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ABSTRACT 

Glioblastoma multiforme (GBM) is the most complex, treatment-resistant, and 

non-curative brain cancer, accounting for 45% of all brain cancers. Despite the 

progressive discernment of the biological landscape of the disease, and numerous 

therapeutic agents in use or in trials, a lack of progress persists in GBM therapy. 

GBM possesses multiple sub-networks and extensive cross-talk between 

oncogenic pathways, promoting gliomagenesis, phenotypic variations, as well as 

adaptive mechanisms waning current treatment modes.  A prospective outlook in 

GBM cure is to target the cross-talks between numerous sub-networks in GBM 

which promote tumorigenesis, therapeutic blockade, and phenotypic 

heterogeneity. The presence of adaptive mechanisms that help to bypass 

therapeutic blockade by mono-targeting agents, necessitates synergistic targeting 

of multiple oncoproteins or pathways. A multi-targeted, single drug molecule that 

horizontally inhibits various channels of  tumorigenicity, such as angiogenesis or 

infiltration, represents a logical and alternative approach to drug cocktails to 

combat GBM, and can provide a guaranteed improvement in the clinical benefits. 

This thesis is a quest for identifying a potent multi-channel agent against GBM, 

which can bypass the current challenges of drug resistance and tumor recurrence.  

This manuscript comprises of four publications, each detailing the extensive 

evaluation of novel compounds from four different chemical classes- diols, 

hydrazones, borons and thioesters, for their anti-GBM activity, in vitro. Each of the 

molecular classes has been evaluated for their cytotoxicity, apoptotic activity, 

cellular oxidative potential and caspase activity accounting for cell death. The 

possible targets were identified using docking studies and the detailed mechanism 

of action of the top compounds were analyzed using transcriptome studies.  

The initial class of compounds described in this thesis is the decane-1,2-diol 

derivatives. The novel derivatives demonstrated fair cytotoxicity to GBM cell in the 

initial screening. Among a panel of twelve novel diol derivatives, the drug DBT 

(decane-1,2-diyl bis-(p-toluenesulfonate)) was found to be the most cytotoxic to 

human cancer cell lines U-87 and LN229. DBT has shown cytotoxic activity with IC50 

of 52 µM in U-87 cell line and 270 µM in LN229 cell line. Additionally, DBT 
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increased sensitivity to apoptotic pathways via caspase independent pathways, 

induced oxidative stress, prevented migratory activity effectively up to 6hrs post 

treatment at IC50 concentration and arrested cell cycle transition at G1/S phase. 

Molecular docking study identifies a strong interaction between NMDA receptor 

and DBT suggesting its possible mode of action. 

The next class of compounds analyzed was arylhydrazones of active methylene 

compounds (AHAMCs). Among 23 novel derivatives, R234 (2-(2-(2,4-dioxopentan-

3-ylidene)hydrazineyl)benzonitrile) was identified to possess the best anti-cancer 

features. R234 displayed an IC50 of 107 µM in U-87 cells and 87 µM in LN229 cells. 

R234 was found to reduce cell viability and proliferation, interrupt cell cycle at 

G1/S phase, drive apoptotic cell death, increase chemosensitivity and affect RTK 

pathways. Molecular profiling also supported the drug’s characteristic as a strong 

cell cycle inhibitor. Docking studies cues that R234 acts via NGFR receptor 

pathways. 

The third class of compounds under study, detailed in this thesis, is 

boroxazolidones. The experimental results detected compound JRB115 (2,2-

bis(2,4-difluorophenyl)-4-isopropyl-1,3,2λ4-oxazaborolidin-5-one as the best 

candidate among an array of 6 novel L-valine derived boroxazolidones.  JRB115 

exhibited dose-dependent cytotoxic effects in LN229 and SNB19 GBM cell lines 

with IC50 value of 53 µM and 49 µM, respectively. The compound JRB115 was 

induced apoptosis via caspase 3/7 activation, caused toxicity via oxidative stress 

and instigated cell cycle arrest at G2/M phase. 

The last class of compounds reported in this project is thioester derivatives. On 

analysis of 12 novel compounds containing α-thioether ketones and orthothioester 

moieties, our results highlights  5a (1,2-bis(4-hydroxy-3-methoxyphenyl)-2-((3((2-

(4-hyroxy-3-methoxyphenyl)-1,3-dithian-2-yl)thio)propyl)thio)ethan-1-one, as 

the most efficacious chemotherapeutic agent against GBM. 5a was proven to 

possess an IC50 value of 27 µM in U-87 cell line and 23 µM in LN229 cell line. The 

top compound inhibited GBM proliferation, promoted caspase3/7 activation, 

inhibited cell cycle, and restricted MAPK signaling cascade. RNA-seq analysis of 5a 

treated cells evidenced disfavoring of various tumorigenic pathways, notably 

proliferative and angiogenic signaling, and suggested inhibition of RTK signaling via 

EGFR. Docking studies indicated a solid interaction between 5a and EGFR 

endorsing the mode of action via EGFR.  
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In general, our findings suggest that all the chemical classes investigated 

possess strong bioactivity against Glioblastoma, and had derivatives more potent 

than the current standard drug Cisplatin. Of the four different drugs considered for 

comprehensive evaluation, the study indicates that, the novel thioester derivative 

5a possesses multiple characteristics confronting various aspects of GBM 

oncogenesis. Specifically, 5a is potent cytotoxic, genotoxic and a multi-kinase 

inhibitor leading to anti-angiogenic, anti-invasive effects, posing it as a best anti-

GBM chemotherapy agent. Designing a precision medicine based on characteristics 

of this deadly tumor such as tumor subtype, mutagenic variations, specific 

molecular signatures, cross-talk of pathways involving in proliferation, 

angiogenesis, and drug resistance can be promising in anti-GBM therapy. 
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1 INTRODUCTION 

1.1. Introductory overview 

Glioblastoma multiforme (GBM) is a WHO grade IV astrocytoma hallmarked by a 

heterogeneous cell population with variable genetics, high intrusion, rampant 

angiogenesis, and refractive to chemotherapy. GBM is one of the most complex 

and hardest to cure among all tumors. Despite continuous efforts, tumor 

recurrence and subsequent death are inevitable. Glioblastomas account for nearly 

15% of all brain tumors and the mean survival time is 12-18 months. Only 25% of 

glioblastoma patients survive over a year, and only 5% of patients survive more 

than five years1. Traditional approaches for treating GBM, aimed at arresting 

cancer cell proliferation, have not led to any radical improvement in gliomas and 

have been replaced recently by more specific target-oriented therapies. Due to the 

acute complexity of the disease, single-target approaches have been futile. The 

global GBM market was estimated to be USD 464.8 million in 2016 and is predicted 

to grow nearly 1.15 billion by 2024 period mainly due to the rise in aging 

population2. 

Treatment of GBM is challenged by various factors. GBM is abundantly 

vascularized, consists of highly infiltrating cells hindering complete surgical 

removal. Also, GBM is histologically characterized by the altered expression of 

various genes that stimulate endothelial cell proliferation, migration, and survival. 

GBM exhibits cellular heterogeneity, with a small sub-population of tumor cells 

possessing stemness. Additionally, GBM present molecular heterogeneity 

depending on its tumor microenvironment as well as in various stress 

environments. Furthermore, symptomatic presentation of tumor occurs very late 

and even with the latest technological advancements, only dismal prognosis is 

possible. 

 Molecular profiling of GBM tumors demonstrates frequent alterations in GBM 

genes, enlisting amplification of various growth factor receptors, transcriptional 

regulators, checkpoint inhibitors and chromatin remodeling genes, being few 

among them. GBM must be confronted at various levels by synergistic modulation 
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of several targets to incapacitate its tumorigenic properties. Trending in GBM 

chemotherapy research are multi-kinase inhibitors as evidenced by lately 

approved drugs, and many of those in preclinical or clinical development stages.  

Recent reviews on current combinatorial therapies using standard drugs, 

remarks failure of complete cure and speedy recurrence. Presence of ingenious 

cell death evading mechanisms, stress-activated oncogenic genes and detoured 

tumor pathways warrant smarter therapeutic agents confronting multiple 

tumorigenic pathways. Resistance to chemotherapeutic activity of GBM primarily 

arises from the VEGF-A (Vascular Endothelial Growth Factor-A)-dependent 

angiogenesis and through activation of alternative angiogenic receptors. 

Therefore, the GBM research is keener on drugs that can resolve challenges of 

limited efficacy, safety, and resistance of single-targeted agents. The current study 

thus focuses on the discovery of an powerful chemotherapy agent, using 

unexplored novel derivatives, of four classes of compounds- diols, hydrazones, 

borons and thioesters that enables the discovery of effective and safe multi-

target anticancer agents. 

1.2. Scope of the Thesis  

The whole study is based on the hypothesis that, concurrent targeting 

of tumorigenic pathways by a single drug molecule represents a sensible and safe 

substitute to drug cocktails, to combat GBM. Considering the evolving 

heterogeneity which is associated with the therapeutic resistance and recurrence 

exhibited by GBM cells, there is an urgent need to investigate the novel 

chemotherapeutics that can parallelly act on multiple features of tumor 

invasiveness.  The recent studies demonstrate a varying response to medications, 

by different GBM subtypes. Thus, choosing a drug by its specific mode of action, or 

targeted biomarker, may assist not only in durable response and effective cure, 

but also may challenge tumor recurrence. Therefore, this study intends to identify 

a novel chemotherapeutic agent which is biomarker driven, as well as have a 

synchronous anti-oncogenic effect on various features of GBM.  

Specific aims of the study are as follows: 

i) To evaluate the anti-cancer activity of the novel compounds, 

belonging to four different classes. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/tenidap
https://www.sciencedirect.com/topics/chemistry/antineoplastic-agent
https://www.sciencedirect.com/topics/chemistry/drug
https://www.sciencedirect.com/topics/chemistry/molecule
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ii) To screen and identify the top compound in each class, and to 

perform detailed molecular profiling to detect their mode of 

action. 

iii) To identify possible target of each of the potential 

chemotherapeutic agent. 

iv) To determine the most powerful drug candidate, which possess 

multiple onco-inhibitory features. 

1.3. General scheme of the study and limitations 

In general, we report the synthesis, bioactivity characterization and in vitro anti-

tumor analysis of 53 novel drugs that belongs to four different classes of 

compounds such as Diols, Hydrazones, Borons and Thioesters, for their anti-GBM 

effect in multiple cell lines. The study proposes to accomplish detailed biological 

characterization at the molecular level using various biological assays and 

transcriptome analysis to elucidate the mechanism of the action of top compounds 

in each class. 

This is a preliminary experimental report and therefore, the pharmacological 

refinement or the in vivo analysis of the drugs, has not been included in this study. 

Better understanding of various roles of these compounds in tumor 

microenvironment and in vivo conditions may aid optimizing the lead agents to 

provide better efficiency and drug activity. While current data highlights the 

possibility of these least explored drug classes as monotherapy agents for GBM, 

prospective studies are needed to evaluate their ADME (absorption, distribution, 

metabolism, and excretion) analysis, extensive pharmacokinetics and toxicological 

impact. Also, their combinatorial effect with other therapeutic agents should also 

be worth evaluating to progress the candidate drugs mentioned in this thesis, into 

the clinic. 

1.4. Thesis Outline 

This manuscript is organized into six different chapters. Chapter I outlines the 

major context, scope, and limitations of the current study and organization of the 

manuscript. This includes the basic overview of the whole content of the research, 
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significance of the topic of consideration, and the overall sketch of the study 

design. Chapter II discusses the key topics from the extensive review of the 

literature associated with the study, which is essential to understand this thesis. 

This chapter sketch out the basic information on the complexity of the disease 

chosen for the study, challenges associated with it and attempt to summarize the 

biology of glioblastoma oncogenesis. Chapter III outlines the pharmacological 

significance of the drug families considered in this study, and the related research 

outcomes to date. Chapter IV presents the methods and approaches we have used 

for the characterization and identification of the most potent pharmacological 

scaffolds in each class. Chapter V features a summary of the results from each 

publication comprised in this thesis. Chapter VI presents the major inferences 

drawn from the observed results, discussion in context of the study and future 

directions of the current work. Finally the last chapter- VII summarizes the whole 

project and its significance. 
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2 REVIEW OF RELATED STUDIES 

2.1 Glioblastoma multiforme-molecular subtypes, clinical 
challenges and therapeutic targeting 

Global gene expression profiling of GBM has identified pathogenically diverse set 

of tumors demarcated by shared genomic, epigenomic, or transcriptional features 

called as ‘molecular subclasses. Therapeutic response and disease prognosis of 

Glioblastoma is thoroughly affected by the molecular subclass of GBM. 

Understanding these subtypes aids developing more effective, molecularly guided 

approaches for curing GBM. 

Classification Based on Gene expression 

The Cancer Genome Atlas (TCGA) cluster GBM into four clinically relevant subtypes 

based on its gene expression profile, namely- Classical, Mesenchymal, Proneural 

and Neural subtypes. 

Classical GBM: Classical GBM is a molecular subtype of glioblastoma characterized 

by chromosome 7 amplification, Epidermal growth factor receptor (EGFR) 

amplification, EGFRvIII mutation and lack of p53 mutations3. It is also characterized 

by the loss of chromosome 10 and Focal deletion of 9p21.3 that targets cyclin-

dependent kinase Inhibitor 2A (CDKN2A)4,5. Also, the mutation in phosphatase and 

tensin (PTEN), neural precursor and stem cell marker Nestin (NES) overexpression, 

Notch (NOTCH3, JAG1, LFNG) and Sonic hedgehog (SMO, GAS1, GLI2) pathway 

activation, are detected in this subtype5. Classical GBM is more sensitive to 

chemotherapeutics targeting kinase inhibition. 

Mesenchymal GBM: Associated with markers CHI3L1 and MET, the mesenchymal 

subtype is characterized by focal heterozygous deletion of 17q11.2 containing 

neurofibromin 1 (NF1) and found co-mutated with PTEN. Mutations in tumor 

protein p53 (TP53), and stimulation of Tumor Necrosis Factor(TNF) superfamily 
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and NF-kB pathway are also observed in this subclass5. Mesenchymal GBM is more 

aggressive and resistant to treatment and leads to a shorter survival period. 

Proneural GBM: This subclass is linked with point mutations in isocitrate 

dehydrogenase 1 (IDH1 and platelet-derived growth factor receptor alpha 

(PDGFRA)5. IDH mutant patients with proneural GBM  were reported to have 

longer median survival time6 and worse prognosis7. Proneural GBM  exhibits 

normal EGFR, NOTCH and PTEN levels6, whereas genes such as NF1, SERPINE1, 

TIMP1,SOX, DCX, DLL3, ASCL1, and TCF4 are overexpressed5,6.  

Neural GBM: Neural GBM is sensitive to treatments and has a short prognosis5. 

This subtype is defined by the expression of various neuronal markers such as 

NEFL, GABRA1, SYT1, SLC12A5, and EGFR amplification along with MGMT 

methylation of 29%5. This neural subgroup has a robust relationship with 

oligodendrocytic, astrocytic and neuronal differentiation as reported by Verhaak et 

al5. 

Classification based on Isocitrate dehydrogenase (IDH) mutation 

WHO has classified GBM in 2017 into three major subgroups, based on IDH 

mutation: Wild type, Mutated and non-determined. IDH encodes an enzyme that 

carries out oxidative decarboxylation of isocitrate to α-ketoglutarate (α-KG), 

releasing a nicotinamide adenine dinucleotide phosphate (NADPH). Mutation of 

IDH gene causes a reduction in α-KG8 instead produce 2-hydroxyglutarate (2HG)9. 

d-2HG inhibits the activity of dioxygenases10 resulting in aberrant gene expression 

and epigenetic changes, promoting glioma pathogenesis8. IDH-mutant tumors that 

arise from a lower grade glioma are termed “secondary glioblastoma”. GBMs that 

are IDH– wild-type are classically termed as “primary glioblastoma”. IDH-NOS or 

non-determined is designated for those tumors for which full IDH evaluation 

cannot be performed. 

2.2 Molecular markers of Glioblastoma multiforme and their 
clinical correlation 

A clear understanding of the type of genetic and epigenetic modifications are quite 

significant for a substantial prognosis and patient response to therapy, in case of 

GBM. Most recent studies identify molecular markers in GBM prognosis as follows. 
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O-6-methylguanine-DNA methyltransferase (MGMT) 

The cell defense and DNA repair enzyme MGMT, hydrolyze alkyl groups from O6 

position of guanine in DNA, leading to chemotherapeutic resistance to alkylating 

agents such as temozolomide11. Methylation of MGMT promoter silences MGMT 

gene in glioma cells, causing a reduction in DNA repair function, increased genome 

variability, and chemosensitivity11. The MGMT methylation of GBM significantly 

correlates with survival for patients undergoing treatment with alkylating agents11. 

Epidermal Growth Factor Receptor (EGFR) 

EGFR is a transmembrane tyrosine kinase, well correlated with tumor 

characteristics such as cell proliferation, migration, and survival. EGFR mutation is 

stated in 40–60% of GBM tumors12. EGFR amplification and EGFRvIII mutation is 

frequently observed in adult GBMs12–14. EGFR mutations have been implied in 

glioblastoma pathogenesis and resistance to treatment15. 

IDH 1/2 mutation 

Isocitrate dehydrogenase (IDH) is an enzyme participating in the Krebs cycle that 

converts isocitrate to α-ketoglutarate. Mutant IDH reductively converts α‐

ketoglutarate to D(R)‐2‐hydroxyglutarate (D‐2‐HG) increasing oxidative stress and 

tumorigenesis16. The presence of IDH mutation has a severe impact on 

methylation status, phospholipid, energy, and oxidative stress pathways as well as 

telomerase reverse transcriptase (TERT)17,18. 

1p/19q co-deletion 

WHO revised the classification of gliomas, based on the presence of an IDH 

mutation, and whole‐arm co‐deletion of chromosomal arms 1p and 19q (1p/19q 

co‐deletion). Oligodendrogliomas are signified by the loss of the entire 

chromosomal arms 1p and 19q19,20 along with IDH mutation, whereas 

astrocytomas are further classified according to their IDH status  and smaller losses 

of genetic material from 1p and 19q21. This diagnostic detection of allelic losses, 

and IDH mutation status favors an improved distinction in the prognosis of 

gliomas. 
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TP53 mutation 

The p53 protein, encoded by the TP53 tumor suppressor gene, orchestrates a 

variety of cellular responses such as cell cycle, DNA-damaging repair, apoptosis, 

genome stability, and cell differentiation. Alterations in TP53 gene expression are 

very prominent in GBM and associated with its pathogenicity 22,23. The p53-ARF-

MDM2 pathway is dysregulated in 84% of glioblastoma (GBM) patients and 94% of 

GBM cell lines24–26. GBM cell lines possessing mutant p53 are found to be more 

resistant to DNA-damaging therapeutic drugs, such as Cisplatin27. 

ATRX mutation 

The ATRX (α-thalassemia/mental retardation syndrome X-linked) gene is involved 

in chromatin remodeling, DNA methylation and genomic stability 28. ATRX has a 

broad spectrum of roles involved in the epigenetic changes associated with GBM29. 

ATRX mutation is frequently associated with IDH mutations, but rarely with 1p19q 

co-deletions28. Cai and colleagues have observed lower ATRX expression can act as 

a malignancy marker as it is more obvious in primary GBM and anaplastic gliomas 

than grade II gliomas 30. 

TERT mutation 

Telomeres act as the caps at the ends of chromosomes and shortens with each 

round of cell division, limiting the proliferation of human cells to a finite number. 

Telomerase reverse transcriptase (TERT) is a catalytic subunit of telomerase 

enzyme that executes nucleotide addition to telomeres, preventing its 

shortening31,32. Gain-of-function mutations in the TERT promoter are recurrently 

mentioned in grade IV astrocytomas (up to 85% of GBM) and grade 2/3 

oligodendrogliomas (approximately 80%)31,33. TERT mutations are testified to be 

strongly correlated with 1p19q co-deletion, 34,35  and a combination of TERT 

mutation and wild-type IDH is typical of GBM. 

2.3 Glioblastoma multiforme: treatment challenges 

Recent developments in understanding the molecular biology and pharmacology 

of GBM prompted the growth of targeted-drugs to tackle this fatal disease, 

however, the progress is dismal. Multiple factors contribute to this disease 

complexity. The presence of a striking degree of intratumoral heterogeneity, the 
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exhibition of transcriptional and epigenetically regulated subclasses, intertumoral 

heterogeneity characterized by distinct molecular profiles, multiple-feedback 

cross-talk pathways that drive drug resistance, altered cellular metabolism 

favoring tumor growth, and the incidence of cancer stem cells, are some of the 

most notable of them (Fig.1). 

Figure 1.  Challenges associated with GBM treatment 

Glioblastoma stem cells (GSC) and therapeutic resistance 

Glioma stem cells (GSCs) comprises a fraction of slow-dividing cells within the 

tumor mass of GBM, responsible for post-treatment malignancy relapse. GSCs can 

recapitulate a whole tumor, and differentiate into other specific GBM sub-

populations36. GSCs undergo genetic mutations as well as have a synergistic 

relationship within the tumor environment leading to various phenotypic 

transformations. The hypoxic niche supports GSC survival and proliferation via 

hypoxia-inducible factors (HIFs)37.  CD133, a transmembrane glycoprotein, is the 

most widely recognized marker of neural stem cells, is common to GSCs as well36. 

Differential expression of proteins such as MGMT, BCRP1 and anti-apoptosis 

proteins in CD133+ GSCs were shown to contribute to the resistance to TMZ 38. 

GSC plasticity through the generation of GSCs from non-GSCs, and upregulation of 

membrane transporters that are involved in expelling of drugs may also lead to 

therapeutic resistance. 
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Intra-tumoral heterogeneity 

In order to effectively design therapeutics to GBM invasion, we must understand 

the molecular landscape underlying heterogeneity in tumor behaviors. 

Amplification oncogenic receptor tyrosine kinases, specifically, EGFR has been 

suggested to influence migratory behavior, clinical prognosis, and therapeutic 

efficacy39. IDH mutations also render variable susceptibility to treatments and 

therefore need to be targeted to prevent glioblastoma recurrence 40. Metabolic 

heterogeneity in GBM is another aspect to be considered for effective cure of the 

tumor. Future molecularly targeted therapies for GBM should be designed based 

on the different properties such as divergent genetic alterations, selection 

pressure based on the tumor niche, capacity for dissemination. 

Post-therapy resistance 

Genetic modifications and rewiring cellular signaling pathways trigger the adaptive 

resistance of GBM cells, to current treatment modes leading to tumor recurrence. 

Numerous molecular mechanisms are associated with the post-therapy resistance 

in GBM: intra-tumoral heterogeneity at the cellular level, such as diverse 

transcription signatures for genes that regulate immune response, cell replication, 

hypoxia, stemness41,and sub-clonal evolution42 are a few to be specified. Recurrent 

tumors display variable degrees of genetic relatedness to the original tumor and 

involve complex evolutionary courses driving branched evolution resulting in 

divergent cell populations43. 

Recurrence-initiating stem-like cancer (RISC) cells are indebted to a number of 

molecular pathways linked to therapeutic resistance. This includes a number of 

extracellular signaling pathways mainly Wnt/β-catenin, Notch, receptor tyrosine 

kinase (RTK)/PI3K, NF-κB, SHH/GLI, and JAK/STAT signaling pathways as reviewed 

by latest reports43,44. Additionally, the apoptotic cancer cells send their signals via 

exosomes induced and released during apoptosis. Altered expression of the genes 

encoding Ataxia telangiectasia mutated (ATM), the cell cycle checkpoint protein 

RAD17, checkpoint kinases CHK1, CHK2, and the DNA repair enzyme  O-6-

Methylguanine-DNA methyltransferase (MGMT), also significantly correlate with 

resistance to chemotherapies45,46. Under hypoxic conditions, hypoxia-inducible 

transcription factors (HIF-1 and HIF-2) are also involved in tumor maintenance and 

angiogenesis47. 
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2.4 Biology of Glioblastoma oncogenesis 

Recent developments in the understanding of the oncogenic mechanism of GBM 

have summarized three core pathways- receptor tyrosine kinase 

[RTK]/RAS/phosphatidylinositol 3-kinase [PI3K], p53-ARF-MDM2/4 pathway, and 

retinoblastoma [RB] pathway- as major drivers of GBM characteristics48. The 

RTK/RAS/PI3K signaling pathway was found to be altered in approximately 86–

89.6%, p53 pathway was altered approximately 85.3–87% and the pRB signaling 

pathway was found to be affected in approximately 77–78.9% of the GBM cases 

studied.  

Downstream pathways triggered by RTKs involve RAS/MAPK/ERK and 

RAS/PI3K/AKT49, which are implicated in controlling cell proliferation, survival, 

differentiation, and angiogenesis. PI3 kinases are activated by upstream signals 

from receptor tyrosine kinases (RTKs). PI3K catalyzes the production of the PIP3, 

which actives both Akt and PKC favoring their kinase activity on multiple 

downstream substrates including mTOR. The protein phosphatase PTEN acts on 

PIP3 to antagonize PI3K signaling and PTEN is frequently inactivated, deleted, or 

silenced in GBM.  Mutations in GBM such as amplification of EGFR, gain-of-

function in PIK3CA, or loss of PTEN, leads to tumor growth and invasion. RAS genes 

(Rat Sarcoma) are transforming oncogenes and belong to the G-protein family. RAS 

acts on MAPK through RAF kinase thus regulate downstream target gene 

transcription and cell activities. Deregulated RAS/MAPK pathway can trigger 

unchecked cell growth and proliferation, increasing aggressiveness. Various 

studies report over-expression of RAS in gliomas50. 

The p53 tumor suppressor integrates stress signals and negatively regulates cell 

division, induces senescence and apoptosis under normal growth conditions51. 

Aberrant p53 pathway components have been implicated in GBM cell invasion, 

migration, proliferation, evasion of apoptosis, and cancer cell stemness26. 

Amplification of oncogenes MDM2 and MDM4 can inactivate p5352, leading to the 

loss of its function. CDKN2A/ ARF can promote MDM2 degradation, thereby 

preventing the degradation of p53 tumor suppressor activity. Also, ARF can induce 

tissue inhibitor of metalloproteinase-3 (TIMP3) thus reduce GBM cell migration. 

ARF is the most commonly deregulated component and found to undergo 

homozygous deletion in GBM. 
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The tumor suppressor retinoblastoma (pRB) protein controls cell cycle, and acts 

as a checkpoint to S-phase during division. RB protein is frequently altered in 

GBM53. The pRB is normally inactivated by Cyclin D/CDK4/CDK6-induced 

phosphorylation. Inactivation of CDKN2B which is a CDK inhibitor, and the 

amplification of CDK4 and CDK6 is commonly found in GBM54 leading to 

tumorigenesis and glioma progression. Apart from the aforementioned pathways, 

other pathways such as JAK-STAT, Wnt, Sonic Hedgehog and Notch, can contribute 

to GBM progression. 

Figure 2.   Key pathways involved in Glioblastoma pathogenesis 

2.5 Targeted therapies for Glioblastoma 

Glioblastoma is highly resistant to conventional chemotherapy and radiotherapy. 

Most of the abnormalities in glioblastoma are associated with aberrant regulation 

of signal transduction pathways providing scope for potential new therapeutic 

targets. This necessitates the identification of the optimal therapeutic targets or 

those which have an amplifying effect down the signaling cascade, as a 

concomitant or adjuvant therapy. Several signal transduction inhibitors are under 

evaluation in preclinical and clinical malignant trials. This primarily includes anti-

angiogenic agents (e.g.: bevacizumab, enzastaurin), and epidermal growth factor 

receptor tyrosine kinase inhibitors (e.g.: gefitinib and erlotinib), mTOR inhibitors 

(e.g.: temsirolimus, everolimus) and transmembrane protein inhibitors (e.g.: 

cilengitide). However, the results of the use of targeted agents are not so 

impressive in case of GBM, due to its heterogenic nature and resistance pathways. 
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The combination of different single-targeted drugs or the combination of targeted 

drugs with conventional chemotherapy and radiotherapy has also found no 

significant success. Therefore, most recent emphasis in GBM is on the combination 

of multi-targeted drugs along with surgery and radiotherapy, in order to overcome 

the resistance of tumors as opposed to single-agent targeted therapies. 

EGFR targeted inhibitors 

EGFR is amplified and mutated in a large number of GBMs. Considering the 

importance of EGFR and its variant EGFRvIII in GBM pathogenesis, clinical trials in 

progress include agents targeting EGFR. Unfortunately, targeting EGFR has not 

been effective so far. The first generation of EGFR inhibitors, gefitinib and erlotinib 

failed in GBM clinical trials55,56. Preliminary reports from the phase III randomized 

study of rindopepimut, another EGFR inhibitor, in newly diagnosed EGFRvIII-

positive glioblastoma indicated no significance improvements, leading to closure 

of the trial57. An assortment of first and second generation EGFR/HER2 TKIs have 

been evaluated as monotherapy or as combination therapies, with limited 

success58–61. Further studies that evaluate novel anti-EGFR agents or combinations 

are required for an EGFR inhibition in specific molecular subtypes of GBM. 

VEGF targeted inhibitors 

Angiogenic factors, including vascular endothelial growth factor (VEGF), fibroblast 

growth factor (FGF), and platelet-derived growth factor (PDGF), are important 

drivers of angiogenesis promoting oxygen supply to the tumor. VEGF is an active 

mediator of tumor neovascularization and VEGF expression is linked with GBM 

tumorigenicity62. Furthermore, VEGF causes pericytes (perivascular cells that wrap 

around blood capillaries) disintegration leading to the formation of abnormal 

vascular permeability. This phenomenon is a hallmark of GBM63 and has severe 

consequences on the blood brain barrier. 

VEGF targeted therapies include blockade of VEGF (Bevacizumab) and VEGF 

trap (Aflibercept) and VEGFR TKIs (Pazopanib, Vandetanib, CT-322, Ramucirumab 

and Icrucumab). The most widely used targeted treatment against angiogenesis is 

the vascular endothelial growth factor (VEGF) monoclonal antibody bevacizumab. 

Vatalanib an anti-VEGF agent is well tolerated by patients, but it does not appear 
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to result in effective tumor regression64. Cediranib, a VEGFR-2 tyrosine kinase 

inhibitor, failed to improve progression-free survival as a monotherapy and in 

conjunction with Lomustine65. The lack of a durable response and survival benefit 

demands the need to understand the mechanism underlying resistance to anti-

angiogenic therapies and to develop multi-targeted therapeutics. 

MET inhibitors 

MET is a receptor tyrosine kinase that is involved in embryonic development and 

tissue repair66 . MET and downstream signaling pathways, including RAS/MAPK, 

PI3K/AKT, and STAT are activated by Hepatocyte growth factor (HGF) 67. The c-MET 

signaling pathway activation in glioblastoma, thus have pleotropic effects, 

promoting tumor growth, invasiveness, and drug resistance. Although many 

propitious MET inhibitors have been developed, resistance to single modality anti-

MET drugs has been frequently reported, rendering these agents with limited 

success68–70. Ineffectiveness of Crizotinib, a c-MET/ALK inhibitor have been 

documented in GBM patients71. An in-depth analysis of the molecular basis of 

adaptive resistance to MET inhibitors can promote beneficial results as anti-GBM 

targeted therapy.  

MAPK/PI3K signaling pathway targeted therapy 

The RTK/PI3K/MAPK pathways are involved in glioblastoma cell migration and 

proliferation and are mutated in 90% of GBM72,73. Single-agent kinase inhibitors 

have had disappointing clinical results in gliomas due to limited brain penetrance 

and GBM adaptive mechanisms. Dual targeting PI3K and MAPK pathways, McNeill 

and colleagues observed synergistic effects accelerating GBM cell death, an 

advantageous effect over single-agent kinase therapies74,75. PX-866 (Sonolisib) a 

PI3K inhibiting drug, has been shown to inhibit angiogenesis, induce cell cycle 

arrest and restrict invasion of GBM cells in vitro76. The RAF multi-kinase inhibitor, 

Sorafenib, has been evaluated in several small phase I/II studies as monotherapy 

or as combination therapy77–79 and exhibited limited efficacy in GBM.  
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Multiple kinase inhibitors 

Drugs such as AEE788 and Vandetanib target both EGFR and VEGFR tyrosine 

kinases. In a phase II trial of a multi-modal therapy, including Vandetanib to the 

standard therapy regimen (surgery+ chemotherapy+ radiotherapy), yielded little 

effect on overall survival of the patients80. Regorafenib is an approved drug that 

was proven to inhibit VEGFRs and PDGFRs, in colon cancer as well was 

gastrointestinal stromal tumors81. TG02, a CDK inhibitor was reported to be 

effective in pediatric brain tumors with MYC overexpression82. Another multiple 

kinase inhibitor Lapatinib that targets both EGFR and HER2 tyrosine kinases also 

found limited success in phase I/II trial for recurrent GBM. Sunitinib is a multiple 

kinase inhibitor of VEGF, PDGFR, FLT1, FLT1/KDR, FLT3 and the RET kinases83. A 

phase II study for recurrent glioblastoma multiforme incorporating Sunitinib was 

found to be unsuccessful as a monotherapy with all patients’ disease progressing 

despite treatment84. Imatinib, inhibitor of the PDGFR, KIT, and ABL kinases, also 

was less effective to outsmart GBM maintenance. Limited success of such multi-

kinase inhibitors, warrants a relook into the molecular subtypes, resistance 

pathways and compensatory mechanisms in GBM.  

Immune checkpoint inhibitors 

Immunotherapy for glioblastoma has gained considerable interest over the past 

few years85. Few of the immune checkpoint blockers (ICBs) under clinical trials 

include nivolumab85–87, Pembrolizumab85,88, Atezolizumab 89,90 and Avelumab 91,92. 

In GBM, the overexpression of  TIM-3, a molecule expressed by CD4+ and CD8+ T 

cells involved in immune suppression, is associated with higher malignancy and is 

thus considered a strong prognostic indicator of the disease 93,94.  IDO is another 

immune checkpoint molecule and its overexpression is linked to poorer outcome 

in GBM patients95,96. Chemotherapeutics such as Epacadostat or Indoximod have 

shown positive results in in vivo models 97. 

DNA repair and cell cycle checkpoint inhibitors 

The cell cycle is a series of events involving cell growth and cell division that 

produces two new cells. The cell cycle consists of four-stages in which 

the cell increases in size (gap 1, or G1 stage), duplicates its DNA (synthesis, or S, 
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stage), prepares to divide (gap 2, or G2 stage), and divides (mitosis, or M, stage)98. 
Cells use special proteins and checkpoint signaling systems to ensure faithful 

progression of the cell cycle. A complex system of regulatory molecules control 

cell-cycle process, with stringent control at two key control points - the G1 

checkpoint (DNA quality), and at the end of the G2 checkpoint (chromosomal 

quality) ensuring high accuracy.  

One of the major players in G1-S transition, is the Retinoblastoma (Rb) protein, 

which is in turn regulated by a series of proteins, including p16, cyclin-dependent 

kinases, cyclins, and E2F. In order for the DNA to replicate, cyclin D binds to 

CDK4/6 forming an active complex that phosphorylate Rb. The phosphorylated Rb 

then activate S phase specific transcription factors, permitting G1 to S phase 

transition. The p16 protein is one of the most important regulators of the CDK4-

cyclin D complex. The binding of p16 to CDK4 blocks its complex formation with 

cyclin D, hindering Rb phosphorylation, thus arresting the cell in the G1 phase. 

Inactivation of p16 or Rb, increased cyclin D1, or CDK4/6 activity results in 

progression to the S phase and are common events in human glioma cells99,100 . 

The p53 protein is upstream of Rb in controlling the G1 checkpoint. The mitotic 

checkpoint at the end of G2 phase ensures the chromosomal quality. Inhibitory 

phosphorylation of CDC2 lead to cell cycle arrest at G2. CDK1/CDC2 when in 

complex with cyclin B1 forms an active complex is required for progression from 

G2 to M phase.  Key proteins involved here are CDC25C, ATR and p53. Following 

DNA damage, ATR phosphorylates CHK1 which in turn phosphorylates CDC25C. 

CDC25C is then not able to activate CDK1/CDC2 through its phosphatase activity, 

halting progression to Mitotic phase. Additional regulators of CDK1/CDC2 are 

WEE1 and MYT kinases. The p53 protein regulates G2 checkpoint via CyclinB1. 

Inactivation of Rb and p16 proteins and amplification of cyclin D1 and CDK4, are 

among the most frequent abnormalities that occur in Glioblastoma101,102. 

Numerous cell cycle checkpoint inhibitors have shown efficacy as anti-GBM agents 

in preclinical phase I and phase II studies103–105. 

2.6 Combination therapies 

For resistant cancers like GBM, targeting two or more nodes in tumorigenic 

pathway, are found to be more effective than individual targeted therapies. 

Combination therapy works synergistically, or in an additive manner, and for a 
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successful treatment, any single therapy agent used in the combination therapy 

shouldn’t have cross resistance with the others. 

The current standard drug used in GBM chemotherapy, temozolomide has 

been evaluated with many other agents such as morphine106, nutlin3a107, 

sulforaphane108, XL765109 and nimotuzumab110 and has shown improved 

therapeutic response in comparison to single chemoagents. Use of drug cocktails 

such as the RIST (Rapamycin, Irinotecan, Sunitinib, Temozolomide) and the variant 

aRIST with GDC-0941 inhibit GBM cell growth in primary patient culture via up-

regulation of apoptotic pathways111. Additionally, chemoagents in conjunction 

with Radiotherapy (RT) have also shown better results against GBM. Poly (ADP 

ribose) polymerase (PARP) inhibition is a new therapeutic approach in GBM112,113. 

RT and (PARP) inhibitors has been reported to radiosensitize glioma cells by 

inhibiting DNA repair114. Palbociclib is a selective inhibitor of CDK4/6 kinase, when 

co-administered with RT, showed a survival advantage in mice. 

2.7 Drug design, discovery and development process 

The hunt for new drugs is an integral part of medical research. Identification of 

novel therapeutic agents and right delivery vehicles for precision targeting is 

crucial for any type of pharmaceutical industry. Taking in a wider sense, drug 

design refers to random evaluation of natural or synthetic substances for 

medicinal properties, or inventing new drugs based on some bioactive compounds 

as templates, or synthesizing compounds by molecular modifications. This being a 

complicated, time consuming process, last few decades have started seeking the 

use of computational models to enhance the drug discovery procedure. The 

processes, termed as Computer-Aided Drug Design (CADD), is an alternative to 

another method that rely on a known structure of the biological target molecule, 

called Structure Based Drug Design. The in-silico drug design consists of various 

advanced techniques such as QSAR/QSPR, structure-based design, combinatorial 

library design, cheminformatics, bioinformatics and the increasing number of 

biological and chemical databases are used in the field. Drug discovery is 

multistage process, each stage consisting of several parallel and sequential sub-

process (Fig: 3). In short, the stages of drug development have the following steps: 

Selecting a disease: Choice of the disease is usually based on interest, 

significance or need. Once the disease is identified an attempt to explore the 
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biochemical mechanisms underlying the disease will be performed to obtain better 

understanding of the targetable molecules or pathways. 

Drug discovery: Following the selection of disease, many drug candidates will 

be evaluated for identifying a hit molecule. These drug molecules may by 

synthetic, natural or biologically-derived molecules. Methods of drug discovery 

includes, random screening, bioactivity analysis, target ligand interaction studies, 

refining/optimization of lead compounds to enhance the activity and preclinical 

studies. Next generation sequencing such as RNA-seq have revolutionized the drug 

discovery process by providing insight into pathways and regulations in biological 

processes. More importantly, it could be used to identify drug- induced gene 

expression changes aiding target identification of a particular drug. 

Product Characterization: A promising drug molecule will be characterized for 

chemical and physical characteristics such as molecular features, stability, etc. 

Also, bioactivity analysis, including mode of action of the drug in body will be 

performed. Additionally, detailed analysis of optimal conditions and other factors 

affecting the performance of the drug will be carried out. 

Formulation, Delivery, Packaging Development: All critical parameters that 

affect the bioavailability of the drug in the target tissues or cells are continuously 

refined and optimized during this stage. The drug formulation must remain 

effective, non-contaminated, safe and nontoxic to use. Appropriate mode of 

administration as capsules, tablets, aerosol or injectable, is evaluated. 

Pharmacokinetics and Drug Disposition: The fate of the particular formulation 

inside the body depends on the course of its absorption, bioavailability, 

distribution, metabolism, and excretion, which is termed as pharmacokinetics. This 

would, to a good extend, depend on individual physiology, as well as, on chemical 

properties of the formulated drug. ADME analysis- Absorption, Distribution, 

Metabolism and Excretion, is performed at this stage. Following the 

administration, absorption of the therapeutic agent into plasma will happen, 

depending on the molecular weight, and solubility of the drug. Passage of the drug 

from blood plasma to   the interstitial and intracellular fluids is termed as 

distribution. Permeability of the drug to the body cells would be affected by the 

blood-brain barrier, blood-testes barrier and blood-placenta barrier. Metabolism 

of the drug is performed by organs such as liver, kidney or other sites. This may be 

adversely of beneficially affected by interaction with other drugs. The final process 
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involves removal of metabolites from the body through urine, bile and/or feces, 

called excretion. 

Preclinical Toxicology Testing: The next step in this process involves safety, and 

efficacy testing and preparing drafts for clinical trials. Reproductive toxicity, 

Genetic toxicity, carcinogenicity studies, etc. are performed at this stage. Before 

entering clinical trials, bioanalytical Testing may also be carried out to improve 

quality and yield and to optimize the entire development process.  

Clinical Trials: Clinical trials involve four phases. 

Phase I trial is usually conducted healthy volunteers, in order to determine 

safety and dosing of the investigative drug. 

Phase II trials performed in small numbers of patients to ensure safety and 

efficacy. 

Phase III trials tested to determine safety and efficacy in sufficiently large 

numbers of patients with the targeted disease. 

Phase IV trials are post-market trials that are carried out to identify long term 

effects of the drug. 

 

Figure 3.  General pipeline involved in drug discovery and development process. 

The success rate of a new drug is very low, only 0.001% of the candidate drugs 

qualify to test on humans. Capital costs for the whole drug development process is 

quite high and the computational drug discovery has drastically reduced the 

duration, costs and risks associated with drug discovery process. 

 



 

20 

3 RATIONALE OF CHOICE OF DRUG CLASSES 

GBM is characterized by many aberrant pathways that provide the tumor cells 

with selective defense features and compensatory mechanisms, which in turn 

promote survival and proliferation in a hostile environment, as well as therapeutic 

resistance. For a successful multi-targeted agent, horizontal inhibition of various 

tumorigenic mechanism with a  focus on the key nodes, which is selective to 

cancer cells, is required. In an attempt to identify a monotherapy for patients with 

recurrent glioblastoma, that targets multiple pathways involved in GBM 

ontogenesis, we aimed to elucidate the anti-tumor efficacy and drug mechanism 

of four novel classes of drugs- derivatives of diols, hydrazones, thioesters and 

borons.  The significance of these drugs with anticipated activity as anti-tumor 

agents are mentioned below. 

3.1  Diols as anticancer agents 

A diol is a chemical compound containing two hydroxyl groups (–OH groups)115 as 

represented in Fig: 4. An aliphatic diol is also called a glycol116. The most common 

industrial diol is ethylene glycol. Several natural and synthetic diol derivatives have 

been previously studied as small molecules capable of interacting with glioma 

cells117–121. 

 

Figure 4.  Structure of ethylene glycol- a simple diol 

Earlier research has reported on the synthesis and biological screening of 

several natural or synthetic, aliphatic, aryl and long chain diols and their antitumor 

activities. A study reports on, 2-[(arylmethyl)amino]-1,3-propanediol derivatives 

(AMAPs) have shown its  potential antitumor agents122. Diol derivatives of 

indenoisoquinoline  have been identified as  topoisomerase I inhibitors against 

cancer123. The neuro-steroid, 3-β androstene17-α diol (17-α-AED) is proven to 

possesses significant anti-glioma activity when used at pharmacologically relevant 
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concentrations in vitro124. Similarly, a reduction of cell clones and inhibition of 

hepatocellular carcinoma cells were visible upon α-2,7,11-cyprotermine-4,6-diol 

(α-CBD) treatment in cancer cells 125. Another pioneer study claims long chain 3-

amino-1,2-diols  have strong cytotoxicity against various cancer cell lines126.  

Straight chain diols have been previously studied as small molecules capable of 

interacting with glioma cells. N-alkanols, were reported to inhibit N-methyl-D-

aspartate (NMDA) receptors 127–129. Longer C9–C14 1,Ω-diols also identified as 

inhibitors of NMDA-activated signaling129.  NMDA receptor signaling is triggered 

through Glutamate. Glutamate amino acid is an excitatory neurotransmitter of the 

central nervous system (CNS) and a principal mediator of neuronal precursor-cell 

proliferation,  synaptic transmission,  invasion, survival as well as cell death130,131. 

Extracellular glutamate binds to and activates multiple glutamate receptors 

namely- N-methyl-D-aspartate receptors (NMDARs), α-amino-3-hydroxy-5-methyl-

4-isoazolepropionic acid (AMPA), and Kainate receptors. Glutamate promotes 

proliferation of neuronal progenitors by NMDA receptor-mediated mechanism132. 

Downstream effect of NMDAR is mainly through the activation of calcium-

dependent signal transduction133. Upon binding of its cognate ligands, NMDAR 

permits Ca2+ influx that can elicit calmodulin (CaM) and calmodulin-dependent 

kinase (CaMKs) activation and subsequent protein kinase A (PKA) activity. 

Dysfunction in the glutamatergic signaling pathway has been well established as a 

frequent player in glioma pathogenesis and thus acts as a therapeutic target134–136. 

Recent studies have promoted NMDA receptors as potential targets for 

chemotherapy137, considering that the blocking of the NMDA receptors can 

abrogate glioma proliferation138.   
In the light of previous reports on anti-cancer properties of diols and their 

interaction with NMDAR, we envisioned that, the non-polar derivatives of primary 

and secondary hydroxyl groups of decane-1,2-diols could be explored for their 

anti-cancer activity. The Publication I describes the detailed report on the design, 

synthesis, and the outcomes of bioactivity studies of the novel decane-1,2-diol 

derivatives.  

3.2  Hydrazones as anti-cancer agents 

Hydrazones are a class of organic compounds with the structure R₁R₂C=NNH₂115 as  

shown in Fig: 5. They are related to ketones and aldehydes but possess NNH₂ 
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functional group instead of oxygen. They are formed usually by the action of 

hydrazine on ketones or aldehydes139. 

 

Figure 5.  Basic structure of the hydrazone functional group 

Hydrazones are attractive scaffolds in pharmacology due to its wide range of 

biological activities. A number of studies have demonstrated antimicrobial, 

anticonvulsant, analgesic, anti-inflammatory, anti-platelet, anti-tubercular and 

anti-tumor activities of hydrazones140–142. Natural and synthetic hydrazones are 

reported to interfere in a wide range of tumorigenic processes143–145. 

Acetylpyridine and benzoylpyridine derived hydrazones has been reported  as 

agents against brain tumor146. 

A growing body of literature has examined the efficacy of hydrazone derivatives 

as anti-cancer drugs. N-phenylpyrazolyl-N-glycinyl-hydrazone derivatives were 

validated as TNF-α and p38 MAPK inhibitors by Lacerda et al147. 2-Acetylpyridine  

hydrazone  derivatives  of  benzothiazole,  benzoxazole,  and  benzimidazole  were  

found  to  exhibit  potent  cytotoxic  activity  against  the  growth  of  murine  and  

human leukemia  and lymphoma cells148. N,N’-Bis[1-aryl-3-pyrrolidine-1-

yl)propylidene]hydrazine dihydrochlorides has been indicated as cytotoxic by 

Kucukoglu et.al and suggests inhibition of mitochondrial respiration as a possible 

mechanism of action of the drug 149. In another report, hydrazone compounds 

derived from salicylaldehyde were proven to be anti-proliferative agent against 

A549 cells. Potency of these compounds were related with the lipophilicity of the 

compound , as well as the capacity of compound chelating metal ions150. 

Additionally, there are many under preclinical and clinical trials as anti-cancer 

agents. N-acylhydrazones has been proven to hold multiple characteristics 

ensuring a strong motif in drug design and medicinal chemistry. N-acylhydrazone 

small-molecule pro-caspase activator, PAC-1, is currently in phase-1 clinical trials 

for Glioblastoma Multiforme (GBM) / Anaplastic Astrocytoma (AA) treatment151. 

PAC1 showed broad synergy with conventional chemotherapeutic agents in 

procaspase-3 over-expressing cell lines. Aldoxorubicin, a 

(maleinimidoalkanoyl)hydrazone derivative of doxorubicin is currently in phase III 

for the treatment of soft tissue sarcoma152. INNO-206 (DOXO-EMCH), an Albumin-
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Binding Prodrug of Doxorubicin has potent antitumor activities in various cancer 

cell lines and in murine tumor models. The drug targeting Topoisomerase II is 

currently under development for Phase II Studies. 

Nerve growth factor receptor (NGFR) is a transmembrane receptor of tyrosine 

kinase family. Neurotrophins mediate cell survival, proliferation, differentiation 

and cell death of neurons in the central nervous system. NGFRs include TrkA, TrkB, 

and TrkC and are found to be positively correlated with astrocytic gliomas. Role of 

NGFs in GBM growth is well established. Hampering NGF/Trk signaling via Trk 

inhibitors or anti-NGF antibodies are reported to reduce cell proliferation and 

tumorigenesis suggesting NGFR as a potential target in tumor treatment and 

prevention153. More recently, our group also studied effect of the panel of many 

hydrazone derivatives and their anti-proliferation effect on multiple human brain 

astrocytoma cells154. Taking into account numerous studies on hydrazone 

derivatives, as a potential anticancer compound, and tyrosine kinase 

inhibitors155,156, we presume that this class of chemicals is of leading interest as 

active anti-GBM therapeutics. Publication II, appended in this manuscript reports 

the findings from our evaluation of a novel panel of hydrazone derivatives as anti-

cancer agents and their possible mechanism of action. 

3.3  Thioesters as anti-cancer agents 

Thioesters are compounds with the functional group R–CO–SR'(Fig: 6). They are 

the product of esterification between a carboxylic acid and a thiol. 

Figure 6.  Basic structure of a thioester 

Molecular targeted agents against tumors need not directly interfere to 

produce significant toxicity, instead indirectly disrupt intracellular processes 

through various critical pathways. They may be represented by receptor tyrosine 

kinase inhibitors, matrix metalloproteinase inhibitors, farnesyl transferase 

inhibitors, and angiogenesis inhibitors. Drugs that can act as multi-targeted agents 

can confront chemoresistance and recurrence exhibited by GBM as opposed to 

single targeted drugs. Developing multi-targeting drugs that target synergistic 
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inhibition of multiple oncogenic pathways is an attractive strategy to combat GBM 

pathogenicity. Sorafenib is the first drug discovered and approved as a multikinase 

inhibitor157. Later, several multi-kinase inhibitors have evolved and approved, such 

as Nintedanib, Regorafenib, Vandetanib etc. Nintedanib is a tyrosine kinases 

inhibitor indicated for the treatment of idiopathic pulmonary fibrosis (IPF)158. 

Nintedanib inhibits PDGFR α and β, FGFR1-3, VEGFR1-3, and Fms-like tyrosine 

kinase-3 (FLT3). Regorafenib is indicated for the treatment of patients with 

metastatic colorectal cancer and inhibits the activity of Rearranged during 

Transfection (RET), VEGFR1-3, KIT, PDGFR α and β, FGFR1, 2, TIE2, DDR2, TrkA, 

Eph2A, RAF-1, BRAF, SAPK2, PTK5, and Abl. Vandetanib is a potent and selective 

inhibitor of VEGFR, EGFR and RET tyrosine kinases159. All the above-mentioned 

drugs are currently under clinical trials for GBM.  

Numerous scientific studies indicate the relevance of  thioester based 

derivatives as new antitumor compounds160–163. Thioester derivatives of the 

natural product psammaplin are reported as potent histone deacetylase 

inhibitors164. Histone deacetylases (HDACs) are a group of enzymes that remove 

acetyl groups from histones as well as non-histone proteins and regulate 

expression of tumor suppressor genes. Inhibitors of HDACs were found to be 

effective in cancers characterized by overexpression of HDACs and can revert the 

malignant phenotype. Hoque et al(2014) described mono and bicyclic 

tetrapeptides thioester as a potent inhibitor of histone deacetylase thereby acting 

as a strong anticancer agent162. A thioester derivative of leinamycin has been 

demonstrated a broad antitumor spectrum against human carcinoma 

xenografts161. Another study reports that thioester derivatives containing Arg-Gly-

Asp (RGD) motif are proven to inhibit integrins and therefore they are potentially 

useful anti-angiogenic agents165. Gambogenic acid thioesters are evidenced to 

have anti-proliferative and anti-angiogenic agents 166. El-Azab et al testified that 

derivatives of non-steroidal anti-inflammatory drugs  S-cyclohexyl-2–(2-fluoro-

[1,1′-biphenyl]-4-yl)propanethioate and S-cyclohexyl-2–(1-(4-chlorobenzoyl)-5-

methoxy-2-methyl-1H-indol-3-yl)ethanethioate have broad-spectrum antitumor 

activity against HepG2 and MCF-7 cell lines, while S-phenyl-2–(2-((2,6-

dichlorophenyl)amino)phenyl)ethanethioate exhibited broad-spectrum antitumor 

activity against the MCF-7 and Caco-2 cell lines160. Thus, owing to their biological 

and pharmacological properties, thioesters offer a rare opportunity to explore as a 

strong chemotherapeutic scaffold against GBM. 
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Angiogenesis is a significant feature of GBM, attributed to the overexpression 

of vascular endothelial growth factor (VEGF). Few of the most significant 

proangiogenic regulators that indirectly regulates VEGF mRNA expression, include 

growth factors (EGF, transforming growth factor [TGF]-α and β [TGF-β], tumor 

necrosis factor α [TNF-α], keratinocyte growth factor, insulin-like growth factor I 

(IGF-I), fibroblast growth factor (FGF), platelet-derived growth factor /(PDGF), and 

cytokines (interleukin (IL)-1α and IL-6)) and amplifications of RAS/RAF genes167. 

VEGF targeted therapies includes VEGF blockade, VEGF Trap, and suppression of 

VEGFR signaling via receptor tyrosine kinase inhibitors (TKIs)168,169. Some tumors 

become non-responsive during treatment with anti-VEGF agents, under hypoxic 

conditions when tumor cells upregulate rescue angiogenic molecules such as 

placental growth factor, FGFs, interleukin-8 etc. Cross-talk between VEGF and TGF-

β1 signaling is known to convert p38 MAPK into a pro-apoptotic signal, 

representing a new target for anti-angiogenesis treatment170. Thus, considering 

the importance of the VEGF in angiogenesis and its close collaboration with other 

pathways involved in GBM oncogenesis and maintenance, we hypothesize that 

targeting VEGF, and the pathways involved in modulating it, would render it one of 

the most promising strategies in GBM therapy. 

To be clinically relevant, molecularly targeted agents must be investigated for 

their effects on the intended targets and pathways. In this aspect, we evaluated a 

novel panel of thioester derivative as an agent for GBM monotherapy, as well as 

its specific action on various GBM pathways. Design, details and results of our 

evaluation are present in Publication III in this manuscript. 

3.4  Borons as anti-cancer agents 

The wealth of information accumulated during the past few decades on bioorganic 

and organometallic boron compounds that laid the foundation for the study and 

application of boron compounds as lipophilic pharmacophores and biologically 

active molecules. Due to their unique electronic, physicochemical, and biological 

properties, there is an increasing focus on boron-containing compounds as novel 

therapeutics. Boron is an electron-deficient non-metallic element, permitting them 

to form coordinate covalent bonds with nucleophiles. They are present in nature 

as orthoboric acid, as borates in the minerals, borax and colemanite and chemical 

properties of borons are more similar to that of carbon. 
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Boron containing therapeutics continues to increase that show multitude ways 

of inhibition against various biological targets. Due to its unique bioactivity,  

various boron based structures have been synthesized for the development of 

novel therapeutic agents171–173. Being electron deficient in nature, Boron-based 

inhibitors effectively interacts with nucleophilic side-chains such as serine, 

threonine, lysine and histidine. Considering the availability of residues at the 

binding site of a protein, design of drugs targeting synergistic binding would be 

more efficient.  

Borons have been demonstrated to possess anti-microbial, anti-inflammatory 

and anti-tumor properties174. The biological activity of boron-containing molecules 

is mainly due to reversible covalent interactions with nucleophiles such as amino 

acid side chains in proteins or from sugar residues in nucleic acids. Many boron 

containing compounds like peptidyl boronic acids, benzoxaboroles, 

benzoxaborines, benzodiazaborines, amine carboxyboranes, and amine 

cyanoboranes have interesting and useful biological properties175. Alkyl or aryl 

boron-containing compounds have been demonstrated as serine protease 

inhibitors 176. Hypoxia-inducible factor HIF-1α is a major physiological stimulus for 

expression of angiogenesis factors. A carboranyl boronic acid containing phenoxy 

acetanilide derivative was verified to be a potent inhibitor of hypoxia-induced HIF-

1α by Shimizu et al177.  

Taking into account that the dipeptide boronic acid proteasome inhibitor 

bortezomib was approved by FDA for treatment of multiple myeloma178 and 

mantle cell lymphoma179, Lei et al. developed a series of dipeptidyl boronic acid 

inhibitors of 20S proteasome, displaying strong in vivo anti-cancer efficacy in 

human ARH77 xenograft mouse model180. Also, the compound was mentioned to 

inhibit chymotrypsin-like (CT-L) activities and cell cycle progression. Another study 

reports boronic acid chalcone analogue of combretastatin A-4, as a potent anti-

proliferation agent against various human cancer cell lines181. 

Boron‐containing anilinoquinazoline derivatives were detected to have strong 

bioactivity against Glioma cells and possesses the capability to interact 

intracellularly with EGFR182. Also, it was stated in the study that the cell growth 

was inhibited by these compounds through the arrest of G1 cell cycle, which 

induced apoptosis. In this context, it is appropriate to evaluate novel boron 

derivatives as anti-glioblastoma agents and their possible mechanism of action on 

GBM cells. 
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4 METHODOLOGY 

The purpose of this chapter is to explain the methodologies employed in a detailed 

biological characterization of the pharmaceutical classes considered in this study. 

This also includes the details of characterizing the level of transcriptome and the 

effect of the new compounds on them. 

4.1 Cell Culture 

Human GBM cell lines, LN229 (Publication I, II, III and IV), U-87 (Publication I, II and 

IV) and SNB19 (Publication III) cells were used for in vitro studies to investigate the 

anti-tumor properties of novel compounds. Mouse embryonic fibroblast (MEF) 

cells were used as a control in Publication III.  

J. Ponten and associates derived the U-87 MG cell line from glioma of a male 

patient in 1966.  Since then it is one of the most regularly used cell line in neuro-

oncology studies183. U-87 MG cell line is heterogenic in nature and possess many 

mutations such as deletion of p14ARF and p16. U-87 MG cells synthesize mutant 

form of tumor suppressor PTEN protein which in turn activates PI3K/Akt, that plays 

a key role in proliferation, angiogenesis and resistance to the apoptosis 184. Also U-

87 cell line expresses a wild-type p53, tumor suppressor protein185. The LN229 cell 

line was established in 1979 from right frontal parieto-occipital glioblastoma of a 

60 years old female. The LN229 cells exhibits mutation at  p53 (TP53) and possible 

homozygous deletions in the p16 and p14ARF tumor suppressor genes with the 

wild-type PTEN gene24. This cell line is an excellent choice for studies on apoptosis. 

The SNB19 cell line was established from the surgical resection of a left parieto-

occipital glioblastoma from a 47-year-old man in 1980. This cell line exhibits 

biological characteristics that reflects the intrinsic properties associated with a 

GBM such as rapid proliferation  capability to produce a potent angiogenic growth 

factor (basic fibroblast growth factor, bFGF), with high level of protease 

activity186.The non-cancerous cells, MEFs, have an E10.5 genotype with Vin+/+ 
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(Vinculin), was originally obtained from Wolfgang H. Ziegler (Hannover Medical 

School, Hannover, Germany). 

U-87 cells were grown in Minimum Essential Medium (MEM, Product# 51416C, 

Sigma-Aldrich, St. Louis, MO) with 10% FBS 2mM sodium pyruvate (Product# 

S8636, Sigma-Aldrich, St. Louis, MO), 1% Penicillin-Streptomycin and 0.025mg/ml 

Amphotericin B. The human glioblastoma cell lines SNB19 and LN229 (ATCC® CRL-

2611™/CRL-2611™) and mouse embryonal fibroblast (MEF, normal brain cells) 

were cultured in Dulbecco’s Modified Eagle Medium - high glucose (DMEM, 

Catalog# L0102, Biowest) containing 5% FBS (Product # F1051, Sigma-Aldrich, St. 

Louis, MO), 1% Penicillin-Streptomycin (Product # P4333, Sigma-Aldrich, St. Louis, 

MO) and 0.025mg/ml Amphotericin B (Sigma-Aldrich, St. Louis, MO). Cells were 

maintained at 37°C in a humidified incubator supplemented with 5% CO2. 

Biological and technical repeats were used for each condition throughout the 

experimentation. 

4.2 Trypan blue exclusion assay 

Trypan blue (Chemical formula-C34H24N6Na4O14S4) is a tetrasodium salt routinely 

used for in vitro toxicology studies as a method for cell viability measurement. 

Trypan blue is a cell death indicator stain as it can only stains cells with a 

compromised cell membrane. Live cell with intact cell is non permeable to the dye. 

Under light microscopy, the viable cells are visualized as a small, rounded, and 

refractive cell whereas dead cells are seen as swollen, large, and dark blue in 

color(Fig. 7). 

 

Figure 7.  Appearance of cells stained by Trypan blue stain, under an automated cell counter. Live 
cells appear as to have bright centers and dark edges whereas dead cells are uniformly 
dark blue in appearance. (Image modified from http://www.montreal-
biotech.com/Brochures/EVE_User_manual_V08.pdf) 
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A two-stage cytotoxicity assay was performed to determine the cell growth 

inhibitory effect of the compounds following the treatment for 48hrs on the 

GBM cell lines. Initially a high concentration (100 µM), of the compounds were 

analyzed, from which the top compound was selected and then IC50 was 

identified on treating with different concentrations (100 µM, 75 µM, 50 µM, 25 

µM, and 10 µM) of the compounds. Treated cells were harvested by 

centrifugation at 1200 rpm for 10 min. Cell viability was determined using 

trypan blue dye (Catalog# 15250061, Thermo Fisher Scientific, USA) staining, by 

incubating 50 µl cell suspension with 10 µl trypan blue solution, for 1 min, at 

room temperature. After incubation, viable and dead cells were quantified 

using a Countess II Automated Cell Counter (Catalog # AMQAX1000, Thermo 

Fisher Scientific, USA).  

Percentage of inhibition of cell proliferation was calculated using the 

following formula: 

                          ( )

 
                           (            )                                 

                             (            )
          ( ) 

The proliferation inhibition percentage of each sample was determined 

using the above formula to determine the dose-response curve. From the dose-

response curve, IC50 value of each compound was calculated. 

4.3 Detection of apoptotic activity by Fluorescein dual staining 
with Annexin V FITC/Propidium iodide (PI) 

Apoptosis is a physiological process involving highly specific and orderly set of 

biochemical changes and characteristic morphological changes leading to cell 

death and disposal. This includes morphological changes such as condensation of 

the cell cytoplasm and nucleus, DNA fragmentation, dissociation of cell organelles, 

and disruption of the cell plasma membrane. One of the biochemical changes in 

apoptosis is the translocation of phosphatidylserine to the outer side of the cell 

plasma membrane. Apoptosis can be prompted by stimuli from the extracellular 

medium (extrinsic pathway) or within the cell (intrinsic pathways). Apoptosis, in 

most cases involves the activation of cysteinyl aspartate-specific proteases 

(caspases). Apoptotic extrinsic pathway is activated by the tumor necrosis factor 

(TNF), which stimulates the death-inducing signaling complex. The intrinsic 
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pathway is activated during cell stress, which cause the release of cytochrome c 

and other proteins from the mitochondria, eventually causing cytotoxic death. In 

order to evaluate the extend of cell death by apoptosis, fluorescein co-staining 

with dyes such as propidium iodide (a late stage cell apoptosis marker) and 

annexin V (an early commitment to apoptosis cell marker) was performed. 

Annexin-V is a protein dye that has a strong affinity for phosphatidyl serine (PS) 

molecules, in the presence of Ca2+. The dye serves as a marker of apoptosis by 

attaching to PS molecules, that have been redistributed to the outer layer of the 

cell membrane during the onset of apoptosis187. In healthy cells, PS molecules will 

be embedded in the inner layer of the cell membrane. Once attached to PS in the 

outer layer of the cell membrane, dying cells stain positive with Annexin-V and 

appear green and can be detected using a fluorescence microscope. The dye can 

be excited at 590 nm and it has a broad fluorescence emission with a peak at 617 

nm that can be collected with a 650 nm or long-pass filter. 

Propidium iodide (PI) (Chemical formula-C27H34I2N4) is a fluorescent dye with 

the ability to penetrate the cells with damaged cell membrane and bind to nuclear 

DNA by interlacing between the bases of the DNA. Apoptosis or programmed cell 

death starts with nuclear fragmentation, membrane damage and subsequent 

cytoskeletal collapse 188. At this late stage, the cells become permeable to 

Propidium iodide (PI), which binds with the degenerated DNA in the nucleus and 

fluoresces red when detected by fluorescence microscope189 (Fig: 8). The 

fluorescence excitation maximum of PI is 535 nm and has a wide-range 

fluorescence emission with a peak at 620 nm that can be collected with a 650 nm 

or long-pass filter.  

 

Figure 8.  Microscopic images of Apoptotic activity. Apoptotic cells exhibit morphological changes 
such as disruption of cell membrane under a phase contrast image. Under a fluorescent 
microscope, annexin V-FITC bound cells will display green staining. The cells that have 
lost membrane integrity, will show a red (PI) stained nucleus, and a halo of green (FITC) 
stained plasma membrane. 
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In the experiments described in this report, apoptosis detection was carried out 

using the fluorescein dual staining with Annexin V/Propidium iodide. The cell lines 

were grown as described previously, followed by cells treatment with IC50 

concentration of the selected drugs- DBT/R234/JRB115/5a, and incubated for 48 

hrs. Untreated cells were considered as negative control and the standard drug 

(Cisplatin/Temozolomide) was considered as positive control for the study. 

Apoptosis/necrosis detection was carried out using Annexin V FITC and PI 

(Catalog# V13242, Thermo Fisher Scientific, USA). The apoptosis determination 

was performed following the standard protocol suggested by the manufacturer.  

4.4 Caspase Activation test 

Dysfunction of apoptotic machinery contributes to numerous diseases, including 

cancers. For their unchecked growth, tumor cells hijack normal cellular growth 

pathways and circumvent apoptosis machinery. Activation of caspases is a critical 

component of apoptosis. Alternative modes of cell death, e.g., necrosis may also 

mediate the cell death. The intrinsic pathway of apoptosis activated by various 

stimuli, can lead to the down-regulation of anti-apoptotic BCL-2 family members, 

permitting pro-apoptotic factors to perturb the mitochondria stability. The release 

of cytochrome c from mitochondria into the cytosol triggers caspase-9 activation, 

through the formation of the cytochrome c/Apaf-1/caspase-9-containing 

apoptosome complex, cleaving downstream targets, such as executioner caspase-3 

and -7(Fig:9). The essential purpose of this test is, to understand whether the 

apoptotic activity resulting from the drug treatment, is promoted by caspase-3 and 

caspase-7 activity. 

The in vitro caspase-3 and caspase-7 activity was determined using Caspase-

Glo® 3/7 Assay Systems (Catalog# G8091, Promega Corporation, USA). The reagent 

was prepared as mentioned in the manufacturer’s protocol. Detailed report on the 

procedure is mentioned in individual publications. The study used quantitative 

analysis of the luminescence signal using Chameleon V Multi-label Detection 

Platform (Hidex oy, Finland) to reveal the effect of treatment. Magnitude of fold 

change in luminescence between treated and untreated cells were determined 

using the following formula: 
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Figure 9.  Schematic representation of Apoptotic signaling via Caspase activation. (Image Credits 

Gupta/ CC by 4.0 ) 

4.5 Intracellular Redox potential test using 2',7’- 
dichlorodihydrofluorescein diacetate (H2DCFDA) 

Reactive oxygen species (ROS) play a critical role in cellular physiopathology and 

are implicated in a variety of cellular processes such as cell proliferation, signal 

transduction, and oxidative stress triggered defense mechanisms. For the current 

study, oxidative flux imposed by the chosen drug was analyzed using Fluorescent 

H2DCFDA assay (Catalog # D399, Invitrogen, USA) using H2O2 as a positive control. 

The 2',7’-dichlorodihydrofluorescein diacetate (H2DCFDA) is a fluorogenic dye that 

is an indicator of reactive oxygen species (ROS) activity such as of hydroxyl and 

peroxyl residues within a cell. Cellular esterase enzymes can deacetylase DCFDA / 

H2DCFDA to a non-fluorescent compound once it is inside the cell, which is later 

oxidized by ROS into 2’,7’–dichlorofluorescein (DCF). DCF is a compound with 

strong fluorescence property, which can be detected using a fluorescence 

https://creativecommons.org/licenses/by/4.0/
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spectroscope on excitation / emission at 495 nm/ 529 nm. An increased 

fluorescence level is an indication of an increased amount of ROS190. We used 

Chameleon Multi-label Detection Platform (Hidex oy, Finland) to reveal the effect 

of treatment. Further details of the protocols are described in corresponding 

publications.  

4.6 Cell imaging using fluorescence microscopy  

General microscopy or phase-contrast microscopy has the limitations to identify 

and observe individual proteins. Fluorescent microscopes have features that uses a 

higher intensity light source which excites a fluorescent species in a sample of 

interest. In order to obtain a better understanding of the 3D nature of the samples 

and to identify individual molecular species, imaging in this thesis used 

fluorescence microscopy after treating the cells with fluorophores. All cell imaging 

for apoptotic and cell cycle studies, were performed using EVOS automated 

fluorescence microscope. 

4.7 Transcriptome characterization using RNA-Seq data 
analysis 

The use of in vitro assays to assess chemical safety, as alternatives to animal 

testing, has become an important undertaking in cytotoxicity research. Whole 

transcriptome analysis is an attractive option to obtain a deeper insight of identify 

candidate genes accounting for complex changes associated with a drug 

treatment. Transcriptome provides a real-time information about the full RNA 

content transcribed from the genome in a specific tissue or cell type, at a 

particular developmental stage, and under a certain physiological or pathological 

condition, or under a particular treatment condition. This section is focused in the 

use of transcriptional profiling in in vitro systems to determine the potential 

cytotoxic and genotoxic activity of chemicals of interest, as part of the assessment 

of toxic properties of the drugs mentioned in this study.  

Target-based drug discovery relies heavily on modifying gene expression or 

enzymatic activity in response to small-molecule treatment. RNA sequencing is a 

next-generation sequencing (NGS) technique that is rapidly replacing traditional 

gene expression microarrays in many studies. RNA-seq technology has many 
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advantages over other HTS methods. RNA-seq191 allows to quantify, discover and 

profile RNAs- both coding and non-coding RNA, at splicing and allele-specific 

expression. Also, RNA-seq is useful in predicting with single base level precision, 

the SNP variations, RNA editing, splice sites, splice junctions, allele-specific 

expression, novel transcribing regions and differential gene expression analysis192. 

It has higher sensitivity for even low-level transcribing genes and has a wider range 

of expression level. Less variation, no bias, and more consistency are also other 

advantages. Furthermore, RNA-seq can be applied to species with previously 

unknown genome data. 

The fluctuation in transcript levels in response to an environmental or 

experimental trigger, often indicates change in a function or protein activity. 

Transcript concentration is often assumed to reflect the expression levels of 

protein. However, exceptions can exist, due to various factors that affect the 

translation process, such as translational efficiency, temporal delay in translation, 

half-life of the synthesized protein, protein transport etc193. Transcriptome 

profiling using High-throughput Sequencing (HTS) technologies such as RNA-seq is 

widely being applied in molecular and clinical research to understand the effects of 

new drug treatments.  

General workflow of RNA-seq experiment: 

The preliminary step in RNA-seq analysis involves reverse transcription of 

RNA molecules to cDNA, followed by the construction of a sequencing library and 

deep sequencing using latest platforms like ‘Illumina’. Deep sequencing produces 

raw data, which has to be further processed to produce a meaningful 

interpretation such as differential expression of genes. The reads produced from a 

sequencing experiment is then aligned to a genome or transcriptome. If a 

reference genome is absent for the organism, de novo assembly is used.  Reads 

once aligned, are quantified to generate a read count in order to analyze the gene 

expression level.     
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 An overview of RNA-seq experiment and data analysis is as follows: 

 

 

Quality Control (Pre-processing): 

Data preprocessing starts with trimming of any adapter sequences, primer 

sequences if any, removal of low-quality reads, external reads and uncalled bases. 

Most common tools used for quality control are FastQC, Trimmomatic etc. 

Read Alignment: 

Read alignment or read mapping could be done either with the help of a reference 

genome or de novo.  In the former method, the reads are mapped onto a 

reference genome, to infer the transcripts produced by each gene. In the later 

scheme, reads are assembled based on overlapping ends to create a long contig, 

onto which the reads are mapped back for quantification. The most popular 

mapper is ‘TopHat’ which uses the ‘Bowtie’ algorithm for unmapped reads and 

then unmapped reads are aligned to detect exon junctions. Read alignment 

produces BAM files which can be used for generating count matrices. Spliced 

Transcripts Alignment to a Reference (STAR) is an RNA-Seq read mapper which has 

high sensitivity and precision. Efficiency of STAR is due to a dual step process- an 

initial ‘seed’ searching and, a subsequent step that does clustering, stitching and 

scoring.  STAR can detect splice reads and fusion transcripts194. 
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Quantification: 

Quantification step involves counting the number of reads aligned to each gene 

location. Transcript annotation for read mapping can be done with the help of the 

human gene annotation file (GTF) from Ensembl. Tools such as HTSeq-count 

generates raw read counts, which are to be normalized to reduce bias due to 

transcript length, sequencing depth and RNA composition. Any technical bias, 

reflected in the difference in aligned read count, can be reduced by normalization. 

The basic strategy is to identify a baseline and represent the read count relative to 

the baseline. Normalization methods such as RPKM (reads per kilobase of exon 

model per million reads) and its derivative FPKM (fragments per kilobase of exon 

model per million reads mapped), TPM (transcripts per kilobase million), and 

median of ratios etc., are effective in reducing biases. DESeq2 is preferred over 

others, for differential expression analysis, so that it can take into account depth 

and RNA composition. DESeq2 uses the median of ratios method which assumes 

that not ALL genes are differentially expressed. A normalized count is then 

generated by dividing each raw count value in a given sample by that sample’s 

normalization factor. 

Differential Expression Analysis (DE analysis): 

DE analysis verifies, whether an observed difference in read counts is significant, 

or by chance. Various tools are used for DE analysis, such as Cuffdiff, edgeR, 

limma-voom, DESeq, and baySeq. The edgeR and DESeq are based on negative 

binomial (NB) distributions, whereas baySeq uses Bayesian approaches based on a 

negative binomial model195. DE analysis tools usually give a log2FoldChange value 

which gives a measure of magnitude of altered gene expression due to a particular 

treatment, when compared to control. The value is reported in a logarithmic scale 

to the base 2. 

The studies mentioned in this thesis uses DESeq2 for DE analysis. In differential 

expression analysis, the hypothesis testing often achieved using ‘p-value’. P-value 

can be defined as the lowest chosen ‘α’ of the test at which null hypothesis is 

rejected. 

 Null hypothesis or H0 assumes that: 

the gene g is not differentially expressed between the conditions. 
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 Smaller the ‘p-value’, more likely that the null hypothesis is rejected. An ‘α’ of 

0.05 denotes that the likelihood of observation if the null hypothesis is true, 5%. 

DEseq2 generates an ‘adjusted p-value’ which is derived from False Discovery 

Rate (FDR) among the genes under a particular p-value cutoff. FDR identifies the 

proportion of false positives among all the genes identified as differentially 

expressed.  DESeq2 determines the adjusted p-value using an algorithm called 

‘Benjamini-Hochberg adjustment for multiple testing’. 

 There are several methods for visualizing and interpreting gene expression 

data such as a heatmap or clustering. Hierarchical method, K-means clustering, 

Model-based methods such as Self-organizing maps (SOMs) are few clustering 

methods widely used to infer hidden patterns in gene expression data. 

Plotting the DE analysis data: 

Once the DE analysis is performed the resulting data can be plotted to represent 

an overview of the experimental results using tools such as MA plot. MA plot 

denotes each gene as a dot in the graph where x-axis is the mean expression over 

all samples and y-axis is the log2 fold change of normalized counts between a 

treatment and a control. Other options for viewing the data are volcano plots, 

dispersion plots and histogram of the p-value. 

 

Sample MA plot: 
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For a specific gene, a log2(fold change) of −1, for condition treated vs control, 

represents that the treatment resulted in a change in the observed expression 

level of 2-1 = 0.5 when compared to the control condition. Likewise, a log2(fold 

change) of 1 represents the treatment altered for an observed expression level of 

21 = 2, compared to the control condition. 

Experimental design for isolation of RNA for transcriptome analysis is 

mentioned in the original publications appended with the thesis. All trials were 

conducted in triplicates and RNA from all samples in profiling was isolated using 

GeneJET RNA purification kit (Catalog no. #K0731, Thermo Fisher Scientific, USA), 

according to the manufacturer's instructions. The yield was then measured 

spectrophotometrically using NanoDrop-1000 (Thermo Fisher Scientific, USA).   

RNA of >9.25ng/µL was considered for quality assessment by TapeStation and 

expression assay by Illumina Next Seq High Output profiling followed by analysis 

and validation studies. Sequence analysis was performed by starting with the 

conversion of sequence reads from ‘bcl’ format to ‘FASTQ’. For read mapping STAR 
194 (version 2.6) was used. For assembly, SAM tools 196 (version 1.2) and the 

“union” mode of HTSeq  197 (version 0.9.1) was chosen, as the gene-level read 

counts could provide more flexibility in the differential expression analysis. Both 

STAR and HTSeq analyses were conducted using the high-performance research 

computing resources provided by TUT TCSC Merope computing cluster 

(http://merope.cc.tut.fi/) in the Linux operating system (version 2.6.32). 

Differential expression (DE) and statistical analysis was performed using DESeq2 198 

(release 3.3) in R (version 3.2.4). P-values were adjusted for multiple testing using 

the Benjamini-Hochberg procedure 199. A false discovery rate adjusted p-value (i.e., 

q-value) < 0.05 was set for the selection of DE genes. Gene ontology 200 and 

ClusterProfiler package 201 was used for pathway analyses.  

4.8 Molecular docking 

Molecular docking permits the simulation of binding and interaction between two 

molecules. This permits the evaluation of the druggability and specificity of novel 

ligands with their target proteins. In addition, docking studies help understanding 

mechanism of action of various enzymes, accelerate virtual screening to identify 

lead compounds, identify target proteins. Docking programs, in general, attempt 

to converge to a minimal energy conformation of the ligand receptor complex, 

with the help of various search algorithms. This is achieved by taking into 
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consideration the geometric fit, and various interaction energies such as van der 

Waals, electrostatic, coulombic, and hydrogen bonding between the interacting 

molecules. A sample image of a ligand-protein docking is given in Fig:10. Docking 

tools may use flexible or rigid docking depending on their algorithms. Rigid docking 

allows less degrees of freedom as it does not tolerate changes in internal 

geometry.  On the other hand, flexible docking permits changes in the geometry of 

interacting partners to produce a better fit and interaction. There are a number of 

docking tools developed in the past few decades, of which few most widely used 

ones Autodock, GOLD, PatchDock, and GLIDE. 

Search Algorithms: 

 As a primary step in molecular docking, search algorithms predict all possible 

conformations or orientations of complex formation between two molecules. The 

search space expands exponentially with the flexibilities of ligand and receptor and 

the size of the molecule. Search algorithms usually used are Simulated Annealing, 

Bayesian Geometric Hashing, Pose-Clustering matching and Incremental 

construction algorithms. 

Scoring functions: 

Scoring functions are computational methods that predict the accuracy or 

strength of a Docking simulation. Scoring functions assess the rank of a bound 

conformation of a protein-ligand structure, based on its binding affinity 

estimation. The basic types of scoring functions used are force-field, empirical, 

knowledge-based and descriptor based. Scoring function takes into consideration 

the sum of intermolecular and intramolecular contributions and tries to minimize 

the value using an optimization algorithm. The free energy of binding is them 

assessed from the intermolecular part of the lowest-scoring conformation. 

Figure 10.  A sample molecular docking simulation of a ligand-receptor binding. 
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 PatchDock program performs structural interaction predictions, depending on 

the shape complementarity of the molecules of interest. Patchdock first identifies 

various local patches from its surface representation, generates their 

corresponding transformations, and creates a scoring function. Calculation of this 

geometric score is based on the available contact surface area and atomic 

desolvation energy of the molecules involved in interaction. The tool considers all 

possible orientations and complementarity and ranks each complex to evaluate 

the best score. It matches local features of the docked molecules to account for 

complementary characteristics. PatchDock doesn’t permit sidechain flexibility in 

the docking poses. The program take input as ‘.pdb’ file format. 

GLIDE offers a high precision prediction of protein - ligand interactions and 

flexible docking across a variety of receptor types. Glide uses an E-model scoring 

function to select between protein-ligand complexes of a given ligand and then 

rank-order the bound conformations using a GlideScore function. The former is 

mainly defined by the protein-ligand coulomb-van der Waals energy, whereas 

GlideScore calculates an empirical scoring function comprised of various 

interaction properties such as lipophilicity, hydrogen bonding, a rotatable bond 

penalty, and also coulomb-vdW energies. 

4.9 Statistical Analysis 

A proper experimental design requires to take in account the possible variations 

and uncertainities in the experiments. This requires that the experiments need to 

be replicated and readings should be repeated to produce a reliable and valid 

account of the variations in the study.  

All samples are collected with proper randomization to reduce any bias. To 

avoid biological variations, all experiments described in the present study were 

performed with three biological repeats, so that the observations and inferences 

could be generalized. Every measurement has been taken in two technical repeats 

to reduce technical variabilities and handling error. The data were presented as 

the mean ± standard error of the mean. Statistical analysis between the two 

groups was performed by Student's t-test. Differences among multiple groups 

were tested by one-way analysis of variance followed by Dunnett’s multiple 

comparison test (GraphPad Prism 7.04). P<0.05 was considered to indicate a 

statistically significant difference. 
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5 SUMMARY OF THE RESULTS 

Aggressive metastasis and recurrence of Glioblastoma challenges all latest modes 

of therapy against this deadly cancer, calling for a shift in the design of anti-GBM 

therapeutic approaches. Use of selective single-targeted drugs is often defied by 

the development of resistance by cancer cells, hence the use of multi-targeted 

drugs is important to explore. A horizontal inhibition approach, using a multi-

target ligand that interacts with different nodes of tumor cross-talk, will definitely 

improve the clinical benefits of GBM therapy by limiting the ability of cancer cells 

to develop escape mechanisms and resistance. Such a chemotherapy agent will 

possess several advantages, including a reduced risk of drug-drug interaction, an 

enhanced bioavailability, less vulnerable to resistance mechanisms and a better 

pharmacokinetic profile. Our hunt for a novel multi-targeted agent, evaluating four 

scantily explored chemical families, has funneled optimistic indications of a strong 

chemotherapeutic scaffold against GBM. This chapter summarizes the major 

observations from individual studies that led to each of the publications. 

The first set of analysis examined the impact of diol derivatives on GBM tumor. 

An in-depth investigation report, on the bioactivity and molecular mechanism of 

action of an assortment of novel decane-1,2-diol derivatives in multiple glioma cell 

lines, is represented in Publication I. A panel of 12 decane-1,2-diol derivatives 

were synthesized (Table: 1) and evaluated in detail for their bioactivity. We 

observed that modification of the secondary hydroxyl group of the basic frame of 

decane-1,2-diol thoroughly affects its cytotoxicity. The top drug was recognized as 

decane-1,2-diyl bis-(p-toluenesulfonate) (6, DBT). 

The diol drug DBT was identified to have IC50 value of 52 µM in U-87 cell line 

and 270 µM in LN229 cell line. As efficacy of the drug was higher than the standard 

drug in U-87 cell line but significantly less effective in LN229, hence further 

evaluations were carried out in U-87 cell line. DBT has shown high cytotoxic 

activity, increased sensitivity to apoptotic pathways, and induced high oxidation in 

GBM and has prevented migratory activity effectively up to 6hrs post treatment at 

IC50 concentration.   
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Table 1.   Panel of diol derivatives considered for the study 

 

 Cancer cells, in general, demonstrate an elevated ROS sensitivity, therefore, 

the induction of oxidative stress appears to be a promising approach for the 

preferential killing of cancer cells. DBT induced oxidative stress in the GBM cells by 
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7.8-fold compared to untreated cells. Transcriptome profiling identified strong 

suppression of genes involved in migration and proliferation. It was also detected 

that the apoptotic activity of DBT was independent of caspase activation. Both 

CASP3 and CASP7 was found to be downregulated, concurring with the 

experimental results. Additionally, DBT has demonstrated its genotoxic activity by 

interfering with cell cycle genes. Expression of genes involved in the replication 

process, as well as angiogenic factors such as CREBBP, PTGS2, JAK, STAT and FOS 

were diminished upon the drug treatment. 

Numerous studies have evidenced secretion of high levels of glutamate by 

gliomas202,203, and that, NMDARs mediate glutamatergic signaling via the ERK1/2 

and CREB pathways. Our docking studies indicated that DBT has a solid interaction 

with NMDA receptors, thereby diminishing proliferation and progression of cancer. 

As expected, the gene expression analysis identified 16 DEGS associated with 

neurotransmitter signaling. These results support the idea that, diol derivatives 

can be a targeted inhibitor of Glutamate signaling in GBM. A cumulative response 

of GBM cells to DBT is illustrated in the Fig:11. A progression of this work could be 

examining the effect of DBT on downstream effectors of NMDARs, and how their 

activity modulates GBM physiology and its cellular mechanics, in order to derive 

clinical benefits of long chain diols. Taking into account the collective effects of 

DBT, the study thus highlights the opportunity to consider the novel Diol drug to 

be advanced as a strong anti-cancer agent, against GBM.  

.  

Figure 11.   Novel diol drug DBT exhibits strong anti- GBM activity. Top DEGs associated with each 
process is also mentioned. Blue font color indicates upregulated genes and red color 
indicates downregulation  
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The next class under evaluation was the hydrazone derivatives. The hydrazone 

moiety has been a key pharmacophore for various bioactive molecules. Our study 

has broadened the knowledge on this previously overlooked class of compounds 

as an anti-GBM agents. Publication II reports the details on the synthesis of 23 

novel arylhydrazones of active methylene compounds (AHAMCs) compounds and 

their anti-proliferative activity against GBM cell lines, LN229 and U-87. It was 

identified that maximum cell lethality was induced by a hydrazone derivative R234 

(Table 2). The dose response analysis identified that R234 effectively reduces cell 

viability and proliferation of GBM cells, with IC50 values of 107 µM in U-87 and 87 

µM in LN229 cells. Dual staining test identified that R234 hindered cell cycle by 

inducing G1/S arrest in both cell lines.  

The experiment then proceeded to the detailed molecular profiling of drug 

activity in U-87 cells, using RNA-seq studies. It is critical to note that the maximum 

number of DEGS were associated with G1-S phase transition, with down regulation 

of multiple ORCs and MCMs, indicating blockade of DNA elongation. Importantly, 

R234 was effective in activating P53, and subsequent downregulation of cyclins, 

cyclin-dependent kinases and other key molecules involved in cell cycle such as 

CCNE, E2F, CCND and CDK6. These results thus offer a compelling evidence for 

R234 as genotoxic agent, causing cell cycle arrest at the G1/S phase leading to 

apoptosis, which prophesies its therapeutic aspect in cancer chemotherapy.  

Moreover, R234 enhanced pro-apoptotic genes such as NOXA, PUMA, BIM, and 

lowered Inhibitors of apoptosis proteins (IAPs), and heat shock proteins HSPs, 

which prohibits cell survival, suggesting the positive role R234 in cancer cell 

apoptosis and chemosensitizing. Our experiments identified that R234 provoke 

strong oxidative stress in U-87 cells and moderately oxidative in LN229. Induction 

of apoptosis was independent of caspase activation in both U-87 and LN229 cells. 

Altogether, R234 disrupt various functions and pathways of GBM (Fig: 12). Genes 

identified as downregulated due to R234 were enriched in KEGG pathways 

including Endocytosis, Cell cycle, Focal adhesion, p53 signaling pathway, 

Neurotrophin signaling pathway and cell cycle, whereas upregulated genes were 

associated with the pathways of Apoptosis, MAPK signaling pathway, Lysosome, 

Sphingolipid signaling pathway and Proteoglycans in cancer.  
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Table 2.  Chemical structure of hydrazone compounds, considered for the study  

 

Transcriptome profile also emphasize that, R234 exerts anti-proliferation 

effects on GBM cells via RTK pathways, and many significant genes of RTKs 

pathways such as mTOR, HIF1A, EIF4E, NRF2, MAP3K, GRB2, MAPK1, FOS and 

GSK3, where downregulated while it triggered p53, RBL2, Bim, Noxa, Puma, HDAC. 
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It could be inferred that the major implication of RTK mediated anti-GBM effects 

are through AKT signaling, affecting mTOR cascade, P53 pathways and JNK 

pathway. Coinciding with our initial observation of strong interaction with TrkA 

receptor, downregulation of NGFR downstream signaling pathway genes such as 

PI3K, JNK, NF-kb pathways indicates the potential of R234 to act as an antagonist 

of RTK pathways. R234 was found to effectively interact with high-affinity nerve 

growth factor receptor- TrkA and would possibly be an interesting compound in 

field of molecularly targeted therapies for GBM patients with TRK mutations. This 

finding is interesting in the context that the successful targeting on somatic 

genetic alterations rather than the histological subtype. Our results hint that the 

strong cytotoxicity, anti-angiogenic and apoptotic activity of R234 is chiefly via RTK 

signaling pathways. It would be interesting to further explore the prospective of 

hydrazones as a future therapeutic agent against GBM. 

 

Figure 12.  Hydrazone drug R234 effectively downregulates various receptor tyrosine kinases 
pathways. Yellow colored portion denotes the fraction of molecules represented in the 
pathways, by DEGs due to R234 treatment. Color scale represents p-value of outcome. 

The third class of chemical under investigation was boron derivatives. Though 

the antitumor properties of boroxazolidones against brain astrocytoma and 

murine lymphoma cells, have been reported by other researches, its effect on 

GBM has remained unexplored. In the Publication III, we evaluated a series of 

novel boroxazolidones (Table 3) for its anti-neoplastic effects in GBM cell lines 

LN229 and SNB19. From six L-valine derived boroxazolidones (mentioned as 1–6 in 

the publication), it was identified a tetrafluorinated boron derivative ‘6’/ 

‘(JRB115)’ as the top cytotoxic compound.  



 

47 

The IC50 of compound JRB115 was inferred to be 49 μM for LN229 and 53 μM 

for SNB19 and was higher than the standard drug TMZ. Annexin V/PI double 

staining identified that JRB115 effectively induce apoptosis in both cell lines and 

was significantly higher than the TMZ in case of SNB19, and was comparable to 

TMZ in LN229. Caspase 3/7 test unveiled that the observed apoptosis by JRB115 

could possibly due to caspase activation in both cell lines. Interestingly, ROS level 

detection by H2DCFDA demonstrated a strong oxidative stress due to the drug in 

LN229, but SNB19 effectively countered the oxidative effect of the drug. This 

varying effect was also evident in the genotoxicity of the drug, as LN229 was 

arrested at G2/M phase whereas SNB19 was arrested at G1/S. Concisely, JRB115 

was proven to be an active cytotoxic agent that triggers apoptosis and has the 

potential to activate caspase 3/7 pathways, induce reactive oxygen species, and 

cell cycle arrest of GBM cells. Collectively, this data has given an opportunity to 

explore this previously underexplored compound class, to be modified or refined 

as an anti-GBM agent. The detailed report of the study is included in Publication 

III. 

Table 3.  Structure of Boron derivatives used for the study 

 

The last publication in this compilation thesis, Publication IV, presents the 

unpublished report on our investigation of thioesters derivatives, as a GBM 

chemotherapeutic agent. A panel of 12 new compounds containing α-thioether 

ketone and orthothioester functionalities were synthesized (Table 4). Our studies 

identified that five out of twelve novel thioester compounds analyzed, exhibited 

better cytotoxic profile when compared to standard drug Cisplatin. The top 
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compound, mentioned as 5a in the publication, was more cytotoxic and effective 

apoptotic driver than Cisplatin. 

Table 4.  Structure of Thioester derivatives, used for the study  

 

 Transcriptome analysis revealed that 5a leads to inhibition of angiogenesis 

targeting VEGF pathway, via multiple pro-angiogenic regulators, and was found to 

preferentially interact with EGFR. Sole targeting of the EGFR signal pathway faces 

the issue of triggering alternative signaling pathways and quick acclimatization, 

however, an inhibitor such as 5a, which can confront the multiple kinase pathways 

as well as other compensatory mechanisms of tumor resistance, that opens a new 
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paradigm of GBM research. A cumulative list of signal transduction pathways 

hampered by 5a is listed in Table 5. 

Table 5.  List of DEGs disfavoring tumor growth, under 5a treated condition 

Pathway name Entities found 

Signaling by VEGF NRP1; AHCYL1; CAV1; PXN; ITPR1; ITPR3; VEGFD; 
PGF; ACTG1; VEGFA; AXL; CTNNB1; FYN; CALM1; 
PRKACB; CRK; PDK1 

Signaling by Insulin receptor IRS1; ATP6V1B2; GRB10; FGFR4; ATP6V0D1; FGF2; 
PDK1 

Signaling by PDGF GRB7; STAT1; PDGFC; PDGFB; PDGFA; CRK; THBS1 

Signaling by SCF-KIT GRB7; KITLG; STAT1; GRB10; FYN 

Signaling by Type 1 Insulin-
like Growth Factor 1 
Receptor (IGF1R) 

IRS1; FGFR4; FGF2; PDK1 

Signaling by EGFR ADAM17; SH3KBP1; UBC; PXN; TGFA; SPRY1; AREG; 
EGFR; HBEGF 

Signaling by ERBB2 GRB7; UBC; FYN; EGFR; HBEGF 

Signaling by MET SH3KBP1; UBC; CRK; MET; PTPN2 

Signaling by NTRKs TIAM1; RPS6KA5; IRS1; FYN; RALGDS; CRK; DUSP6 

Signaling by FGFR ESRP1; UBC; FGFR4; HNRNPA1; FGF2 

Signaling by ERBB4 ADAM17; DLG4; STMN1; UBC; EGFR; HBEGF 

 

To underscore its anti-neoplastic effect, it should be mentioned here, that 

compound 5a was found to have a negative impact on multiple pathways involved 

in tumor communication, such as MAPK pathway, Notch signaling and angiogenic 

signaling via TNF mediated expression of angiogenic factors. 5a upregulated cell 

cycle inhibitory genes, as well as caused reduction of DNA repair proteins, 

suggesting its genotoxic effect as well. Additionally, 5a is an effective IL-1R1 

antagonist and downregulated IL-1a levels. IL-1 is involved in the regulation of 

diverse cells in the tumor microenvironment and acts jointly with VEGF to intensify 

and maintain tumor-mediated angiogenesis204. Another report points out that, IL-

1a induces significant proliferation and migration of endothelial cells, by 

promoting the formation of tube-like structures -the hallmark of angiogenesis, in 

vitro, and such responses could be blocked by an IL-1 receptor antagonist (IL-

1RA)205. Thioesters also possess the advantage that they are stable in the acidic 

conditions of the stomach and their hydrolysis occurs after their absorption into 

the bloodstream and therefore presents an excellent choice as a pharmacological 
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scaffold. Decisively, 5a, establishes its potential as a multidimensional anti-GBM 

agent having cytotoxic, genotoxic, anti-angiogenic, anti-invasive properties, posing 

it as a better anti-GBM monotherapy agent (Fig: 13).  

One of the major pitfalls in blocking VEGF mediated angiogenesis in GBM, is the 

presence of VEGF- independent vascular growth. Another major consideration is 

that, blocking VEGF stimulates endothelial cell apoptosis, resulting in the damage 

of blood vessels, causing disruption of tissue homeostasis. If healthy blood vessels 

are affected along with tumor cells, it may result in hemorrhagic or thrombotic 

events. Thioesters as agents targeting DNA repair machinery and cell cycle control, 

also offers an exciting zone for novel therapeutic advances.  As a genotoxic agent, 

the drug also faces another challenge, the sternness of tumors by promoting error-

prone mechanisms of repair, thereby increasing mutation incidence and genomic 

variability which needs to be considered in future studies. 

 

Figure 13.  Thioester derivative 5a shows promising anti-GBM impact, demonstrating 
multidimensional toxic effects on key tumorigenic features. 
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6 INFERENCE AND DISCUSSION 

So far, we have discussed the comprehensive results from each compound class, in 

an attempt to identify a drug with multifaceted effects on GBM pathophysiology. 

Among the four classes of compounds analyzed- diols, hydrazones, borons and 

thioesters, all of them have shown various levels of anti-cancer characteristics, 

with thioester derivative displaying maximum cytotoxicity. Our experiments 

identified that, the top drug under each class was able to induce apoptosis higher 

than the standard drug used, except the diol derivative DBT.  Apoptosis via 

caspase activation was observed in both the Boron derivative (JRB115) and the 

thioester derivative (5a). On the other hand, the diol derivative DBT and the 

hydrazone derivative R234 inhibited Caspase expression suggesting activation of 

intrinsic pathways of cell death probably via caspase-independent pathways. All of 

the candidate drugs mentioned above induced oxidative stress in GBM cells. 

The study considered the activity of DBT, R234 and 5a for detailed 

transcriptome profiling to explore molecular level anti-tumor activity, in GBM cells. 

Transcriptome study was performed in U-87 cell line for all the drug classes, except 

the boron class, as the compound JRB115 was displaying unsatisfactory and 

inconsistent results in U-87. The reason for this rather contradictory result has still 

not been clear. Interestingly, the transcriptome profiling unveiled the three 

distinct modes of action for each of the drug analyzed. An overview of the various 

biological processes, molecular functions, and cellular components represented by 

DEGs of each class is portrayed in Fig: 14. The maximum number of DEGs was 

identified in R234 treatment, but the most correlated activity by DEGs was 

displayed by 5a.  

Our findings suggest that DBT exerts its drug effect primarily via Glutamate 

receptor pathway, specifically NMDA receptor. On the other hand, R234 was 

found to interact with the tyrosine kinase receptor NGFR. Varying from this, RNA-

seq analysis indicates EGFR as a strong target to the thioester drug 5a. 

Interestingly, gene expression analysis detects p53 activation by all the three 

compounds. 
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Figure 14.  An overview of the enrichment of DEGs identified in each of the compound classes. a) 
categorization of DEGs under DBT treatment. b) categorization of DEGs under R234 
treatment .c) categorization of DEGs under 5a treatment. ‘x’-axis denotes the DEG count. 
P-value cut-off: 0.05 
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As reported above, the findings from our study has provided strong evidences 

to consider that the hydrazone derivative R234, and the thioester derivative 5a, 

exhibited best advantages as anti-tumor agents for GBM, among the four classes 

evaluated. However, it was found that the hydrazone drug R234 has IC50 value of 

107 µM in U-87 and 87 µM in LN227 cells, whereas the thioester drug 5a has IC50 

value of 27 µM in U-87, and 23 µM in LN227 cells. Considering the aggregate 

effects, functionality as a TKI and the strong cytotoxicity over R234, we suggest 5a 

as the top drug candidate against GBM. Overall statistics of the major features of 

all compounds under the higher-level analysis is given in the Fig. 15 below. 

 

Figure 15.  Overall anti-tumor activities of DBT, R234 and 5a, identified by transcriptome profiling.  

Detailed analysis of drug effect on various pathways detects 5a has the best cumulative 
effects as a multichannel antitumor drug. The x-axis denotes the treatment- top compound 
from derivatives of each class (diols- DBT, hydrazones- R234 and thioesters-5a), and y- 
axis denotes the number of DEGs in each pathway. P-value cutoff for the DEGs is 0.05. 

The most striking observation from the comprehensive evaluation of 

transcriptome profiling of 5a treatment is that, the MYC and EGFR are the two hub 

nodes among 1147 DEGs (Fig: 16 a). It must also be noted that the functional 

annotation distinguished MAPK signaling among the top ten altered pathways. 

Activation of p53 signaling as well as attenuation of Notch signaling boosts the 

onco-suppressing nature of 5a. 

 The Myc family of protooncogenes controls an array of cellular activities 

including cell growth, differentiation, stemness and tumor initiation. Myc driven 

oncogenesis in GBM is partially ascribed to glycolytic pathway dependency206, and 

inhibition of Myc is also reported to restrict the hypoxic response in GBM207. The 

tumor suppressor p53,  which is often de-railed in GBM, depends on Myc to 

control differentiation, self-renewal and tumor cell initiation in glioblastoma208. 
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Indication of an apparent activation of p53 signaling pathway, in the 5a treated 

condition, thus well correlates with the observation of huge amount of DEGs 

associated with Myc. Considering the past reports, this interplay of Myc and p53 

depends on various microRNAs and lncRNAs209–211, notabily through the initiation 

of the tumor suppressor miR-145210. 16 genes associated with p53 pathway were 

found to be differently expressed upon the drug treatment (Fig:17 a). The p53 

expression activates p21 that block formation of Cdk4/Cyclin D and Cdk2/Cyclin E 

complexes 212, and thus prevent the cell cycle progression. Restoration of p53 

function can activate genes that are implicated in cell cycle arrest and apoptosis209. 

Combined targeting of p53 and Myc was reported to be effective in leukemia stem 

cells213. 

 

Figure 16.  MYC and EGFR as the hub nodes in 5a treatment. a. Grouped attribute layout based on 
degree of nodes, of entire DEGs identified in 5a treatment. EGFR and MYC, the top two 
hub nodes are highlighted in yellow. b. EGFR, the hub node (highlighted in yellow) and its 
189 first neighbors arranged in an organic layout. The networks are generated using 
Cytoscape214. All DEGs are identified with a q-value<0.05 
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Tumor hypoxic environment triggers activation of Hypoxia Inducible 

Factors(HIFs) and subsequent EGFR expression215 in cancer cells. Identified as a 

hub node in the DEG network in 5a treated cells (Fig: 17 b), in conjunction with the 

molecular docking predictions, reinforces EGFR as valid target for 5a. Its worthy to 

note that the oncogenic potential of EGFR consists two distinct signaling modes, 

the surface receptor mode and the nuclear mode216. The surface receptor mode 

operates through PLC-γ, RAS, PI3-K , JAK2 and STAT. Strikingly, a prominent way of 

action of EGFR in the nucleus is as a co-activator of other transcription regulators, 

including Myc217. A substantial amount of study reveals the consequence of 

targeting membrane bound EGFR, such as the use of erlotinib and lapatinib, 

however a study by Brand et al.  also discusses the concern of nuclear EGFR as a 

target in Glioblastoma218. The STAT1 gene expression is enhanced by nuclear EGFR 

via cooperation with STAT3219, therefore targeted binding of EGFR is expected to 

reduce STAT1 levels. As indicated, we observed an evident repression of STAT1, 

and of other JAK-STAT pathway components such as CYP1B1, AKR1B1, CAV1 and 

HMGA2. These evidences converge to the aspect that 5a have a strong interaction 

with EGFR, thus affecting its partner molecules, diminishing various GBM tumor 

pathogenic characteristics. 

Another effector molecule of EGFR is NF-kB - a dimeric transcription factor that 

is activated by the EGFR signaling pathway mainly via RIPK1220. TNF-α is another 

activator of NF-kB. NF-kB helps GBM cells to evade apoptotic machinery and its 

required for tumor growth, vascularization and invasion221. Our study evidenced a 

marked destabilization of NF-kB signaling cued by downregulation of genes such as 

TNF, HMOX1, HSPA1, CLU, RIPK1 and BCL10. BCL10 is required for the activation of 

NF-kB via IKK-β-PHlPP2 interaction. Besides, the tumor niche dependent 

phenotypic shift from proneural-to-mesenchymal is dependent on TNF/NF-kB222 

and activation of NF-kB triggers TNFα production and eventually cell migration and 

invasion223. Also, the antiapoptotic activity of NF-kB is activated by TNFα through 

its death receptors TNFR1.  Weakening of NF-kB observed in our experiment could 

be explained by a steep decline in the TNF expression level (Log2FC: -6.62). 

Furthermore, pro-inflammatory mediator IL-1 plays an important role in tumor-

mediated angiogenesis by elevating the expression of NF-kB and VEGF. A 

significant study by Lee et al. claims that the expression of FGF-2 by IL-1 could be 

blocked by inhibitors to NF-κB activation224, which is coherent with our 

observation of distinct downregulation of FGF2 and NF-kB pathway. 



 

56 

 

Figure 17.  Key effector pathways of 5a and their interaction network a. The p53 gene and its 
interacting partners identified in 5a treated cells. Color code is based on the expression 
levels downregulated genes in blue and upregulated genes in red. Gradient intensity is 
based on the magnitude of gene expression. b. Network of genes overrepresented in 
MAPK pathway represented in degree sorted circle layout. EGFR the hub node in 
highlighted in yellow box. Nodes are color coded as downregulated genes in blue and 
upregulated genes in red. All DEGs are selected with a q-value < 0.05 
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High affinity ligands of EGFR- TGFβ and EGF, are reported to induce VEGF 

expression, whereas EGFR inhibitors attenuate VEGF expression225. VEGF 

expression is also contributed by MAPK, ERK1/2, STAT and PI3K signaling 

cascade226. Considering the aspect that VEGFD binds to VEGFR2 as well as VEGFR3, 

downregulation of VEGFD would result in the attenuation of the consecutive 

pathways mentioned above. Our results reveal a clear-cut decline in the VEGFD 

level, which is in line with previous findings. One possible explanation of 

ineffectiveness of sole VEGF targeted chemotherapeutics, could be the 

compensatory activation of Notch signaling in GBM cells 227. Notch signaling 

regulates stem cell maintenance, apoptosis and angiogenesis227–231. Notch signaling 

is an attractive therapeutic target as it functions in intimate association with VEGF 

pathway in tumor angiogenesis. Inhibition of Notch communication causes 

disruption of vascular niche eliminating the survival advantage of tumor cells, also 

conferring anti-angiogenic activity. Notch is also involved in the regulation of cyclin 

D1, Myc, HER2, NRAR and NF-κB. Molecular profiling also unveiled that 5a 

commendably mitigated Notch signaling. Given that, it is reasonable to deduce 

that 5a partially imparts its anti-tumor activity via Notch blockade, thus begetting 

anti-angiogenicity, reducing stemness, altering cell fate and imperiling tumor cell 

survival.  

Targeted therapy using small molecules against RTKs were reported to be 

effective against a variety of cancers. Particularly, RTK inhibitors (RTKis) targeting 

EGFR, PDGFR, IGF-R, VEGFR and FGFR are of prime focus. Many of them are 

already tested as a single agent, or as a part of the combination regimen, in 

preclinical studies or approved for clinical trials. Despite that, resistance to RTKis 

have been reported due to the presence of compensatory pathways in GBM. A 

solution to this problem is concomitant inhibition of multiple RTK receptors. 

Alternatively, deterring of multiple molecular components of same cellular 

signaling must also give better results. All told, it is evident that a powerful anti-

GBM drug should inhibit parallel and converging compensatory signaling that 

exists in GBM cells. 

A multitarget RTKi Sitravatinib was mentioned to exhibit strong anti-tumor 

activity in preclinical models of sarcoma232.Similarly, Ganetespib was cited to act 

on multiple levels of the RTK signaling cascade in breast cancer cells233. A dual 

target drug ZD6474, that blocks VEGFR and EGFR were found effective against 

multiple nervous system tumors234. Another significant notion of a multi-target 

drug has been made by Chung et al., which reports a novel drug that concurrently 
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targets VEGF, FGF and PDFG-β signaling235. A recent review article on this topic 

proposes potential of multiple RTKIs that simultaneously block several 

proangiogenic factors and stabilize vascular normalization as an effective approach 

in GBM treatment236. Advocating the same strategy, our results promote 5a as a 

powerful anti-tumor agent against GBM, acting on a wide array of tumorigenic 

aspects as RTK signaling, angiogenesis, vascularization, chemoresistance and 

evasion of immunosurvival and apoptosis. 

Further development of this study would include evaluation of the candidate 

drug 5a in 3D and animal models, tracking the response of the tumor 

microenvironment to the drug, ADME profiling, detailed pharmacokinetic profiling, 

possible refinements and precisely controlled and targeted release of the drug to 

the tumor cells. Additionally, it would be worth evaluating the combined effect of 

the candidate drug with other standard chemotherapy agents or with other 

treatment modes. One wider level, any personalized treatment regimen that takes 

into account multiple features of GBM- the dynamic behavior of cells in response 

to therapeutic interventions, the complex series of molecular processes involved in 

epigenetic evolution, the role of biomechanical modification in the tumor 

microenvironment and identification of unique drivers of brain metastasis 

development, would be prospective in GBM treatment. 
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7 CONCLUSION 

GBM harbors complex signaling tactics to evade conventional therapies, including 

surgical resection, radiation, and chemotherapy using current standard drugs, 

resulting in a poor survival rate. Regardless of a number of anti-GBM agents in 

development, preclinical and clinical trials, it is hard to ignore the copious death 

statistics of Glioblastoma. While the development of numerous kinase inhibitors 

continues to be actively pursued, successful treatment requires precise targeting 

of multiple contributors of tumor pathway. Targeted therapies such as RTKis avoid 

negatively affecting the normal cells, thus enhance safety, and reduce undesirable 

effects. Yet, resistance to RTKis have been reported due to the intracellular signal 

interchanges, necessitating concurrent blocking of multiple receptors. Our project 

intended to identify a potent multi-channel chemotherapy agent for GBM, from 53 

novel compounds, belonging to four different chemical classes. All the compound 

families evaluated constitutes active anti-GBM agents, and was more cytotoxic 

than current first-line chemotherapeutic agent Cisplatin. Among the four classes 

under consideration, our study proposes a thioester drug 5a (as mentioned in 

Publication IV) as the most active pharmacological template possessing multi-

faceted inhibitory action, leading to a significant reduction in tumor proliferation, 

angiogenesis, and resistance. Tested against multiple GBM cell lines, 5a was found 

to be an active RTK. This research is only a preclinical experimental study and 

poses many questions in need of further investigation. Further validation of the 

recommended drug targets, the possibility of refining the drug structure to 

enhance the bioactivity, the combined effects with other drugs, identifying precise 

delivery agents etc. are just a few of them. However, an effective anti-GBM 

therapy should consider a careful blend of diagnosis, stratification, and patient-

specific biology, to confront this deadly cancer. 
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A B S T R A C T

Glioblastoma remains the most common and aggressive type of malignant brain tumor among adults thus,
considerable attention has been given to discovery of novel anti-tumor drugs for its treatment. This study reports
the synthesis of a series of twelve novel decane-1,2-diol derivatives and evaluation of its anti-tumor activity in
mammalian glioblastoma cell lines, U87 and LN229. Starting from decane-1,2-diol, several derivatives were
prepared using a diversity oriented synthesis approach through which a small library composed of esters, silyl
ethers, sulfonates, sulfites, sulfates, ketals, and phosphonates was built. The decane-1,2-diol ditosylated deri-
vative, DBT, found to have higher cytotoxicity than the standard drug cisplatin, has IC50 value of 52 µM in U87
and 270 µM in LN229. Migration analysis of U87 cell line treated with the DBT indicated its ability to effectively
suppress proliferation during initial hours of treatment and decrease anti-proliferative property over time.
Additionally, DBT was assessed for its role in apoptosis, oxidative stress and caspase 3/7 activation in U87.
Interestingly, our experiments indicated that its cytotoxicity is independent of Reactive oxygen species induced
caspase 3/7 activity. The compound also exhibited caspase independent apoptosis activity in U87. DBT treat-
ment led to G1/S cell cycle arrest and apoptosis induction of glioma cell lines. In addition, we identified 1533
genes with significant changes at the transcriptional level, in response to DBT. A molecular docking study ac-
counting for the interaction of DBT with NMDA receptor disclosed several hydrogen bonds and charged residue
interactions with 17 amino acids, which might be the basis of the DBT cytotoxicity observed. We conclude that
this molecule exerts its cytotoxicity via caspase 3/7 independent pathways in glioblastoma cells. Concisely,
simple decane-1,2-diol derivatives might serve as scaffolds for the development of effective anti-glioblastoma
agents.

1. Introduction

Increasing recurrence of brain tumors and challenges in the current
oncology treatments points to an urgent need to develop alternative or
synergistic anticancer drugs, for tumor progression reduction.
Glioblastoma, also known as glioblastoma multiforme (GBM) is the
most aggressive cancer that affects the glial tissues of the brain. It is a
grade IV brain cancer with poor prognosis, short median survival (Wen
and Kesari, 2008) and limited response to current treatment methods
(Jue and McDonald, 2016). The current standard of care for GBM

includes maximal safe surgical removal of tumor and irradiation with or
without adjuvant chemotherapeutics (Chinot et al., 2014; Stupp et al.,
2005). The exclusion of current drugs due to the blood–brain barrier
(BBB) (Pardridge, 2005; Weidle et al., 2015) together with the scarce
distribution of therapeutics within the tumor region (Agarwal et al.,
2011) make adequate drug delivery a critical challenge in advancing
glioblastoma treatment. High intra-tumoral heterogeneity (Davis, 2016;
Patel et al., 2014), high proliferation rate and chemo-resistance
(Garrido et al., 2014; Hombach-Klonisch et al., 2017) are among the
factors that make the cure of glioblastoma quite complex.
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The inflammatory process occurring inside glioblastoma tumor cells
is related with the hyper-activation of N-methyl-D-aspartate (NMDA)
receptors eventually resulting in cell death (Takano et al., 2001).
Blocking the activation of NMDA receptors abrogates glioma cells
proliferation (Ramaswamy et al., 2014). Fingolimod (FTY720) has been
reported to be a potential therapeutic agent for the treatment of GBM
(Estrada-Bernal et al., 2012), and it can also inhibit NMDA‐induced
intracellular calcium ([Ca2+]i) increase, suggesting a negative mod-
ulatory effect on NMDA receptor in neurons (Yan et al., 2015). Con-
sequently, NMDA receptors have been pointed as potential targets for
chemotherapy (Deutsch et al., 2014) and object of studies in the de-
velopment of anti-tumor agents for glioblastoma treatment (Cacciatore
et al., 2017; Markert et al., 2001; Stepulak et al., 2014).

Straight chain diols have been previously studied as small molecules
capable of interacting with glioma cells. N-Alkanols, particularly 1-octanol
and 1-nonanol, were reported to inhibit NMDA receptors (IC50 =1.2 and
1.39mM, respectively) whilst a cutoff effect was observed for longer alco-
hols (Brosnan and Pham, 2014; Dildy-Mayfield et al., 1996). Follow-up
studies, focused on straight-chain diols and on the importance of the relative
position of the hydroxyl groups demonstrated that the observed cutoff could
not be explained by a size exclusion mechanism, since longer C9–C14 1,Ω-
diols also inhibited NMDA-activated current (Peoples, 2002). Generally,
diols were stronger NMDA receptor inhibitors than straight chain alcohols
with similar carbon content. Comparison of C6 and C8 1,2-diols with the
corresponding 1,Ω-diols, led to stronger inhibition by the vicinal diols
which was suggested to arise from their increased hydrophobicity. Fur-
thermore, more hydrophobic decane-1,2- and 1,10-diols were determined
to have stronger inhibitory properties (IC50 =1.44 and 1.61mM, respec-
tively), although in similar degree. While the NMDA receptor inhibition
mechanism by the alcohols and diols remained elusive, the hydrophobic
interactions were deemed important to achieve some degree of inhibition.

With such preliminary studies in mind, we envisioned that the dif-
ferent reactivity of the primary and secondary hydroxyl groups of de-
cane-1,2-diol could be explored to prepare non-polar derivatives of this
diol. While the new derivatives would have increased lipophilicity
when compared with the synthetic precursor, namely by obviation of
the hydrogen bond donor group, the introduction of other functional
groups able to act as hydrogen bond acceptors could lead to the es-
tablishment of interactions with different regions of the receptor.
Hence, novel non-polar decane-1,2-diol derivatives were designed,
synthesized, and their potential inhibition of tumor growth and pro-
gression evaluated in GBM cell lines.

Cisplatin is a well-known chemotherapeutic drug for treating nu-
merous human cancers including bladder, lung, ovarian, testicular and
glial cancers. It interferes with DNA repair mechanisms, DNA damage,
and inducing apoptosis in cancer cells. Thus in the present study, cis-
platin is used as a positive control drug and the observed results are
compared with the activity of the diol derivatives.

2. Materials and methods

2.1. Chemical synthesis of decane-1,2-diol derivatives

2.1.1. General remarks
All synthesis were carried out in oven-dried glassware under inert

atmosphere. Triethylamine was purified and dried before use.
Dichloromethane (DCM) was dried by distillation under argon with
calcium hydride. All other chemicals were used as received from sup-
pliers. Decane-1,2-diol was used in synthesis and biological assays as
received from TCI. Reactions were monitored through thin-layer chro-
matography (TLC) with commercial silica gel plates (Merck silica gel,
60 F254). Visualization of the developed plates was performed under
UV lights at 254 nm and by staining with cerium ammonium mo-
lybdate. Flash column chromatography was performed on silica gel 60
(40–63 µm) as stationary phase.

1H NMR spectra were recorded at 300MHz, 13C NMR spectra were

recorded at 75MHz in a 300MHz Varian Mercury spectrometer, using
CDCl3 as solvent. Chemical shifts (δ) are reported in ppm referenced to
the CDCl3 residual peak (δ 7.26) or TMS peak (δ 0.00) for

1H NMR and to CDCl3 (δ 77.16) for 13C NMR. The following ab-
breviations were used to describe peak splitting patterns: s= singlet, d
= doublet, t = triplet, m =multiplet. Coupling constants, J, were re-
ported in Hertz (Hz). High-resolution mass spectra were recorded on a
Waters ESI-TOF MS spectrometer. Structural elucidation of all com-
pounds tested in biological assays was performed by

1H and 13C NMR, and HRMS. All compounds of interest were iso-
lated by chromatography and their purity (> 97%) assessed by NMR
(please see Supplementary material 1 for NMR spectra).

2.1.2. 1-((tert-butyldimethylsilyl)oxy)decan-2-ol (2)
A solution of tert-butyldimethylsilyl chloride (3.02 g, 20mmol) in

dichloromethane (40mL) was added dropwise to a 0 °C solution of
triethylamine (2.8 mL, 20mmol) and decane-1,2-diol (4.18 g, 24mmol)
in dichloromethane (20mL). After stirring at room temperature for
48 h, water (50mL) was added and the aqueous layer extracted with
dichloromethane (2× 80mL). The combined organic layers were wa-
shed with brine and dried over Na2SO4, after which the crude com-
pound was concentrated under reduced pressure. The residue was
purified by silica gel column chromatography using hexane/EtOAc
(97:3) as eluent, to yield 2 (4.43 g, 77%) as a colorless oil, and similar
spectral characterization as previously reported (Attygalle et al., 2008).

1H NMR (CDCl3, 300MHz,): δ 3.64–3.59 (m, 2H), 3.41–3.34 (m,
1H), 2.42 (d, J= 3.2 Hz, 1H), 1.43–1.27 (m, 14H), 0.91–0.85 (m, 12H),
0.07 (s, 6H); 13C NMR (CDCl3, 75MHz): δ 72.1, 67.5, 33.0, 32.1, 30.0,
29.8, 29.5, 26.1, 25.8, 22.9, 18.5, 14.3.

2.1.3. 1-((tert-butyldimethylsilyl)oxy)dec-2-yl 2,2,2-trichloroacetate (3)
To a stirred solution of 2 (392mg, 1.36mmol) in Et2O (4.5mL) at

0 °C under argon, triethylamine (0.25 mL, 1.77mmol) was added, after
which trichloroacetyl chloride (0.17 mL, 1.5mmol) was added drop-
wise. The reaction was stirred for 1 h 40min, after which the formed
precipitate was dissolved into a small amount of water. The organic
layer was washed with brine, dried over Na2SO4 and concentrated
under reduced pressure to obtain 3 as a colorless oil (488mg, 83%).

1H NMR (CDCl3, 300MHz): δ 5.08–5.00 (m, 1H), 3.74–3.72 (d, J =
5.6 Hz, 2H), 2.32–2.28 (m, 1H), 1.65–1.72 (m, 2H), 1.25–1.39 (m,
12H), 0.91–0.82 (m, 12H), 0.06 (s, 3H), 0.05 (s, 3H); 13C NMR (CDCl3,
75MHz): δ 162.0, 81.1, 64.0, 32.0, 30.3, 29.6, 29.4, 26.0, 25.1, 22.9,
18.4, 14.3; HRMS (ESI) m/z cald for [C18H35Cl3O3Si+Na]+ 455.1313,
found 455.1320.

2.1.4. 2-(p-toluenesulfonyl)decan-1-ol (4)
To a stirred solution of 2 (1.47 g, 5.1mmol) in CH2Cl2 (20mL) at

room temperature under argon, triethylamine (2.84mL, 20mmol), 4-
dimethylaminopyridine (810mg, 6.6mmol) and p-toluenesulfonyl
chloride (1.27 g, 6.6mmol) were added. The reaction was allowed to
stir at room temperature for 48 h, after which saturated NH4Cl (20mL)
was added and the aqueous layer extracted with CH2Cl2 (3×20mL).
The organic layers were combined, washed with brine (80mL), dried
over Na2SO4 and concentrated in vacuum. The residue was purified by
silica gel column chromatography with hexane/EtOAc (95:5) to yield 1-
((tert-butyldimethylsilyl)oxy)dec-2-yl p-toluenesulfonate (2.01 g, 89%)
as a yellow solid.

1H NMR (CDCl3, 300MHz): δ 7.80 (d, J = 8.5 Hz, 2H), 7.32 (d, J =
8.2 Hz, 2H), 4.50–4.45 (m, 1H), 3.71–3.60 (m, 2H), 2.45 (s, 3H),
1.66–1.57 (m, 3H), 1.30–1.17 (m, 12H), 0.88 (t, J = 7.0 Hz, 3H), 0.84
(s, 12H), 0.00 (s, 6H); 13C NMR (CDCl3, 75MHz): δ 144.4, 134.5, 129.6,
127.8, 83.4, 64.0, 31.8, 31.0, 29.3, 29.2, 29.1, 25.8, 24.6, 22.6, 21.5,
18.2, 14.1.

The obtained 1-((tert-butyldimethylsilyl)oxy)dec-2-yl p-toluene-
sulfonate (734mg, 1.7mmol) was dissolved in methanol (20mL) under
argon, and NH4F (1.2 g, 33mmol) was added. The mixture was stirred
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at room temperature for 26 h, after which the solvent was removed
under reduced pressure. The residue obtained was re-suspended in
CH2Cl2 (10mL) and saturated NH4Cl (10mL) and the aqueous layer
extracted with CH2Cl2 (3× 10mL). The combined organic layers were
dried over MgSO4 and the solvent removed under reduced pressure. The
residue was purified by silica gel column chromatography with hexane/
EtOAc (75:25) to yield 4 (427mg, 79%) as a yellow oil, with similar
spectral characterization as previously described (Ogawa et al., 1987).

1H NMR (CDCl3, 300MHz): δ 7.81 (d, J = 8.5 Hz, 2H), 7.34 (d, J =
7.9 Hz, 2H), 4.61–4.52 (m, 1H), 3.75–3.61 (m, 2H), 2.45 (s, 3H), 2.26
(d, J = 3.0 Hz, 1H), 1.63–1.49 (m, 2H), 1.32–1.06 (m, 12H), 0.87 (t, J
= 6.9 Hz, 3H). 13C NMR (CDCl3, 75MHz): δ 144.9, 133.8, 129.8, 127.9,
84.7, 64.4, 31.8, 30.9, 29.3, 29.1, 29.1, 24.8, 22.6, 21.6, 14.1.

2.1.5. 1-(p-toluenesulfonyl)decan-2-ol (5)
To a stirred solution of decane-1,2-diol (405mg, 2.3mmol) in

CH2Cl2 (23mL) at room temperature under argon, triethylamine
(0.67 mL, 4.8 mmol), 4-dimethylaminopyridine (21.5 mg, 0.18mmol)
and p-toluenesulfonyl chloride (659mg, 3.46mmol) were added. The
reaction was stirred at room temperature for 23 h, after which the
mixture was diluted with Et2O (50mL) and water (75mL) was added.
The organic layer was washed with brine (75mL), dried over Na2SO4,
filtered and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography with toluene/AcOEt
(95:5) to yield 5 (478mg, 63%) as a colorless solid, with similar
spectral characterization as previously reported (Ogawa et al., 1987).

1H NMR (CDCl3, 300MHz): δ 7.79 (d, J = 8.2 Hz, 2H), 7.35 (d, J =
8.2 Hz, 2H), 4.05–4.01 (m, 1H), 3.90–3.80 (m, 2H), 2.44 (s, 3H),
2.15–2.10 (m, 1H), 1.42–1.35 (m, 3H), 1.35–1.20 (m, 11H), 0.86 (t, J
= 6.9 Hz, 3H). 13C NMR (CDCl3, 75MHz): δ 145.3, 132.9, 130.2, 128.2,
74.2, 69.7, 32.9, 32.1, 29.4, 25.4, 22.9, 21.9, 14.3.

2.1.6. decane-1,2-diyl bis-(p-toluenesulfonate) (6, DBT)
To a stirred solution of decane-1,2-diol (100mg, 0.57mmol) in

CH2Cl2 (5 mL) at room temperature under argon, triethylamine
(0.32 mL, 2.3mmol), 4-dimethylaminopyridine (70mg, 0.57mmol)
and p-toluenesulfonyl chloride (329mg, 1.7mmol) were added. The
reaction was stirred at room temperature for 7 h, after which the mix-
ture was diluted with Et2O (13mL), followed by addition of water
(20mL). The organic layer was washed with brine (20mL), dried over
MgSO4, filtered and solvent removed under vacuum. The residue was
purified by silica gel column chromatography with toluene/AcOEt
(83:17) to yield 6 (248mg, 89%) as a colorless oil.

1H NMR (CDCl3, 300MHz): δ 7.75–7.68 (m, 4H), 7.35–7.28 (m,
4H), 4.63–4.52 (m, 1H), 4.03 (d, J = 5.0 Hz, 2H), 2.46 (s, 3H), 2.45 (s,
3H), 1.68–1.52 (m, 3H), 1.36–1.02 (m, 11H), 0.88 (t, J = 6.9 Hz, 3H);
13C NMR (CDCl3, 75MHz): δ 145.1, 145.0, 133.5, 132.3, 129.9, 129.8,
128.0, 127.9, 78.9, 69.4, 31.8, 31.0, 29.2, 29.1, 29.0, 24.4, 22.6, 21.7,
14.1; HRMS (ESI) m/z calcd for [C24H34O6S2 +Na]+ 505.1689, found
505.1712.

2.1.7. 2,2-dimethyl-4-octyl-1,3-dioxolane (7)
Decane-1,2-diol (8.7 g, 50 mmol) and FeCl3·6H2O (1.4 g, 5 mmol)

were dissolved in acetone (50mL) and left stirring at room temperature
until the disappearance of the diol as monitored by TLC. The mixture
was concentrated and the crude obtained purified on silica gel flash
chromatography using hexane: EtOAc (97:3) to yield the desired pro-
duct as a clear oil (7.46 g, 35mmol, 70%).

1H NMR (CDCl3, 300MHz): δ=4.03 (d, J=7.0 Hz, 2H), 3.49 (s,
1H), 1.58–1.70 (m, 1H), 1.44–1.54 (m, 1H), 1.40 (s, 3H), 1.35 (s,
3H),1.19–1.33 (m, 12H), 0.87 ppm (s, 3H); 13C NMR (CDCl3, 75MHz):
δ=119.2, 108.5, 69.5, 33.6, 31.8, 29.7, 29.5, 29.2, 26.9, 25.8, 22.6,
14.1 ppm; HRMS (ESI) m/z calcd for [C13H26O2 +H]+: 215.2011,
found 215.2019.

2.1.8. 2-octyl-1,4-dioxaspiro[4.5]decane (8)
A reaction flask charged with FeCl3·6H2O (1.4 g, 5 mmol), THF

(50mL), cyclohexanone (5.2 mL, 50mmol) and decane-1,2-diol (8.7 g,
50mmol) was stirred at room temperature overnight. The mixture was
concentrated under reduced pressure and the crude obtained purified
on silica gel flash chromatography using hexane. The desired product
was obtained as a clear oil (7.57 g, 29.75mmol, 60%).

1H NMR (CDCl3, 300MHz): δ=3.93–4.16 (m, 2H), 3.39–3.58 (m,
1H), 1.12–1.76 (m, 25H), 0.87 ppm (s, 3H); 13C NMR (CDCl3, 75MHz):
δ=120.8, 109.0, 75.7, 69.2, 36.6, 35.3, 33.8, 31.8, 29.4, 25.8, 25.2,
23.9, 22.6, 14.1 ppm; HRMS (ESI) m/z calcd for [C16H30O2 +H]+:
255.2324, found 255.2324.

2.1.9. 4-octyl-2-phenyl-1,3,2-dioxaphospholane 2-oxide (9)
To a stirred solution of decane-1,2-diol (1 g, 5.74mmol) and N,N-

diisopropylethylamine (1.48 g, 11.48mmol) in chloroform (15mL) was
added dropwise phenylphosphonic dichloride (1.12 g, 5.74mmol) for
10min at room temperature under argon. The resulting reaction mix-
ture was stirred for an additional 10min and left standing overnight
without stirring. The mixture was then diluted with chloroform
(20mL), washed with water (30mL), the organic layer separated, dried
with anhydrous Mg2SO4 and solvent evaporated. The crude residue was
purified by silica gel flash chromatography using Hexane: EtOAc (1:1)
to afford the phenyl phosphinate ester 9 (0.96 g, 3.24mmol, 56%) as a
pale yellow oil containing an inseparable mixture of cis/trans (1:1)
isomers.

1H NMR (CDCl3, 300MHz): δ=7.72–7.95 (m, 4H), 7.53–7.67 (m,
2H), 7.44–7.53 (m, 4H), 4.74–4.87 (m, 1H), 4.53–4.69 (m, 2H),
4.38–4.52 (m, 1H), 4.15–4.27 (m, 2H), 3.90–4.02 (m, 1H), 1.13–1.58
(m, 28H), 0.87 ppm (t, J=6.4 Hz, 6H); 13C NMR (CDCl3, 75MHz):
δ=133.0, 131.9, 128.6, 80.0, 78.3, 72.1, 70.8, 33.7, 31.8, 29.2, 24.2,
14.1 ppm; HRMS (ESI) m/z calcd for [C16H25O3P+H]+: 297.1614,
found 297.1627.

2.1.10. 4-octyl-1,3,2-dioxathiolane 2-oxide (10)
Triethylamine (5.52 mL, 37.88mmol) and thionyl chloride (1.4 mL,

17.92mmol) were added to a solution of decane-1,2-diol (2 g,
11.48mmol) in dichloromethane (40mL) at 0 °C, and the reaction
mixture was stirred at 0 °C for 10min. The reaction mixture was par-
titioned between dichloromethane and water, and the organic layer was
washed with brine, dried with anhydrous MgSO4, filtered, and evapo-
rated. The residue was purified by silica gel flash chromatography using
Hexane: EtOAc (96:4) to give the cyclic sulfite 10 (2.5 g, 11.19mmol,
97%) as a yellow oil in a 1:1 diastereoisomeric mixture, as previously
described (Nandanan et al., 1999)

1H NMR (CDCl3, 300MHz): δ=4.88–5.06 (m, 1H), 4.66 (s, 1H),
4.38–4.57 (m, 1H), 4.21–4.38 (m, 1H), 3.78–4.01 (m, 1H), 1.47–2.06
(m, 4H), 1.09–1.49 (m, 24H), 0.88 ppm (s, 6H); 13C NMR (CDCl3,
75MHz): δ=84.2, 80.2, 71.7, 70.2, 33.4, 32.0, 29.2, 25.6, 22.6,
14.1 ppm; HRMS (ESI) m/z calcd for [C10H20O3S+Na]+: 243.1031,
found 243.1024.

2.1.11. 4-octyl-1,3,2-dioxathiolane 2,2-dioxide (11)
To a cold solution of the cyclic sulfite 10 (1.33 g, 6.02mmol) in

dichloromethane (3.5 mL) at 0 °C was added a cold solution of H2SO4

(0.95 mL, 17.80mmol) in water (14mL). Granules of KMnO4 (1.05 g,
6.64mmol) were added in small portions to the reaction mixture to
afford an intensely purple colored solution. It was left stirring overnight
at room temperature until a brown color of the reaction mixture was
observed on a filter paper. NaHSO3 was added in portions until all the
brown color disappeared. The organic layer was extracted with di-
chloromethane (3×10mL), washed with NaHCO3, dried over MgSO4

and solvent evaporated. The crude residue was purified by silica gel
flash chromatography using Hexane: EtOAc (9:1) to obtain the cyclic
sulfate 11 (0.30 g, 1.27mmol, 21%) as a clear oil, as previously de-
scribed (Ramírez-Contreras and Morandi, 2016).
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1H NMR (CDCl3, 300MHz): δ=4.97 (tt, J=8.2, 5.6 Hz, 1H), 4.71
(dd, J=8.5, 6.2 Hz, 1H), 4.23–4.48 (m, 1H), 1.86–2.05 (m, 1H),
1.65–1.85 (m, 1H), 1.18–1.49 (m, 12H), 0.88 ppm (t, J=7.0 Hz, 3H);
13C NMR (CDCl3, 75MHz): δ=82.9, 72.8, 32.2, 31.7, 29.2, 29.1, 29.0,
24.6, 22.6, 14.1 ppm; HRMS (ESI) m/z calcd for [C10H20O4S+Na]+:
259.0980, found 259.0981.

2.2. Cell culture

U87 cells were grown in Minimum Essential Medium (MEM,
Product# 51416C, Sigma-Aldrich, St. Louis, MO) with 10% FBS 2mM
sodium pyruvate(Product# S8636, Sigma-Aldrich, St. Louis, MO), 1%
Penicillin-Streptomycin and 0.025mg/mL Amphotericin B. LN229 cells
were cultured in Dulbecco's Modified Eagle Medium - high glucose
(DMEM, Catalog# L0102, Biowest) containing 5% FBS(Product #
F1051, Sigma-Aldrich, St. Louis, MO), 1% Penicillin-Streptomycin
(Product # P4333, Sigma-Aldrich, St. Louis, MO) and 0.025mg/mL
Amphotericin B (Sigma-Aldrich, St. Louis, MO). Cells were maintained
at 37 °C in a humidified incubator supplemented with 5% CO2. Three
biological repeats and two technical and were performed for each
condition.

2.3. In vitro cytotoxicity assay and IC50 calculation

Cytotoxicity assay was performed to determine the cell growth in-
hibitory effect of the compounds following treatment for 48 h on the
GBM cell lines, U87 and LN229. This assay was performed in two
stages. To begin with, a high concentration, 100 µM, was used for all
the compounds as well as for the positive control cisplatin (Sigma-
Aldrich, USA). In the second stage, the compounds which exhibited
better activity in the previous step, were selected and different con-
centrations were used to determine the IC50 of each compound. For U87
cell line, 150 µM, 100 µM, 75 µM, 50 µM and 25 µM were used for both
PC and DBT. For LN229, same concentration were used for PC, while
higher concentrations 400 µM, 300 µM, 200 µM, 100 µM were used for
DBT due to minimal cytotoxicity effect. Treated cells were harvested by
centrifugation at 1200 rpm for 10min. Cell viability was determined
using trypan blue staining, using a Countess II Automated Cell Counter
(Thermo Fisher Scientific, USA) to count the number of live and dead
cells. The inhibition percentage of each sample was determined using
the following formula to determine the dose-response curve. From the
dose-response curve, IC50 value of each compound was calculated.

Proliferation Inhibition (%) was calculated using the following
formula:

=
− ×

Mean No of untreated cells DMSO control

Mean No of treated cells
Mean No of untreated cells DMSO control

Proliferation inhibition (%)

( . ( )

. ) 100
. ( )

2.4. Migration assay

To assess the effect of DBT on migration profile of the U87 cells, a
scratch migration assay was performed (Liang et al., 2007). A cell
density of 1 * 105 cells/well was used to culture the cells in 12-well
plates and grown overnight at 37 °C with 5% CO2 to obtain the
monolayer, which was scratched using a thin tip. The debris was re-
moved and the edge of the scratch was smoothened by washing the cells
with 1 mL of complete culture medium. After washing, 1 mL of 2% FBS
containing culture medium supplemented with the IC50 of the com-
pounds was added. Cells cultured with medium containing 2% FBS
alone was used as a control. The scratch area were imaged using an
EVOS FL Cell Imaging System (Thermo Fisher Scientific, USA), im-
mediately after the scratch and monitored every 2 h for a period of 10
h.

2.5. Double staining assay

In order to quantify the extent of apoptosis in glioblastoma cell
culture due to the treatment with DBT, a double staining assay using
Annexin V/Propidium iodide was performed (Schutte et al., 1998). U87
cell line was grown as described previously for 24 h, followed by
treatment with DBT at IC50 value and incubated for 24 h. Negative and
positive controls were also used. Cells were then harvested, washed and
resuspended in PBS. Apoptotic cells were identified by ´Alexa Fluor®

488 Annexin V/Dead Cell Apoptosis Kit (Thermo Fisher Scientific, USA)
according to the manufacturer's instructions. Stained cells were ob-
served using EVOS FL Cell Imaging System to distinguish apoptotic
cells. Approximately 300 cells were used for each analysis. Three bio-
logical repeats and two technical were used for each condition.

2.6. Caspase activity assay

In vitro caspase-3 and caspase-7 activity leading to apoptosis was
determined using Caspase-Glo® 3/7 Assay Systems (Promega
Corporation). The reagent was prepared as mentioned by the manu-
facturer. The U87 cells were grown overnight in a 96-well-plate and
were treated with DBT at IC50. Negative control, positive control and
blank (medium + DMSO + dye) were maintained. Cells were in-
cubated at 37 °C in a humidified incubator supplemented with 5% CO2

for 5 h and then equilibrated at room temperature for 30 min. 100 µL of
Caspase-Glo 3/7 reagent was added to 100 µL of cells/well and was
incubated in a dark-chamber. The luminescence signal was quantified
(Chameleon Multi-label Detection Platform) one hour after treatment.
Basal Activity due to blank was deducted. Magnitude of fold change in
luminescence, proportional to caspase activity, between treated and
untreated cells were determined using the following formula:

=
− ×Untreated cells Treated cells

Untreated cells
Fold change (%) ( ) 100

2.7. Intracellular redox potential test

To evaluate the redox potential of DBT, a comparative test, using
H2O2 and standard drug against untreated cells, was performed using
H2DCFDA (Catalog no. # D399, Life Technologies, USA). The U87 cells
were grown overnight in a 96-well-plate and were treated with DBT at
IC50 for 5 h at 37 °C in a humidified incubator supplemented with 5%
CO2. Negative control, positive control and blank were maintained.
Baseline effect due to solvent was determined as well. After 5 h of
treatment, cells were harvested by centrifugation at 3000 rpm for 10
min and incubated with 200 µL of 2 µM H2DCFDA for 30 min at 37 °C
in the CO2 incubator. Cells were then washed with pre-warmed PBS and
resuspended in 200 µL of pre-warmed medium.100 µL of suspension
was then transferred to each well, in a 96-well-plate and incubated at
room temperature for 20 min. Finally, fluorescence signal was mea-
sured using Chameleon Multi-label Detection Platform (Excitation 485
nm, Emission 535 nm). Magnitude of fold change in fluorescence due to
Reactive oxygen species levels, between treated and untreated cells,
were determined using the following formula:

=
− ×Untreated cells Treated cells

Untreated cells
Fold change (%) ( ) 100

2.8. Cell cycle assay

Propidium iodide analysis of DNA content was performed to identify
the drug intervention at various cell cycle stages. Briefly, U87 cells were
plated in a six-well-plate (3 * 105/well) as described previously for 24
h, followed by treatment with DBT and PC at IC50 concentration.
Negative and Positive controls (Cisplatin) were maintained. The cells
were harvested after 24 h treatment, washed and resuspended in 100 µL

A. Viswanathan et al. European Journal of Pharmacology 837 (2018) 105–116

108



of cold PBS. Subsequently, cells were fixed with 900 µL of 70% ethanol.
Following that, cells were incubated on ice for 30 min, pelleted by
centrifugation and resuspended in 50 µL of PI-Triton-RNase (1 µL Triton
X-100, 20 µL RNaseA, and 2 µL Propidium iodide/mL PBS). Samples
were then incubated at 37 °C, 5% CO2 for 15 min. Images were captured
using EVOS FL Cell Imaging System and analyzed by MATLAB R2013b
to distinguish various cell cycle stages.

2.9. Transcriptome profiling and pathway analysis

Total RNA of the U87 cells were isolated using GeneJET RNA
Purification Kit (ThermoFisher Scientific) prior to sequencing using
Illumina NextSeq. 500 by Biomedicum Functional Genomics Unit
(FuGU, University of Helsinki, Finland). The quality of the sequencing
reads was assessed with FASTQC (version 0.11.2)(Andrews, 2010).
RNA sequencing reads were trimmed and filtered on length (≥ 25 bp)
using Trimmomatic (Bolger et al., 2014). Sequences were aligned to the
Human genome (Homo sapiens human release 92; ftp://ftp.ensembl.
org/pub/release-92/gtf/homo_sapiens) using STAR (version 2.6)
(Dobin et al., 2013), with default parameters. For assembly, we chose
SAMtools (Li et al., 2009) (version 1.2) and the “union” mode of HTSeq
(Anders et al., 2015) (version 0.9.1), as the gene-level read counts to
provide accuracy. The RNAseq pipeline (within SAMtools) was em-
ployed with uniquely mapped reads to generate a set of probes covering
every mRNA in the genome, which were quantified based on the
number of reads falling within the exons of those mRNAs (ignoring any
reads found in introns). The log-transformed counts produced were
corrected for the total number of sequences in each sample. Differential
expression analysis between the replicate sets was performed on raw
counts with annotated mRNAs via the DESeq. 2 Filter in R (Love et al.,
2014). This output was combined with the Intensity Difference Filter, a
statistical based fold change filter that works by constructing a local
distribution of differences for mRNAs with similar average intensity to
the mRNA being examined. Genes were considered significantly dif-
ferentially expressed when the adjusted p-value was< 0.05 and 2 fold
change. In other words, the P-value represents the likelihood that a
given gene is significantly differentially expressed by chance, taking
into consideration the absolute expression level and how variable other
genes are that are expressed at a similar level. In general, highly ex-
pressed genes have low variability and lowly expressed genes have high
variability. Differentially expressed genes were used to enriched GO
categorization using PANTHER database with default settings (Mi et al.,
2009). PANTHER Over-representation Test (released on Feb 03, 2018)
in PANTHER version 13.1 (http://www.pantherdb.org/, released on
October 24, 2016) was used. The list of top 20 pathways is represented
in Table 1 with P-value<0.05 were set as cutoff value.

2.10. DBT interaction with NMDA receptor

The molecular interactions between NMDA receptors and twelve
compounds were investigated using PatchDock protein-ligand auto-
mated molecular docking tool (Schneidman-Duhovny et al., 2005). The
protein databank identifier 3OEM, a high-resolution NMDA receptor
structure of rat was used in the present study (Berman et al., 2000). The
compound structures were drawn by using Pubchem sketcher tool to
generate three dimensional molecular format files. PatchDock program
is made up of three efficient algorithms like molecular shape re-
presentation, surface patch matching and filtering, and scoring. The
PatchDock program outputs ten top docked models and we considered
the top score for our further analysis.

3. Results

3.1. Chemistry

Compounds 2–11 were prepared according to Scheme 1. Modifica-
tion of the secondary hydroxyl group was achieved by prior re-
gioselective silylation of the less hindered hydroxy group (Chaudhary
and Hernandez, 1979; Patschinski et al., 2014) yielding 2, which was
further transformed into trichloroacetate derivative 3 and tosylate 4
after desilylation. The tosylated decane-1,2-diol derivatives 5 and 6
were obtained through tosylation of the vicinal diol with different
stoichiometric amounts of tosyl chloride. The regioselective tosylation
of the primary hydroxy group was achieved in 63% upon use of 1.5
equivalents of tosyl chloride, in accordance with previously reported
procedures. The ditosylated compound 6 was obtained in reasonable
yield upon increase of tosyl chloride to 2.9 equivalents and increase of
DMAP from catalytic to stoichiometric amounts. Ketal derivatives 7 and
8 were obtained in reasonable yields upon reaction of 1 with corre-
sponding ketones in presence of catalytic amounts of iron(III)
trichloride (Karamé et al., 2011). The cyclic ester of phenylphosphonic
acid 9 was prepared from phenylphosphonic dichloride and the vicinal
diol in the presence of N,N-diisopropylethylamine (Holý, 1998). The
cyclic sulfite 10 was obtained as a 1:1 mixture of diastereomers through
reaction of 1 with thionyl chloride and further oxidized with KMnO4 in
a biphasic solvent system to yield cyclic sulfate 11 (Berridge et al.,
1990; Lee et al., 2011; Lohray, 1992).

3.2. Biological studies

3.2.1. Effect of diol-derivatives on GBM cell viability
Diol derivatives 2–11 were screened in-vitro for their antitumor

properties in U87 cell line. Fig. 1(A) shows that the cytotoxic effect of
novel diol derivatives on U87 demonstrated minimal cytotoxic activity.

Table 1
Gene ontology analysis of the over-represented biological processes/pathways based on sets of statistically significant upregulated/downregulated genes (q-
value< 0.01).

Pathway ID Overrepresented categories q-value

Cell cycle GO:0044843 Cell cycle G1/S phase transition 0.003265412
GO:0000082 G1/S transition of mitotic cell cycle 0.004841737
GO:0090068 Positive regulation of cell cycle process 0.004896813

Apoptosis GO:2001233 Regulation of apoptotic signalling pathway 3.30580e − 05
GO:2001235 Positive regulation of apoptotic signalling pathway
GO:0008630 Intrinsic apoptotic signalling pathway in response to DNA damage 1.17202e − 03
GO:0097193 Intrinsic apoptotic signalling pathway 1.52529e − 03
GO:0097191 Extrinsic apoptotic signalling pathway 1.92567e − 03
GO:0051402 Neuron apoptotic process 4.21502e − 03

DNA damage GO:2001022 Positive regulation of response to DNA damage stimulus 0.002205668
GO:0042770 Signal transduction in response to DNA damage 0.002609157
GO:0030330 DNA damage response, signal transduction by p53 class mediator 0.003417336
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The compound DBT exhibited maximum mortality effect followed by 2,
5, and 3, respectively. DBT exhibited 0.9% higher cytotoxicity than the
positive control cisplatin, and hence chosen for further studies. The
high cytotoxicity of DBT prompted us to consider the formation of its
synthetic precursor in the medium; therefore, we performed the in-
dependent evaluation of p-TsOH and 1 on U87. As evident from
Fig. 1(B), although 1 exhibited 52.3% activity and p-TsOH residual
cytotoxicity (2.3%), DBT was superior hence ruling out such con-
sideration.

3.2.2. Dose dependent effect of DBT
To determine the IC50 of DBT in U87 and LN229 cell lines, a dose-

response study was performed. As expected, there was a gradient in-
crease in mortality with increased dosage in both cell lines, and the IC50

values of DBT were calculated as 52 µM in U87 and 270 µM in LN229.
The IC50 values of cisplatin were found to be 66 µM for U87 and 108.7
for LN229 (Fig. 2A, B). The experiment allowed to conclude that DBT is
more effective in U87 cell line showing 21.2% higher potential than the
standard drug cisplatin. Cell line LN229 was less sensitive to both drugs
under consideration. Therefore, DBT was selected for further studies in
U87 cell line to investigate its cellular mechanisms of action.

3.2.3. Migration inhibition test: scratch assay
Scratch assay was performed to evaluate the effect of DBT on the

cell migration properties of malignant tumor cells (Albini et al., 1987).
Evaluation of migratory property of the U87 cells when treated with
DBT and the standard drug revealed a similar trend of increasing mi-
gration over time (Fig. 3A, B). Both drugs prevented migration effec-
tively at the 2nd h of treatment, where DBT inhibited migration in
59.1% and cisplatin in 61.7%, as compared to migration activity of
untreated cells. A similar, although less pronounced effect was observed
at the 4th (29.5% for DBT and 42.6% for cisplatin) and 6th (19.5% for
DBT and 18.0% for cisplatin) hours of post-treatment. However, at the
8th h, this effect was only 0.6% and 18% respectively for DBT and
cisplatin. Interestingly, as the percentage of inhibition remained steady
at 6th and 8th h for cisplatin, DBT had almost lost its anti-migratory
activity by 8 h post treatment. Our results indicate that, DBT is effective
in preventing/reducing migration during initial hours of treatment and
decreases its anti-invasive property over time.

3.2.4. Estimation of apoptosis effect: double staining assay
To confirm the role of apoptotic pathways in cell death, a double

staining method was carried out as above described. The Annexin V/PI

Scheme 1. Synthesis of decane-1,2-diol derivatives.

Fig. 1. Cytotoxicity assay of 1–11 (a) Evaluation of the new panel of 2–11, positive control (cisplatin) and untreated conditions in U87 cell line. (b) Additional
assessment of DBT and its synthetic precursors for their cytotoxicity.
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assay effectively detects both early and late stage apoptosis in cells
(Schutte et al., 1998). In general, PI do not stain live or early apoptotic
cells due to the plasma membrane barrier, therefore stained cells in-
dicate apoptotic or late apoptotic cells. Annexin V is a highly fluor-
escent stain, which can effectively bind to phosphatidyl serine mole-
cules translocated to the outer plasma membrane during intermediate
apoptotic stage, and are exposed to the extra cellular environment.
After 24 h of treatment, images were captured using EVOS FL Cell
Imaging System, in both phase contrast and fluorescence mode (Fig. 4A,

B). Apoptotic cells were detected by its high fluorescence due to the
reporter dyes. These results indicate that cell treatment with DBT at
IC50 caused apoptosis of 29.6% of the total number of the cells analyzed
whereas that of the standard drug caused apoptosis of 58.9% cells
(Fig. 4C). This marked a 12.8% and 39.6% increase in apoptotic frac-
tion when compared to untreated cells. The difference between treated
and untreated conditions was confirmed to be statistically significant
per ANOVA test (P-value< 0.05).

3.2.5. Evaluation of oxidative stress and caspase activation
Reactive oxygen species mediated caspase activation and sub-

sequent cell death has been repeatedly reported by various studies
(Izeradjene et al., 2005; Moungjaroen et al., 2006). Both intracellular
Reactive oxygen species and caspase in U87 cells were quantified. The
oxidative potential of DBT was determined by Reactive oxygen species
assay using H2DCFDA indicator. After exposure of cells to DBT at IC50

for 5 h, we detected an oxidative increase of 7.8% fold change in the
treated cells when compared to untreated cells. The standard drug
cisplatin and positive control H2O2 on the other hand, marked 3.7% and
1.6% respectively (Fig. 5A). The difference between treated and un-
treated conditions was confirmed to be statistically significant per
ANOVA test (P-value<0.05).

Considering the role of Reactive oxygen species in caspase-mediated
apoptosis, we determined the caspase activity of U87 cells using caspase
3/7 assay after a treatment period of 5 h with DBT at IC50. Interestingly,
U87 DBT-treated cells displayed a reduction of caspase 3/7, displaying
a 19.1% fold decrease in comparison to untreated cancer cells, whereas
positive control displayed 7.2% fold reduction in caspase activity
(Fig. 5B), a clear indication of the caspase independent apoptotic pro-
cess. The difference between treated and untreated conditions was
confirmed to be statistically significant per ANOVA test (P-value<
0.05).

3.2.6. RNA-seq analysis detects the pathways
We analyzed the total gene expression profile using RNA sequencing

data to understand the effect of DBT on human glioblastoma cell
functions. In the treated cells, 1531 genes were significantly over/
under-expressed at the 95% confidence level (P ≤ 0.05)
(Supplementary file 2). Comprehensive analysis revealed that critical
signalling pathways involved in cell cycle, apoptosis and DNA damage
has been affected. Functional analysis of DEGs using Reactomes showed
the involvement of 76 DEGs in cell cycle, 42 DEGS in DNA damage and

Fig. 2. (a) Dose-response effect of DBT and cisplatin in U87 and (b) LN229 after 48 h of incubation time. Baseline effect of vehicle (DMSO) has been deducted. PC –
cisplatin. Each data point represents mean± S.E.M of biological and technical replicates. The results are statistically significant as per Dunnett's multiple com-
parisons test, alpha cut off. 0.05.

Fig. 3. (a) Migration of scratch area by U87 cells over the time. PC – Cisplatin,
UNT – Untreated. (b) Migration activity of U87 cells treated with DBT, as in-
dicated by scratch assay at 0 h. (c) Migration activity of U87 cells treated with
DBT, as indicated by scratch assay at 8 h. Each data point represents an average
of biological and technical replicates.
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repair, 23 genes in Apoptosis and 28 DEGs related to P53 mediated
pathway. Among 76 DEGs engaged in the cell cycle, 24 genes were
associated with G1/S transition, and 26 genes in G2/M transition. A
prolonged G1/S phase and low fraction of cells in G2/M phase in DBT
treated condition was also observed per the experimental analysis
(Fig. 6). One possibility of this scenario is due to the over expression of
WEE1 preventing the S phase cells to enter into mitosis. RNA-seq ana-
lysis also identifies downregulation of caspase genes (CASP3 and CASP7
with log2(fold change) values − 0.82 and − 0.57, respectively) in DBT
treated conditions, which confirms the experimental findings.

Gene ontology analysis of the over-represented biological processes
based on sets of differentially expressed genes (DEGs) are enlisted in
Table 1 and the top 20 DEGs, which are involved in the cell cycle,
apoptosis and DNA damage, are listed out in Table 2.

3.2.7. NMDA interaction with the DBT
The neuronal calcium flux elicited by the stimulation of NMDA

calcium-permeable ion channels favours cell survival through multiple
mechanisms (Portt et al., 2011). Considering the action of straight chain
diols on NMDA receptors, we have investigated the gene expression
profile of the major pathways involved in glutamate-associated pro-
cesses. Twenty-eight DEGs were associated with NMDA receptor
mediated pathways (Fig. 7A), where notable downregulation of genes
encoding for GCLC, GCLM, CALM1, CAPN2, CREBBP and MCL1, hinting
the interaction of DBT with NMDA receptors could be observed. NMDA
receptor blockade reduces calcium influx and thereby reduces migra-
tion rates and inhibits cell invasiveness, as well as affects various
downstream processes mediated via Ca2+/calmodulin-dependent sig-
nalling. Here, we also observed the downregulation of GCL genes which
is involved in GSH synthesis, proliferation and cell cycle progression
(Traverso et al., 2013). The results indicate that inhibition of GCL
genes, glutamate-cysteine ligase modifier subunit (GCLM) and gluta-
mate-cysteine ligase catalytic subunit (GCLC), caused GSH depletion
and thus sensitizes the cells to chemotherapy by affecting the redox

Fig. 4. (a) Phase contrast image of cells after 24 h of treat-
ment. (b) Cellular tagging of reporter dyes Annexin V/
Propidium iodide. Enhanced fluorescence by early and inter-
mediate apoptotic cells stained by Annexin V. (c) Apoptotic
activity of DBT and standard drug from double staining assay.
PC – Cisplatin, UNT – Untreated. Each bar represents
mean± S.E.M. Baseline effect due to DMSO has been de-
ducted (ANOVA test, P value of< 0.05).

Fig. 5. (a) Oxidative effect of compounds after a treatment
period of 5 h with DBT at IC50, standard drug and positive
control, respectively, as estimated by fluorescence activity due
to Reactive oxygen species (ROS) indicator H2DCFDA. Each
bar represents a mean± S.E.M. Each treatment was per-
formed with biological and technical replicates b)
Quantification of caspase activity after a treatment period of 5
h with DBT and positive control, respectively, as estimated by
luminescence activity. PC – Cisplatin, UNT – Untreated. Each
bar represents a mean± S.E.M. Each treatment was per-
formed with biological and technical replicates. The results
are statistically significant as per Dunnett's multiple compar-
isons test, alpha cut off: 0.05.
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mechanism upon stress. In addition, downregulation of CREBBP and
MCL1 suggest an increase in sensitivity to sub-lethal apoptosis inducing
by DBT.

Finally, the interaction of 1–12 with NMDA receptor was compu-
tationally validated using molecular docking procedures. The 12 com-
pounds along with their codes and PatchDock score is given in
Supplementary file 2. Among the series, DBT has highest PatchDock
score (6086) and compound 12 the lowest (4014). The 2D protein-li-
gand interaction diagram for top scoring protein-ligand complex is
shown in Fig. 7B. The docking of DBT with the receptor is characterized
by interactions with 17 amino acid residues, specifically very strong
interactions with charged residues like GLU13, LYS87, ARG196 and
GLU 198 and 21 hydrogen bonds between the complex. These findings
in conjugation with the pathway analysis suggest NMDA receptor as
one possible target for DBT.

3.2.8. Statistical analysis
Results are expressed as the Mean± Standard Error of Mean

(S.E.M) of biological and technical replicates. The statistical sig-
nificance between the control and the treatment groups was calculated
using one-way ANOVA test. GraphPad Prism 7 was used to analyze the
data. P<0.05 was considered to indicate a statistically significant
difference.

4. Discussion

Diols are widely used in pharmaceutical formulations and anti-
microbial agents, solvent and absorption enhancers. Although the anti-
mycotic and anti-bacterial properties of diol derivatives are well stu-
died, the antitumor activity of decane-1,2-diol derivatives has never
been reported. Treatment of human glioblastoma cell lines (U87 and
LN229) with the newly synthesized decane-1,2-diol derivatives un-
veiled mild to moderate cytotoxicity, induction of apoptosis and re-
duction of migration during early hours of treatment. Even though the
mechanism of action of the diol derivatives presented in this study has
not yet fully been established, it is now evident that the manipulation of
the vicinal diol moiety can infer considerable higher biological activity
against human glioblastoma cells. The considerable activity of decane-
1,2-diol (1) against U87 cell lines was increased by two-fold by con-
verting its hydroxyl groups to bistosylate DBT. Although one could
reason that such activity could be to some extent due to hydrolysis of
the tosylate groups, this seems now unlikely since monotosylates 4 and
5 showed completely different activity profiles. Interestingly, the
transformation of a single hydroxyl group to tosylate led to a cyto-
toxicity decrease as observed for 4, while tosylation of the primary
hydroxyl group had no effect as observed for 5. Similarly, the trans-
formation of the hydroxyl groups to other functional groups such as
silyl ethers or esters resulted in unchanged or a decrease in cytotoxicity
as observed for 2 and 3. Nevertheless, while conversion of the primary
hydroxyl to silyl ethers or tosylate has little or no effect on the activity,
the manipulation of the secondary hydroxyl group has a considerable
impact on the cytotoxicity of the decane-1,2-diol derivatives. This as-
pect could be also confirmed by the constrained cyclic structures 7–11,
which resulted in the loss of the cytotoxicity against U87 cell line
previously observed for 1. The excellent leaving group ability of the
tosylate groups, and the structural similarity of compound 6 with well-

Fig. 6. (a) Analysis of percentage of cell population in G1, S, and G2/M phases.
(b) Percentage of cell population in each cell stage as determined from histo-
gram of Propidium iodide intensity, in Tabular form. UNT – Untreated, PC –
Cisplatin, NC – DMSO.

Table 2
The top 20 DEGs which are involved in the Cell cycle, Apoptosis and DNA damage. The DEGs were labelled, with the corresponding fold changes
and p-values (cut-off: p-value<0.01) of the up- and down-regulated genes.
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established chemotherapeutic busulfan analogues known to crosslink
DNA (Galaup and Paci, 2013; Kokotos et al., 2001), might suggest an
alkylation process on the basis of the observed cytotoxicity.

Considering the hallmarks of cancer cells such as uncontrolled
growth and proliferation, increased invasiveness, altered redox poten-
tial, evading apoptotic pathways, and use of alternative pathways, it is
essential to evaluate novel antitumor molecules in these contexts. In
line with this reasoning, an extensive study of DBT was carried out in
significant characteristics such as apoptosis, Reactive oxygen species
level, caspase activation and scratch migration. Bypass of apoptosis is
widely believed to be a signature of cancer cells (Evan and Vousden,
2001; Kerr et al., 1994). Apoptosis is mediated via a cascade of distinct
signalling pathways, which are often deregulated in cancer. The ability
to exploit these pathways will offer effective therapies for GBMs
(Krakstad and Chekenya, 2010). Synergistic treatments targeting
apoptosis will certainly shift target from cytostatic effect to cytotoxic
therapeutic responses owing to greater therapeutic benefits. Our results
show higher level of apoptosis in treated conditions, showing that
treatment with DBT renders the U87 cells sensitive to apoptotic path-
ways. Enhancing redox perturbation is proven to be an effective
strategy to kill glioma cells (Rinaldi et al., 2016; Sharma et al., 2007).
Increasing the intracellular Reactive oxygen species to a high level can
cause cellular damage and eventually cell death (Schumacker, 2006;
Pelicano et al., 2004). As DBT demonstrates almost double efficacy as
an oxidative agent comparing to the standard drug, it can be seen as a
scaffold in the development on anti-cancer agents.

Human glioblastoma cells are reported to exhibit a constitutive
activation of caspases in vivo and in vitro (Gdynia et al., 2007). Also, the
inhibition of caspases by peptide inhibitors are reported to decrease the
migration of cells in scrape mobility assays and the invasiveness of cells
in spheroid assays (Gdynia et al., 2007). It has been suggested that the
administration of low doses of caspase inhibitors that block the mobility
of glioma cells without affecting the execution of apoptotic cell death,
may be exploited as a novel strategy for the treatment of glioblastomas
(Gdynia et al., 2007). This correlates well with our observation of re-
duction of caspase activity due to DBT and consequent suppression of
scratch migration. Although the mechanism of action of DBT or the role
of the p-toluene sulfonyl moiety remains elusive, it should be men-
tioned that other sulfonates have been previously reported to effect the
fate of glioblastoma cells. For instance, resveratrol monosulfate was
reported to be one of the primary metabolites of anticancer trans-re-
sveratrol due to sulfotransferases activity (Shu et al., 2011; Sun et al.,
2012), and 2,5-dihydroxyphenylsulfonate has also been reported to
stimulate the apoptosis of tumor cells, inhibit glioblastoma invasion
and suppress angiogenesis (Cuevas et al., 2011). On the other hand,
busulfan induces apoptotic death with caspase activation, cleavage of

Bcl-2 and PARP proteins in myeloid P39 cell line model (Hassan et al.,
2001). In order to decipher the physiological role of caspase in-
dependent apoptosis by diols, and understand the extension of NMDA
receptors involvement in the process, there will be a need for future
research in these important avenues.

5. Conclusion

In conclusion, this study demonstrated the anti-glioma activity of a
new panel of diverse decane-1,2-diol derivatives in multiple glioma cell
lines. Evaluation in U87 and LN229 demonstrated mild to moderate
anti-glioma activity and the synthetic derivative DBT was found to be
the best cytotoxic compound among the library tested. Additionally, the
magnitude of anti-glioma efficacy was found comparable to the cur-
rently available platinum drug cisplatin. From the library of compounds
tested, it is concluded that modification of the secondary hydroxyl
group of the very simple skeleton of decane-1,2-diol has a strong effect
on its cytotoxicity. The study also revealed that the cytotoxic effect, at
least in part, is due to the apoptotic pathways. Future work will shed
more light on its structure-activity relationships as well as detailed
mechanism of action. These results indicate that decane-1,2-diol deri-
vatives may have the potential to be used as a chemotherapy for
treating glioma.
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a b s t r a c t

Nerve growth factor receptor (NGFR), a member of kinase protein, is emerging as an important target for
Glioblastoma (GBM) treatment. Overexpression of NGFR is observed in many metastatic cancers
including GBM, promoting tumor migration and invasion. Hydrazones have been reported to effectively
interact with receptor tyrosine kinases (RTKs). We report herein the synthesis of 23 arylhydrazones of
active methylene compounds (AHAMCs) compounds and their anti-proliferative activity against GBM cell
lines, LN229 and U87. Compound R234, 2-(2-(2,4-dioxopentan-3-ylidene)hydrazineyl)benzonitrile, was
identified as the most active anti-neoplastic compound, with the IC50 value ranging 87 mM - 107 mM.
Molecular docking simulations of the synthesized compounds into the active site of tyrosine receptor
kinase A (TrkA), demonstrated a strong binding affinity with R234 and concurs well with the obtained
biological results. R234 was found to be a negative regulator of PI3K/Akt/mTOR pathway and an
enhancer of p53 expression. In addition, R234 treated GBM cells exhibited the downregulation of cyclins,
cyclin-dependent kinases and other key molecules involved in cell cycle such as CCNE, E2F, CCND, CDK6,
indicating that R234 induces cell cycle arrest at G1/S. R234 also exerted its apoptotic effects independent
of caspase3/7 activity, in both cell lines. In U87 cells, R234 induced oxidative effects whereas LN229 cells
annulled oxidative stress. The study thus concludes that R234, being a negative modulator of RTKs and
cell cycle inhibitor, may represent a novel class of anti-GBM drugs.

© 2019 Elsevier Masson SAS. All rights reserved.

1. Introduction

Glioblastoma Multiforme (GBM) is WHO grade IV astrocytoma,
representing a highly heterogeneous group of neoplasms that are

among the most aggressive and challenging cancers to treat.
Though highly heterogeneous, GBM shares common essential
characteristics with other tumors, such as, uncontrolled prolifera-
tion, evading of apoptosis, invasiveness, avoidance of immune
surveillance, resistance to chemotherapy and Reactive Oxygen
Species (ROS) generation and angiogenesis [1].

Receptor tyrosine kinases (RTKs) are important regulators of
intracellular signal-transduction pathways mediating cellular* Corresponding author.
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processes, including metabolism, cell-cycle control, survival, pro-
liferation, motility and differentiation, and are often deregulated in
cancer [2,3]. RTKs consist of families of growth factor receptors
such as the platelet-derived growth factor receptor (PDGFR),
fibroblast growth factor receptor (FGFR), vascular endothelial
growth factor receptor (VEGFR), and epidermal growth factor re-
ceptor (EGFR), nerve growth factor receptor (NGFR) and 15 other
subfamilies. Most of the members of RTK family are strongly
associated with oncological diseases through gain-of-function
mutations or through receptor/ligand overexpression [4]. GBM
being high in intratumoral heterogeneity exhibits amplification of
RTK expression on tumor cells [5], affecting the sensitivity to
various chemo treatments [6]. The main signaling pathways acti-
vated by RTKs are PI3K/Akt, Ras/Raf/ERK1/2 and signal transduction
and activator of transcription (STAT) pathways [7].

Among several RTKs linked with cancer, the NGFR is found to be
positively correlated with astrocytic gliomas and several reports
suggests the role of NGFs in GBM growth [8e10]. NGFRs includes
two distinct family of receptor Trks and p75NTR and are found to be
differentially expressed in glioblastoma and are identified as
effective drugable targets for GBM [8,11e15]. NGFR is a trans-
membrane receptor for the neurotrophin family. Neurotrophins
regulate the proliferation and differentiation of neurons in the
central nervous system via NGFRs by activating specific tyrosine
kinase receptors which include TrkA, TrkB, and TrkC [12]. Recent
reports suggest that inhibition of NGFR could be a therapeutic
target considering its role in cell proliferation and survival [16],
differentiation, cell cycle progression [17], apoptosis [11,18], neurite
outgrowth and retraction [19] myelination [20] cell migration and
invasion. The NGF-NGFR cascade is reported to activate nuclear
factor-kB (NF-kB), leading to inhibition of apoptosis [21]. NGFR is
also involved in feedback regulation of P53 and it has been reported
that down regulation of NGFR, induced p53-dependent apoptosis
and cell growth arrest, as well as suppressed tumor growth [22].
Neurotrophin binding to NGFR activates the c-Jun N-terminal ki-
nase (JNK) signaling cascade, resulting in the activation of p53 and
expression of pro-apoptotic genes such as Bcl-2 [23]. Alternatively,
combined activation of NGFR and tumor necrosis factor receptor
member TRAF6 has been shown to promote downstream activation
of NF-kB signaling, which primarily promotes cell survival [24].
Blockade of NGF/Trk signaling via anti-NGF antibodies or Trk in-
hibitors reduced cell proliferation and tumorigenesis in a musca-
rinic acetylcholine receptor-3 dependent manner, suggesting NGF
as an potential target in tumor treatment and prevention [25,26].

Currently the most targeted molecules in GBM pathway are
Protein kinase inhibitors such as Lonarfanib [27], Sorafenib [28],
Topoisomerase targeting Irinotecan [29], PKC inhibitors such as
Enzastaurin [30] and Integrin inhibitors such as Cilengitide [31] and
RTK inhibitors. The use of small-molecule inhibitors targeted
against EGFR (Cetuximab and Panitututmab) is a common anti-
tumor therapeutic strategy [32e35]. Anti- PDGFR agent Imatinib
has been shown to inhibit GBM cell proliferation and induces cell
cycle arrest in the G1 phase of the cell cycle [36]. Similarly, in-
hibitors of IGFR can modify sensitivity to several chemotherapeutic
agents [37e40]. There is still considerable need of more effective
chemotherapeutics targeting RTK signaling pathways in GBM
disease.

Hydrazones are a potential class of compounds for new drug
development, considering its established properties as anticon-
vulsant [41e43], anti-depressant [44,45], analgesic [46,47], anti-
inflammatory [46,48,49], anti-microbial [45], anti-mycobacterial
[50], anti-tumoral [51,52] activities. Among several potential aryl-
hydrazones, Di- and tri-organotin(IV) complexes of arylhydrazones
of methylene active compounds have shown better anti-
proliferative effect against the growth of HCT116 and HEPG2

cancer cells [53]. In addition, hydrazone derivatives were also
identified as potential anti-prostate cancer compounds [54]. These
compounds induces the apoptosis by caspase 9 and 3 activation
[55,56]. Lanthanide chelation with hydrazone derivatives have also
expressed higher cytotoxic effect on colon cancer [57]. More
recently, we also studied effect of the panel of many hydrazone
derivatives on multiple human brain astrocytoma cells and the
results showed a better anti-proliferation effect at micro molar
level [58]. Considering the prior studies on hydrazone derivatives
as a potential anticancer compound and tyrosine kinase inhibitors
[59,60] the current study intend to correlate the pharmacodynamic
behavior of the top hydrazone derivative under evaluation, with the
genomic data, to identify the key pathways affected in the anti-
neoplastic behavior, specifically via tyrosine kinase inhibition.

2. Methodology

2.1. Chemistry

A series of new 3-(2-(1-(dimethylamino)-1,3-dioxobutan-2-
ylidene)hydrazineyl)-2-hydroxy-5-nitrobenzenesulfonic acid (3,
R212), N,N-dimethyl-2-(2-(4-nitrophenyl)hydrazineylidene)-3-
oxobutanamide (16, R221), 4-(2-(2,4,6-trioxotetrahydropyrimidin-
5(2H)-ylidene)hydrazineyl)benzoic acid (19, R156), sodium 2-(2-
(1,3-dioxo-1,3-diphenylpropan-2-ylidene)hydrazineyl)benzenesul-
fonate (20, R246), ethyl 2-(2-(4-chlorophenyl)hydrazineylidene)-3-
oxobutanoate (21, R40), 4-(2-(1-cyano-2-methoxy-2-
oxoethylidene) hydrazineyl)benzoic acid (22, R313), 5-(2-(2,4-
dioxopentan-3-ylidene)hydrazineyl)isophthalic acid (23, R283)
and known, 3-(2-(2,4-dioxopentan-3-ylidene)hydrazineyl)-2-
hydroxy-5-nitrobenzenesulfonic acid (1, R2), triaqua[2-(hydroxy-
kO)-5-nitro-3-{2-[2-oxo-4-(oxo-kO)pentan-3-ylidene]hydrazinyl-
kN1} benzenesulfonato(2-)]iron trihydrate (2, FeR2), (2-(2-(2,4-
dioxopentan-3-ylidene)hydrazineyl) phenyl)arsonic acid (4, R10),
5-chloro-3-(2-(1-ethoxy-1,3-dioxobutan-2-ylidene)hydrazineyl)-
2-hydroxybenzenesulfonic acid (5, R31), 2-hydroxy-5-nitro-3-(2-
(2,4,6-trioxotetrahydropyrimidin-5(2H)-ylidene)hydrazineyl)ben-
zenesulfonic acid (6, R142), 5-(2-(1,3-dioxo-1-phenylbutan-2-
ylidene)hydrazineyl)-4-hydroxybenzene-1,3-disulfonic acid (7,
R46), 2-(2-(2,4-dioxopentan-3-ylidene)hydrazineyl) benzene-
sulfonic acid (8, R237), 4-(2-(2,4-dioxopentan-3-ylidene)hydrazi-
neyl)benzonitrile (9, R241), 2-(2-(2,4-dioxopentan-3-ylidene)
hydrazineyl)benzonitrile (10, R234), 2-(2-(2,4-dioxopentan-3-
ylidene)hydrazineyl) benzoic acid (11, R236), 3-(2-(2-nitrophenyl)
hydrazineylidene)pentane-2,4-dione (12, R235), 3-(2-(4-
chlorophenyl)hydrazineylidene)pentane-2,4-dione (13, R8), 3-(2-
(4-bromophenyl)hydrazineylidene) pentane-2,4-dione (14, R9),
ethyl 2-(2-(4-cyanophenyl) hydrazineylidene)-3-oxobutanoate (15,
R243), 2-(2-(4,4-dimethyl-2,6-dioxocyclohexylidene) hydrazineyl)
benzoic acid (17, R244), 2-(2-(2-hydroxy-4-nitrophenyl) hydrazi-
neylidene)-1-phenylbutane-1,3-dione (18, R48) arylhydrazones of
active methylene compounds (AHAMCs) have been prepared.
Synthesis scheme of know compound is give in the supplemental
file 1 while novel compounds synthesis scheme is given below.

2.2. Synthesis of novel arylhydrazone derivatives

The aryl hydrazones R212, R221, R156, R246, R40, R313 and
R283 were synthesized via Japp�Klingemann reaction [61e74]
between the substituted aryldiazonium chloride and active meth-
ylene compounds in water solution containing sodium hydroxide
(Table 1).

2.2.1. Diazotization
0.025mol of substituted aniline was dissolved in 50mL of water
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and then 0.025mol of crystalline NaOH was added. The solution
was cooled in an ice bath to 273 K and then 0.025mol of NaNO2was
added; after that 5.00mL (33%) HCl was added in portions for 1 h.
The temperature of the mixture should not exceed 278 K. The
resulting diazonium solution was used directly in the following
coupling procedure.

2.2.2. Coupling
0.025mol of NaOHwas added to amixture of 0.025mol of active

methylene compoundwith 50mL of water. The solutionwas cooled
in an ice bath to ca. 273 K, and a suspension of aryldiazonium
chloride (see above) was added in three portions under vigorous
stirring for 1 h.

3, R212: yield, 77% (based on N,N-dimethyl-3-oxobutanamide),
yellow powder, soluble in water, methanol, ethanol, and insoluble
in chloroform. Anal. Calcd for C12H14N4O8S (M¼ 374.3): C, 38.50; H,

3.77; N, 14.97. Found: C, 38.42; H, 3.64; N, 14.84%. IR, cm�1: 3459
n(OH), 2944 n(NH), 1681 n(C]O), 1628 n(C]O/H), 1535 n(C]N),
742 d(CeH, Ar). 1H NMR of a mixture of enol-azo and hydrazo
tautomers, (300.13MHz, D2O). Enol-azo, d: 2.55 CH3, 2.97 and
3.08 N(CH3)2, 7.98e8.11 (2H, C6H2). Hydrazo, d: 2.32 CH3, 3.13 and
3.18 N(CH3)2, 7.98e8.11 (2H, C6H2). 1H NMR of a mixture of enol-azo
and hydrazo tautomers, (300.13MHz, DMSO‑d6). Enol-azo, d: 2.47
CH3, 2.77 and 2.96 N(CH3)2, 7.98e8.18 (2H, C6H2), 9.94 (s, 1H,
HOeAr), 11.96 (s, 1H, HO-enol). Hydrazo, d: 2.28 CH3, 3.02 and
3.10 N(CH3)2, 7.98e8.18 (2H, C6H2), 9.94 (s, 1H, HOeAr), 13.60 (s, 1H,
NH). 13C{1H} NMR (100.61MHz, DMSO‑d6). Enol-azo, d: 24.7, 34.0
and 34.8 (CH3), 109.1 (Ar�N]N), 116.2 (CeN), 125.6 and 131.6
(2Ar�H), 136.4 (Ar�SO3H), 139.7 (Ar�NO2), 146.8 (Ar�OH), 162.0
(CH3CeO), 194.5 (N(CH3)2C]O). Hydrazo, d: 28.8, 37.3 and 38.1
(CH3), 116.9 and 123.5 (2Ar�H), 123.5 (Ar�NHeN), 130.7
(Ar�SO3H), 132.2 (C]N), 139.6 (Ar�NO2), 145.4 (Ar�OH), 194.5

Table 1
Arylhydrazones of active methylene compounds (AHAMCs).
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(N(CH3)2C]O), 196.0 (CH3C]O). 1H NMR of a mixture of enol-azo
and hydrazo tautomers, (300.13MHz, CD3OD). Enol-azo, 2.54 CH3,
2.92 N(CH3)2, d: 8.23e8.36 (2H, C6H2). Hydrazo, d: 2.34 CH3, 3.18
and 3.18 N(CH3)2, 8.23e8.36 (2H, C6H2). 13C{1H} NMR (100.61MHz,
CD3OD). Enol-azo, d: 24.8, 29.8 and 34.7 (CH3), 107.5 (Ar�N]N),
109.2 (CeN), 117.9 and 121.0 (2Ar�H), 133.4 (Ar�SO3H), 140.5
(Ar�NO2), 148.0 (Ar�OH), 164.5 (CH3CeO), 196.7 (N(CH3)2C]O).
Hydrazo, d: 28.8, 38.2 and 38.8 (CH3), 110.7 and 111.1 (2Ar�H), 112.3
(Ar�NHeN), 118.4 (Ar�SO3H), 133.2 (C]N), 134.8 (Ar�NO2), 141.8
(Ar�OH), 196.7 (N(CH3)2C]O), 200.4 (CH3C]O).

16, R221: yield 72% (based on N,N-dimethyl-3-oxobutanamide),
orange powder soluble in DMSO, methanol, ethanol and acetone,
and insoluble in water. Elemental analysis: C12H14N4O4 (M ¼
278.27); C 51.75 (calc. 51.80); H 5.02 (5.07); N 20.08 (20.13) %. IR
(KBr): 2930 n(NH), 1663 n(C]O), 1634 n(C]O/H), 1595 n(C]N)
cm�1.1H NMR in DMSO‑d6, d (ppm): 2.42 (3H, CH3), 2.78 (3H, CH3),
2.99 (6H, CH3), 7.38e7.49 (4H, Ar�H), 12.68 (1H, NeH). 13C-{1H}
NMR in DMSO‑d6, d (ppm): 24.4 (CH3), 33.7 (CH3), 36.4 (CH3), 116.1
(2Ar�H), 126.0 (2Ar�H), 129.1 (C]N), 138.4 (Ar�NO2), 142.4
(Ar�NHeN), 163.3 and 194.3 (C]O).

19, R156: yield, 67% (based on barbituric acid), yellow powder,
soluble in water, methanol, ethanol, and insoluble in chloroform.
Anal. Calcd for C11H8N4O5 (M ¼ 276.20): C, 47.83; H, 2.92; N, 20.28.
Found: C, 47.65; H, 2.90; N, 20.11%. IR, cm�1: 3365 n(OH), 3214,
3019, 2855 n(NH), 1715 n(C]O), 1657 n(C]O), 1592 n(C]O/H),
1563 n(C]N). 1H NMR (300.13MHz, DMSO‑d6) d: 7.94e8.21 (4H,
C6H4), 11.35 (s, 1H, NH), 11.54 (s, 1H, NH) and 14.31 (s, 1H, NH). 13C
{1H} NMR (100.61MHz, DMSO‑d6) d: 111.3 and 117.9 (4Ar�H), 125.4
(Ar�COOH), 136.2 (C]N), 146.8 (Ar�NHeN¼ ), 151.8, 157.6, 159.1
and 163.9 (C]O).

20, R246: yield 64% (based on 1,3-diphenylpropane-1,3-dione),
grey powder is soluble in DMSO, methanol, ethanol and acetone,
and insoluble in hexane. Elemental analysis: C21H15N2NaO5S (M ¼
43041; C 58.45 (calc. 58.60); H 3.43 (3.51); N 6.34 (6.51) %. IR (KBr):
3450 n(OH), 3045 n(NH), 1681 n(C]O), 1607 n(C]O$$$H), 1587
n(C]N) cm�1.1H NMR in DMSO, internal TMS, d (ppm): 7.12e7.98
(14H, Ar�H), 13.42 (s, 1H, NeH). 13C NMR in DMSO, internal TMS,
d (ppm): 125.42 (Ar�H), 127.13 (Ar�H), 128.25 (Ar�H), 128.36
(Ar�H), 128.43 (Ar�H), 128.56 (Ar�H), 128.90 (Ar�H), 129.49
(Ar�H), 130.38 (Ar�H), 132.43 (Ar�H), 132.85 (Ar�H), 133.08
(Ar�H), 133.729 (Ar�H), 134.05 (Ar�H), 134.67 (C]N), 138.19
(Ar�CO), 137.21 (Ar�CO), 138.16 (Ar�NHeN), 146.45 (Ar�SO3Na),
191.44 (C]O), 192.52 (C]O).

21, R40: yield 96% (based on ethyl 3-oxobutanoate), yellow
powder soluble in DMSO, methanol, ethanol, chloroform and
acetone, and insoluble in water. Elemental analysis: C12H13ClN2O3
(M¼ 268.70); C 53.55 (calc. 53.64); H 4.74 (4.88); N 10.37 (10.43)%.
IR (KBr): 3453 (NH), 1676 (C]O), 1643 (C]O/H), 1610 (C]N)
cm�1.1H NMR in DMSO‑d6, d (ppm): 1.31 (s, 3H, CH3), 2.40 (s, 3H,
CH3), 4.04 (2H, CH2), 7.23e7.76 (4H, AreH), 13.23 (s, 1H, NeH). 13Ce
{1H} NMR in DMSO‑d6, d (ppm): 13.29 (CH3), 32.33 (CH3), 60.48
(CH2), 116.48 (2AreH), 119.24 (AreCl), 134.20 (2AreH), 135.44 (C]
N), 144.28 (AreNHeN), 196.12 (C]O), 197.66 (C]O).

22, R313: yield 87% (based on methyl 2-cyanoacetate), yellow
powder soluble in DMSO, methanol, ethanol, chloroform and
acetone, and insoluble in water. Elemental analysis: C11H9N3O4

(M¼ 247.21); C 53.38 (calc. 53.44); H 3.54 (3.67); N 16.95 (17.00)%.
IR (KBr): 3470 (OH), 3349 (NH), 1670 (C]O), 1646 (C]O/H), 1614
(C]N) cm�1.1H NMR in DMSO‑d6, d (ppm): 3.56 (s, 3H, OCH3),
7.28e7.86 (4H, AreH), 11.70 (s, 1H, OeH). 13.08 (s, 1H, NeH). 13Ce
{1H} NMR in DMSO‑d6, d (ppm): 58.20 (OCH3), 116.40 (2AreH),
124.58 (AreCOOH), 133.72 (2AreH), 135.13 (C]N), 145.04
(AreNHeN), 162.06 (C]O), 196.29 (C]O), 197.80 (C]O).

23, R283: yield 94% (based on pentane-2,4-dione), yellow
powder soluble in DMSO, methanol, ethanol, chloroform and

acetone, and insoluble in water. Elemental analysis: C13H12N2O6
(M¼ 292.25); C 53.37 (calc. 53.43); H 4.08 (4.14); N 9.46 (9.59)%. IR
(KBr): 3378 (OH), 3290 (NH), 1668 (C]O), 1626 (C]O/H), 1607
(C]N) cm�1.1H NMR in DMSO‑d6, d (ppm): 2.43 (s, 3H, CH3), 2.46 (s,
3H, CH3), 8.13e8.31 (3H, AreH), 13.99 (s, 1H, NeH). 13Ce{1H} NMR
in DMSO‑d6, d (ppm): 26.27 (CH3), 31.29 (CH3), 119.34 (2AreH),
126.76 (AreH), 134.02 (AreCOOH), 135.45 (AreCOOH), 136.18 (C]
N), 141.80 (AreNHeN), 167.71 (C]O), 167.94 (C]O), 196.32 (C]O),
197.01 (C]O).

2.3. Computational assessment of ligand-receptor interaction

The structures of 23 ligands were drawn in SDF format using the
tool Marvin Sketch [Marvin Draw 5.1.5, 2008, Chemaxon Ltd.,
Budapest]. The ligands were prepared for docking simulations us-
ing the LigPrep module of the Schr€odinger suite of tools. Most
probable tautomers and all possible stereo isomers were generated
to study the activity of individual stereotypes of each ligand. In the
final stage of LigPrep, compounds were minimized with OPLS-2001
Force field [75]. The Human nerve growth receptor structure with
PDBID 1HE7 (Resolution- 2 Å) is downloaded from Protein Data
Bank [76]. The protein structure was prepared using the ‘Protein
Preparation Wizard’ of the Schr€odinger suite (Schr€odinger, LLC,
New York, NY, 2009). The docking grid on the receptor has been
generated based on the co-crystallized ligand. Docking was per-
formed on prepared receptor and 23 ligands by using the Glide
docking program [Glide, version 5.5, Schr€odinger, LLC, New York,
NY, 2009].

2.4. Cell culture

Human GBM cell lines, U87 cells were grown in Minimum
Essential Medium (MEM, Product# 51416C, Sigma-Aldrich, St.
Louis, MO) with 10% FBS 2mM sodium pyruvate (Product# S8636,
Sigma-Aldrich, St. Louis, MO), 1% Penicillin-Streptomycin and
0.025mg/ml Amphotericin B. LN229 cells were cultured in Dul-
becco's Modified Eagle Medium - high glucose (DMEM, Catalog#
L0102, Biowest) containing 5% FBS (Product #F1051, Sigma-Aldrich,
St. Louis, MO), 1% Penicillin-Streptomycin (Product #P4333, Sigma-
Aldrich, St. Louis, MO) and 0.025mg/ml Amphotericin B (Sigma-
Aldrich, St. Louis, MO). Cells were maintained at 37 �C in a hu-
midified incubator supplemented with 5% CO2. Biological and
technical repeats were used for each condition.

2.5. In vitro cytotoxicity assay

Cytotoxicity assay was performed to determine the cell growth
inhibitory effect of the compounds following treatment for 48hrs
on the GBM cell lines, U87 and LN229. This assay was performed in
two stages. First, a high concentration, 100 mM, was used for all the
compounds as well as for the positive control Cisplatin (Sigma-
Aldrich, USA). Following which, in the second stage, the com-
pounds, which exhibited better activity in the previous step, were
selected, and different concentrations (100 mM, 75 mM, 50 mM,
25 mM, and 10 mM) were used to determine the IC50 of each com-
pound. Treated cells were harvested by centrifugation at 1200 rpm
for 10min. Cell viability was determined using trypan blue staining,
using a Countess II Automated Cell Counter (Thermo Fisher Scien-
tific) to count the number of live and dead cells. The inhibition
percentage of each sample was determined using the following
formula to determine the dose-response curve. From the dose-
response curve, IC50 value of each compound was calculated.

Mortality % was calculated using the following formula:
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2.5.1. Double staining assay
U87 and LN229 cell lines were grown as described previously,

for 24hrs, followed by treatment with IC50 value of R234 and
incubated for 48hrs. Negative (untreated) and positive (Cisplatin)
controls were maintained. Apoptosis/necrosis detection was car-
ried out using Annexin V FITC and PI (Thermo Fisher Scientific). The
apoptosis determination was performed following the standard
protocol from the manufacture. Briefly, the cells were cultured in 6
well-plate with the initial cell density of 7� 105 cells/well. The cells
were incubated for 48hrs with R234, positive control and untreated
cells conditions and then harvested and washed in cold PBS. The
cell pellets were then resuspended in 1X Annexin-binding buffer
provided in the kit. Consequently, 5 mL of FITC conjugated Annexin
V and 1 mL of the 100 mg/ml PI working solutions were added to the
100 mL of cell suspension. The cells were incubated in dark for
15min, at room temperature, after which the stained cells were
observed for fluorescence to distinguish apoptotic cells. The image
acquisitionwas done by using EVOS imaging system (ThermoFisher
Scientific) with 20X objective magnification. Approximately
300 cells were used for each analysis.

2.6. Caspase activity assay

In vitro caspase-3 and caspase-7 activity leading to apoptosis
was determined using Caspase-Glo® 3/7 Assay Systems (Promega
Corporation). The reagent was prepared as mentioned by the
manufacturer. The U87and LN229 cells were grown overnight in a
96-well-plate and were treated with IC50 of R234. Negative control,
positive control and blank (medium þ DMSO þ dye) were main-
tained. Cells were incubated at 37 �C in a humidified incubator
supplemented with 5% CO2 for 5hrs and then equilibrated at room
temperature for 30min. 100 mL of Caspase-Glo 3/7 reagent was
added to 100 mL of cells/well and was incubated in a dark-chamber.
The luminescence signal was quantified (Chameleon Multi-label
Detection Platform) at 1 h after treatment. Magnitude of fold
change in luminescence between treated and untreated cells were
determined using the following formula:

Fold increase ¼ Ftest � Fblank
Fcontrol � Fblank

2.7. Intracellular redox potential test

To evaluate the redox potential of R234, a comparative test,
using H2O2 and standard drug against untreated cells, was per-
formed using H2DCFDA (Catalog no.#D399 Life Technologies, USA).
The U87 and LN229 cells were grown overnight in a 96-well-plate
and were treated with IC50 of R234 for 5 h at 37 �C in a humidified
incubator supplemented with 5% CO2. Negative control, positive
control and blank were maintained. Baseline effect due to solvent
was determined as well. After 5hrs of treatment, cells were har-
vested by centrifugation at 3000 rpm for 10min and incubated with
200 mL of 2 mM H2DCFDA for 30min at 37 �C in the CO2 incubator.
Cells were then washed with pre-warmed PBS and resuspended in
200 mL of pre-warmed medium.100 mL of suspension was then
transferred to each well, in a 96-well plate and incubated at room

temperature for 20min. Finally, fluorescence signal was measured
using Chameleon Multi-label Detection Platform (Excitation
485 nm, Emission 535 nm).

2.8. Cell cycle intervention test

To elucidate the effect of the newly synthesized compound on
the cell cycle progression, R234 was examined against U87 and
LN229 cells. A cell density of 1� 106 cells were grown overnight at
37 �C in a humidified incubator supplemented with 5% CO2, cells
were exposed to R234 at its IC50 concentration for 48hrs. The cells
thenwere collected by trypsinization, washed with cold phosphate
buffered saline (PBS) and pellet was resuspended in 100 mL of cold
PBS. Subsequently, the cell suspension was added with 900 mL of
70% ethanol and stored at 4 �C for 30min. Following that, the cells
were harvested by centrifugation at 3000 rpm, rinsed again by
centrifugationwith 1mL cold PBS. The cells were then stained with
20 mL of DNA fluorochrome PI in a solution containing Triton X-100
and RNase and incubated at 37 �C in a humidified incubator sup-
plemented with 5% CO2, for 15min. Finally, the fluorescence was
detected by imaging using an EVOS FL Cell Imaging System.

2.9. RNA isolation and gene expression evaluation

Cell were incubated with IC50 of test compound and standard
drug Cisplatin for 48 h at 37 �C in a humidified incubator supple-
mented with 5% CO2. A negative control was maintained as well. All
conditions were conducted in triplicated RNA from all samples in
profiling was isolated using same protocol. Total RNA of >9.25ng/uL
was isolated using GeneJET RNA purification kit (Catalog
no.#K0731), according to the manufacturer's instructions. The yield
was then measured spectrophotometrically using NanoDrop-1000
(Thermoscientific, USA). After quantification, the cells were
considered for quality assessment by TapeStation and expression
assay by Illumina Next Seq High Output profiling followed by
analysis and validation studies.

2.10. Statistical analysis

All experiments described in the present study were performed
as with three biological and technical repeats. The data were pre-
sented as the mean± standard error of mean. Statistical analyses
between two groups were performed by Student's t-test. Differ-
ences among multiple groups were tested by one-way analysis of
variance following by a Dunnett's multiple comparison test
(GraphPad Prism 7.04). P< 0.05 was considered to indicate a sta-
tistically significant difference.

3. Results

3.1. AHAMCs interaction with receptor tyrosine kinase, TrkA

AHAMCs 1e23 were prepared according to Scheme of (Fig. 1a).
Purity of all compounds (�95%) was verified by melting point,
NMR, elemental analysis and mass spectrometry measurements
(see Supporting Information). Structures of these compounds are
presented in Table 1. To obtain a deeper insight into the mode of

Mortality ð%Þ ¼ Mean No: of untreated cells ðDMSO controlÞ �Mean No: of treated cells � 100
Mean No: of untreated cells ðDMSO controlÞ
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action of all the novel derivatives (1¡23) docking study was carried
out against human NGFR protein, receptor tyrosine kinase, TrkA.
The Glide docking results of the TrkA of interest with 23 ligands
were presented in Fig. 1. b. The ligand R234 shows better binding
with the receptor compared with other 22 ligands with a highest
Glide score (�4.12). R234 forms interactions with 11 amino acid
residues, which is shown as two-dimensional interaction diagram
(Fig. 1c). There are six hydrophobic amino acid residues, three polar
residues and two charged amino acid residues form interaction
with the receptor. The amino acid residues 313LEU and 314ARG
form hydrogen-bonding interactions with the R234. The hydrogen
bonding interaction between the TrkA and R234 is shown with
arrow marks in the two-dimensional ligand interaction diagram.

3.2. R234 effectively reduces cell viability and proliferation of GBM
cells

To evaluate the efficiency of the AHMACsmolecules as anti-GBM
agents, effect on cell proliferation and viability was assessed for all
synthesized compounds. Test compounds were initially screened
against U87 cell line at 100uM concentration (Fig. 1d). Temoloza-
mide and Cisplatin were used as positive control drugs and effects
were evaluated against untreated cells. Baseline effect due to sol-
vent was deducted. We have found the compound R46 to have least
cytotoxic activity. R234 and R48 induced higher anti-proliferative
effect. However, docking of R234 and R48 along with other com-
pounds showed that R234 has higher affinity than R48 with the
TrkA receptor (Fig. 1b). Hence, the R234was further investigated to
confirm the does- and time - dependent cytotoxic effect and found
to be cytotoxic in GBM cell lines (Fig. 1e) To generalize the potency
of R234 activity we used multiple GBM cell lines, LN229 and U87.
The dose-response study was performed as described in the
methods section and IC50 was determined for both cell lines. As
expected, therewas a gradient increase inmortality with increasing
dosage in both cell lines, and IC50 value of R234 was calculated as
107 mM in U87 and 87 mM in LN229, whereas IC50 value of Cisplatin
was found to be 53 mM and 101 mM in U87 and LN229, respectively

(Fig. 2a and b). Surprisingly, there was steady increase in cytotox-
icity over first 48hrs whereas a loss in cytotoxic activity was
observed after 48 h, in both U87 and LN229 cell lines) (Fig. 2 c and
d). In addition, R234 was also tested against the growth of normal
brain cells (Mouse Embryonic Fibroblasts, MEF). At 100 mM treat-
ment the cells expressed less than 20% death suggesting that R234
cytotoxic effect is specific to GBM cells (data not show).

3.3. R234 interrupts of cell cycle by inducing G1/S arrest

In order to investigate whether R234 induces cell cycle distur-
bances in GBM cells, cell cycle analysis was performed using Pro-
pidium iodide staining method as described in method section,
following R234 treatment at IC50 for 24 h. Cells exhibit fluorescence
bright red, proportionate to their DNA content in each cell phase
(Fig. 3a and b). Significant G1/S transition arrest was observed in
U87 cells treated with R234, with a concomitant reduction in the
fraction of cells in S phase. Fraction of cells in G1 phase was 47.7% in
R234 treatment, 44.0% in positive control Cisplatin and 39.7% in
untreated cells. In S phase, the percentage of the population was
2.8% in R234 treatment, 5.6% in positive control and 19.2% in un-
treated cells (Fig. 3c). Baseline effect due to DMSO was negligible.
However, in LN229, a similar trend of minimal cell fraction in S
phase cells were observed, in treated condition in comparison to
untreated condition. Particularly, higher fraction of cells at G1
phase in was observed in R234 treatment. Low fraction of cells in
G2/M in R234 treated cells clearly indicates that the drug induces
cell cycle arrest at G1/S (Fig. 3d).

Cell cycle gene expression analysis of U87 cell line revealed
differential expression of 77 genes associated with G1-S phase, 82
in S phase and 74 in G2/M phase. Down regulation of ORCs (ORC1,
ORC6) and MCMs (MCM3-7) were observed clearly indicating the
blocking of DNA elongation. Gene expression analysis highlighted
the P53 activation and subsequent downregulation of cyclins,
cyclin-dependent kinases and other key molecules involved in cell
cycle such as CCNE, E2F, CCND, CDK6 etc. (Fig. 3e). The high fraction
of cell population in G1 phase in R234 treated cells could be

Fig. 1. a. Scheme: Japp-Klingemann synthesis of hydrazones [61e74]. b. Docking scores of a panel of 23 novel aryl hydrazones of active methylene compounds (AHMACs) with
tyrosine kinase TrkA. c. Structure activity relationship of R234 with TrkA receptor. d. Cytotoxicity assay of 23 AHAMCs in U87 cell line. e. Phase contrast image of U87 cells under
apoptosis (non-apoptotic-left, apoptotic-right).
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explained by the Rb mediated downregulation of Cyclin E (CCNE),
which is required for the transition from G1 to S phase of the cell
cycle.

3.4. R234 induces apoptosis by negatively regulating stress
protective mechanisms and DNA damage repair

Apoptosis assay was performed using Annexin V/PI test to

Fig. 2. R234 inhibits GBM cell proliferation in a time and dose dependent manner. a. U87 cells were treated for 5hrs with 0e200 mM quantity of R234, after 24hrs of cell growth.
Cellular viability was measured by the Trypan Blue exclusion method. Datapoints and error bars represent mean ± S.E.M (n ¼ 4 per group). *P < 0.05 per one-way ANOVA. b. U87
cells were treated for 5hrs, with 0e200 mM quantity of R234, after 24 h of cell growth. Datapoints and error bars represent mean ± S.E.M (n ¼ 4 per group). *P < 0.05 per one-way
ANOVA. c. U87 cells were harvested after 24 h of cell growth and subsequently treated with IC50 value of R234 upto 72hrs. Proliferation Inhibition was monitored every 24hrs. Data
points and error bars represent mean ± S.E.M (n ¼ 4 per group). *P < 0.05 per one-way ANOVA. d. LN229 cells were harvested after 24hrs of cell growth and subsequently treated
with IC50 value of R234 upto 72hrs. Proliferation Inhibition was monitored every 24hrs. Datapoints and error bars represent mean ± S.E.M (n ¼ 4 per group). *P < 0.05 per one-way
ANOVA. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. R234 induces cell cycle arrest in GBM cells. Cells were treated with DMSO (negative control), Cisplastin (positive control) and R234 for 48hrs. Microscopic image analysis was
performed for cell-cycle distribution. The DNA content was evaluated with Propidium iodide (PI) staining and fluorescence measured and analyzed. a. Representative fluorescence
microscopy images for each treated or untreated groups in U87, in S phase. b. Representative fluorescence microscopy images for each treated or untreated groups in LN229 cells. c.
Percentage of U87 cells in various phases is fraction of whole population. d. Percentage of LN229 cells in various phases is fraction of whole population. Data represented as
mean ± S.E.M of triplicates, *p < 0.05 as compared with the control group. e. Fold change for the list of representative genes in the cell cycle and DNA damage pathways. The blue
and red colors represent those genes that were upregulated and downregulated, respectively. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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determine the fraction of apoptotic cells. Apoptotic cells appeared
bright red, necrotic cells as bright green and apo-nectrotic cells as
bright orange (Fig. 4a). In U87 cell line, 68.7% of population under
R234 treatment were found to be apoptotic, followed by 41.0% in
Cisplatin treatment, and 22.4% in untreated cells (Fig. 4b). In
LN229 cell line, this was 57.3% of the population under R234
treatment, followed by 32.6% in Cisplatin treatment, and 29.3% in
untreated cells (Fig. 4c). Relevantly, the key differentially expressed
genes involved in apoptotic process were identified as FOS, JUN,
ITPR, ACTB and ACTG1(Fig. 4d) Transcriptome analysis identified
upregulation of pro-apoptotic genes such as NOXA, PUMA, BIM, and
downregulation of IAPs, HSPs (Supplementary file 2), that favours
cell survival, suggesting the positive role R234 in cancer cell
apoptosis and chemosensitizing. Also, DNA repair genes such as
GADD45s and SESNs were found to be notably downregulated.
Genes such as TUBB3, ACTB, TESK1, PARVA, and ACTN1 were also
found to be downregulated suggesting negatively affecting cellular
integrity and survival. Stress response genes such as NQO1, GSTs
and TrxR1 were also downregulated, which is sensitizes the cell to
chemotherapy.

Reactive oxygen species (ROS) mediated caspase activation and
subsequent cell death has been repeatedly reported by various
studies [77e79]. Both intracellular ROS and caspase in U87 cells
were quantified to assess redox flux as subsequent caspase acti-
vation due to the treatment with candidate molecule. The oxidative
potential of R234 was determined by ROS assay using H2DCFDA
indicator as described in methods section. The results shows that
oxidative stress increase of 9.5% in the R234 treated U87 cells when
compared to untreated cells, whereas the standard drug cisplatin
and positive control H2O2 marked 3.7% and 1.6% respectively.
However, in LN229 cell line there was no statistically significant
difference found between treated and untreated cell (Fig. 5a). These
results suggest that ROS may not played a major role in R234
induced GBM cell death.

Considering the role of ROS in caspase-mediated apoptosis, we
determined the caspase activity of both cell lines using caspase 3/7
assay after a treatment period of 5hrs with IC50 of R234. Interest-
ingly, U87 cells treated with R234 displayed a reduction of caspase

3/7, displaying a decrease of 60.2% in comparison to untreated
cancer cells, whereas positive control displayed 1.03% increase in
caspase activity. In LN229, both candidate drug as well as positive
control exhibited a reduction in caspase activity with 36.1% and
56.4% respectively (Fig. 5b). The difference between R234 treated
and untreated conditions, was confirmed to be statistically signif-
icant, per ANOVA test (P-value< 0.05). Over all, these observations
suggest that ROS-independent and caspase-depended apoptosis is
induced by R234.

Fig. 4. Annexin V/PI double-staining assay of GBM cells treated with R234 for 48 h indicates that the drug effectively induced apoptosis as compared to control cells. a. Fluo-
rocytogram of U87 cells exhibited upon Annexin V/PI double-staining (top). Phase contrast image of the treated cells(bottom). b. The histogram represents the percentage of
PI_positive cells, in the U87 population. c. The percentage of PI positive cells, in the U87 population. d. Key genes involved in Apoptotic process and their Log2(Fold Change), that are
differentially expressed upon R234 treatment, compared to untreated. *p < 0.05 as produced by ANOVA test.

Fig. 5. a. Effect of R234 on intracellular ROS production by GBM cells(U87 cells-left,
LN229 cells-right). R234 treatment marginally increased cellular oxidation in both
cell lines. b. Caspase activity displayed by GBM cells analyzed using caspase3/7
luminescence assay kit. Decrease in caspase activity of cells was observed after
treatment with IC50 of R234 for 5hrs compared to control. The values are expressed as
means ± SEM of triplicate measurements of at least two independent experiments.
Significant differences compared between control and treated cells (*p < 0.05).
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3.5. Differentially expressed genes between GBM cells treated with
R234 and control samples

In the DEGs analysis, 22,260 genes were mapped by at least one
read in each sample profile. In total, 5619 DEGs with a q-value <
0.05 and fold change >1.5 were detected over the 2 comparisons
of R234 with Untreated and R234 with Cisplatin in DESeq2
(Supplementary file 2). The numbers of differentially expressed
genes with more than 2-fold change were higher in negative
control. Therefore, there were higher number of differentially
expressed genes in R234 cell line when analyzed with untreated
cell line. We applied the MA plot function in DESeq2 to visualize
the top genes with the smallest q-values (Fig. 6a). We investigated
the similarity in differential gene expression profiles regulated
untreated samples and Cisplatin treated samples. The fold-
changes in overlapped genes filtered by the q-value < 0.05 were
plotted for U87 cell line. Venn diagrams indicated overlap in genes
whose expression was regulated in the same direction (Fig. 6b).
The total number and up- or down-regulated number of DEGs
(>¼2-fold change, p-value 0.05) for untreated, Cisplatin and Both
(Fig. 6c). We identified 3256 DEGs between R234 and Untreated
(negative control) samples (q-value< 0.05). We also compared the
R234 and Cisplatin samples as a positive control group, both
individually and combined as a single “affected” group. In these
comparisons, 2442 number of DEGs were identified, with the
largest number of DEGs identified in comparison with the un-
treated samples, and 1321 out of 5619 DEGs are common in both
comparison (Supplementary file 2 and Fig. 6b). The complete lists
of DEGs from the cell line analysis and all pairs of comparisons are
presented in Supplementary file 2.

3.6. R234 disrupt the functions and pathways of GBM

Pathway effects were elucidated by Gene Ontology analysis to
analyze up and down regulated genes concerning DNA damage, cell
cycle and apoptosis for R234 and untreated sample comparison. GO
analysis identified the list of genes that were enriched in DNA
replication, protein folding and regulation of transcription in
response to stress. These biological processes are involved in the
DNA replication pathway for Cisplatin (Fig. 6d left). Enrichment
analysis for GO molecular function and pathways clearly demon-
strated related phenotypes associated with GBM (Fig. 6d right). GO
terms cadherin binding, damaged DNA binding for molecular
function appeared to be significantly overrepresented, and none
significantly underrepresented. Cadherin binding, a type I mem-
brane protein involved in cell adhesion and damaged DNA binding,
interacting selectively and non-covalently with damaged DNA have
coordinated effect on regulation and function in DNA damage (will
discuss the list of pathways to add).

There were 3256 DEGs, including 1595 upregulated and 1661
downregulated DEGs, between R234-treated and untreated
expression profiles. Interestingly, 1866 DEGs were found to have
overrepresented in both in Cisplatin as well as R234 treatment.
Genes downregulated due to R234 were enriched in KEGG path-
ways including Endocytosis, Cell cycle, Focal adhesion, p53
signaling pathway, Neurotrophin signaling pathway and cell cycle,
whereas upregulated genes were associated with the pathways of
Apoptosis, MAPK signaling pathway, Lysosome, Spingolipid
signaling pathway and Proteoglycans in cancer(Supplementary file
2). Top20 overrepresented genes associated with significant pro-
cesses such as cell cycle, DNA Damage and Apoptosis are given in
Fig. 5c. It is interesting to note that following R234 treatment, a

Fig. 6. a. The MA-plot from means and log fold changes. It shows differential gene expression from the two inter-group comparisons (R224 vs. Untreated; R224 vs. Cisplatin). b.
Overlapping DEGs in Untreated vs R234 and Cisplatin vs R234 compared. For the comparison, only genes with a q-value < 0.05 were considered as DEGs. The number of DEGs found
at each comparison are indicated. c. The total number and up- or down-regulated number of DEGs (>¼ twofold change, p-value 0.05) for Untreated, Cisplatin and Both. d. Biological
processes represented by the DEGs (<¼ twofold cutoff, p-value< 0.05) for R224 in comparison with untreated samples, using GO enrichment analysis. The percentage showed that
the number of DEGs hit against total number of genes belonging to each GO terms in the categories(left). KEGG enrichment analysis identifying the most affected signaling
pathways (>¼ twofold cutoff, p-value< 0.05) (right). e. RNA-Seq analysis of the expression representative of 40 genes by comparing the R224 and Untreated samples from the gene
expression in U87 cell line. It shows the up- and down-regulated genes associated with Tyrokine Kinase Signaling cascade, and the log fold changes.
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significant reduction in HSPs, IAPs, Proto-oncogenes, pro-survival
genes as well as increase in pro-apoptotic genes were observed,
suggesting increased chemo-sensitivity and low survival [80]. Also
many of the genes providing cell stability was found to be down-
regulated such as TUBB3, ACTB, MCL1, PARP, SPTAN1, MITF etc
(Supplementary file 2).

3.7. R234 exerts antiproliferation effects on GBM cells via RTK
pathways

The molecular mechanisms of R234-mediated growth inhibi-
tion of GBM cells further investigated by gene expression analysis
as described in method section. The effects of R234 on oncogenic
RTK signaling were investigated using RNA seq analysis. R234
decreased the activation of significant genes in RTK pathway such
as JUN, FOS, MAPK8 etc (Fig. 6e). Additionally many other signifi-
cant genes involved in the pathway was found to be suppressed by
R234, such as, mTOR, HIF1A, EIF4E, NRF2, MAP3K, GRB2, MAPK1,
FOS and GSK3, while increasing TP53, RBL2, Bim, Noxa, Puma,
HDAC etc. (Supplementary file 2). The major implication of RTK
mediated anti-GBM effects are through AKT signaling, affecting
mTOR cascade, P53 pathways, JNK pathway, FOXOs, IAPs and other
significant molecules affecting cell cycle, growth, proliferation, cell
survival and cellular metabolism (Supplementary file 2). One
interesting observation was the downregulation of NGFR down-
stream signaling pathway genes such as PI3K, JNK, NF-kb pathways
demonstrating the potential of R234 to act as an antagonist of RTK
pathways.

In detail, the gene expression analysis also revealed that R234
significantly downregulates NGFR mediated signaling indicated by
downregulation of MAP3K, GRB2, MKK3, and JNK1 (Supplementary
file 2). This subsequently affects key genes such as mTOR and P53
via Akt signaling leading to cell cycle arrest, proliferation inhibition,
anti-angiogenesis and chemo-sensitization, via multiple pathways.
The PI3K/Akt/mTOR signaling pathway promotes cellular growth,
migration, protein synthesis, survival and metabolism in tumor
cells [81e83]. The expression of PI3K/Akt/mTOR pathway was
significantly reduced in R234 treated cells, compared to control as
evident from the gene expression profile.

4. Discussion

Despite huge efforts being taken to develop potent drugs to fight
glioblastoma, only a minority of patients benefit with currently
approved chemotherapies. In the present study, we have demon-
strated that a novel hydrazone derivative R234 exerts cytotoxic,
antiangiogenic and pro-apoptotic activity via RTK signaling path-
ways. R234 demonstrated the effective anti-proliferative activity in
a dose- and time-dependent manner. This observation is supported
by earlier studies published on hydrazone derivatives as potent
anti-tumor [84e88] agents.

Interestingly, R234 exposure at an IC50 concentration for 24 h
caused cell cycle arrest at the G1/S phase and subsequent apoptosis,
which may be a therapeutic aspect for its use in cancer chemo-
therapy. R234 effectively reduces CCNE, CDK6 and E2Fs whereas
upregulates RBL1 (RB family protein), which may explain the G1/S
transition arrest. Cells advancement from G1 to S-phase irrevers-
ibly relies on cyclin E/cdk2 phosphorylation of pRB to release
activator E2Fs that transcribe cyclin E [89]. Down regulation of
CCNE thus negatively regulates G1 to S phase transition. The
downregulation of MCMs and ORCs gene expression affecting the
pre-replicative (pre-RC) complex demarks the origin to be licensed,
to be triggered and initiate DNA synthesis. Also it has been shown
that, pRB can physically localize to replication origins in S-phase to
arrest DNA synthesis, through unknown molecular mechanisms by

which it blocks synthesis [90]. This justifies our observation of a
longer G1 phase and a short S phase in case of R234 treated cells.

Gene expression profile analysis also revealed the increased
levels of FOXO4, which negatively regulates the cell cycle, whereas
low NRF2 increase chemo-sensitivity as well as stress-induced
death susceptibility. R234 also negatively regulates cell growth
and differentiation via CREB, as indicated by low levels of CREBBP.
R234 effectively promotes cell apoptosis and cell cycle arrest via
elevating p53 level, which is often downregulated in most cancers.
The p53 gene exerts its effect via p21 by downregulating cell cycle
proteins such as CCND, CCNE, CDK6 and E2F, as well as upregulating
RBL2, HDAC as evident from our transcriptome analysis. Increase in
p53 also affects other tumorigenic features such as promoting
apoptosis via upregulation of pro-apoptotic genes like Noxa, Puma,
Bim, FAS, BAX, PIDD and reducing proliferation and damage repair
via downregulation of GADD45s, SESNs and BAX as supported by
our results.

Further gene expression analysis also revealed the anti-cancer
effects of R234 via other pathways such as JAK-STAT pathway, as
marked by downregulation of genes such as JAK1, STAT3, STAT1,
GRB2, PIM1, CCND, also affecting the MAPK pathway and JNK
pathway indicated by downregulation of significant genes such as
JUN and FOS, decreasing angiogenesis and proliferation. In addi-
tion, the drug increase chemo-sensitivity by suppressing MITF, and
affecting cytoskeletal proteins such as TUBB3, MCL1, ACTB and
SPTAN1. Over all, inhibitory activity of PI3K/Akt/mTOR signaling
pathway and cell cycle pathways were found and correlated with
the cell death activation, which suggest that this class of compound
might function by inhibiting multiple key proteins involved in the
RTK signaling pathways. In addition, the top compound R234 was
identified to have interactions with 11 amino acid residues of TrkA.
The amino acid residues 313LEU and 314ARG formed hydrogen-
bonding interactions with this compound. Compared all the
tested compounds R234 had higher hydrogen bonding interaction
between the TrkA. Thus, newly synthesized compound R234 could
be considered as promising RTK inhibitors for the development of
potential anti-GBM drug.
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A B S T R A C T

In the present study, a series of L-valine derived boroxazolidones, previously synthesized and reported to have
residual activity in a human epithelial cell line, have been evaluated in vitro for their anti-glioblastoma activity.
A boroxazolidone derivative containing 2,4-difluorophenyl moieties (6) was found to have higher cytotoxicity
than the standard drug, Temozolomide (TMZ). Compound 6 was found to exhibit dose-dependent growth in-
hibitory effects with an IC50 of 49 μM and 53 μM for LN229 and SNB19 cells, respectively. Additionally, 6 was
assessed for its role in apoptosis, caspase 3/7 activation and oxidative stress in SNB19 and LN229 cells. SNB19
cells treated with 6 showed 45.3% apoptosis in the population, while TMZ had 24.7%. In LN229 cells, the
percentage of apoptotic cells treated with compound 6 and TMZ were the same. Both 6 and TMZ induced
apoptosis through the activation of caspase 3/7 in SNB19 and LN229 cells. Interestingly, 6 exhibited a higher
effectivity in promoting reactive oxygen species production in LN229, while it was 6-fold less in SNB19.
Boroxazolidone-treated GBM cell lines increased reactive oxygen species production, suggesting that such spe-
cies may be interlinked with the observed programmed cell death. Additionally, the treatment of both GBM cell
lines with 6 led to G2/M phase arrest. The magnitude of anti-GBM effect of 6 is significantly higher than the
known chemotherapeutic agent TMZ. This work further demonstrates the anticancer properties of L-valine de-
rived boroxazolidones, adding another potential derivative to the collection of promising chemotherapeutic
agents for GBM treatment.

1. Introduction

Glioblastoma (GBM) is often treated with the combination of che-
motherapy and surgery. However, the application of anticancer drugs
for chemotherapy is limited by deleterious side effects, limited activity
in vivo, and developed drug resistance. Thus, novel, broad-spectrum
drugs with less severe side effects are necessary to improve cancer
treatment (Doan et al., 2016). Treatment of various cancers has been
demonstrated using boron derivatives (Tülüce et al., 2017). The iden-
tification of alkyl or aryl boron-containing compounds as serine pro-
tease inhibitors (Philipp and Bender, 1971), and the role of this en-
zymes in cancer progression (Poddar et al., 2017), has triggered several
studies on the antitumor properties of boron-containing compounds
(Baker et al., 2009). Ultimately, several classes of boron-containing
compounds were disclosed to have the ability to reduce tumor cell
proliferation and initiate apoptosis (I. Scorei and Popa, 2010). In 2002,
boron-containing Bortezomib became the first proteasome inhibitor to

be approved by the FDA for multiple myeloma (Paramore and Frantz,
2003). Increased target cell specificity resulting from functionalizing
boron with other chemical groups (Żołnierczyk et al., 2016) could de-
crease the deleterious side effects of anticancer drugs, as they stem from
cytotoxic effects towards healthy cells. By reducing chemotherapeutic
drug side effects, cancer treatment could be improved (Andrews et al.,
1988).

Amino acid-based compounds are stable in a biological environment
and catabolically resistant, an advantageous trait for treatment because
a high concentration of the compound can be accumulated in target
cells. Prodrugs based on amino acid skeletons can be used to increase
cellular uptake, while maintaining a consistent intracellular con-
centration of the anticancer agent, despite efflux caused by various
transporters. This strategy has been proven semi-successful with valine
prodrug, antitumor SN-38. However, efficacy decreased due to the low
stability of the prodrug (Kwak et al., 2012a, 2012b). Boroxazolidones,
formed by condensation of a borane with an α-amino acid, have been
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determined to induce cell death in human epithelial colorectal adeno-
carcinoma and brain astrocytoma cells (Raunio et al., 2017; Velasco-
Bejarano et al., 2007; Velasco et al., 2007) Several methods for the
preparation of boroxazolidones have been developed, although most of
them rely on reacting an α-amino acid with borane or borinates.

We and others have previously reported modest antitumor proper-
ties of boroxazolidones against human epithelial colorectal adeno-
carcinoma, brain astrocytoma, leukaemia and murine lymphoma cells
(Raunio et al., 2017; Velasco-Bejarano et al., 2007; Velasco et al.,
2007). However, the antineoplastic effect of boroxazolidones against
the growth of various types of GBM is not well understood. Hence, this
study aims to investigate the effect of selective compounds against GBM
that originates in the parieto-occipital region. The cytotoxic effects of
novel derivatives were tested on two GBM cell lines, LN229 and SNB19.
Herein we present the results of the in vitro cytotoxicity evaluation of L-
valine derived boroxazolidones for potential use in GBM treatment. A
normal cell (Mouse Embryonic Fibroblast, MEF) line was tested to
support that the compound targeted GBM cells. To determine the po-
tential broad-spectrum application of the compound, many in vitro
studies were performed, including dose-dependent GBM growth in-
hibition assays. Cell death mechanism was ascertained via apoptosis
screening, caspase 3/7, and reactive oxygen species assays, and cell
cycle analysis was performed to determine the inhibition of cellular
division.

2. Materials and methods

2.1. Chemicals

Dulbecco's Modified Eagle Medium (DMEM) (Sigma-Aldrich, St.
Louis, MO), Fetal Bovine Serum (FBS) (Sigma-Aldrich, St. Louis, MO,
#F7524), L-glutamine (Sigma-Aldrich, St. Louis, MO #G7513), peni-
cillin and streptomycin (Sigma-Aldrich, St. Louis, MO, P4333),
Amphotericin B (Sigma-Aldrich, St. Louis, MO, #A9528), Trypan Blue
Solution (Sigma-Aldrich, St. Louis, MO, #T8154), Propidium Iodide
(Molecular Probes by Life Technologies, Eugene, OR, #P3566),
Trypsin-EDTA solution (Sigma-Aldrich, St. Louis, MO, #59418C), Dead
Cell Apoptosis Kit with Annexin V FITC and PI (Thermo Fisher
Scientific), Reactive Oxygen Species Detection Reagent (Molecular
Probes by Life Technologies, Eugene, OR, #C13293), Caspase-Glo® 3/7
Assay kit (Promega, Madison USA), Dimethyl Sulphoxide (DMSO)
Hybri-Max (Sigma-Aldrich, St. Louis, MO, #D2650), Temazolamide
(TMZ) (Sigma-Aldrich, USA).

2.2. Chemical preparation

Boroxazolidones 1–6 compounds and TMZ, a chemotherapeutic
agent for glioblastoma treatment, were dissolved in DMSO to obtain a
final concentration of 100mM, from which, intermediate dilutions were

prepared. For the dose dependent cytotoxicity assay, the final con-
centrations were prepared in the same culture medium to concentra-
tions of 100 μM, 75 μM, 50 μM, 25 μM, and 10 μM.

2.3. Cell culture

The human glioblastoma cell lines SNB19 and LN229 (ATCC® CRL-
2611™/CRL-2611™) and mouse embryonal fibroblast (MEF, normal
brain cells) were cultured in DMEM supplemented with 10% FBS,
0.1 mg/ml Streptomycin, 100 U/ml Penicillin, and 0.025mg/ml
Amphotericin B. Cell cultures were incubated at 37 °C supplemented
with 5% CO2 in a humidified incubator. The LN229 cell line was de-
rived from a patient with right frontal parieto-occipital GBM. The line
exhibits mutated p53 proteins. SNB19 is a malignant GBM cell line
initiated from the surgical resection of a left parietooccipital GBM and
also exhibits mutated p53 proteins. The non-cancerous cells, MEFs,
have an E10.5 genotype with Vin+/+ (Vinculin) originally obtained
from Wolfgang H. Ziegler (Hannover Medical School, Hannover,
Germany) (Xu et al., 1998).

2.4. Trypan blue exclusion assay for detecting cells viability

The cytotoxic effects of boron derivatives, reported in Fig. 1, were
studied on multiple glioblastoma cell lines, SNB19 and LN229. For this,
cells were seeded on 12-well plates with a density of 1×105 cell/well.
After 48 h, the cells were treated with 100 μM concentration of the
compounds of interest. TMZ and DMSO (0.1%) were used, respectively,
as a positive control (PC) and negative control. Treated cells were
collected after trypsinization, and followed by centrifugation at 153g
for 10min. After centrifuging, the cells were resuspended in culture
medium, and stained with Trypan blue dye at a ratio of 1:1. To quantify
live cell and dead cell populations, a Bürker hemocytometer (Heinz
Herenz, Hamburg, Germany) was used. Biological and technical repeats
were used to obtain the statistically significant results. The percentage
of cell viability inhibition was calculated according to the following
equation:

=Inhibition

Mean No of untreated cells DMSO control
Mean No of treated cells

Mean No of untreated cells DMSO control
x(%)

. ( )
.

. ( )
100

(1)

2.5. In vitro measurement of dose dependent cytotoxicity

Compound 6 was identified as the most lethal compound from the
preliminary cytotoxicity assay, where it exhibited the highest cyto-
toxicity effect. Dose dependent cytotoxicity was measured after the 24 h
exposure to different concentrations 6; 100, 75, 50, 25, 10 μM

Fig. 1. Synthesis and in vitro cytotoxicity assays: A) Testing of boroxazolidones 1–6 against the growth of human glioblastoma LN229 cell line at 100 μM. LN229 cell
line was treated with the target compounds for 48 h and cell inhibition was determined with Trypan blue staining. UT - Untreated, DMSO - negative control and TMZ
- positive control. B) Percentage of cell growth inhibition versus MEF (non-cancerous cells) and LN229 (glioblastoma cells) (10 μM, non-cancer cells vs cancer cells;
P= 0.0319 and 100 μM, non-cancer cells vs cancer cells; P < 0.0001). Each data point represents mean ± S.E.M of biological and technical replicates.
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concentrations were tested on SNB19 and LN229 cell lines. After
treatment, the cells were collected as described in the Trypan blue
exclusion assay procedure above. TMZ was used as a positive control.
The percentage of mortality was calculated using formula (1). After
that, the dose-response curves were plotted using GraphPad software
and half-maximal inhibitory concentration (IC50) was calculated from
the fitted curves.

2.6. Quantification of apoptosis by annexin V-FITC/PI staining

To quantify apoptosis in the compound 6-treated cells, the Dead Cell
Apoptosis Kit with Annexin V-FITC and PI was used. The procedure for
the assay followed the manufacturer's protocol, which is as follows:
Glioblastoma cell lines, SNB19 and LN229, were cultured in 6-well-
plates with the initial density of 0.3× 106 cells/well using the complete
medium. After 24 h, the complete medium was replaced with serum-
free medium and incubated at 37 °C overnight. Post-incubation, the
cells were treated with the IC50 concentration of the compound of in-
terest, TMZ, and DMSO (0.1%). Treated cultures were incubated for
24 h. Cells were harvested by trypsinization followed by centrifugation
at 153g for 10min before being washed in ice-cold PBS. The cell pellets
were resuspended in ice-cold 1X annexin-binding buffer. Annexin V-
FITC and PI working solutions were added to the cell suspension as
suggested by manufacturer protocol. The cells were incubated in dark
conditions at room temperature for 15min prior to fluorescence mea-
surement. An EVOS imaging system (ThermoFisher Scientific) with 20X
objective magnification was used to observe apoptotic cells, and images
were taken for the quantification of apoptotic and non-apoptotic cell
percentages.

2.7. Caspases 3/7 activities assay

Glioblastoma cell lines, SNB19 and LN229, cells were seeded on 96-
wellplates with white flat bottoms at an initial density of 1× 104 cells/
well in complete medium. After 24 h, the medium was replaced with
100 μl of serum-free medium and incubated overnight. Post–incubation,
the cells were treated with the IC50 concentration of 6 and TMZ. Each
well had a total volume of 100 μl, and then incubated for 5 h. Glo® 3/7
Assay kit (Promega, Madison USA) was used according to the manu-
facturer's protocol to determine the caspase activity. A 96-wellplate
containing cells was removed from the incubator and allowed to
equilibrate to room temperature for 30min. The 100 μl of Caspase-Glo
reagent was added to the treated, untreated, and blank wells. The plate
was placed on an agitator for 30 s at 15–25 g. The plate was incubated
1 h in dark conditions. After incubation, the luminescence signal was
measured using a plate-reading luminometer (Fluoroskan Ascent FL,
Thermo Labsystems). The fold change in caspase 3/7 was calculated
using formula (2).

=Fold Change F F
F F

test blank

control blank (2)

Where Ftest is the luminescence readings from the treated wells, Fcontrol
is the luminescence readings from the untreated wells, and Fblank is the
luminescence readings from the unstained wells.

2.8. Detection of intracellular reactive oxygen species

The glioblastoma cell lines, SNB19 and LN229, were grown in 12-
well plates with the initial density of 1×105 cells/well. After 24 h, the
complete medium was replaced with serum-free medium and incubated
overnight. Cells were treated with the IC50 concentration of 6 and TMZ,
then left in a humidified incubator at 37 °C supplied with 5% CO2 for
5 h. Cells were harvested by centrifugation at 153g for 10min and the
cell pellet was suspended in 2 μM 2′,7′-dichlorodihydrofluorescein
diacetate (H2DCFDA), and then incubated for 10min under dark con-
ditions. The cells were centrifuged at 153 g for 10min, then washed

with warm PBS and recovered in warmed complete medium. Cells were
incubated at 37 °C for 20min prior to the fluorescence measurement.
Equal volumes of cells in the 96-well plate were used for measuring
fluorescence intensity using a plate reader at 485 nm and 538 nm.
DMSO was used as a control. The fold change in reactive oxygen species
production was calculated from the fluorescence reading using formula
(2).

2.9. Analysis of cell cycle arrest

To study the effect of compound 6 on cell cycle arrest in SNB19 and
LN229 lines, cells were cultured in 6-well plates with the initial density
of 0.3× 106 cells/well. Cells were incubated overnight at 37 °C with
5% CO2. After 24 h the complete medium was replaced with serum-free
medium. Cultures were incubated overnight before they were treated
with the IC50 concentration of compound 6 for 48 h. After 48 h from the
treatment of the cells, the cells were harvested by trypsinzation. Pellet
was resuspended in 1ml of ice-cold PBS, centrifuged at 153 g for
10min, and then the cells were resuspended in PBS. 70% ice-cold
ethanol was added to the cell suspension and incubated at 4 °C for
15min. The suspension was centrifuged at 153 g for 10min and the
pellet was washed with ice-cold PBS. 200 μl of PBS containing 20 μg/ml
PI, 0.2 mg/ml RNase and 0.1% Triton X-100 was added, and samples
were incubated for 15min at 37 °C. Fluorescent signals of the cells were
captured using an EVOS imaging system with 10x objective magnifi-
cation. The images were analyzed by CellProlifer software to quantify
the percentage of cell cycle phases in all treated conditions. The un-
treated and DMSO controls were used to compare the cell cycle arrest
profiles.

2.10. Statistical analysis

Results are expressed as the mean ± standard error of mean
(S.E.M) of biological and technical replicates. Statistical significance
was evaluated by ANOVA test, when GraphPad Software (GraphPad
Software, USA) was used, or by equal variance t-tests between samples.
Results were considered statistically significant if p < 0.05.

3. Results

3.1. Cytotoxicity effect of L-valine-derived boroxazolidones 1-6

First, L-valine derived boroxazolidones 1–6 were prepared as pre-
viously described elsewhere (Scheme 1(Kuuloja et al., 2011; Raunio
et al., 2017)). Triethylammonium tetra-arylborates were prepared by
Grignard reagent addition to NaBF4. This was followed by cation ex-
change and condensation with L-valine in overnight refluxing toluene,
providing pure boroxazolidones after precipitation or recrystallization.

The biological study was performed by determining the cytotoxicity
of the compounds against glioblastoma cell line, LN229, using Trypan
blue exclusion assay. Compound 6 showed high cytotoxicity at 100 μM
concentration, inhibiting more than 90% of cell growth. Compound 5
induced 44% cell death, and boroxazolidones 1–4 displayed less cell
growth inhibition. The results indicate that 6 had 13% higher cyto-
toxicity than the positive control, TMZ. Fig. 1A demonstrates 6 as the
top cytotoxic compound compared to the cell death percentage of the
negative controls of DMSO and untreated cells. Given the substantial
cytotoxic increase of tetrafluorinated derivative 6 when compared with
the other boroxazolidones, subsequent analyses on such compound
were carried out. Compared to our previous findings, the cytotoxic ef-
fect of 6 compound was 40% higher in parieto-occipital GBM. Thus, this
result suggest that 6 has selectivity for parieto-occipital GBM cells.
Boroxazolidone 6 was further evaluated against the growth of normal
brain cells, mouse embryonal fibroblast (MEF). Different concentrations
of 6 (10 and 100 μM) were tested on MEF cells followed by a Trypan
blue exclusion assay. Fig. 1B shows that at 10 μM and 100 μM treatment

A. Viswanathan, et al. European Journal of Pharmacology 854 (2019) 194–200

196



there was 7.8% and 14% cell death, respectively. The comparative
analysis of inhibition percentage between cancer and non-cancerous
cells treated with these concentrations suggests that compound 6 has
cell line specific activity (10 μM, non-cancer cells vs cancer cells;
P= 0.0319 and 100 μM, non-cancer cells vs cancer cells; P < 0.0001).
Overall, the cytotoxicity of the boroxazolidones is dependent on the
phenyl rings’ substitutions.

3.2. Dynamics of inhibiting effect

LN229 and SNB19 cell lines were treated with drug concentrations
of 10, 25, 50, 75, and 100 μM to characterize the cellular effects of 6's
inhibition in glioblastoma. The identified molecule reduced cell pro-
liferation in all cell lines tested (Fig. 2A and B). Phase-contrast micro-
scopy images were investigated to observe whether the compounds
under study exert morphological changes through cytotoxicity activity.
These computer-assisted morphological observations show that the
appearance of the LN229 and SNB19 glioblastoma cells treated with the
various concentrations of 6 were markedly different. It is evident that
compound 6-treated cells appeared shrunk in their morphology, while
the untreated cells appeared thin and flattened, typical of attached
morphology. The observed morphological changes were dose-depen-
dent, which can be seen in Fig. 2A for 10 μM and 100 μM treated
conditions. From Fig. 2, it is apparent that compound 6 affected cell
growth in a dose dependent manner. The IC50 of compound 6 was in-
ferred to be 49 μM and 53 μM, respectively, for LN229 and SNB19. The
same compound exhibited significant cytotoxic effects in both glio-
blastoma cells over these concentrations. Effect of TMZ against the
growth of Sbn19 and LN229 was also tested and IC50 was calculated as
87.7614 ± 6.919 and 84.389 ± 2.599 for LN229 and Snb19, respec-
tively (data not shown). The cytotoxic effect of 6 is significantly higher
than TMZ. Hence, compound 6, which produced inhibitory activity in a
dose-dependent manner, was selected for further analysis.

3.3. Apoptosis mediated cell death induced by compound 6

To determine the apoptotic effect induced by compound 6, Annexin
V/PI double staining was performed. The percentage of apoptotic cells
was calculated based on the results of cellular staining. Apoptotic cells
presented with Annexin V-FITC positive/PI negative and both Annexin

V-FITC/PI positive. In untreated (Fig. 3A, left panel) and DMSO treated
(Fig. 3A, middle panel) samples, the live cells exhibited both as Annexin
V/PI negative. Apoptotic cells are cells which possess high levels of
Annexin V and low levels of PI expression. From the microscopy
images, it is evident that 6 induced cell death by apoptosis when cells
expressed as Annexin V/PI positive (Fig. 3A, last panel). Fig. 3B shows
the percentage of live and apoptotic cells of LN229 and SNB19 when
treated with 6 and TMZ. Generally, apoptosis induction was observed in
both cell lines. Results were normalized against an untreated control
and compared with a positive control. The percentage of apoptotic
SNB19 cells treated with 6 was 45.3% while TMZ treated cells was
24.7% (6 vs TMZ; P < 0.0001). In the case of LN229 cells, the per-
centage of apoptotic cells was approximately equal in 6 and TMZ
treated conditions (6 vs TMZ; P < 0.0001). These results demonstrate
that both 6 and TMZ trigger apoptosis mediated cell death in SNB19
and LN229 cells.

3.4. Caspase 3/7 and reactive oxygen species activation by 6

Caspase activation is one of the key signalling pathways leading to
apoptosis in cancer cells. Caspase 3, 7, 8, and 9 are the different types of
caspases associated with apoptotic cell death. However, caspases 3/7
are directly linked to apoptosis through the intrinsic and extrinsic sig-
nalling pathway interactions (Walsh et al., 2008). To examine the
molecular mechanism underlying apoptosis upon the treatment of
boroxazolidone 6, caspase 3/7 activity was measured. As shown in
Fig. 4A, compound 6 induced the activation of caspases 3/7. In general,
caspases 3/7 activity increased in 6 and TMZ treated samples in com-
parison to the untreated ones. A slight increase in caspase activation
was observed for 6-treated LN229 cells, when compared with treatment
with TMZ (6 vs TMZ; P=0.1271). Approximately 1-fold and 1.2-fold
increase in caspase 3/7 was found in LN229 cells treated with 6 and
TMZ, respectively (Fig. 4A). A different profile was determined for
SNB19 cells, where similar increases in caspase 3/7 activity levels were
observed regardless of the cytotoxic agent used (6 vs TMZ; p=0.4519).
It is notable that the production of reactive oxygen species in ln229 was
higher than snb19, which is similar to the trend of caspase 3/7 change.
This suggests that there is a possibility of signalling pathway interaction
between reactive oxygen species and caspase 3/7. In addition, both
snb19 and ln229 cells expressed moderately higher levels of caspase 3/

Scheme 1. Synthesis of L-valine derived boroxazolidones.

Fig. 2. Compound 6 inhibits glioma cell prolifera-
tion. (A) Representative phase-contrast micrographs
of glioma cell lines left untreated (control) or treated
for 48 h with 10 μM and 100 μM of boroxazolidone 6.
(B) Different concentrations including 1, 10, 25, 50,
75 and 100 μM were added in LN229 and
SNB19 cells, then incubated for 48 h. Trypan blue
staining was used to determine cell viability. The
represented data is normalized against vehicle con-
trol, DMSO. Each data point represents an average of
biological and technical replicates. A R2 value of
about 1 indicates that the regression predictions fits
the data.
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7 compared to the caspase 3/7 level of cells treated with TMZ. Overall,
the data suggests that 6 and TMZ induced the intrinsic caspase pathway
in snb19 and ln229 cells.

Reactive oxygen species are produced in cancer cells and crucial to
several cellular processes, including cell proliferation, metastasis, and
angiogenesis. (Clerkin et al., 2008; Giles, 2006; Ushio-Fukai and
Nakamura, 2008; Wu and Hua, 2007). Reactive oxygen species induces
apoptosis and cell cycle arrest in cancer cells during chemotherapeutic
treatment (Circu and Aw, 2010; Toler et al., 2006). in our study, the
effects of 6, H2O2 and TMZ on the levels of reactive oxygen species in
snb119 and ln229 cells were assessed using reactive oxygen species
production assay (Walsh et al., 2008). The increase of reactive oxygen
species in ln229 cells treated with 6 was higher than in H2O2 and TMZ
treated cultures (Fig. 4b). as seen in Fig. 4b, ln229 cells treated with 6
increased their reactive oxygen species production by 5.2-fold and 6.4-
fold in comparison with TMZ and H2O2 treatment, respectively (6 vs
TMZ; p < 0.0001 and 6 vs H2O2 p < 0.0001). Interestingly, reactive
oxygen species production in snb19 cells treated with 6 was lower than
in H2O2 and TMZ treated samples (6 vs TMZ; p < 0.0001 and 6 vs
H2O2 p < 0.0001). However, compared to the untreated condition,
there was a 0.2-fold increase in reactive oxygen species production in
snb19. When comparing between ln229 and snb19, 6 had better ef-
fectiveness in promoting reactive oxygen species production in ln229,
while it was 6-fold less in snb19. Both cell lines produced higher re-
active oxygen species levels when compared to the untreated condition,
suggesting that it could be interlinked with the observed apoptotic cell
death of ln229 and snb19 upon treatment with 6.

3.5. Cell cycle G2/M phases arrest by boroxazolidone 6

Cellular DNA content analysis following propidium iodide (PI)
staining is a well-established method for quantifying the percentage of
cells in cell cycle arrest. The deconvolution of the cellular DNA content

frequency and histogram analysis allows observation of the fraction of
cells in each cycle phase (G0/G1, S and G2/M). It is established that
DNA damage can induce cell cycle arrest in cancer cells during che-
motherapeutic treatment. In the present study, cell cycle progression
was imaged using PI fluorescent staining and microscopy. Different
phases of the cell cycle were determined based on the signature fluor-
escence signals corresponding to each cell cycle phase. In this study,
similar trends in cell cycle arrest were observed in both LN229 and
SNB19 cell lines after treatment.

In LN229 cells, the control (DMSO treated) conditions resulted in
the highest number of cells in the G2/M phases, moderate numbers of
cells in the G0/G1 phases, and the least number of cells in the S phase.
When treated with compound 6, the percentage of G2/M phase cells
increased, while G0/G1 and S phase cells decreased compared to the
control cells, but the overall relationship between the percentages of
cells in each phase was similar to the control (Fig. 5A). SNB19 had a
similar trend to LN229; however, G0/G1 and G2/M were switched.
Where the percentage of G0/G1 phase cells was the highest, followed
by G2/M phases, and then the S phase. This may be explained by un-
equal growth rates in a population of proliferating cells. It is well
known than, the LN229 is faster growing than SNB19(Al-Moujahed
et al., 2017; Diao et al., 2019; Howard and Pelc, 1986). Therefore, the
percentage of SNB19 cells in the G0/G1phases was higher than
LN229 cells. Suggesting that many cells were in the resting phase or
entering into the G1 phase in LN229 due to fast growth rate. When
SNB19 was treated with 6, the percentage of G2/M phase cells in-
creased by one fold, while the percentage in other phases decreased
(Fig. 5B). According to these results, it is concluded that SNB19 and
LN229 cells were arrested at G2/M phase when they were treated with
6.

Fig. 3. Apoptosis induction determination using Annexin V and Propidium Iodide. A) Microscopic images of the cells stained with Annexin V-FITC and PI in SNB19
and LN229 cells. Images panels: Untreated, DMSO and 6 treated cells. B) Percentage of apoptosis cells in 6 and TMZ treated conditions (6 vs TMZ; P < 0.0001). Each
bar represents mean ± S.E.M. Baseline effect due to DMSO has been deducted.

Fig. 4. Effect of compound 6 in caspase 3/7 and intracellular reactive oxygen species: A) Induction of caspase 3/7 in LN229 (6 vs TMZ; P= 0.1271) and SNB119 cells
(6 vs TMZ; P= 0.4519). Cells were treated with IC50 concentrations of 6 and TMZ. Activity of caspases 3/7 was measured using luminescence reader. B)
Quantification of reactive oxygen species level in LN229 and SNB119 cells treated with 6, H2O2 a positive control, and TMZ as a drug control. Biological and technical
repeats were used for each condition (6 vs TMZ; P < 0.0001 and 6 vs H2O2 P < 0.0001). Each bar represents a mean ± S.E.M. Each treatment was performed with
biological and technical replicates.
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4. Discussion

Our previous studies have reported the synthesis of several new L-
valine derived boroxazolidones and evaluated their anticancer activity
against the growth of human brain astrocytoma and colorectal adeno-
carcinoma cells. As a continuation of previous studies, we presently
report the biological activity of L-valine derived boroxazolidones
against the growth of human glioblastoma. From a small collection of
six compounds, fluorinated derivative 6 demonstrated superior cyto-
toxic effects against GBM cancer cell lines when compared with the
other boroxazolidones tested. In addition, the present study shows that
this compound has a higher mortality rate in glioblastoma cells than in
colon cancer cells, therefore, suggesting selective inhibition of the brain
tumor cells. This boroxazolidone induced cell death via apoptosis and
caspase 3/7 activation.

Reactive oxygen species, such as hydrogen peroxide, hydroxyl ra-
dicals, and superoxide anions are produced in living cells, and played
significant roles in many cellular functions (Pelicano et al., 2004). in-
creased reactive oxygen species production in cancer cells may lead to
genetic mutation, genetic instability, and result in cellular damage
(Fang et al., 2009; Kovacic and Jacintho, 2001; Pelicano et al., 2004;
Shi et al., 2014; Tominaga et al., 2004). Cancer cells usually possess
higher level of reactive oxygen species compared to the normal cells,
and it was previously reported that boron-containing molecules in-
creased cellular oxidative stress, thus, inducing apoptosis in many
cancer cell types. Our current observations are in agreement with such
reports as higher levels of reactive oxygen species production were
observed in glioblastoma cells, therefore being a plausible cause for
apoptotic pathway induction. Given the pronounced six-fold increase in
reactive oxygen species production in ln229 cells, it is probable that
such species are responsible for the selective cytotoxicity compound 6
exhibits. Drugs targeted towards changing the reactive oxygen species
levels are important for anti-GBM drugs, and compound 6 can be
considered to be promising in this regard. Although further pharma-
cological and biolological studies are required to fully disclose the
mechanism of action of compound 6.

Boroxazolidones-related diaryl borinic acids have been widely de-
monstrated to be strong inhibitors of serine proteases (Steiner et al.,
1994), of store-operated calcium entry (Ozaki et al., 2013; Suzuki et al.,
2010) and acyl protein thioesterases 1 and 2 (Zimmermann et al.,
2013). Moreover, boroxazolidones derived from amino acids other than
valine were demonstrated to have an IC50 inhibitory activity on store-
operated calcium entry (Ozaki et al., 2013) as low as 0.2 μM. As the
influence of the substitution pattern of the aromatic rings was not
studied previously, this study suggests that, if the antitumor activity of
boroxazolidones relies solely on calcium channel inhibition, the use of
other amino acids as the synthetic precursor may provide cytotoxic
species of higher potency.

Wild-type p53 is documented to suppress cancer formation in

normal cells and protects against stress-induced DNA damage by in-
ducing cell cycle arrest, DNA repair, and apoptosis (Van Meir et al.,
1994). However, many types of cancer cells, including glioblastoma
cells, over express mutant p53 proteins. GBM cells bearing p53 muta-
tions promote chemo-resistant phenotypes, while wild-type p53 does
not (Hientz et al., 2017). p53 mutations may cause resistance to DNA-
damaging agents and, as a consequence, cause cellular resistance to
multiple cytotoxic agents. Many cytotoxic drugs were developed to
modulate the p53 singling pathway and, thus, stop the progression of
tumor growth (Stegh, 2012). The present study demonstrates that
compound 6 potentiates the cytotoxic effect on LN229 and SNB19 cells,
both of which exhibit mutated p53 proteins. However, the effect is
lower than that of TMZ. The results suggest that compound 6 may in-
duce the cytotoxic effect by affecting the p53 signalling pathway.

5. Conclusion

Overall, this study demonstrated that boroxazolidone 6, has a strong
cytotoxic effect and was found to have the highest cytotoxicity among
the library of compounds tested. Further analyses of the mechanism of
cell death induction by 6 suggests that cell death occurs through
apoptosis and has the potential to activate caspase 3/7 pathways, re-
active oxygen species induction, and cell cycle arrest of GBM. The
magnitude of anti-GBM effect of 6 is significantly higher than known
chemotherapeutic agent TMZ. However, testing effects of 6 in an in vivo
model, patient derived xenografts, could allow this compound to be
used as a potential therapeutic agent for glioma treatment.
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Abstract: Glioblastoma (GB), a grade IV glioma, with high heterogeneity and chemoresistance,
obligates a multidimensional antagonist to debilitate its competence. Considering the previous reports
on thioesters as antitumor compounds, this paper investigates on use of this densely functionalized
sulphur rich molecule as a potent anti-GB agent. Bio-evaluation of 12 novel compounds, containing
α-thioether ketone and orthothioester functionalities, identified that five analogs exhibited better
cytotoxic profile compared to standard drug cisplatin. Detailed toxicity studies of top compound were
evaluated in two cell lines, using cell viability test, apoptotic activity, oxidative stress and caspase
activation and RNA-sequencing analysis, to obtain a comprehensive molecular profile of drug activity.
The most effective molecule presented half maximal inhibitory concentration (IC50) values of 27µM and
23 µM against U87 and LN229 GB cells, respectively. Same compound effectively weakened various
angiogenic pathways, mainly MAPK and JAK-STAT pathways, downregulating VEGF. Transcriptome
analysis identified significant promotion of apoptotic genes, and genes involved in cell cycle arrest,
with concurrent inhibition of various tyrosine kinase cascades and stress response genes. Docking and
immunoblotting studies suggest EGFR as a strong target of the orthothioester identified. Therefore,
orthothioesters can potentially serve as a multi-dimensional chemotherapeutic possessing strong
cytotoxic, anti-angiogenic and chemo-sensitization activity, challenging glioblastoma pathogenesis.
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1. Introduction

Glioblastoma (GB) is a type of brain tumor with almost 100% recurrence rate and high resistance
to current treatment modalities. The high heterogeneity exhibited within GB tumors render it
unresponsive to single-target cytotoxic/anti-angiogenic agents and demands a significant clinical need
for new multi-dimensional oncogenic inhibitors for GB.

Angiogenesis is a significant feature of GB, attributed to the overexpression of vascular endothelial
growth factor (VEGF). Few of the most significant proangiogenic regulators that stimulate angiogenesis
indirectly by inducing VEGF mRNA expression include the growth factors epidermal growth factor
(EGF), transforming growth factor (TGF-α and TGF-β), tumor necrosis factor α (TNF-α), keratinocyte
growth factor, insulin-like growth factor I (IGF-I), fibroblast growth factor (FGF), platelet-derived
growth factor/(PDGF), and cytokines (interleukin (IL)-1α and IL-6) and amplifications of Ras/Raf
genes [1]. Multiple strategies have been developed to target VEGF/VEGF receptor (VEGFR)–mediated
angiogenesis, including VEGF blockade, VEGF Trap, and suppression of VEGFR signaling via
receptor tyrosine kinase inhibitors (TKIs) [2–4]. EGFR belongs to the ErbB family receptors of
Class I receptor tyrosine kinases (RTKs). Almost 60% of glioblastoma patients have some kind of
genomic alteration affecting EGFR pathway [5]. Downstream effects of EGFR is mediated through
phosphoinositide 3-kinase (PI3K), mitogen-activated protein kinase (MAPK), signal transducer and
activator of transcription 3 (STAT3) pathways, and Src family kinases [6]. A number of studies have
focused on inhibiting both VEGFR and EGFR so as to improve drug efficiency, including monotherapy
with a multi-targeted tyrosine kinase inhibitor (e.g., vandetanib, AEE788, BMS-690514) [7,8]. Other
significant pathways regulating tumor angiogenesis directly or indirectly via VEGF includes MAPK
pathway [9], JAK-STAT pathway [10,11], and PI3K-AKT [12] pathway. Thus, a multi-targeted
chemoagent that can effectively sequester multiple pathways involved in VEGF regulation would be
an effective solution to tackle tumor pathogenesis.

Some of us have recently reported the unprecedented autoxidative condensation of
2-aryl-2-lithio-1,3-dithianes (Scheme 1) [13]. The result of such transformation was a small library of
highly functionalized molecules containing α-thioether ketones and orthothioesters functionalities,
among others. Motivated by the desire to find new agents capable of multi-target inhibition as
promising approaches in the development of glioblastoma cancer drugs [14], we have set to assess the
antitumor properties of these intricate molecules.
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2. Materials and Methods

2.1. Synthesis of Orthothioesters

Reactions were monitored through thin-layer chromatography (TLC) with commercial silica gel
plates (Merck silica gel, 60 F254). Visualization of the developed plates was performed under UV lights
at 254 nm and by staining with cerium ammonium molybdate, 2,4-dinitrophenylhydrazine and vanillin
stains. Flash column chromatography was performed on silica gel 60 (40–63 µm) as a stationary phase.
NMR spectra were recorded with Varian Mercury 300 MHz or Jeol ECZR 500 instruments using CDCl3
as solvent and calibrated using tetramethylsilane as internal standard. Chemical shifts (δ) are reported
in ppm referenced to the CDCl3 residual peak (δ 7.26) or TMS peak (δ 0.00) for 1H-NMR and to CDCl3
(δ 77.16) for 13C-NMR. The following abbreviations were used to describe peak splitting patterns:
s = singlet, d = doublet, t = triplet, m = multiplet. Coupling constants, J, were reported in Hertz
(Hz). High-resolution mass spectra (HR-MS) were recorded on a Waters ESI-TOF MS spectrometer.
Tetrahydrofuran (THF) was dried by distillation under argon with sodium metal and benzophenone
as indicator. Dichloromethane (DCM) was dried by distillation under argon with calcium hydride.
Structural elucidation of all compounds tested in biological assays was performed by 1H and 13C-NMR,
and HR-MS. All compounds of interest were isolated by chromatography and their purity (>97%)
assessed by NMR.

Compounds 1–4 were prepared and characterized as reported elsewhere [13], through autoxidative
condensation of 2-aryl-2-lithium-1,3-dithianes, prepared from treatment of 2-aryl-1,3-dithianes with
n-BuLi followed by air exposure.

5a: (4-(1,3-Dithian-2-yl)-2-methoxyphenoxy)(tert-butyl)diphenylsilane (1.09 g, 2.27 mmol) was
dissolved in dry THF (10 mL) in an argon purged round-bottom flask. The solution was cooled to
−78 ◦C in an acetone/liquid nitrogen bath. n-BuLi (1.3 equivalents) was added dropwise to the reaction
mixture at −78 ◦C. After addition, the solution was left stirring at −78 ◦C for 20 min, and then left to
warm up to room temperature for 40 min. The argon balloon was replaced with an atmospheric air
balloon and an additional needle was inserted in the septum as to allow air flow through the surface of
the solution. After one minute, the solution was quenched with saturated aqueous NH4Cl solution
(20 mL). Et2O (20 mL) was added and the layers separated. The organic phase was collected and the
aqueous phase was extracted with Et2O (2 × 20 mL). The organic phases were combined and dried
over MgSO4. The solvent was filtered and evaporated to yield crude 3b. The mixture was dissolved
in dry methanol (8 mL) in an argon purged round-bottom flask. Then, ammonium fluoride (95 mg,
2.56 mmol, 1.1 equivalents) was added and the solution was stirred overnight at room temperature.
The methanol was evaporated and water (10 mL) was added. The aqueous phase was extracted with
DCM (3 × 10 mL) and the organic phases were combined and dried over MgSO4. The solvent was
evaporated and the product was purified by flash chromatography, eluent hexane: ethyl acetate (1:1),
to give product 5a as an amorphous orange solid (286 mg, 0.45 mmol) in 60% yield. 1H-NMR (500
MHz, CDCl3) δ ppm 7.56–7.49 (m, 3H), 7.44 (dd, J = 8.4, 2.1 Hz, 1H), 6.98 (s, 1H), 6.89–6.82 (m, 4H),
6.07 (s, 1H), 5.68 (s, 1H), 5.61 (s, 1H), 5.45 (s, 1H), 3.90 (s, 3H), 3.89 (s, 3H), 3.86 (s, 3H), 3.27 (t, J = 12.5
Hz, 2H), 2.74–2.70 (m, 2H), 2.57–2.44 (m, 4H), 2.10–2.05 (m, 1H), 1.92–1.85 (m, 1H), 1.77–1.71 (m, 2H).
13C-NMR (125 MHz, CDCl3) δ ppm 194.0, 150.7, 147.1, 146.8, 146.4, 145.8, 145.6, 133.3, 128.8, 128.5,
124.3, 122.1, 121.3, 114.3, 114.0, 113.9, 111.0, 110.8, 110.6, 64.3, 56.2 (×2), 56.1, 55.2, 32.8, 30.7, 29.4, 28.5,
24.4. HR-MS (ESI) m/z calculated for C30H34O7S4Na+ [M + Na]+ 657.1080, found 657.1068.

5b: Triphenol 5a (100 mg, 0.158 mmol) was dissolved in dry DCM (3 mL) in an argon purged
round-bottom flask. Pyridine (48 µL, 0.591 mmol, 3.75 equivalents) was added to the solution, followed
by 3-nitrobenzoyl chloride (91 mg, 0.488 mmol, 3.1 equivalents). The reaction was left stirring at room
temperature for 72 h. Water (10 mL) was added to the mixture and the aqueous phase was extracted
with DCM (3 × 10 mL). The organic phases were combined and dried over MgSO4. The solvent was
evaporated and the product was purified by flash chromatography, eluent hexane: ethyl acetate (3:2),
to give the benzoyl derivative 5b as an amorphous white solid (163 mg, 0.151 mmol) in 95% yield.
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1H NMR (500 MHz, CDCl3) δ ppm 9.02 (s, 3H), 8.51–8.48 (m, 6H), 7.76–7.67 (m, 6H), 7.62 (dd, J = 8.4,
2.0 Hz, 1H), 7.25–7.08 (m, 5H), 5.56 (s, 1H), 3.86 (s, 3H), 3.85 (s, 3H), 3.83 (s, 3H), 3.31 (dd, J = 13.3,
11.2 Hz, 2H), 2.79 (dd, J = 14.3, 3.6 Hz, 2H), 2.70–2.58 (m, 4H), 2.14–2.11 (m, 1H), 1.98–1.91 (m, 1H),
1.86–1.81 (m, 2H). 13C-NMR (125 MHz, CDCl3) δ 193.8, 162.6, 162.6, 162.2, 151.7, 151.6, 151.0, 148.5,
148.5, 143.8, 140.9, 139.5, 139.4, 136.1, 136.1, 135.9, 134.9, 131.2, 131.2, 130.8, 130.1, 130.0, 128.3, 128.1,
128.1, 125.5, 125.4, 122.9, 122.4, 122.3, 121.4, 120.6, 112.9, 112.8, 64.1, 56.3, 56.2, 56.2, 55.1, 32.8, 30.9, 29.5,
28.5, 24.3. HR-MS (ESI) m/z calculated for C51H43N3O16S4Na+ [M + Na]+ 1104.1418, found 1104.1385.

2.2. Cell Culture

Human GB cell lines, U87 cells were grown in Minimum Essential Medium (MEM, Product#
51416C, Sigma-Aldrich, St. Louis, MO, USA) with 10% Fetal Bovine Serum(FBS) 2 mM sodium
pyruvate (Product# S8636, Sigma-Aldrich, St. Louis, MO), 1% Penicillin-Streptomycin and 0.025
mg/mL Amphotericin B. LN229 and non-cancerous cell line, mouse embryonic fibroblast (MEF)
cells were cultured in Dulbecco’s Modified Eagle Medium—high glucose (DMEM, Catalog# L0102,
Biowest, Riverside, CA, USA) containing 5% FBS (Product # F1051, Sigma-Aldrich, St. Louis, MO),
1% Penicillin-Streptomycin (Product # P4333, Sigma-Aldrich, St. Louis, MO) and 0.025 mg/mL
Amphotericin B (Sigma-Aldrich, St. Louis, MO). U87 and LN229 are the standard cell lines derived
from malignant gliomas used commonly for cytotoxicity study. MEF Cells were maintained at 37 ◦C in
a humidified incubator supplemented with 5% CO2. Three biological and technical repeats were used
for each condition.

2.3. In Vitro Cytotoxicity Assay

Cytotoxicity assay was performed to determine the cell growth inhibitory effect of the compounds
following treatment for 48 h on the GB cell lines, U87, LN229. This assay was performed in two stages.
At first, a high concentration, 100 µM, of compounds were used as well as for the positive control
Cisplatin, CIS (Sigma-Aldrich, USA). Following this, the top compound was selected, and different
concentrations (100 µM, 75 µM, 50 µM, 25 µM, and 10 µM) of the compound were tested to determine
the IC50. Treated cells were harvested by centrifugation at 1200 rpm for 10 min. Cell viability was
determined using trypan blue staining. The number of live and dead cells were counted using a
Countess II Automated Cell Counter (Thermo Fisher Scientific, Carlsbad, CA, USA). The proliferation
inhibition percentage of each sample was determined using the following formula to determine the
dose-response curve. From the dose-response curve, the IC50 value of each compound was calculated.
The cytotoxicity of the top compound and Cisplatin at a concentration of 10 µM was also evaluated
in normal brain cells (MEF). Percentage of inhibition of cell proliferation was calculated using the
following formula:

Proliferation inhibition (%)

=
Mean No. o f untreated cells (DMSO control)−Mean No. o f treated cells ×100

Mean No. o f untreated cells (DMSO control)

2.4. Double Staining Assay

U87 and LN229 cell lines were grown as described previously, followed by cells treatment with
IC50 concentration of 5a and incubated for 48 h. Untreated (Negative) and Cisplatin (positive) controls
were also maintained. Apoptosis/necrosis detection was carried out using Annexin V-FITC and
PI (Thermo Fisher Scientific). The apoptosis determination was performed following the standard
protocol suggest by the manufacturer. Briefly, the cells were cultured in 6-well plate with an initial cell
density of 7 × 105 cells/well. The cells were incubated for 48 h with 5a, positive control and untreated
cells conditions and then harvested and washed in cold phosphate buffered saline (PBS). The cell
pellets were then resuspended in 1× Annexin-binding buffer provided in the kit. Consequently, 5 µL of
FITC conjugated Annexin V and 1 µL of the 100 µg/mL PI working solutions were added to the 100 µL



Cells 2019, 8, 1624 5 of 18

of cell suspension. The cells were incubated in dark for 15 min, at room temperature, after which the
stained cells were observed for fluorescence to distinguish apoptotic cells. The image acquisition was
done by using an EVOS imaging system (ThermoFisher Scientific) with 20× objective magnification.
More than 300 cells were used for each analysis. The percentage of apoptosis was quantified based
on the cells stained with Annexin V-FITC positive and PI negative and both Annexin V-FITC and PI
positive. The percentage of necrosis was calculated based on the cells with Annexin V-FITC negative
and PI positive [15–17]. The fold change in apoptosis was calculated against the untreated cells.

2.5. Caspase Activity Assay

In-vitro caspase-3 and caspase-7 activity was determined using Caspase-Glo® 3/7 Assay Systems
(Promega Corporation, Madison, WI, USA). The reagent was prepared as mentioned in the manufacturer
protocol. The U87 and LN229 cells were grown overnight in a 96-well plate and were treated with an
IC50 of 5A. Negative control, positive control and blank (medium+ Dimethyl sulfoxide (DMSO)+ dye)
were also maintained. Cells were incubated at 37 ◦C in a humidified incubator supplemented with 5%
CO2 for 5 h and then equilibrated at room temperature for 30 min. 100 µL of Caspase-Glo 3/7 reagent
was added to 100 µL of cells/well and was incubated in a dark-chamber. The luminescence signal
was quantified (Chameleon Multi-label Detection Platform) at one hour after treatment. Magnitude
of fold change in luminescence between treated and untreated cells were determined using the
following formula:

Fold increase =
Ftest − Fblank

Fcontrol − Fblank

2.6. Intracellular Redox Potential Test

To evaluate the redox potential of 5a, a comparative test, using H2O2 and standard drug against
untreated cells, was performed using H2DCFDA (Catalog no.# D399 Life Technologies, Eugene, OR,
USA). The U87 and LN229 cells were grown overnight in a 96-well plate and were treated with an IC50

of 5a for 5 h at 37 ◦C in a humidified incubator supplemented with 5% CO2. Negative control, positive
control and blank were maintained. Baseline effect due to solvent was determined as well. After 5 h of
treatment, cells were harvested by centrifugation at 3000 rpm for 10 min and incubated with 200 µL of
2 µM H2DCFDA for 30 min at 37 ◦C in the CO2 incubator. Cells were then washed with pre-warmed
PBS and resuspended in 200 µL of pre-warmed medium. Next, 100 µL of suspension was transferred to
each well, in a 96-well plate and incubated at room temperature for 20 min. Finally, fluorescence signal
was measured using Chameleon Multi-label Detection Platform (Excitation 485 nm, Emission 535 nm).

2.7. RNA Isolation and Gene Expression Evaluation

Cell were incubated with IC50 of test compound and standard drug Cisplatin for 48 h at
37 ◦C in a humidified incubator supplemented with 5% CO2. A negative control was maintained
as well. All conditions were conducted in triplicated samples for the isolation of RNA. Total RNA
of >9.25 ng/µL was isolated using GeneJET RNA purification kit (Catalog no #K0731), according
to the manufacturer’s instructions. The yield was then measured spectrophotometrically using
NanoDrop-1000 (Thermoscientific, Wilmington, NC, USA). After quantification, the cells were
considered for quality assessment by TapeStation. The gene expression analysis was performed
by using Illumina Next Seq High throughput profiling (Illumina NextSeq 500). The sequencing
produced data in bcl format which was converted into FASTQ file format.

2.8. Transcriptome Analysis

Differential expression (DE) and statistical analysis were performed using DESeq2 [18] (release 3.3)
in R (version 3.2.4) (https://bioconductor.org/packages/release/bioc/vignettes/DESeq2/inst/doc/DESeq2.
html). p-values were adjusted for multiple testing using the Benjamini-Hochberg procedure [19].
A false discovery rate adjusted p-value (i.e., q-value) < 0.05 was set for the selection of DE genes.

https://bioconductor.org/packages/release/bioc/vignettes/DESeq2/inst/doc/DESeq2.html
https://bioconductor.org/packages/release/bioc/vignettes/DESeq2/inst/doc/DESeq2.html
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2.9. Phosphorylation of MAPKs and Other Serine/Threonine Kinases

The U87 cells were treated with an IC50 concentration of 5a and DMSO, maintained in CO2

humidified temperature for 48 h. The total protein was extracted using RnD protein extraction kit for
the immunoblotting experiment. The phosphorylation of three families of mitogen-activated protein
kinases (MAPKs), including the extracellular signal-regulated kinases (ERK1/2), c-Jun N-terminal kinases
(JNK1-3), and different p38 isoforms, was analyzed following the manufacturer protocol, RnD Human
Phospho-MAPK array kit. In detail, cell lysates are mixed with a cocktail of biotinylated detection
antibodies and incubated with Proteome Profiler Human Phospho-MAPK Array. Streptavidin-HRP
and chemiluminescent detection reagents are added and the signals that are produced at each spot
correspond to the amount of phosphorylated protein bound. The captured and control antibodies have
been spotted in duplicate on nitrocellulose membranes. The signals are measured using ChemiPro
Luminescence detection system. The relative level of phosphorylation was analysed for 26 MAPK
proteins as described in the manufacturer’s protocol.

2.10. Gene Ontology (GO) and Pathway Analysis

Gene ontology [20] and ClusterProfiler package [21] was used for pathway analyses. We performed
with the over-representation test for the GO biological process and KEGG pathways [22]. The package
supports the human genome. We used the binomial test and Bonferroni correction for multiple testing
and displayed z-scores to indicate whether a potential regulator was activated or inhibited. We used
the default settings for statistical analysis in both the KEGG pathways and GO terms. In this analysis,
pathways and GO terms only with a p-value < 0.05 were included.

2.11. Evaluation of Structure-Activity Relationship

In order to make a comparative study on the binding of 5a with different receptors, sequences and
structures of six receptors taken from Protein Data Bank (PDB)—Fibroblast Growth Factor receptor
(FGFR, PDB ID: 2FDB), Epidermal growth Factor Receptor (EGFR, PDB ID: 4UIP), Platelet-Derived
Growth Factor Receptor (PDGFR, PDB ID: 1PDG), c-MET Receptor (PDB ID: 3DKC), c-KIT Receptors
(PDB ID: 6GQK) and Vascular Endothelial Growth Factor receptors (PDB ID: 3V2A) were obtained
from the Protein Data bank. To study the binding efficiency and to identify the important amino acid
residues contribute to the binding, Patchdock molecular docking program was used. The default
parameters were used for the molecular docking in this study. Patchdock carries out rigid docking,
with surface variability implicitly addressed through liberal intermolecular penetration.

2.12. Statistical Analysis

All experiments described in the present study were performed as with three biological and
technical repeats. The data were presented as the mean ± standard error of mean. Statistical analyses
between two groups were performed by Student’s t-test. Differences among multiple groups were
tested by one-way analysis of variance following by a Dunnett’s multiple comparison test (GraphPad
Prism 7.04, San Diego, CA, USA). p < 0.05 was considered to indicate a statistically significant difference.

3. Results

3.1. Synthesis of Orthothioesters

The orthothioesters 1-4 were synthesized through autoxidative condensation of
2-aryl-2-lithium-1,3-dithianes, prepared in situ from treatment of 2-aryl-1,3-dithianes with n-BuLi
followed by air exposure. The presence of bromide when preparing 1c demanded for replacement
of n-BuLi by lithium diisopropylamide (LDA) in order to avoid transmetalation. The compounds
were obtained in reasonable yields and pure after quenching with NH4Cl saturated aqueous solution,
usual work-up and purification by silica chromatography. The silyl ether group in compound 3b



Cells 2019, 8, 1624 7 of 18

was cleaved by treatment with 1 equivalent of NH4F to yield phenol 5a. Derivatization of 5a with
m-nitrobenzoyl chloride delivered carboxylic ester 5b in excellent yield. Purity evaluation results of
the novel compounds are given in the Supplementary file 1.

3.2. 5a Inhibited Proliferation of Glioma Cells

The cytotoxicity of the orthothioesters 1-5 against the growth of U87 GB cell line was performed
with 100 µM concentration of the compounds as described in the method section. Upon evaluation of
the 12 compounds depicted in Scheme 1, 5a was identified to be the most cytotoxic compound inducing
90% cell death and 5b was the least cytotoxic with 0% cell death. This was a 20-fold higher activity
compared to the standard drug cisplatin and 31.8-fold compared to the negative control (Figure 1a)
The analysis of cytotoxic data of all compounds tested shows that while the presence of halogens
or nitrile in the 4-position of the aromatic rings is detrimental for cytotoxicity (as for compounds
1b–d), having a methoxy group in the 3-position has an opposite effect. Compounds 2c, 3a and
5a, decorated with a 3-methoxy substituent in the aromatic rings, showed cytotoxicity similar to or
higher than 1a. Compounds 3b and 5b on the other hand, also decorated with the same 3-methoxy
substituent but having bulky substituents in the vicinal 4-position, have residual or absent cytotoxicity.
No improvement on cytotoxicity was observed when replacing the aryl groups by heteroaryl such as
pyridyl in 4a. The cytotoxicity on normal brain cells, MEF, was also performed for the top compound
5a (Figure 1b) and cisplatin at a concentration of 10 µM. The results show that 5a have 11% of growth
inhibition, whereas cisplatin have 48% of inhibition, suggesting that 5a is more toxic to the cancer cells
than the normal cells (Figure 1c).
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Figure 1. In vitro screening and evaluation of dose response of thioester compounds (a). The percentage
of mortality rate on treating U87 cells with novel panel of 12 thioester derivatives along with CIS
(positive control) 1% DMSO (negative control), at a 100 µM concentration (b). Chemical structure of
the investigative drug 5a. (c) Cytotoxicity analysis of non-cancerous brain cells, MEF and cisplatin
at 10 µM concentration. (d) Dose response curve of U87 cells (left) and (e) LN229 (right) cells treated
with the top compound (5a), CIS and 1% DMSO was analyzed to determine IC50 value. Treatment was
carried out at 48h and cellular viability was measured by Trypan Blue exclusion method. Data points
and error bars represent mean ± standard error of the mean (SEM) (n = 6 per group). Significant when
p < 0.05, one-way ANOVA.

In order to investigate the in vitro anticancer activity of 5a and to determine its IC50 value,
we evaluated cytotoxicity against cell lines, U87 and LN229 in the presence of increasing concentrations
of this compound for 24 h, ranging from 0 µM–150 µM. The viability of cells was determined according
to cell counting based on Trypan Blue assay and the IC50 value of 5a was determined as 27 µM in U87
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cells and 23 µM in LN229 cells (Figure 1d,e). The IC50 value of cisplatin was identified as 53 µM in U87
cells and 115 µM in LN229.

3.3. 5a Induced Negligible Oxidative Stress and Promoted Caspase Activation

Reactive oxygen species (ROS) mediated caspase activation of tumor cells during stress and
subsequent cell death has been repeatedly reported by various studies [23,24]. In the present study,
both intracellular ROS and caspase in U87 cells were quantified to verify oxidative stress and cellular
response upon 5a treatment. After exposure of U87 cells to 5a at IC50 for 5 h, we detected an oxidative
increase of 3.3% increase in the 5a treated cells when compared to untreated cells. The standard drug
cisplatin and positive control H2O2 on the other hand, marked a 4.2% and 2.2% increase in oxidative
response respectively (Figure 2a). Similarly, exposure of LN229 cells to 5a at IC50 for 5 h demonstrated
negligible change in the treated cells when compared to untreated cells (Figure 2a). The difference
between treated and untreated conditions was confirmed to be statistically insignificant per ANOVA
test (p-value <0.05), establishing that the 5a does not increase ROS in the tested GB cells.
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Figure 2. Comparative evaluation of oxidative stress response and caspase activation by the 5a in two
different cell lines (a) Effect of 5a on intracellular reactive oxygen species (ROS) production by GB
cells as interpreted by fluorescence level. Evaluation suggested no significant increase in ROS level
upon drug treatment (α = 0.05). (b) Caspase activity displayed by GB cells analyzed using caspase 3/7
luminescence assay. Significant increase in caspase activity of cells was observed after treatment with
IC50 of 5a for 5h compared to control. The values are expressed as means ± standard error of the mean
(SEM) of triplicate measurements of biological repeats (n = 3). Significance: **** p < 0.0001.
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Considering the role of Caspase activation, we determined the caspase activity of U87 cells using
caspase3/7 assay after a treatment period of 5 h with 5a at IC50. Interestingly, U87 5a-treated cells
displayed an increase of caspase 3/7, displaying a 0.43-fold increase in comparison to untreated cancer
cells, whereas positive control displayed no significant increase (0.003) in caspase activity (Figure 2b).
Similarly, in LN229 cells 5a-treated cells demonstrated 1.37-fold increase with respect to untreated
cells, whereas the standard drug cisplatin exhibited 0.05 fold increase in caspase levels. The difference
between treated and untreated conditions was confirmed to be statistically significant per ANOVA test
(p-value < 0.05).

3.4. 5a Enhanced Apoptosis and Cell Cycle Arrest

Defective apoptotic machinery enhances tumor pathogenesis by permitting survival of genetically
unstable cells leading to treatment resistance. To understand if the decrease in viability was due to
apoptosis, we treated U87 cells with IC50 of 5a and we determined the apoptosis effect using double
staining method.

The results revealed that 5a was much effective in inducing apoptosis exhibiting a 3.75-fold
increase in programmed cell death, whereas the standard drug cisplatin induced a 1.7-fold increase
when compared to untreated cells (Figure 3a,b). To explore in detail the effect of 5a transcriptomics,
data analysis was carried out, and we identified 1148 differentially expressed genes (DEGs) when 5a is
compared with untreated (negative control) samples (q-value < 0.05). We also compared the 5a and
cisplatin samples as a positive control group, both individually and combined as a single “affected”
group. In these comparisons, 3132 DEGs were identified, with the largest number of DEGs identified
in comparison with the cisplatin samples. In total, 595 out of 4280 DEGs were common in both
comparisons. The complete lists of DEGs from the cell line analysis and all pairs of comparisons are
provided in Supplementary file 2. Gene expression analysis indicated that 5a has a multidimensional
impact on various tumorogenic features, especially on tyrosine kinase signaling (Figures 4 and 5a) and
was effective in increasing expression of agonists of cell death such as DKK1, ADM, HMGA2, and CAV1.
In addition, downregulation of chemoprotective factors such as HMOX1, HSPs, and CYP1B1 were
detected. Adding to its cytotoxic effects, 5a was also found to suppress mitochondrial membrane
stability as evident by dysregulated levels of HSPA1A and BNIP3.

Gene expression analysis also points out that treatment of U87 cells with 5a leads to inhibition
of G1/S transition leading to cell cycle arrest. Upregulation of cell cycle inhibitory genes involved in
G1/S such as DACT1, SUSD2, and CTDSP1 signifies the efficiency of the drug as a cell cycle inhibitor
(Figure 5c). Additionally, genes favoring G1/S transition such as PLRG1 and ADAM17 were effectively
downregulated due to 5a treatment. The cell cycle interruption is further strengthened by suppression
of CCND3 affecting the CDK4 activity associated with this cyclin, which is necessary for cell cycle
progression. Several studies have proposed that agents that interfere with DNA repair can act as a
therapeutic strategy targeting double-strand break repair pathways or abrogate cell cycle checkpoints.
HMGA2 gene involved in negative regulation of double-strand break repair via non-homologous end
joining was found to be risen upon the treatment with 5a demonstrating its genotoxicity leading to the
apoptotic death of cancer cells. Additionally, notable chemo-sensitizing was visible in treated cells as
evident from transcriptome levels of HSPA1, CLU, and TXN (Table 1).
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Figure 3. Evaluation of apoptotic activity induced by 5a. (a). Phase contrast image of non-apoptotic
cells in untreated condition (left); fluorescence image of U87 cells exhibited upon PI (middle) and
Annexin V (right) staining. 5a was found to effectively induce apoptotic cell death when compared to
untreated cells. (b) The histogram represents quantification of apoptosis after treating the cell lines
with IC50 of 5a, for 48 h, in U87 cell line. Cisplatin was used as a positive control and untreated cells
as negative control. The fold change of apoptosis has been calculated against untreated U87 cells.
The values are expressed as means ± standard error of the mean (SEM) of triplicate measurements
of biological repeats (n = 3). **** p < 0.0001 as produced by ANOVA test. (c) Key genes involved in
Apoptotic process and their log2(fold-change), that are differentially expressed upon R114 treatment,
compared to untreated. log 2(fold-change) cutoff = 1.5.
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the total entities enriched in a pathway (Image generated via the reactome pathway analysis tool;
https://reactome.org/PathwayBrowser/).
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Figure 5. Transcriptional profile of 5a compared to standard drug (a) Venn diagram showing 595 genes
commonly differentially expressed in both treatments versus control, as assessed by RNA-seq data
analysis of U87 cell line. (b) Visual representation of top 14 pathways associated with differentially
expressed genes upon 5a treatment with reference to control. (c) Gene interaction network of cell cycle
genes affected upon 5a treatment.

Table 1. Key genes affected by the top drug-like compound.

Key Genes Dysregulated in Major Pathways

Signalling Pathways MAPK TNF PI3K-Akt STAT ErbB NF-kB

AREG CASP3 AREG CCND3 AREG BCL10
CASP3 FOS CCND3 CDKN1A CDKN1A IL1R1

CRK IL15 CDKN1A IL15 CRK PTGS2

Downregulated
genes

FGF2 IL18R1 FGF2 MCL1 HBEGF RIPK1
FOS JUN MCL1 STAT1 JUN TNF

IL1A JUNB PGF
IL1R1 PTGS2 SGK1
JUN RIPK1 THBS1

LAMTOR3 TNF
PGF
TNF

DUSP6 JAG1 BCL2L1 BCL2L1 EGFR BCL2L1
EGFR LIF EGFR EGFR MYC

EPHA2 RPS6KA5 EPHA2 LIF TGFA
MET F2R MYC
MYC GNG4 PDGFA

PDGFA IRS1 PDGFB
Upregulated genes PDGFB ITGA6 PTPN2

RPS6KA5 MET
STMN1 MYC
TGFA PDGFA

VEGFA PDGFB
BMP4 TGFA

RASA3 VEGFA



Cells 2019, 8, 1624 12 of 18

3.5. 5a Is an Anti-Angiogenic Agent

To gain more insight on anti-angiogenic efficacy of 5a, we analyzed the modulation of genes in U87
glioma cells treated with the investigative drug. 5a was found to adversely affect the cytokine receptor
pathway exerting its effect through interaction of multiple pathways, eventually downregulating VEGF
expression. VEGFD itself exhibited a log2 (fold change) of −4.5. Other key genes (TNF, HMOX, IL1A,
CYP1B1, and PTGS1) involved in positive regulation of VEGF were identified to be downregulated
by more than 1.75-fold. Key genes involved in inhibition of angiogenesis, including NR2F1, SEM3A,
ERRFI1, SPRY1, ADM, NRP1, etc., were found to be upregulated (log2 (fold change) > 1.5). Moreover,
enhancers of migration and angiogenesis such as GPNMB, PTGS2, CD274, and ZNF703 were significantly
downregulated suggesting suppression of tumor malignancy (Table 1 and Supplementary file 2).

5a advocates inhibition of angiogenesis targeting VEGF pathway, via multiple pro-angiogenic
regulators. The mRNA levels of VEGF were markedly decreased in the U87 cells treated with the
IC50 concentrations of 5a. Moreover, other angiogenic enhancers such as HMOX1, IL1A, CYP1B1
PGF, and FGF were effectively suppressed by 5a. Additionally, such a molecule potentially weakened
angiogenesis by affecting pathways involved in the crosstalk by interrupting key regulators involved.
The phosphorylation of multiple kinase proteins involved in the VEGF signaling pathway were
quantified using immunoblotting. The upregulation of CREB, GSK-3α/β, GSK-3β, MSK2, p38α, p38γ,
and p53 and down regulation of JNK1 validates that the VEGF pathway might be targeted by 5a
(Figure 6a–c).

3.6. 5a Restricts MAPK Signaling Cascade and Downregulates TNF Expression

Activation of the MAPK pathway leads to the transcription of genes that encode proteins involved
in the regulation of essential cellular functions, such as cell growth, cell proliferation, and cell
differentiation [25]. U87 glioma cells treated with IC50 concentrations of 5a exhibited downregulation
of positive regulators of MAPK pathway such as GADDs, RIPK, CTNNB1 and PSAP, whereas,
it enhanced the expression of inhibitors of MAPK signaling such as MYC, SPRY1, EZR, RASA3 and
CAV1. Additionally, 5a reduced the expression of activators of ERK cascade (TNF, CTGF, FGF, JUN)
and enhanced its negative modulators such as C1QL4 and TNIP1 (Figure 5b, Table 1 and Supplementary
file 2). TNF exerts its biological functions by activating distinct signaling pathways such as nuclear
factor κB (NF-κB) and c-Jun N-terminal kinase (JNK). We observed a significant reduction of TNF
levels in 5a treated cells compared to untreated cells. Inhibitors of TNF production like ERRIF1, RARA,
VSIR and AXL were found to be overexpressed explaining the reduction in TNF level. Additionally,
immunoblotting revealed the phosphorylation of CREB, p38, JNK proteins involved in MAPK/TNF
signaling pathway. The relative higher-level expression of CREB, p38 and reduced expression of JNK
protein, also validates the inhibition of MAPK signaling cascade by 5a in U87 cells (Figure 6a–c).

3.7. 5a Negatively Affects JAK-STAT Pathway

The direct and mediated mechanisms of JAK-STAT signaling in tumor cell survival, proliferation,
and invasion have made the JAK-STAT pathway a feasible target for drug development and cancer
therapy. Interactions of JAK/STAT pathway with the RTK/Ras/MAPK pathway, TGF- β signaling
pathway and PI3K pathway amplifies the effect mediated through the regulation of JAK-STAT
signaling [26]. The current study revealed that 5a is a strong suppressor of JAK-STAT pathway causing
notable downregulation of major and downstream genes such as STAT1, MCL1, CCND3, CDKN1A,
and IL15 (Table 1 and Supplementary file 2). Upregulation of PTPN2, an inhibitor of JAK expression
was observed, which is also a contributor of endoplasmic reticulum stress-induced intrinsic apoptotic
signaling pathway. Additionally, upregulation of CAV1 and HMGA was identified explaining the
downregulation of JAK-STAT pathway. Phosphorylation analysis of multiple kinases shows the
upregulation of CREB and p38 proteins, suggesting a role of 5a in inhibiting JAK-STAT signaling
pathway (Figure 6a–c).
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Figure 6. Analysis of phosphor–MAPK array. (a) The array images are shown for both DMSO control
and 5a treated cells and the eight phosphorylated proteins are marked in blue arrow. Positive reference
spots are represented in green box and the negative reference spot (PBS) is represented in yellow
box. (b) The complete set of MAPKs was presented according to the relative level of intensity of
phosphorylation. (c) Absolute values of integrated pixel intensity of a few kinases are displayed for
better resolution.

Several cross-family interactions among tyrosine kinases may significantly alter angiogenic
signaling, leading to anti-angiogenic drug resistance. Reports say FGF-driven angiogenesis is blocked
by VEGF inhibition, which suggests that FGF controls angiogenesis upstream of VEGF by modulating
VEGF function [27]. Additionally, in the case of glioma tumorigenesis, PDGF- expression is assumed to
contribute to the expansion of an established tumor as well as the regulation of the angiogenic switch
for initial tumor development [28]. Studies also testify that there are cross family interactions between
VEGF and PDGFR [29]. In addition, cKIT and MET are another two important RTKs to be explored as
angiogenic drivers [30]. c-KIT signaling promotes cell proliferation and survival, exerting its effect
through Ras-Erk pathway as well as JAK/STAT pathway [31]. Chen et al. asserted that intracrine VEGF
function can be regulated by MET signaling and plays a significant role in controlling VEGFR2 [32].
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In this context, we sought to explore interactions between promising orthothioester 5a and six different
tyrosine kinase receptors-FGFR, EGFR, PDGFR, c-MET, cKIT, and VEGFR-2, by in silico docking study.
The results show that the Epidermal growth Factor Receptor shows good binding efficiency with
thioester with high docking score (7256) (Figure 7a). The two-dimensional ligand interaction diagram
of thioester with EGFR is shown in Figure 7b. Conclusively, our study evidences a multidimensional
anti-tumor effect of the novel thioester drug 5a.Cells 2019, 8, x 15 of 19 
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Figure 7. Docking score of 5a with various kinase receptors (a) Docking analysis of various cytokine
receptors (Fibroblast Growth Factor receptor—FGFR, PDB ID: 2FDB, Epidermal growth Factor
Receptor—EGFR, PDB ID: 4UIP, Platelet-Derived Growth Factor Receptor—PDGFR, PDB ID: 1PDG,
c-MET Receptor, PDB ID: 3DKC, c-KIT Receptor- PDB ID: 6GQK, and Vascular Endothelial Growth
Factor receptors PDB ID: 3V2A) with 5a. Docking study was carried out using the Patchdock program.
(b) 2-dimensional interaction diagram of EGFR with ligand.

3.8. 5a Induced Phosphorylation of MAPKs and Other Serine/Threonine Kinases

The effect of 5a on the phosphorylation levels of three families of MAPKs, such as ERK1/2, JNK1–3
and different p38 isoforms, was analyzed. The arrays used in the experiments are based on the analysis
of kinase specific antibodies which are spotted in duplicates along with three reference spots and PBS
as negative spots. The mixture of biotinylated anti-phospho-kinase antibodies and streptavidin-HRP
conjugate differentiates the phosphorylated and non-phosphorylated protein between the control and
5a treated cells. The luminescence induced by the addition of chemiluminescence reagent was captured
using the ChemiPro detection system (Figure 6a). In detail, the relative levels of phosphorylation of 26
kinases such as Akt1, Akt2, Akt3, Akt, CREB, ERK1, ERK2, GSK-3α/β, GSK-3β, HSP27, JNK1, JNK2, JNK3,



Cells 2019, 8, 1624 15 of 18

JNK, MKK3, MKK6, MSK2, p38α, p38β, p38δ, p38γ, p53, p70, RSK1, RSK2, and TOR (Figure 7b) were
analyzed. The phosphorylation level of CREB (Ser133), GSK-3α/β (Ser21/Ser9), GSK-3β (Ser9), MSK2
(Ser360), p38α (Thr180/Tyr182), p38γ (Thr183/Tyr185) and p53 (Ser46) were significantly increased in 5a
treated U87 cells, whereas the phosphorylation level for JNK1 (Thr183/Tyr185) was found to be reduced
relative to the control (Figure 6c). The results suggest that the EGFR signaling pathway was suppressed
by 5a, which is confirmed by the phosphorylation of not only the MAPKs and other serine threonine
kinases. Thus, the 5a suppression of EGFR further substantiates that 5a as TK inhibitor.

4. Discussion

In order to challenge tumor recurrence and resistance of GB, agents that can synergistically
confront multiple oncogenic pathways are gaining great importance in GB drug discovery. In a pursuit
to identify a multi-targeted chemo-agent against glioblastoma, we assessed bioactivity of a panel of
new orthothioester derivatives as anti-GB agents in vitro.

Cytotoxicity evaluation identified an orthothioester 5a, which has inhibited tumor cell growth in
a dose-dependent manner in GB cell lines. In addition, it displayed a more effective anti-tumor activity
than current standard drug cisplatin in both GB cell lines U87 and LN229. Gene expression profiling
revealed that this effect is due to the suppression of multiple kinase signaling pathways regulating VEGF
levels in GB cells suggesting the possible anti-angiogenic effect. Additionally, inhibition of HMOX1
abrogates VEGF-induced endothelial activation and subsequent angiogenesis [33]. A robust silencing
of HMOX1 observed in our study convinces curbing of VEGF-induced pathogenic angiogenesis.

Virtual binding studies using bioinformatics tools suggests EGFR as a key target of 5a, exerting
its effect through multiple pathways leading to the inhibition of angiogenesis, cell cycle arrest,
and apoptosis. Considering previous reports that EGFR can activate β-catenin via receptor tyrosine
kinase-PI3K/Akt pathway [34], inhibitory ligand binding on EGFR is expected to diminish WNT
signaling. Our observation of weakened expression of CTNNB1 and other positive regulators of WNT
pathway (DAB2, GSKIP) corresponds to this notion.

The candidate drug 5a seems to be an attractive anti-angiogenic agent acting beyond VEGF/VEGFR
pathway. Notable downregulation of growth factors (VEGFD, FGF2, PGF, TNF-α) and cytokine IL-1A
was observed in tumor cells upon treatment with 5a. FGF can act synergistically with VEGF to amplify
tumor angiogenesis and are implicated in the emerging phenomenon of resistance to VEGF inhibition.
FGFs have been reported to have potent proangiogenic effects through the stimulation and release of
other proangiogenic factors [35]. 5a was found to effectively reduce FGF levels, causing a synergistic
anti-angiogenic effect as well as increased sensitization to VEGF suppression. Additionally, potent
inhibition of TNF-α by 5a may also contribute to its anti-angiogenic impact. Though TNF is widely
promoted as a antineoplastic agent, its dual role as a angiogenesis promoter and inhibitor has been
discussed in multiple reports [36–38]. A study by Giraudo et al. discussed the VEGF mediated role
of TNF-α in the initiation and maintenance of angiogenesis and increased vascular permeability [39].
Furthermore, the investigative drug also effectively induced chemo-sensitization by suppressing
stress proteins such as HSPs, CLU, SNAI1, PTGS2, and MCL1. Taken together, we postulate 5a as a
multi-targeted agent against GB signaling pathway and highlighting its significance as anti-tumor
agent. Additionally, 5a exerts its cytostatic effect via key genes involved in regulation of cell cycle
pathways as observed in our experimental results. The present research thus suggests 5a as a candidate
GB chemotherapeutic with multiple anti-cancer properties.

5. Conclusions

Drugs that can act as multi-targeted agents can enhance efficacy and confront chemoresistance
exhibited by GB cells. Thioesters has been investigated as an antitumor agent in multiple studies [40,41].
The present study validates potential of a novel orthothioester 5a, as an excellent pharmacological
scaffold possessing strong cytotoxic, anti-angiogenic, and chemo-sensitization activity. The compound
5a exerted extensive killing effects on two different glioma cell lines by effectively weakening resistance
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pathways and enhancing apoptotic machinery. Additionally, 5a is a strong cytostatic agent acting on
key genes involved in regulation of cell cycle pathways. In particular, the capability of 5a to impede
various pathogenic signaling cascades leading to GB pathogenesis, by acting on multiple tyrosine
kinase pathways, makes it an appealing anti-GB agent. Taken together, our report provides new
insights on how underexplored thioester derivatives can act as a potent pharmacological scaffold
against glioblastoma.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/12/1624/s1:
NMR spectroscopy results of previously unreported compounds are attached as Supplementary file 1. List of
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