosphorylation kinetics at
multiple activation sites. This behavior may reflect the
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fact that S6K activity and subcellular localization are
modulated in response to diverse stimuli [54]. In addi-
tion, the p70 S6K may contribute to PI3K/Akt/mTOR
feedback loop regulation by suppressing mTORC2
complex and PDK1 activity, thereby leading to Akt
inhibition [54-56]. Conversely, the opposite situation
was registered for the second analyzed protein — phos-
phorylated S6 Ribosomal protein, which is also
involved in the regulation of protein synthesis, ribo-
some biogenesis, and cell growth downstream of the
mTORC] signaling pathway. Indeed, WIB signifi-
cantly reduced the protein level at 3.5 pM concentra-
tion (almost 1.6-fold), whereas the lower concentration
enhanced protein expression. The last protein analyzed
was RAS. an alternative signaling mediator down-
stream of EGFR and IGFIR activation. Within the
RAS pathway, ERK and MEK phosphorylate numer-
ous substrates to regulate cellular responses, including
promoting proliferation and differentiation while inhi-
biting apoptosis. RAS can also bind to the pl10 subu-
nit of PI3K, thercby facilitating the activation of Akt
[57]. Notably, WIB treatment had minimal effect on
RAS levels, suggesting that this pathway is not
involved in the cellular response. Collectively, these
findings indicate that the novel derivative exerts a
strong inhibitory effect on kinase signaling at the cellu-
lar level.

Importantly, GBM cells are characterized by repro-
grammed metabolism that supports their rapid prolif-
eration, division, and resistance to therapy. A
hallmark of this metabolic shift is the increased uptake
of glucose and elevated lactate production. even under
normoxic conditions. This phenomenon is known as
aerobic glycolysis. or the Warburg effect, which pro-
vides both energy and biosynthetic precursors to sus-
tain tumor growth. In addition, glicose and acetate
have been shown to promote EGFRvIII signaling
through mTORC2 in GBM [58]. Elevated levels of
pyruvate kinase M2, the cnzyme catalyzing the final
step of glycolysis, have also been reported in GBM
and correlate with enhanced EGFR activity and
increased glioma malignancy [539]. Bao er al. also
showed that high glucose levels increase the activity of
GPCR and EGFR receptors, promoting the migration
and growth of GBM cells [60]. Another report
revealed that EGFR participates in and facilitates glu-
cose transport into cells by binding to and stabilizing
sodium/glucose cotransporter 1 (SGLTI) [61.62]. Our
experiments showed that culturing LN229 cells in a
high-glucose environment (LN229 HG) diminished the
potency of W1B, increasing the ICs, value to 34.4 pm.
In addition, the EGFR expression remained high in
glucose-driven GBM cells after exposure to W1B. This

Dual IGF1R/EGFR targeting in glucose-driven GBM

lack of EGFR susceptibility is consistent with the find-
ings of Ren er al.. who postulated that modulation of
EGFR activilty does not disrupt its interaction with
SGLT! in prostate cancer [63]. Notably, 23 pm and
35pm of WIB caused a significant. almost 1.5-fold
reduction in IGFIR levels in LN229 HG. These find-
ings indicate that WI1B effectively binds to and inhibits
TGFIR activity. However, further western blot analysis
confirmed the upregulation of the Akt/mTOR signal-
ing pathway, as evidenced by increased levels of p-Akt
and p70 S6K. This effect was likely driven by crosstalk
between insulin-like receptors and EGFR, reficcting an
intracellular compensatory mechanism that is crucial
for the cfficacy of treatment. Thus. inhibition of
IGFIR by WIB and its effect on downstream targets
may be counteracted by a robust EGFR-driven activa-
tion signal. In addition, Akt activation may govern
glucose uptake by directing GLUT expression and
trafficking to the cell surface [64], which may also
maintain EGFR expression. Moreover, RAS abun-
dance was elevated in LN229 HG cells after treatment
with WI1B. Such an increase likely reflects a known
compensatory feedback mechanism [65], whereby par-
tial inhibition of tyrosine receptors leads to transcrip-
tional upregulation of RAS, enabling downstream
signaling to persist despite blockade.

Comparing standard and elevated glucose conditions
revealed distinet differences in W1B's efficacy against
two key RTKs. While enhanced, glucose-driven cellu-
lar metabolism significantly attenuated the compound’s
inhibition of EGFR. its ability to block IGFIR
remained entirely unaffected. This finding corroborates
our carlicr data from isolated kinase assays., wherc
WIB also exhibited its most potent inhibitory activity
against IGFIR. Our strategy for investigating the
reduced potential of W1B to inhibit EGFR under con-
ditions of elevated metabolism was to utilize dacomiti-
nib—a quinazoline-based irreversible inhibitor of the
ERBB family of kinases. including EGFR, ERBB2
(HER2), and ERBB4 (HER4)., Our combination ther-
apy data revealed that the simultaneous administration
of WIB and dacomitinib not only preserves the strong
suppression of IGFIR but also successfully restores
and markedly enhances the inhibition of EGFR activ-
ity in the high-glucose model. The quantitative assess-
ment of cytotoxicity further confirmed this interaction,
revealing clear synergy (CI = 0.87), particularly in the
metabolically active LN229 HG cells.

Collectively. these data demonstrate the high poten-
tial of WIB. not only as an IGFIR inhibitor in mono-
therapy, but also as an EGFR inhibitor in
combination therapy, even under conditions of
increased cellular metabolism. These findings are
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promising and warrant further research, especially in
the context of overcoming metabolic-driven drug resis-
tance and developing robust, mulli-targeted therapy
against GBM.

Our further analyses focused on predicting the abil-
ity of WIB to cross the BBB. Among the in silico
parameters used to determine of BBB permeation,
logBB is the most widcly applied predictor, reflecting
the steady-state distribution ratio between brain and
blood. Compounds with logBB >0.3 are considered
readily permeable, —| < logBB < 0.3 moderately per-
meable, and logBB < -1 poorly permeable [66.67].
Based on these thresholds, the logBB value of —0.87
determined in silico indicates that W1B is only able to
cross an intact BBB to a limited extent, However,
given that glioblastoma is often associated with focal
BBB disruption, this limited penctration could still
allow meaningful drug exposure within tumor regions.
Although these computational predictions are encour-
aging, experimental validation in relevant in vitro or in
vivo models is necessary. In addition to the overall
penetration of the BBB, the rate at which a substance
equilibrates between plasma and brain tissue is influ-
enced by its permeability surface area product (PS)
and the unbound fraction in the brain (Fb). When PS
or Fb values are low, distribution equilibrium in the
CNS is delayed [68]. For a drug to exert its pharmaco-
logical effect, only the unbound fraction in the blood-
stream is pharmacologically active, although drugs can
also associate with plasma proteins and erythrocytes.
These principles arc fundamental to the free drug
hypothesis. which states that distribution in tissue is
primarily determined by the concentration of the
unbound drug [69.70]. The combination of the rela-
tively high equilibrium rate and very low unbound
fractions suggests that W1B is able to efficiently pene-
trate brain tissue despite the low unbound fraction,
probably duc to favorable permeability (PS) and lim-
ited binding in the brain. Together with the logBB
value, these data indicate that W1B has at least partial
CNS accessibility, supporting its potential as a candi-
date for glioblastoma therapy.

Based on physicochemical profiling. WIB can be
classified as a highly lipophilic molecule with the
capacity to cross biological barriers, including the
BBB. According to the Hansch framework, membrane
permeability is determined not only by lipophilicity
but also by steric and electronic factors. A key predic-
tor of CNS penetration is the topalogical polar surface
arca (TPSA), which reflects the number of polar atoms
that can form hydrogen bonds. Compounds with
TPSA <90 A* are generally favored for passive BBB
diffusion. W1B has a TPSA of 93.2 A%, slightly above

P. Rurka et al.

this threshold; however, its pronounced lipophilicity
may compensate for this limitation. Moreover. the
localized BBB disruption commonly observed in glio-
blastoma could [urther facilitate drug entry into tumor
tssue.

It is important to emphasize that the ability of a
drug to cross the BBB is largely determined by its
physicochemical propertics, with lipophilicity playing a
central role alongside potential contributions from
active transport mechanisms [71]. The lipophilic prop-
erties influence not only the distribution in the mem-
brane, but also the interactions with competing
binding sites and metabolizing enzymes. As hydropho-
bic interactions are crucial for molecular recognition
and transport, lipophilicity is usually quantified by
partition coefficients measured in different experimen-
tal systems [72]. Given its decisive role in barrier penc-
tration and systemic distribution, lipophilicity is a key
determinant of CNS accessibility. To complement in
silico predictions. we utilized HPLC with TAM system.
which is consists of a monolayer of phosphatidylcho-
line covalently bound to a propylamino-silicate carrier
and is widely recognized as a robust. non-cell-based in
vitro approach. The permeability of a substance
through biological barriers is largely determined by its
membrane partition coefficient, which is difficult to
determine directly i vivo [73]. The TAM stationary
phases are designed to mimic the amphiphilic character
of biological membranes, providing a suitable model
for assessing passive membrane partitioning and the
interactions of compounds with phospholipid-like envi-
ronments. This approach yiclds an experimentally
robust estimate of a molecule’s ability to traverse lipid
bilayers, thereby complementing in silico predictions
and highlighting the central role of lipophilicity in
CNS penetration. Although the extrapolated log kw
(2.533) is shightly lower than the calculated logPow
(4.206). reflecting the distinct experimental setup. both
measures consistently support the high lipophilicity of
WI1B, reinforcing its potential to efficiently cross bio-
logical membranes. Although these predictive and bio-
mimetic findings are very promising. they ultimately
require experimental validation in complex biological
models. A major limitation of in silico modeling and
non-cell-based 1AM systems is their inability to
account for active efflux transporters, such as P-gp or
BCRP, which heavily restrict CNS entry for many
lipophilic drugs. Therefore, the actual brain penetrance
of WIB warrants assessment using cell-based in virro
BBB models (c.g.. Transwell assays) or pharmacoki-
netic profiling in mouse models. Should passive diffu-
sion prove insufficient under physiological conditions.
the delivery of W1B could be supported by advanced
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formulation strategies, such as encapsulation in nano-
carriers or liposomes. to ensure effective therapeutic
concentrations within the brain,

The translation of in vitro efficacy 10 in vive models
1s a critical step 1n preclinical drug development. Our
zebrafish embryo assays confirmed that W1B possesses
a highly favorable safety profile, allowing for adminis-
tration at higher concentrations without inducing sig-
nificant toxicity. This indicates a broader therapeutic
window for WIB compared to osimertinib and daco-
mitinib, a finding of particular clinical importance, as
systemic toxicity frequently represents a limiting factor
in the application of small-molecule kinase inhibitors.
Tn terms of therapeutic efficacy, the robust antitumor
activity of WIB in the xenograft model strongly cor-
roborates our earlier in vitro findings. The potent in
vive tumor reduction (to 76.09%) mirrors the superior
in vitro antiproliferative effect of WIB (ICs5 = 3.57 pm)
when compared to osimertinib (ICs; = 8.99 pm), daco-
mitinib  (ICsy= 3584 pm).  and  lapatinib  (TCs, =
12.60 pnv). While lapatinib demonstrated a toxicity pro-
file similar to WIB. it was markedly less effective in
both experimental settings. Conversely, osimertinib
and dacomitinib, despite showing comparable or
slightly lower efficacy, are associated with significantly
greater toxicity. Importantly, the combination of WIB
and dacomitinib at 7.5pM concentrations demon-
strated an enhanced, synergistic antitumor effect with-
out an accompanying increase in toxicity. This
suggests a modest synergistic therapeutic effect and
non-overlapping toxicity profiles between the two
agents, reinforcing the rationale for our dual-targeted
strategy.

Taken together, the concordance between in vitro
and in vive findings supports the robustness of WIB's
anticancer activity. By offering an advantageous bal-
ance between safety and efficacy. WI1B emerges as a
highly promising therapeutic candidate, and its consis-
tent performance across different experimental models
provides a strong rationale for advancing it into fur-
ther preclinical investigations.

5. Conclusion

The study identified WIB, a novel
styrylquinazolinone-based small-molecule with potent
antiproliferative activity against GBM cells. W1B dis-
played strong inhibition of IGFIR kinase activity,
with additional effects on EGFR and HER2, to a
lesser extent. Microscale thermophoresis confirmed
high binding affinity toward IGFIR. while molecular
docking predicted favorable binding energies and dif-
ferent binding poses within [GFIR and EGFR.

Dual IGF1R/EGFR targeting in glucose-driven GBM

Importantly, WIB exerted robust dual receptor inhibi-
tion in cellular GBM models and attenuated signaling
along the Akt/mTOR axis. Under high-glucose condi-
tions, which more closely reflect the reprogrammed
metabolism of GBM, the compound retained selective
IGFIR inhibition. although a compensatory mecha-
nism was observed that enhanced activation of the
Akt pathway. Combination studies under high-glucose
conditions revealed a pronounced synergistic effect
with the EGFR inhibitor dacomitinib, underscoring
the therapeutic relevance of simultancously targeting
IGFIR and EGFR. Notably, co-administration of
both inhibitors led to a marked reduction in receptors’
activity in glucose-driven GBM cells. The presented
measurements of biomimetic lipophilicity showed that
WIB has the potential to penetrate biological mem-
brancs, confirming its ability to affect the CNS.
Finally, in vive studies on the zebrafish xenograft
model confirmed the high anticancer potential of WIB
and its favorable safety profile. Given its structural
novelty and promising activity profile, WIB represents
a valuable lead for the development of multifunctional
IGFIR-targeted therapies in GBM. Moreover, WIB
demonstrates  strong potential for combination
therapy, enhancing therapeutic  efficacy  without
compromising the safety profile.
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Fig. S1. '"H NMR and ’C NMR data for compound
WIA.

Fig. S2. '"H NMR and *C NMR data for compound
WIB.

Fig. 3. "H NMR and C NMR data for compound
WIC.

Fig. S4. "H NMR and "'C NMR data for compound
W2B.

Fig. S5. HRMS data for compound WIA.
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Fig. S6. HRMS data for compound W1B.

Fig. S7. HRMS data for compound WIC.

Fig. S8. HRMS data for compound W2B.

Fig. S9. Validation of the adopted docking protocol:
comparison of crystallographic poses (colors corre-
spond to atom types) and poses obtained by docking
{pink colors). Protein structures from PDB: IK3A
(IGFIR). IMI17 (EGFR). 2ZM3 (IGFIR), 3EKN
(InsR), and 4HJO (EGFR).

Fig. S10. Synergistic effect of WIB and dacomitinib
combination therapy in LN229 and LN229 HG cells,
Dosc—response curves illustrating the effect of WIB,
dacomitinib, and their combination and polygonogram
graphically representing the drug interactions.

Fig. S11. Densitometric analyses of protein expression.
Relative band intensities were normalized to the refer-
ence protein (GAPDH, vinculin, cyclophilin f. or cofi-
lin) and expressed as fold-change relative to untreated

Dual IGF1R/EGFR targeting in glucose-driven GBM

control cells, Data are presented as mean + SD (n=6)
and were analyzed using one-way ANOVA with Dun-
nelt's  post  hoc test (*P<0.1, **P<0.0l,
FHEP < 0,001, #=FEP < 0.0001).

Fig. S12. The uncropped western blots treated LN229
and LN229 HG cell lines with WIB compound in 3
different concentrations.

Fig. S13. The uncropped western blots of LN229 HG
cells treated with WIB compound, dacomitinib. and
their combination.

Table S1. Antiproliferative activity of the tested com-
pounds against MCF-7 and PC-9 cells.

Table S2. Inhibition profile of W1B against non-recep-
tor tyrosine kinases.

Table S3. Combination Index (CI) values shown at
fraction affected (Fa) for WIB and Dacomitinib com-
bination in LN229 and LN229 HG cell lines.
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