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1. INTRODUCTION 

1.1 Confronting cancer: a global challenge and methods of treatment 

Cancer, one of the most devastating diseases known to humanity, continues to present a 

significant challenge to societies worldwide. Its impact is profound, affecting individuals, 

families, and healthcare systems, demanding relentless efforts to understand its complex 

nature and develop effective strategies for prevention, diagnosis, and treatment 1,2. As shown 

in Figure 1, cancer exhibits various features, including the anomalous and unregulated 

proliferation of cells within the body. This disease can impact almost any organ or tissue and 

possess the capacity to invade neighbouring structures or metastasize to distant parts of the 

body 3. The development of cancer is attributed to a combination of genetic and environmental 

factors usually related with age. Genetic mutations or changes in DNA can disrupt the normal 

cell cycle, leading to uncontrolled cell growth. Risk factors for developing cancer can be 

heightened by environmental elements such as tobacco smoke, exposure to specific 

chemicals or toxins, radiation, infections, as well as lifestyle factors including an unhealthy diet, 

insufficient physical activity, and excessive alcohol consumption 4,5. The manifestations of 

cancer may differ based on the specific type and stage of the condition. Typical signs 

encompass inexplicable weight loss, fatigue, discomfort, alterations in the skin, persistent 

cough or hoarseness, and abnormal lumps or growths 6. 

 

Figure 1 Characteristics of cancer cell 5. 
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As a global health concern, cancer affects millions of lives, requiring interdisciplinary 

research and innovation to address its multifaceted aspects. The global burden of cancer is 

staggering, with an ever-increasing incidence and mortality rate. According to the Globocan (a 

database prepared by the International Agency for Research on Cancer, Global Cancer 

Observatory) report of 2020, an estimated 19.3 million new cancer cases and about 10 million 

cancer-related deaths occurred worldwide in that year alone 7. According to the data presented 

in Figure 2, the projected number of cancer cases and deaths indicates a significant increase 

in incidence, estimated to be over 30 million cases, and a high rate of over 16 million deaths 

by the year 2040 7. While breast cancer, lung cancer, colorectal cancer, prostate cancer, and 

skin cancer are among the most common forms, numerous other types can affect various 

organs and systems in the body. These alarming statistics highlight the urgent need for 

effective prevention, early detection, and treatment strategies to address this escalating global 

health crisis 7–9.  

The economic and social consequences of cancer are far-reaching, exerting significant 

strain on healthcare resources, impairing productivity, and impacting the overall well-being of 

individuals and communities. Addressing the challenges posed by cancer requires a 

comprehensive and collaborative approach, with continued research, innovation, and 

international cooperation. By striving for improved prevention, early diagnosis, and effective 

treatments, we can make progress in reducing the burden of cancer and improving outcomes 

for those affected by this devastating disease 10.  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

12 

 

 

Figure 2 Estimated number of new cases and deaths from 2020 to 2040 in accordance with 

GLOBOCAN 2020 report 7. 

Early detection of cancer is crucial for better treatment outcomes, as it allows for timely 

intervention and management. The choice of cancer treatment strategies relies on diverse 

factors, encompassing the type and stage of cancer, along with individual patient 

characteristics. Common therapeutic methods comprise surgery, chemotherapy, radiation 

therapy, targeted therapy, immunotherapy, and hormone therapy. Recent advancements in 

precision medicine and personalized therapies have revolutionized cancer treatment, enabling 

more tailored approaches based on specific molecular characteristics of tumours 11. 

Nevertheless, prevention plays a crucial role in reducing the burden of cancer. Embracing a 

health-conscious lifestyle, which involves consistent exercise, a well-balanced diet, refraining 

from tobacco and excessive alcohol intake, and taking precautions against excessive sun 

exposure, can markedly reduce the likelihood of developing specific types of cancer 12. 

Additionally, vaccination against cancer-associated viruses, such as human papillomavirus 

(HPV) and hepatitis B virus (HBV), can prevent infection and reduce the risk of related cancers 
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13,14. Cancer research continues to drive progress in understanding the underlying mechanisms 

of cancer, developing new treatment strategies, and improving early detection and prevention 

methods. Collaboration between researchers, healthcare professionals, policymakers, and 

patients is essential in the ongoing fight against cancer, aiming for better outcomes for those 

affected by this disease.  

1.2 Unveiling novel anticancer agents 

The search for new anticancer agents remains a significant challenge for many scientists. 

Nevertheless, new strategies, such as immunotherapy and hormone therapies, are very 

promising 11. While their development is progressing, their cost is still too high for broader 

applications and not applicable to all types of cancer. Therefore, classical chemotherapy, 

based on small molecules and typically used after surgical interventions, remains a valuable 

approach 15. However, the development of new anticancer agents is a complex and critical 

research area focused on improving cancer treatment outcomes and addressing the 

challenges posed by this devastating disease. Anticancer agents are substances or 

compounds that target and inhibit the growth of cancer cells, aiming to destroy them or prevent 

further proliferation 15. The process of developing new anticancer drugs involves several key 

stages. It begins with the identification of specific molecular targets that play a crucial role in 

cancer cell growth and survival. These targets can be proteins, enzymes, receptors, or 

signalling pathways that are abnormally activated or dysregulated in cancer cells. Once the 

targets are identified, researchers employ various approaches to discover or design 

compounds that can interact with and modulate these targets. This includes screening large 

libraries of chemical compounds, utilizing computer-aided drug design, and exploring natural 

sources such as plants, marine organisms, or microorganisms for potential lead compounds 

16. Promising lead compounds then undergo extensive preclinical testing in laboratory settings 

and in animal models. These tests evaluate their efficacy, safety, pharmacokinetics 

(absorption, distribution, metabolism, and excretion - ADME), and toxicology profiles 16. The 

results help researchers select the most promising candidates for further development. If a 

lead compound demonstrates favourable preclinical results, it progresses to clinical trials, 

where it is tested in human subjects 17,18. 

Clinical trials are conducted in multiple phases, involving increasing numbers of patients 

to assess safety, efficacy, optimal dosage, and potential side effects 19. Regulatory authorities 

closely monitor these trials to ensure patient safety and ethical considerations. Upon 

successful completion of clinical trials, comprehensive data is submitted to regulatory 

authorities such as the FDA or EMA for review 19. If the authorities are satisfied with the efficacy 

and safety profiles, they approve the new anticancer agent to be marketed and used in clinical 
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practice 20. Once approved, the new anticancer agent undergoes post-marketing surveillance 

in real-world settings. This surveillance aims to identify any additional side effects or long-term 

safety concerns that may not have been apparent during clinical trials 21. Ongoing monitoring 

ensures that the benefits of the drug outweigh any potential risks. Developing new anticancer 

agents is a complex, time-consuming process that requires significant financial investment. 

Not all candidate compounds successfully progress through each stage of development, with 

many failing to meet the desired efficacy or safety criteria 22. However, despite these 

challenges, the development of new anticancer agents remains crucial. It offers the potential 

for more effective and targeted therapies, improved treatment outcomes, and a better quality 

of life for cancer patients. Continued efforts in this field are essential to meet the evolving needs 

of cancer treatment and ultimately reduce the global burden of this devastating disease. 

1.2.1 Drug development strategies 

The first phase in the process of drug development involves either discovering or 

designing a small, bioactive molecule that will be further developed 23. The search for new 

drugs can be conducted through various diverse methods. Practically, each research team 

develops its own strategy over time for drug discovery. Such a strategy typically involves the 

sequential application of several standard techniques. The individual strategies primarily differ 

in the emphasis placed on specific techniques 24. Moreover, some drugs have been discovered 

through “blind luck” 25. 

Screening 

Screening in drug discovery refers to the process of testing a large number of chemical 

compounds or biological substances to identify potential candidates with therapeutic activity 

against a specific target. It is a crucial early stage in the drug development pipeline and 

involves various techniques and approaches to identify promising hit compounds for further 

optimization and development into potential drugs 26. 

There are two main types of screening methods used in drug discovery: 

High-Throughput Screening  

High-Throughput Screening (HTS) is a drug discovery experimental technique that rapidly 

tests thousands of chemical compounds against biological targets 27. It allows for the 

identification of potential drug candidates from large compound libraries in a time-efficient and 

cost-effective manner 28 HTS plays a crucial role in the early stages of drug development by 

quickly identifying compounds with promising interactions with specific targets, which can then 

be further optimized and tested for their therapeutic potential 28. 
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Phenotypic Screening 

Unlike HTS, which focuses on a specific target, phenotypic screening assesses the 

compounds' effects on whole cells or organisms. In this approach, compounds are tested for 

their ability to induce a desired therapeutic effect or correct a disease phenotype 29. Phenotypic 

screening is especially valuable when the exact molecular target is unknown or when the 

disease is complex and involves multiple factors 30. It allows researchers to identify compounds 

with desirable biological activity, even if the mode of action is not fully understood yet 30. 

Computer-aided drug design  

Computer-aided drug design (CADD) is a pivotal strategy in modern drug design and 

development process. Currently, applied in most cases when the target is known 31. It utilizes 

computational techniques to model and analyse interactions between potential drugs and their 

targets, such as proteins or nucleic acids 32. CADD encompasses molecular docking, virtual 

screening (virtual HTS screening), QSAR analysis, pharmacophore modelling, and molecular 

dynamic simulations 33. By accelerating the identification of promising drug candidates and 

streamlining the drug development process, CADD plays a vital role in advancing medicine 

and reducing costs 34. In silico approaches in general two methods are applied. 

Structure-based drug design 

Structure-based drug design (SBDD) involves screening a library of small, low-molecular-

weight compounds for their ability to bind to a target of interest 35. The molecular structure of 

the target is known. These structures of ligands are typically simple chemical entities. The goal 

is to find small molecule that binds specifically to a target and forms the basis (a hit molecule) 

for the development of more complex drug-like molecules 36. These structures/ligands in SBDD 

can be design using fragment based drug design or virtual HTS technology 37. 

Ligand-based drug design 

Ligand-based drug design relies on the knowledge of known ligands (compounds that bind 

to a target) and their structure-activity relationships (SAR) 38. It doesn't require prior knowledge 

of the target's structure 39. Usually the molecular structure of the target is not known. It focuses 

on optimizing and designing new compounds based on the properties and characteristics of 

existing ligands known to interact with the target 39. 

In practice, these approaches are often used in combination. SBDD can identify initial hits, 

and then ligand-based methods can be used to optimize these hits into more potent lead 
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compounds 40. Ligand-based methods can also be used when there's an abundance of ligand 

data but limited structural information about the target 41. The ultimate goal of both approaches 

is to design small molecules with desired pharmacological properties for use as potential drugs 

42. 

Scaffold hopping strategy 

The goal of the "scaffold hopping" approach is to discover new structurally related 

compounds (usually related isosterically) starting from the active scaffold of known compounds 

43. The term "scaffold" plays a crucial role in medicinal chemistry and drug design, serving as 

a tool for creating, analyzing, and comparing the central structures of active compounds and 

analog series 44. In computational analysis, a prevalent approach involves a hierarchical 

definition of scaffolds, which entails deriving scaffolds from compounds by eliminating 

substituents 45. This allows the retention of the core structure, usually ring systems and linker 

fragments between the rings. As a result, any compound containing a ring can convey its 

scaffold, and adding a ring to a compound (which can be considered a substituent group) 

always generates a new scaffold 46,47. Scaffold hopping originates from computational and 

virtual compound selection in chemistry and refers to the search for compounds that exhibit 

similar activity but contain different core structures 48. In addition to activity, other molecular 

properties can also be considered when searching for new compounds. Therefore, the main 

goal of scaffold hopping is to identify structurally diverse compounds that are similar to each 

other in terms of 3D structure and activity or properties 49. Modifications or replacements of the 

core structure for specific groups of compounds can be made based on chemical knowledge, 

but finding scaffold cores requires performing calculations using molecular modelling 

techniques 50. 

1.3 Harnessing the potential of carbazole scaffold-based compounds 

Carbazole scaffold, similar to the acridine, anthraquinone, thiazole, or quinolone groups, 

functions as a central core for modification, enabling the synthesis of a diverse array of 

biologically active compounds 51–53.The carbazole scaffold has emerged as a focal point in 

anticancer research, thanks to its remarkable biological potential and promising anticancer 

properties 54. Marked by a tricyclic structure composed of two fused benzene rings and a 

nitrogen-substituted five-membered ring (Figure 3), the carbazole scaffold assumes a pivotal 

role in the creation of a diverse array of biologically active compounds. This includes both 

natural and synthetic anticancer agents 55,56. The main reason is that planar rings can 

effectively serve as a scaffold and platform for attaching various substituents. 
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Figure 3 Chemical structure of carbazole scaffold 55. 

Numerous studies have unveiled the anticancer potential of carbazole-based compounds, 

revealing a multitude of mechanisms through which they exert their effects. Foremost among 

these is the induction of apoptosis in cancer cells. Carbazoles can activate various apoptotic 

pathways, such as the activation of caspases 57, disruption of mitochondrial function 58, and 

modulation of Bcl-2 family proteins 59, ultimately leading to the death of cancer cells. 

Furthermore, carbazole-based compounds demonstrate antiproliferative effects by impeding 

cell cycle progression. By interfering with the activity of cyclin-dependent kinases (CDKs), 

which play a pivotal role in regulating the cell cycle, carbazoles prompt cell cycle arrest, 

effectively impeding the proliferation and division of cancer cells 60. Intriguingly, carbazoles 

have also shown potential as potent anti-angiogenic agents. As angiogenesis, the formation 

of new blood vessels to supply tumours is a critical process for tumour growth and metastasis, 

the ability of carbazole-based compounds to disrupt angiogenesis holds immense therapeutic 

value 61. By targeting key molecular pathways involved in blood vessel formation, such as 

vascular endothelial growth factor (VEGF) signalling, carbazoles exhibit the ability to inhibit 

angiogenesis, depriving tumours of their necessary blood supply 61,62. Moreover, carbazole 

derivatives have emerged as promising inhibitors of vital enzymes implicated in cancer 

progression, including topoisomerases 63, protein kinases 64, and histone deacetylases 

(HDACs) 37. By inhibiting these enzymes, carbazole derivatives effectively modulate cellular 

signalling pathways and epigenetic regulation, ultimately suppressing cancer cell growth and 

survival 66. 

The biological potential of the carbazole scaffold in anticancer research is undoubtedly 

promising. Its ability to induce apoptosis, inhibit cell proliferation, disrupt angiogenesis, and 

target key enzymes involved in cancer progression positions it as an exciting avenue for the 

development of novel anticancer agents 67. However, further research is imperative to fully 

comprehend the specific mechanisms of action and optimize the therapeutic potential of new 

carbazole-based compounds for effective anticancer treatments.  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

18 

 

1.4 Scaffold hopping employing a carbazole moiety 

Carvedilol, primarily employed in the treatment of hypertension (high blood pressure) and 

heart failure, is a drug derived from carbazole 68 (Figure 4). It falls within the category of 

medications known as beta-blockers. Its mechanism involves inhibiting the effects of specific 

naturally occurring substances in the body, such as epinephrine, particularly on the heart and 

blood vessels. This helps to lower blood pressure, reduce the workload on the heart, and 

improve its ability to pump blood effectively 69. Carvedilol exhibits also anti-apoptotic, anti-

inflammatory, and antioxidant properties within the heart 70,71. When combined with thyroid 

hormones following an acute myocardial infarction, it effectively reduces oxidative stress and 

can be employed to modify cardiac function 72. A noteworthy aspect of carvedilol is its 

antibacterial activity, particularly against strains such as Staphylococcus aureus and 

Staphylococcus epidermidis 73. Additionally, carvedilol, when administered alongside 

venlafaxine, is utilized to address testicular impairment in patients with longstanding 

rheumatoid arthritis 74.  

 

Figure 4 Chemical structure of carvedilol 75. 

BMVC (3,6-bis(1-methyl-4-vinylpyridinium)carbazole diiodide), illustrated in Figure 5, 

serves as an exemplary telomerase inhibitor derived from carbazole. Its mechanism of action 

involves the suppression of telomerase activity, inducing senescence in cancer cells, ultimately 

leading to tumour degradation 76. Most of the research focuses on BMVC's role as a G-

quadruplex interacting ligand, facilitating interactions with various nucleic acid forms and 

stabilizing the G-quadruplex structure 77. Distinguishing itself from other telomerase inhibitors, 

BMVC led to a notable acceleration in telomere shortening within tumour cells, resulting in a 

reduction in growth rate before entering the aging phase 78. Furthermore, BMVC effectively 

suppressed the neoplastic characteristics of cancer cells, including cell migration, colony 

formation, and anchorage-independent growth 79,80. 
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Figure 5 Chemical structure of BMVC 76. 

Carprofen (Figure 6), classified as a non-steroidal anti-inflammatory drug (NSAID) 

belonging to the carbazole and propionic acid class, was initially approved for both human and 

animal use 81. However, it is now exclusively prescribed by veterinarians as a supportive 

treatment for various animal-specific conditions 82. This agent functions by reducing 

inflammation through the inhibition of COX-1 and COX-2 enzymes, although its selectivity for 

COX-2 can vary among different species 81. Carprofen is available under numerous brand 

names globally and serves as a routine treatment for managing pain and inflammation related 

to various forms of joint discomfort, as well as post-operative pain in animals 83.  

 

Figure 6 Chemical structure of carprofen 84. 

Staurosporine (Figure 7), first isolated from Streptomyces staurosporeus, had its precise 

molecular structure unveiled through crystallography in 1994 85. This compound belongs to the 

indolocarbazole class and exhibits a bi-indole structure. Currently, staurosporine and its 

derivatives continue to be subjects of ongoing research and development in the quest to 

discover new drugs and therapies for various diseases, including cancer 86. Staurosporine, as 

a representative indolocarbazole, functions as a multikinase inhibitor 87. It competes with ATP 

for binding to relevant kinases 88. However, a notable limitation of staurosporine is its lack of 

specificity. Therefore, there is a need to modify staurosporine to enhance its selectivity 85,89. 
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Figure 7 Chemical structure of staurosporine 85. 

1.5 Carbazoles applied in the field of cancer treatment 

The exploration of carbazoles' potential antitumour activity commenced with the discovery 

of ellipticin, isolated from the leaves of the tropical tree Ochrosia elliptica Labill in 1959 90. 

Subsequently, three carbazole-derivative anticancer drugs have made their way into the 

pharmaceutical market: celiptium, alecensa, and rydapt 56.  

Celiptium (Figure 8) (N-methyl-9-hydroxyelipticin acetate) stands as the pioneering 

synthesized ellipticin analogue to secure approval as an anticancer drug 91. Its mode of action 

involves stabilizing the topoisomerase II complex, leading to DNA breaks and subsequent 

inhibition of DNA, RNA replication, and protein synthesis 92. Its anticancer properties have 

been reported as far back as the 1970s, and since then, it has been extensively studied, 

proving to be beneficial in treating metastatic breast cancer 93. The low haematological toxicity 

of celiptium has rendered it a promising component in combination therapy for breast cancer, 

particularly in conjunction with vinblastine 94. 

 

Figure 8 Chemical structure of celiptium 95. 

Alectinib (Figure 9), commercially known as alecensa, represents the second approved 

carbazole derivative for cancer treatment 56. The FDA granted its approval in 2015, followed 

by the EMA's approval in 2017 96. This drug is specifically used for treating advanced ALK-
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positive (ALK-anaplastic lymphoma kinase) non-small cell lung cancer (NSCLC) 96. Alecensa's 

mechanism of action involves blocking the activity of the ALK tyrosine kinase 96. Abnormal 

forms of this enzyme, resulting from a defective gene, contribute to the proliferation of cancer 

cells. By inhibiting this enzyme, alecensa can slow down or halt tumour growth and even 

reduce its size 97. 

 

Figure 9 Chemical structure of alectinib 98. 

Midostaurin (Figure 10), marketed as rydapt, is a third carbazole derivative recently 

approved by the FDA in 2017 and the EMA in 2018 56. It serves as a treatment for acute myeloid 

leukaemia (AML) with FLT3 gene mutation, aggressive systemic mastocytosis, systemic 

mastocytosis with associated haematological neoplasm or mast cell leukaemia 99. The 

pharmacological action of midostaurin involves inhibiting various receptors with tyrosine kinase 

activity, notably FLT3 and KIT kinases 100. By inhibiting the FLT3 receptor signalling pathway, 

it induces cell cycle arrest and apoptosis in leukemic cells expressing mutant FLT3 ITD or TKD 

receptors, as well as those overexpressing wild-type FLT3 receptors 99. Additionally, 

midostaurin can block KIT signalling, leading to the suppression of mast cell multiplication, 

survival, and histamine release 100. Furthermore, midostaurin exhibits inhibitory effects on other 

receptors with tyrosine kinase activity, including platelet-derived growth factor receptor 

(PDGFR) and vascular endothelial growth factor receptor 2 (VEGFR2), as well as certain 

members of the protein kinase C (PKC) family that belong to the serine-threonine kinases 100–

102. 
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Figure 10 Chemical structure of midostaurin 101.  

1.6 DNA topology 

In light of the cellular effects elicited by the compounds under investigation in this doctoral 

thesis, following section of the introduction clarifies the information about the enzymes 

responsible for changes in DNA topology, along with their roles and functions in cancer cells.  

The double-helical configuration of DNA involves the intertwining of two polynucleotide 

strands around each other, potentially giving rise to topological challenges. DNA topology 

pertains to the interweaving of the two DNA strands, altering the twist of the double helix and 

resulting in tertiary DNA conformations like supercoils, knots, and catenanes 103.  

The consequences of topological disruptions in DNA become apparent during DNA 

replication, particularly when the two strands of the double helix are undergoing separation 104. 

This strand separation results in the creation of positive supercoils, characterized by DNA 

overwinding or overtwisting, ahead of the replication fork. Simultaneously, the daughter 

strands become intertwined, forming structures known as precatenanes, behind the replication 

process 105. Failure to relax positive supercoils hinders the progression of the replication fork, 

while the failure to unlink daughter strands prevents genome segregation necessary for cell 

division 106,107.  

Transcription by RNA polymerase also induces positive supercoiling ahead of and 

negative supercoiling behind the transcriptional complex, a phenomenon known as the twin-

supercoiled domain mode 108. Resolving these topological perturbations is crucial for DNA 

metabolism to proceed, enabling the cell to efficiently replicate, transcribe, and partition the 

genome, facilitating cellular division and vitality 109. Knots in DNA are encountered in 

bacteriophages and result from recombination reactions In general, DNA knots are detrimental 

and require removal by topoisomerases 110. DNA catenanes form during the replication of 

circular molecules and need to be resolved by DNA enzymes to ensure the proper separation 

of daughter molecules during cell division 111. 
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To regulate torsional stress levels (underwinding or overwinding) in DNA or eliminate knots 

and tangles from the genetic material, it is necessary to break the DNA backbone 112,113. 

Torsional stress can be managed through either DNA rotation or strand passage, allowing 

modulation of supercoiling levels by cleaving one or both strands of the double helix 114. On 

the contrary, unraveling knots and tangles necessitates the generation of double-stranded 

DNA ends. These topological structures can only be resolved by inducing double-stranded 

breaks in the DNA backbone 115. Topoisomerases are key enzymes that enable cells to 

address issues related to DNA topology 116. 

1.7 Human topoisomerases 

Topoisomerases constitute a highly conserved family of essential enzymes found in both 

prokaryotic and eukaryotic cells 117. These enzymes have a crucial function in modifying the 

three-dimensional structure of DNA by engaging in processes such as relaxation, supercoiling, 

and decatenation, all of which are connected to the unwinding of complementary DNA strands 

(Figure 11) 118. The human genome encodes six distinct topoisomerase (Topo) types (Topo 1, 

Topo1mt, Topo IIα, Topo IIβ, Topo IIIα, and Topo IIIβ), pivotal in inducing structural changes 

in both nuclear and mitochondrial DNA 115,119. Their primary function is to relieve unwanted 

torsional stress that arises during processes like DNA replication or transcription 120. Two 

discernible types of topoisomerases can be categorized based on the number of 

phosphodiester bonds they cleave 121. 

 

 

Figure 11 Processes involving DNA that are facilitated by Topo I and Topo II 122. 

Type I topoisomerases facilitate the unwinding of DNA strands by temporarily cleaving the 

single-stranded DNA backbone and rotating it 123. Topo I positively and negatively coil the DNA, 

forming a covalent bond with the 3'-phosphate to generate transient single-stranded breaks. In 

contrast, type II topoisomerases induce double-stranded breaks in the DNA double helix 124. 

Topo I, initially identified in 1971, is a 100-kDa protein belonging to the type-I enzyme group 
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(type IB). It functions as an ATP-independent DNA single-strand endonuclease and ligase 

(Table 1), primarily involved in transcription but also participating in DNA replication 123,125. 

On the other hand, Topo II belongs to the type-II enzyme category and is present in two 

highly similar isoforms in humans, α (170 kDa) and β (180 kDa) 126. Unlike Topo I, both Topo II 

isoforms are ATP-dependent double-strand endonucleases and ligases (Table 1). While Topo 

I and the β-form of Topo II are expressed independently of cell proliferation, Topo IIα is 

regulated throughout the cell cycle 127. 

 Table 1 Key distinctions between human DNA Topo I and II. 

Topo I Topo II 

100 kDa 

ATP-independent 

Genes located on chromosome 

20q12 

Induces single-strand DNA 

breaks 

One isoform 

170,180 kDa 

ATP-dependent 

Genes located on chromosomes 

17q21 and 3p24 

Induces double-strand DNA 

breaks 

Two isoforms, α and β 

In both cases, a transient connection forms between the enzyme and DNA, is named 

the Topo cleavage complex (Topo cc) 128. These complexes are crucial for condensing 

chromatin, maintaining its structure, and assisting in the separation of sister chromatids 128. 

Additionally, topoisomerases have the capability to detect pathological alterations in DNA 

structure, whether internal or external 129. Due to the rapid proliferation of cancer cells, 

topoisomerases, taking into their function, have become significant targets for various 

anticancer drugs. These drugs aim to disrupt the essential functions of topoisomerases and 

have shown promise in cancer therapy 130. 

1.7.1 Inhibitors of human Topo I 

1.7.1.1 Camptothecins 

Camptothecin (CPT) (Figure 12) was originally extracted from the bark of the Chinese 

tree, Camptotheca acuminata. Initial clinical trials in the mid-1970s exhibited anticancer 

potential for camptothecin carboxylate, but its use was halted due to side effects 131. The 
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discovery that Topo I was the target of CPT led to the successful creation of water-soluble 

derivatives: topotecan and irinotecan (Figure 12) 132. The unique pharmacological aspects of 

camptothecins are noteworthy 133. Several drugs, including CPT, have the capability to 

transform Topo I into a poison that can harm cells by obstructing the religation process. This, 

in turn, amplifies the occurrence of enduring DNA fractures that are responsible for causing 

cell death 134. 

The sole target of camptothecins is Topo I, confirmed in yeast cells rendered resistant 

to CPT when Topo I is removed 135. Rapid penetration into vertebrate cells allows 

camptothecins to promptly target Topo I upon exposure 132. The reversible binding of CPT to 

Topo I ccs enables precise control over drug exposure and trapping of Topo I ccs 136. Despite 

these advantages, CPT and its derivatives have limitations 132. Maintaining Topo I ccs long 

enough for conversion into DNA damage requires extended infusion due to the rapid diffusion 

of camptothecins from the complexes 137. Moreover, side effects like leucopoenia restrict the 

safe dose of CPTs and consequently the effectiveness against tumours 135,138,139. 

 

Figure 12 Chemical structures of camptothecin, topotecan and irinotecan 140. 

1.7.1.2 Non-camptothecins 

Despite the clinical achievements of numerous derivatives of CPT, they come with 

significant drawbacks such as the need for prolonged infusions, poor water solubility, and a 

range of adverse effects including temporary liver dysfunction, severe diarrhoea, and bone 

marrow damage 131. Furthermore, there has been a concerning increase in single-point 

mutations that confer resistance to Topo I against camptothecin (CPT) 141. The inaugural 

compound of the indolocarbazole family of Topo inhibitors, BE-13793C, was discovered in 
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1991 142. It originated from Streptomycetaceae closely related to Streptoverticillium 

mobaraense, and DNA relaxation assays confirmed its ability to inhibit both Topo I and Topo 

II 142. Consequently, the FDA is currently evaluating three non-CPT inhibitors of Topo I: 

indenoisoquinoline, phenanthridines, and indolocarbazoles (Figure 13) as potential 

chemotherapeutics 137. Among these alternatives, indolocarbazoles exhibit the most promise. 

They offer unique advantages compared to CPT: they possess greater chemical stability due 

to the absence of the lactone E-ring, can attach to different sections of DNA-bound Topo I, and 

display less reversibility of Topo I/DNA cleavage complex in drug treated cells, than CPT, 

reducing the likelihood of inhibitor complex dissociation 143,144. As a result, indolocarbazoles 

necessitate shorter infusion times 145. In addition to indolocarbazoles, topovale (ARC-111) is 

one of the most advanced clinically developed phenanthridines 146. While it has shown promise 

in combating colon cancer, its effectiveness against breast cancer is limited 146. LMP-744 

stands as a noteworthy instance of indenoisoquinoline derivatives undergoing clinical trials, 

utilized in patients with recurrent solid tumours and lymphomas 147. 

 

Figure 13 Chemical structures of non-camptothecin inhibitors 142,147,148. 

1.7.2 Human Topo II 

In vertebrates, two isoforms of Topo II exist: IIα and IIβ. Both of these isoforms require 

the presence of Mg2+ ions and ATP hydrolysis to perform their functions 109 . Topo IIα is vital 

for cellular viability, playing key roles in DNA replication and mitosis, with its expression pattern 

regulated throughout the cell cycle 149. While Topo IIα's significance in chromosome 

condensation is well-established, recent findings contradict previous results, revealing its 

importance in maintaining chromosome structure 116,. Chromatin compaction appears to result 
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partly from the interplay between Topo IIα and structural maintenance of chromosome 

complexes, like condensin 150,151.  

Topo IIα is also essential for chromosome segregation. It resolves catenanes along 

chromosome arms before metaphase and, subsequently, at the centromere after the removal 

of cohesin by separase during the onset of anaphase 152. During chromatid separation, 

intertwined DNA at the centromere forms ultra-fine anaphase bridges (UFBs) bound by Plk1-

interacting checkpoint helicase (PICH). This stimulates the decatenation activity of Topo IIα 

153. Moreover, Topo IIα participates in resolving chromatids at ribosomal DNA (rDNA) regions 

alongside PICH, tankyrase, and condensin II during anaphase 109. Beyond its intricate protein-

protein interaction profile, Topo IIα's C-terminal domain (CTD) holds essential in vivo roles. It 

includes a nuclear localization signal, the chromatin tether domain (critical for mitotic activity), 

and sites for sumoylation, acetylation, phosphorylation, and ubiquitination. These sites 

regulate the enzyme's activity in a cell-cycle-dependent manner 154,155. 

Topo IIα and IIβ exhibit distinct in vivo functions, which are believed to result from the 

differing characteristics of their C-terminal domains, leading to variations in regulation and 

activity 156. While knockout mice lacking Topo IIα are embryonic lethal and display restricted 

expression primarily in proliferating cells, Topo IIβ knockout mice survive birth but succumb to 

respiratory failure, and this isoform is found in most adult tissues 109. Numerous investigations 

have further associated Topo IIβ activity with processes related to neuronal development and 

transcription 157,158. Notably, recent research has connected the activation of early-response 

genes in neurons, crucial for sensing the external environment, with the formation of double-

stranded DNA breaks in gene promoters, a phenomenon likely induced by Topo IIβ 157. Topo 

IIβ has also been linked to DNA repair 159, aging 160, HIV infection 161, and cancer 162, and, much 

like Topo IIα, the understanding of the full range of biological roles played by Topo IIβ is steadily 

unfolding 163. 

In Figure 14, the domain structure of human Topo IIα is illustrated. This structure 

consists of three distinct domains: 

1. The N-terminal domain, bears similarity to the B-subunit of DNA gyrase (GyrB) and houses 

the ATP binding and hydrolysis site. 

2. The central domain, which shares homology with the A-subunit of DNA gyrase (GyrA) and 

contains the crucial active site tyrosine (Y805) responsible for DNA binding, cleavage, and 

ligation. For human Topo IIα, this tyrosine is present at position 805. 

3. The C-terminal domain, which exhibits significant variability among species and between 

the two human isoforms. It encompasses nuclear localization sequences (NLS) and 

phosphorylation sites (PO4). Historically, this C-terminal domain was considered unimportant 

for the enzymatic activity of type II topoisomerases. However, recent research data suggests 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

28 

 

its involvement in recognizing DNA geometry, potentially conferring unique capabilities such 

as DNA supercoiling or interaction with replication forks to specific type II enzymes. Notably, 

there is currently no available structural data for the C-terminal domain of any eukaryotic type 

II enzyme 150,164. 

 

Figure 14 PDB structure and domain organization of human Topo IIα 150. The colours match 

particular domains.  
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1.7.3 Inhibitors of human Topo II 

The catalytic cycle of Topo II encompasses a series of steps, as illustrated in the 

schematic diagram (Figure 15) 165. Initially, the enzyme forms a homodimer and binds to DNA 

crossovers, designating one of the double helices as the DNA Gate-segment (G-segment) and 

the other as the Transport-segment (T-segment). The bent G-segment undergoes cleavage 

through nucleophilic attacks on the DNA backbone catalysed by specific tyrosine residues. 

This process leads to the formation of a covalent link between the enzyme and the cleaved 

DNA strands 166. This intermediate stage is known as the cleavage complex. Subsequently, 

the ATPase domain of the enzyme binds two ATP molecules, causing the N-gate to close. 

Hydrolysis of one ATP molecule initiates signal transmission within the enzyme, facilitating the 

rapid passage of the T-segment through the DNA gate. Once the T-segment has passed 

through, the previously opened DNA-gate is resealed. The T-segment is then released from 

the enzyme. Finally, after the hydrolysis of the second ATP molecule, the enzyme releases the 

G-segment, effectively resetting itself to capture another DNA crossover 165,167,168. 

Topo II can be hindered at various stages of its enzyme reaction cycle (Figure 15), 

resulting in diverse biochemical and cellular effects. One straightforward method of inhibition 

involves targeting an early step in the enzyme reaction cycle. For instance, competitive 

inhibitors that obstruct ATP binding can impede strand passage without causing enzyme-

mediated DNA damage 169. 

Agents like novobiocin and coumermycin can inhibit both prokaryotic and eukaryotic 

Topo II enzymes, but they may either lack potency and specificity (e.g., novobiocin) or face 

poor uptake by mammalian cells (e.g., coumermycin) 170. Similar outcomes can be expected 

from inhibitors that hinder the binding of Topo II to DNA, such as aclarubicin, owing to its 

targeting beyond Topo II 171. Agents preventing DNA cleavage by Topo II, like merbarone, 

would also function as straightforward catalytic inhibitors 172. An alternative inhibition 

mechanism involves interrupting the catalytic cycle after DNA cleavage but before DNA 

religation. Many presently employed Topo II-targeting agents, such as anthracyclines and 

epipodophyllotoxins (e.g., etoposide (ETP)), as well as agents targeting prokaryotic type II 

topoisomerases, function through this mode of action 165. These agents impede enzyme 

turnover, making them potent inhibitors of catalytic activity 165. The primary effect of these 

inhibitors, though, is the generation of substantial levels of Topo II-DNA covalent complexes 

166. Consequently, these inhibitors cause DNA damage and interfere with various DNA 

metabolic processes like transcription and replication. Due to their ability to convert Topo II 

into an agent entity that induces cellular damage, these inhibitors are referred to as Topo 

poisons 166.  
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Catalytic inhibitors of Topo II can also hinder enzyme activity after strand passage is 

concluded but before ATP hydrolysis and the dissociation of the amino-terminal dimerization 

166,173.  

Bisdioxopiperazines, such as dexrazoxane (ICRF-187), hinder both ATP hydrolysis and 

maintain the Topo II structure in a closed clamp configuration 174. Similar to Topo II poisons, 

bisdioxopiperazines mainly inhibit Topo II catalytic activity by blocking enzyme turnover. 

Although these agents are often termed catalytic inhibitors, they retain Topo II trapped on DNA 

and may interfere with DNA metabolism in a manner analogous to Topo II poisons 133. 

Nonetheless, as bisdioxopiperazines specifically target Topo II, they are the most commonly 

employed catalytic inhibitors of Topo II in mammalian cells 175,176. 

 

Figure 15 The catalytic cycle and the mechanism of inhibition of Topo II catalytic cycle 165. 

1.7.3.1 Topo II poisons 

As previously mentioned, compounds that aim to inhibit Topo II can be divided into two 

main groups based on how they work 177. The first group includes compounds called Topo II 

poisons. Topo II poisons constitute a category of extensively prescribed anticancer drugs. 

These agents encompass a range of naturally occurring and synthetic compounds and are 

employed in the treatment of various human malignancies. Significantly, frontline therapies for 

numerous systemic cancers and solid tumours, including leukaemia, lymphomas, sarcomas, 

breast cancers, lung cancers, neuroblastomas, and germ-cell malignancies, involve ETP, 

doxorubicin (DOXO), and their derivatives. ETP stands out as the most thoroughly studied 
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Topo II poison 178,179. Extensive research on this anticancer agent has yielded foundational 

knowledge that has paved the path for subsequent drug investigations. ETP was the initial 

Topo II poison demonstrated to impede the DNA ligation activity of the type II enzyme 180. 

Additionally, it was established that the drug primarily enters the binary enzyme-DNA complex 

through interactions with the protein. Recent data has unveiled structure-function relationships 

pertaining to ETP's interaction with Topo II, which can guide the design of new drugs 181. 

Additionally, mitoxantrone is utilized in the treatment of breast cancer, AML, non-Hodgkin 

lymphoma, and multiple sclerosis 182,183. Topo II poisons induce the formation of a covalent 

complex between Topo II and DNA, resulting in elevated levels of DNA damage within cells. 

Ultimately, this process activates apoptosis. These poisons can be further classified based on 

their capability to bind to DNA. Some, like ETP and teniposide (Figure 16) do not intercalate 

into DNA, while others, like DOXO, daunorubicin, amsacrine (m-AMSA), and mitoxantrone, do 

intercalate into DNA (Figure 17) 165,168.  

 

Figure 16 Chemical structures of non-intercalating Topo II poisons 184. 
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Figure 17 Chemical structures of intercalating Topo II poisons 168. 
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1.7.3.2 Catalytic inhibitors 

The second category encompasses catalytic inhibitors that focus on the essential 

enzymatic activity of Topo II. These inhibitors elicit cytotoxic effects without substantially 

increasing DNA damage by stabilizing the Topo II/DNA complex 165. Catalytic inhibitors operate 

through diverse mechanisms, such as inhibiting ATP hydrolysis (e.g., ICRF-187, ICRF-193) 

185, competing for the ATP binding site (e.g., novobiocin) 186, or preventing DNA cleavage (e.g., 

merbarone)187. Overall, the strategic targeting of the catalytic functions of Topo II presents a 

systematic approach to oncology therapy, providing potential avenues for the development of 

effective cancer treatments 172. 

Aclarubicin (Figure 18), isolated from Streptomyces galilaeus, possesses dual 

properties, acting as both an antibacterial agent and an inhibitor of cell proliferation 188. It 

demonstrates a favourable safety profile in animal models 189. This compound belongs to the 

anthracycline family and stands out for its reduced cardiotoxicity compared to DOXO and 

daunorubicin 190. Aclarubicin exerts its multifaceted mechanism of action through various 

pathways. It includes the insertion of its trisaccharide chain into the minor groove of DNA, 

functioning as a Topo I poison, inhibiting Topo II, displacing histones from nucleosomes, and 

acting as an inhibitor of the 20S proteasome 191. Worth noting is aclarubicin's rapid in vivo 

biotransformation, leading to the formation of inactive metabolites 189. Consequently, patients 

with AML require repetitive daily treatments. While aclarubicin's global use in cancer treatment 

has been discontinued, it remains in use in conjunction with cytarabine in Japan, India, and 

China 189. Aclarubicin's capacity to hinder cell proliferation stems from a combination of 

mechanisms, ultimately prompting apoptosis in cancer cells, as demonstrated by Rogalska et 

al. in 2010 192. These mechanisms primarily revolve around aclarubicin's affinity for DNA 

binding. In contrast to the actions of DOXO and daunorubicin, which promote the formation of 

cleavable complexes between DNA and the nuclear enzyme Topo II, leading to DNA double-

strand breaks and subsequent apoptosis, aclarubicin takes a distinct approach. Aclarubicin, 

instead of fostering cleavable complexes, interferes with the noncovalent binding of Topo II to 

DNA under in vitro conditions 193. Consequently, aclarubicin's interference effectively prevents 

DNA cleavage, contributing to its unique antiproliferative effect 194.  
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Figure 18 Chemical structure of aclarubicin 168. 

Bisdioxopiperazine derivatives inhibit the catalytic activity of Topo II while having no 

impact on Topo I 172 . Among the most extensively studied bisdioxopiperazines are ICRF-154, 

the foundational compound, and MST-16 (Sobuzoxane), a clinically utilized prodrug that 

undergoes metabolism to yield ICRF-154 185. Another noteworthy compound is ICRF-159 

(Razoxane), initially discovered as an antitumour agent 195. It represents a monomethyl 

derivative of ICRF-154 and exhibits comparable antitumour activity. In the clinical setting, 

ICRF-187 (Dexrazoxane, Cardioxane, Zinecard, and ADR-529) (Figure 19) is the (+)-

enantiomer of racemic ICRF-159 and is employed to mitigate DOXO-induced cardiotoxicity 172. 

Notably, ICRF-193, a dimethyl derivative of ICRF-154, is the most potent among 

bisdioxopiperazine derivatives in its action against Topo II 196. ICRF-193 effectively targets 

various mammalian Topo II forms, including those found in yeast, flies, frogs, plants, and 

mammals, while having no impact on prokaryotic type II enzymes such as DNA gyrase 197. A 

comparison between the two human Topo II isoforms reveals that purified human Topo IIα 

displays more than tenfold greater sensitivity to ICRF-159 and ICRF-193 compared to the β 

form of the enzyme 198. ICRF-193 operates by inhibiting Topo II through the stabilization of a 

noncovalent form of the enzyme that encircles DNA. The formation of this complex 

necessitates the presence of both the drug and ATP, ultimately leading to the inhibition of the 

ATPase activity of the enzyme 199,200. 
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Figure 19 Chemical structure of ICRF-187 175. 

Merbarone (Figure 20) is a compound formed by connecting thiobarbituric acid and 

aniline through an amide linkage 201. Out of approximately 700 barbituric acid analogues 

assessed in the National Cancer Institute's screening program in Bethesda, MD, USA, only 

merbarone displayed activity 202. Merbarone has been found to possess curative potential 

against L1210 leukaemia and significant activity against certain other murine tumours 113. 

This drug selectively inhibits the catalytic activity of Topo II, particularly the Topo IIα 

isoform, while showing only weak activity against Topo I 203. Detailed investigations into the 

various stages of the catalytic cycle have revealed that merbarone has no effect on DNA 

binding or ATP hydrolysis but is a potent inhibitor of enzyme-mediated DNA cleavage 203. 

Moreover, merbarone can compete with ETP, indicating a potential competition for similar 

binding sites on Topo II 187,204. Clinical trials involving merbarone have been conducted for 

various tumour types. However, these studies were halted due to nephrotoxicity and a general 

lack of antitumour activity 205. 

 

Figure 20 Chemical structure of merbarone 206. 

Novobiocin (Figure 21), an agent derived from coumarin, utilizes distinct mechanisms to 

inhibit DNA topoisomerases 207. It achieves inhibition by blocking the ATP binding site, 

effectively targeting bacterial gyrase B and mammalian Topo II 208. In contrast, novobiocin's 

interaction with vaccinia virus Topo I disrupts the enzyme's ability to engage with DNA 209. 

Importantly, leukaemia cells resistant to novobiocin also exhibit notable cross-resistance to 

ETP and teniposide, with lesser degrees of resistance to m-AMSA and DOXO 209. 
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Novobiocin has been widely employed to modulate cellular responses to alkylating agents 

and other Topo inhibitors. Many cell lines that have developed resistance to alkylating agents 

frequently display heightened Topo II activities. Conversely, cells that have become resistant 

to Topo II inhibitors often demonstrate reduced Topo activities and display collateral sensitivity 

to alkylating agents. Furthermore, novobiocin has the ability to enhance the cytotoxicity of ETP 

and teniposide in multiple tumour cell lines. This heightened cytotoxicity does not arise solely 

from an additive effect of these agents on Topo II but is instead attributed to novobiocin's 

capacity to inhibit the efflux of ETP and teniposide. This inhibition results in elevated 

intracellular drug concentrations, leading to an increased formation of covalent DNA Topo 

complexes 210,211.  

 

 

Figure 21 Chemical structure of novobiocin 168. 

1.8 Cellular effects 

In this study, in addition to assessing the activity of the tested compounds against 

human topoisomerases, an attempt was made to understand the cellular response to the action 

of the tested compounds in the context of various processes occurring in cancer cells and to 

determine whether there are potential unintended targets (off-targets) or possibly alternative 

mechanism of action.  

1.8.1 Cell cycle 

The cell cycle is a meticulously orchestrated process composed of two distinct phases. 

The first phase is mitosis (M), during which a cell undergoes division. The second phase is 

interphase, which encompasses G1 (pre-DNA synthesis), S (DNA synthesis), and G2 (pre-

division) phases (Figure 22) 212. After interphase, the cell reverts to the G0 phase, which 

signifies a state of quiescence. G0 is typically used to describe cells that are not actively 

participating in the cell cycle but still retain the potential for division (Figure 22). The majority 
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of non-growing or non-proliferating cells fall into the G0 category 213. Cells can transit from the 

quiescent state of G0 to the G1 phase if they are stimulated to proliferate or activated by 

mitogenic signals 214. The G1 phase marks the initial stage in cell cycle progression 215. During 

the S phase, cells synthesize DNA, resulting in a DNA content ranging from 2N to 4N 216. Upon 

accurate duplication of chromosomes, cells advance to the G2 phase, during which they 

prepare for the M phase. In the M phase, the cell undergoes division, resulting in the formation 

of two separate daughter cells 214,215. 

Each stage of the cell cycle is under tight regulation by cyclin-dependent kinases (CDKs), 

which belong to a highly conserved family of serine/threonine protein kinases, and their 

regulatory partners, known as cyclins (Figure 22) 217. Conversely, cell cycle progression is 

inhibited by cyclin-dependent kinase inhibitors (CKIs) 218. A complex of cyclin-dependent 

kinase (CDK) and cyclin (CDK-cyclin) is created through the binding of an inactive catalytic 

subunit of the protein kinase (CDK) with a regulatory subunit (cyclin) 219. Cyclin-CDK 

complexes serve as central regulators of cell cycle progression, transducing external signals 

such as growth factors and nutrient availability to the cell 220. Distinct cyclins are required at 

different phases of the cell cycle. D-type cyclins (D1, D2, and D3) associate with CDK4/6 are 

crucial for entry into the G1 phase 221. Cyclin E is also pivotal during G1, forming a complex 

with CDK2 to regulate the late G1 phase and initiate DNA synthesis in the early S phase 222 . 

The cyclin E/CDK2 complex plays a vital role in facilitating the transition from the G1 to S phase 

223. As the cell cycle advances, cyclin A takes the place of cyclin E as the binding partner for 

CDK2. Cyclin A is responsible for overseeing DNA synthesis and replication during the S phase 

224. Subsequently, cyclin A associates with CDK1 to drive entry into the M phase. CDK1 

collaborates with other kinases, such as polo-like kinases and Aurora, to facilitate the transition 

from G2 to M phase, thus contributing to mitotic progression during cell division. In the G2 

phase, cyclin B replaces cyclin A, and the cyclin B/CDK1 complex plays a pivotal role in 

triggering mitosis 225,226.  

In cancer cells, cell cycle proteins often display increased activity, leading to uncontrolled 

cell proliferation. Notably, when individual cyclins or CDKs are genetically removed or when 

the function of cyclin-CDK kinase complexes is suppressed in mice-bearing tumours, it 

effectively hinders the onset and progression of specific cancer types driven by particular 

oncogenic triggers 227. What's striking is that this intervention has minimal effects on normal 

tissues159. This observation suggests that cancer cells have a reliance to specific CDKs, 

depending on the genetic mutations they carry. Consequently, targeting CDKs through 

inhibition emerges as a precise strategy for addressing cancer cells while safeguarding the 

integrity of normal tissues 225,228. 
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Figure 22 Cell cycle and its regulation 212. 

1.8.2 DNA damage 

Double-strand breaks (DSBs) represent the most harmful DNA lesions. If left 

unrepaired, they can have serious repercussions on cell survival, giving rise to chromosome 

abnormalities, genomic instability, or even cell death 229,230. DSB induction involves various 

physical, chemical, and biological factors. Cells respond to DNA damage through the activation 

of the DNA damage response (DDR), a complex molecular mechanism designed to detect and 

repair DNA damage 231. The occurrence of DSBs initiates the activation of numerous factors, 

including the phosphorylation of the histone variant H2AX, resulting in the formation of γ-H2AX 

232. H2AX phosphorylation plays a pivotal role in DDR, essential for recruiting DNA repair 

proteins to damaged chromatin sites and for the activation of checkpoint proteins that halt cell 

cycle progression. In essence, the analysis of γ-H2AX expression can be employed to detect 

the genotoxic effects of various toxic substances 233. When employed with clinical samples 

from cancer patients, evaluating γ-H2AX levels can not only facilitate the monitoring of the 

effectiveness of anticancer treatments but also predict the sensitivity of tumour cells to DNA-

damaging anticancer agents and assess the toxicity of such treatments on normal cells 234,235.  

1.8.3 Reactive oxygen species 

Reactive oxygen species (ROS), a category of highly active molecules, have been 

extensively investigated in various cancer types 236. These ROS are typically considered 

natural byproducts of numerous cellular processes. In general, cancer cells tend to exhibit 

elevated baseline levels of ROS in comparison to normal cells due to an imbalance between 

oxidants and antioxidants 237. ROS play a dual role in cellular metabolism 238: When present at 

low to moderate levels, they serve as signal transmitters, activating processes such as cell 

proliferation, migration, invasion, and angiogenesis. Conversely, when ROS levels are high, 
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they cause damage to proteins, nucleic acids, lipids, membranes, and cellular organelles, 

ultimately resulting in cell death 239. In-depth investigations have revealed that anticancer 

treatments, which regulate levels of ROS, including immunotherapies, demonstrate 

encouraging outcomes in both laboratory experiments in vitro and in vivo 236,240. 

1.8.4 Calcium efflux 

Calcium serves as a versatile and dynamic second messenger crucial for the survival 

of higher organisms 241. In cells undergoing activation or excitation, calcium is discharged from 

the endoplasmic/sarcoplasmic reticulum to activate calcium-dependent kinases and 

phosphatases, thus governing a wide array of cellular processes, including apoptosis and 

autophagy. In the context of apoptosis, either endogenous ligands or pharmacological agents 

induce a sustained increase in cytosolic calcium, leading to cell death 242,243.  

1.8.5 Protein tyrosine kinases 

Protein tyrosine kinases (PTKs) are a group of enzymes that play a pivotal role in 

regulating numerous cellular processes such as cell growth, differentiation, and survival 244. 

The dysregulation of PTKs has been implicated in the initiation and progression of various 

cancer types. Consequently, PTKs have emerged as crucial targets in the quest to develop 

anticancer therapies 245,246. For instance, imatinib, a protein tyrosine kinase inhibitor (PTKI), 

has been approved for treating chronic myeloid leukaemia and gastrointestinal stromal 

tumours. Imatinib specifically targets the BCR-ABL PTK, which is overexpressed in these 

cancer cell types, leading to uncontrolled proliferation. By inhibiting BCR-ABL activity, imatinib 

effectively eradicates cancer cells and induces remission 247,248. Another notable PTKI is 

dasatinib, which targets multiple PTKs, including BCR-ABL, SRC, and c-KIT. Dasatinib has 

demonstrated promising outcomes in the treatment of various cancers, such as chronic 

myeloid leukaemia, acute lymphoblastic leukaemia, and non-small cell lung cancer 249. Beyond 

imatinib and dasatinib, several other PTKIs are currently under development or undergoing 

clinical trials for the treatment of diverse cancer types 250. These medications hold significant 

promise in enhancing the outcomes of cancer treatment and diminishing the toxicity associated 

with traditional chemotherapy 251. However, it is known that PTKIs quite often cause resistance; 

therefore, the development of new compounds from this group is still needed 252.  

1.8.6 Apoptosis 

Apoptosis, the natural mechanism for cell death, holds significant promise as a target 

for anticancer therapy 253. Both the intrinsic and extrinsic pathways utilize caspases to execute 

apoptosis by cleaving hundreds of proteins. In cancer, the apoptotic pathway is typically 

hindered through various means, such as the overexpression of antiapoptotic proteins and the 
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under expression of proapoptotic proteins. Numerous conditions can activate the apoptotic 

pathway, including DNA damage and uncontrolled cell proliferation 254. This pathway responds 

to signals from both, inside and outside the cell. Two distinct pathways, the intrinsic (or 

mitochondrial) and extrinsic (or death receptor) pathways, correlate with the type of signal. 

Intracellular signals include DNA damage, deprivation of growth factors, and cytokines 253,255. 

When apoptosis is initiated, the cell undergoes a series of changes, including the activation of 

caspases, which cleave vital cellular components, including cytoskeletal and nuclear proteins. 

As a result of caspase activity, apoptotic cells shrink and exhibit changes in the plasma 

membrane, signalling a response from macrophages 256. The activity of caspase proteases is 

crucial for successful apoptosis, as they cleave numerous proteins. There are four initiator 

caspases (caspase-2, -8, -9, 10) and three executioner caspases (caspase-3, -6, -7) 257. The 

executioner caspases cleave target proteins, ultimately leading to cell death 258,259. These 

pathways are tightly regulated, ensuring that apoptosis only occurs when appropriately 

signalled. The intrinsic pathway is particularly regulated by the B-cell lymphoma-2 (BCL-2) 

protein family, which includes proapoptotic effector proteins, proapoptotic BH3-only proteins, 

and antiapoptotic BCL-2 proteins 260. Antiapoptotic BCL-2 proteins inhibit apoptosis by 

counteracting proapoptotic BCL-2 proteins, such as BCL-2-associated X protein (BAX) and 

BCL-2 antagonist killer (BAK). BH3-only proteins also play a role in inhibiting antiapoptotic 

BCL-2 proteins 261,262.  

Another significant protein involved in the apoptosis process is Poly(ADP-ribose) 

polymerase (PARP1 263. Its primary function is to recognize and bind to DNA strand breaks 

induced by various genotoxic agents 264. Upon the occurrence of DNA breaks, PARP1 

becomes activated and subsequently promotes the synthesis of poly(ADP-ribose) using its 

substrate, the coenzyme NAD+, directly at the break site 265. It has been observed that during 

both drug-induced and spontaneous apoptosis, PARP1 undergoes proteolytic cleavage, 

resulting in the generation of 89-kDa and 24 kDa fragments. These fragments respectively 

contain the enzyme's active site and DNA-binding domain. In the execution of the apoptotic 

program, caspase-3 assumes a central role and is responsible for cleaving PARP1 during the 

cell death process 266,267. 

One approach to cancer treatment involves gaining control over, or possibly 

terminating, the uncontrolled growth of cancer cells by harnessing the cell's own mechanism 

for programmed cell death. Targeting apoptosis is an effective method and has proven to be 

the most successful non-surgical treatment for various types of cancer 253. This approach is 

effective across all types of cancer, as evasion of apoptosis is a common hallmark of cancer 

and is not specific to the cause or type of cancer. Numerous anticancer drugs target various 

stages in both the intrinsic and extrinsic pathways 268.  
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2. AIM OF STUDY 

Cancer is a highly intricate and multifaceted disease, stemming from a complex interplay 

of physiological and biochemical changes. Recent years have illuminated a concerning trend: 

cancer cells are demonstrating an alarming ability to develop resistance to numerous 

traditional anticancer drugs, resulting in the recurrence of tumours. Contemporary cancer 

management encompasses a diverse array of therapeutic modalities, including surgery, 

radiotherapy, immunotherapy, and the frequently employed chemotherapy. Despite the rising 

incidence of cancer and the emergence of drug resistance, chemotherapy remains the 

predominant strategy for combatting this ailment. In the forthcoming decades, the exploration 

and innovation of novel cancer treatments will prove indispensable in effectively addressing 

these challenges. Consequently, the imperative to develop alternative approaches to cancer 

treatment becomes increasingly significant in our quest for enhanced outcomes. As we move 

forward, the quest for discovering new and potent anticancer medications remains a pressing 

and unrelenting mission 269,270. 

The subject of the conducted research was three symmetrically substituted carbazole 

derivatives: 2,7-Di(2-furyl)-9H-carbazole (27a), 3,6-Di(2-furyl)-9H-carbazole (36a), and 3,6-

Di(2-thienyl)-9H-carbazole (36b) (Figure 23), designed based on the asymmetrically 

substituted carbazole proposed within the OPUS project titled 'New inhibitors of the telomerase 

catalytic unit’ 271. The project was conducted by prof. Baginski’s group several years ago. 

These compounds were initially designed by Dr. Eng. Umesh Kalathiya through high-

throughput screening techniques with the intention of serving as potential inhibitors of 

telomerase catalytic activity. They were subsequently synthesized by Prof. Makowski's group 

at the University of Gdansk for further investigation within the TARGETTELO project 

(STRATEGMED). However, after being tested by Dr. Eng. Natalia Maciejewska using the 

TRAP assay, these compounds did not show an impact on telomerase activity. Apparently, 

despite their lack of telomerase activity, the compounds 27a, 36a, and 36b exhibited promising 

cytotoxicity against cancer cell lines in preliminary screenings. Therefore, the aim of my project 

was to perform biological studies to determine their molecular mechanism of action. 

Within this study it was planned to assess the biological anticancer properties of carbazole 

derivatives with symmetrical substitutions, incorporating either furan or thiophene. Especially 

to determine the target and mode of action. My working hypothesis was that these compounds 

can target other DNA operating proteins, namely topoisomerase. The novelty of this approach 

lies in the symmetrical substitutions of these compounds and their exploration of potential 

anticancer properties. The primary focus of this assessment revolves around the molecular 

pharmacology of three specific derivatives. It includes a thorough examination of their inhibitory 

effects on human Topo I and II and an investigation into their potential as anticancer agents 
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across various cancer cell lines. This comprehensive analysis encompasses the assessment 

of their cytotoxicity, antiproliferative effects, induction of DNA damage, prooxidative properties, 

and proapoptotic effects. Moreover, it also included assessment of their effects on the activity 

of other potential targets. Notably, the investigation also delved into the inhibition of protein 

tyrosine kinase activity. Thus, through numerous studies employing molecular biology 

techniques, the goal of my doctoral thesis was to elucidate the anticancer mechanism 

responsible for the high cytotoxic properties of carbazole derivatives. 

 

Figure 23 Chemical structure of the investigated compounds. 
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3. MATERIALS AND METHODS  

All reagents and materials were purchased from Sigma-Aldrich (Saint Louis, United States) 

unless otherwise stated. Tables 2 and 3 displayed the inventory of antibodies that were 

employed. 

Table 2 List of antibodies employed in Western blot analysis. 

Antibody Company Dilution 

anti-Caspase-9 (#9502) Cell Signaling 1:1000 

anti-PARP (#9542) Cell Signaling 1:1000 

anti-BID (#2002) Cell Signaling 1:1000 

anti-Bax (#2772) Cell Signaling 1:1000 

anti-Actin, (sc-1616) Santa Cruz Biotechnology 1:1000 

anti-AIF(#5318S) Cell Signaling 1:1000 

anti-mouse-HRP, 715-035-150 Jackson ImmunoResearch Labs 1:10000 

anti-rabbit-HRP, 711-035-152 Jackson ImmunoResearch Labs 1:10000 

anti-goat-HRP, 705-036-147 Jackson ImmunoResearch Labs 1:10000 

Table 3 List of antibodies employed in immunofluorescence or flow cytometry assessments. 

Antibody Company Dilution 

Alexa Fluor 488-conjugated anti-H2AX (pS139), 

(#560445)  

BD Pharmingen 1:100 

anti-β-tubulin, #T8328 Sigma-Aldrich 1:250 

anti AIF(5318S) Cell Signaling 1:100 

anti-Cytochrome c (#11940S) Cell signaling 1:100 

anti-mouse Alexa Fluor 488,(#SA5-10166) Invitrogen 1:500 

anti-rabbit Alexa Fluor 594, (sc-516250) Santa Cruz Biotechnology 1:500 

anti-BrdU (#ab6326) Abcam 1:200 

anti-Phospho-tyrosine (P-Tyr-100), (#9411) Cell Signaling 1:200 
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Protocols 

All protocols for the employed methods were devised in the Department of Pharmaceutical 

Technology and Biochemistry at Gdańsk University of Technology, unless specified otherwise. 

3.1 Cell culture 

A549 (CCL-185), H226 (CRL-5826), H460 (HTB-177), GLC4 (CVCL-0279), MCF-7 (HTB-22), 

HCT-116 (CCL-247), HT-29 (HTB-38), U-2 OS (HTB-96), U87-MG (HTB-14), HaCat (CRL-

2404), HEK293 (CRL-1573) cells were obtained from the American Type Culture Collection 

(ATCC). Normal human bronchial epithelial cells (NHBE) and human mammary epithelial cells 

(HMEC) were acquired from Lonza (Walkersville, USA). All cell lines were cultured in a 

humidified environment at 37°C with either 5% or 10% CO2 and regularly screened for 

Mycoplasma contamination. The culture medium for each cell line (Table 4) consisted of 10% 

foetal bovine serum (Corning, New York, USA), 2 mM L-glutamine, and antibiotics (62.6 µg/ml 

penicillin and 40 µg/ml streptomycin). The culture media for normal cell lines was 

supplemented with appropriate growth factors and additives as per the manufacturer's 

instructions. 

Table 4 A summary of the cell lines used for the conducted research 

Cell line Type Medium CO2 

A549 lung cancer cell line RPMI-1640 5% 

H226 lung cancer cell line RPMI-1640 5% 

H460 lung cancer cell line RPMI-1640 5% 

GLC4 lung cancer cell line RPMI-1640 5% 

HCT-116 colon cancer cell line McCoy’s 5A 5% 

HT-29 colon cancer cell line McCoy’s 5A 5% 

MCF-7 breast cancer cell line RPMI-1640 5% 

U-2 OS bone cancer cell line McCoy’s 5A 5% 

U87-MG brain cancer cell line MEM 5% 

HaCat noncancerous skin cell line RPMI-1640 5% 

HEK293 noncancerous kidney cell line DMEM 10% 

NHBE lung normal cell line BEGM 5% 

HMEC breast normal cell line MEGM 5% 
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3.2 Drug sensitivity 

Cell viability was assessed via the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-

tetrazolium bromide) assay. Initially, cells were seeded into 96-well plates and exposed to 

varying concentrations of the investigational compounds, ranging from 0 to 50 µM, for a 

duration of 72 h. Reference compounds, ETP and m-AMSA, were included for comparative 

analysis. Subsequent to treatment, the cells were subjected to a 3 h incubation period with an 

MTT solution (0.4 mg/ml in PBS) at 37°C. Following this incubation, the culture medium was 

carefully aspirated, and the formazan crystals formed during the reaction were solubilized in 

100 μl of DMSO. The absorbance of the resulting solution was quantified at 540 nm, employing 

an ASYS UVM340 microplate reader from Biochrom Ltd. To ensure robustness and accuracy, 

the experiment was independently conducted in triplicate. The 50% inhibitory concentration 

(IC50) was characterized as the concentration at which the absorbance of the DMSO-treated 

cells was reduced by 50% compared to the control. Calculations of IC50 values were carried 

out using GraphPad Prism software (GraphPad Prism version 9.0.0 for Windows, GraphPad 

Software, San Diego, USA) by constructing survival curves based on data obtained from a 

minimum of three independent biological experiments. 

Concentrations employed in subsequent assays 

To monitor alterations in cellular responses caused by the 27a, 36a, and 36b, further assays 

were carried out using the IC90 concentration established for each compound relative to each 

cell line after 72 h of treatment, unless stated otherwise. 

3.3 Clonogenic assay 

In 6-well plates, A549 and HCT-116 cells were initially seeded at a density of 400 cells per 

well. Subsequently, the cells underwent treatment with varying concentrations of carbazole 

derivatives under investigation for a duration of 24 h. After this treatment period, the cells were 

subjected to a thorough wash and were allowed to continue culturing for an additional 8 days. 

To stabilize the cells, methanol was employed as a fixing agent. This was followed by staining 

with 0.5% crystal violet. Visible colonies resulting from the culture were quantified using ImageJ 

1.53n software (National Institutes of Health, Bethesda, USA). The viability of the cells was 

then determined relative to the control conditions. 

3.4 Flow cytometry 

In preparation for each flow cytometry experiment, A549, HCT-116, MCF-7, and U-2 OS cells 

were initially seeded onto tissue culture plates and given 24 h to adhere. Subsequently, the 
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cells were incubated with the compounds under investigation, each at its respective IC90 

concentration, for the specified duration for each individual experiment. The analysis involved 

examining 10,000 events using the Guava easyCyte 8 cell sorter from Merck Millipore, and the 

data were processed using FlowJo v10 software. To ensure the reliability of the results, each 

experiment was independently replicated three times. 

3.5 Cell cycle analysis 

To conduct cell cycle analysis, A549, HCT-116, MCF-7, and U-2 OS cells were subjected to 

treatment with carbazole derivatives for either 24 or 48 h. Following this treatment period, the 

cells were carefully collected, fixed using ice-cold 75% ethanol, and stored overnight at a 

temperature of -20°C. In the subsequent phase, after centrifugation, the cells underwent a 

thorough rinse with PBS. They were then stained with a solution comprising 20 μg/μl of 

propidium iodide (PI) and 100 μg/μl of RNaseA (Thermo Fisher Scientific), all dissolved in PBS. 

This staining procedure was carried out for a duration of 20 min at RT. 

3.6 BrdU assay 

To assess DNA synthesis, A549, HCT-116, MCF-7, and U-2 OS cells were first exposed to 20 

μM BrdU (5-bromo-2'-deoxyuridine) for a duration of 1 h, just prior to the conclusion of their 

respective treatments. Subsequently, the cell samples were harvested using a trypsin solution 

and then fixed in 75% ethanol. The fixation was carried out overnight or for an extended period 

at -20°C. Following fixation, the samples underwent a 10 min rehydration step with PBS. To 

facilitate the denaturation process, the samples were treated with 2 M HCl for 45 min at RT. 

The suspension was then neutralized using 0.1 M sodium tetraborate with a pH of 8.5 for 10 

min at RT. To minimize nonspecific binding, a solution consisting of 1% w/v bovine serum 

albumin (BSA) in PBS was used for blocking for 30 min at RT. Following this blocking step, the 

samples were subjected to a sequence of antibody incubations. Initially, they were incubated 

with rat anti-BrdU antibody (at a 1:100 dilution) from Abcam (#ab6326) (Table 3) for 1 h at 

37°C. Subsequently, the samples were treated with goat anti-rat conjugated antibody (at a 

1:200 dilution) from Abcam (#ab150157) for 30 min at 37°C. Finally, the DNA was stained 

using a solution composed of 20 μg/μl propidium iodide (PI) and 100 μg/μl RNaseA in PBS for 

20 min at RT. 

3.7 DNA damage 

Cells were initially plated onto tissue culture plates and given time to adhere overnight. On the 

following day, all cells received treatment with either 10 µM of compounds or 1% (v/v) DMSO 

for durations of 24 and 48 h. Following incubation, the cells were collected via trypsinization, 
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then fixed in ice-cold 75% ethanol and stored at -20°C until further analysis. The subsequent 

steps involved rehydrating the cells with PBS on ice for a duration of 10 min, followed by 

permeabilization in 0.2% Triton X-100 in PBS at RT for 5 min. After centrifugation, the cells 

were washed with 1% BSA in PBS and subsequently incubated with Alexa Fluor™ 488-

conjugated mouse anti-γ-H2AX (Ser139) antibody at a 1:100 dilution (#613406; BioLegend, 

San Diego, USA) (Table 3) for 1.5 h at 37°C. Following another round of washing with 1% BSA 

in PBS, the cells were stained with 20 μg/μl PI and 100 μg/μl RNaseA in PBS for 30 min at RT.  

3.8 Calcium efflux staining 

Cells were initially plated onto tissue culture plates and given the opportunity to adhere 

overnight. On the following day, the cells underwent treatment with either 1% (v/v) DMSO, the 

test compounds, or ETP for 24 and 48 h. Subsequently, the cells were subjected to staining 

with Fluo-4 AM (#F14201; Thermo Fisher Scientific) for 1 h at 37ºC, followed by a 30-minute 

washing step in Hank's Balanced Salt Solution (Thermo Fisher Scientific). The next phase 

involved cell collection through trypsinization. 

3.9 JC-1 staining 

Following the completion of the treatment period, the A549 and HCT-116 cell culture medium 

was exchanged with fresh medium supplemented with 5 µg/ml JC-1 dye. Subsequently, the 

cells were incubated in the absence of light for an additional 20 min at 37°C. After this 

incubation, the cells underwent two washes with PBS before measurement. As a reference, 

50 µM FCCP was introduced 15 min before concluding the drug treatment incubation. 

3.10 Assessment of apoptosis and caspase 3/7 activation 

In a nutshell, subsequent to exposure to the test compounds and ETP, A549, and HCT-116 

cells were collected via trypsinization, underwent two PBS rinses, and were then subjected to 

staining. For apoptosis analysis, they were stained with Annexin V FITC conjugate (Thermo 

Fisher Scientific, #A13199), following the manufacturer's guidelines. Additionally, for the 

evaluation of caspase-3/7 activation, cells were stained utilizing the CellEvent™ Caspase-3/7 

Green Flow Cytometry Assay Kit (Thermo Fisher Scientific, #C10427), following the 

manufacturer's recommended procedures. ETP was employed as a comparative reference in 

these experiments. 

3.11 DNA fragmentation 

A549 and HCT-116 cells were subjected to examination using the Terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL) assay (Abcam, #ab66108). Post-drug treatment, 
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the procedure involved the following consecutive steps. Initially, cell samples were harvested 

using a trypsin solution. Subsequently, these samples were meticulously washed with PBS to 

remove any residual components. To stabilize their condition, the cells were then fixed using 

a 1% formaldehyde solution. The entirety of this experiment was executed meticulously, strictly 

adhering to the manufacturer's prescribed protocol, which ensured the highest level of 

precision and consistency. Additionally, ETP was employed as a point of reference in this 

study. 

3.12 Relaxation of human Topo I 

The assessment of inhibitory activity for the investigated compounds closely adhered to the 

manufacturer's protocol (Inspiralis; #HTR102). In summary, the procedure encompassed the 

following steps: A mixture was prepared, combining 250 ng of supercoiled pBR322 (Thermo 

Fisher; #SD0041), the test compounds, and a reaction buffer. The reaction was initiated by 

introducing diluted Human Topo I in assay buffer to the mixture. Subsequently, the samples 

underwent a 30 min incubation at 37°C. To halt the reaction, a loading buffer (New England 

BioLabs; #B7024S) was added. The samples were then loaded onto a 1% (w/v) agarose gel 

and subjected to electrophoresis in 1xTBE at a voltage of 20 V for an extended period of 18 h. 

Following electrophoresis, the gel was stained with ethidium bromide, underwent destaining in 

H2O, and was subsequently photographed using the ChemiDoc Imaging System from Biorad. 

3.13 Relaxation/Decatenation of human Topo IIα/IIβ 

The assessment of inhibitory activity for the investigated compounds followed the 

manufacturer's guidelines (Inspiralis; #HT205). Here's a concise overview of the procedure: A 

mixture comprising 250 ng of supercoiled pBR322 (Thermo Fisher; #SD0041), the test 

compounds, and a reaction buffer was prepared. The reaction was initiated by the addition of 

diluted human Topo IIα or IIβ in assay buffer, and the samples were subsequently incubated 

for 30 min at 37°C.To conclude the reaction, a loading buffer (New England BioLabs; #B7024S) 

was introduced. The samples were loaded onto a 1% (w/v) agarose gel and subjected to 

electrophoresis in 1xTBE at 20 V for an extensive duration of 18 h. Following electrophoresis, 

the gel was stained with ethidium bromide and then destained in H2O. The results were 

captured using a ChemiDoc Imaging System (Biorad). For the decatenation assay, 250 ng of 

kDNA (Inspiralis, #K1002) was employed. As reference points for comparison, ETP and ICRF-

187 (Cayman Chemical) were utilized in this study. 
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3.14 Formation of cleavable complexes 

The composition of the mixture paralleled that used for the relaxation of the human Topo IIα 

assay, with one exception: a fivefold greater amount of enzyme was employed. The sequence 

of events unfolded as follows. The reaction was set in motion by introducing the enzyme to the 

samples, initiating a 10-min incubation period at 37°C. Subsequently, 0.35% SDS and 0.3 

mg/ml proteinase K from A&A Biotechnology were added, and the samples were subjected to 

an additional incubation at 56°C for a duration of 1 h. Following this incubation, a loading buffer 

(New England BioLabs, #B7024S) and chloroform: isoamyl alcohol (in a ratio of 24:1 v/v) were 

introduced. In this study, ETP and ICRF-187 served as reference compounds for comparative 

analysis. The procedure for detecting Topo I-nicked DNA remained consistent, with the 

exception of excluding the addition of proteinase K. The electrophoresis was conducted in the 

presence of EtBr at a concentration of 1 µg/ml in TBEx1. 

3.15 Intercalation into DNA 

The unwinding assay was executed following the manufacturer's guidelines (Inspiralis, 

#DUKSR002) to assess the intercalating potential of the carbazole derivatives under 

investigation, with ETP and DOXO serving as reference compounds. Here's a comprehensive 

description of the procedure: Wheat germ Topo I, pre-diluted in assay buffer, was introduced 

into a mixture consisting of assay buffer, the tested carbazole derivatives, and relaxed pBR322 

DNA. This mixture underwent a 30 min incubation at 37°C. To halt the reaction, 50 µl of butanol 

and 20 µL of H2O were added. Subsequently, the samples were vigorously vortexed, followed 

by centrifugation. The aqueous layer was then combined with a solution of chloroform and 

isoamyl alcohol in a 24:1 v/v ratio, along with a loading buffer (New England BioLabs, 

#B7024S). 

3.16 Measurement of intracellular ROS 

Cells were initially seeded onto tissue culture plates and allowed to adhere overnight. The 

following day, the cells were subjected to treatment with compounds at their IC90 concentration, 

1% (v/v) DMSO, or 250 µM H2O2 for the specified duration. In the case of carbazole derivatives, 

the study also explored the effects of combined treatment with 2 mM NAC. Approximately 30 

min before concluding the treatment, the cells were stained with 1 µM CM-H2DCFDA (#C6827; 

Thermo Fisher Scientific). Subsequently, the cells were detached through trypsinization and 

stained with 10 µg/ml 7-Aminoactinomycin D (7-AAD; Thermo Fisher Scientific). 
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3.17 Immunofluorescence 

Cells (2x105) were initially seeded onto tissue culture plates, with a glass slide included, to 

allow for overnight attachment. The following day, the cells were exposed to the tested 

compounds or 1% (v/v) DMSO for the specified duration. After treatment, the cells underwent 

a series of steps: they were washed with PBS, fixed for 15 min at RT using 4% 

paraformaldehyde (PFA) in PBS and then permeabilized for 15 min with 0.25% Triton-X100 in 

PBS. Subsequently, the cells were blocked with 3% BSA in PBS-T (PBS containing 0.1% 

Tween-20) for 1 h at RT and incubated with primary antibodies for 1.5 h at 37°C in a humidified 

chamber. After the primary antibody incubation, the cells were washed three times with PBS-

T and then subjected to incubation with appropriate peroxidase-conjugated secondary 

antibodies for 1 h in a humidified chamber at 37°C. Following this secondary antibody 

incubation, the cells were washed three times for 10 min each with PBS-T, stained with 0.25 

µg/ml DAPI for 15 min, and finally mounted onto slides using PBS-glycerol (90%) containing 

2.5% (w/v) DABCO. Image acquisition was performed utilizing an LSM 800 inverted laser-

scanning confocal microscope from Carl Zeiss, which featured an airyscan detector and 

utilized a ×63 1.4 NA Plan Apochromat objective. During image acquisition, parameters such 

as laser intensity, exposure times, and gain settings were kept consistent for both the cells 

treated with compounds and those treated with DMSO. The specific antibodies used are 

detailed in Table 3. 

3.18 Universal Tyrosine Kinase Assay Kit 

Protein tyrosine kinase activity in A549 cell extract was assessed utilizing the Universal 

Tyrosine Kinase Assay Kit (#MK410; TaKaRa, Shiga, Japan), following the manufacturer's 

provided instructions. In brief, A549 cells were first collected using an extraction buffer and 

then subjected to centrifugation (10000 g, 10 min, 4°C). Subsequently, each sample was mixed 

with a solution containing 40 mM ATP-2Na and incubated for 30 min at 37°C. Following 

incubation, the sample solution was removed, washed four times with a washing solution, and 

subsequently blocked with a blocking solution for 30 min at 37°C. Next, an anti-

phosphotyrosine (PY20)-HRP solution was added to each well and incubated for 30 min at 

37°C. After this incubation, the wells were washed four times and incubated with HRP 

substrate solution for 20 min at 37°C, followed by halting the reaction using a stop solution. 

The absorbance at 450 nm was then measured using an ASYS UVM340 microplate reader 

from Biochrom Ltd. The calculation of PTK activity was carried out employing the PTK standard 

curve supplied within the kit. 
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3.19 Phospho-flow cytometry 

Cells were initially seeded onto tissue culture plates and allowed to adhere overnight. Following 

this, the complete medium was replaced with a medium containing 1% FBS, and cells were 

left to incubate for 12 h prior to any stimulation. Subsequently, the cells were pretreated with 

compounds for 45 min, washed, and exposed to the same compounds in the presence of 20% 

FBS for an additional 75 min. The cells were then gently detached using 1 mM EDTA in PBS, 

washed 2-3 times with PBS, and harvested through centrifugation (1100 rpm, 5 min, 4°C). 

After this, the cells were fixed with 4% PFA in PBS for 15 min at 4°C, followed by another round 

of centrifugation (1100 rpm, 5 min, 4°C). Following fixation, the cells were permeabilized by 

slowly adding 4.5 ml of ice-cold 100% methanol to the pre-chilled cells suspended in 0.5 ml of 

PBS, gently vortexing to reach a final concentration of 90% methanol. The samples were then 

left to incubate for 45 min on ice. Next, the cells were washed with incubation buffer (0.5% 

BSA in PBS), subjected to centrifugation (1100 rpm, 5 min, 4°C), and subsequently blocked 

with blocking buffer at RT for 30 min. The cells were then exposed to anti-p-Tyr-100 (1:1500 

dilution; #9411; Cell Signaling, Danvers, USA) antibody (Table 3) at RT for 1 h, followed by 

incubation with anti-mouse IgG cross-adsorbed secondary antibody conjugated to DyLight 488 

(1:200 dilution; #SA5-10166; Thermo Fisher Scientific) for 30 min at RT. Subsequently, the 

cells underwent two PBS-T washes and were stained with 7-AAD and RNaseA (50 µg/ml) in 

the dark at RT for 15 min.  

3.20 Live-cell imaging 

For live-cell imaging of A549 and HCT-116 cells, JC-1 and Annexin V-FITC staining 

procedures were employed. These cells were initially seeded into glass-bottom 24-well plates. 

The drug-treated samples were subjected to the same staining processes as utilized in flow 

cytometry analysis. To visualize cell nuclei, Hoechst33342 was utilized. The acquisition of 

images was accomplished using an LSM 800 inverted laser-scanning confocal microscope 

from Carl Zeiss, equipped with a ×63 1.4-NA Plan Apochromat objective (Carl Zeiss) and an 

airyscan detector, which facilitated high-resolution confocal scanning. Throughout the analysis, 

an incubation chamber was maintained at 37°C with a 5% CO2 atmosphere. In this study, ETP 

served as a reference standard for comparative purposes. 

3.21 In situ assay for cellular senescence using β-Galactosidase 

The β-Galactosidase assay followed a protocol based on Dimri et al. with minor adjustments 

272. Briefly, cells were treated with either 1% (v/v) DMSO or test compounds for 72 h at 37°C 

in a 5% CO2 atmosphere. Afterward, the medium was replaced with fresh medium, and cells 

were further cultured for 48 h. Next, the cells underwent two rounds of PBS washing and were 
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fixed with a solution containing 2% formaldehyde and 0.2% glutaraldehyde for 5 min at RT. 

After fixing, the cells were washed twice with PBS and incubated with β-Gal staining buffer 

(comprising 5 mM Potassium Ferricyanide, 5 mM Potassium Ferrocyanide, 2 mM MgCl2, 6 M 

NaCl, and 1 mg/ml X-Gal in a citrate/sodium phosphate buffer of 40 mM pH 6) for 16 h at 37°C 

without CO2. Following staining, the cells were washed with citric acid and phosphate buffer 

(40 mM, pH 4). Subsequently, the slides were washed twice in PBS and mounted using a 

mounting medium (composed of 90% glycerol and 2.5 mg DABCO). Image acquisition was 

performed using a fluorescence microscope (Olympus BX60; Tokyo, Japan) equipped with an 

appropriate filter. 

3.22 Western blot 

Cells were seeded onto tissue culture plates with a glass slide to attach overnight. The 

following day, cells were treated with compounds at their IC90 concentration for 24 and 48 h. 

Negative control cells were treated with 1% (v/v) DMSO. Total protein content was extracted 

from the cells using NP-40 cell lysis buffer (containing 10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 

mM MgCl2, 0.5% Nonidet P-40, and cOmplete Mini EDTA-free Protease Inhibitor Cocktail). 

Subsequently, 30 µg of protein extract was separated by 4-15% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis, followed by transfer onto microporous polyvinylidene 

difluoride membranes (Bio-Rad). The membranes were then blocked with 5% (w/v) non-fat dry 

milk or bovine serum albumin in TBST (Tris-buffered saline with 0.1% [v/v] Tween 20) buffer 

(comprising 0.2 M Tris-base, 0.137 M NaCl, and 0.1% Tween 20) for 1 h at RT. They were 

subsequently incubated overnight with primary antibodies at 4°C. Afterward, the membranes 

underwent three washes with TBST, followed by incubation with appropriate peroxidase-

conjugated secondary antibodies for 1 h at RT, and another round of washing. Proteins were 

then detected using an enhanced chemiluminescence detection reagent kit (Thermo Fisher 

Scientific) and a ChemiDoc XRS+ Imaging System (Bio-Rad). Band intensity was quantified 

using Image Lab 5.2 software (Bio-Rad). Details of all antibodies used are provided in Table 

2. 

3.23 Statistical analyses 

Statistical analysis was carried out using GraphPad Prism 9 software. A consistent set of 

significance levels was applied across the entire manuscript, with the following conventions: 

ns for non-significant (p > 0.01); * for p < 0.01; ** for p < 0.001; *** for p < 0.0001; and **** for 

p < 0.00001. The determination of statistical significance was made in comparison to the 

DMSO-treated control (1% v/v) using either one or two-way ANOVA methods.  
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4. RESULTS 

4.1 Carbazoles exhibit a strong cytotoxic effect 

The primary objective of this study was to investigate the potential cytotoxic effects of 

carbazole derivatives which is further important for study of cellular mechanisms. This 

investigation involved performing the MTT assay following a 72 h incubation period with these 

compounds. To assess their cytotoxicity, a total of 10 cell lines were utilized. These 

encompassed various cancer cell lines, including A549, H226, H460, GLC4 (lung), HCT-116, 

HT-29 (colorectal), MCF-7 (breast), U-2 OS (bone), U-87 MG (brain), and HepG2 (liver). 

Additionally, two non-cancer cell lines, namely HEK293 (human embryonic kidney cells) and 

HaCat (human keratinocytes), were employed. These two cell lines are commonly used as in 

vitro cell models to assess the toxicity of both drugs and natural products 273,274. Furthermore, 

normal cell lines NHBE (human bronchial epithelial cells) and human breast epithelial cells 

were incorporated into the study. 

The results obtained demonstrated that all three tested carbazole derivatives exhibited 

significant cytotoxic activity in the nanomolar range against most of the cancer cell lines. These 

findings were quantified in terms of IC50 values and are presented in Table 5. Among these 

compounds, 27a emerged as the most potent, with an IC50 below 1 µM for all the investigated 

cell lines, including HEK293. Similarly, 36b demonstrated growth inhibition activity similar to 

that of 27a for the majority of the tested cell lines, except for U-87 MG and GLC4 cells, where 

the IC50 values were 1.40±0.24 µM and 1.07±0.44 µM, respectively. In contrast, compound 

36a exhibited varying levels of cytotoxicity, with the highest activity against HCT-116 cells (IC50 

= 0.48±0.06 µM) and the lowest against U87-MG cells (IC50 = 2.19±0.30 µM). Notably, the 

impact of 36a on HEK293 cells was comparable to the IC50 value of etoposide (ETP), which 

was employed as a reference. The cytotoxic activity observed against normal cell lines (NHBE, 

HMEC) suggests that these compounds are non-selective and may have different mechanisms 

of action. The IC90 concentration, determined after a 72 h incubation with the compounds, was 

selected for the subsequent experiments based on the results obtained from the MTT test. 
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Table 5 In vitro assessment of anticancer activity examined compounds after 72 h of treatment, 

with IC50 values expressed as mean ± standard error (SD) in micromoles (µM). The IC50 value 

signifies the concentration at which 50% of cell growth is inhibited. ETP was used as a control. 

Cell line 27a 36a 36b ETP 

A549 0.26±0.12 0.93±0.15 0.60±0.10 0.54±0.21 

HCT-116 0.22±0.04 0.48±0.06 0.27±0.11 0.39±0.01 

MCF-7 0.79±0.21 1.39±0.29 0.83±0.21 0.83±0.15 

U-2 OS 0.37±0.05 0.99±0.18 0.71±0.06 0.61±0.04 

U-87 MG 0.45±0.15 2.19±0.30 1.40±0.24 11.86±1.31 

H226 0.46±0.04 0.96±0.09 0.67±0.12 1.03±0.16 

H460 0.29±0.02 0.98±0.18 0.62±0.05 0.05±0.01 

GLC4 0.38±0.13 1.14±0.49 1.07±0.44 ND 

HT-29 0.39±0.21 0.72±0.19 0.45±0.06 2.12±0.21 

HepG2 0.63±0.17 1.17±0.23 1.62±0.21 7.12±0.16 

HaCat 0.53±0.13 0.93±0.21 0.84±0.17 0.46±0.08 

HEK293 0.19±0.07 1.65±0.13 0.32±0.11 1.91±0.97 

NHBE 0.11±0.1 0.08±0.12 0.78±0.06 4.21±0.23 

HMEC 0.36±0.14 0.82±0.23 0.55±0.27 ND 

For further investigations aimed at determining and comparing the antiproliferative 

properties of 27a, 36a, and 36b against various cancer cell lines, A549, HCT-116, MCF-7, and 

U-2 OS were selected. The selection of cell lines was justified by comparing the cellular effects 

induced by carbazole derivatives on cell lines derived from different tissues: lungs, colon, 

breast, and bone. Additionally, their cytotoxic activity was assessed after 24 h and 48 h. As 

indicated in Table 6, the metabolic activity of the examined cancer cells consistently decreased 

over time when exposed to all the compounds. 
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Table 6 In vitro assessment of anticancer activity examined compounds after 24 h, 48 h, and 

72 h of treatment, with IC50 values expressed as mean ± standard error (SD) in micromoles 

(µM). 

A549 

Compound 24h 48h 72h 

27a 
0.98±0.14 0.75±0.22 0.26±0.12 

36a 
1.96±0.21 1.20±0.16 0.93±0.15 

36b 
1.39±0.21 0.98±0.12 0.60±0.10 

HCT-116 

Compound 24h 48h 72h 

27a 
2.19±0.26 0.85±0.20 0.22±0.04 

36a 
4.47±0.32 1.59±0.27 0.48±0.06 

36b 
3.39±0.37 0.99±0.13 0.27±0.11 

MCF-7 

Compound 24h 48h 72h 

27a 2.54±0.54 1.21±0.43 0.79±0.21 

36a 4.25±1.21 2.31±0.24 1.39±0.29 

36b 3.67±0.65 1.95±0.32 0.83±0.21 

U-2 OS 

Compound 24h 48h 72h 

27a 1.81±0.28 0.95±0.14 0.37±0.05± 

36a 3.99±0.81 2.05±0.45 0.99±0.18± 

36b 2.86±0.54 1.54±0.31 0.71±0.06± 
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4.2 Carbazole derivatives demonstrate significant antiproliferative 

potency 

The BrdU assay is a method that involves replacing thymidine with BrdU, a thymidine 

analogue, in the DNA of actively dividing cells. Once BrdU is integrated into the DNA, it is then 

detected using an immunoassay. As a result, the BrdU assay is frequently employed to assess 

the antiproliferative effects of potential anticancer compounds 275. 

Carbazole derivatives demonstrate robust antiproliferative activity. To further illustrate 

this, the BrdU incorporation assay was employed to assess their effects on selected cancer 

cells in vitro. Treatment with equitoxic concentrations of these compounds resulted in a time-

dependent reduction in DNA synthesis across nearly all of the examined cell lines (Figure 24). 

Notably, the U-2 OS cell line displayed the least pronounced antiproliferative effect, whereas 

HCT-116 cells exhibited the most substantial impact (Figure 24). 

The BrdU incorporation assay provided insights into the inhibition of BrdU incorporation 

by all tested carbazoles in the A549, HCT-116, and MCF-7 cell lines, with 36b demonstrating 

the highest potency. This particular compound displayed its most significant antiproliferative 

effects on the A549 and HCT-116 cell lines, leading to an approximate 4-fold and 3.5-fold 

decrease in BrdU-positive cells, respectively (Figure 24). Collectively, these findings suggest 

that carbazole derivatives hold the potential to inhibit cancer cell proliferation in an in vitro 

setting. 
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Figure 24 Analysis of BrdU incorporation through cytometry was conducted on A549, HCT-

116, MCF-7, and U-2 OS cells following treatment with compounds 27a, 36a, and 36b for either 

24 or 48 h. Representative histograms and subsequent statistical assessments were 

performed after DNA staining (a). The quantification analysis results are depicted in bar graphs 

(b). Error bars represent the mean ± SD of data derived from three independent experiments. 

Statistical analysis was carried out using the two-way ANOVA test. 
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4.3 Carbazole derivatives interfere with the progression of the cell cycle 

Flow cytometry-based cell cycle analysis primarily relies on assessing DNA content 

through staining with PI. The precise stoichiometric properties of PI guarantee the reliable 

quantification of DNA content, enabling the differentiation of cells in the G1, S, and G2 cell 

cycle phases, as well as the sub-G1 cell death stage, which is marked by DNA fragmentation 

276. Carbazole derivatives were investigated for their impact on cell cycle progression by 

tracking the phases of A549, HCT-116, MCF-7, and U-2 OS cells following exposure to 

equitoxic concentrations of the compounds for 24 and 48 h. The cell cycle profiles illustrated 

in Figure 25 reveal that all carbazole derivatives induced significant G0/G1 arrest 

(***p<0.0001) in A549 cells, accompanied by a decrease in the G2/M phase. Among the tested 

compounds, only 36a demonstrated a time-dependent increase in the number of HCT-116 

cells in the G0/G1 phase (Figure 25). In MCF-7 cells, all carbazole derivatives led to a notable, 

time-dependent rise in the G0/G1 phase, along with a concurrent reduction in the S phase 

compared to cells treated with DMSO alone. The most potent cell cycle blockade was observed 

after 48 h of exposure to 36b, resulting in a substantial increase in the G0/G1 phase 

(59.85±2.15%; ****p<0.00001) (Figure 25). The time-dependent treatment of U-2 OS cells 

caused a ~1.7-fold increase in the number of cells in the G2/M phase compared to DMSO-

treated cells, accompanied by a reduction in the G0/G1 phase (Figure 25). These findings 

suggest that carbazole derivatives have the potential to induce G0/G1 arrest in A549 and MCF-

7 cells while increasing the number of cells in the G2/M phase in U-2 OS cells. The divergent 

responses of these cells to carbazole treatment may be attributed to their distinct genetic 

profiles and variability in sensitivity to these compounds. Alternatively, carbazole derivatives 

may target different biological processes in the two types of cell lines. 
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Figure 25 The cell cycle characteristics of A549, HCT-116, MCF-7, and U-2 OS cells following 

exposure to 36a, 36b, and 27a are depicted. Representative histograms derived from 

propidium iodide staining and their respective quantification are displayed in the bar charts. 

Error bars denote the mean ± SD of data gathered from three independent experiments. 

Statistical analysis was carried out using the two-way ANOVA test. 
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4.4 Carbazole derivatives inhibit the capability to form colonies 

Expanding on the most promising cytotoxicity and antiproliferative effects observed 

with 27a, 36a, and 36b on A549 and HCT-116, these two cell lines were selected for more 

comprehensive biological investigations. To delve deeper into the impact of carbazole 

derivatives on cancer cell growth, A549, and HCT-116 cells underwent a clonogenic assay. 

The findings from this assay revealed that treatment with carbazole derivatives led to a 

significant reduction in the number of colony-forming cells in comparison to control cells treated 

with DMSO (Figure 26). Specifically, the administration of compounds 27a and 36a resulted 

in a concentration-dependent decrease in colony formation in both tested cell lines. However, 

compound 36b exhibited relatively lower inhibitory activity against the A549 cell line (p>0.01). 

 

Figure 26 The colony-forming capability of HCT-116 and A549 cells following exposure to 27a, 

36a, and 36b was assessed. Representative images from the clonogenic assay for HCT-116 

and A549 cell lines (a, b) and their quantification (c, d) are presented. The data presented here 

represent the mean ± SD of results obtained from three independent experiments. Statistical 

analysis was carried out using the two-way ANOVA test.  
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4.5 Carbazole derivatives inhibit human Topo II 

Human Topo II possesses the capability to alleviate supercoiled DNA. In this particular 

test, the substrate utilized is supercoiled pBR322, which the enzyme relaxes. These two 

plasmid forms can be distinguished through agarose gel electrophoresis. This method serves 

as a means to evaluate the effectiveness of various compounds as Topo II inhibitors. 

To explore the potential of carbazole derivatives as inhibitors of Topo II, a pBR322 DNA 

relaxation assay in the presence of both Topo IIα and Topo IIβ was conducted. As depicted in 

Figures 27a and 27b, the tested compounds exhibited concentration-dependent activity 

against both isoforms of Topo II. Notably, compound 36a fully inhibited DNA relaxation in the 

presence of Topo IIα at the highest concentrations (20-100 µM) but did not affect the activity 

of Topo IIβ. These results suggest that compound 36a selectively inhibits the relaxation activity 

of Topo IIα. Furthermore, compounds 36b and 27a moderately affected the functionality of 

both Topo IIα and Topo IIβ, inhibiting the relaxation of supercoiled DNA at the highest tested 

concentrations. In contrast, ETP and ICRF-187 completely inhibited relaxation activity with 

respect to Topo IIα but exerted relatively weaker inhibitory effects against Topo IIβ compared 

to the negative control (Figures 27a and 27b). 

Intercalators are comprised of flat, typically polycyclic, aromatic structures that have 

the capacity to insert themselves between the base pairs of the double-stranded DNA molecule 

277. Compounds capable of intercalation into DNA or binding within its grooves can induce 

localized unwinding of the DNA helix, resulting in a reduction in the DNA's overall twist. In 

cases where a DNA molecule undergoes nicking and rejoining (e.g., through the action of a 

Topo) in the presence of such a compound, it leads to the formation of a relaxed, underwound 

DNA structure. Upon removal of the enzyme and the intercalating compound, this relaxed DNA 

configuration transitions back to its supercoiled state. The formation of supercoiled DNA under 

these conditions serves as an indicator of the presence of an intercalating compound 278. To 

assess the intercalating properties of the tested compounds, a DNA unwinding assay using 

Topo I and relaxed pBR322 DNA as substrates was performed. ETP, a non-intercalating agent, 

and DOXO, an intercalating agent, were used as controls. The results, presented in Figure 

27c, indicate that the carbazole derivatives were unable to convert relaxed plasmid DNA into 

the supercoiled form in the presence of Topo I. These findings strongly suggest that 

compounds 36a, 36b, and 27a act as non-intercalating Topo inhibitors, indicating a distinct 

mechanism of action from intercalating agents like DOXO. 
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Figure 27 Inhibition of Topo IIα (a) and Topo IIβ (b) mediated pBR322 relaxation. The 

experiment was conducted with either Topo IIα/IIβ in the presence of the solvent (DMSO Top 

IIα/IIβ (+)) or with varying concentrations of carbazole derivatives. ETP (100 µM) and ICRF-

187 (100 µM) served as reference compounds. (c) Unwinding assay. Evaluation of the capacity 

of carbazole derivatives to intercalate into DNA in the presence of Topo I. ETP and DOXO (10 

µM) were employed as negative and positive controls, respectively. 
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4.6 Carbazole derivatives are not Topo IIα poisons 

Topo II plays a vital role in decatenation, a process required for the separation of 

catenated DNA duplexes at the end of replication 122. To assess the ability of carbazole 

derivatives to inhibit the catalytic decatenation activity of Topo II, electrophoretic separation 

experiments using highly knotted circular kDNA and the respective Topo II isoforms were 

conducted (Figures 28a and 28b). 

In the absence of Topo II, the high molecular weight kDNA remained stationary in the 

well of the negative control. Compound 36a demonstrated effective and concentration-

dependent inhibition of Topo IIα-mediated decatenation across the concentration range of 4-

100 µM (Figure 28a). Conversely, compounds 36b and 27a either completely inhibited 

decatenation only at the highest concentration tested or partially inhibited the decatenation of 

higher-order catenates containing two, three, four, or more minicircles (Figure 28a). These 

catenates migrated more slowly through the gel compared to the decatenated kDNA. 

To comprehensively assess the inhibitory effects of the compounds on both Topo II 

isoforms, I conducted a decatenation assay using Topo IIβ. Consistent with the results 

obtained from the relaxation test (Figures 27a and 27b), 36a displayed significantly lower 

inhibitory activity against Topo IIβ (Figure 28b), partially inhibiting decatenation only at the 

highest concentration tested. In comparison, 36b exhibited similar levels of activity against 

both Topo IIα and Topo IIβ. Interestingly, compound 27a completely inhibited decatenation in 

the presence of Topo IIβ at a concentration of 100 µM (Figure 28b). It's noteworthy that ICRF-

187, known for reducing the catalytic activity of Topo II, demonstrated a more pronounced 

effect than ETP, which stabilizes the cleavage complex of DNA/Topo II. 

To determine whether carbazole derivatives could be classified as Topo II poisons, a 

DNA cleavage assay using Topo IIα and pBR322 plasmid was conducted. The results, as seen 

in Figure 28c, demonstrate that only ETP, a well-known Topo II poison, induced a significant 

amount of linear plasmid visible on the gel. This suggests that compounds 36a, 36b and 27a 

do not stabilize the covalent cleavage complex formed between Topo II and DNA, unlike the 

effects of ETP. To further confirm this, I repeated the cleavage assay in the presence of ETP 

to establish whether 36a could inhibit Topo IIα similarly to ICRF-187 by stabilizing the non-

covalent Topo II/DNA complex after the Topo II/DNA cleavage complex had been induced by 

ETP treatment (Figure 28d). Co-treatment with 36a reduced the level of linear plasmid 

compared to ETP and ICRF-187, indicating that 36a prevented the formation of the ETP-

induced DNA cleavage reaction with Topo IIα. Further investigation is necessary to identify the 

specific step or steps of the Topo II catalytic cycle that 36a affects. 
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Figure 28 Inhibition of Topo IIα/IIβ-mediated kDNA decatenation by carbazoles. The 

experiment was conducted with either Topo IIα/IIβ in the presence of the solvent (DMSO Top 

IIα/IIβ (+)) or with varying concentrations of carbazole derivatives (a, b). DNA cleavage assay 

was conducted in the presence of 36a, 36b, and 27a, respectively (c). DNA cleavage assay 

involving the co-treatment of 36a with ETP (d). ETP (100 µM) and ICRF-187 (100 µM) were 

employed as reference compounds. 
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4.7 36a acts as a dual inhibitor of both Topo IIα and Topo I 

Topo I plays a crucial role in unwinding both positively and negatively supercoiled DNA 

by creating single-stranded breaks in the DNA molecule. In contrast to Topo II, Topo I does 

not rely on ATP for its activity. Both Topo I and Topo II are established targets for cancer 

therapy. These two targets have overlapping functions in DNA metabolism and play essential 

roles in the normal cell cycle progression. Therefore, simultaneous targeting of both Topo I 

and Topo II could potentially lead to synergistic anticancer effects 168.  

In order to evaluate the inhibitory effects of carbazole derivatives on Topo I activity, a 

relaxation test was performed. The results displayed in Figure 29a demonstrate that 

compound 36a displayed the most pronounced inhibitory effects on Topo I, notably restraining 

the enzyme within the concentration range of 4-100 µM. This outcome is similar to the activity 

of 36a against Topo IIα, as shown in Figure 27a. Compounds 27a and 36b displayed a 

moderate inhibitory effect on Topo I, with a noticeable reduction in enzyme activity observed 

only at the highest tested concentration. A 10 µM concentration of CPT was used as a 

reference. In order to determine if 27a, 36a, and 36b function as a Topo I poison similar to 

CPT, DNA cleavage in the presence of Topo I was examined by electrophoretically separating 

nicked monomers from relaxed and supercoiled monomers in the presence of EtBr. As 

illustrated in Figure 29b, a clear, prominent band signifying extensive nicked DNA is observed 

only in the lane with CPT. This implies that carbazole derivatives employ a different mechanism 

to inhibit Topo I when compared to CPT. Additional studies are needed to verify and clarify the 

inhibitory mechanism of 36a on Topo I. 
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Figure 29 Inhibition of human Topo I mediated pBR322 relaxation. The experiment was 

conducted with Topo I in the presence of the solvent (DMSO Top I (+)) or with varying 

concentrations of carbazole derivatives (a). The cleavage of DNA in the presence of Topo I 

was examined through electrophoretic separation of the nicked monomers from the relaxed 

and supercoiled monomers in the presence of EtBr (b). CPT (10 µM) served as a reference 

compound.  
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4.8 Carbazoles trigger alterations in the cancer cell morphology  

Evading apoptosis is a fundamental characteristic of tumour transformation. Commonly 

employed chemotherapeutic agents are designed to stimulate apoptosis, with Topo inhibitors, 

among others, being the most potent activators of this process 279. Apoptosis exhibits a distinct 

set of characteristic morphological changes, including cellular shrinkage, fragmentation into 

apoptotic bodies enclosed by membranes, and swift engulfment by neighbouring cells 280. For 

many years, internucleosomal fragmentation of genomic DNA has served as the biochemical 

signature of apoptosis. The orchestrated nature of the cell death process underscores the 

presence of well-preserved molecular pathways 281,282. To assess alterations in nuclear 

morphology after a 24 h treatment with these compounds, confocal imaging was conducted 

using Annexin V-FITC and Hoechst33342 staining on A549 and HCT-116 cell lines. As 

illustrated in Figures 30 and 31, compounds 27a, 36a, and 36b exhibited distinct features 

associated with cells undergoing apoptosis, including numerous shrunken cells, fragmented 

nuclei, and the presence of apoptotic bodies. Annexin V is a qualitative tool for identifying cells 

displaying phosphatidylserine (PS) on their cell surface, a phenomenon observed in apoptosis 

and various other types of cell death 283. Furthermore, confocal imaging using Annexin V-FITC 

staining indicates that the examined carbazole derivatives, similar to the reference compound 

used, induce the process of apoptotic cell death in A549 and HCT-116 cell lines (Figures 30 

and 31). 
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Figure 30 Confocal microscopy was employed to capture images of A549 cells after 24 h of 

exposure to carbazole derivatives, ETP, or DMSO. These cells were stained with 

Hoechst33342 and Annexin V-FITC, and the scale bar represents 10 μm. Notably, cell 

shrinkage (white arrows), fragmented nuclei (red arrows), and the presence of apoptotic bodies 

(yellow arrows) are observable features. 
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Figure 31 Confocal microscopy was employed to capture images of HCT-116 cells after 24 h 

of exposure to carbazole derivatives, ETP, or DMSO. These cells were stained with 

Hoechst33342 and Annexin V-FITC, and the scale bar represents 10 μm. Notably, cell 

shrinkage (white arrows), fragmented nuclei (red arrows), and the presence of apoptotic bodies 

(yellow arrows) are observable features.  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

70 

 

4.9 Carbazoles induce apoptotic cell death 

The apoptotic potential of carbazoles was assessed through flow cytometry using dual 

staining with Annexin V-FITC and 7-AAD, enabling the distinction of viable (Annexin V-FITC(-

)/7-AAD(-)), early apoptotic (EA) (Annexin V-FITC(+)/7-AAD(-)), late apoptotic (LA) (Annexin 

V-FITC(+)/7-AAD(+)), and necrotic (Annexin V-FITC(-)/7-AAD(+)) cells. As depicted in Figure 

32, following 24 h of treatment with A549 cells, the tested compounds increased the proportion 

of apoptotic cells (EA + LA) to over 40%, compared to the control group (8.7 ± 2.3%). 

Subsequent exposure (48 h) to carbazoles demonstrated a significant increase in the late 

apoptotic phase, ranging from around 30% to 60%, depending on the specific compound 

(Figure 32). Similar to A549, the treatment of HCT-116 cells with the investigated compounds 

led to a time-dependent increase in apoptotic cells, with the apoptotic potential of carbazoles 

being consistent in both cell lines (Figures 32 and 33). The most pronounced pro-apoptotic 

effects were observed with compound 27a, causing an 8-fold increase in the fraction of 

apoptotic cells compared to the control in both tested cancer lines. Furthermore, in both tested 

cell lines, carbazoles also induced a slight degree of necrosis, with this effect being statistically 

significant only for 27a and 36b against HCT-116 (**p<0.001) (Figures 32 and 33,). Notably, 

all tested compounds induced apoptosis approximately 2.5 times more effectively than the 

reference compound ETP, a well-known Topo II inhibitor used in chemotherapies for treating 

various tumours, including lung cancer.  

By employing Annexin V-FITC and 7-AAD staining, I examined the potential of 27a, 

36a, and 36b to trigger apoptosis in normal human bronchial epithelial cells, as illustrated in 

Figures 34 and 35. This assessment was conducted following a 72 h incubation period at 

various concentrations for each of the tested compounds. Compound 27a exhibited a 

noteworthy increase in the proportion of early apoptotic cells even at the lowest concentration 

of 125 nM, underscoring its potent proapoptotic activity. Furthermore, at concentrations of 500 

nM and 250 nM, 27a induced a fraction of necrotic cells (*p<0.01). In the case of compound 

36b, a substantial portion of necrotic and late apoptotic cells was observed in NHBE cell lines, 

albeit only at the highest concentration of 1000 nM. Conversely, 36a did not significantly induce 

necrotic cells at either of the tested concentrations. 
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Figure 32 Flow cytometric examination of the A549 cell line was conducted following treatment 

with compounds for 24, and 48 h. Representative histograms (a) and their quantification (b) 

are presented. Annexin V-FITC/7-AAD staining was employed for this analysis. DMSO and 

ETP were utilized as negative and positive controls, respectively. The data presented here 

represent the mean ± SD of results obtained from three independent experiments. Statistical 

analysis was carried out using the two-way ANOVA test. 
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Figure 33 Flow cytometric examination of the HCT-116 cell line was conducted following 

treatment with compounds for 24, and 48 h. Representative histograms (a) and their 

quantification (b) are presented. Annexin V-FITC/7-AAD staining was employed for this 

analysis. DMSO and ETP were utilized as negative and positive controls, respectively. The 

data presented here represent the mean ± SD of results obtained from three independent 

experiments. Statistical analysis was carried out using the two-way ANOVA test. 
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Figure 34 Representative dot plots from flow cytometric analysis of the NHBE cell line after 

treatment with 27a, 36a, and 36b for 24 and 48 h. Annexin V-FITC/7-AAD staining was used 

for this assessment, with DMSO and ETP serving as negative and positive controls, 

respectively. The data presented here represent the mean ± SD of results obtained from three 

independent experiments. 
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Figure 35 The flow cytometric quantification of the NHBE cell line after treatment with 27a, 

36a, and 36b for 24 and 48 h. Annexin V-FITC/7-AAD staining was used for this assessment, 

with DMSO and ETP serving as negative and positive controls, respectively. The data 

presented here represent the mean ± SD of results obtained from three independent 

experiments. Statistical analysis was carried out using the two-way ANOVA test. 
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4.10 Carbazole derivatives cause a loss of mitochondrial transmembrane 

potential 

Mitochondria play a vital role in the process of cell death, and the loss of mitochondrial 

outer membrane potential (MOMP) is a crucial event for initiating mitochondrial apoptosis 284. 

In healthy cells with a typical mitochondrial membrane potential (ΔΨM), JC-1 dye enters the 

energized and negatively charged mitochondria, resulting in the spontaneous formation of red 

fluorescent J-aggregates. In contrast, in unhealthy or apoptotic cells, JC-1 enters the 

mitochondria to a lesser extent because the interior of the mitochondria is less negatively 

charged due to increased membrane permeability and the subsequent loss of the 

electrochemical potential 285. In this scenario, JC-1 does not accumulate in sufficient 

concentrations to initiate the formation of J-aggregates, thereby retaining its initial green 

fluorescence 286,287. 

Confocal imaging of live cells employing JC-1 (Figures 36 and 37) revealed that 

compounds 27a, 36a, and 36b resulted in a decrease in red fluorescence (JC-1 aggregates) 

and an elevation in green fluorescence (JC-1 monomers), indicating a loss of mitochondrial 

outer membrane potential in both A549 and HCT-116 cell lines when compared to cells treated 

with DMSO. In contrast, the reference compound FCCP induced a substantial increase in 

green fluorescence in both of the tested cell lines (Figures 36 and 37). As illustrated in Figure 

38, flow cytometry analysis after the treatment of A549 and HCT-116 cells with carbazole 

derivatives for 24 h resulted in a significant increase in the percentage of cells with dissipated 

MOMP, as evidenced by an approximately five-fold rise in JC1-monomers when compared to 

the vehicle (DMSO). In contrast, the reference compound, carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (FCCP), led to an 11-fold and 6.3-fold increase in JC-1-

monomers for A549 and HCT-116 cells, respectively, compared to the control (Figure 38). 
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Figure 36 Assessment of alterations in mitochondrial potential MOMP was performed using 

JC-1 staining. Confocal live-cell imaging of A549 cells was captured following a 24 h treatment 

with 27a, 36a, and 36b. DMSO and FCCP were used as references. The scale bar is set at 

5μm. 
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Figure 37 Assessment of alterations in mitochondrial potential was performed using JC-1 

staining. Confocal live-cell imaging of HCT-116 cells was captured following a 24 h treatment 

with 27a, 36a, and 36b. DMSO and FCCP were used as references. The scale bar is set at 

5μm. 
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Figure 38 Assessment of alterations in mitochondrial potential MOMP in both A549 and HCT-

116 cells was carried out via JC-1 staining. This analysis includes representative histograms 

(a), and bar charts (b) with accompanying statistical quantification after 24 h of 27a, 36a, and 

36b treatment. The data represent the mean ± SD of results obtained from three independent 

experiments. Statistical analysis was carried out using the one-way ANOVA test. 
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4.11 Carbazole derivatives disrupt calcium homeostasis 

Calcium homeostasis is a pivotal factor in the process of apoptosis mediated by 

mitochondria and the endoplasmic reticulum (ER) 288. The liberated calcium may amass within 

the mitochondria, resulting in the permeabilization of the outer mitochondrial membrane, 

probably facilitated by the mitochondrial permeability transition pore (mPTP) 289. The mPTP's 

opening leads to the release of pro-apoptotic factors, thereby initiating the cellular apoptosis 

process 160. To investigate this, A549 and HCT-116 cells were subjected to a 24 h and 48 h 

treatment with carbazole derivatives. The intracellular levels of calcium were monitored using 

the Ca2+ sensitive fluorescent dye Fluo-4 AM and analysed through flow cytometry (Figures 

39 and 40). In the case of A549 cells, after 48 h of treatment, all tested compounds caused a 

remarkable increase in intracellular calcium levels, with over 80% of treated cells exhibiting 

this effect compared to the control sample treated with DMSO (****p<0.00001). On the other 

hand, after 48 h of treatment of HCT-116 cells resulted in a significant efflux of calcium into the 

cytosol, with a striking 13.3-fold, 12.8-fold, and 16.6-fold increase observed for compounds 

27a, 36a, and 36b, respectively, in comparison to the vehicle control. ETP used as a reference, 

only elicited a calcium efflux in A549 cells and had no effect on the HCT-116 cell line. These 

findings suggest that carbazole derivatives induce alterations in calcium signalling in both A549 

and HCT-116 cells.  
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Figure 39 Flow cytometric examination of intracellular Ca2+ level in A549 cells after 24 and 48 

h of treatment with 27a, 36a, 36b. DMSO and ETP were used as reference compounds. 

Representative histograms are shown on top, and quantification is in the bottom panel. The 

data represent the mean ± SD of results obtained from three independent experiments. 

Statistical analysis was carried out using the two-way ANOVA test. 
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Figure 40 Flow cytometric examination of intracellular Ca2+ level in HCT-116 cells after 24 and 

48 h of treatment with 27a, 36a, 36b. DMSO and ETP were used as reference compounds. 

Representative histograms are shown on top, and quantification is in the bottom panel. The 

data represent the mean ± SD of results obtained from three independent experiments. 

Statistical analysis was carried out using the two-way ANOVA test. 
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4.12 Carbazole derivatives induce oxidative stress 

Maintaining cellular redox balance is crucial for regulating numerous signalling 

pathways. Many anticancer therapies disrupt cellular redox states by increasing intracellular 

levels of reactive oxygen species (ROS) or inhibiting antioxidant processes. This elevation in 

ROS levels accelerates cumulative damage to cellular components, including lipids, proteins, 

and DNA, ultimately leading to the death of cancer cells. Consequently, a time-dependent 

kinetic analysis was conducted at 6 and 24 h of incubation to evaluate intracellular ROS levels 

in A549 and HCT-116 cells following treatment with 27a, 36a, and 36b, both individually and 

in combination with N-acetylcysteine (NAC), serving as an antioxidant. H2O2 was used as a 

reference. 

For the A549 cell line, the compounds exhibited the highest activity in inducing reactive 

oxygen species after 6 h of treatment. The most pro-oxidative activity was observed with 27a 

and 36b, which resulted in 51.75±4.75% and 57.25±4.25% of cells showing elevated ROS 

levels compared to the control (****p<0.00001), respectively (Figure 41). When combined with 

NAC, none of the compounds caused a notable rise in ROS levels in A549 cells at both the 6 

and 24 h (p>0.01) (Figure 41). In the same manner, all the tested carbazole derivatives 

induced a significant increase in ROS levels, reaching approximately 30%, in HCT-116 cells 

after 6 h of treatment (Figure 42). After 24 h of treating HCT-116 cells with carbazole 

derivatives in combination with NAC, compounds 27a and 36b induced a lower but still 

significantly elevated level of ROS (****p<0.0001; and *p<0.01) in comparison to DMSO 

(Figure 42). The combination of 36a with NAC did not lead to an increase in ROS levels in 

either of the tested cell lines (Figures 41 and 42). H2O2, used as a reference, had the most 

significant impact on A549 cells after 24 h (44.75±2.75%) and on HCT 116 cells after 6 h 

(72.95±2.95%). 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

83 

 

 

Figure 41 Flow cytometric examination of ROS induction in A549 cell line after 6 and 24 h of 

treatment with 27a, 36a, and 36b.The left panel displays representative histograms while the 

right panel shows the quantification of these results. The data represent the mean ± SD of 

results obtained from three independent experiments. Statistical analysis was carried out using 

the two-way ANOVA test. 
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Figure 42 Flow cytometric examination of ROS induction in HCT-116 cell line after 6 and 24 h 

of treatment with 27a, 36a, and 36b.The left panel displays representative histograms while 

the right panel shows the quantification of these results. The data represent the mean ± SD of 

results obtained from three independent experiments. Statistical analysis was carried out using 

the two-way ANOVA test. 
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4.13 Carbazole derivatives induce the release of cytochrome c 

During the process of cell death, several proteins typically confined within the 

intermembrane space of mitochondria are released into the cytosol. These proteins include 

cytochrome c, apoptosis-inducing factor (AIF), and specific procaspase proteins 291. The 

outcome of this release depends on the stimulus and can result in necrosis due to irreversible 

mitochondrial damage and energy depletion or in apoptosis through the activation of caspases, 

a family of proapoptotic proteases, by cytochrome c. In the cytosol, cytochrome c forms a 

complex with apoptotic-protease-activating factor-1 (Apaf-1), procaspase-9, and ATP or dATP, 

which activates the caspases. The release of cytochrome c from mitochondria during apoptosis 

is regulated by Bcl-2 family proteins: those that inhibit cell death (e.g., Bcl-2 and Bcl-xL) prevent 

cytochrome c release, while those that promote cell death (e.g., Bax and Bak) induce its 

release 292–294. 

To determine whether the tested carbazole derivatives induce the release of 

cytochrome c from mitochondria in A549 and HCT-116 cell lines, confocal microscopy imaging 

was performed (Figures 43 and 44). In the case of the untreated sample (DMSO), the 

fluorescence signals from mitochondria (Mitotracker green) and cytochrome c (red) overlap. 

However, for the samples treated with the tested compounds in the A549 cell line (Figure 43), 

upon image overlay, it was clearly observed that the red fluorescence from cytochrome c does 

not overlap with the mitochondrial fluorescence signal. This indicates that under the influence 

of carbazole derivatives, cytochrome c is released from the mitochondrial membranes. 
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Figure 43 The provided images display immunofluorescence in A549 cells, highlighting the 

formation of cytochrome c foci, and alterations in mitochondrial structure following a 24 h 

treatment with carbazole derivatives. ETP and DMSO were employed as reference 

compounds for comparison. In the images, the Mitotracker is represented in green, cytochrome 

c in red, and the nucleus in blue (DAPI). 
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Figure 44 The provided images display immunofluorescence in HCT-116 cells, highlighting 

the formation of cytochrome c foci, and alterations in mitochondrial structure following a 24-h 

treatment with carbazole derivatives. ETP and DMSO were employed as reference 

compounds for comparison. In the images, the Mitotracker is represented in green, cytochrome 

c in red, and the nucleus in blue (DAPI). 
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4.14 Carbazole derivatives trigger the activation of caspases 3 and 7 

One hallmark of cells undergoing apoptosis is the activation of cysteine proteases 

known as caspases, with executioner caspases 3 and 7 being key players in apoptotic cell 

death 280. Caspases constitute a family of cysteine proteases that play a pivotal role in all 

phases of apoptosis. Based on their function in apoptosis, they are categorized as either 

upstream initiators (such as caspase-8 and caspase-9) or downstream executioners (like 

caspase-3, caspase-6, and caspase-7) 295. Executioner caspases are considered a crucial 

point of no return in the process of apoptotic cell death 296. Specifically, among them, caspase-

3 governs DNA fragmentation, while caspase-7 regulates the production of reactive oxygen 

species (ROS) and is essential for the detachment of apoptotic cells 258,297. To determine 

whether carbazoles induced caspase-dependent cell death, equitoxic concentrations of these 

compounds were administered to A549 and HCT-116 cells and analysed using flow cytometry. 

As depicted in Figure 45, after a 24 h treatment of A549 cells, carbazoles activated caspase-

3/7, leading to a 3.4-fold, 5.7-fold, and 2.5-fold increase in apoptosis for 27a, 36a, and 36b, 

respectively, compared to the control. Subsequent treatment of A549 cells for 48 h resulted in 

a modest increase in apoptotic cells. In comparison, exposure of HCT-116 cells to carbazole 

derivatives produced a similar increase in the subpopulation of cells with activated caspase 

3/7, with approximately five times higher activity than in the control (DMSO), as shown in 

Figure 46. After 48 h of treatment with the compounds, caspase-3/7 activity in HCT-116 cells 

was enhanced by 1.5 to 2-fold compared to the vehicle (Figure 46). Additionally, ETP also 

significantly elevated caspase-3/7 activity in both cell lines; however, this effect was more 

pronounced than that of the carbazoles (Figures 45 and 46). 
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Figure 45 Modulation of caspase 3/7 in A549. Representative histograms (a) and 

quantification (b) of HCT-116 cells after 24 and 48 h of treatment with 27a, 36a, and 36b. The 

data represent the mean ± SD of results obtained from three independent experiments. 

Statistical analysis was carried out using the one-way ANOVA test.  
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Figure 46 Modulation of caspase 3/7 in HCT-116. Representative histograms (a) and 

quantification (b) of HCT-116 cells after 24 and 48 h of treatment with 27a, 36a, and 36b. The 

data represent the mean ± SD of results obtained from three independent experiments. 

Statistical analysis was carried out using the one-way ANOVA test. 
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4.15 Investigation of DNA damage induction and β-tubulin staining  

Carbazole derivatives have demonstrated their ability to cause DNA damage by 

inducing DNA (DSB). To assess the potential of these compounds to elicit DNA damage, the 

level of phosphorylated histone H2AX at Ser 139 (γ-H2AX) was examined. In this research, 

A549 and HCT-116 cells, known for their increased sensitivity to carbazole derivatives, were 

chosen. These cells underwent treatment with equitoxic compound concentrations for both 

confocal imaging (Figures 47 and 48) over a 48 h period and flow cytometry analysis (Figures 

49 and 50) at 24 and 48 h. Figures 49 and 50 reveal that both cell lines exhibited a time-

dependent increase in the accumulation of γ-H2AX-positive cells following treatment with 

carbazoles, indicating that these compounds induced DNA damage. The extent of DNA 

damage induction varied among the tested compounds and was influenced by the cell line. 

After 24 h of treatment, 27a, 36a, and 36b led to a less than 20% rise in the number of γ-H2AX-

positive cells in both A549 and HCT-116 cells. This increase was 2.7- and 3.2-fold lower, 

respectively, compared to ETP. However, after 48 h of treatment with these compounds, A549 

cells exhibited a substantial 4.9-fold (**p < 0.001), 5.2-fold (**p < 0.001), and 8.1-fold 

(****p < 0.00001) increase in DNA damage, respectively. Exposure of HCT-116 cells to these 

compounds resulted in a notable 6.5-fold (***p < 0.0001), 6.2-fold (***p < 0.0001), and 5.1-fold 

(**p < 0.001) increase in γ-H2AX compared to the vehicle control-treated cells. ETP, a Topo II 

poison, rapidly elevated the number of γ-H2AX foci in comparison to DMSO in both tested cell 

lines. These findings indicate that all the tested carbazole derivatives strongly induce DNA 

damage, but only after 48 h of treatment, and their effectiveness in inducing DNA damage 

varies between the two tested cell lines, suggesting a different mode of action compared to 

ETP. As illustrated in Figures 47 and 48, the utilization of confocal imaging facilitated the 

visualization of induced DNA damage in the cells through immunofluorescence techniques. 

The presence of white arrows signifies the distinct accumulation of H2AX within the cell nuclei, 

which can be associated with the ongoing process of apoptosis in these cells.  Moreover, B-

tubulin was stained to assess whether the studied carbazole derivatives interfere with its 

polymerization. Microscopic imaging indicates that 27a, 36a, and 36b did not exhibit an impact 

on its functions. 
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Figure 47 These microscopy images depict immunofluorescence in A549 cells, highlighting 

the formation of γ-H2AX foci and alterations in microtubule structure following a 48 h treatment 

with carbazole derivatives. The arrows indicate the cells with an accumulation of γ-H2AX foci 

forming apoptotic rings. ETP and DMSO were employed as reference compounds. The 

microtubules are represented in red, γ-H2AX in green, and the nucleus in blue (DAPI) in the 

images. 
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Figure 48 Microscopy images depict immunofluorescence in HCT-116 cells, highlighting the 

formation of γ-H2AX foci and alterations in microtubule structure following a 48 h treatment 

with carbazole derivatives. The arrows indicate the cells with an accumulation of γ-H2AX foci 

forming apoptotic rings. ETP and DMSO were employed as reference compounds. The 

microtubules are represented in red, γ-H2AX in green, and the nucleus in blue (DAPI) in the 

images. 
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Figure 49 Flow cytometric analyses of induction γ-H2AX in A549 cells. Dot-plot diagrams 

illustrate γ-H2AX staining, along with a bar graph displaying the percentage of γ-H2AX-positive 

cells. The data represent the mean ± SD of results obtained from three independent 

experiments. Statistical analysis was carried out using the two-way ANOVA test. 

 

Figure 50 Flow cytometric analyses of induction γ-H2AX in HCT-116 cells. Dot-plot diagrams 

illustrate γ-H2AX staining, along with a bar graph displaying the percentage of γ-H2AX-positive 

cells. The data represent the mean ± SD of results obtained from three independent 

experiments. Statistical analysis was carried out using the two-way ANOVA test. 
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4.16 Assessment of the expression of proteins associated with apoptosis 

AIF is an oxidoreductase containing flavin adenine dinucleotide, reliant on NADH, and 

located within the mitochondrial intermembrane space 298. Its precise enzymatic function is yet 

to be determined. Following an apoptotic stimulus, AIF experiences proteolysis and migrates 

to the nucleus. There, it initiates chromatin condensation and substantial DNA degradation 

through a caspase-independent process 299. Apart from its pivotal role in facilitating caspase-

independent cell death, AIF has also been recognized as a crucial protein for cell survival 

300,301. BID is a proapoptotic BCL-2 protein characterized by the exclusive presence of the BH3 

domain. Upon receipt of apoptotic signals, BID interacts with another BCL-2 family member, 

Bax, which initiates the integration of Bax into organelle membranes, primarily the outer 

mitochondrial membrane 302. This interaction is believed to stimulate the opening of the 

mitochondrial voltage-dependent anion channel, leading to the release of cytochrome c and 

the activation of procaspase 9 303. 

Confocal imaging was employed to assess the effect of 27a, 36a, and 36b on AIF 

activation. As shown in Figures 51 and 52, following a 24 h treatment of A549 and HCT-116 

cells, these compounds did not elicit any observable alterations when compared to the DMSO 

control. Moreover, Western blotting was conducted to assess the expression of several 

apoptosis-related proteins. As depicted in Figure 53, the treatment of A549 cells with 36a and 

36b resulted in a time-dependent modulation of the expression of all the investigated proteins. 

Notably, the expression of BID protein significantly decreased, while BAX expression showed 

a strong increase compared to the control sample (Figure 53). Treatment with carbazole 

derivatives also led to the disappearance of the band corresponding to intact PARP1, indicating 

its proteolytic cleavage and the formation of an 89-kDa fragment. Additionally, caspase-9 was 

cleaved into their respective catalytically active form. The expression of AIF remained 

unchanged when compared to the DMSO-treated control, which corroborates the observations 

from the confocal imaging (Figures 51 and 52) indicating that the treatment with 36a and 36b 

induces caspase-dependent cell death. These results present compelling evidence that the 

tested carbazole derivatives activate the intrinsic apoptosis pathway. 
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Figure 51 Microscopy images depict immunofluorescence in A549 cells, highlighting the 

formation of AIF foci following a 24 h treatment with carbazole derivatives. ETP and DMSO 

were employed as reference compounds. The AIF is represented in green, and the nucleus in 

blue (DAPI) in the images. 
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Figure 52 Microscopy images depict immunofluorescence in HCT-116 cells, highlighting the 

formation of AIF foci following a 24 h treatment with carbazole derivatives. ETP and DMSO 

were employed as reference compounds. The AIF is represented in green, and the nucleus in 

blue (DAPI) in the images. 
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Figure 53 Western blot analysis demonstrates the impact of 36a and 36b on the expression 

of apoptosis-related proteins in the A549 cell line. 
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4.17 Carbazole derivatives induce DNA fragmentation 

DNA fragmentation represents the conclusive stage of apoptosis, achieved through the 

activation of endonucleases, which cleave genomic DNA in dying cells into internucleosomal 

DNA fragments 304. To validate the proapoptotic properties of the tested carbazoles, a TUNEL 

assay was conducted after subjecting A549 and HCT-116 cells to a 24 and 48 h treatment. As 

illustrated in Figures 54 and 55, all the compounds led to a time-dependent and significant 

increase in the proportion of TUNEL-positive cells in both cancer cell lines. Notably, the 

observed DNA fragmentation was more pronounced in HCT-116 cells than in A549 cells, with 

compound 27a exhibiting the most substantial effect, consistent with the results obtained from 

the Annexin V-FITC/7-AAD assay (Figures 32 and 33). 

 

Figure 54 Flow cytometric analysis of DNA fragmentation after treatment with 27a, 36a, and 

36b in A549 cells. Representative histograms are presented on the left panel, and their 

quantification is depicted on the right panel. The data represent the mean ± SD of results 

obtained from three independent experiments. Statistical analysis was carried out using the 

one-way ANOVA test.  
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Figure 55 Flow cytometric analysis of DNA fragmentation after treatment with 27a, 36a, and 

36b in HCT-116 cells. Representative histograms are presented on the left panel, and their 

quantification is depicted on the right panel. The data represent the mean ± SD of results 

obtained from three independent experiments. Statistical analysis was carried out using the 

one-way ANOVA test. 
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4.18 Carbazole derivatives did not prompt senescence 

Cell senescence is a broad concept encompassing the natural process of irreversible 

growth arrest, which can be initiated by telomere modifications or various types of stress 305. 

Neoplastic transformation entails mechanisms that thwart the senescence program, and, until 

recently, it was believed that tumour cells had lost their ability to undergo senescence. 

However, it has now become evident that tumour cells can be induced to enter a state of 

senescence through genetic modifications or exposure to chemotherapy, radiation, or 

differentiation-inducing agents. Induced senescence, while sharing similarities with the 

replicative senescence of normal cells, has been identified as a crucial factor in the response 

of tumours to therapy, both in vitro and in vivo 306. Even though senescent cells cease to 

proliferate, they remain metabolically active and secrete proteins with both tumour-suppressing 

and tumour-promoting properties 307. 

A prior investigation validated the induction of apoptotic cell death by carbazole 

derivatives. In light of earlier research indicating that certain catalytic Topo II inhibitors can 

trigger cellular senescence 308, the tested compounds were evaluated using the Beta-

Galactosidase (β-Gal) assay. β-gal activity is attributed to the gene responsible for lysosomal 

β-galactosidase (GLB1) and is a commonly employed indicator of cellular senescence. The 

increased GLB1 activity is a consequence of lysosomal compartment enlargement, which 

occurs due to the build-up of damaged macromolecules in senescent cells 309. 

Compounds 27a, 36a, and 36b, as depicted in Figure 56, did not induce distinctive 

changes suggestive of the senescent process in A549 and HCT-116 cell lines. After a 72 h 

treatment, the cells appeared smaller and more contracted compared to the DMSO sample. In 

contrast, the reference DOXO caused a distinct blue coloration indicative of cell aging. The 

results of microscopy studies confirm that the investigated carbazole derivatives do not induce 

cellular senescence, and consequently, further quantitative analysis was not conducted. 
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Figure 56 Representative microscopic images depicting A549, and HCT-116 cells following 

staining to visualize senescence-associated β-galactosidase activity. In this experiment, 

DMSO served as the negative control, while DOXO was used as the positive control. The scale 

bars indicate a length of 50 µm. 
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4.19 Carbazole derivatives inhibit activity of protein tyrosine kinases 

Prior research indicates that the compounds under examination may also exhibit 

unintended effects, such as inducing cell death. Carbazole-scaffold-based compounds have 

the potential to exert anticancer effects through various pathways, including interactions with 

topoisomerases, kinases, and DNA intercalation. Numerous literature sources suggest that 

carbazole derivatives effectively suppress the activity of PTKs 310–312. 

Protein kinases constitute a substantial group of enzymes that play a vital role in the 

process of protein phosphorylation, thereby overseeing numerous signalling pathways. The 

human protein kinase superfamily encompasses 518 members, forming a complex system 

characterized by intricate internal and external interactions 313. This diverse group of protein 

kinases can be divided into two primary families, depending on their ability to phosphorylate 

either tyrosine or serine and threonine residues. Within the category of tyrosine kinases, there 

are 90 genes, with 58 being of the receptor type, further classified into 20 distinct groups, while 

the remaining 32 are nonreceptor kinases, distributed across 10 groups 314. Tyrosine kinases 

hold a central role in the regulation of a wide range of cellular responses, including but not 

limited to cell division, metabolic processes, cell migration, cell-cell and cell-matrix adhesion, 

as well as the delicate balance between cell survival and apoptosis 315–317. 

Considering the significance of PTK and the structural characteristics of carbazoles, 

the compounds were investigated using an enzyme-linked immunosorbent assay (ELISA) to 

assess their potential inhibitory effects on PTK. Imatinib, a selective PTKI used in medical 

treatments, served as a reference. As illustrated in Figure 57, two tested compounds, 36a and 

36b exhibited a concentration-dependent reduction in PTK activity. 36a and 36b demonstrated 

the most potent inhibitory activity against PTK and were more effective at a concentration of 1 

µM (***p<0.0001) than imatinib (p>0.01). To further assess the compounds' ability to suppress 

PTK phosphorylation, high serum-supported A549 cells were treated with increasing 

concentrations of the compounds and analysed using flow cytometry. Representative 

histograms and their quantification are presented in Figures 58a and 58b. All the compounds, 

including 27a displayed a concentration-dependent decrease in p-Tyr phosphorylation. 

Differential activity of compound 27a in ELISA and flow cytometry assays may indicate that the 

inhibition of tyrosine kinase phosphorylation is an indirect effect. Compound 36a exhibited the 

strongest inhibitory activity at every tested concentration, leading to a significant reduction in 

protein tyrosine phosphorylation (10 µM: ****p<0.00001; 5 µM: **p<0.001; 1 µM:*p<0.01). This 

resulted in a substantial decrease in p-Tyr expression when compared to the DMSO control. 

Moreover, all the compounds demonstrated greater activity in comparison to imatinib.  
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Due to the lack of selectivity of the investigated carbazole derivatives against kinases and the 

high cost associated with conducting further research related to the identification of inhibited 

tyrosine kinases, this research direction was not pursued further. 

 

Figure 57 Analysis of tyrosine kinase phosphorylation changes following treatment with 27a, 

36a, and 36b was conducted, employing DMSO and imatinib as negative and positive controls, 

respectively. In vitro determination of PTK activity using A549 extracts determined by ELISA. 

The data presented here represent the mean ± SD of results obtained from three independent 

experiments. Statistical analysis was carried out using the two-way ANOVA test. 
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Figure 58 Analysis of tyrosine kinase phosphorylation changes following treatment with 27a, 

36a, and 36b was conducted, employing DMSO and imatinib as negative and positive controls, 

respectively. Presentation of representative histograms depicting the impact of compound 

treatment on A549 cells, as evaluated through intracellular phospho-flow cytometry (a). 

Quantification of the intracellular phospho-flow cytometry results, with error bars illustrating the 

standard error of the mean for data collected from n=3 independent experiments (b). Statistical 

analysis was carried out using the one-way ANOVA test. 
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5. DISCUSSION 

The global cancer burden has been steadily increasing, leading to rising incidence and 

mortality rates. According to the 2020 Globocan report, there were 19.3 million newly 

diagnosed cancer cases and 10 million deaths worldwide. Notably, lung cancer represented 

18% of these cases, making it one of the deadliest forms of the disease. Similarly, colon cancer 

accounted for 9.4% of cases, posing a significant health threat. Among men, lung and colon 

cancers were particularly prominent, while among women, breast, colon, and lung cancers 

were the leading types 7. The future is expected to see a significant increase in the incidence 

of lung and colorectal cancer, driven by factors such as genetic mutations, an aging population, 

and growing resistance to conventional pharmacological treatments. Given this alarming trend, 

it is imperative to prioritize the development of novel and effective treatments, especially for 

lung, colon, and breast cancers 318,319. 

Carbazole-based compounds play a significant role in the search for anticancer 

drugs.Three compounds, 27a, 36a, and 36b, symmetrically substituted furan or thiophene 

derivatives of carbazole, were the subjects of my doctoral dissertation research. These 

compounds were rational designed as potential telomerase inhibitors. However, due to their 

lack of activity against telomerase and their interesting cytotoxic properties, I initiated an 

investigation leading to elucidating their molecular mode of action, which was the primary 

objective of my research. 

Targeting Topo II with anticancer drugs is a systematic strategy in clinical oncology. 

Conventional chemotherapy medications like DOXO and ETP were initially chosen for their 

strong capacity to trigger cell death but have since been discovered to specifically interact with 

Topo II. These agents, known as Topo II poisons, possess the capability to stabilize the 

cleavable complex between Topo II and DNA, leading to the buildup of DNA double-strand 

breaks in the cell 320. In contrast, catalytic inhibitors inhibit Topo II's activity without directly 

causing DNA damage. Numerous drugs have been identified to inhibit the catalytic activity of 

Topo II, and recent research suggests that these inhibitors operate through diverse 

mechanisms 172. The specific cellular effects of these drugs can vary significantly depending 

on the step or steps of the Topo II catalytic cycle they target 321. In this study, I found that the 

tested carbazole compounds did not stabilize the DNA/Topo II complex involved in the 

cleavage process. Compound 36a exhibited promising inhibitory properties against the 

catalytic activity of Topo IIα and demonstrated high selectivity for the Topo IIα isoform, in 

contrast to most human Topo II inhibitors that affect both α and β isoforms 322. This isoform 

selectivity is particularly noteworthy given recent research emphasizing the need for isoform-

selective agents to reduce side effects associated with Topo II poisons 179. Furthermore, 
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targeting Topo IIβ with chemotherapeutics has been linked to adverse effects, highlighting the 

growing interest in compounds that selectively inhibit one isoform 323–325. 

I also found that 36a might exert its mechanism of action by inhibiting a specific step in 

the catalytic cycle of the enzyme before the formation of the cleavable complex between Topo 

II and DNA, akin to the action of merbarone. Prior research has indicated that the carbazole 

group may possess the capability to intercalate with DNA 326–328. I explored the possibility that 

the tested carbazole derivatives could disrupt the interaction between Topo II and DNA by 

distorting the DNA's helical structure. However, these findings suggest that their inhibitory 

effect on Topo II was direct and not mediated through DNA binding, as none of the compounds 

investigated in this study bound to DNA. 

Topo I, unlike Topo II, is responsible for alleviating both positive and negative 

supercoiling in DNA by creating single-stranded breaks in the DNA molecule. Notably, Topo I 

does not rely on ATP for its enzymatic activity. Both Topo I and Topo II are established targets 

for cancer therapy. These two targets exhibit overlapping functions in DNA metabolism and 

play crucial roles in the regular cell cycle progression 140. Thus, the simultaneous targeting of 

Topo I and Topo II may potentially result in synergistic anti-cancer effects 329. In this study, the 

relaxation test results clearly indicate that 27a, 36a, and 36b exhibited inhibitory effects on 

human Topo I. In particular, 36a significantly inhibited Topo I at a concentration of 4 µM, 

suggesting a similar high activity as against Topo IIα. Furthermore, the DNA cleavage assay 

conducted in the presence of Topo I revealed that the observed reduction in nicked monomers 

from the relaxed and supercoiled monomers was lower for the tested carbazoles in comparison 

to CPT, employed as a reference Topo I poison. This outcome suggests that 36a inhibits Topo 

I without inducing the formation of Topo cleavage complexes. Dual inhibitors targeting both 

Topo I and Topo II have emerged as an alternative to combination therapy strategies. 

Numerous studies in tumour models have demonstrated that compounds capable of inhibiting 

both targets exhibit enhanced in vitro efficacy when compared to single-target drugs. 

Additionally, these dual inhibitors hold the potential for reduced toxicity compared to 

combination therapies. To date, several dual inhibitors of Topo I and Topo II have been 

identified and characterized 330. According to Denny et al. 329, these dual inhibitors can be 

categorized into three primary groups based on their structural features: intercalators, 

conjugates (hybrid inhibitors), and non-intercalative molecules 329. According to this study, 36a 

can be characterized as an innovative instance of non-intercalative dual inhibitors affecting 

both Topo I and Topo II within the carbazole derivatives group. Similarly, tafluposide, a 

derivative of ETP, displays dual catalytic inhibition against both Topo I and Topo II, and it 

exhibits enhanced activity against Topo I when compared to the original compound. The 
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remarkable cytotoxic effects of tafluposide are attributed to its capacity to induce 

mitochondrion-mediated apoptosis 331. Furthermore, tafluposide demonstrates substantial in 

vivo efficacy in various tumour models 332. Another example of Topo I/Topo II inhibitors is 

elomotecan, which was derived from the Topo I inhibitor CPT. It retains the activity of the parent 

molecule against Topo I and also possesses catalytic inhibitory activity against Topo II 144. 

To assess their antiproliferative activity, I evaluated carbazole derivatives in various 

cancer cell lines, including bone, breast, colon, and lung. Among the tested cancer cell lines, 

36a, 36b, and 27a showed significant nanomolar IC50 values, effectively suppressing cancer 

cell proliferation and inhibiting colony formation. Interestingly, when considering cytotoxicity, 

36a showed a relatively weaker impact on the HEK293 cell line compared to the other cancer 

cell lines investigated in this study. However, its effectiveness was on par with that of the 

reference compound, ETP. The MTT results for NHBE and HMEC cell lines reveal that 

carbazoles did not exhibit selectivity towards normal cells. The results of cytotoxic activity on 

a panel of non-tumour and normal cell lines suggest that 36a cannot be developed as a drug 

candidate. However, due to its interesting anticancer properties, it would be worthwhile to 

consider modifying its chemical structure to reduce its toxicity.The investigations conducted by 

Ortega's team demonstrated that after 72 h merbarone, functioning as a catalytic inhibitor, 

displayed notably diminished cytotoxic effects on A549 and MCF-7 cell lines 333. The calculated 

IC50 values were 40±2.7 µM for A549 and 83.9±3.0 µM for MCF-7, when compared to 36a 

333.These findings underscore the potent inhibitory effect of 36a on Topo II catalytic activity and 

its ability to suppress the proliferation of lung and colon cancer cells at nanomolar levels. 

Regulation of the cell cycle plays a pivotal role in the development of malignancies and 

resistance to chemotherapy 334. Notably, various catalytic inhibitors of Topo IIα have been 

found to operate via distinct mechanisms to suppress the cell cycle when compared to Topo II 

poisons 198. Among all the compounds, 36a displayed a substantial reduction in cell 

proliferation and induced G1-phase cell cycle arrest in most assessed cancer cell lines. 

However, in the case of U-2-OS cells, I observed a time-dependent G2/M phase blockade. 

These observations align with the research conducted by Perdih's group, who uncovered a 

novel chemical class of Topo IIα catalytic inhibitors that induced G1-phase cell cycle arrest in 

MCF-7 and Hep-G2 cells 336. Similarly, Kang et al. reported a distinct effect of a catalytic 

inhibitor of Topo IIα, causing cell cycle arrest in the S phase and inhibiting the viability of 

ovarian cancer cells 337. In contrast, Chen et al. described a G2/M phase delay in fibrosarcoma 

cells treated with ICRF-193 338. These studies provide further evidence that the cellular 

response to catalytic inhibitors of Topo II differs from that induced by Topo II poisons, 

particularly with regard to their impact on cell cycle progression268. The action of multiple Topo 
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I inhibitors disrupts the cell cycle. A new compound discovered by the Zhao team, DIA-001, 

induces cell arrest in the G2/M phase of the cell cycle by forming a stable Topo I/DNA complex 

339.  

In a study conducted by Ferrara and colleagues 340, it was shown that CPT, the most 

well-known TOPO I inhibitor, caused a significant shift in the cell population of colorectal cancer 

cells (DLD-1) when they were treated with CPT, pushing them predominantly into the late 

S/early G2 phase. These findings align with expectations since CPT induces DSBs during the 

S phase, which require repair before cells can progress through the cell cycle. 36a, despite its 

high activity against Topo I, typically induced cell cycle arrest in the G1 phase, indicating that 

its action triggered a different cellular response than CPT. 

ROS disrupt the delicate cellular redox balance, resulting in substantial and irreversible 

damage that ultimately leads to cell death. ROS encompasses both free radicals, such as 

hydroxyl and superoxide radicals, and nonradicals, including hydrogen peroxide and singlet 

oxygen. Many cytotoxic anticancer agents disturb the cellular redox state 341. Therefore, I 

conducted a time-dependent kinetic assessment of intracellular ROS levels in both lung and 

colon cancer cell lines following treatment with 27a, 36a, and 36b. The findings indicate that 

carbazole derivatives function as inducers of elevated ROS levels in both examined cell lines. 

Furthermore, when combined with compounds containing NAC, an antioxidant, the production 

of ROS was suppressed and did not differ from the control sample. Topo inhibitors that 

generate high levels of ROS include DOXO, ETP, and CPT 341,342. In the context of apoptosis 

induced by chemotherapeutic agents, which involves the release of cytochrome c from the 

mitochondria, NADH dehydrogenase and reduced coenzyme Q10 reroute electrons from the 

electron transport system to oxygen, resulting in the formation of superoxide radicals 342,343. In 

conclusion, it appears that cellular stress plays a substantial role in the anticancer 

effectiveness of these carbazole analogs with symmetric substitutions. 

Conventional cancer pharmacological treatments often result in a reduction of 

mitochondrial membrane potential (ΔΨm) and permeabilization of the mitochondrial 

membrane. This leads to the release of apoptotic factors and the activation of caspases, 

initiating cellular degradation through the targeted proteolysis of various cellular proteins 255. 

In this research, I explored the impact of carbazole derivatives on the activities of 

Topoisomerase I (Topo I) and Topoisomerase II (Topo II) and their implications for apoptosis. 

The results revealed that these derivatives effectively inhibited the functions of Topo I and 

Topo II, thereby initiating apoptosis through mitochondrial mechanisms. Notably, compounds 

27a, 36a, and 36b induced apoptotic cell death in A549 and HCT-116 cell lines in a time-

dependent manner. In the intrinsic-mediated pathway, a pivotal event known as MOMP,which 
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signifies a point of no return, directly triggers the release of pro-apoptotic proteins. This process 

involves a brief exposure of the Bak or Bax BH3 domain, allowing the efflux of cytochrome c 

into the cytoplasm. Cytochrome c, in conjunction with apoptotic protease activating factor 1, 

activates the initiator caspase 9. Activated caspase-9 subsequently cleaves and activates 

downstream effector caspases, caspase-3 and caspase-7, leading to the cleavage and 

activation of PARP1 protein. The extrusion of the mitochondrial inner membrane into the 

cytosol, along with its permeabilization, widens the Bax/Bak pores, triggering the release of 

mitochondrial DNA. Apoptosis can be initiated either through the direct activation of caspase-

3 or by cleavage of Bid. This, in turn, results in mitochondrial dysfunction and subsequent 

activation of caspase-9 and caspase-3 279,344. Numerous established Topo II poisons, such as 

ETP, DOXO, and mitoxantrone, are known to induce apoptosis 345,346. Similarly, prior studies 

have shown that Topo II catalytic inhibitors, like ICRF-187 and ICRF-193, induce apoptosis by 

activating caspases and causing internucleosomal DNA fragmentation 347,348. As reported in 

the study by Alaaeldin et al 349., novel ciprofloxacin derivatives have demonstrated dual 

inhibition of both human Topo I and Topo II. These derivatives not only exhibit antiproliferative 

effects but also effectively hinder cell migration and colony formation abilities in A549 and 

HepG2 cancer cell lines. Moreover, they initiate the apoptotic pathway by activating the 

caspase 3 signaling cascade 349, similar to the carbazole derivatives investigated in this 

research. 

As previously mentioned, Topo II catalytic inhibitors were initially considered a 

promising alternative to Topo II poisons, as they were not expected to elevate the levels of 

Topo II-DNA complexes responsible for DNA damage. In fact, early reports appeared to 

support the idea that Topo II catalytic inhibitors, such as merbarone and bisdioxopiperazines, 

did not stabilize cleavable DNA-Topo II complexes and were ineffective as agents causing 

DNA damage. However, more recent investigations have revealed that merbarone and 

structurally related bisdioxopiperazines (ICRF-193 and ICRF-187) induced potent, dose-

dependent genotoxic effects in mammalian cells, resembling those observed with the Topo II 

poison ETP 321,350. Studies of carbazole derivatives for A549 and HCT-116 cell lines showed 

that carbazole derivatives caused the most significant increase in the level of γ-H2AX-positive 

cells after the longest treatment time point, correlated with the occurrence of massive apoptosis 

in the cells at the same time. This discovery could be associated with the occurrence of 

secondary DNA damage, the accumulation of γ-H2AX on the outer periphery of the nucleus, 

and the development of a distinctive apoptotic ring during the process of cell death. These 

phenomena may result from DNA damage triggered by the activation of caspase 3 351,352.  
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Kinase signaling pathways play crucial roles in maintaining normal cellular functions, 

and aberrant kinase activities are frequently associated with various diseases, including 

cancer. Among the most successful anticancer drugs available today are kinase inhibitors 353. 

Notably, certain carbazole derivatives, particularly 36a and 36b, exhibited potent inhibitory 

effects against protein tyrosine kinases in both ELISA and phospho flow cytometry assays. 

Cardenas et al. have reported that the activity of Topo II can be modulated through kinase 

phosphorylation 354. Leveraging the structural elements of sunitinib, a tyrosine kinase inhibitor, 

and ciprofloxacin, a bacterial Topo II inhibitor, researchers designed and synthesized HMNE3. 

HMNE3 distinguishes itself as a ciprofloxacin dimer, incorporating the chalcone-like structural 

motif of sunitinib. Notably, HMNE3 exhibited inhibitory activity against both tyrosine kinases 

and Topo II, and it displayed cytotoxic effects in six chosen cell lines, including Panc-1, T24, 

BGC-823, PU145, HCG-27, and Capan-1 cells, with IC50 values within the low micromolar 

range. 355. 
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6. CONCLUSIONS 

This study offers compelling in vitro evidence regarding the anticancer effectiveness of 

symmetric carbazole derivatives. All three investigated compounds 27a, 36a, and 36b 

exhibited high cytotoxic activity and strong antiproliferative properties against various cancer 

cell lines. Moreover, the compounds were tested for their activity in inhibiting human 

topoisomerases as their potential molecular anticancer target. Additionally, 27a, 36a, and 36b 

demonstrated prooxidative characteristics, disrupted calcium homeostasis, and induced robust 

mitochondria-dependent apoptosis in A549 and HCT-116 cells. Furthermore, the results 

indicate that these compounds inhibit the activity of protein tyrosine kinases in A549 cells. In 

particular, compound 36a, which incorporates a furyl group, effectively inhibits cell proliferation 

and predominantly induces G1-phase arrest in cancer cells. 36a represents a novel and 

promising class of dual non-intercalating catalytic inhibitors targeting Topo I and Topo II. It 

exhibits substantial selectivity in inhibiting the relaxation and decatenation activities of the Topo 

IIα isoform, and its mechanism involves the induction of apoptosis via the intrinsic pathway, 

accompanied by DNA fragmentation.  

Moreover, structural adjustments, such as the flattening of the structure (27a) or the 

substitution of the O-heteroatom in the pyrrole ring (36a) with an S-heteroatom in the thiophene 

substituent (36b), distinctly modify the properties of the compounds. These alterations are 

prominently reflected in the outcomes of biological tests performed on Topo II. This information 

could have a significant impact on the design of novel carbazole derivative structures. 

Compound 36a is particularly intriguing because it features two highly electronegative oxygen 

atoms that are configurationally compatible with the active site of the enzyme under 

investigation. In contrast, 36b, which contains sulphur atoms (larger and less electronegative 

than oxygen in 36a), cannot establish such robust interactions with the isoforms of Topo II. As 

for 27a, its linear structure may account for its incompatibility with the size of the active centre 

pocket of the Topo II isoforms considered in this study.  

36a serves as a promising exemplar or model molecule of symmetrically substituted 

carbazoles with potent anticancer properties. However, to gain a comprehensive 

understanding of how compound 36a inhibits the catalytic activity of Topo IIα, further extensive 

studies are required. Such future investigations will unveil the intricate molecular interactions 

and signalling pathways contributing to the anticancer effects of this compound. 
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