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1. INTRODUCTION 

1.1. The outline of the cancer problem and drug discovery process 

Cancer is characterized by rapid, uncontrolled growth of cells that can invade surrounding 

tissues and may spread from its site of origin to other parts of the body, serving serious health 

consequences including death. The World Health Organization (WHO) states that in 2020 cancer 

was the second leading cause of death behind cardiovascular diseases which caused over 9.96 

million deaths globally.1 The estimated increase in the number of cancer-related deaths is even 

larger and is expected to be about 16.3 million deaths worldwide in 2040. The most diagnosed 

cancers are those of the breast (2.3 million, 11.7% of the total number), lung (2.2 million, 11.4%), 

colorectal (1.9 million, 10%), and prostate (1.4 million, 7.3%).2 The continuous increase in cancer 

incidence in developed countries is associated with ageing and the growth of the world’s 

population as well as pollution. Several major factors have been associated with carcinogeneses 

such as certain chemicals in the environment, sunlight, lifestyle, and genetic predispositions.3 

Along with surgical operation and radiation therapy, chemotherapy remains the main approach to 

cancer treatment.4 

The development of cancer chemotherapy began in the 1940s with the discovery of mustine 

hydrochloride, as an alkylating agent.5 Since then, the use of chemotherapy in both advanced 

and early stages of cancer has made significant progress in the last decades. According to the 

cancer drugs database, 259 anticancer drugs have been approved by the European Medicines 

Agency (EMA) for treating various types of cancer.6 Accomplishing an ideal drug development  

is still demanding and requires an analysis of different aspects because the therapeutic efficacy 

of the drug is affected by its biological activity, bioavailability, toxicity, and many other factors.  

The effective drug should target differences between cancer and normal cell; however, 

elaborating on new anticancer agents based on the discovery of new targets is relatively rare, 

especially nowadays. This is because many anticancer targets have already been discovered and 

explored.7,8 It is also worth underlining that classical methods of searching for new drugs effective 

against new or old targets are often insufficient due to their side effects and induction  

of resistance. Furthermore, these approaches are associated with high costs and a very long 

process of implementation in treatment (clinical studies).9 

The availability of crystallographic data for many proteins essential for disease development 

and documented as molecular targets have led to the emergence of a new approach to designing 

drugs tailored for the structure of particular receptor (target) binding sites.10 Therefore,  

the pharmaceutical industry has seen a clear upward trend in the process of discovery of new 

drug substances over the past decade through rationalized drug design. The dynamic growth  

of computing power, the efficiency of new and fast algorithms, as well as application of specialized 

programming technology, have contributed to the development of computer-aided drug design 

(CADD) technology based on molecular modelling, bioinformatics, and cheminformatics 

techniques.11 
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Molecular modelling of small molecules binding protein sites was pioneered during the early 

1980s and has been used to predict the intermolecular framework to the present day.12,13  

It compasses all theoretical and computational techniques used to predict drug efficacy. Molecular 

docking, molecular dynamic simulation, and ADMET (absorption, distribution, metabolism, 

excretion, and toxicity) prediction represent the most widely used approaches of computational 

modelling used in the drug discovery and design process.14 The typical approach involves 

structure-based virtual screening through docking in order to identify potential hit candidates with 

the highest binding affinity and correct binding mode.15 Starting from a compound with a known 

mechanism of action and biological activity (discovered in the screening process and called “hit 

molecule”), it is possible to design related molecules as drug candidates with better efficacy and 

fewer side effects (lead optimization). Another approach is based on the de novo design of a new 

molecule interacting with a particular target.16 In this approach, a broader chemical space can be 

explored, applying scaffold hopping or fragment-based design.16 Molecular modelling is crucial  

to preselect and help lead experimental in vitro and in vivo studies, reducing the cost and time 

required for the development of effective drugs.17 

The ideal molecular drug target should exhibit high specificity to cancer cells, which 

minimalizes adverse effects on normal cells after treatment. According to many previous studies 

as well as expectations, the target that fulfils this requirement is telomerase, which is expressed 

and activated in almost all types of tumours but is silent in the majority of human tissue.18 

However, although several strategies of telomerase inhibition have been already developed and 

explored, there are not enough successful results, and therefore there is still a need and a place 

for new strategies and new molecules – directed as telomerase inhibitors. It is particularly 

important as until now none of the initially promising molecules acting at this target has been 

developed up to the drug stage.19–22 

1.2. Telomeres – structure, and function 

Telomeres are nucleoprotein complexes composed of tandem repeating DNA sequences, 

and specialized proteins essential for protection and genomic stability. In humans, the DNA 

telomeric sequence is (TTAGGG)n, and is highly conserved among vertebrates.23 Telomeric DNA 

structure is protected by a six-subunit protein complex called shelters – comprised of telomeric 

repeat-binding factor 1 (TRF1), telomeric repeat-binding factor 2 (TRF2), repressor-activator 

protein 1 (RAP1), TRF1-interacting nuclear protein 2 (TIN2), TIN2- and POT1-organizing protein 

(TPP1), and protection of telomeres 1 (POT1). TRF1 and TRF2 are homodimers that directly bind 

to the double-stranded telomeric DNA, whereas POT1 is associated with single-stranded 

telomeric DNA. POT1 is linked to TRF1 and TRF2 through an interaction between the TPP1 and 

TIN2, which binds both TRF1 and TRF2. The sixth shelterin subunit, RAP1 is recruited  

to telomeres via interaction with TRF2. The spatial arrangement of shelterin proteins is presented 

in Figure 1.24,25 
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Figure 1 The spatial arrangement of shelterin.24,25  

Each shelterin subunit has essential functions contributing to the genome's stability and end-

of-chromosome protection but also displays roles aside from their role as telomeric subunit, like 

regulating the DNA damage response, metabolism, inflammation, oxidative stress, and many 

others.26 

TRF1 precipitates in sister telomere cohesion, chromosome end protection, DNA damage 

response, telomere transcription, and replication.27 The activity of the TRF2 blocks ataxia 

telangiectasia mutated (ATM) DNA-damage signalling pathway and non-homology end joining 

(NHEJ) repair pathway, protecting telomeres from recognition as double-stranded DNA breaks. 

In addition, TRF2 influences the folding of telomeric DNA into a telomere loop structure called  

a t-loop.28 T-loops are formed by the invasion of the single-stranded 3′ DNA telomeric overhangs 

into duplex strands, forming a d-loop. Such spatial displacement prevents DNA damage response 

machinery from recognizing DNA ends as damage.29,30 

The telomere G-rich strand binding protein POT1 interacts with TPP1 forming a stable 

heterodimer that represses the response to ATR kinase-mediated DNA damage and inhibits 

telomerase-dependent telomere extension.31 The ATR DNA repair pathway also could be blocked 

by TRF2 but independently of POT1 activity.32 

The TIN2 subunit promotes TTP1/POT1 localization and stabilizes bindings of TRF1  

and TRF2 with telomeric DNA. It is essential for the overall integrity of the shelterin complex 

because of creating a molecular bridge or platform by simultaneous interaction with TRF1, TRF2,  

and TPP1.33 Moreover, TIN2 facilitates TRF2-mediated higher-order DNA structures, such as 

telomeric DNA compaction, t-loop formation, and bridging of dsDNA, ssDNA, and ssRNA 

(TERRA) to dsDNA.34 

Among telomeric proteins, RAP1 is the most conserved. Its function is repressing 

homologous recombination in cooperation with TRF2 and is particularly important in senescent 

cells protecting critically short telomeres from DNA damage.35 
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1.3. The role of telomeres in cellular senescence and carcinogenesis  

In humans, the chromosome length distribution in different cells is heterogeneous and ranges 

from 5 to 15 kbp.36 Telomere shortening is a dynamic process and depends on the mechanisms 

involved in the DNA replication process known as the end replication problem (Figure 2). DNA 

polymerase synthesizes the leading strand only in the 5' to 3' direction and requires the presence 

of a polynucleotide primer to initiate the synthesis of a new DNA strand. The process is semi-

conservative, which means that one of the leading strands is synthesized continuously (5'→ 3'), 

and the other is delayed (3'→ 5'). In the case of the lagging strand, the polymerase synthesizes 

short sections, called Okazaki fragments, each with its primer. During replication termination, 

primers are removed, and the resulting fragments are ligated.37 However, the polymerase cannot 

fill the gap at the 3' end, making the newly synthesized daughter strand shorter than the parent 

strand, causing the chromosome to shorten by 50 - 150 bp with each cell division.38 

 

Figure 2 The end replication problem. 

Telomere shortening eventually promotes genome instability, potentially stimulating  

the initiation of the early stages of cancer.39 The natural barrier that prevents cells from entering 

neoplastic transformation is replicative senescence, the so-called Hayflick limit. The Hayflick 

phenomenon refers to the maximum number of divisions that a somatic cell can undergo during 

its lifespan.38 Upon reaching a sub-threshold number of repeats, cells enter the M2 stage, 

characterized by uncapped telomeres, chromosome breakage fusion–bridge cycles, end-to-end 

chromosome fusions, mitotic catastrophe, and apoptosis.40,41 

In the case of aberrations, the accumulation of chromosomal rearrangements and mutations 

may lead to cell immortalization.42 Maintenance of telomere length in cancer requires activation 

of a telomerase enzyme or activation of an alternative length telomere (ALT) independent  

of telomerase.43 Telomerase and specifically its catalytic subunit hTERT is expressed and 
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activated in 85-90% of cancers; whereas other tumours promote telomere DNA synthesis via the 

ALT pathway based on a recombination-based mechanism.44–46 ALT phenotype is characterized 

by a reduced nucleosome density caused by alterations in chromatin remodelling factors, such 

as alpha-thalassemia X-linked syndrome protein (ATRX) and deletion of death-associated protein 

(DAXX).47,48 One of the hallmarks of ALT cells is excessively clustered telomeres caused by DNA 

damage response (DDR) which promotes homology-directed telomere synthesis to gain  

an unlimited proliferation potential for cancers.49 

1.4. Structure of telomerase 

Telomerase is a large ribonucleoprotein complex responsible for the synthesis of TTAGGG 

repeats at the 3 'ends of linear chromosomes by reverse transcription. This enzyme is composed 

of the reverse transcriptase subunit hTERT, the template containing non-coding RNA hTERC, 

and accessory proteins.50 Additional processive extension of telomeres requires binding 

telomerase to telomeric DNA which is properly maintained through the shelterin complex. The 

hTERT gene is located at chromosome 5p15.33 and encodes the catalytic subunit of the hTERT 

holoenzyme. The hTERC gene is mapped at chromosome 3q26 and acts as a template for the 

synthesis of telomeric DNA. Moreover, it participates in the catalysis, localization, and assembly 

of the telomerase holoenzyme.38 The hTERC is expressed in all tissues, while hTERT is generally 

repressed in normal cells and upregulated in cancer cells. Therefore, hTERT is a critical 

determinant of telomerase activity, responsible for the synthesis of telomeric DNA repeats.51 

Human TERC contains several structural regions: template boundary element (TBE) 

pseudoknot domain, a CR4/CR5 domain, and H/ACA box; however, only the pseudoknot and 

CR4-CR5 domains are necessary for telomerase activity.52 The H/ACA RNAs associate with  

a set of proteins, together acting as ribonucleoprotein (RNP) enzymes mainly in the site-specific 

pseudouridylation reside in the small Cajal body and small nuclear RNAs.53 In addition, the H/ACA 

box at the TERC 3’end contains a Cajal body box sequence (CAB-box) which binds a telomerase 

Cajal body protein 1 (TCAB1) and facilitates telomerase trafficking to Cajal bodies (Figure 3).54 

Despite telomerase accumulating in Cajal bodies for most of the cell cycle, their function 

concerning telomerase remains unexplained. The H/ACA box binds accessory proteins, including 

dyskerin (DKC1), non-histone chromosome protein 2 (NHP2), nucleolar protein 10 (NOP10), and 

glycine arginine rich 1 (GAR1) which are essential for maturation, stability, and cellular localization 

of the enzyme.55 Other proteins, such as heat shock proteins HSP90 and HSP23, as well as 

ATPases pontin and reptin, also bind to the two major telomerase subunits and are believed  

to be involved in the formation of a functional telomerase holoenzyme, but the exact mechanism 

of their action remains poorly understood.56 Dyskerin, pontin, and reptin serve as the scaffold  

for assembling the nascent hTERT transcripts through interaction with the H/ACA motif-binding 

complex of dyskerin, NHP2, NOP10, a nuclear assembly factor 1 ribonucleoprotein (NAF1),  

and the telomerase RNP.57 Next, hTERT undergoes maturation accompanied by an exchange  

of NAF1 for GAR1, leading to the formation of physiologically stable hTERT H/ACA RNP.  
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Then, the hTERT 3′ -hairpin CAB-box motif binds TCAB1, and hTERT interacts with CR4/CR5 

domains generating a catalytically active RNP telomerase.58 

Telomerase is recruited to telomeres during the S phase of the cell cycle, and involves 

interactions between TTP1, POT1, and dissociates the activities of the telomerase domain 

 of hTERT (DAT).41 TTP1 contains the oligosaccharide binding (OB)-fold domain that includes  

a group of amino acids, defined as the TEL-patch, which interacts with the DAT region.57  

The central domain of TTP1 binds to POT1, whereas the C-terminal motif interacts with TIN2. 

Interaction between shelterin subunits and the DAT domain of hTERT assures proper positioning 

of telomerase at the 3′ ends of DNA for the synthesis of telomeric DNA. Moreover, a TERC-

binding protein (SRSF11) is associated with telomeres through the interaction with TRF2 

stabilizing the telomerase with the telomere overhang for DNA synthesis.59 

 

 

Figure 3 Telomerase assembly and recruitment to the telomere.54 
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1.5. hTERT promoter mutations and activation of telomerase 

hTERT is a 42 kb gene located on the short arm of the human chromosome 5 (5 p15.33) and 

spans 15 introns and 16 exons.60 The hTERT promoter is rich in GC pair, lacks CAAT and TATA 

boxes, but contains binding sites for many transcription factors including the MYC oncogene (E-

box) and Sp1 (GC box). Most of the transcriptional activity is related to the proximal region of the 

hTERT promoter and contains GC-boxes (GGGCGG), which are binding sites for the zinc finger 

transcription factor Sp1 and are important for hTERT promoter activity.61 

The hTERT promoter contains two E-box motifs (5'-CACGTG-3') located at positions −165 

and +44 which are required for binding several proteins like Myc/Mac/Mad and USF1/2. C-myc 

expression triggers a switch from Mas1/Max to c-Myc/Max biding to E-boxes on an hTERT 

promoter, inducing hTERT expression and telomerase activation. Interestingly, the promoter also 

contains repressor binding sites.62 Another unique feature is that the hTERT promoter  

is unmethylated in normal cells, while its methylation is required for hTERT expression and 

telomerase activation in malignant cells.63 Lee et al. reported that the hTERT Hypermethylated 

Oncological Region (THOR) is composed of 52 CpG sites, located further away from the core 

promoter, suggesting an epigenetic-based hTERT upregulation.64 Interestingly, several reports 

evidenced that the unmethylated promoter sequence favours a repressor-binding in several cell 

lines.59,65 

The transcription of the hTERT promoter is regulated by the interplay of many transcription 

factors and chromatin remodelling, leading to either activating or downregulating hTERT 

transcription. Transcription factors such as c-MYC, nuclear factor κ-light-chain-enhancer  

of activated B cells (NF-kB), specificity protein 1, the adipocyte protein 2 (AP-2) family, E-twenty-

six (ETS) family members, and signal transducer and activator of transcription (STAT) family 

upregulate hTERT expression, whereas p53, Wilms’ tumour 1 (WT1), mitotic arrest deficient 1 

(MAD1), myeloid zinc finger protein (MZF)-2, and menin have been shown to repress hTERT 

transcription (Figure 4).66 Most of the activator transcription factors regulate hTERT expression 

in tumours and normal cells and thus cannot fully account for hTERT upregulation and telomerase 

activation during carcinogenesis.67 

One possible mechanism of telomerase activation involves mutations in the core promoter 

region of hTERT. These mutations occur predominantly at two hotspots of chromosome 5  

at positions -124 and -146, known as 1 295 228 C>T (C228T), and 1 295 250 C>T (C250T9), 

respectively.68 Both mutations create an 11 bp nucleotide stretch harbouring a consensus binding 

motif for ETS transcription family members, such as the GA-binding protein (GABP).69 These 

ETS-biding sites are functionally distinct and required for transactivation hTERT, dimer formation 

with other transcription factors, like p52. Although the C250T mutation, unlike the C228T mutation, 

is driven by non-canonical NF-κB signalling, the exact mechanism of hTERT activation has not 

been fully understood.68 Hsu et al. demonstrated that epidermal growth factor (EGF) in lung 

cancer activates telomerase by direct binding transcription factor ETS-2 to the hTERT promoter.70 
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These mutations were found in 60% of bladder cancers, 80–90% of glioblastomas, 50% of 

cutaneous squamous cell carcinomas,70% of melanomas, 60% of hepatocellular carcinomas, 

70% of oligodendrogliomas, and approximately 30% of thyroid cancers.71–73 Additionally,  

on chromosome 5, there is a rarer mutation in the hTERT promoter, -57 bp upstream of the ATG 

start site, causing the A>C transition.72 

Noncoding mutations of hTERT are the most prevalent in cancers, but their frequency and 

level are different depending on the tumour type. Some cancers, such as glioma, pleomorphic 

dermal sarcoma, liver cancer, myxoid liposarcoma, urothelial cell carcinoma, and melanoma are 

characterized by relatively frequent mutations in the hTERT promoter, while the low frequency 

was observed in small cell lung carcinoma, pancreatic cancer, gastric cancer, and gastrointestinal 

stromal tumours.72,74,75 One possible explanation for these observations may be that incipient 

cancer cells, derived from renewing self-renewing telomerase-competent cells, do not require 

mutation in the hTERT promoter to regulate telomere length. Thus, tumours arising from rapidly 

proliferating cells tend to just upregulate enzyme activity with fewer mutations in the hTERT 

promoter.76 Considering whether these mutations occur most frequently at the time cells undergo 

a "crisis" will help establish the role of these mutations as early events in the process of neoplastic 

transformation. 

 

Figure 4 Transcription and mutations of hTERT promoter.77 

Regulation of telomerase expression occurs through the control transcriptional, post-

transcriptional, and epigenetic levels in various processes, like mRNA splicing, telomerase 

nuclear localization, recruitment to telomeres, hTERC, and hTERT synthesis and maturation,  
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and post-translational modification.78 Epigenetic regulation of hTERT transcription includes 

chromatin remodelling, DNA methylation, and histone modification.79,80 Alternative hTERT mRNA 

splicing is a key mechanism of post-transcriptional regulation, but it remains unclear whether 

telomerase activity is directly related to hTERT splicing.81 

1.6. Non-canonical functions of telomerase 

The main, canonical function of telomerase is to maintain a constant telomere length in 

tumour cells during mitotic divisions to overcome the Hayflick limit. Therefore, this enzyme plays 

a key role in cancer metabolism, senescence, and degenerative disease. However, several 

studies report other, non-canonical functions beyond telomere lengthening. These extra-telomeric 

functions of hTERT include cell survival, chromatin modulation, transcriptional regulation of gene 

expression, mitochondrial metabolism, and stress response (Figure 5).82,83 It has been shown 

that the catalytic subunit of hTERT telomerase, apart from its nuclear location, is also present  

in the cytoplasm and mitochondria, which is related to its extra-telomeric functions.57  

In mitochondria, the enzyme is responsible for reducing the level of reactive oxygen species 

(ROS), binding mitochondrial DNA and tRNA, and is associated with the increased potential of 

the mitochondrial membrane and the activity of the respiratory chain.84 Understanding the non-

canonical functions of telomerase may have important implications for the rational design of anti-

cancer agents. 

 

Figure 5 Mitochondrial hTERT.85 
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1.6.1. Mitochondrial hTERT 

Telomere shortening can directly lead to senescence, but this process could be triggered  

by other factors such as oxidative stress or inflammation.86 This suggests a correlation between 

these processes, but the function of telomerase in reducing the effects of oxidative stress remains 

unclear. One possible hypothesis is that telomeres are the preferred targets for oxidative damage 

due to the presence of many guanine residues in DNA sequences. High guanine content  

is associated with the production of 8-oxoguanine (8-oxoG), which, if left unrepaired, leads  

to mutations, and thus genome instability.87 It has been demonstrated that mitochondria in normal 

and cancer cells contain telomerase enzymatic activity.88 hTERT interacts with two regions  

of circular mtDNA containing coding sequences for NADH: ubiquinone oxidoreductase (complex 

I) subunits 1 and 2 (ND1, ND2); however it remains unclear whether protection of ND1 and ND2 

subunit genes by hTERT is sufficient for reducing complex I produced ROS.89 Miao et al. reported 

that tumour cells with dysfunctional telomerase were more sensitive after radiation exposure.90 

hTERT suppression induced mitochondrial dysfunction, which was evidenced by decreased 

membrane potential, changes in mitochondrial mass, mtDNA copy number, total ATP levels,  

and an increase in ROS.90 Muzza et al. reported that high oxidative stress (H2O2) triggers  

the translocation of hTERT to mitochondria.91 Similarly, Singhapol et al. showed that telomerase 

reduces mtDNA damage induced by UV and ethidium bromide.92 Interestingly, cells with mutated, 

dysfunctional hTERT displayed increased levels of ROS and disruption in mitochondrial 

functions.93 

The protective effect of the mitochondrial translocation of hTERT has a particularly important 

role in the multi-drug resistance (MDR) of cancer cells.94 Ling et al. reported that mitochondrial 

translocation of hTERT led to chemotherapeutic resistance in hepatocellular carcinoma.95  

The drug-resistance cells have lower mitochondrial membrane potential, a reduced ROS level, 

and are less prone to oxidative damage to mtDNA.95 Another study demonstrated that 

mitochondrial hTERT exerts a neuroprotective role due to the induction of cell proliferation, 

antioxidant properties, and inhibiting apoptosis and senescence.96 The catalytic subunit  

of telomerase may also protect the neonatal mitochondrial DNA from oxidative damage during 

pregnancy.97 However, there is still no confirmation as to whether hTERT is necessary for the 

proper functioning of mitochondria or whether it is activated only under conditions of cellular 

stress. 

1.6.2. Telomerase as a regulator of gene expression - Wnt/β-catenin complex  

The Wnt/β-catenin signalling pathway is a regulator of embryogenesis and is responsible for 

the self-renewal of adult stem cells in proliferating tissues such as the gut, hair follicle, and the 

hematopoietic system. Deregulation of the Wnt/β-catenin signalling cascade is one of the key 

mechanisms responsible for cell proliferation and differentiation and is often associated with  

the pathogenesis of a variety of diseases, including cancer.98 The first evidence of direct 

regulation of the Wnt/β-catenin by telomerase was discovered by J.I. Park and colleagues  
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in mouse embryonic stem cells and Xenopus laevis embryos.99 The study reported that hTERT 

acts as a cofactor in the β-catenin transcription complex through interaction with BRG1,  

an SWI/SNF (SWItch/sucrose non-fermentable) chromatin remodelling factor. hTERT 

overexpression resulted in the activation of Wnt-dependent reporters in vitro and in vivo.99 Other 

studies also support the formation of an hTERT complex with BRG1 together with nucleostemin, 

a GTP nuclear binding protein, and/or GNL3L. It was found that such a complex is necessary  

to maintain a tumour-initiating cell phenotype.100 However, the research conducted by E.H. 

Blackburn’s group showed no interaction between hTERT and Brg1 or β-catenin.101 Those 

discrepancies in the above studies can be explained by differences in the cell lines and mouse 

models, or that the Wnt/β-catenin pathway is regulated by two mechanisms employed by hTERT 

and mTERT, respectively. 

The correlation between the Wnt pathway and telomerase also confirms the influence of both 

factors in embryonic development and tissue homeostasis. It has been shown that transient 

activation of the Wnt/β-catenin pathway induces hTERT mRNA expression and increases 

telomerase activity in various cell lines. Moreover, β-catenin could also directly regulate  

the transcription of hTERT, by interacting with KLF4.102 

The role of telomerase in Wnt signalling should be seen as case-specific and particularly 

important in cancers with disrupted multiple signalling pathways simultaneously, such as NF-κB 

and Wnt. Moreover, the discovery of the regulation of telomerase transcription in embryonic stem 

cells and human cancer cells via the Wnt/β-catenin pathway further emphasizes the importance 

of regulatory feedback, which ensures telomerase activity and enhances oncogenic signalling.103 

These observations reveal the non-canonical function of telomerase as a key component  

of the regulatory Wnt/β-catenin transcription complex. This synergistic role of the enzyme with the 

transcriptional activity of the complex is independent of its catalytic function in telomeres. 

1.6.3. Telomerase as a regulator of gene expression - NF-κB transcription factor 

Transcription factor NF-κB is a protein complex that is crucial for cell proliferation, 

differentiation, inflammation, and immunity.104 The first evidence of direct interaction between  

the p65 subunit of NF-κB (RelA) and the hTERT protein was found in multiple myeloma cells 

where p65 was found to be responsible for hTERT nuclear translocation.105 Ectopic expression  

of telomerase resulted in increased tumour cell proliferation, protection against cell death, and 

tumour growth in the xenograft model, which could be mitigated by suppressing NF-κB 

signalling.105 On the other hand, silencing the hTERT gene by siRNA significantly inhibited tumour 

growth, and this process was reversible through overexpression of p65.106 These findings confirm  

the functional interdependence between telomerase signalling and the NF-κB pathway. 

Interestingly, hTERT has been found to bind to p65 and localize to promoters of NF-κB target 

genes, including interleukins IL-6, TNF-α, and cytokine IL-8, which are responsible  

for inflammation and carcinogenesis.107 Such mutual regulation may be one of the mechanisms 

underlying the accompanying chronic inflammation and prolonged telomerase activity in cancers. 
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1.6.4. hTERT in angiogenesis 

The vascular endothelial growth factor (VEGF) is a potent angiogenic factor promoting  

the growth of new blood vessels.108 The hTERT induces the expression of VEGF by interacting 

with the gene promoter and the transcription factor Sp1, leading to stimulation of the 

angiogenesis.109 hTERT expression levels are positively correlated with VEGF in human gastric 

tumours. Deletion of the hTERT gene leads to compromised tumour growth in vivo accompanied  

by decreased VEGF expression.109 Similarly, inhibition of telomerase in the endothelial cells has 

been shown to disrupt angiogenesis and tumour growth in glioblastoma xenografts.110 This study 

suggests that glioblastoma angiogenesis may be associated with increased telomerase activity. 

This hypothesis was confirmed in HeLa cells by showing that hTERT is capable of inducing VEGF 

transcription.111 Altogether, that study provides strong evidence that hTERT, is involved in the 

mechanisms of tumour angiogenesis and therefore antitelomerase drugs can be utilized for the 

treatment of malignant gliomas. 

1.6.5. hTERT in the tumour microenvironment 

The tumour microenvironment (TME) is a key factor in carcinogenesis and metastasis, 

affecting the stromal cells and the extracellular matrix. Exosomes are a critical component of TME 

signalling, affecting epithelial-mesenchymal transition (EMT), invasion, and migration.112,113 

Exosomes released by tumour cells promote transformation into fibroblasts which support rapid 

tumour growth, vascularization, and metastasis.114 It has been established that hTERT mRNA 

can be secreted via exosomes to telomerase-negative fibroblasts inducing their phenotypic 

changes including increased proliferative properties and prolonged viability.115 In addition, cells 

become resistant to phleomycin-induced DNA damage and apoptosis.115 Altogether, the study 

suggests that telomerase shuttle may potentially alter the cancer microenvironment. 

1.6.6. hTERT in the nervous system 

The catalytic telomerase subunit exerts neuroprotective roles in many neurodegenerative 

diseases, such as amyotrophic lateral sclerosis (ALS) or mood disorders. Decreased telomerase 

activity was found in depression-like behaviour in mice and patients with schizophrenia.116,117 

Moreover, Wei et al. showed that genetic variation in hTERT may influence susceptibility  

to depression.118 Another study reported an association of hTERT with the reduction of ROS and 

the protection of DNA in the mitochondria of neurons.119  

The hTERT plays a crucial role in the modulation of neuronal survival in the developing and 

postmitotic mature nervous system, by controlling levels of Ca2+.120 The reduction of hTERT leads 

to ROS formation and oxidative damage in brain cells through the interaction with the tau protein 

which plays a crucial role in the pathogenesis of many human neurodegenerative diseases.121 

Eitan et al. demonstrated that a controlled and transient increase of telomerase activity in the 

brain can have a neuroprotective effect in ALS.122 Interestingly, hTERT has been found in mature 
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Purkinje neurons, where it may participate in adaptive responses of the neurons to excitotoxic 

and radiation stress.123 

Overall, telomerase appears to play an important role in the response of neurons to various 

types of stress. Further understanding of the neuroprotective mechanisms of telomerase could 

provide novel therapeutic applications in central nervous system diseases. 

1.7. Approaches to inhibit telomerase 

The main goal of anti-telomerase drugs is to selectively target cancer cells while minimizing 

the effect on normal cells. Inhibition of telomerase leads to a decrease in telomere length resulting 

in cell senescence and apoptosis in telomerase-positive tumours.124 However, also short-term 

treatment with telomerase inhibitors could induce cell death because, besides the main, canonical 

function of this enzyme, many others are not directly related to the extension of telomeric 

sequences, and their disruption can induce the chemotherapeutic effect. Such a 

chemotherapeutic response would be desirable as it would lead to the death of cancer cells more 

quickly. 

The comprehensive structure of the telomerase and the multi-level system of its regulation 

provides the possibility of blocking enzyme activity at various levels. Potential sites of telomerase 

inhibition include hTERC, hTERT catalytic subunit, assembly of the telomerase complex,  

and factors involved in telomerase recruitment to the telomeric DNA. There are several 

approaches to targeting telomerase, including oligonucleotides or small molecules directly 

interfering with telomerase, immunotherapy against hTERT tumour-associated antigens, or 

indirect methods such as targeting telomerase function or regulation by the modulation of hTERT 

gene expression, G-quadruplex stabilization, or incorporation of nucleoside analogues into 

telomeres to induce genomic instability. Some of the telomerase inhibition approaches are 

presented in the following sections. 

1.7.1. Antisense oligonucleotides 

Antisense oligodeoxynucleotides (ASOs) consist of short, 10-30 nucleotide stretches of DNA, 

complementary to mRNA molecules. The mechanism of their action is based on the activation  

of RNase H or blocking translation by inhibiting the recognition of mRNA by the ribosome125. 

Applications of these molecules are currently being explored in many branches of medicine, 

including oncology, cardiology, and infectiology, one of which is currently used to treat 

cytomegalovirus retinitis.126 

Natural oligonucleotides (DNA, RNA) have a limited therapeutic potential due to the 

susceptibility of the phosphodiester backbone to enzymatic cleavage by cellular nucleases.127  

To overcome the stability problem of these compounds, structural analogues have been 

developed with improved pharmacological properties.128 Modifications to traditional antisense 

oligonucleotides used in inhibiting telomerase include 2'-5'-phosphoramidates (PN) linkages,  

2'-O-methyl RNA linkages (2’OMe), 2'-O-(2-methoxyethyl) RNA linkages (2’MOE), 
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phosphorothioate (PS)-modified oligodeoxynucleotides, peptide nucleic acids (PNA) and locked 

nucleic acid (LNA) (Figure 6).129–132 

 

Figure 6 Modified oligonucleotides as telomerase inhibitors.133 

In the last few years, the oligonucleotide phosphoramidates have been designed 

complementary to the hTERC subunit or a sequence of about 100 nucleotides downstream of the 

template region.134,135 N3'-P5' phosphoramidates and N3'-P5' thio-phosphoramidates form 

sequence-specific duplexes with target RNA. One of the derivatives, GRN163 which is N3'-P5' 

thio-phosphoramidate showed good results in inhibiting telomerase, but the lack of lipid carrier 

has diminished its potential due to its limited uptake.136 To solve this problem, a lipid-modified 

version, the GRN163L (imetelstat), has been developed.137 Studies have found that although 

characterized by increased uptake, GRN163L may be less potent than GRN163, possibly due to 

some interference of the lipid moiety with the telomerase template.138 Nevertheless,  

the compound has entered clinical trials and is one of the few that reached the third phase 

(ClinicalTrials.gov identifier NCT04576156).139 

1.7.2. Stabilization of the G-quadruplex structure 

Single-stranded telomere sequences due to the enriched content of guanines can 

spontaneously form G-quadruplex (G-4) structures, stabilized by Hoogsteen hydrogen bonds.  

G-4 is known to fold into various spatial variants, like parallel, antiparallel, and hybrid conformation 

(Figure 7), in which a three-dimensional structure protects the telomere end sections from 

exonucleolytic processing, and thus prevents its degradation.140–142 
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Figure 7 Sample topologies of G-4. (a) parallel (PDB ID: 1KF1); (b) antiparallel (PDB ID: 143D); (c) 
hybrid (PDB ID: 2HY9). 

  

One of the approaches to suppress telomerase activity is to inhibit the interaction between 

telomerase and telomeric DNA, which should be linear for its activity, by stabilizing the  

G-4 structure. Over the years, several small molecule ligands with high specificity for G-4 have 

been discovered (Figure 8). The stabilization of G-4 structures in telomeres blocks the access of 

the telomerase to the guanine-rich DNA sequence preventing the enzyme's function and 

triggering apoptosis in cancer.143 

 

Figure 8 Examples of G-4 stabilizers. 

The first synthetic inhibitors of G-4 were designed based on the dogma assuming the 

strongest interaction with the guanine-rich DNA strand by intercalation with polycyclic, symmetric 

compounds with a heteroaromatic structure.144 Acridine derivatives, such as RHPS4 and  

BRACO-19 are characterized by a central planar pharmacophore that binds with guanine tetrads  

of quadruplex DNA through π-π interactions.145,146 Another example is the cationic porphyrin 

derivative TMPyP4, which inhibits the activity of telomerase, decreases telomere length,  

and reduces cell growth consequently leading to apoptotic cell death, among others,  

the osteosarcoma cell line.145,147 There are also several natural compounds stabilizing the 
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structure of the G-4, such as telomestatin, isolated from Streptomyces cancatus, or palmatine 

from Coptidis Rhizoma.148,149 

In summary, approximately one thousand different G-4 ligands have been reported.150,151 

Among them, quarfloxin (CX-3543), an anti-neoplastic fluoroquinolone derivative, and CX-5461 

have entered clinical trials, but due to the low bioavailability, only studies on CX-5461 are still 

conducted (phase I; ClinicalTrials.gov identifier NCT02719977).152–154 However, CX-5461  

was also reported as a topoisomerase II inhibitor and an RNA polymerase I inhibitor, thus,  

its effectiveness may result from a mixed mechanism of the inhibition of various enzymes.155 

A significant limitation of G-quadruplex stabilizers is their affinity for guanine-rich non-

telomeric DNA regions, which may translate into toxicity to healthy cells. Such regions are present 

in many promoter regions of DNA where G-4 structures are also likely can form. This may indicate 

that some anticancer activity of already studied molecules can`t be related to telomeres but 

particular oncogene promoter regions. Moreover, some of the compounds, despite their effective 

antitumour activity in vitro and in vivo, have not found clinical application due to poor solubility,  

or the problem of crossing biological barriers.146,156,157 

1.7.3. Direct telomerase inhibitors - synthetic compounds 

One of the most extensively studied compounds as a direct telomerase inhibitor is BIBR1532 

(Figure 9).158 This compound is a non-nucleosidic, mixed-type non-competitive inhibitor, which 

effectively inhibits the native and recombinant human telomerase.159 Treatment of various cancer 

cell lines (e.g. oral squamous carcinoma, breast cancer, lung cancer) with BIBR1532 inhibited the 

activity of telomerase and downregulated hTERT expression leading to apoptotic cell death.160–

162 Bryan et al. propose that BIBR1532 binds to a conserved hydrophobic pocket of the CR4/CR5 

thumb domain of hTERT, preventing proper telomerase assembly; however, the precise 

mechanism of its action is still unknown, especially concerning the X-ray structure of the complex 

between telomerase and BIBR1532.136 Preclinical studies have demonstrated the synergic effect 

of combined treatment BIBR1532 with radiation or chemotherapeutics, like paclitaxel or emodin, 

leading to enhanced telomere dysfunction.163–165 However, because of its poor pharmacokinetic 

properties, the clinical applicability of BIBR1532 is restricted.159 

 

Figure 9 BIBR1532 structure.158 

1.7.4. Natural compounds and derivatives 

Natural products have been primary sources of drugs, and many of them are still widely used 

in anticancer therapies.166 Telomerase inhibitors are mostly derived from secondary metabolites 

such as terpenoids, polyphenols, xanthones, alkaloids, and sesquiterpene.167 Khaw et al. 
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demonstrated that curcumin, a polyphenolic compound, inhibited telomerase activity and induces 

telomere shortening in brain tumour cells; however, the exact mechanism of telomerase inhibition 

is still unknown.168 Another example is chrolactomycin, a tetrahydropyran macrolide antibiotic 

isolated from Streptomyces sp. 569N-3. Studies conducted by Nakai et al. revealed that 

chrolactomycin inhibited human telomerase in a cell-free assay and a cellular assay169. Long-term 

treatment of human renal carcinoma leads to a decrease in cell proliferation accompanied by 

telomere shortening.169 A chemically modified derivative of green tea epigallocatechin gallate, 

MST-312 directly inhibits telomerase, and it’s more effective than the parent compound. Long-

term treatment of human monoblastic leukaemia U937 cells with MST-312 triggers progressive 

telomere shortening and reduction of growth rate.170 

High biological activity of compounds derived from natural products, prompting many 

scientists to design their derivatives with improved pharmacological properties. Betori et al. 

discovered chrolactomycin derivatives as covalent inhibitors of telomerase.171 The most potent 

compound, NU-1 inhibited telomerase activity in different telomerase-positive cancer cell lines 

and had negligible effects on telomerase-negative cancer cells.171 

Certainly, natural compounds have great therapeutic potential, but nevertheless, none of the 

molecules targeting telomerase has been tested in animal models so far. One of the problems of 

most of the discovered molecules is their not fully understood mechanism of action as well as the 

difficulties related to their synthesis. 

1.7.5. Nucleoside analogues 

Nucleoside analogues are important drugs, widely used for the treatment of malignancy as 

well as viral and fungal infections.172–174 The identification of the hTERT as a functional catalytic 

reverse transcriptase prompted studies of inhibiting telomerase activity with nucleoside 

analogues. 3′-Azido-2′,3′-dideoxythymidine (AZT) is a thymidine analogue originally used to 

prevent and treat HIV/AIDS by competitively inhibiting reverse transcriptase.175 AZT is 

phosphorylated to active metabolite AZT-TP that competes for incorporation with 

deoxynucleotides leading to replication inhibition.175 There is much evidence that AZT inhibits 

telomerase activity and reduces telomere length in various cell models.176,177 The mechanism of 

its action shows that AZT-TP is recognized by telomerase and incorporated into the telomeric 

end, causing chain termination. A similar observation was reported by Mender et al. with another 

nucleoside analogue 6-thio-2'-deoxyguanosine (6-thio-dG). Treatment with 6-thio-dG-induced 

telomere dysfunction in telomerase-positive human cancer cells, but not in telomerase-negative 

cells.178 

Nucleoside analogues were also studied in combination therapies. In preclinical studies, 

simultaneous treatment of human Pharynx FaDu cells with AZT and paclitaxel led to synergistic 

anticancer activity.179 Moreover, AZT has entered clinical trials alone or in combination with other 

drugs, like 5-fluorouracil or methotrexate, but did not reach a composite endpoint.180  
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1.7.6. RNA interference-based therapy 

RNA interference (RNAi) is a conserved double-stranded RNA (dsRNA) silencing 

mechanism first observed in Caenorhabditis elegans.181 Long molecules of dsRNA  

are recognized by the enzyme Dicer (RNase III, helicase) and cleaved into ∼21–25 nt discrete 

small RNA fragments called siRNA. Then, siRNA associates with a multisubunit protein complex, 

the RNA-induced silencing complex (RISC) with endoribonuclease activity. After recognizing the 

appropriate siRNA molecule, the complex directs it to the complementary mRNA. The Argonaut 

protein, which is part of the complex, has RNase H activity and cleaves the siRNA-bound mRNA 

molecule. Target mRNA is degraded, and therefore its expression is suppressed.182,183  

The discovery of gene silencing through RNAi provides a new opportunity for drug design 

and discovery. RNAi products include short interference RNA (siRNA) short hairpin RNA 

(shRNA), bifunctional short hairpin RNA (bi-shRNA), and microRNA (miRNA).184 The ability  

of RNAi to inhibit gene expression has been developed in the treatment of cancers, viral, and 

genetic disorders.185 Major targets for siRNA anticancer therapy include oncogenes (like K-ras, 

c-myc, bcr/abl, or p53) and genes that are involved in angiogenesis (VEGF), survival, apoptosis 

(survivin), metastasis (MMP), and resistance to chemotherapy (MDR1).186 

Ge et al. demonstrated that RNAi targeting of hTERT gene expression induces apoptosis 

and inhibits the proliferation of lung cancer cells.187 Similarly, in cervical cancers, siRNA targeting 

hTERT effectively suppresses telomerase activity, cell proliferation, migration, and invasion,  

and induced apoptotic cell death.188 Promising results were also obtained by simultaneously 

inhibiting both hTERT and hTERC expression in oral squamous cell carcinoma and BIU-87 

bladder transitional cell cancer.189,190 This approach effectively suppressed the expression of both 

hTERC and hTERT mRNA and telomerase activity in BIU-87, and the anticancer effect of 

combination targeting was more efficient than solely targeting hTERC and hTERT.189 On the other 

hand, the anticancer effect of suppressing hTERC in oral squamous cell carcinoma was more 

direct and efficient, in comparison to combination targeting.190 

In addition, several studies report the synergic effect of a combination treatment of hTERT 

siRNA, and commonly used chemotherapeutics, such as doxorubicin, cisplatin, paclitaxel,  

or radiation.191,192 In the future, the combination of siRNAs with chemotherapy or radiotherapy 

may increase their effectiveness and significantly reduce the side effects of treatment. 

1.7.7. CRISPR Cas9-mediated gene therapy 

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeat) technology is  

a powerful gene manipulation tool containing two components: a guide RNA (gRNA), and  

a CRISPR-associated endonuclease (Cas protein). The commonly used system involves 

CRISPR-Cas9, a DNA exonuclease that is directed by a gRNA to generate DNA double-strand 

breaks (DSBs) at a specific target site in the genome. Upon cleavage by Cas9, the DSBs  

are repaired by either NHEJ or homology-directed repair cellular (HDR) mechanisms.193,194 
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CRISPR/Cas9 gene editing technology is being widely applied to cancer research, to identify 

cancer genetic interactions, knockdown oncogenes, or overcome drug resistance. 

There are several reports of using the CRISPR/Cas9 gene editing system to target the 

hTERT gene in cancer cells.195–199 The group of T. Cech demonstrated a two-step CRISPR-Cas9 

system allowing modifications to the endogenous hTERT locus in human cell lines.197 Promising 

results were obtained by Wen et al., who developed a Cas9-based strategy using a double gRNA 

approach to efficiently edit the hTERT gene. They demonstrated that hTERT haploinsufficiency 

is a sufficient dose to suppress tumour growth in vitro and in vivo.198 

Undoubtedly CRISPR/Cas9 has become a mainstream tool that offers the simplest, most 

versatile, and most precise method of genetic manipulation; however, there are several 

challenges to using this method for cancer therapy. The main limiting factors include the potential 

toxicity of the currently available delivery systems, off-targeting, and low editing efficiency.200 

1.7.8. hTERT promoter-driven oncolytic adenovirus 

Replication-selective tumour-specific viruses present a form of immunotherapy described as 

genetically modified vectors able to induce the death of cancer cells by lysis. OBP-301 

(telomelysin) is a telomerase-specific oncolytic adenovirus, that contains the hTERT promoter  

to regulate the expression of the E1A and E1B genes to facilitate virus replication in cancer 

cells201. In vivo studies confirmed the high cytotoxic activity of telomelysin in mouse xenografts 

toward different types of cancer cells without affecting normal cells.202,203 The safety of telomelysin 

has been confirmed in phase I of clinical trials in various solid tumours and its currently being 

tested in phase II in the treatment of esophagogastric adenocarcinoma in combination with 

pembrolizumab (ClinicalTrials.gov identifier NCT03921021).204,205 

Despite, the unique ability of oncolytic viruses to selective target cancers, adenovirus-

mediated cancer gene therapy has some limitations and challenges, including manufacturing 

viruses, limitations to accomplishing a radical cure such as viral delivery, or immunological 

barriers.206 

1.7.9. TAGE system 

Cancer therapy through the telomerase-activating gene expression (TAGE) system was 

developed by W. Dai and his group.207 This method is CRISPR Cas9-based gene therapy 

enabling inducing selective death in cancer cells expressing telomerase. The TAGE system 

contains an effectors’ gene expression vector containing a 3ʹ single-stranded sequence 

recognizable and elongated by telomerase. At the same time, the nuclease dead Cas9-VP64  

and a telomeric DNA targeting sgRNA (TsgRNA) are released by the adeno-associated vector 

into a cancer cell, forming the dCas9-VP69-TsgRNA complex. This complex is an artificial 

transcription factor that interacts with synthesized telomeric DNA at the end of the effector, 

activating the expression of Cas9 on the effector. Cas9 binds to TsgRNA to form the Cas9-

TsgRNA complex, capable of disrupting chromosomes of cancer cells, followed by apoptosis. 
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This method allowed to effectively kill various cancer cell lines, like HeLa, HT-29, HepG2, PANC-

1, MDA-MB-453, RAW264.7, A549, Hepa1-6, and SKOV-3, without affecting normal cells 

HL7702, MRC-5, and BMSC. Moreover, the TAGE system was also efficient in vivo leading  

to specifically killing cancer cells in mice without side effects or toxicity. 

1.7.10. Cancer immunotherapy  

Cancer immunotherapy relies on the stimulation of the immune system to recognize and kill 

cancer cells. Current strategies include T cell infusion, vaccines, oncolytic virus therapy, immune 

checkpoints, and monoclonal antibodies therapy.208 Immunotherapies targeting telomerase have 

demonstrated positive outcomes in cancer treatment.209–211 hTERT peptides can be recognized 

by the major histocompatibility complex (MHC) class I or II, to stimulate CD8+ T, and CD4+ T cell 

response, respectively.212 There have been two general approaches that have advanced  

to clinical trials: dendritic cell vaccines and peptide vaccines.213 Several hTERT-targeting 

immune-therapeutics are currently being evaluated in clinical trials, and many of them are 

combined with checkpoint inhibitors, like UCPvax with nivolumab (phase II, ClinicalTrials.gov 

identifier NCT04263051), or UV1 in combination with ipilimumab and nivolumab (phase II, 

ClinicalTrials.gov identifier NCT04300244).214,215 

A primary concern of using cancer vaccines for treatment is their restricted efficacy in patients 

with a high mutational burden and pre-existing immune responses.216 Heterogeneity within  

and between cancer types is another challenge to overcome. Particularly effective will be 

personalized tumour-specific therapies, targeting several cancer antigens unique to each patient. 

1.7.11. Suicide gene therapy 

Suicide gene therapy is based on delivering to tumour cells a gene encoding either a toxin 

or an enzyme making the targeted cell more prone to chemotherapy.217 One of the approaches 

involves using the hTERT promoter to induce the expression of pro-apoptotic or suicide genes, 

such as tumour necrosis factor-related apoptosis-inducing ligand (TRAIL)218, FAS-associated 

death domain protein (FADD)219, caspase220 or chemoattractant protein gene (MCP-1).221  

Then, the suicide gene is expressed in telomerase-positive cells leading to apoptosis. Another 

approach involves delivering an hTERT-driven prodrug-activating enzyme in conjunction with  

a prodrug which converts into a toxin via bioactivation in telomerase-positive cells.222 Plumb et al. 

developed adenovirus gene therapy vectors that drive the bacterial nitroreductase gene using the 

transcriptional regulatory regions from the hTERT and hTERC telomerase genes. As a result of 

the activity of the hTERT promoter, the production of nitroreductase increases, leading to the 

metabolic transformation of CB1954 pro-drug to an active cytotoxic alkylating agent.223  

This therapy finished the I phase of clinical trials in locally relapsed prostate cancer patients,  

but the results of those studies are still not published (ClinicalTrials.gov identifier 

NCT04374240).224 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

33 

 

Gene-directed enzyme pro-drug therapy greatly enhances the effectiveness  

of chemotherapeutic agents in tumour cells by high activity of hTERT and hTERC gene promoters 

and achieving long-term survival benefits by minimizing its toxicity toward normal cells.   
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2. OBJECT OF RESEARCH 

Heterocyclic compounds have clinical applications as anti-bacterial225, anti-fungal226, anti-

inflammatory227, anti-viral228, and anti-cancer drugs.229 In addition, heterocycles provide diverse 

chemical structures and are involved in various biochemical processes playing important 

functions in living organisms. Their prevalence is partially down to engage in a broad range  

of intermolecular interactions, such as π-stacking interactions, hydrogen bonding, metal 

coordination bonds, van der Waals interactions, and hydrophobic forces.230,231 My PhD work aims 

to explore different heterocyclic groups of compounds (Tables 1-3) as potential telomerase 

inhibitors. The group of compounds was selected or designed on rational bases and as  

a preliminary indication that their action can be linked with telomerase inhibition. Several 

approaches and areas have been studied as mentioned below.  

Professor Baginski's group has designed several compounds with a heterocyclic moiety  

as telomerase inhibitors using in silico methods. In their approach, structure-based drug design 

and scaffold hopping strategy were applied.232 These compounds, carbazole, and pyrazole 

derivatives were docked to the Tribolium castaneum catalytic subunit of telomerase, which due 

to the highly conservative amino acid sequence may serve as a good template for human enzyme 

inhibition.233 Docking simulations showed that compounds bind well to the active site  

of telomerase and therefore could be potential new telomerase inhibitors.  

Different previously designed carbazoles (Table 1) and pyrazoles (Table 2) were 

synthesized by dr Milena Witkowska in dr Slawomir Makowiec's group at the Department  

of Organic Chemistry, Gdansk University of Technology, and by dr Ewa Wieczerzak’s group at 

the Department of Biomedical Chemistry, University of Gdansk, respectively. Therefore, my first 

aim during my doctoral studies was to confirm the activity of those compounds  

as telomerase inhibitors at the cellular and molecular levels. Considering that I am dealing 

with new chemical entities, I decided that in the case of the false null hypothesis, I attempt  

to determine the molecular mechanism of their action based on literature studies. 

Among existing anti-cancer drugs, anthraquinones have been the key structural motif  

of many biologically active compounds. Anthraquinones pose anticancer activity mainly through 

DNA intercalation, which in turn causes single- and double-stranded DNA disruptions leading  

to apoptotic cell death. Several studies report their anticancer activity as telomerase inhibitors 

stabilizing G-4 structures. Previous studies showed high cytotoxic activity of dithiocarbamates  

of 9,10-anthracenedione (anthraquinone) in micromolar and submicromolar concentrations  

in various cancer cell lines.234 However, the molecular mechanism of their action was unknown. 

Anthraquinones (Table 3) were synthesized by dr Maryna Stasevych and dr Viktor Zvarych at the 

Department of Technology of Biologically Active Substances, Pharmacy and Biotechnology, Lviv 

Polytechnic National University. The second aim of the study was to explain the cellular and 

molecular mechanism underlying the cytotoxic activity of these compounds.  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

35 

 

To achieve the goals mentioned above, I have planned several in vitro experiments, among 

others: screening of compounds in terms of action on the cellular target and cytotoxic properties 

(to select the most active compounds), followed by determination of antiproliferative, antioxidant, 

DNA-damaging, and anti-migratory properties, and the type of the pathway of compounds-

induced cell death. 

Table 1 Chemical structure of carbazole derivatives 

 

COMPOUND R1 R2 R3 R4 

5AA H NH-Boc OH O-CH2-CH3 

5AB H NH-COO-CH2-CH3 OH O-CH2-CH3 

5AC H NH-Ac OH O-CH2-CH3 

5BA NH-Boc NH-Boc OH O-CH2-CH3 

5CA OAc NH-Boc OH O-CH2-CH3 

7AA 
H 

 

OH O-CH2-CH3 

7AB 

H 

 

OH O-CH2-CH3 

7BA 

   

O-CH2-CH3 

8 H NH-Boc H OH 

 

  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

36 

 

Table 2 Chemical structure of pyrazole derivatives 

 

COMPOUND R1 R2 R3 R4 R5 R6 R7 R8 

PCH-1 H O-CH2-O H OCH3 H OCH3 H 

PCH-2 H OCH3 OCH3 OCH3 H H O-CH2-O 

PCH-3 H H CH3 H H H O-CH2-O 

PCH-4 OCH3 H H H H H O-CH2-O 

PCH-5 H O-CH2-O H H H O-CH2-O 

PCH-6 H H OCF3 H H H O-CH2-O 

PCH-7 H H OCH3 H H H CH2-CH2-O 

PCH-8 H H OCH3 H H OCH3 O-CH2-O 

PCH-9 H S-CH2-O H OCH3 H OH H 

Table 3 Chemical structure of anthraquinone derivatives 

 

COMPOUND R1 R2 

TXT1 N(CH2-CH3)2 H 

TXT2 

 
H 

TXT3 

 
H 

TXT4 N(CH2-CH3)2 H 

TXT5 N(CH2-CH3)2 Cl 

TXT6 

 

H 

TXT7 

 

Cl 

TXT8 

 

H 

TXT9 

 

Cl 
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3. RESULTS 

3.1. Selection of cancer cell lines 

Overexpression of telomerase is observed in the majority of tumours. Many studies reported 

a high correlation between telomerase activity and hTERT mRNA expression in various cell 

lines.235,236 However, the level of its expression differs depending on the cancer cell line. 

Therefore, the expression of hTERT mRNA was measured in ten cancer cell lines by RT-PCR 

and is presented in Figure 10. Most of the analysed cancer cell lines are characterized by  

a telomerase-dependent telomere elongation mechanism, besides U2OS, and SKBR3 which 

have the ALT pathway to maintain the telomere length.237  
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Figure 10 Relative hTERT mRNA expression in various cancer cell lines quantified using qPCR and 

normalized to TATA-binding protein. Each bar shows the mean ± standard error of the mean (SEM). 

Squamous lung cell carcinoma H226, large cell lung carcinoma H460, and promyelocytic 

leukaemia HL60 exhibited high expression of hTERT. Moderate expression was found in 

colorectal adenocarcinomas (HT29, HCT116), and lung adenocarcinoma A549, whereas in 

breast adenocarcinoma (MCF7, SKBR3), invasive ductal carcinoma BT20, and osteosarcoma 

U2OS cells it was low or undetectable.  

A panel of lung cancer cell lines and osteosarcoma U2OS were selected for further study 

due to the relatively high and low hTERT expression, respectively, and different telomere 

elongation mechanisms. 

3.2. Compounds screening - determination of the inhibitory effect of the compounds 

against telomerase 

The effect of new pyrazole (Figure 11a), carbazole (Figure 11b), and anthraquinone 

derivatives (Figure 12a) on telomerase activity was examined using the telomerase repeat 

amplification protocol (TRAP) using the following reference compounds: BIBR1532 (telomerase 
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inhibitor that noncompetitively blocks the enzymatic activity of hTERT)159, mitoxantrone MTX (an 

anthraquinone derivative showing G-4 stabilizing properties)238,239, and TMPyP4 (a cationic 

porphyrin that may indirectly inhibit telomerase activity by stabilizing telomeric G-4)240.  

The obtained results revealed that none of the tested pyrazole and carbazole derivatives inhibits 

telomerase activity in a concentration of up to 100 µM (Figure 11). On the other hand, most  

of the anthraquinone derivatives showed inhibitory activity against telomerase (Figures 12a  

and c) with calculated IC50 within the micromolar range (Figure 12b). Among tested compounds, 

TXT2, TXT3, and TXT4 (Teloxantron) showed the potent inhibitory effect on telomerase activity 

with TXT4 showing the lowest calculated IC50 value (9.61±0.93 µM), which is 6.7-fold better than 

positive controls BIBR1532 with IC50: 64.11±2.53 µM (Figure 12b). On the other hand, TMPyP4 

had a negligible inhibitory effect on telomerase activity in low concentrations (0.01 and 0.1 µM), 

whereas higher concentrations lead to inhibition of polymerase, manifested as a lack of internal 

standard amplification (Figure 12a). Moreover, MTX showed limited telomerase inhibitory activity 

at the highest concentrations, which was also paralleled by a lack of internal standard 

amplification (Figure 12a). Blocking the PCR course enables the proper establishment of IC50  

by these compounds. In comparison, none of the test compounds inhibited Taq polymerase  

up to 100 µM, as it is indicated by a consistent signal from internal standard amplification (Figure 

12a). It is necessary to note that compounds that inhibit polymerase may give incorrect results  

in TRAP assay. 

 

Figure 11 Detection of telomerase activity by TRAP assay for compounds from Table 1-2. IC: internal 

standard. 
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Figure 12 Detection of telomerase activity by TRAP assay for compounds from Table 3. (a) Electrophoresis 

results from the TRAP assay. IC: internal standard; (b) The comparison IC50 value for inhibition of 

telomerase; (c) Quantification of TRAP assay in the presence of increasing concentrations of TXT2 and 

TXT4 compounds. Data represent the mean ± standard deviation (s.d.) of three independent experiments.  

Despite pyrazole's and carbazole's lack of telomerase-inhibition properties, they can still  

be identified as new agents that could pose anticancer properties. Therefore, all these compounds 

were also tested against various cancer and normal cell lines to determine their mechanism  

of action. For the sake of clarity, each group of compounds is presented in separate sections.  
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3.3. Project I – anthraquinone derivatives as telomerase inhibitors 

3.3.1. Determination effect of the anthraquinones on cell viability 

Long-term treatment with telomerase inhibitors should lead to replicative senescence, 

followed by apoptosis; however, also short-term treatment could trigger cancer cell death since 

telomerase exhibits many non-canonical roles (see subsection 1.6). Therefore, all anthraquinone 

derivatives were evaluated for their in vitro anti-proliferative activity against four cancer cells: 

A549, H226, H460, U2OS cells, and two normal cell lines: primary human umbilical vein 

endothelial cells (HUVEC), and human bronchial epithelial (NHBE) cells. The results were 

expressed as growth inhibitory concentration (IC50) values and summarized in Table 4. Test 

compounds showed variable antiproliferative activities against the tested cell lines after 72 h  

of treatment. In general, compounds were the most cytotoxic against lung cancer cells with the 

lowest expression of hTERT mRNA, and the shortest telomeres (A549).241 In most of the cases, 

there was the same trend of IC50 value within the cell line: H226>H460>A549, but not with 

BIBR1532, cisplatin, and etoposide (ETP). The most potent compound against NSCLC cells was 

TXT1, whereas TXT5 exhibited the lowest activity.  

Almost all TXT compounds were less active against U2OS cells, like BIBR1532. On the other 

hand, TMPyP4 did not exhibit any selectivity against cancer cells, but several papers report that 

G-4 stabilizers can reduce cell proliferation in ALT cells.242,243 

The cytotoxic activity of anthraquinone derivatives does not correlate with their ability to inhibit 

telomerase activity. Moreover, high toxic activity against normal HUVEC, and NHBE cells, as well 

as moderate activity towards U2OS cells, indicate that compounds are non-selective and could 

have other additional mechanisms leading to cell death. Therefore, other reference compounds 

used in common chemotherapy were tested to compare the cytotoxic effect with test compounds. 

As shown in Table 4, anthraquinone derivatives were more active than most standard 

compounds, besides ETP, and mitoxantrone (MTX). Additionally, all references exhibited similar 

toxic effects to normal cells, like anthraquinone derivatives. 

Table 4 In vitro anticancer activity investigated compounds after 72 h of treatment (IC50±SEM [µM]). IC50 

value represents a concentration that inhibits 50% of cell growth. 

Compound A549 H226 H460 U2OS HUVEC NHBE 

TXT1 1.67±0.03 4.01±0.32 2.19±.012 8.35±0.94 2.92±0.21 1.05±0.05 

TXT2 2.64±0.21 4.45±0.21 3.12±0.43 7.74±1.42 3.92±0.11 3.81±0.03 

TXT3 2.20±0.09 12.34±2.65 2.47±0.65 18.78±3.21 2.68±0.22 0.31±0.07 

TXT4 6.02±1.21 11.87±2.76 8.12±0.21 17.67±1.62 8.51±0.03 7.52±0.17 

TXT5 39.79±1.97 71.67±8.68 >100 20.71±3.34 ND ND 

TXT6 2.28±0.93 10.57±2.32 3.69±0.94 7.80±1.63 0.82±0.41 1.45±0.23 

TXT7 17.75±2.77 36.45±6.21 43.26±4.66 12.46±2.26 ND ND 

TXT8 2.94±0.38 5.16±2.32 8.29±1.27 4.67±1.65 ND 2.15±0.37 
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Compound A549 H226 H460 U2OS HUVEC NHBE 

TXT9 12.00±2.23 13.29±2.54 12.38±1.44 9.93±1.34 ND ND 

ETP 0.54±0.21 1.03±0.16 0.05±0.01 0.61±0.04 0.37±0.07 4.21±0.23 

MTX 0.019±0.002 0.067±0.004 0.043±0.002 0.031±0.003 ND ND 

5-FU 8.12±1.01 4.01±0.76 4.08±0.43 13.02±0.03 3.82±0.04 ND 

BIBR1532 65.62±2.13 32.61±2.41 40.57±3.11 107.45±12.54 ND ND 

TMPyP4 12.53±1.12 64.31±3.81 54.13±2.37 45.93±6.19 ND ND 

Cisplatin 30.76±2.83 13.05±1.23 21.49±1.87 31.32±1.16 ND ND 

Imatinib 33.01±2.45 ND ND ND ND ND 

Since compounds TXT1, TXT2, TXT3, and TXT4 were the most active against telomerase, 

they were selected for more detailed studies at the cellular and molecular levels. First, time course 

cell viability analysis was performed in NSCLC cells. As depicted in Table 5, the metabolic activity 

of all tested cancer cells decreased gradually with the exposition of all the compounds. 

Table 5 In vitro anticancer activity of investigated compounds after 24, 48, and 72 h of treatment (IC50±SEM 

[µM]). 

A549 

Compound 24h 48h 72h 

TXT1 3.67±0.03 2.96±0.08 1.67±0.03 
TXT2 5.64±0.21 3.32±0.12 2.64±0.21 
TXT3 5.20±0.09 3.95±0.13 2.20±0.09 
TXT4 26.02±1.21 17.98±0.21 6.02±1.21 

H226 

Compound 24h 48h 72h 

TXT1 8.83±0.21 5.74±0.46 4.01±0.32 
TXT2 8.32±0.31 5.92±0.33 4.45±0.21 
TXT3 28.24±2.26 23.87±4.33 12.34±2.65 
TXT4 26.69±2.21 17.84±1.76 11.87±2.76 

H460 

Compound 24h 48h 72h 

TXT1 8.73±0.99 6.61±0.09 2.19±.012 
TXT2 12.01±0.42 5.67±0.91 3.12±0.43 
TXT3 24.52±3.87 13.61±0.33 2.47±0.65 
TXT4 15.96±0.76 10.22±1.44 8.12±0.21 

3.3.2. The antiproliferative potential of anthraquinones 

Short-term inhibition of telomerase should lead to cell cycle arrest.244 Therefore, the effect  

of compounds on cell cycle progression was evaluated in A549, H226, and H460 cells. Cells were 

treated for 24, 48, and 72 h, and the percentages of cells in each phase of the cell cycle were 

determined by flow cytometry. After 24 and 48 h of treatment, the cell cycle profile in A549 cells 

exhibited a similar pattern as in the DMSO-treated control (Figure 13). Longer exposure led  

to the accumulation of cells in the G0/G1 phase with a concomitantly reduced proportion of cells 

in both the S and G2/M phases. The most potent effect was observed for TXT4, which resulted  

in a significant increase (p<0.0001) in the percentage of cells in G0/G1 by 1.5-fold compared  

to the control. None of the tested compounds modified the cell cycle profiles in H226 cells after 

either 24 or 48 h of exposure (Figure 14). However, 72 hours of treatment with TXT1 and TXT4 

caused blocking cells in G0/G1 phase, whereas compounds TXT2 and TXT3 resulted in increased 

cells in S-phase. In H460 cells after 24 h of treatment, compounds TXT1 and TXT4 modified  
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the distribution of cells in the cycle, resulting in fewer cells in the S-phase with a slight increase 

in their proportion in the G0/G1 phase (Figure 15). However, 48 h of treatment with all test 

compounds increased the percentage of cells in this phase. Later exposure (72 h) led to  

an increase in the fraction of cells in the G0/G1 phase, where the most significant rise was 

observed after treatment with TXT1 (p<0.001). Conversely, ETP in all three cancer cell lines 

induced G2/M cell cycle arrest, as confirmed by the previous reports.245,246 

Out of all anthraquinones, TXT4 showed the most potent antiproliferative properties on A549 

cells; therefore, a more detailed analysis of the cell cycle's course was performed (Figure 16). 

For this purpose, A549 cells were synchronized to a double-thymidine block in the G1 phase and 

then exposed to TXT4 for the indicated time. Slight changes in the distribution of cells were 

observed just after a 2-h exposition compared to the DMSO-treated control. During the next 4-6 

hours, a significant proportion of cells accumulated in the S phase. However, this arrest was only 

temporary, and later treatment gradually increased cell proportion in the G0/G1 phase. On the 

other hand, ETP inhibited the S-phase cell cycle in the 2-10 h interval, but eventually, after 48 h, 

it accumulated cells in the G2/M phase as it did previously. Since telomerase activity increases  

in the S-phase, the observed temporary blockade of this phase induced by TXT4 could be related 

to the anti-telomerase potential of this compound. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

43 

 

 

Figure 13 Cell cycle analysis of A549 cells after treatment with tested compounds for 24, 48, and 72 h. 

DMSO and ETP were used as negative and positive controls, respectively. (a) Representative histograms 

were obtained after DNA staining; (b) The quantification of the analysis is presented on a bar graph. Data 

represent the mean ± SEM of three independent experiments. * p<0.01, ** p<0.001, *** p<0.0001, 

**** p<0.00001 (two-way ANOVA and post hoc Dunnett’s test). 
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Figure 14 Cell cycle analysis of H226 cells after treatment with tested compounds for 24, 48, and 72 h. 

DMSO and ETP were used as negative and positive controls, respectively. (a) Representative histograms 

were obtained after DNA staining; (b) The quantification of the analysis is presented on a bar graph. Data 

represent the mean ± SEM of three independent experiments. * p<0.01, ** p<0.001, *** p<0.0001 (two-way 

ANOVA and post hoc Dunnett’s test). 
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Figure 15 Cell cycle analysis of H460 cells after treatment with tested compounds for 24, 48, and 72 h. 

DMSO and ETP were used as negative and positive controls, respectively. (a) Representative histograms 

were obtained after DNA staining; (b) The quantification of the analysis is presented on a bar graph. Data 

represent the mean ± SEM of three independent experiments. * p<0.01, ** p<0.001, *** p<0.0001, 

**** p<0.00001 (two-way ANOVA and post hoc Dunnett’s test). 
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Figure 16 Cell cycle analysis of A549 cells synchronized in the G1 phase after DMSO (negative control), 

ETP (positive control), and TXT4 treatment. (a) Representative histograms; (b) Cell cycle phases in 

unsynchronized cells; (c) The quantitation of the flow cytometric analysis. 

  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

47 

 

Next, the most potent compounds against telomerase TXT2 and TXT4 were further analysed 

in a colony formation assay. As depicted in Figure 17, compound TXT2 (1, 2, or 6 μM) significantly 

inhibited the colony formation capacity in A549, H226, and H460 cells compared  

to the vehicle (1 μM: *p < 0.01; 2 μM, 6 μM: ****p < 0.00001). The lowest tested concentration  

of TXT2 (0.5 μM) affected colony-forming abilities only in A549 cells (***p < 0.0001). TXT4 at the 

highest concentration of 15 μM remarkably suppressed colony formation in all three tested cell 

lines. Lower doses of TXT4 reduced colony numbers, but this effect was significant only at 10 μM 

for A549 (****p < 0.00001), H226 (**p < 0.001), and H460 (***p < 0.0001); and at 4 μM for A549 

(***p < 0.0001), and H460 (**p < 0.001). These results showed that both compounds 

concentration-dependently inhibit colony formation in NSCLC cell lines. Moreover,  

the compound’s ability to diminish colony formation capacity among NSCLC increases within 

order H226<H460<A549, similar to the cytotoxic properties of compounds. 

 

Figure 17 Colony-forming ability of A549 (a), H226 (b), and H460 (c) cell lines after treatment with negative 

control (DMSO) and test compounds (TXT2, TXT4). Representative photos of the colony formation assay 

are presented on the left panel and its quantification is depicted on the right panel. Error bars represent the 

SEM of data obtained in n=3 independent experiments. * p<0.01, ** p<0.001, *** p<0.0001, **** p<0.00001 

vs. vehicle (one-way ANOVA and post hoc Dunnett’s test). 
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3.3.3. Study of proapoptotic properties - changes in the plasma membrane  

During apoptosis, physical changes occur in the plasma membrane such as the exposition 

of the negatively charged lipid phosphatidylserine in the outer leaflet of the membrane or  

the budding and formation of apoptotic bodies.247 Proapoptotic properties of TXT compounds 

were examined after treatment of NSCLC cells at IC90 concentration for 6, 24, and 48 h, and 

stained with 7-AAD, and Annexin V-FITC, which has a high affinity to phosphatidylserine. Dual 

staining allows the differentiation among live cells (Annexin V-FITC(-)/7-AAD(−)), early-phase 

apoptotic cells (Annexin V-FITC(+)/7-AAD(−)), late-phase apoptotic cells (Annexin V-FITC(+)/7-

AAD(+)), and necrotic cells (Annexin V-FITC(-)/7-AAD(+)). After 6 h of treatment of A549 cells, 

percentages of surviving cells slightly decreased after exposure to all compounds, but only in the 

case of cells treated with TXT4, the decrease was significant (9.45±2.77%; p<0.001) (Figure 18). 

After 24 h of exposure to TXT4, a threefold augmentation in both early and late apoptotic fractions 

was observed in treated cells in comparison to the vehicle, whereas other compounds induced 

apoptosis to a small extent. Further incubation (48 h) of A549 cells with most of the compounds 

led to a significant decrease in the fraction of live cells, and a concomitant increase in Annexin V-

positive cells, confirming phosphatidylserine externalization, and the ongoing apoptotic cell death. 

Only TXT3 did not induce the apoptotic process. Among all anthraquinone derivatives, TXT2  

and TXT4 possess the most pronounced pro-apoptotic activity, which was observed accordingly 

in 19.11±2.31%, and 27.65±2.89% apoptotic cells. H226 cells undergo time-dependent apoptotic 

cell death only after treatment with TXT2 and TXT4, leading to an increase of apoptotic fraction 

up to 15.33±1.03%, and 24.09±1.26, respectively (Figure 19). As depicted in Figure 20, after  

6 h of incubation of H460 cells with all anthraquinones derivatives, the percentage of live cells 

significantly decreased, and the fraction of apoptotic cells (early+late) was approximately 

increased 2 times compared to the control. Treatment of H460 cells with TXT2 and TXT4 

compounds for 24 and 48 h led to a significant increase in early-, and late apoptotic cells, 

respectively. Like the treatment of A549 and H226 cells, TXT2, and TXT4 caused the most 

substantial apoptotic effect in H460 cells among all tested compounds. On the other hand, none 

of these two compounds evoked apoptosis in ALT-positive cells, similar to BIBR1532 (Figure 21). 

Moreover, under the same conditions, a constant number of necrotic fractions (Annexin V(-)/7-

AAD(+)) was observed for all cell lines (Figures 18-21). The 7-AAD dye is plasma membrane-

impermeable and thus can only enter cells with compromised cell membrane integrity, which 

enables the detection of late-stage apoptosis or necrosis. These results confirmed that TXT2 and 

TXT4 could trigger apoptotic rather than necrotic cell death in NSCLC cell lines. 
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Figure 18 Flow cytometric analysis of A549 cell line after 6, 24, and 48 h of treatment with compounds, 

using Annexin V-FITC/7-AAD. DMSO and MTX were used as negative and positive controls, respectively. 

Representative dot plots are presented on the left panel and the quantitation of data is presented on a bar 

graph. Data represent the mean ± s.d of three independent experiments. * p<0.01, ** p<0.001, *** p<0.0001, 

**** p<0.00001 (two-way ANOVA and post hoc Dunnett’s test). 
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Figure 19 Flow cytometric analysis of H226 cell line after 6, 24, and 48 h of treatment with compounds, 

using Annexin V-FITC/7-AAD. DMSO and MTX were used as negative and positive controls, respectively. 

Representative dot plots are presented on the left panel and the quantitation of data is presented on a bar 

graph. Data represent the mean ± s.d. of three independent experiments. * p<0.01, ** p<0.001, *** p<0.0001, 

**** p<0.00001 (two-way ANOVA and post hoc Dunnett’s test). 
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Figure 20 Flow cytometric analysis of H460 cell line after 6, 24, and 48 h of treatment with compounds, 

using Annexin V-FITC/7-AAD. DMSO and MTX were used as negative and positive controls, respectively. 

Representative dot plots are presented on the left panel and the quantitation of data is presented on a bar 

graph. Data represent the mean ± s.d. of three independent experiments. * p<0.01, ** p<0.001, *** p<0.0001, 

**** p<0.00001 (two-way ANOVA and post hoc Dunnett’s test). 
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Figure 21 Flow cytometric analysis of U2OS cell line after 6, 24, and 48 h of treatment with TXT compounds, 

using Annexin V-FITC/7-AAD. DMSO was used as a negative control, whereas MTX and BIBR1532 were 

used as positive controls. Representative dot plots are presented on the left panel and the quantitation of 

data is presented on a bar graph. Data represent mean values ± s.d. from at least three independent 

experiments. **p<0.001, ***p<0.0001, and ****p<0.00001 (two-way ANOVA and post hoc Dunnett’s test). 

3.3.4. Detection of caspase-3 and caspase-7 activity 

Caspases are a family of cysteine proteases playing a central role in all stages of apoptosis. 

Based on their role in apoptosis, they are classified as an upstream initiator (caspase-8 and 

caspase-9) or downstream executioner (caspase-3, caspase-6, and caspase-7).248,249 

Executioner caspases are considered a point of “no return” in apoptotic cell death. Among them, 

caspase-3 regulates DNA fragmentation, whereas caspase-7 controls ROS production, and is 

required for apoptotic cell detachment.250 To investigate the mechanism of cell death that cancer 

cells undergo after treatment with anthraquinone derivatives, the ability of compounds to activate 

caspase-3 and caspase-7 was evaluated by flow cytometry after 24 and 48 h of treatment.  

The results showed that TXT1, TXT2, and TXT4 significantly activated executioner caspase-3/7 
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in A549 cells after 48 h of treatment, as revealed by a 4-fold, 5.4-fold, and 4.8-fold increase, 

respectively (Figure 22). Treatment of H226 cells with most of the compounds caused a negligible 

change in the activation of caspase-3/7 in comparison to the vehicle (Figure 23). Among all 

compounds, only the TXT2 significantly induced caspase-3/7 expression after 48 h of treatment 

(p<0.01). Moreover, incubation of H460 cells with anthraquinone derivatives (TXT1, TXT2, and 

TXT4) resulted in time-dependent activation of caspase 3/7 (Figure 24). This effect was observed 

just after 24 h of treatment and was significantly higher after more prolonged exposure (48 h)  

to compounds. Of note, TXT-mediated activation of effector caspase-3 and -7 was appreciable  

in two TERT-positive (A549 and H460 cells), but not ALT-positive cell lines (Figure 25). 

Comparing the effect of compounds on activation caspase-3/7 between tested cell lines, there  

is the same trend as with results obtained in the Annexin V-FITC/7-AAD assay, which  

is A549>H460>H226.  

 

Figure 22 Modulation of caspase-3/7 in A549 cells after treatment with compounds. DMSO and MTX were 

used as negative and positive controls, respectively. (a) Representative histograms; (b) Quantification of 

analyses. Error bars represent the s.d. of data obtained in n=3 independent experiments. *p<0.01, **p<0.001 

vs. vehicle (one-way ANOVA and post hoc Dunnett’s test). 
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Figure 24 Modulation of caspase-3/7 in H226 cells after treatment with compounds. DMSO and MTX were 

used as negative and positive controls, respectively. (a) Representative histograms; (b) Quantification of 

analyses. Error bars represent the s.d. of data obtained in n=3 independent experiments. *p<0.01, 

**p<0.001, ***p<0.0991, ****p<0.00001 vs. vehicle (one-way ANOVA and post hoc Dunnett’s test). 

Figure 23 Modulation of caspase-3/7 in H226 cells after treatment with compounds. DMSO and MTX were 

used as negative and positive controls, respectively. (a) Representative histograms; (b) Quantification of 

analyses. Error bars represent the s.d. of data obtained in n=3 independent experiments. *p<0.01, 

****p<0.00001 vs. vehicle (one-way ANOVA and post hoc Dunnett’s test). 
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Figure 25 Modulation of caspase-3/7 in U2OS cells after treatment with compounds. DMSO and MTX were 

used as negative and positive controls, respectively. Representative histograms are presented on the left 

panel and the quantification of data is on the bar graph. Error bars represent the s.d. of data obtained in n=3 

independent experiments. ***p<0.0001, ****p<0.00001 vs. vehicle (one-way ANOVA and post hoc Dunnett’s 

test). 

3.3.5. Analyses of expression apoptosis-related proteins 

To examine whether TXT-mediated apoptosis occurred through intrinsic or extrinsic 

pathways, several apoptotic-related factors were monitored by western immunoblotting analyses. 

As shown in Figure 26 treatment of both NSCLC cell lines with TXT-compounds triggered  

a marked increase in the proteolytic cleavage of PARP-1 (poly(ADP-ribose) polymerase-1),  

a signature event in apoptosis. In addition, a time-dependent decrease in the levels of the inactive 

(full-length) forms of caspase-8 and caspase-9 and a concomitant appearance of their cleaved 

forms were also appreciable. In parallel, events downstream of caspase-8 activation, such as 

processing of Bid to its active form tBid/p15, along with the appearance of cleaved forms  

of effector caspase-3 were also detected. Moreover, during 72-h culture, TXT compounds did not 

cause detectable changes in the expression of anti-apoptotic factor Bcl-2 in both NSCLC cells. 

However, it was noted that the expression of the BH123 protein Bax was significantly reduced  

in both cell lines, with proteolytic cleavage to p18 Bax in A549 cells, contributing to mitochondrial 

dysfunction.251 
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Figure 26 Representative western immunoblotting showing the amounts of apoptotic-related proteins in 

A549 and H460 cell lines exposed to TXT compounds. DMSO and MTX were used as negative and positive 

controls, respectively. β-actin was used to ensure equal protein loading. The numbers on the right indicate 

the molecular weight (kDa). 

3.3.6. Impact of anthraquinones on calcium homeostasis 

Calcium homeostasis plays a crucial role in mitochondria- and endoplasmic reticulum (ER)-

mediated apoptosis.252 NSCLC cells were treated with TXT2 and TXT4 for 24, and 48 h, and 

labelled with the Ca2+-sensitive fluorescent dye Fluo-4 AM to monitor the intracellular Ca2+ levels 

by flow cytometry (Figure 27). In A549 cells, both compounds increased Ca2+ at a similar level, 

approximately 2-times that compared to the control. When H226 cells were incubated with these 

compounds, no alteration in calcium homeostasis was observed from the basal level. Treatment 

of H460 cells led to significant Ca2+ efflux into the cytosol, revealed as 3.2-fold, and a 2.1-fold 

increase compared to vehicle, for TXT2, and TXT4, respectively. These results indicate that TXT2 

and TXT4 lead to the remodelling of calcium signalling in A549 and H460 cells. The increased 

intracellular concentration of Ca2+ can be triggered by ER stress during which the capacity of the 

ER to fold proteins properly is compromised.253 Next, released Ca2+ may accumulate  

in mitochondria leading to mitochondrial outer membrane permeabilization through  
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the involvement of the mitochondrial permeability transition pore (mPTP). Opening the mPTP 

releases pro-apoptotic factors, activating cell death.254 

 

Figure 27 Flow cytometric analyses of intracellular Ca2+ levels in A549, H226, and H460 cells after 24 and 

48 h of treatment with TXT2 and TXT4. DMSO and MTX were used as reference compounds.  

(a) Representative histograms; (b) The quantitation of analysis is presented on a bar graph. Data represent 

the mean ± SEM of three independent experiments. * p<0.01, ** p<0.001, *** p<0.0001, **** p<0.00001 (one-

way ANOVA and post hoc Dunnett’s test). 

3.3.7. Study changes in mitochondria structure 

Mitochondria are the main source of energy in cells, regulating important cellular processes, 

such as metabolism, proliferation, and Ca2+ homeostasis.255 Changes in mitochondrial activity 

may increase ROS levels leading to oxidative stress-inducing telomere damage.256  

The mitochondrial phenotype was investigated in NSCLC cells after treatment with TXT2 and 

TXT4 compounds and staining with the cationic dye MitoTracker Green. This dye is commonly 

used to measure mitochondrial mass, whose changes reflect a disrupted balance between 

mitochondrial biogenesis and rates of mitophagy.257 As depicted in Figure 28 none of the tested 

compounds altered mitochondrial content after 24 h of exposure. Further treatment (48 h) induced 

a slight increase in mitochondrial mass compared to untreated controls, but only in A549 and 

H460 cells. There were no changes in the mitochondrial content in the H226 cells at any time 

point. Additionally, MitoTracker Green labelled A549 and H460 cells were visualized by confocal 

laser scanning microscopy (Figures 29 and 30). After 24 hours of treatment, the mitochondria  

of both cell lines displayed a common characteristic for increased fission revealed as a circular-
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shaped and short structure (Figure 31).258 Concomitantly with the swelling of fragmented 

mitochondria, a release of the mitochondrial DNA into the cytoplasm was observed, indicating 

mitochondria outer membrane permeabilization, which may lead to programmed cell death.259 

The lack of change in mitochondrial mass measured by flow cytometry after 24 h of treatment 

could be caused by enhanced biogenesis of mitochondria coupled with their increased fission. 

.  

Figure 28 Analyses of mitochondrial content after 24, and 48 h of treatment A549, H226, and H460 cells 

with compounds. DMSO and MTX were used as negative and positive controls, respectively. 

 

Figure 29 Representative microscopic images presenting mitochondria structure in A549 cells acquired after 

24 h of treatment with TXT2 and TXT4. DMSO and MTX were used as negative and positive controls, 

respectively; Green—MitoTracker, blue—Hoechst 33342. Scale bars = 10 µM. 
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Figure 30 Representative microscopic images presenting mitochondria structure in H460 cells acquired after 

24 h of treatment with TXT2 and TXT4. DMSO and MTX were used as negative and positive controls, 

respectively; Green—MitoTracker, blue—Hoechst 33342. Scale bars = 10 µM. 

 

Figure 31 Quantitative mitochondrial morphometric analyses. (a) The circularity of mitochondria (index of 

elongation); (b) Average length (μm) of mitochondria. Error bars represent the s.d. of data obtained in at 

least n=15 randomly selected locations on the slide. *p<0.01, **p<0.001, ***p<0.0001, and ****p<0.00001 

compared to DMSO (one-way ANOVA and post hoc Dunnett’s test). 
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3.3.8. Effect of anthraquinones on stress-induced senescence 

A previous study confirmed that anthraquinone derivatives induce apoptotic cell death. 

However, in all NSCLC cells, a viable fraction of cells was still observed after 72 h of treatment, 

which suggests that cells were undergoing stress-induced premature senescence (SIPS). 

Telomerase inhibition leads to the progressive shortening of telomeres leading to replicative 

senescence.260 However, some data report that short-term inhibition could also lead to SIPS.261 

Since telomerase protects cells against oxidative stress, its inhibition leads to DNA damage 

triggering premature senescence. Characterization of cellular senescence upon treatment with 

anthraquinone derivatives on A549, H226, and H460 cells was performed by detecting 

senescence-associated β-galactosidase activity (SA-β-gal). SA-β-gal activity is expressed by  

the gene coding the lysosomal β-galactosidase (GLB1) and is widely used as a marker of cellular 

senescence. The GLB1 activity results from the lysosomal compartment expansion due to 

 the accumulation of damaged macromolecules in senescent cells.262 

As depicted in Figure 32, TXT1 and TXT3 did not induce SISP on A549 and H460 cells,  

as evidenced by a negligible change in cell morphology and only several cells with SA-β-gal 

activity. In contrast, treatment of A549 and H460 cells with TXT2 and TXT4 led to typical 

morphological and physiological alterations related to ageing, including an enlarged and flattened 

appearance, increased granularity, and activity of SA-β-gal. Treatment of H226 cells with all test 

compounds altered their morphology, but to a smaller extent, compared to other cell lines.  

In addition, increased lysosomal activity was observed only after treatment with TXT1 and TXT2. 

Moreover, all anthraquinone derivatives induced SISP only partially, whereas the rest of the cell 

population did not show typical features of senescence. In comparison, DOX severely affects 

almost all NSCLC populations, inducing cell senescence accompanied by an increase in SA-β-

gal activity and size of the cells. In order to further confirm TXT-SIPS, future studies including 

analyses of typical markers, such as p21 or p16 are warranted 
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Figure 32 Representative microscopic images of A549, H460, and H226 cells after staining for senescence-

associated β-galactosidase activity. DMSO and DOX were used as negative and positive controls, 

respectively. Scale bars=50 µM. 

3.3.9. Study of prooxidative properties 

Cellular redox homeostasis is essential for the regulation of many signalling pathways.263 

Many anticancer therapies cause disturbances in the redox state in cells by elevating intracellular 

levels of ROS or inhibiting antioxidant processes.264 The acceleration of accumulative ROS 

causes damage to cellular components such as lipids, proteins, and DNA, leading to cancer cell 

death. In cancer cells, one of the regulators of ROS levels in mitochondria and cytosol  

is hTERT.265 Therefore, a time-dependent kinetic analysis of the intracellular ROS levels was 

performed on NSCLC cells treated with anthraquinone derivatives. As presented in Figure 33 

most of the test compounds did not induce oxidative stress in H226 cells, revealed as a constant 

signal from the H2DCFDA probe. Only TXT1 significantly increased the ROS level after 24 h  

of treatment in comparison to the vehicle (12.9±2.49%; p<0.001); while H2O2 increased up to 80% 

(p<0.00001). Treatment of A549 and H460 cells with TXT1 led to a significant accumulation  

of ROS under almost all conditions; however, this effect differed between the cell lines, where  

it increased or decreased with exposure time, for A549 and H460 cells, respectively (Figures 34 

and 35). Additionally, out of all compounds, TXT1 induced the most ROS in all NSCLC cells after 

24 h of exposition, which can translate to its high cytotoxic activity. Compounds TXT2 and TXT3 
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induced ROS at a similar extent in lines H226 and A549, but less than TXT1 and TXT4 

compounds. The TXT4 compound induced a potent accumulation of ROS, just after 1 h  

of incubation with A549 (27.5.2±1.47% positive cells; ****p<0.00001) and H460 (37.6±3.02% 

positive cells; ****p<0.00001) cells, but after 24 h of treatment, the percentage of ROS positive 

cells decreased almost to basal level.  

 

Figure 33 Flow cytometric analyses of ROS induction in A549 cells after 1, 3, 6, and 24 h of treatment with 

compounds, using an H2DCFDA probe. DMSO and H2O2 were used as negative and positive controls, 

respectively. (a) Representative histograms; (b) The quantitation of analysis. Error bars represent the SEM 

of data obtained in n=3 independent experiments. * p<0.01, ** p<0.001, *** p<0.0001, **** p<0.00001 vs. 

vehicle (two-way ANOVA and post hoc Dunnett’s test). 
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Figure 34 Flow cytometric analyses of ROS induction in H460 cells after 1, 3, 6, and 24 h of treatment with 

compounds, using an H2DCFDA probe. were used as negative and positive controls, respectively. 

(a) Representative histograms; (b) The quantitation of analysis. Error bars represent the SEM of data 

obtained in n=3 independent experiments. * p<0.01, ** p<0.001, *** p<0.0001, **** p<0.00001 vs. vehicle 

(two-way ANOVA and post hoc Dunnett’s test). 

 

Figure 35 Flow cytometric analyses of ROS induction in H226 cells after 1, 3, 6, and 24 h of treatment with 

compounds, using an H2DCFDA probe. were used as negative and positive controls, respectively. 

(a) Representative histograms; (b) The quantitation of analysis. Error bars represent the SEM of data 

obtained in n=3 independent experiments. * p<0.01, ** p<0.001, *** p<0.0001, **** p<0.00001 vs. vehicle 

(two-way ANOVA and post hoc Dunnett’s test). 
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3.3.10. Impact of anthraquinones on DNA damage 

Several studies reported a link between telomerase inhibition and DNA damage correlated 

with uncapped or dysfunctional telomeres.266,267 One of the DNA double-strand break’ markers  

is the phosphorylation of histone variant H2AX on Serine 139, forming nuclear foci.268 The level 

of DNA damage was studied on TERT-positive A549 and H460 cells, TERT-negative: normal 

NHBE and HUVEC cells, and ALT-positive U2OS cells exposed to equitoxic concentrations of the 

compounds. As presented in Figure 36, TXT2 and TXT4 induced a potent rise of DNA DSBs  

in NSCLC cells, as evidenced by the accumulation of γ-H2AX fraction in the two TERT-positive 

cell lines. More extended exposition to these compounds resulted in a decrease in DSBs and as  

a consequence of DNA repair pathways’ activation. Treatment with TXT1 and TXT3 led to  

a negligible increase in γ-H2AX positive cells. Conversely, NHBE/TERT(-), HUVEC/TERT(-), and 

U2OS cells exposed to TXT2/TXT4 showed no evidence of increased DNA damage,  

in comparison to MTX which evokes a massive rise of γ-H2AX in TERT(-) ALT(+) cells, and 8.7% 

in TERT(-) cells (Figures 37 and 38). TXT1 and TXT3 induced a time-dependent increase of 

DSBs in HUVEC/TERT(-) and NHBE/TERT(-) cells, respectively, but not in TERT(-) ALT(+) cells. 

Accumulation of γ-H2AX after treatment in normal TERT(-) cells with TXT1 and TXT3 was 

significantly higher than in cancer cells, which may reflect their high toxicity. Interestingly, 

compounds induced more DSBs in A549 than in H460 cells, which correlates with their cytotoxic 

and pro-apoptotic properties. Moreover, the compounds' ability to induce DSBs rises with their 

potential to inhibit telomerase. 

To investigate the possible influence of TXT-mediated inhibition of telomerase activity on  

the induction of telomere dysfunction-induced foci (TIFs), which are markers for telomeric 

localized DNA damage, the co-localization of γ-H2AX and TRF2 (one of the shelterin-associated 

proteins that can directly bind to telomeric DNA) was investigated by immunofluorescence 

microscopy (Figure 39a). The incidence of telomere dysfunctions as judged by TIFs has 

remarkably increased in Teloxantron-treated A549/TERT(+) cells, with the respect to MTX- and 

DMSO-treated control, as indicated by the extent of the overlapping between γ-H2AX and TRF2 

fluorescent signal (Figures 39b, Figures 40a and d) as well as by the calculated Mander’s (MCC: 

0.922±0.055) and Pearson’s (PCC: 0.723±0.046) correlation coefficients (Figures 40b and c).  

This evidence was confirmed by combined immunofluorescence and fluorescence in situ 

hybridization (FISH), which showed that the majority of telomeric signals colocalized with γ-H2AX 

after 72 h of treatment with TXT4 (Figure 40e). Conversely, no differences in TIFs formation were 

observed in NHBE or U2OS cells treated with TXT4 with respect to DMSO (Figure 41). 
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Figure 36 Flow cytometric analyses of induction γ-H2AX in A549, and H460 cell lines at 24, 48, and 72 h of 

treatment. DMSO and MTX were used as negative and positive controls, respectively. (a) Representative 

histograms; (b) The quantification of the analysis is presented on a bar graph. Data represent the mean ± s.d. 

of three independent experiments. * p<0.01, ** p<0.001, *** p<0.0001, **** p<0.00001 (two-way ANOVA and 

post hoc Dunnett’s test). 
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Figure 37 Flow cytometric analyses of induction γ-H2AX in NHBE, and HUVEC cell lines at 24, 48, and 72 h of 

treatment. DMSO and MTX were used as negative and positive controls, respectively. (a) Representative 

histograms; (b) The quantification of analysis is presented on a bar graph. Data represent the mean ± s.d. 

of three independent experiments. * p<0.01, ** p<0.001, *** p<0.0001 (two-way ANOVA and post hoc 

Dunnett’s test). 
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Figure 38 Flow cytometric analyses of induction γ-H2AX in U2OS cell line at 24, 48, and 72 h of treatment. 

DMSO and MTX were used as negative and positive controls, respectively. (a) Representative histograms; 

(b) The quantification of analysis is presented on a bar graph. Data represent the mean ± s.d. of three 

independent experiments. **** p<0.00001 (two-way ANOVA and post hoc Dunnett’s test). 
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Figure 39 TXT4 induces telomere dysfunctions in TERT-positive cells. (a) Representative high-resolution 

images obtained by laser scanning confocal microscopy showing the colocalization of γ-H2AX and TRF2 as 

a function of time in A549 cells after treatment with TXT4. DMSO and MTX were used as negative and 

positive controls, respectively. Scale bars=10 μm. Nuclei were counterstained with DAPI (4′,6-diamidino-2-

phenylindole); (b) Representative line scans showing the overlapping between γ-H2AX (green) and TRF2 

(red) fluorescent signal corresponding to the marked area reported in panel a. 
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Figure 40 TXT4 induces telomere dysfunctions in TERT-positive cells. (a) Quantification of γ-H2AX nuclear 

foci. Bright red bars indicate the fraction (%) of γ-H2AX nuclear foci that localize at the telomeric level within 

the overall amount of DNA damage nuclear foci; (b and c) Graphical representation of the calculated 

Mander’s and Pearson’s overlapping coefficients. Error bars represent the s.d. of data obtained in at least 

n=15 randomly selected locations on the slide. ns>0.05, **p<0.001, ***p<0.0001, and ****p<0.00001 

compared to DMSO (two-way ANOVA and post hoc Dunnett’s test); (d) Scatter plots showing the 

overlapping between γ-H2AX (green) and TRF2 (red) fluorescent signal corresponding to the colocalization 

of pixels in the Figure 36a; (e) Combined immunofluorescence and telomeric FISH (fluorescence in situ 

hybridization) showing the co-localization between -H2AX (green) and telomeric DNA (red) in A549 cells 

exposed for 72 h to TXT4. A 3-D reconstruction of microscopy images captured in a Z-stack has been 

reported.  
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Figure 41 Representative high-resolution laser scanning confocal images showing the γ-H2AX with TRF2 

after treatment NHBE and U2OS cell lines. DMSO and MTX were used as negative and positive controls, 

respectively. Scale bars=10 μm. Nuclei were counterstained with DAPI. 
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3.3.11. Assessment of the DDR protein network 

Induction of DNA damage is known to trigger a DDR, which eventually leads to cell cycle 

arrest, DNA repair, or cell death. The two main DDR signalling pathways involve the ATM/Chk2 

(ataxia telangiectasia mutated kinase/checkpoint kinase 2) cascade and the ATR/Chk1 (ataxia 

telangiectasia mutated and Rad3-related kinase/checkpoint kinase 1) cascade.269 Therefore,  

the effect of TXT2 and TXT4 on the expression of the DDR protein network was analysed  

by Western blot analysis (Figure 42). Treatment with TXT2 and TXT4 caused an increase in the 

phosphorylation of ATM and ATR in both A549 and H460 NSCLC cells, with a greater effect  

in A549 compared to H460 cells. Additionally, phosphorylation of Chk2 at threonine 68 and  

of Chk1 at serine 345, which are downstream targets of ATM and ATR, respectively, was induced 

by both compounds in A549 and H460 cells. Conversely, the exposure of ALT-positive cancer 

cells to TXT compounds failed to evoke the activation of both ATM- and ATR-dependent signalling 

cascade (Figure 42). 

 

Figure 42 Representative Western immunoblot showing the levels of DNA damage-related proteins in TXT2- 

and TXT4- treated A549, H460, and U2OS cells. DMSO and MTX were included as negative and positive 

controls, respectively. β-actin was used to ensure equal protein loading. The numbers on the right indicate 

the molecular weight (kDa). 

3.3.12. Genotoxicity evaluation using comet assay 

The genotoxic properties of the compounds were evaluated in A549 cells after 24 h 

of treatment, using the alkaline comet assay. This method is commonly used to detect SSBs and 

DSBs in the cells and reflects the physical status of genomic DNA. Unexpectedly, none of  

the tested compounds induced DNA damage in tested conditions, unlike H2O2 which increased 
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the average tail length by 40% compared to the control (Figure 43). Interestingly, similar 

limitations of comet assay were observed also by others, e.g., Nikolova et al. show that  

mitomycin C is ineffective in the comet assay, whereas it was identified as a genotoxicant in the 

γ-H2AX assay in the same concentration.270 

 

Figure 43 Genotoxicity evaluation. (a) Representative microscopic images of the comet in A549 cells after 

treatment with compounds for 24 h. DMSO and H2O2 were used as positive and negative controls, 

respectively. (b) The quantification of analyses expressed in % of tail DNA. Error bars represent the SEM of 

data obtained in n=3 independent experiments. **** p<0.00001 vs. vehicle (one-way ANOVA and post hoc 

Dunnett’s test). 

3.3.13. Analysing G-4 stabilizing properties of anthraquinones 

Several anthraquinone derivatives have been shown to interact with telomeric DNA via G-4 

stabilization.271,272 Therefore, the ability of our compounds to promote telomeric G-4 DNA thermal 

stabilization was evaluated using FRET melting assay in comparison to the reference compound 

TMPyP4 and MTX known for having G-4 stabilizing properties. In particular, FRET melting profiles 

indicated that both reference compounds showed good telomeric G-4 stabilizing properties, with 

ΔTm values of +15.8 and +19.7°C for MTX and TMPyP4, respectively (Figure 44). Conversely, 

none of the TXT compounds showed marked telomeric G-4 stabilizing properties, as revealed by 

the lack of a significant shift of the Tm and the melting profiles that were superimposable to that 

observed for DMSO (Figure 44). This evidence would indicate that the 9,10-anthraquinone 

derivative-mediated inhibition of telomerase activity observed in the TRAP assay occurred with  

a mechanism that does not involve telomeric G-4 stabilization.  
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Figure 44 FRET melting profiles of a human telomeric DNA sequence in the presence of increasing 

concentrations of MTX, TXT2, or TXT4 compounds. DMSO and TMPyP4 were used as negative and positive 

controls for telomeric G-4 stabilization, respectively. 

3.3.14. Analysis of TXT4 to interact with hTERT 

The ability of TXT4 to interact with and likely stabilize telomerase in intact cells was analysed 

by the cellular thermal shift assay (CETSA) (Figure 45). CETSA allows rapid assessment of the 

target engagement of drugs under a physiologically relevant condition based on the ligand-

induced thermal stabilization of the target protein. In particular, our data showed that a prominent 

shift in the melting curve of hTERT and a concomitant increase in the denaturation temperature 

(ΔTm = 10.23°C) occurred in the presence of TXT4 compared to DMSO. This evidence suggests 

that the binding of TXT4 to native hTERT protein would induce its aggregation in living systems. 
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Figure 45 Representative western blots showing the thermal stabilization of TERT protein upon treatment 

with Teloxantron (TXT4) with respect to DMSO (left panel) and the band intensity of hTERT in DMSO- and 

TXT4-treated A549 cells has been reported as a function of heating temperatures (right panel). The data 

have been reported as the percentage of the band intensity with respect to the samples exposed to the 

lowest temperature (58 °C) upon densitometric analyses of western immunoblots and represent mean 

values ± s.d. from at least three independent experiments. The arrow indicates the shift towards the right of 

the melting curve, and the consequent increase in ∆Tm indicates the capability of a compound to interfere 

with the folding of the target protein. 

3.3.15. Analyses of hTERT mRNA expression 

Telomerase enzymatic activity regulates hTERT and its RNA template component. 

Therefore, to verify the inhibitory effects of hit compound TXT4 on telomerase activity, levels  

of expression of hTERT mRNA were examined by RT-PCR analyses (Figure 46). Treatment 

A549 and H460 cells led to a time-dependent decrease of hTERT mRNA expression compared 

to the vehicle; however, this effect was less pronounced in cells with a higher basal level of hTERT 

mRNA (H226). In comparison, BIBR1532 exhibited similar activity in both A549 and H460 cells. 

At the same time of treatment, TXT4 led to 2-fold more and 2-fold less decrease of telomerase 

mRNA expression than BIBR1532 in A549, and H460 cells, respectively. It is worth emphasizing 

that either TXT4 or BIBR1532 did not modulate the expression of hTERT mRNA in H226 cells. 
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Figure 46 RT-PCR analyses of hTERT mRNA expression in A549, H460, and H226 cells after treatment 

with TXT4 for 24, 48, and 72 h. DMSO and BIBR1532 were used as negative and positive controls, 

respectively. Expression of hTERT was normalized to RNA polymerase subunit (RPII). Error bars represent 

the SEM of data obtained in n=3 independent experiments. ns p >0.05, * p<0.01, *** p<0.0001, **** p<0.00001 

vs. vehicle (two-way ANOVA and post hoc Dunnett’s test).  

3.3.16. Effect of TXT2 and TXT4 on cytoskeleton structure 

Cortactin (CCTN) is an actin-binding protein playing a crucial role in the formation of  

a branched cytoskeleton network.273 Aberrant activation of CCTN enhances the EMT and 

therefore is associated with relevant disease processes, like proliferation, adhesion, migration, 

and invasion.274 Upregulation of CCTN has been found in several cancers, including brain, 

colorectal, and lung cancer. Li et al. show that CCTN is overexpressed in lung cancer tissues and 

contributes to the progression and poor prognosis of NSCLC.275 

CCTN and actin assembly was investigated after treatment of A549, H460, and H226 cells 

with TXT2 and TXT4 for 48 h. Representative microscopic images and their quantification are 

present in Figure 47. None of the tested compounds changed the structure of the cytoskeleton 

in all NSCLC cell lines. However, a significant decrease in CCTN fluorescence was noted after 

treatment of A549 (TXT2/TXT4: p<0.001) and H460 cells (TXT2: p<0.01), and this effect was 

congruous for both TXT2 and TXT4. Treatment with ETP led to a higher deactivation of CCTN 

 in A549 and H460 cells but was less effective towards H226 cells, similar to TXT2 and TXT4. 

Reduced cortactin expression may reflect a disturbance in lamellipodia formation and therefore 

decreased cell motility. 
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Figure 47 Representative microscopy images after treatment A549 (a), H460 (b), and H226 (c) cells with 

TXT2 and TXT4 for 48 h. DMSO and ETP were used as negative and positive controls, respectively.  

The microtubule is depicted in red, cortactin in green, and the nucleus is stained with DAPI (blue).  

Scale bars=10 μm; (d) The quantification of the mean cortactin fluorescence intensity in control and 

compounds-treated NSCLC cells. Data represent the mean ± SEM of 15 randomly selected locations on the 

slide. * p<0.01, ** p<0.001, **** p<0.00001 vs. vehicle (two-way ANOVA and post hoc Dunnett’s test).  
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3.3.17. Analyses of anti-migratory properties of TXT2 and TXT4  

A monolayer wound healing assay was performed to explore the anti-migratory properties  

of TXT2 and TXT4 (Figures 48 and 49). Both anthraquinones significantly reduced  

the motility of A549 cells in each tested condition; however, the anti-migratory property of TXT2 

was more pronounced than TXT4. After 48 h of incubation with DMSO (1%), the wound area was 

repopulated completely. In comparison, the gap area in the cells TXT2 (10 µM) and TXT4 (15 

µM) treated was filled only at 20% (p<0.0001) and 52% (p<0.01). 

Interestingly, control H226 and H460 cells exhibited lower motility than A549. The kinetic 

curve course of filing the wound area was similar in control and anthraquinones-treated H226 

cells (Figure 48). Migration of H460 cells was moderately but not significantly inhibited compared 

to A549-treated cells. At the end of exposition to TXT2 (2 µM) and TXT3 (15 µM), the wound area 

was repopulated accordingly at 51% and 53%, whereas DMSO-treated control was at 25%. TXT2 

at 10 µM induced cancer cell death therefore, it is not considered in this assay with such  

a concentration. Of note, there was a positive correlation between reducing hTERT mRNA 

expression and the anti-migratory properties of TXT4. In more detail, a more pronounced 

inhibition of cell motility was observed in A549, in which TXT4-modulated expression of hTERT 

mRNA was the most reduced. In comparison, TXT4 did not alter either migration or expression 

of hTERT mRNA in H226 cells. 

 

Figure 48 Analysis of cell migration using in vitro wound healing assay. Quantification of the wound areas 

after culture insert removal. DMSO was used as a negative control. Data represent the mean ± SEM of three 

independent experiments.  
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Figure 49 Representative time-lapse microscopy images of A549, H226, and H460 cells after culture insert 

removal. DMSO was used as a negative control. Scale bars=100 μm.  
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3.3.18. Impact of TXT4 on the expression of autophagy-related proteins  

Autophagy (macroautophagy) is a catabolic process characterized by the formation  

of double-membrane vesicles (autophagosomes) that engulf cellular macromolecules and 

organelles and target them to the lysosomes.276 Autophagy could have a diverse role  

in carcinogenesis: a protective role by suppressing malignant transformation at an early stage  

of cancer and promoting cell survival to overcome stressful stimuli such as hypoxia and nutrient 

deprivation.277 

Many studies report crosstalk between autophagy and apoptosis. Several scenarios are 

possible: autophagy induction may prevent apoptosis, apoptosis activation may suppress 

autophagy to complete cell death, or autophagy may precede and trigger apoptosis.278 In previous 

studies, I confirmed that TXT4 induces apoptotic cell death in NSCLCs. To verify how TXT4 

modulates the autophagic pathway, the expression of typical autophagy markers was examined 

by Western blot. Chloroquine (CQ) and bafilomycin A1 (BafA1) were used as autophagy 

inhibitors, whereas induction autophagy was achieved by the cultivation of cells in a low-serum 

medium (LS).279,280 

During autophagy, the cytosolic form of a microtubule-associated protein light chain 3  

(LC3-I) binds to phosphatidylethanolamine (PE) to form LC3-PE conjugate (LC3-II) on the surface  

of nascent autophagosomes.281 However, increased expression of LC3-II can be observed in both 

activated autophagy and inhibited the last stage of this pathway. (autophagosome fusion with 

lysosomes and, or lysosomal degradation).281 During autophagy flux, p62 binds to LC3 and 

mediates the assembly and removal of ubiquitylated protein aggregates. Therefore, inhibition  

of p62 is related to autophagy activation.281 

As shown in Figure 50, 48 h treatment with TXT4 alone did not significantly affect the 

expression of the LC3-II, similar to serum-starved cells. CQ and BafA1 resulted in the conversion 

of LC3I to LC3II, which was inhibited when co-treated with TXT4 or in a low serum medium.  

A similar effect was for p62 and lysosomal associated membrane protein 1 (LAMP1), where TXT4 

itself did not modulate their expression, but a combination treatment with autophagy inhibitors 

significantly weakened their activity, reducing the expression of both proteins. Additionally,  

the colocalization of punctate LC3 and LAMP 1 in A549 cells was assayed using confocal 

microscopy (Figure 51). As expected, BafA1 delocalized the foci of LC3 and LAMP-1, thereby 

inhibiting autophagic flux by decreasing autophagosome-lysosome fusion in TXT4-treated A549 

cells. 

Overall, these results indicate that TXT4 induces autophagy without a survival role,  

as evidenced by the prolonged exposure of NSCLC cells to TXT4, leading to apoptosis. 
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Figure 50 Western blot analysis showing the effect of TXT4 on the expression of autophagy-related proteins 

in A549, H460, and H226 cells after 48 h of treatment. (CQ – Chloroquine, LS – low serum, BafA1 – 

Bafilomycin A1). Error bars represent the SEM of data obtained in n=3 independent experiments. β-actin 

was used to ensure equal protein loading. The numbers on the right indicate the molecular weight (kDa). 

* p<0.01, ** p<0.001, *** p<0.0001, **** p<0.00001 vs. vehicle (two-way ANOVA and post hoc Dunnett’s 

test). 
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Figure 51 Representative microscopy images presenting immunofluorescence of A549 cells at 48 h of 

treatment. DMSO and BafA1 were used as references. The actin filaments are depicted in pink, LC3B in 

red, LAMP1 in green, and the nucleus is stained with DAPI (blue). Scale bars=10 μm. 
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3.3.19. Effect of TXT4 on cancers with overexpression ABC transporters. 

Multidrug resistance (MDR) of cancer cells is associated with several biochemical changes, 

principally occurring due to the overexpression of ATP-binding cassette (ABC) transporters, which 

can increase the efflux of many chemotherapeutic drugs.282 The most crucial transporters ABC, 

responsible for the majority of MDR are ABCB1, ABCC1, and ABCG2.283 To study the TXT4's 

ability to induce MDR in cancer cells, the effect of TXT4 on cell growth was determined on two 

pairs of leukaemia cells expressing ABCB1 (HL-60/MX2), ABCG2 (HL-60/VINC) or not (HL-60/Al, 

HL-60) by MTT assay after 72 h of treatment. As depicted in Figure 52, TXT4 exerted slightly 

weaker cytotoxic effects on cells overexpressed ABCB1 (HL-60/MX2: IC50 1.23± 0.15 µM) 

compared to parental cell line (HL-60/AL: IC50 1.13± 0.09 µM). However, TXT4 was more effective 

against cells with overexpressed ABCB1 (HL-60/VINC: IC50 3.02± 0.24 µM) than the parental cells 

(HL-60: IC50 3.48± 0.81 µM). On the other hand, vincristine (ABCB1 substrate) and MTX (ABCG2 

substrate) exhibited significantly decreased inhibition of cell viability in the resistance cell lines 

(p<0.00001). Despite IC50 values of MDR and parental cells being similar, the contents of TXT4 

in HL-60 and HL-60/VINC were analysed using HPLC-MS to confirm those results. During the  

0-60 min incubation time, TXT4 reached 30 µM per cell, corresponding to the total concentration 

used for the treatment (Figure 53). No changes in compound accumulation were observed  

in resistant and sensitive cells. The release kinetics show that after wash-up, the intracellular 

concentration of TXT4 decreased almost 5-fold, but further washing did not significantly change 

the concentration. HL-60/VINC cells released more TXT4 than HL-60 cells, but the difference 

wasn't significant (p>0.05 student`s T-test). Overall, my findings suggest that increased 

expression of either ABCB1 or ABCB2 is ineffective in abolishing the cytotoxic effect of TXT4. 

However, although TXT4 is not a substrate for the investigated transporters, cancer cells can still 

become resistant to TXT4 either by ejection of the compound by other transporters or by activating 

the ALT mechanism. 
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Figure 52 Comparison of IC50 for HL-60 with overexpressed ABCG2 (HL-60/MX2) and ABCB1  

(HL-60/VINC). Error bars represent the SEM of data obtained in n=3 independent experiments.  

**** p<0.00001 vs. vehicle (two-way ANOVA and post hoc Dunnett’s test). 

 

 

Figure 53 Uptake and efflux of TXT4 in HL-60 and HL-60/VINC cells in vitro measured by HPLC. 
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3.3.20. Impact of long-term treatment of TXT4  

To investigate the long-term cellular consequences of TXT4 treatment, A549 cells were 

cultivated in the presence of TXT4 at a non-cytotoxic concentration (4 µM) or an equivalent 

volume of DMSO (1%) using the same culture conditions. According to the literature, A549 cells 

compared to other NSCLCs displayed the shortest telomeres and therefore were chosen for this 

analysis.241 Periodically, cells were photographed, counted, and examined by flow cytometry (cell 

cycle assay), Western blot (hTERT expression), qPCR (mRNA hTERT expression; telomere 

length), and TRAP assay. Additionally, at the same time intervals, colony-forming and cytotoxic 

properties of TXT4 were analysed. 

During the first four weeks of treatment, telomere length was almost not affected. However, 

the ability of cells to form colonies decreases around 1.5-fold compared to the vehicle. In the 12th 

week of treatment, telomerase activity decreased by 80% and hTERT expression by 65% 

compared to the control (Figures 54e, f, and g). From that point on, cells began to divide more 

slowly, and colony formation capacity decreased markedly (Figures 54a, b, and d). At week 16 

of treatment, a significant shortening of telomeres was observed, with enzyme activity and 

expression remaining at a similar level (Figures 54c, e, and f). After 24 weeks of exposure  

to TXT4, A549 cells almost lost their ability to form colonies and divide, the telomeres shortened  

4-times compared to the control, and the enzyme nearly lost its enzymatic capacity. Moreover, 

hTERT mRNA and protein expression were almost abrogated (Figures 54g and h).  

During treatment, cells were as sensitive to the effects of TXT4 and chemotherapeutic agents 

such as cisplatin, MTX, ETP, and 5-FU as they were before the initiation of treatment, evidenced 

by the same IC50 values which were obtained earlier (see chapter 3.3.1). Moreover, with time, 

cells began accumulating in the G2/M phase, and a fraction of polyploid cells also appeared 

(Figure 55a). Microscopic analysis showed that some cells fused, forming giant polyploid cancer 

cells (Figure 55b). Such cells could exhibit cancer stem cell properties and are highly related  

to tumour recurrence and metastasis.284 
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Figure 54 Effect of long-term treatment A549 cells with 4 µM of TXT4. DMSO was used as a negative 

control. (a) Colony-forming assay in A549 cells treated with TXT4 for 4, 12, 16, and 24 weeks; (b) 

Quantification of a; (c) Analyses of relative telomere length; (d) Cell proliferation capacity; (e, f) TRAP gel 

and its quantification. IT: internal control; (g) Relative hTERT mRNA expression; (h) Western blot analyses 

of hTERT protein. 
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Figure 55 Effect of long-term treatment A549 cells with 4 µM of TXT4. (a) Representative histograms after 

DNA staining long-term treatment A549 cells with TXT4; (b) Time-lapse microscopy images of A549 cells in 

the 20th week of treatment. Scale bars=200 μm. 
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3.3.21. Analysis of changes in phosphorylation of protein tyrosine kinases 

Previous studies suggest that examined compounds may also have off-target activity, which 

triggers cell death. Anthraquinone derivatives could exert antitumour activity via different targets, 

including topoisomerase, kinases, and DNA.285 The ability of compounds to intercalate with DNA 

or inhibit topoisomerase I or IIα was excluded using the DNA unwinding assay (see chapter 

3.3.22). Many data report that anthraquinones could inhibit the phosphorylation of various protein 

tyrosine kinases (PTKs), e.g. emodin (1,3,8-trihydroxy-6-methyl-anthraquinone) or chrysophanol 

(1,8-dihydroxy-3-methylanthrone).286,287 PTK regulates many critical signalling pathways involved 

in cell proliferation, differentiation, metabolism, and motility, and its aberrant expression has been 

implicated in various types of cancer288. Considering the role of PTK and anthraquinones' 

structural formulas, compounds were investigated by an enzyme-linked immunosorbent assay 

(ELISA) to study their possible inhibitory activity towards PTK. Imatinib, a selective PTK inhibitor 

currently used in medical treatment, was used as a reference.289 As depicted in Figure 56a  

all tested compounds decreased PTK activity in a concentration-dependent manner. Compounds 

TXT2 and TXT4 displayed the most potent inhibitory activity against PTK and were more effective 

at 1 µM concentration than imatinib. To further test the ability of tested compounds to suppress 

phosphorylation of PTK, high serum-supported A549 cells were treated with increasing 

concentrations of compounds and analysed by flow cytometry. Representative histograms  

and their quantification are presented in Figures 56b and c. All of the compounds, besides TXT3, 

decreased the phosphorylation of p-Tyr in a concentration-dependent manner. TXT2 and TXT4 

in a 20 µM concentration markedly reduced protein tyrosine phosphorylation (TXT2: p<0.01; 

TXT4: p<0.001), leading to an almost 2-fold decrease in the p-Tyr expression in comparison  

to the vehicle. Moreover, both compounds exhibit higher activity than imatinib.  
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Figure 56 Analysis of changes in phosphorylation of tyrosine kinases after TXT treatment. DMSO and 

imatinib were used as negative and positive controls, respectively. (a) In vitro determination of PTK activity 

using A549 extracts determined by ELISA; (b) Representative histograms of compounds-treated A549 cells 

after intracellular phospho-flow cytometry; (c) Quantification of intracellular phospho-flow cytometry. Error 

bars represent the SEM of data obtained in n=3 independent experiments. * p<0.01, ** p<0.001,  

*** p<0.0001, **** p<0.00001 vs. vehicle (one-way ANOVA and post hoc Dunnett’s test). 

Additionally, A549 cells treated with compounds at 20 µM were analysed using confocal 

microscopy (Figure 57). Within a 4-h treatment with TXT2 or TXT4, a dramatic decrease in p-Tyr 

staining was observed. TXT1 displayed similar activity to imatinib, where no apparent changes 

were observed to TXT3. Those results are consistent with those obtained in ELISA and flow 

cytometry tests. 
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Figure 57 Representative microscopy images presenting immunofluorescence of microtubule and p-Tyr foci 

in A549 cells at 4 h of treatment. DMSO and imatinib were used as negative and positive controls, 

respectively. The microtubules are depicted in red, p-Tyr in green, and the nucleus is stained with DAPI 

(blue). Scale bars=10 μm. 
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To identify tyrosine kinase targets for TXT2 and TXT4, A549 cells were treated with 

compounds for 6 hours and analysed using a human RTK phosphorylation Ab array. This method 

enables screening simultaneously an expression of 71 different RTKs (Figure 58). The relative 

phosphorylation levels of all investigated target molecules after treatment with compounds are 

presented in Figures 59-61. Compound TXT2 at 10 µM fully inhibited phosphorylation  

of 45 tested PTKs, whereas 20 of the PTKs were significantly activated. Compound TXT4 

downregulates all investigated p-PTKs, besides Fyn, which was slightly activated. Interestingly, 

imatinib also activates this kinase at a similar level. Since TXT4 inhibited most of the PTKs, it's 

hard to highlight those that are worth further investigation. The experiment should be repeated 

with smaller concentrations, which may exclude cascade inhibition. However, some of the PTKs 

have a distinctly higher basal expression, which may indicate that they exhibit more functions  

in cancer progression than other analysed proteins. To clarify correlations between tested RTKs, 

they were classified into appropriate families or types, accordingly to the literature (Figure 62). 

The investigated cell line has higher basal expression of non-receptor kinases from ACK (ACK1), 

FAK (FAK), SRC (FRK, HCK, Lyn, SRMS), and TEC (Bmx, BTK, ITK) families, and receptor 

kinases from type II (IGF-IR, Insulin-R), type X (AXL), and type XV (ROS). TXT4 significantly 

downregulated the expression of all those kinases, which may translate to its cytotoxic activity  

on telomerase-negative cells. Human RTK phosphorylation Ab array is only a semi-quantitative 

method, so further research is needed for more accurate analysis such as ELISA. 

 

Figure 58 Analysis of changes in phosphorylation of tyrosine kinases after TXT treatment. (a) Template 

presenting the location of tyrosine kinase antibody; (b) Proteom profiler analysis of A549 cells after treatment 

with compounds. DMSO and imatinib were used as negative and positive controls, respectively. 
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Figure 59 The relative phosphorylation levels of p-PTKs after treatment of A549 cells with compounds. 

* p<0.01, ** p<0.001, *** p<0.0001, **** p<0.00001 vs. vehicle (one-way ANOVA and post hoc Dunnett’s 

test). 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

92 

 

 

Figure 60 The relative phosphorylation levels of p-PTKs after treatment of A549 cells with compounds.  

* p<0.01, ** p<0.001, *** p<0.0001, **** p<0.00001 vs. vehicle (one-way ANOVA and post hoc Dunnett’s 

test). 
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Figure 61 The relative phosphorylation levels of p-PTKs after treatment of A549 cells with compounds.  

* p<0.01, ** p<0.001, *** p<0.0001, **** p<0.00001 vs. vehicle (one-way ANOVA and post hoc Dunnett’s 

test). 
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Figure 62 Profiling changes in PTKs after treatment with TXT4 or Imatinib with the respect to the vehicle. 

Nonreceptor and receptor PTKs are presented on the left, and right panels, respectively. 

3.3.22. Study of anthraquinones and carbazoles as DNA intercalators and topoisomerase 

inhibitors 

Carbazole and anthraquinone derivatives form a class of DNA-binding agents currently used 

in cancer chemotherapy.290,291 These molecules contain a planar chromophore characteristic  

of DNA intercalating agents.292 Compounds substituted with nitrogen-containing side chains are 

prone to bind the negatively charged phosphate groups of DNA.293–295 Some intercalators interact 

not only with DNA but also with DNA-modifying enzymes, such as topoisomerases. These 

enzymes modulate DNA topology and act by generating single- (type I) or double-strand (type II) 

DNA breaks and are involved in DNA repair, replication, transcription, and reorganization of the 

chromatin.296 

Possible mechanisms of intercalation of carbazole and anthraquinone into the DNA were 

investigated by studying their interaction by a topological method using unwinding and relaxation 

assays. During DNA intercalation, the circular duplex DNA plasmid unwinds, leading to a change 

in torsional tension.297 Topoisomerases release torsional stress of both positive and negatively 

supercoiled DNA leading to the relaxation of DNA. Figure 63a presents the results of relaxed 

plasmid pBR322 with various concentrations of the selected carbazole and anthraquinone 

derivatives. None of the tested compounds modified DNA besides DOX, which is a well-

characterized intercalating agent. Further analyses with supercoiled DNA plasmid show that 

neither carbazole nor anthraquinone inhibited topoisomerase I activity, evidenced by similar end-

products as in DMSO-treated control. (Figure 63b). In comparison, camptothecin (CPT) prevents 

plasmid relaxation and inhibits DNA topoisomerase I activity. In addition, M.A. Mateusz Olszewski 
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investigated compounds in human topoisomerase II α relaxation assay, however, none of the 

tested compounds inhibited enzyme activity (data not shown). 

 

Figure 63 Effect of carbazole and anthraquinone derivatives on DNA unwinding and topoisomerase I activity 

(a) Agarose gel electrophoresis of relaxed (R) pBR322 DNA; (b) Agarose gel electrophoresis of supercoiled 

(SC) pBR322 DNA. 

3.3.23. Structure-activity relationship analysis 

Determining a compound's structure/function relationships is essential to design and 

synthesise new molecules with improved pharmacological properties. Anthraquinones under 

study differ in biological activity, and some of their properties can be related to a particular 

structure fragment. In all analysed compounds, the chlorine atom in the 3rd position significantly 

decreased the cytotoxic activity and the anti-telomerase potential. Compounds with 

dithiocarbamate moiety in the 2nd position were mostly less cytotoxic than the 1st substituted 

analogue. In analogues of dithiocarbamate moiety in the 2nd position, replacing N-morpholino 

with N-pyrrolidine substituents resulted in a complete loss of their activity against telomerase but 

did not affect cytotoxic potential; On the other hand, both N-pyrrolidine and N-morpholino 

analogues in compounds bearing dithiocarbamate moiety in the 1st position possess similar 

cytotoxic and anti-telomerase activity in vitro; nevertheless, it’s worth emphasizing that the N-

morpholino compound did not exert typical features of anti-telomerase drugs. The tertiary amide  

N-(CH2CH3)2 group increases the anti-telomerase potential, but only in the dithiocarbamate 

moiety analogue in the 2nd position. Moreover, among all the tested compounds, (9,10-dioxo-1-

anthryl) pyrrolidine-1-carbodithioate (TXT4) was the most active against telomerase. 
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3.4. Project II - carbazole derivatives 

Most of the results regarding the anticancer activity of carbazole derivatives are included  

in the manuscript From tryptophan to novel mitochondria-disruptive agent, synthesis and 

biological evaluation of 1,2,3,6-tetrasubstituted carbazoles (Witkowska, M. §, Maciejewska, N. §, 

Ryczkowska, M., Olszewski, M., Baginski, M., Makowiec, E. J. Med. Chem. 238, 114453, 2022) 

attached as ANNEX 1. The remaining results are placed in chapters 3.3.22, 3.4.2, and 3.4.3. 

3.4.1. Scientific problem addressed 

Anticancer activity of carbazole may arise from multiple diverse mechanisms.290 Therefore, 

the aim was to explain the mechanism underlying the cytotoxicity of the two most active 

3,6-substituted carbazole derivatives by testing numerous hypotheses. To this end, several 

potential targets were investigated, such as the cell cycle, cytoskeleton, topoisomerase I, 

topoisomerase II α, protein tyrosine kinases, DNA intercalation, and ROS generation. Because of 

the negative results, most of those studies are not published and are in chapters 3.3.22 and 3.4.3. 

Anticancer activity of compounds was evaluated against a broad panel of human cell lines, 

including non-small cell lung adenocarcinoma (A549), colon cancer (HCT116), bone 

osteosarcoma (U2OS), breast carcinoma (MCF7), liver cancer cells (HepG2), and 

noncarcinogenic embryonic kidney cells (HEK29). Among the 11 tested compounds, 5aa and 8 

exhibited the highest antiproliferative activity against HCT116 and U2OS cells, whereas none  

of the compounds displayed toxicity against the HEK293 cell line up to 50 µM. Compared to 5aa, 

compound 8 showed a significantly higher cytotoxic potency. However, due to the high similarity 

in the structure formula, both compounds were further examined against HCT116 and U2OS cells 

to define their impact on cell cycle distribution, ability to form colonies, migration, and cell death.  

I established that both tested compounds altered cell cycle progression, but the observed 

effect differs depending on the cell line and the compound. Moreover, the arrest of the cell cycle 

in tested cancer cells was somewhat temporary, which suggests that the examined compounds 

are not inhibitors of the cell cycle. Next, I showed that 5aa and 8 inhibit the ability to form colonies 

in HCT116 and exert anti-migratory properties.  

Due to the high triplet energy core structure, carbazole has been commonly utilized in  

the design of blue light-emitting diodes.298 This unique property allows for determining  

the compartmentalization of both compounds in adiposomes by high-resolution laser scanning 

confocal microscopy. Lipid droplets regulate cancer cell proliferation, migration, and survival,  

and their increased content is associated with tumour aggressiveness and resistance  

to chemotherapy.299,300 Dubey et al. show that the accumulation of hydrophobic drugs into the oil 

phase of adiposomes can influence their activation and toxicity to cells.301 However, in the case 

of 5aa and 8, additional studies are warranted in the future to define the exact influence of their 

accumulation. 
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Further analyses revealed that compounds induced massive oxidative stress in colon cancer 

HCT116, and U2OS cells. ROS formation can lead to DNA oxidation followed by mutagenic 

alterations in DNA bases or double-helix breaks, resulting in cell death.302 Using flow cytometry 

and confocal microscopy, I have shown that both compounds induced DSBs in HCT116  

and U2OS cells leading to apoptosis, but only in HCT-116 cells. Interestingly, compounds 

triggered mitochondrial damage and loss of transmembrane potential but do not release apoptotic 

factors. Moreover, long-term treatment induced cell senescence in both analysed cell lines.  

3.4.2. Role of reactive oxygen species in carbazole-induced cancer cell death 

The publication in ANNEX 1 proved that carbazoles induce apoptosis in HCT116 cells. Since 

oxidative stress caused by compounds was reversible upon treatment with the antioxidant, after 

publishing results, I continued studies on them to determine if ROS is the primary mechanism 

leading to the death of cancer cells. For this purpose, HCT116 cells were co-treated with lead 

compounds and NAC, followed by an analysis of apoptosis and levels of γ-H2AX. As shown  

in Figure 64, co-culture of NAC with compound 8 or 5aa prevented apoptosis, as evidenced by 

the comparable level of live cell fraction at each treatment time point as with the control. Moreover, 

in the same treatment conditions, DNA DSB-inducing properties of compounds were significantly 

diminished by NAC, but this effect was more pronounced after treatment with 8 (Figure 65). 

These results demonstrated that the primary mechanism of 8 and 5aa causing HCT116 cell death 

is the induction of oxidative stress. 

As enclosed in ANNEX 1, the pathway of cell death induced by compounds 5aa and 8 in  

the U2OS cell line has not been determined. The absence of apoptosis after treatment of U2OS 

cells with carbazoles could indicate that the compounds inhibit this process by activating 

autophagy. To assess the molecular mechanism of carbazole-mediated autophagy, the 

expression of p-62 and LC3B after treatment with compounds and, or chloroquine was analysed 

by Western blot (Figure 66). Compounds 8 and 5aa caused slight degradation of p-62 and 

significantly increased LC3B-II expression, leading to 5.8 (p=0.0149) and 6.8 (p=0.0067) 

augmentations, respectively, compared to the controls. In addition, compound 8 lowered the 

effect of chloroquine, reducing the expression of both p-62 and LC3B-II, which implies that 8 

induces autophagy in U2OS cells. 

Compounds 5aa and 8 disrupted mitochondrial structures in HCT116 cells (see ANNEX 1). 

Further microscopic analysis showed that both compounds also altered mitochondria in U2OS 

cells, which can be related to mitophagy (Figure 67). This process refers to the sequestration  

of mitochondria by autophagosomes and delivery of them to lysosomes for degradation.303 

However, further studies are warranted, such as determining levels of LC3B-II and ubiquitin  

in mitochondrial fraction or colocalization between mitochondrial and autophagosomes. 

Since lysosomes are the endpoint of autophagic cell death, their structure after treatment 

with carbazoles was determined using confocal microscopy. As shown in Figure 67, 5aa and 8 

increased the number and size of lysosomes compared to the DMSO-treated control. Those 
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results are consistent with others, e.g., Florey et al. reported that inducers of lysosomal LC3 

lipidation are increasing lysosome size because of swelling induced by the fusion of lysosome 

and osmotic stress.304 

It is well-established that autophagy can protect cancer cells from apoptosis in response  

to oxidative stress. Therefore, U2OS cells were co-treated with CQ and 5aa or 8 to investigate 

whether autophagy inhibition renders an increased proapoptotic effect of the carbazole (Figure 

68). Shortly after 24 hours of co-treatment of CQ with 5aa or 8, the fraction of apoptotic cells 

significantly increased to about 30% (early + late apoptosis). Further treatment with CQ and 5aa 

resulted in a similar percentage of apoptotic cells, while with compound 8, the fraction of apoptotic 

cells increased to 52%. In addition, NAC partially blocked the apoptotic effect induced  

by combined treatment with carbazoles and CQ, suggesting that ROS plays a crucial role in U2OS 

cell death. 
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Figure 64 Flow cytometric analysis of HCT116 cells after 6, 24, and 48 h of treatment with compounds, 

using Annexin V/7-AAD. DMSO and ETP were used as negative and positive controls, respectively. (a) 

Representative dot-plot; (b) The quantification of analysis is presented on a bar graph. Data represent the 

mean ± SEM of three independent experiments. * p<0.01, ** p<0.001, *** p<0.0001, **** p<0.00001 (two-way 

ANOVA and post hoc Dunnett’s test). 
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Figure 65 Flow cytometric analyses of induction γ-H2AX in HCT116 cell lines after 24 and 48 h of treatment. 

DMSO and ETP were used as negative and positive controls, respectively (a) Representative histograms; 

(b) The quantification of the analysis is presented on a bar graph. Data represent the mean ± SEM of three 

independent experiments. * p<0.01, ** p<0.001, *** p<0.0001, **** p<0.00001 (two-way ANOVA and post hoc 

Dunnett’s test). 

 

Figure 66 Western blot analysis showing the effect of 8 and 5aa on the expression of autophagy-related 

proteins in U2OS cells after 48 h of treatment. DMSO and CQ were used as negative and positive controls, 

respectively. The quantification of the analysis is presented on a bar graph. Data represent the mean ± SEM 

of two independent experiments. * p<0.01, ** p<0.001, *** p<0.0001 (one-way ANOVA and post hoc 

Dunnett’s test). 
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Figure 67 Representative microscopic images presenting mitochondria and lysosome structures in U2OS 

cells acquired after 24 h of treatment with 5aa and 8. CQ and DMSO were used as positive and negative 

controls, respectively; Green—MitoTracker, red—LysoTracker, and blue—Hoechst 33342.  

Scale bars=10 µM. 
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Figure 68 Flow cytometric analysis of U2OS cell line after 24, and 48 h of treatment with compounds, using 

Annexin V/7-AAD.DMSO and ETP were used as negative and positive controls, respectively  

(a) Representative dot-plot; (b) The quantification of analysis is presented on a bar graph. Data represent 

the mean ± SEM of three independent experiments. * p<0.01, ** p<0.001, *** p<0.0001, **** p<0.00001 (two-

way ANOVA and post hoc Dunnett’s test). 

3.4.3. Determination impact 5aa and 8 on PTK activity 

As mentioned before, carbazole derivatives are known to target tyrosine kinases. Thus, 5aa 

and 8 were considered possible inhibitors of PTKs using ELISA. However, as depicted in  

Figure 69, none of the compounds altered PTKs activity, besides the reference, imatinib.  
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Figure 69 In vitro determination of PTKs activity using A549 extracts determined by ELISA. DMSO and 

imatinib were used as negative and positive controls, respectively. Error bars represent the SEM of data 

obtained in n=3 replicates. * p<0.01, vs. vehicle (one-way ANOVA and post hoc Dunnett’s test). 

3.5. Project III – pyrazole derivatives  

Results regarding the activity of pyrazole derivatives are included in the manuscript Novel 

chalcone-derived pyrazoles as potential therapeutic agents for the treatment of non-small cell 

lung cancer (Maciejewska, N., Olszewski, M., Jurasz, J., Serocki, M., Dzierzynska, M., Cekala, 

K., Wieczerzak, E., Baginski, M., Sci. Rep. 12, 3703, 2022), attached as ANNEX 2. 

3.5.1. Scientific problem addressed  

The work aimed to explain the mechanism of pyrazole activity, with a focus on 

compound PCH-1, which was selected as the most potent during initial screening. Several cell 

lines, including A549, H226, and H460 were used as models of non-small cell lung cancer 

(NSCLC), whereas a human embryonic kidney HEK293 was used as a model of the non-

cancerogenic cell line. I established that PCH-1 inhibited the cell viability of all NSCLC cells 

without significantly affecting kidney cells. Moreover, PCH-1 showed superior activity to  

the reference compound cisplatin, which is commonly used in chemotherapy for NSCLC.305 

Prolonged exposure to PCH-1 resulted in the accumulation of cells at the G2/M phase, which 

is a typical feature of antimitotic drugs.306 Furthermore, the structural formula of investigated 

pyrazoles partially overlaps with combretastatin A-4, which is a known microtubule-destabilizing 

agent.307 In vitro microtubule polymerization assay and confocal microscopy analysis confirmed 

that PCH-1 interferes with microtubule polymerization by blocking microtubule assembly.  

In addition, a series of docking simulations were performed by M. Eng. Jakub Jurasz (Gdansk 

University of Technology), which results suggest the interaction of PCH-1 with the vinblastine 

binding site on tubulin. Further analysis showed that PCH-1 induces caspase-dependent 

apoptotic cell death in all NSCLC cells. 

The remaining experiments I performed on A549 cells because they were the most sensitive  

to PCH-1 treatment. Using this cell line, I investigated the molecular mechanisms responsible  

for PCH-1-induced apoptosis. I have found that PCH-1 altered the expression of several 

apoptosis-related proteins, suggesting the activation of both cell surface death receptors and 
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mitochondrial apoptosis pathways. Finally, I have shown that PCH-1 inhibits the EMT, decreases 

cell motility, and induces oxidative stress in A549 cells. 

In this work, I have found that PCH-1 induces G2/M phase arrest by stabilization of tubulin 

polymerization and cellular apoptosis through extrinsic and intrinsic pathways. Moreover, I have 

found that PCH-1 has potent antimetastatic and prooxidant properties. 
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4. DISCUSSION 

Over the years, substantial progress in understanding the molecular mechanisms driven  

by telomerase in living organisms has been achieved. Telomerase in tumours provides replicative 

immortality, and its overexpression has been considered a hallmark of cancer. Many approaches 

to inhibit telomerase have been discovered and studied extensively.308–310 Among them, 

immunotherapy and gene therapy have gained much attention recently. Despite their rapid 

development in the field of oncology, many issues hamper their applicability in cancer treatment. 

The primary limitations include high variability in response to treatment, including nonspecific 

toxicity, low bioavailability, instability, and problems with delivery. Antisense oligonucleotides such 

as imetelstat show promising results in clinical trials; however, other large-molecule agents 

likewise have some disadvantages, e.g., the intravenous route’s administration and high costs 

making them often unaffordable for most patients. On the other hand, small-molecule drugs are 

inexpensive and have good oral bioavailability, but neither telomerase-targeting compounds have 

been approved as a drug, and the exact mechanism of action has not been demonstrated in any 

of the molecules discovered. 

Compounds that were rationally designed, including carbazoles and pyrazoles, 

that were the subject of my doctoral dissertation proved unsuccessful. The ineffectiveness of in 

silico methods in developing new telomerase inhibitors may result from limited information on the 

enzyme structure.310 Although the usually analysed molecular docking studies structure of hTERT 

from the flour beetle Tribolium castaneum has high amino acid homology similar to the human 

sequence, it lacks the TEN domain of the enzyme. Only in 2018 did Collins’s group established 

the Cryo-EM structure of substrate-bound human telomerase holoenzyme, and this discovery  

was much later than the design of the compounds under study.311 

Anthraquinones have been recognized as cancer growth inhibitors targeting topoisomerases, 

telomerase, matrix metalloproteinases, and protein kinase.312 Several drugs containing  

an anthraquinone scaffold, such as doxorubicin, epirubicin, pixantrone, valrubicin, and MTX,  

are clinically used to treat various types of cancers.313 As part of this work, I defined the cellular 

and molecular mechanism of anthraquinone action using classical methods, including a literature 

review. I determined that compounds inhibit telomerase activity in vitro and exhibit cytotoxic 

activity toward NSCLC cells. Among all anthraquinones, I have selected the four most active 

compounds toward telomerase for more detailed studies. I have excluded some of the typical 

targets for compounds in this group, such as intercalation to DNA or disrupting the structure  

of tubulin. However, I have found that two compounds, TXT2 and TXT4, have additional off-target 

activities - protein tyrosine kinases. The same compounds were most active against telomerase, 

exhibiting typical features for telomerase-targeting drugs, such as inducing apoptosis, DNA 

damage, cellular senescence, and reducing the abilities of cells to form colonies. Interestingly, 

despite TXT3 having a similar potential to inhibit telomerase activity as TXT2, no typical signs  
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of enzyme inhibition were observed. Likewise, to TXT3, TXT1 did not induce apoptosis, DSBs,  

or senescence. Moreover, both compounds exhibit higher toxicity to normal than cancer cells,  

so I did not continue studies regarding the type of cell death induced by them. 

I observed the same trend of anticancer activity of TXT-compounds among NSCLC cells, 

which was A549>H460>H226, ranging from cytotoxic activity, prooxidative, and proapoptotic 

potential to anti-migratory properties. Moreover, the TXT-mediated cell cycle arrest was also 

dependent on the cell line. Bashash et al. have reported that telomerase inhibition by BIBR1532 

lead to G0/G1 cell cycle arrest in acute lymphoblastic leukaemia cells,314 whereas De Rossi’s 

group showed that the same compound induced cell cycle arrest in the S-phase in Epstein–Barr 

virus (EBV)-driven B-cell malignancies.244 Interestingly, Thompson et al. demonstrated that 

inhibition of telomerase by imetelstat triggered the G2/M cell cycle arrest in breast and colon 

cancers315. All those studies provide evidence that telomerase inhibition is not cell-cycle specific. 

On the note, despite A549, H226, and H460 cells being both non-small cell lung cancers, they 

differ in terms of cancer subtypes and growth capacity, with A549 being an adenocarcinoma, 

H226 a squamous carcinoma, and H460 a large carcinoma. Hence, there may be differences  

in the cellular and molecular response to TXT compounds. Moreover, there are known clinical 

differences between NSCLC subtypes, such as higher metastatic rates of adenocarcinoma than 

squamous carcinoma. Among others, large carcinoma is the most aggressive subtype, 

characterized by increased vascularity and the ability to metastasize. The high anticancer potency 

of test compounds toward A549 cells is especially noteworthy since adenocarcinoma is the most 

common NSCLC.316 

All known telomerase-targeting anthraquinones act as stabilizers of telomeric G-4 DNA, 

altering the binding of telomerase enzyme to DNA and blocking telomerase activity in vitro and  

in vivo.317–319 Most of the telomerase-targeting compounds are nonselective because G-4 

structures also occur in additional G-rich DNA sequences other than telomeres, which may cause 

high toxicity to normal cells.320 A major finding of this study is that the tested compounds 

unexpectedly failed to stabilize telomeric G-4, but rather blocked the activity of the hTERT protein 

component. In fact, even a more advanced study showed that TXT4 is able to bind to the hTERT, 

as assessed by CETSA analyses. Moreover, I have found that TXT4 also downregulated  

the expression of hTERT mRNA in A549 and H460 cells. Similar to TXT compounds, the two 

most known telomerase inhibitors, BIBR1532 and imetelstat, likewise inhibited telomerase activity 

and hTERT mRNA expression simultaneously;321,322 however, the low selectivity of TXT 

compounds may suggest that the observed effect is only indirect, and hence no-resulting from 

enzyme inhibition per se, but being a part of the molecular cascade leading to cell death. 

Telomerase inhibition affects the normal kinetics of telomere capping, resulting in  

the accumulation of DNA damage signals. Uncapped telomeres are perceived as DNA damage  

in the absence of proper capping.323 However, DNA damage is a double-edged sword guarding 
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the genome. If left unrepaired, DNA damage in a normal cell contributes to mutations, and 

subsequently genomic instability, which is the major hallmark of cancer development and 

progression. Nonetheless, agents that are commonly used in cancer treatment, such as platinum 

drugs, anthracyclines, topoisomerase poisons, and radiation, activate DNA damage in tumour 

cells causing altered expression of DNA repair genes.324 In some types of cancers, multiple 

molecular mechanisms mending DNA lesions at nontelomeric chromosomal sequences are 

observed, which effectively increase intrinsic resistance to radiotherapy and chemotherapy.325 

DNA on telomeres has a different DNA repair capacity than the rest of the genome, due to the 

inhibition of the NHEJ repair pathway to prevent end-to-end chromosome fusions. NHEJ is the 

predominant DSB repair pathway, which is inhibited by shelterin proteins, which block the access 

to telomeric overhang by promoting the formation of the t-loop. For this reason, telomeric DNA 

damage is irreparable and leads to persistent DDR which triggers signalling cascades that drive 

cells to either apoptosis or senescence.323,326 

The study revealed a functional link between DNA damage and inhibition of telomerase  

in cancer cells. Compounds TXT2 and TXT4 activated DSBs in TERT-positive A-549 and H460 

cell lines, which was manifested by increased levels of γ-H2AX. On the other hand, none of these 

compounds induced DSBs in TERT-negative normal bronchial epithelial cells, umbilical vein 

endothelial cells, or ALT-positive osteosarcoma cells, suggesting that the induction of DSBs  

is dependent on telomerase inhibition. Further analyses of A549-treated cells showed that TXT4 

induced DSBs on telomeres which may affect telomere-maintenance kinetics and homeostasis. 

In addition, even after 24 h of treatment, a high amount of DNA damage was found in these cells, 

with a significant proportion in extratelomeric regions. Longer exposure resulted in a marked 

decrease in DSBs within a chromosome, but without repairing telomeric DNA. It could  

be hypothesized that the superior distance between broken DNA ends in telomeric regions 

compared to that of broken ends forming on internal chromosome regions would impede joining, 

and thus slow down DNA repair in telomeric regions.327 Moreover, at a high dose, TXT4 could not 

only suppress the catalytic activity of telomerase but also severely compromise the functions  

of other proteins involved in the enzyme assembly resulting in telomere damage rather than 

replicative stress. Short-term exposure to TXT2/TXT4 induced both ATM- and ATR-mediated 

DDR related to telomere dysfunctions.328 Activation of ATM, as well as ATR, was followed by the 

induction of signalling cascade via phosphorylation of its downstream checkpoint effector kinases, 

Chk1 and Chk2, which are needed for cells to enter mitosis. In addition, telomerase inhibition 

could cause perturbation of individual subunits from the shelterin protein by compacting telomeric 

chromatin leading to direct damage to the telomere structure.329 Indeed, Karlseder et al. described 

that DNA damage and cell cycle arrest occur as a result of changes in telomerase composition 

rather than telomere shortening.330 However, although Nakamura et al. reported that γ-H2AX can 

be a biomarker to evaluate the efficacy of telomerase inhibition, I cannot exclude that the DSBs 

observed on telomeres are not only associated with telomerase but may also be related to  

an additional mechanism leading to cell death.331  
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Cells with DNA damage that fail to undergo repair evoke secondary responses, leading  

to apoptotic cell death through either mitochondrial (intrinsic) or death receptor (extrinsic) 

pathway. During the intrinsic-mediated pathway, mitochondrial outer membrane permeabilization 

(MOMP), which is considered a “point of no return,” directly induces the release of death-

promoting proteins.332 MOMP requires transient exposure of the Bak or Bax BH3 domain and 

facilitates the efflux of cytochrome c into the cytoplasm, which together with apoptotic protease 

activating factor 1 activates the initiator caspase 9.332 Activated caspase-9 cleaves and activates 

the downstream effector caspase-3 and caspase-7. Extrusion of the mitochondrial inner 

membrane into the cytosol and its permeabilization cause widening of Bax/Bak pores and trigger 

the release of mitochondrial DNA.333 My study demonstrated that TXT2 and TXT4 triggered 

apoptotic cell death in A549 and H460 cancer cell lines in a time-dependent manner. Apoptosis 

was induced by direct activation of caspase-3 or by cleavage of Bid, resulting in mitochondrial 

dysfunction and subsequent activation of caspase-9 and caspase-3. Additionally, I observed the 

cleavage of caspase-8, which is an executing protein in the extrinsic apoptotic pathway. In the 

death receptor pathway, activation of caspase-8 mediates the generation of truncated Bid, 

forming a signalling link between the extrinsic tumour necrosis factor family and mitochondrial-

based apoptotic pathway.334 The “BH3 domain only” of tBid binds the Bax canonical grove, 

leading to its oligomerization, as well as MOMP.335 Treatment with TXT2 and TXT4 led to the 

activation of both Bid and Bax, which indicates the activation of extrinsic apoptosis involving 

transmembrane receptor-mediated interactions. My observations are supported by an earlier 

study showing that inhibition of telomerase induced both intrinsic and extrinsic apoptosis in acute 

myeloid leukaemia stem cells.336 Shammas and co-workers reported that siRNA-mediated 

inhibition of telomerase activated both mitochondrial- and death-receptor-mediated pathways  

in Barrett’s adenocarcinoma SEG-1 cells.337 In addition, Giunco et al. observed that short-term 

inhibition of TERT by BIBR1532 in human malignant B cells xenografted in zebrafish led  

to apoptosis with the induction of DDR.338 Nevertheless, it should be noted that profound 

apoptosis in A549 cells could be not only due to telomerase inhibition but may also result from 

TXT-induced ROS cellular levels. Of note, there is no evidence in the literature for a direct 

correlation between telomerase inhibition and the induction of oxidative stress. 

Besides the proapoptotic properties of TXT4, I have shown that it also triggers autophagy  

in all NSCLC cells, which is not exactly related to telomerase inhibition. Ali et al. showed that 

hTERT inhibits the mTOR complex 1 in several cell lines, leading to the activation of autophagy, 

whereas TERT-deficient cells could not execute autophagy flux properly.339 Moreover, Stohr’s 

group suggests that autophagy did not play a significant role in telomere dysfunction cell death.340 

Observed increased autophagy flux after treatment with TXT4 can be related to inhibition of the 

Src kinases family. Indeed, Zhao et al. found that the Src/FAK signalling pathway inhibition 

promotes AMP-activated protein kinase (AMPK) dependent autophagy.341 Moreover, Wu et al. 

reported that treatment of prostate cancer cells with a well-known inhibitor of the Src kinases 

family, saracatinib, induced autophagy by inhibiting the Akt/mTOR/p70S6K signalling pathway.342 
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The metastasis cascade is a multistep process driven by remodelling a cytoskeleton, 

enabling cell migration and invasion.343 In my studies, I have demonstrated that TXT2 and TXT4 

decreased A549 and H460 cell motility, which was manifested in a reduced signal of cortactin, 

and slower repopulation of the wound area with the respect to control. Despite finding a positive 

correlation between the reduction of hTERT mRNA expression and the ability to inhibit migration 

of cancer cells, the anti-migratory properties of TXT compounds are rather linked to the inhibition 

of some of the PTKs e.g., Src family kinases, FAK kinase, AXL, or others. In fact, Li et al. reported 

that hTERT regulates cell adhesion and migration, but independently of telomerase activity.344 

Conversely, there is much evidence that PTKs-targeted compounds inhibit migration as well as 

invasion of cancers, e.g., Pichot et al. showed that inhibition of Src family kinases by dasatinib 

inhibits migration and invasiveness of breast cancer cells,345 whereas Yo et al. reported that 

inhibition of FAK in hepatoblastoma cells promoted cells detachment and inhibited cell motility 

through deregulation Rho GTPases.346 Moreover, Ullrich’s group demonstrated that inhibition  

of AXL interfered with migration and invasion of human malignant glioma.347 

Current chemotherapy treatment involves the use of multiple drugs at the same time. 

Combination therapy increases the chances of successful treatment but raises the risk of side 

effects.348 On the other hand, multi-target drugs gain several advantages, such as more 

predictable pharmacokinetics, fewer drug interactions, and better patient compliance.349 Many 

studies have confirmed the synergistic effect of telomerase targeting compounds with PTK  

or topoisomerase inhibitors350,351. A recent study by Hu and co-workers showed that treatment of 

myelofibrosis hematopoietic stem cells and progenitor cells with ruxolitinib, a Janus kinase 

inhibitor, in combination with imetelstat was more effective than treatment with the kinase inhibitor 

used as single agent.352 Similarly, Gupta et al. showed that combined inhibition of telomerase and 

p21(waf1) synergistically suppressed tumour growth in different cell lines.353 Moreover, Goldblatt, 

et al. demonstrated that the use of imetelstat combined with paclitaxel, an inhibitor of microtubule 

depolymerization, caused a significant reduction in the invasive potential of MDA-MB-231 breast 

cancer cells, allowing for effective growth inhibition at lower doses of both drugs, compared  

to treatment with single agents.354 Of note, such a combination regimen has been evaluated in 

phase II clinical trials in patients with locally recurrent or metastatic breast cancer 

(ClinicalTrials.gov identifier NCT01256762).355  

The TXT4 is a multi-targeting compound, which may positively affect its therapeutic 

effectiveness, but it also translates into the compound's toxicity. The TXT4 toxicity can be reduced 

by improving its delivery e.g., by using nano-based systems for encapsulation of the compound 

inside a nontoxic molecule, such as liposomes, biocompatible polymers, inorganic formulations, 

and many others.356–361 Konda et al showed that encapsulation of mitoxantrone in macrocyclic 

cage-like compounds increased its uptake in mouse breast cancer cells and reduced the toxicity 

in mice.359 Whereas another group reported that encapsulation of doxorubicin with PLGA  

or poly(lactic-co-glycolic acid) overcomes its toxicity to normal cells.361 
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It is worth emphasizing that despite the lead compound TXT4 exhibiting similar cytotoxic 

potency to normal cells as to cancers, it was also efficacious in non-cytotoxic concentrations 

towards A549 cells, decreasing their motility and inducing replicative senescence by telomere 

shortening. Moreover, the long-term treatment led to a decrease in the capability to form colonies 

and cancer growth capacity as well. Importantly, cells did not acquire the typical resistance  

to compounds; however, I observed cancer cell fusion, which may increase cell heterogeneity, 

leading to enhanced drug resistance or metastatic capacity.302 

As shown in this work, the TXT compounds exhibit many interesting anti-cancer properties 

that certainly require further research, among others: mechanistic and kinetic studies of 

telomerase inhibition, assessment of TXT4 applicability in combination therapy, or its modification 

to improve its selectivity. 

Although telomerase has many functions in carcinogenesis, the development of telomerase 

inhibitors raises several questions: (i) clinical relevance of telomerase inhibition in cancer patients 

is still controversial due to the expected delayed therapeutic effect (i.e., the lag time needed for 

telomeres to shorten to a critical size before a cancer cell undergoes senescence and/or cell 

death; (ii) the ALT mechanism may be activated as an adaptive response to telomerase inhibition 

leading to chemoresistance;362,363 (iii) can cancer cells gain drug resistance through another 

mechanism (such as cell fusion)? However, despite this, there is still a hope to introduce 

telomerase inhibitors as drugs in anti-cancer therapy that will harm non-canonical enzyme 

functions or to employ them in combination therapy. 
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5. CONCLUSION 

ANTHRAQUINONES 

• Anticancer activity of anthraquinones increases within NSCLC cells in order 

H226<H460<A549, ranging from cytotoxic activity, prooxidative, and proapoptotic 

potential to anti-migratory properties. 

• The most promising compounds, TXT2 and TXT4 exhibit at least two distinct mechanisms 

by inhibition of telomerase activity and protein tyrosine kinases. 

• Anthraquinones exhibit minor selectivity against cancer cells and relatively high toxicity 

towards healthy cells, which may be due to at least more than one molecular mechanism 

of their action.  

• TXT2 and TXT4 at cytotoxic concentrations trigger DNA damage and apoptotic cell death 

through intrinsic and extrinsic apoptotic pathways on hTERT-positive A549 and H460 

cells. 

• Long-term treatment with TXT4 led to progressive telomere shortening along with 

reducing colony forming and growth capacity. 

• The study will bring novel results important for extending our knowledge on the new small-

molecule telomerase inhibitors, which could be a starting point for further development of 

new anticancer agents targeting telomerase based on the 9,10-anthracenedione scaffold. 

CARBAZOLES 

• Carbazoles were inactive towards telomerase in vitro assay.  

• Carbazole derivatives exhibit the most potent cytotoxic properties towards colon 

carcinoma and osteosarcoma and no toxicity towards non-cancerogenic kidney cells. 

• The most active compounds, 5aa and 8 display anticancer activity by blocking cell cycle 

progression, decreasing colony formation capacity and cell motility. 

• Compounds 5aa and 8 trigger caspase-independent apoptotic or autophagy cell death in 

colon and osteosarcoma cells, respectively. 

• Carbazole-induced cancer cell death is driven by excessive ROS production - the primary 

mechanism of their action. 

PYRAZOLES 

• Pyrazoles were inactive towards telomerase in vitro assay. 
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• The majority of the investigated pyrazoles inhibited the growth of non-small lung cancer 

cells, whereas dimethoxy analogue PCH-1 was found to be the most potent cytotoxic 

without significantly affecting non-cancerogenic kidney cells. 

• PCH-1 induces G2/M phase arrest by the stabilization of tubulin polymerization and 

cellular apoptosis through extrinsic and intrinsic pathways. 

• PCH-1 has potent antimetastatic and prooxidant properties. 
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6. MATERIALS AND METHODS 

6.1. Materials 

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

6.1.1. Antibodies  

Table 6 List of antibodies used in Western blot 

Antibody name Company Dilution 

anti-TERT (Y182), ab32020 Abcam 1:1000 

anti-ATR (ab10312) Abcam 1:1000 

anti-ATM (2C1 [1A1]) (ab78) Abcam 1:1000 

anti-Phospho-ATR (Ser428) (#2853) Cell Signalling 1:1000 

anti-Phospho-Chk2 (Thr68) (C13C1) (#2197) Cell Signalling 1:500 

anti-Phospho-Chk1 (Ser345) (133D3) (#2348) Cell Signalling 1:500 

anti-Phospho-Histone H2A.X (Ser139) (20E3) (#9718) Cell Signalling 1:1000 

anti-Phospho-ATM (Ser1981) (D6H9) (#5883) Cell Signalling 1:1000 

anti-Caspase-3 (#9662) Cell Signalling 1:1000 

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

anti-Caspase-8 (1C12) (#9746) Cell Signalling 1:500 

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

anti-Bcl-2 (#4223) Cell Signalling 1:1000 

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

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

anti-LAMP1 (D4O1S), #15665 Cell Signalling 1:1000 

anti-LC3B, #2775 Cell Signalling 1:1000 

anti-actin, sc-1616 Santa Cruz Biotechnology 1:1000 

anti-mouse- horseradish peroxidase 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 7 List of antibodies used in immunofluorescence 

Antibody name Company Dilution 

Alexa Fluor 488-conjugated anti-H2AX (pS139), #560445  BD Pharmingen 1:200 

Anti-TRF2, ab108997 Abcam 1:500 

anti-LAMP1 (D4O1S), #15665 Cell Signalling 1:300 

anti-LC3B, #2775 Cell Signalling 1:250 

anti-cortactin, #3503 Cell Signalling 1:250 

anti-phospho-tyrosine (P-Tyr-100), #9411 Cell Signalling 1:500 

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

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

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

Alexa Fluor 647 phalloidin, A22287 Thermo Fisher Scientific 1:500 
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6.1.2. Oligonucleotides 

All oligonucleotides were purchased from Genomed (Warsaw, Poland). 

Table 8 Primer sequences used for RT-PCR (5’-3’) 

Gene Forward Primer Reverse Primer 

telomere CGGTTTGTTTGGGTTTGGGTTTGGGT

TTGGGTTTGGGTT 

GGCTTGCCTTACCCTTACCCTTACCCTTACC

CTTACCCT 

IFNB1 GGTTACCTCCGAAACTGAAGA CCTTTCATATGCAGTACATTAGCC 

RPII CTTCACGGTGCTGGGCATT GTGCGGCTGCTTCCATAA 

hTERT CATCAGGGGCAAGTCCTACG AAGTTCACCACGCAGCCATA 

Table 9 Primer sequences used for TRAP (5’-3’) 

Primers Sequence 

Cy5-TS AATCCGTCGAGCAGAGTT 

TSNT AATCCGTCGAGCAGAGTTAAAAGGCCGAGAAGCGAT 

NT ATCGCTTCTCGGCCTTTT 

ACX CGCGGCTTACCCTTACCCTTACCCTAACC 

6.2. Methods 

6.2.1. Cell lines cultivation 

The NSCLC: A-549, H226, H460, human osteosarcoma U2OS, human promyelocytic 

leukaemia HL-60, human colorectal cells HCT116, normal human bronchial epithelial cells 

NHBE2594, and human umbilical vein endothelial cells HUVEC were obtained from the American 

Type Culture Collection. Subclones HL-60/MTX and HL-60/VINC were selected from accordingly 

HL-60 and HL-60/AL cell lines by exposure to stepwise increasing concentrations of the 

mitoxantrone (MTX) and vincristine (VINC), respectively. HL-60/AL is a late-passage HL-60 cells. 

All cell lines were maintained at 37°C in a humidified atmosphere containing 5% CO2 and were 

routinely screened for Mycoplasma contamination. The NSCLC and leukaemias were cultured  

in RPMI-1640 medium (Corning, New York, USA), U2OS, and HCT116 in McCoy’s 5A medium 

(Corning), HUVEC in EGM-2 (Endothelial Cell Growth Medium-2, Lonza, Walkersville, USA), and 

NHBE in BEGM (Bronchial Epithelial Cell Growth Medium, Lonza). Medium for adherent cancer 

cell lines was supplemented with 10% fetal bovine serum (Corning), 2 mM L-glutamine (Corning), 

and antibiotics (penicillin 62.6 µg/ml and streptomycin 40 µg/ml). Mediums for cancer cell lines  

in suspension culture were supplemented with 20% fetal bovine serum, 2 mM L-glutamine, and 

antibiotics. The culture mediums used for normal cell lines contained supplements and growth 

factors according to the manufacturer's instructions. 
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6.2.2. TRAP assay 

A549 cells (1.6 × 105) were cultured for overnight attachment. Day after, cells were collected 

and lysed with NP-40 buffer (10 mM pH 8 Tris-base, 1 mM EGTA, 1 mM EDTA, 1% (v/v) Nonidet-

P40, 0.25 mM Sodium deoxycholate, 10% v/v Glycerol, 150 mM NaCl [POCH S.A., Gliwice, 

Poland], 5 mM 2-mercaptoethanol, 0.1 M 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride 

[AEBSF]). Protein concentration was determined using the DC Protein Assay Kit (Bio-Rad, 

Hercules, USA), and the samples were stored at -80ºC until analysed. The PCR reaction was 

performed in a TRAP buffer (200 mM pH 8.3 Tris-base, 15 mM MgCl2 [POCH S.A.], 630 mM KCl 

[POCH S.A.], 0.5% (v/v) Tween 20 [Thermo Fisher Scientific, Waltham, USA]), 0.1 mg/ml BSA, 

50 µM dNTPs (Thermo Fisher Scientific), oligonucleotides Cy5-TS (100 ng/µl), TSNT (0.01 

attomol/µl), NT (100 ng/µl), ACX (100 ng/µl), 2 U of Taq polymerase (Thermo Fisher Scientific), 

0.1 µg of protein, and 0.4% (v/v) DMSO or compounds. After telomerase elongation, and 

denaturation for 40 min at 25°C, and 5 min at 95°C, respectively, PCR was conducted in 30 cycles 

(95°C, 30 s; 52°C, 30 s; and 72ºC for 45 s). The PCR products were separated by electrophoresis 

on 8% nondenaturing polyacrylamide gel at 110 V for 4.5 h. Next gel was fixated in 0.5 M NaCl, 

50% ethanol (POCH S.A), and 40 mM sodium acetate pH 4.2 for 15 min at room temperature 

(RT), and subsequently visualized using ChemiDoc XRS+ Imaging System (Bio-Rad 

Laboratories). Band intensities of PCR products were measured by Image Lab Software 6.0.1 

(Bio-Rad) and quantitatively analysed by densitometry. Relative telomerase activity (RTA) was 

calculated using the following formula: RTA=(XTP/XIT)/(CTP/CIT)*100% where X and C indicate 

band intensities of the samples and telomerase positive controls, respectively.  

6.2.3. Cell viability assay  

The cell viability assay was performed for A-549, H226, H460, U2OS, NHBE, HUVEC, HL-

60, HL-60/MTX, HL-60/AL, and HL-60/VINC after treatment with the test and reference 

compounds by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay. Briefly, adherent cells were seeded onto 96-well culture plates for attachment overnight. 

Suspension cells were plated onto 24-well plates on the same day as treatment. Then, all cells 

were treated with DMSO (1%) and the agents in triplicates. After incubation, the MTT solution 

(0.4 mg/ml) was added to each well for 2-4 h. Formazan crystals were dissolved in 100 µM DMSO, 

or 10% SDS in 10 mM HCl, for adherent, and suspension cells, respectively. The absorbance  

of each well was measured at 450 nm for adherent and 560/660 nm for suspension cells with  

an ASYS UVM340 microplate reader (Biochrom Ltd., Cambridge, UK). The 50% inhibitory 

concentration (IC50) was defined as the concentration that decreased the absorbance of the 

DMSO-treated cells by 50% of the vehicle. The IC50 values were calculated in GraphPad Prism 

software (GraphPad Prism version 9.0.0 for Windows, GraphPad Software, San Diego, USA)  

by plotting the survival curve as a function of dose from a minimum of 3 independent experiments. 
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6.2.4. Analysis of cell cycle distribution 

Cells were plated onto tissue culture plates and allowed to attach overnight. Unsynchronized 

cells were treated with compounds at IC90 concentration or 1% (v/v) DMSO for 24, 48, and 72 h, 

while synchronized cells were treated for 2, 4, 6, 8, and 10 h. Synchronization of the cells was 

performed by double thymidine block according to the protocol reported by Chen et al.364  

After incubation, the cells were collected by trypsinization, fixed in ice-cold 75% ethanol,  

and stored at −20°C until analysis. Prior to the measure, the cells were rinsed with PBS and 

stained with 20 μg/μl PI and 50 μg/μl RNase A (Thermo Fisher Scientific) in phosphate-buffered 

saline (PBS) for 30 min at RT. The distribution of a population of cells to the different stages of 

the cell cycle was analysed by flow cytometry (Guava EasyCyte 8 cell sorter, Merck Millipore, 

Burlington, USA) and FlowJo software v10 (BD Biosciences, Haryana, India). Each experiment 

was repeated three times independently. 

6.2.5. Colony formation assay 

Cells were plated onto 6-well plates (500 cells/well) and allowed to attach overnight in a fresh 

medium. Next, the cells were pretreated with a 1% (v/v) DMSO solution of the examined 

compound for 24 h. Then, they were washed and cultured for an additional 9 days. After 

incubation, the cells were washed twice with PBS, fixed with 100% methanol for 30 min, and 

stained with 0.5% crystal violet for 15 min. The colonies were photographed and analysed  

by ImageJ 1.53n software (National Institutes of Health, Bethesda, USA) as previously 

described.365 

6.2.6. Apoptosis and caspase 3/7 assay 

Cells were plated onto tissue culture plates and allowed to attach overnight. Next, cells were 

treated with compounds at IC90 concentration or 1% (v/v) DMSO for 24, 48, and 72 h. After  

the indicated time, cells were collected by trypsinization, washed twice with PBS, followed by 

incubation with Annexin V FITC conjugate (#A13199; Thermo Fisher Scientific) for apoptosis 

assay and with CellEvent™ Caspase-3/7 Green Flow Cytometry Assay Kit (#C10427; Thermo 

Fisher Scientific) for caspase-3/7 activation according to the manufacturer’s protocols.  

The analysis was performed by flow cytometry (Guava EasyCyte 8 cell sorter, Merck Millipore) 

and FlowJo software v10. Each experiment was repeated three times independently. 

6.2.7. Calcium efflux assay 

Cells were plated onto tissue culture plates and allowed to attach overnight. Day after, cells 

were treated with 1% (v/v) DMSO, test compounds, or MTX at IC90 concentration for 24 and 48 

h. Next, cells were stained with 1 µM Fluo-4 AM (#F14201; Thermo Fisher Scientific) for 60 min 

at 37ºC and washed in Hank's Balanced Salt Solution (Thermo Fisher Scientific) for 30 min. After, 

cells were collected by trypsinization and analysed using flow cytometry (Guava EasyCyte 8 cell 
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sorter, Merck Millipore) and FlowJo software v10. Each experiment was repeated three times 

independently. 

6.2.8. Quantification of lysosomal and mitochondrial cellular content 

Lysosomal and mitochondrial labelling was performed according to the manufacturer’s 

instructions. Briefly, after overnight attachment, cells were treated with compounds at IC90 

concentration or 1% (v/v) DMSO for 6, 24, and 48 h at 37°C. Thereafter, cells were stained with 

75 nM LysoTracker Red DND-99 (#L7528; Thermo Fisher Scientific) and 100 nM Mitotracker 

Green FM probe (#M7514; Thermo Fisher Scientific) 30 min before the end of incubation, 

followed by collection by trypsinization. The analysis was performed by flow cytometry (Guava 

EasyCyte 8 cell sorter, Merck Millipore) and FlowJo software v10. Each experiment was repeated 

three times independently. 

6.2.9. Live cell imaging 

For the analysis of mitochondrial morphology, cells were grown on a covered glass-bottomed 

12-well plate and allowed to attach overnight. On the next day, cells were exposed for 6 h to the 

tested compounds at their IC90 concentration or to 1% (v/v) DMSO. Then, mitochondrial labelling 

was performed by incubating the cells with 100 nM MitoTracker Green FM probe (#M7514; 

Thermo Fisher Scientific) and 1 µg/ml Hoechst 33342 (Thermo Fisher Scientific) for 15 min, 

according to the manufacturer’s instructions. After staining, the cells were suspended in a fresh 

growth medium. Images were acquired with an LSM 800 inverted laser scanning confocal 

microscope (Carl Zeiss, Jena, German), equipped with an Airyscan detector for high-resolution 

confocal scanning using a ×63 1.4 NA Plan Apochromat objective (Carl Zeiss). Cells were 

incubated in an incubation chamber at 37°C with 5% CO2. During imaging, the parameters  

of laser intensity, exposure times, gain settings, and so on were kept constant for both compound-

treated and DMSO-treated cells.  

6.2.10. Mitochondrial morphometric analyses 

Analysis of mitochondrial circularity was performed using the mitochondrial morphology 

plugin of ImageJ (NIH) developed by Dagda et al.366 The mitochondrial length was analysed with 

a macro developed by Merrill et al.367 Data were obtained in at least n=15 randomly selected 

locations on the slide. 

6.2.11. β-Galactosidase in situ assay for cellular senescence  

The β-Galactosidase assay was performed according to the protocol established by Dimri et 

al. with slight modification.368 Briefly, cells were treated with 1% (v/v) DMSO or test compounds 

for 72 h at 37°C and 5% CO2. The medium was changed to fresh, and cells were cultivated for 

an additional 48 h. Next, cells were washed twice with PBS and fixed with 2% formaldehyde and 

0.2% glutaraldehyde for 5 min in RT. Then, cells were washed twice with PBS and incubated with 

β-Gal staining buffer (5 mM Potassium Ferricyanide [Thermo Fisher Scientific], 5 mM Potassium 
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Ferrocyanide [Thermo Fisher Scientific], 2 mM MgCl2, 6 M NaCl, 1 mg/ml X-Gal in citrate/sodium 

phosphate buffer 40 mM pH 6) for 16 h in 37°C without CO2. After staining, cells were washed 

with citric acid and phosphate buffer (40 mM, pH 4). The slides were washed twice in PBS and 

mounted in a mounting medium (90% glycerol, 2.5 mg 1,4-diazabicyclo[2.2.2]octane [DABCO]). 

Images were acquired with a fluorescence microscope (Olympus BX60; Tokyo, Japan) with an 

appropriate filter. 

6.2.12. Intracellular ROS measurement 

Cells were plated onto tissue culture plates and allowed to attach overnight. Day after, cells 

were treated with compounds at IC90 concentration, 1% (v/v) DMSO, or 250 µM H2O2 for the 

indicated time. In the case of carbazole derivatives, the effect of combination treatment with 2 mM 

NAC was also studied. Before 30 min the end of treatment, cells were stained with 1 µM CM-

H2DCFDA (#C6827; Thermo Fisher Scientific). Next, cells were detached by trypsinization and 

stained with 10 µg/ml 7-Aminoactinomycin D (7-AAD; Thermo Fisher Scientific). The analysis was 

performed by flow cytometry (Guava EasyCyte 8 cell sorter, Merck Millipore) and FlowJo software 

v10. Each experiment was repeated three times independently. 

6.2.13. H2AX phosphorylation assay 

Cells were plated onto tissue culture plates and allowed to attach overnight. Day after,  

all cells were treated with 10 µM of compounds or 1% (v/v) DMSO for 24, 48, and 72 h. After 

incubation, the cells were collected by trypsinization, fixed in ice-cold 75% ethanol, and stored 

at −20°C until analysis. Next, cells were rehydrated with PBS in ice for 10 min, followed by 

permeabilization in 0.2% Triton X-100 in PBS for 5 min at room temperature. After centrifugation, 

cells were washed with 1% BSA in PBS and incubated with Alexa Fluor™ 488-conjugated mouse 

anti-γH2AX (Ser139) antibody (1:100 dilution; #613406; BioLegend, San Diego, USA) for 1.5 h  

in 37oC. Samples were washed with 1% BSA in PBS and stained with 20 μg/μl propidium iodide 

and 50 μg/μl RNaseA in PBS for 30 min at room temperature. The analysis was performed by 

flow cytometry (Guava EasyCyte 8 cell sorter, Merck Millipore) and FlowJo software v10. Each 

experiment was repeated three times independently. 

6.2.14. Immunofluorescence 

Cells (2x105) were seeded onto tissue culture plates with a glass slide to attach overnight. 

Day after, cells were exposed to tested compounds at their IC90 concentration or 1% (v/v) DMSO 

for the indicated time. The cells were washed in PBS and fixed for 15 min at RT with 4% (w/v) 

paraformaldehyde (PFA) in PBS, and permeabilized for 15 min in 0.25% Triton X-100 in PBS. 

Next, cells were blocked with 3% BSA in PBS-T (PBS with 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. The cells were 

washed three times with PBS-T followed by incubation with appropriate peroxidase-conjugated 

secondary antibodies for 1 h in a humidified chamber at 37oC. The cells were washed three times 
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for 10 min with PBS-T, stained with 0.25 µg/ml DAPI for 15 min, and mounted onto slides with 

PBS-glycerol (90%) containing 2.5% (w/v) DABCO. Images were acquired with an LSM 800 

inverted laser scanning confocal microscope (Carl Zeiss) with an airyscan detector using a ×63 

1.4 NA Plan Apochromat objective (Carl Zeiss). Confocal images were acquired with the 

parameters (laser intensity, exposure times, gain settings, etc.) kept constant for both cells treated 

with compounds and cells treated with DMSO. All used antibodies are presented in Table 7. 

Correlations of overlapping pixel intensities were calculated using thresholded MCC and PCC 

from Z-stack images. Data were obtained in at least n=15 randomly selected locations on the 

slide The scatter plots and coefficients were analysed using the JACoP plugin under ImageJ  

as previously described.369 

6.2.15. Combined immunofluorescence and telomere FISH  

After immunofluorescence, cells were fixed with 4% PFA in PBS for 15 min and washed twice 

with PBS. FISH was performed as described by Cesare et al.370 Briefly, coverslips were 

dehydrated with a series of ethanol solutions, denatured for 5 min at 80°C, and hybridized with 

0.3 µg/ml Alexa Fluor 647-labelled CCCTAA PNA probe (Panagene Inc, Daejeon, South Korea) 

overnight at RT. Then, coverslips were washed, dehydrated, mounted onto slides with PBS-

glycerol (90%) containing 2.5% (w/v) DABCO, and stained with 0.25 µg/ml DAPI. Cells were 

visualized and analysed as described for immunofluorescence. 

6.2.16. Western blot 

Cells (1.5x106) were seeded onto tissue culture plates to attach overnight. Day after, cells 

were treated with compounds at their IC90 concentration for 24, 48, and 72 h. The cells treated 

with 1% (v/v) DMSO served as the negative control. The total protein content was extracted from 

the cells using the NP-40 cell lysis buffer (10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 mM MgCl2, 

0.5% Nonidet P-40, cOmplete Mini EDTA-free Protease Inhibitor Cocktail). Protein concentration 

was determined using the DC Protein Assay Kit (Bio-Rad), and the samples were stored at -80ºC 

until analyses. Then, 30 µg of protein extract was separated by 4-15% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis, followed by separated by transfer onto microporous 

polyvinylidene difluoride membranes (Bio-Rad). The membranes were blocked with 5% (w/v) non-

fat dry milk or bovine serum albumin in TBST buffer (0.2 M Tris-base, 0.137 M NaCl, 0.1% Tween 

20) for 1 h at RT, and incubated overnight with primary antibodies at 4°C. The membranes were 

washed three times with TBST, incubated with appropriate peroxidase-conjugated secondary 

antibodies for 1 h at RT, and again washed. Proteins were detected by an enhanced 

chemiluminescence detection reagent kit (Thermo Fisher Scientific) and a ChemiDoc XRS+ 

Imaging System (Bio-Rad). The band intensity was measured using Image Lab 5.2 software (Bio-

Rad). All used antibodies are presented in Table 6. 
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6.2.17. Genotoxic activity (comet assay) 

The genotoxic properties of anthraquinone derivatives were studied using the comet assay. 

Briefly, 2x105 A549 cells were seeded in 24-well plates and incubated to attach overnight.  

The next day, cells were treated with test compounds at IC90 concentration for 24 h. For reference, 

450 μM H2O2 and 1% (v/v) DMSO were used. After exposure, cells were collected by 

trypsinization and centrifugation (1000 rpm, 5 min, 4°C). Then, cells were washed in ice-cold PBS 

and centrifuged again. Cells were mixed in equal volumes with 1% (w/v) LMP agarose and placed 

on microscope slides pre-coated with NMP agarose 1% (w/v) in distilled water, followed by closing 

with a coverslip and allowed to solidify on ice for 10 min. The coverslips were carefully removed, 

and the slides were placed in lysis buffer (3 mM NaCl, 0.127 mM EDTA, 3 mM NaCl, 10 mM 

Trizma-Base, 1% Triton X-100, pH 10) for 24 h at 4°C. Then, slides were transferred to the 

electrophoresis apparatus (Bio-Rad) filled with ice-cold electrophoretic buffer (300 mM NaOH,  

1 mM Na2EDTA, pH>13). The slides were allowed to stay in the alkaline buffer for 20 min in the 

dark, followed by electrophoresis (300 mA, 26 V, 30 min, 4°C). After separation, slides were 

washed twice with neutralizing buffer for 5 min at 4°C. Then, slides were air-dried and stained 

with Sybr Green (Thermo Fisher Scientific) for 30 min at 4°C. Comets were analysed using  

a fluorescence microscope (Carl Zeiss, Dresden, Germany) equipped with Metafer4® software 

(Carl Zeiss). The results are presented as the mean±SEM of the percentage of DNA in the tail 

calculated in 200 comets per gel.  

6.2.18. FRET 

The initial DNA melting screen was performed using a dual-labelled G4-forming sequence 

from the human telomere (5′-FAM-[GGG-TTA-GGG-TTA-GGG-TTA-GGG]-TAMRA-3′) 

(Genomed), which forms a well-characterized parallel stranded G-4 structure. The oligonucleotide 

was prepared as a 400 nM solution in 10 mM sodium cacodylate buffer (pH 7.2) with 90 mM NaCl 

and 10 mM KCl, and the solution was thermally annealed by heating at 95°C for 5 min and allowed 

to cool overnight to RT. On the next day, equal volumes of the probe were added to the compound 

solutions in DMSO, to achieve the following relative compound:probe ratios: 10:1, 5:1, 2:1, 1:1, 

and 0.5:1. The solutions were distributed in 96-well plates (Roche Life Science, Penzberg, 

Germany) to obtain a total reaction volume of 20 μl. A probe solution containing 0.5% DMSO was 

used as a negative control. Measurements were carried out in triplicate using a LightCycler 480 

thermocycler (Roche Life Science) with a filter setting of 465 nm/510 nm at a range of 30–95°C 

with a rate of 0.01°C/s. Melting points were determined using GraphPad Prism software and the 

Hill model with a variable coefficient. 

6.2.19. CETSA 

CETSA was performed as described by Jafari et al.371 Briefly, cells were cultured in 10020 

mm tissue culture dishes until they reached 80% confluence, and treated with 1% (v/v) DMSO  

or 15 µM TXT4 for 6 h. After exposure to the compounds, cells were harvested by scraping, 
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collected by centrifugation at 20,000 g for 10 min at 4°C, and then resuspended in PBS. The cell 

suspension was aliquoted in PCR tubes and heated in a thermal cycler for 3 min at 57–80°C. 

Subsequently, cells were lysed by repeated freeze-thaw cycles using liquid nitrogen and a heating 

block set at 25°C. The soluble protein fraction was separated by centrifugation at 20,000 g for 20 

min at 4°C and subjected to Western blot analysis. 

6.2.20. DNA extraction 

Genomic DNA was isolated using a Genomic Mini kit (116-250; A&A Biotechnology, Gdansk, 

Poland) according to manufacturer instructions. DNA concentration was measured  

by absorbance at 260 nm using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher 

Scientific). The ratio of absorbance at 260 and 280 nm (A260/280) was used to assess the purity 

of DNA. A ratio of ~1.8 was considered pure. 

6.2.21. RNA extraction 

Cells (1.5x106) were seeded onto tissue culture plates to attach overnight. After 24 h cells 

were exposed to test, reference compounds, or 1% (v/v) DMSO for the indicated time. After 

treatment, cells were washed twice with PBS, lysed with TRIzol Reagent (Thermo Fisher 

Scientific), and stored until analyses at −80°C. Total RNA was isolated using the Total RNA 

ZolOut kit (043-100; A&A Biotechnology) according to manufacturer instructions. RNA 

concentration was measured by absorbance at 260 nm using a NanoDrop ND-1000 

spectrophotometer (Thermo Fisher Scientific). The ratio of absorbance at 260 and 280 nm 

(A260/280) was used to assess the purity of RNA. A ratio of ~2.0 was considered pure. 

6.2.22. Analysis expression of hTERT by RT-PCR 

First-strand cDNA was synthesized using a PrimeScript RT reagent kit with a gDNA eraser 

(#RR047B, TaKaRa), obtaining a concentration of 50 μg/μl. Reaction parameters were as follows: 

genomic DNA elimination at 42°C for 2 min, cDNA synthesis at 37°C for 15 min, and 85°C for  

5 s. qPCR reaction was prepared by TB Green Premix Ex Taq (#RR82WR; TaKaRa) and detected 

using Light Cycler 480 (Roche Life Science). The following thermal profile was applied: 1 cycle at 

95°C for 30 sec, 45 cycles at 95°C for 5 s, 60°C for 60 s, and 96°C for 5 s. Melting curve analysis 

was performed ramping from 60°C to 95°C and rising by 0.5°C every 2 s. The primer sequences 

for RT-PCR analysis are listed in Table 8. Analysis of relative gene expression was calculated  

in terms of fold induction concerning the DMSO-treated cells using the comparative method308.  

All experiments were conducted in triplicate. 

6.2.23. Wound healing migration assay 

Antimigratory properties of TXT2 and TXT4 were investigated by wound healing assay. A549, 

H226, and H460 cell lines were plated into an Ibidi-silicone insert on a glass-bottom 24-well plate 

for live-cell imaging and incubated overnight. The next day, inserts were dislodged, and the cells 

were washed twice with a fresh medium. To prevent cell proliferation, cells were preincubated 
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with 10 µg/ml mitomycin C for 1 h308. Then, cells were washed twice with a fresh medium, exposed 

to various concentrations of compounds, and placed into an imaging chamber (cellVivo incubation 

system; Olympus, Japan) maintained at 37°C with 5 % CO2 for incubation. Concentrations  

of compounds were chosen according to experimental data, which showed that these 

concentrations have no cytotoxic effect on cells in this particular cell density. Monitoring the 

migration of the cells was performed using live-cell microscopy with time-lapse photography. 

Images were taken every 15 min for 48 h under ×10 magnification acquired using a phase-

contrast fluorescence microscope (IX83 Inverted Microscope; Olympus) connected to an XC50 

digital colour camera (Olympus). Using cellSens software (Olympus), the images were combined 

to generate a video. The gap area was measured using ImageJ software. 

6.2.24. HPLC-MS analysis 

TXT4 concentration was quantified using an LC-DAD-MS system equipped with a degasser, 

a binary pump, an auto-sampler, a thermostatic column compartment combined with a diode array 

detector (1200 Series), and an MS detector with an electrospray source and quadrupole analyzer 

(1260 Infinity II and 6470 Triple Quad LC/MS, Agilent Technologies, Waldbronn, Germany). 

Analyses were performed on a Zorbax Eclipse XDB-C18 column with a standard dimension  

of 250 mm × 4.6 mm containing 5 μm particles (Agilent Technologies). The mobile phase 

comprised 0.05 M HCOONH4 (a) and acetonitrile (b). All samples were analysed using a gradient 

presented in Table 10. The rate of flow of the mobile phase was 1.0 mL min−1. TXT4 was detected 

at 254 nm with the column temperature set at 25°C. The injection volume of samples was 10 μL.  

The electrospray source was set up on a positive mode with followed interface conditions: 

gas temperature 300°C with a flow of 5 l/min, sheath gas temperature 250°C with a flow of 11 

l/min, the capillary voltage of 3500 V, and nebulizer 45 psi. The MS spectra were collected in  

a scanning mode (MS2 SCAN) in the range of 150–1500 (m/z). Quantitative analysis was 

performed using MassHunter Qualitative Analysis B.07.00 (Agilent Technologies). 

Table 10 Mobile phase composition 

t [min] 0 15 17 17.5 23 

%B 50 100 100 50 50 

 

6.2.25. TXT4 accumulation studies 

Cellular accumulation of TXT4 was determined by incubation of 1 x 106 cells in a 100 mm2 

Petri dish in a complete growth medium at 37°C. HL-60 and HL-60/VINC cell lines were incubated 

at their IC50 values of TXT4. Cells were treated for 15, 30, 45, and 60 min, and collected by 

centrifugation (200 × g, 5 min, 4°C). Then, HL-60 and HL-60/VINC cells were washed in ice-cold 

PBS or PBS with 1 µM valspodar (PSC 833) respectively. Valspodar is a selective P-glycoprotein 

inhibitor and was used to prevent the efflux of TXT4 from cells307. Next, cells were resuspended 

in acetonitrile and filtered through a PTFE membrane, and the cell-associated drug 
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concentrations were determined by high-performance liquid chromatography coupled with mass 

spectrometry (HPLC-MS). The solvent used as a mobile phase in HPLC-MS analysis and 

extraction of the compound from cells was selected experimentally. 

6.2.26. TXT4 efflux studies 

Cells were incubated with TXT4 for 1 h as described in the drug accumulation section. After 

treatment cells were washed in PBS, the medium containing compound was changed, and the 

cells were cultured for an additional 15, 30, 60, 90, and 120 min at 37°C. At the end of each 

period, cells were washed as previously described. The efflux of TXT4 at each time point was 

determined in the section on TXT4 accumulation. 

6.2.27. Impact of long-term treatment of TXT4 

A549 cells were cultivated with TXT4 (4 µM) or an equivalent volume of DMSO (1% v/v) for 

164 days. Cells were counted and passages every week, followed by adding compounds after 

cell attachment (the day after). Periodically, the cell pellet was collected by trypsinization, snap 

frozen, and stored at -80°C until analysis. At the indicated time, cells were analysed in colony 

formation assay, flow cytometry, and live cell imaging (wound healing assay), as described above. 

6.2.28. Quantification of relative telomere length by real-time PCR 

Cells were cultivated with 4 µM of compound TXT4 for 72 h for 164 days. The compound 

was added twice per week, and cells were passaged once per week. Every week, cells were 

counted and collected by trypsinization. The cell pellet was washed twice with PBS and stored 

until analysis at −80°C. Then genomic DNA (gDNA) was isolated using the Genomic Midi AX kit 

(895-20; A&A Biotechnology) according to manufacturer instructions. DNA concentration was 

measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific). The ratio 

of absorbance at 260 and 280 nm (A260/280) was used to assess the purity of DNA. A ratio of 

~1.8 was considered pure. Next, qPCR was performed according to Vasilishina et al.372 Briefly, 

each 10 µl qPCR consisted of 2× Maxima SYBR Green qPCR Master Mix (Thermo Fisher 

Scientific), 10 ng gDNA, and primer sets (1 μM TEL/1 μM IFNB1). The IFNB1 9 (gene coding 

interferon beta 1) gene is located on chromosome 9 and is represented by a single copy in the 

haploid genome. The primer sequences for RT-PCR analysis are listed in Table 8. qPCR reaction 

was prepared with Light Cycler 480 (Roche Life Science) using the following cycling conditions: 

10 min at 95°C, 35 cycles at 95°C for 15 s, and 60°C for 1 min. Analysis of relative telomere 

length was calculated in terms of fold induction concerning the DMSO-treated cells using the 

comparative method.373 

6.2.29. Universal tyrosine kinase assay  

The activity of PTK was measured in A549 cell extract using Universal Tyrosine Kinase Assay 

Kit (#MK410; TaKaRa, Shiga, Japan), according to the manufacturer’s instructions. Briefly, A549 

cells were collected with extraction buffer and centrifuged (10000 g, 10 min, 4°C). Then, each 
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sample was mixed with 40 mM ATP-2Na solution and incubated for 30 min at 37°C. Then the 

sample solution was removed, washed four times with washing solution, and blocked with 

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. Wells were washed four times and incubated 

with HRP substrate solution for 20 min at 37°C, followed by stopping the reaction with a stop 

solution. Then the absorbance at 450 nm was measured with an ASYS UVM340 microplate 

reader (Biochrom Ltd.). The activity of PTK was calculated using the PTK standard curve supplied 

by the kit. 

6.2.30. Phospho-flow cytometry 

Cells were plated onto tissue culture plates and allowed to attach overnight. The complete 

medium was then changed to medium with 1% FBS for 12 h prior to stimulation. Next, cells were 

pretreated with compounds for 45 min, washed, and treated with compounds in 20% FBS for an 

additional 75 min. Cells were then scrapped in 1 mM EDTA in PBS, washed 2-3 times with PBS, 

and collected by centrifugation (1100 rpm, 5 min, 4°C). Cells were fixed with 4% PFA in PBS for 

15 min at 4°C and centrifuged (1100 rpm, 5 min, 4°C). After fixation, cells were permeabilized by 

slowly adding 4.5 ml ice-cold 100% methanol to pre-chilled cells in 0.5 ml PBS, with gentle 

vortexing, to a final concentration of 90% methanol. Samples were incubated for 45 min on ice. 

Cells were then washed with incubation buffer (0.5 % BSA in PBS), centrifuged (1100 rpm, 5 min, 

4°C), and blocked-in blocking buffer at RT for 30 min. Next, cells were incubated with anti-p-Tyr-

100 (1:1500 dilution; #9411; Cell Signalling, Danvers, USA) or IgG Isotype control (1 ug/ml 

dilution; ab37355; Abcam, Cambridge, UK) antibodies 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, cells were washed twice 

with PBS-T and stained with 7-AAD and RNase A (50 µg/ml) in the dark at RT for 15 min. The 

analysis was performed by flow cytometry (Guava EasyCyte 8 cell sorter, Merck Millipore) and 

FlowJo software v10. Each experiment was repeated independently three times. 

6.2.31. RTK phosphorylation array 

A549 cells were serum-starved for 12 h, followed by treatment with 20 µM of compounds  

for 45 min, washing, and additional treatment in 20% FBS for 75 min. Then cells were harvested 

using lysis buffer and analysed using RayBio Human Phospho Array Kit (#AAH-PRTK-1-4; 

RayBiotech, Inc, Seoul, Korea) according to the manufacturer’s instructions. Briefly, RTK array 

membranes were blocked with a blocking Cocktail buffer for 1 h, followed by incubation with  

300 µg of protein from experimental samples for 5 h. After extensive washes, membranes were 

incubated with biotinylated antibodies overnight at 4°C. Then, membranes were washed and 

incubated with HRP-conjugated streptavidin for 2 h in RT. The unbound HRP antibody was 

washed out, and each membrane array was detected by chemiluminescence using ChemiDoc 

Imaging System (Bio-Rad). Signal intensities were measured using densitometric analysis with 

ImageLab and normalized using positive control spotted on the membrane.  
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6.2.32. DNA unwinding assay 

DNA unwinding assay was performed according to the manufacturer’s instructions 

(#DUKSR002; Inspiralis, Norwich, UK). Briefly, the reaction was initiated by the addition of 1 U 

wheat germ topoisomerase I to a mixture containing buffer, test compounds, and relaxed plasmid 

pBR322. After 30 min of incubation at 37°C, the reaction was terminated by adding 50 µl  

of butanol and 20 µl of water. The aqueous layer was mixed with chloroform/isoamyl alcohol 

(24:1) and loading buffer (#B7024S; New England BioLabs, Ipswich, USA). Mixtures were loaded 

onto 1% (w/v) agarose gel and subjected to electrophoresis in 1xTBE at 30 V for 12 h. Gels were 

stained with ethidium bromide (1 µg/ml) for 15 min, followed by destained in 1 mM MgSO4  

for 15 min, and visualized by ChemiDoc Imaging System (Bio-Rad). 

6.2.33. Human topoisomerase I relaxation assay 

The human topoisomerase I relaxation assay was performed according to the manufacturer’s 

instructions (#HTRS1; Inspiralis). Briefly, the reaction was initiated by the addition of 1 U human 

topoisomerase I to a mixture containing buffer, test compounds, and supercoiled plasmid 

pBR322. After 30 min of incubation at 37°C, the reaction was stopped by adding 50 µl of butanol 

and 20 µl of water, and the procedure was continued as in 6.2.32. 

6.2.34. Determination of the role of ROS in carbazole derivatives-related cell 

death 

HCT116 and U2OS cells were plated onto tissue culture plates and allowed to attach 

overnight. Next, cells were treated in various combinations of compounds at IC90 concentration, 

70 µM CQ, and 2 mM NAC for 6, 24, and 48 h. After the indicated time, cells were maintained  

as described in chapters 6.2.6 and 6.2.13. 

6.2.35. Statistical analyses 

Statistical analyses were performed using GraphPad Prism 9 software. Data were obtained 

from at least three independent experiments and are presented as mean±SEM or mean±s.d. 

Statistical significance was calculated in comparison to the DMSO-treated control (1% v/v) using 

one-way or two-way ANOVA (post hoc Dunnet’s test). 
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fluorescence microscopy (together with Olszewski M.) 

- Analyse of cell senescence by flow cytometry  

- Colony formation assay (together with Olszewski M.) 

- Analyse of antimigratory properties by wound healing assay 

- Immunofluorescence microscopy for actin, and γH2AX 

- Analysis of mitochondrial morphology by confocal live cell-

imaging 
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- Detection of SA-β-Gal, as a marker of cell senescence (together 

with Olszewski M.) 

 

Experiment Execution I have executed the following experiments: 

- Antimicrobial susceptibility test (together with Olszewski M.) 

- Cell viability assay for A549, U2OS, and HEK293 cells using MTT 

assay  

- Flow cytometry analyses of the cell cycle with propidium iodide 

(PI) staining (together with Olszewski M.) 

- Flow cytometry analyses of γH2AX as DNA damage marker 

(together with Olszewski M.) 

- Flow cytometry analyses of reactive oxygen species generation 

(together with Olszewski M.) 

- Apoptosis and caspase 3/7 assay using flow cytometry and 

fluorescence microscopy (together with Olszewski M.) 

- Detection of cell senescence by flow cytometry  

- Colony formation assay 

- Wound healing assay 

- Immunofluorescence microscopy for actin, and γH2AX 

- Analysis of mitochondrial morphology by confocal live cell-

imaging 

- Intracellular compartmentalization of compounds in lipid droplets 

by confocal live cell-imaging 

- Analysis of mitochondrial membrane potential by confocal live 

cell-imaging 

- Detection of SA-β-Gal as a marker of cell senescence (together 

with Olszewski M.) 

Experiment Interpretation I have interpreted the following experiments: 

- Antimicrobial susceptibility test (together with Olszewski M.) 

- Cell viability assay using MTT assay (together with Olszewski M.) 

- Flow cytometry analyses of γH2AX as DNA damage marker 

(together with Olszewski M.) 

- Flow cytometry analyses of reactive oxygen species generation  

- Apoptosis and caspase 3/7 assay using flow cytometry and 

fluorescence microscopy  

- Analyse cell senescence by flow cytometry  

- Colony formation assay 

- Analyse of antimigratory properties by wound healing assay 

- Immunofluorescence microscopy for actin, and γH2AX 

- Analysis of mitochondrial morphology by confocal live cell-

imaging 

- Analysis of intracellular compartmentalization in lipid droplets by 

confocal live cell-imaging 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

159 

 

- Analysis of mitochondrial membrane potential by confocal live 

cell-imaging 

- Detection of SA-β-Gal, as a marker of cell senescence  

Writing I have written the following chapters (with English corrections and 

contributions from Bagiński M., Olszewski, M.): 

- Abstract (together with Makowiec M.) 

- Effects of carbazole derivatives on the viability of the panel of 

human cell lines 

- Effects of new carbazole derivatives on cell cycle distribution 

- Selective accumulation of 5aa and 8 in cancer cell LDs revealed 

by intrinsic fluorescence 

- Antimigratory properties 

- Apoptosis 

- Effect of carbazole analogs on mitochondrial ROS generation 

- Changes in mitochondrial morphology in HCT-116 cell line after 

treatment with 5aa and 8 

- Oxidative DNA damage 

- Induction of cell senescence 

- Conclusion (together with Makowiec M.) 

- Methods 

Figures Prepared I have prepared the following figures: 

- Figure 2. Effects of the carbazole derivatives on the viability of A-

549, U-2 OS, HCT-116, Hep-G2, MCF-7, and HEK-293 cells after 

treatment for 72 h. 

- Figure 5 Colocalization analyses. 

- Figure 6 Analysis of cell migration by in vitro wound healing 

assay. 

- Figure 7 Apoptosis assay. 

- Figure 8 Flow cytometric analyses of ROS induction in HCT-116 

(A) and U-2 OS (B) cells after 1, 3, 6, and 24 h of treatment with 

compounds 8 and 5aa, using H2DCFDA probe. 

- Figure 9 Analysis of ΔΨm. JC-1 staining images of HCT-116 (A) 

and U-2 OS (D) cells acquired after 6 and 24 h of treatment with 

5aa and 8 (together with Olszewski, M.) 

- Figure 10 Quantitative mitochondrial morphometric analyses. 

- Figure 11 Representative microscopy images presenting 

immuno-fluorescence in HCT-116 (A) and U-2 OS (B) cells 

indicating the formation of γ-H2AX foci and changes in 

microtubule structure upon treatment with 5aa and 8 (24, 48, and 

72 h. (together with Olszewski M.) 

- Figure 12 SA-β-Gal staining 

- Figure S1 Colocalization analyses 

- Figure S2 Apoptosis assay 
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- Figure S3 Flow cytometric analyses of ROS induction in HCT-

116 cells after pre-treated with N-acetyl-L-cysteine (NAC). 

- Figure S4 Quantitation of flow cytometric analysis of ROS 

induction in HCT-116 cells 

- Figure S5 Flow cytometric analyses of ROS induction in U-2 OS 

cells after pre-treated with N-acetyl-L-cysteine (NAC). 

- Figure S6 Quantitation of flow cytometric analysis of ROS 

induction in U-2 OS cells. 

- Figure S7 SA-β-Gal staining 

Tables Prepared - Table S1 Antifungal and antibacterial activities of compounds 

defined as MIC [μM]. 

Literature Studies  

and References 

I have prepared and compiled literature and references for this manuscript, 

besides the introduction part. 

 

8.2. Project III - Novel chalcone-derived pyrazoles as potential therapeutic agents for 

the treatment of non-small cell lung cancer 

Conceptualization: Natalia Maciejewska 

Methodology: Natalia Maciejewska; Mateusz Olszewski; Jakub Jurasz (molecular modeling); 

Marcin Serocki; Maria Dzierzynska & Katarzyna Cekala (compound synthesis) 

Validation: Natalia Maciejewska  

Formal analysis: Natalia Maciejewska; Mateusz Olszewski; Jakub Jurasz (molecular modeling) 

Writing—original draft preparation: Natalia Maciejewska; Mateusz Olszewski (editing); Jakub 

Jurasz (molecular modeling); Maria Dzierzynska (results: Design of compounds, methods: 

Synthesis of the designed compounds, General procedure for the synthesis of chalcones, 

General procedure for the synthesis of chalcone-derived pyrazoles) 

Graphical conceptualization: Natalia Maciejewska 

Writing—review and editing: Natalia Maciejewska; Ewa Wieczerzak; Maciej Baginski  

The extended list of authors’ contribution 

Part Contribution 

Publication Design I have designed the outline of the manuscript. 

Experimental Conception 

and Planning 

I have planned the following experiments: 

- Cell viability assay using MTT assay (together with Olszewski 

M.) 

- Colony formation assay 

- Morphology assessment 

- Flow cytometry analyses of the cell cycle with propidium iodide 

(PI) staining 
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- Immunofluorescence microscopy for tubulin, and aurora B 

- Apoptosis and caspase 3/7 assay using flow cytometry and 

fluorescence microscopy 

- Analysis apoptotic and EMT-related proteins by Western blot 

- Analyse anti-migratory properties by wound healing assay 

- Flow cytometry analyses of reactive oxygen species generation  

Experiment Execution I have executed the following experiments: 

- Cell viability assay using MTT assay  

- Colony formation assay 

- Morphology assessment 

 - Flow cytometry analyses of the cell cycle with propidium iodide 

(PI) staining (together with Olszewski M.) 

- Immunofluorescence microscopy for tubulin, and aurora B 

- Apoptosis and caspase 3/7 assay using flow cytometry and 

fluorescence microscopy (together with Olszewski M.) 

- Analysis apoptotic and EMT-related proteins by Western blot 

- Analyse anti-migratory properties by wound healing assay 

- Flow cytometry analyses of reactive oxygen species generation 

Experiment Interpretation I have interpreted the following experiments: 

- Cell viability assay using MTT assay  

- Colony formation assay 

- Morphology assessment 

- Flow cytometry analyses of the cell cycle with propidium iodide 

(PI) staining 

- Immunofluorescence microscopy for tubulin, and aurora B 

- Apoptosis and caspase 3/7 assay using flow cytometry and 

fluorescence microscopy (together with Olszewski M.) 

- HTS-tubulin polymerization assay  

- Analysis apoptotic and EMT-related proteins by Western blot 

- Analyse anti-migratory properties by wound healing assay 

- Flow cytometry analysis of reactive oxygen species generation  

Writing I have written the following chapters: 

- Abstract 

- Introduction 

- PCH-1 compound shows the potent cytotoxic effect towards 

NSCLC and non-toxic to normal cells 

- PCH-1 arrest cells in G2/M checkpoint 

- PCH-1 disrupt microtubule assembly 

- PCH-1 induce caspase-dependent apoptotic cell death 

- PCH-1 deregulates several apoptotic and EMT-related proteins 

- PCH-1 induce intracellular oxidative stress 

- Discussion 

- Methods 
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Figures Prepared I have prepared the following figures: 

- Figure 2 (a) Effect of compound PCH-1 on cell viability after 72 

h incubation with compound (b) Representative photos of the 

colony formation assay are presented on the left panel and its 

quantification is depicted on the right panel. 

- Figure 3 cell cycle analyses of A-549, H226, and H460 cells 

after PCH-1 treatment. (together with Olszewski M.) 

- Figure 4 (a) Kinetic curves of a 120-min kinetic reaction of 

tubulin polymerization. Representative microscopy images (b–

j) presenting immunofluorescence of microtubule assembly and 

Aurora B in A-549 cells after 6 h of treatment. 

- Figure 5 Representative microscopy images presenting 

immunofluorescence of microtubule assembly and Aurora B in 

A-549 cells at 6, and 24 h of treatment with PCH-1. 

- Figure 6 western blotting analyses showing the effects of PCH-

1 on the expression of apoptotic, and EMT-related proteins in 

the A-549 cell line. 

- Figure 7 Analysis of cell migration by in vitro wound healing 

assay. 

- Figure 9 Molecular mechanism of action PCH-1 compound 

against lung cancer cells. 

- Figure S1 Flow cytometric analysis of A-549, H226, and H460 

cells after Alexa Fluor 488 Annexin V /PI staining. 

- Figure S2 Fluorescence images of A-549, H226, and H460 

cells at 6, 24, and 48 h of treatment with PCH-1 or DMSO. 

- Figure S3 Flow cytometric analyses of caspase-3/7 activation 

in A-549, H226, and H460 cell lines at 6, 24, and 48 h of 

treatment. 

- Figure S4 (a-c) Full length western blot presented in Figure 6 

of the main article. Red boxes denote the cropped regions of the 

blots. 

- Figure S4 d Representative images of a nitrocellulose 

membranes stained with Ponceau S dye for protein detection 

during western blot. 

- Figure S5 Analysis of TGF-β1 stimulated and unstimulated A-

549 cell migration after treatment with PCH-1 by in vitro wound 

healing assay presented as time-lapse microscopy images after 

culture insert removal. 

- Figure S6 Flow cytometry analyses of ROS level at 3, 6, and 24 

h of treatment A-549 cells with PCH-1. 

Tables Prepared - Table 1 Chemical structures of approved and clinically tested 

chalcones. 
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- Table 3 In vitro growth inhibitory activity of pyrazoles and 

reference compounds presented as an IC50 ± SD (µM) value 

representing a concentration that inhibits 50% of cell growth. 

Literature Studies  

and References 

I have prepared and compiled literature and references for this 

manuscript. 
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PROFESSIONAL EXPERIENCE 

January 2022 – Present 

 

 

 

Department of Pharmaceutical Technology and Biochemistry 

Faculty of Chemistry 

Gdansk University of Technology 

Project leader 

Project: NCN grant PRELUDIUM 21: UMO-2021/41/N/NZ7/03707 

Anticancer activity of novel derivatives of 9,10-anthraquinone 

dithiocarbamates 

 

February 2022 – September 2022 

 

 

 

Molecular Pharmacology Unit  

Department of Experimental Oncology and Molecular Medicine 

Fondazione IRCCS Istituto Nazionale dei Tumori di Milano 

Research intern 

Project: InterPhD2 Program: Development of interdisciplinary doctoral 

program with international dimension funded by European Union under the 

European Social Fund (Project No. POWR.03.02.00-IP.08-00-DOK/16) 

Academic fellowship: G-quadruplex-ligands as novel therapeutics for 

dedifferentiated liposarcoma 

 

September 2017 – January 2022 

 

 

Department of Pharmaceutical Technology and Biochemistry, 

Faculty of Chemistry 

Gdansk University of Technology 

Research investigator  

Project: NCBiR grant: STRATEGMED3/306853/9/NCBR/2017  

New anticancer compounds interfering function of telomeres (Targetello) 

 

January 2021 – March 2021 

 

 

Department of Pharmaceutical Technology and Biochemistry  

Faculty of Chemistry 

Gdansk University of Technology  

Research investigator 

Project: NCBiR grant: POIR.01.01.01-00-0353/17-00 

Technology of extraction of polyphenolic compounds in the production of raw 

materials for the production of dietary supplements and anticancer medical 

components 
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1. Chylewska, A., Dąbrowska, A., Ramotowska, S., Maciejewska, N., Olszewski, M., Bagiński, M., 

Makowski, M. The photosensitive and pH-dependent activity of pyrazine-functionalized carbazole 

derivative as promising antifungal and imaging agent. Scientific Reports 10 (2020) 
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Cumulative Impact Factor: 37.943 

§ Contributed equally 

✉ Corresponding author 

1  2-year Impact Factor (IF) according to Journal Citation Report for the 2021 year. All 
numbers are based on Scimago Journal & Country Rank (https://www.scimagojr.com/, 
accessed July 2022). 

2  Journal ratings according to the Ministry of National Education (MEiN) for the 2022 year. 
All numbers are based on the publicly available search engine 
(https://punktacjaczasopism.pl/, accessed July 2022). 

Chapters in scientific monographs in Polish: 

1. Maciejewska, N., Baginski, M., Telomeraza jako cel terapii przeciwnowotworowej, Na pograniczu 

chemii i biologii, tom XXXVIII, Wydawnictwo naukowe UAM 79-90, ISBN: 978-83-232-3432-6 

(2018) 
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Post-conference publications: 

1. Maciejewska, N., Baginski, M., Future of medicine: personalized oncology, The Book of Articles 

National Scientific Conference „Zrozumieć Naukę” II edition, 127-133, ISBN: 978–83–950109–4–1 

(2018) 

 

Conference presentations in English 

1. Maciejewska, N., Olszewski, M., Jurasz, J., Stasevych, M., Zvarych, V., Baginski, M., Telomerase 

inhibition with preferential persistent damage of telomeres, Cancer cell signalling: Linking molecular 

knowledge to cancer therapy, Cavtat, Croatia, 16.09.22–20.09.22 

2. Maciejewska, N., Olszewski, M., Baginski, M., Discovery of new pyrazole derivatives disrupting 
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Sevilla, Spain, 20.06.22-23.06.22 

3. Maciejewska, N., Serocki, M., Baginski, M., Stasevych, M., Zvarych, V., Novikov, V., 

Dithiocarbamates of 9,10-anthracenedione disrupt telomere function by telomerase inhibition. 

EFMC-ISMC & EFMC-YMCS Virtual Poster Session, 9.09.2020 

4. Maciejewska, N., Serocki, M., Lapiejko M., Baginski, M., Stasevych, M., Zvarych, V., Novikov, V., 

Biological evaluation of new small-molecule anthraquinone-based derivatives. VII EFMC 
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New anticancer compounds with dual mechanisms of action as inhibitors of tyrosine kinase protein 

and telomerase: in silico studies and biological evaluation. EFMC-YMCS 6th EFMC Young 

Medicinal Chemist Symposium, Athens, Greece, 5.08-6.08.2019 

6. Maciejewska, N., Serocki, M., Lapiejko M., Baginski, M., Stasevych, M., Zvarych, V., Novikov, V., 

Novel dithiocarbamates derivatives of 9,10-anthracenedione as potential anticancer agents. 

Structural and Molecular Biology of the DNA Damage Response, Madrid, Spain, 20.05-22.05.2019 

7. Maciejewska, N., Baginski, M., Effect of selected methylxanthines derivatives on telomerase 
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8. Maciejewska, N., Baginski, M., Caffeine – new insight of known antioxidant, Congress Bio2018, 
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Patent application 

1. Brankiewicz, W., Baginski, M., Padariyam, M., Kalathiya, U, Prusinowski, M., Wegrzyn, K., Drab, 

M., Makowiec, S., Zylicz-Stachula, A., Zebrowska, J., Skowron, P., Maciejewska, N., Szajewski, 

M., Krzemieniecki, R., PCT/PL2022/050017 – New anticancer compounds interfering function of 

telomeres (2020). 

  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

167 

 

ANNEXES 

A1 PUBLICATION: Witkowska, M.§, Maciejewska, N.§, Ryczkowska, M., Olszewski, M., 

Baginski, M., Makowiec, From tryptophan to novel mitochondria-disruptive agent, synthesis and 

biological evaluation of 1,2,3,6-tetrasubstituted carbazoles, European Journal of Medicinal 

Chemistry 238, 114453 (2022). https://doi.org/10.1016/j.ejmech.2022.114453 IF 7.008 (2022), 

MEiN 140 (2022) 

A2 PUBLICATION: Maciejewska, N., Olszewski, M., Jurasz, J., Serocki, M., Dzierzynska, 

M., Cekala, K., Wieczerzak, E., Baginski, M., Novel chalcone-derived pyrazoles as potential 

therapeutic agents for the treatment of non-small cell lung cancer, Scientific Reports 12, 3703 

(2022). https://doi.org/10.1038/s41598-022-07691-6 IF 4.996 (2022), MEiN 140 (2022) 
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From tryptophan to novel mitochondria-disruptive agent, synthesis and 
biological evaluation of 1,2,3,6-tetrasubstituted carbazoles 

Milena Witkowska a,1, Natalia Maciejewska b,1, Małgorzata Ryczkowska a, Mateusz Olszewski b, 
Maciej Bagiński b, Sławomir Makowiec a,* 

a Department of Organic Chemistry, Faculty of Chemistry, Gdansk University of Technology, Narutowicza 11/12, 80-233, Gdansk, Poland 
b Department of Pharmaceutical Technology and Biochemistry, Faculty of Chemistry, Gdansk University of Technology, Narutowicza 11/12, 80-233, Gdansk, Poland   

A R T I C L E  I N F O   

Keywords: 
Carbazole 
Oxidative cyclization 
Manganese 
Indole 
Apoptosis 
ROS 
DNA damage 
Colon cancer 
Osteosarcoma 

A B S T R A C T   

Mitochondrial targeting plays an important role in anticancer therapy. The Mn(III)-promoted cyclization of 5- 
(1H-indol-3-yl)-3-oxopentanoic acid allow to obtain novel substituted carbazole derivatives that can act as 
mitochondria-disruptive agents. The starting materials used for the synthesis of these new aminocarbazoles are 
oxopentanoate derivatives of tryptophan. The scope and limitation of this method of synthesis are determined by 
a series of experiments. The prepared carbazole derivatives are screened for their in vitro anticancer activity 
against a broad panel of human cancer cells and normal cell lines. Among the tested compounds, the most active 
ones are examined further against human colon cancer cells (HCT-116) and human bone osteosarcoma (U-2 OS), 
in complex in vitro cellular assays, including studies on cell cycle distribution, intracellular compartmentaliza-
tion, antimigratory properties, mitochondrial generation of reactive oxygen species, DNA damage, and type of 
cellular death. The results reveal that the synthesized compounds display potent oxidative activity inducing 
massive accumulation of DNA double-strand breaks, which lead to a parallel change in the assembly of mito-
chondria causing their dysfunction. These findings provide new leads for the treatment of colon cancer and 
osteosarcoma.   

1. Introduction 

For over half a century, the carbazole scaffolds have been a pre-
dominant structural motif of many biologically active compounds used 
in medicine, including both natural and synthetic molecules. The 
carbazole motif can be found in drugs including alkaloids [1,2], 
HIV-integrase inhibitors [3], antipapillomavirus agent [4], α- and 
β-adrenoreceptor antagonists [5,6], antinausea drug ondasteron [7], 
antitumor agents [8,9], and antimicrobial agents [10]. However, to 
ensure a wide application of carbazole derivatives, there is a need to 
develop efficient methods of synthesis. A significant number of synthesis 
methods have been proposed for these derivatives so far. Among them, 
we can specify the synthetic routes based on the reaction of biaryls. 
These routes include the use of a biphenyl moiety bearing a nitrogen 
atom in ortho position which reacts mostly by oxidative cyclization 
pathway to produce a carbazole structure with PhI(OAc)2 as an oxidizer 
[11,12], cyclization of biphenyl ortho-substituted triazene moiety [13], 

reductive cyclization of o-nitrobiaryls [14], and double N-arylation of 2, 
2′-biphenylene ditriflate (Scheme 1) [15]. Another group of the pro-
posed approaches makes use of an indole fragment and results in the 
formation of a third aromatic ring. These include gold-catalyzed cycli-
zation of 3-acylindole/ynes [16], reaction of indole-ynones with nitro-
methanes [17], Pd/Cu-cocatalyzed cross-coupling of 
2-allyl-3-iodoindoles with terminal alkynes [18], and synthesis of car-
bazoles from indoles, ketones, or alkenes using oxygen as an oxidant 
[19]. 

The third group of approaches for the synthesis of carbazole de-
rivatives involves the use of two separate phenyl systems as starting 
materials. These include oxidative ring fusion using hypervalent iodine 
compounds [20] and palladium-catalyzed N-arylation followed by 
oxidative biaryl coupling [21]. 

Recently, we developed a method for the formation of functionalized 
carbazoles using indole derivatives as starting materials. In this method, 
5-(1H-indol-yl)-3-oxo-pentanoate undergoes oxidative cyclization and 

* Corresponding author. 
E-mail address: mak@pg.edu.pl (S. Makowiec).   

1 These authors contributed equally. 
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aromatization with a manganese triacetate or NEt3/I2/Ln(OTf)3 system 
[22]. However, we focused on designing and synthesizing a carbazole 
core with improved anticancer properties. According to previous in silico 
studies, a carbazole scaffold functionalized with one or two amino 
groups at positions 3 and 6 can show enhanced anticancer potency if it is 
acylated or alkylated [23,24]. 

A combination of these two ideas—developing a new method for the 
preparation of functionalized carbazole scaffold and improving its 
pharmacological properties—prompted us to investigate if it is possible 
to obtain a carbazole scaffold with amino groups at positions 3 and 6 
through oxidative cyclization of 5-(1H-indol-yl)-3-oxo-pentanoates and 
subsequently subject the prepared carbazoles to acylation or alkylation 
(Fig. 1). Although a number of carbazole derivatives with anticancer 
potential have been discovered in the past two decades, the phenome-
non of chemoresistance of tumors urges us to search for novel molecules 
with anticancer properties. Therefore, in this work, we synthesized a 
series of new 3,6-substituted carbazole derivatives and examined their 
antiproliferative activity, in order to develop potent antitumor agents. 

2. Results and discusion 

2.1. Chemistry 

As described in our previous work, for undergoing oxidative cycli-
zation with an Mn(OAc)3 or NEt3/I2/Ln(OTf)3 system, the substrate 
must contain indole and 3-oxopentane fragments. Thus, tryptophan was 
used as a substrate as it contains an amine group at position 3. The 
availability of substrates plays an important role in the selection of such 
an approach. A wide range of tryptophan derivatives, which are the 
substrate at the first stage of synthesis, are available. However, in the 
light of oxidizing conditions during the cyclization reaction, the pres-
ence of an amino group can lead to undesirable side reactions. In 
addition, for introducing two amino/amido/hydroxy groups, the tryp-
tophan derivative used for cyclization must be functionalized with an 

amino, amido, or hydroxyl group at position 6. The synthetic strategy 
used for the preparation of compounds based on 1,2,3,6-tetrasubstituted 
carbazole scaffold is depicted in Scheme 2. 

Tryptophans 2 were protected in a typical manner with five different 
protective groups: permanent Pht [25], Ac [26], etoxycarbonyl [27], 
and two easily removable Z [28] and Boc [29]. In the next step, a 
tryptophan derivative was activated with carbonyldiimidazole followed 
by the carbon acylation of potassium enolate, resulting in the formation 
of ketoesters 4 [30,31]. Based on our previous experience with oxidative 
cyclization of 3-oxoesters and 3-oxoamides [22] at the key stage of 
synthesis, we decided to investigate two available methods. The first one 
involved the generation of 1,3-dicarbonyl radicals using manganese 
triacetate followed by cyclization and subsequent oxidation and 
aromatization [32–35]. The second method was applied for ring closure 
using a combination of transition metal triflates together with iodine in 
the presence of a tertiary amine. The results obtained for the cyclization 
of ketoesters 4 are presented in Table 1. 

The experiments clearly demonstrated that application of manganese 
triacetate is advantageous for the cyclization of ketoesters. Ytrium tri-
flate showed low effectiveness, whereas scandium triflate did not show 
any benefits in the cyclization of ethyl 3-((tert-butoxycarbonyl)amino)- 
2-hydroxy-9H-carbazole-1-carboxylate. These results are in line with 
our previous observations which also proved that Mn(OAc)3 was 

Scheme 1. Selected examples of the synthesis routes of carbazole scaffold.  

Fig. 1. Structures of the newly designed carbazoles.  
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effective for the cyclization of ketoesters while transition metal triflates 
with iodine should be used for the cyclization of ketoamides [22]. 

It was observed that the phthaloyl-protected derivative did not un-
dergo oxidative cyclization regardless of the applied oxidation system. 
This finding is surprising considering that this derivative was believed to 
be the least susceptible to side reactions when in contact with an 
oxidizing reagent. We also did not obtain the desired product with Cbz- 
protected derivative; however, in this case, we expected a negative 
result due to the possible oxidation and radical reactions of benzyl 
protons. 

Molecular docking performed in studies on anticancer agents [23] 
indicated that an effective structure should contain a second acyloamino 
or acyloxy group at position 6 of the carbazole system. Therefore, we 
attempted to prepare compounds 5ba and 5ca. In addition, molecular 
docking studies indicated the need for a five-member aromatic ring with 
one or two amino groups as a substituent. Thus, in the next step, we 
removed the acid-labile amino protective group and performed acyla-
tion with 2-furoic acid or 5-methyl-2-furoic acid under typical condi-
tions. The results of the synthesis of furanoyl derivatives are summarized 
in Table 2. 

To increase water solubility and bioavailability, the most promising 
compound 5aa was saponified to obtain 3-((tert-butoxycarbonyl) 
amino)-2-hydroxy-9H-carbazole-1-carboxylic acid 8 (Scheme 3). 

2.2. Biological activity 

2.2.1. Effects of carbazole derivatives on the viability of the panel of human 
cell lines 

The newly synthesized carbazole derivatives were screened for their 
in vitro anticancer activity against a broad panel of human cancer cell 
lines, including human non-small cell lung adenocarcinoma (A-549), 
human colon cancer (HCT-116), human bone osteosarcoma (U-2 OS), 
human breast carcinoma (MCF-7), human liver cancer cells (Hep-G2), 
and normal human embryonic kidney cells (HEK293) using the colori-
metric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay. We found that most of the compounds were inactive at IC50 

Scheme 2. Reagents and conditions used for the 
preparation of compounds based on 1,2,3,6-tetrasub-
stituded carbazoles scaffold: (a) PA, 190 ◦C, 15′ or 
Ac2O, MeOH, 12 h or Boc2O, NaHCO3, dioxane, 24 h 
or Cbz-Cl, K2CO3, Acetone; H2O; (b) CDI, THF, 2 h, 
20 ◦C (c) MgCl2, KOOCCH2COOEt, 1 h, 20 ◦C, (d) 
50 ◦C, 12 h; (e) Mn(OAc)3*2H2O 2.5 eq, AcOH, 2.5 h, 
70 ◦C (f) M(OTf)3 2 eq, NEt3 2.5 eq, I2 1.5 eq, DCM, 
12h, 20 ◦C; (g) Only in the case of PG or R1 = NHBoc, 
TFA, DCM, 2h, 20 ◦C; (h) TBTU, NEt3, DMF.   

Table 1 
Results of oxidative cyclization of ketoesters 4.  

Entry 4, 5 MX3 R1 PG Yield of 5 [%] 

1 aa Y(OTf)3 H Boc 12 
2 aa Sc(OTf)3 H Boc – 
3 aa Mn(OAc)3 H Boc 67 
4 ab Mn(OAc)3 H COOEt 28 
5 ac Mn(OAc)3 H Ac 29 
6 ad Mn(OAc)3 H Cbz – 
7 ae Y(OTf)3 H Pht – 
8 ae Sc(OTf)3 H Pht – 
9 ae Mn(OAc)3 H Pht – 
10 ba Mn(OAc)3 NHBoc Boc 36 
11 ca Mn(OAc)3 OAc Boc 25  

Table 2 
Synthesis of ethyl 3-(5-alkylfuran-2-carboxamido)-2-hydroxy-9H-carbazole-1- 
carboxylate derivatives 7aa-ba.  

Run 5 R1 R2 R3 R4 7 Yield of 7 [%] 

1 aa H CH3 H H aa 15 
2 aa H Et H H ab 31 
3 ba NHBoc CH3 ba 54  

Scheme 3. Saponification of ester 5aa.  
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> 50 μM (half maximal inhibitory concentration or IC50 refers to the 
concentration of a compound required to inhibit cell growth by 50% 
compared to the untreated control), while others exhibited a moderate 
(9, 5ca) or remarkable (5aa, 8) activity toward the tested cell lines 
(Table 3). Among the cancer cell lines used for the analysis, 5aa and 8 
showed potent antiproliferation activity at submicromolar concentra-
tions against HCT-116 and U-2 OS cells after 72 h of treatment (Fig. 2 
and Table 3). 

Compared to 5aa, compound 8 showed a significant 3–6 times higher 
cytotoxic potency (Fig. 2). The IC50 of compound 8 determined for HCT- 
116 and U-2 OS cells was 3.75 ± 0.49 and 2.35 ± 0.24 μM, respectively 
(Table 3). Although, none of the tested compounds displayed toxicity 
against the human noncarcinogenic HEK-293 cell line. Further studies 
were carried out only on the most cytotoxic compounds 5aa and 8 to 
compare the changes in their biological activity depending on their 
structure. In addition, the compounds were tested for antimicrobial 
activity. The obtained results indicated that the compounds did not 
show any activity against the tested strains of bacteria and fungi, which 
proves their selectivity toward cancer cells (Table S1, Supporting 
Information). 

2.2.2. Effects of new carbazole derivatives on cell cycle distribution 
To investigate whether the high cytotoxic activity of the newly 

synthesized compounds (5aa, 8) was caused by the cell cycle arrest, we 
analyzed the DNA content of cells by flow cytometry. The stained DNA 
histograms of A-549, HTC-116, and U-2 OS cells treated with each of the 
derivatives at the IC50 values for 24, 48, and 72 h are shown in Fig. 3. For 
HCT-116 cell line, the highest number of cells were observed in the G2/ 
M phase, a moderate number in the S phase, and the least number in the 
G0/G1 phase after 24 h of treatment with compound 8. Similar results 
were observed for all cell lines after 24 h of treatment with this com-
pound. In HCT-116 cell line, continuous treatment with 8 induced the S 
phase arrest which lasted for 72 h. However, in A-549 cell line, cell cycle 
progression through the G2/M phase peaked between 24 and 48 h, and 
the cells were finally arrested in the S phase after 72 h of incubation. 

Colony formation assays were performed to measure the clonogenic 
survival of HCT-116 and U-2 OS cell lines which were the most sus-
ceptible to the tested compounds. The results showed that both com-
pounds 5aa and 8 significantly decreased the colony-forming ability of 
cell lines compared to the control group (1% dimethyl sulfoxide (DMSO) 
alone), and the effect was more pronounced with increasing doses 
(Fig. 4A and Fig. 4B). Compound 8 caused a greater decrease in 

clonogenicity in U-2 OS (Fig. 4C) and HCT-116 (Fig. 4D) cell lines 
(75.5% (1 μM) and 84.5% (10 μM), respectively), compared to 5aa. 

2.2.3. Selective accumulation of 5aa and 8 in cancer cell LDs revealed by 
intrinsic fluorescence 

The inherent fluorescence of compounds allowed determining their 
fate in living cells by high-resolution laser scanning confocal micro-
scopy. The local fluorescence of both compounds suggested their 
compartmentalization to a specific intracellular organelle, and thus their 
accumulation in adiposomes. The cell distribution of the tested com-
pounds was evaluated after short-term exposure and after co-labeling 
with the neutral lipid dye BODIPY. In the HCT-116 cell line, after 2 h 
of treatment, localization of 8 and 5aa was clearly visible, with 
considerable accumulation in lipid droplets (LDs) (Fig. 5A–C and 
Figs. S1A–C). To evaluate whether the signal of the compounds spatially 
overlapped with that of BODIPY, correlations of overlapping pixel in-
tensities were calculated using thresholded Mander’s (MCC) and Pear-
son’s colocalization coefficient (PCC) (Fig. 5F and Fig. S1F, Supporting 
Information). The results showed high correlation coefficients for both 
5aa (MCC: 0.922 ± 0.055; PCC: 0.723 ± 0.046) and 8 (MCC: 0.935 ±
0.067; PCC: 0.811 ± 0.056), indicating the substantial colocalization 
between compounds- and BODIPY-derived signals. This proves that 5aa 
and 8 selectively accumulated in the LDs of the treated cells. Repre-
sentative line scan (corresponding to the top panel in Fig. 5A) showing 
the colocalization of LDs with compounds is presented in Fig. 5D and 
Fig. S1D. Scatter plots showing the correlations of compound/BODYPI 
pixel intensities are depicted in Fig. 5E and Fig. S1E. The mechanism of 
accumulation of compounds in adiposomes is unknown, but it can be 
assumed that the high hydrophobic character of those molecules favored 
their selective partitioning into an oil-like hydrophobic environment 
inside LDs. Recent reports suggest that the efficacy of drugs can be 
modulated by LDs, which constitute their store and supplement the 
enzymes necessary for the metabolism of hydrophobic small molecules, 
influencing their activation [36]. 

2.2.4. Antimigratory properties 
One of the first steps of cancer metastasis is cell migration, which is a 

hallmark of malignancy. Therefore, we studied the antimigratory effect 
of carbazole derivatives on HCT-116 and U-2 OS cell lines using a wound 
healing assay. In comparison to solvent-treated cells, treatment with 
compounds 8 and 5aa caused dose-dependent inhibition of migration in 
both cells, which was tracked by time-lapse microscopy (Fig. 6A and 
Fig. 6B). After 24 h of exposure to the tested compounds, the inhibition 
of migration in HCT-116 cell line was not found to be significant. 
However, treatment with 10 μM of each compound caused significant 
inhibition of migration after 60 h (56.97 ± 9.64% and 64.37 ± 6.181% 
by 5aa and 8, respectively) (Fig. 6C). The antimigratory property of 5aa 
was less pronounced in U-2 OS cells, but compound 8 showed a greater 
antimigratory activity in these cells in comparison to HCT-116 cells 
(Fig. 6C and D). Interestingly, the migration-inhibitory effect of 8 was 
higher in both cell lines and at any point in time of treatment in com-
parison to 5aa. 

2.2.5. Apoptosis 
To further assure the proapoptotic activity of compounds 5aa and 8, 

a flow cytometric analysis was performed, after dual-staining the cells 
with 7-aminoactinomycin D (7-AAD) and Annexin V-fluorescein iso-
thiocyanate (FITC) which allows differentiating the viable, early 
apoptotic, late apoptotic, and necrotic cells. After 6 h of treatment with 
compound 5aa and 8 at their IC50 concentration, a significant decrease 
in the percentage of surviving cells was observed for HCT-116 cell line 
(Fig. 7A and Fig. 7B). An increase in the percentage of early apoptotic 
cells was observed with both compounds, but only in the case of cells 
treated with 8 the increase was significant (11.23 ± 2.97%; p < 0.01). As 
shown in Fig. 7A and B, after 24 h of exposure to both compounds, a 
threefold augmentation in apoptosis (early and late) was observed in 

Table 3 
In vitro anticancer activity of carbazole derivatives (IC50±SD (μM)) on A-549, 
HCT-116, U-2 OS, MCF-7, Hep-G2, and HEK-293 cell lines.  

Compound Cell Lines 

HCT- 
116 

A-549 MCF-7 U-2 OS Hep-G2 HEK- 
293 

IC50 [μM] 

922 28.82 ±
1.432 

>50 >50 43.17 
± 2.07 

>50 >50 

4aa >50 >50 >50 >50 >50 >50 
5aa 10.73 ±

0.61 
16.94 
± 0.75 

>50 15.65 
± 1.50 

>50 >50 

5ab >50 >50 >50 >50 >50 >50 
5ac >50 >50 >50 >50 >50 >50 
5ba >50 >50 >50 >50 >50 >50 
5ca 46.43 ±

3.25 
>50 >50 37.50 

± 2.13 
>50 >50 

7aa >50 >50 >50 >50 >50 >50 
7 ab >50 >50 >50 >50 >50 >50 
7ba >50 >50 >50 >50 >50 >50 
8 3.75 ±

0.49 
11.50 
± 1.23 

>50 2.35 ±
0.24 

>50 >50 

5-FU 5.78 ±
0.38 

8.12 ±
1.01 

8.41 
± 0.98 

13.02 
± 0.03 

18.98 
± 1.98 

41.01 
± 0.87  
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treated cells in comparison to vehicle. Further incubation (48 h) caused 
a significant increase in the percentages of apoptotic cells, while 
necrotic fraction was determined at 1.16 ± 0.83% and 2.38 ± 0.41% 
after treatment with 5aa and 8 compounds, respectively (Fig. 7A–C). 
These results confirmed that 5aa and 8 can trigger apoptotic rather than 
necrotic cell death in HCT-116 cell line. Interestingly, in the U-2 OS cell 
line, no apoptosis was observed at any of the studied time points (Fig. S2, 
Supplementary Information). 

Caspases are crucial cell mediators of programmed cell death related 
to the stages of apoptosis [37]. Therefore, we investigated the effect of 
compounds 5aa and 8 on the activation of two effector caspases: 
caspase-3 and caspase-7. Both these caspases play an important role in 
cell apoptosis. In the HCT-116 cell line, both compounds caused a 
negligible change in the activation of caspase-3/7 in comparison to 
DMSO (Fig. 7D and E). This suggests that apoptosis of cells proceeded 
through a caspase-independent death effector pathway. 

2.2.6. Effect of carbazole analogs on mitochondrial ROS generation 
ROS (reactive oxygen species) play a pivotal role in activating cell 

death pathways [38]. To study the impact of 5aa and 8 on oxidative 

stress, intracellular ROS production in HCT-116 cells treated with these 
compounds was analyzed using an H2DCFDA probe. The results showed 
that compound 5aa caused persistent, but mostly insignificant ROS 
generation in HCT-116 cells, whereas exposure to 8 induced a rapid and 
persistent increase of ROS (Fig. 8A and Fig. 8C). A 15-μM concentration 
of 8 induced tremendous accumulation of ROS (64.2 ± 7.7% positive 
cells, 24 h; ***p < 0.001) relative to 5aa (19.6 ± 7.3% positive cells, 24 
h; *p < 0.05) in HCT-116 cell line. Dysregulation of redox homeostasis 
could lead to cell death, including apoptosis and autophagy. To study 
whether the elevated ROS level was the primary cause of death in cells 
exposed to compound 8, they were pretreated with N-acetyl-L-cysteine 
(NAC), a known antioxidant and ROS scavenger. It was observed that 
NAC diminished ROS generation induced by compound 8 in HCT-116 
cell line (Fig. S3 and Fig. S4, Supplementary Information). This implied 
that NAC restored the cellular redox balance which was primarily 
altered by 8. To study the general applicability of ROS generation caused 
by tested compounds in other cancers, changes of ROS were also 
investigated in the U-2 OS cell line (Fig. 8B and D). The results revealed 
that both compounds caused similar time-dependent accumulation of 
ROS, but this effect was reduced after treatment with 8 in comparison to 

Fig. 2. Effects of the carbazole derivatives on the viability of A-549, U-2 OS, HCT-116, Hep-G2, MCF-7, and HEK-293 cells after treatment for 72 h. (A) Dos-
e–response curves of 5aa and 8 were determined by the MTT assay. (B) IC50 values estimated for compounds 5aa and 8. All data are presented as mean ± SD of n = 3 
independent experiments performed in triplicates. Statistical differences were analyzed with a one-way ANOVA post hoc Bonferroni test. *p < 0.01, ***p < 0.0001 
vs. vehicle. 
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Fig. 3. Cell cycle analysis of HCT-116 (A), U-2 OS (B), and A-549 (C) cells after treatment with compounds 5aa and 8. The left panel shows representative histograms 
obtained after DNA staining. The right panel represents the results of statistical analyses of histograms. Error bars represent the SEM of data obtained in n = 3 
independent experiments. Statistical differences were analyzed with a one-way ANOVA post hoc Bonferroni test. *p < 0.01, **p < 0.001, ***p < 0.0001 vs. vehicle. 

M. Witkowska et al.                                                                                                                                                                                                                            

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


European Journal of Medicinal Chemistry 238 (2022) 114453

7

Fig. 4. Colony-forming ability of U-2 OS (A) and HCT-116 (B) cell lines after treatment with control (DMSO) and tested compounds (5aa, 8). Quantitative clo-
nogenicity assays are illustrated in (C) and (D). Error bars represent the SEM of data obtained in n = 3 independent experiments. **p < 0.001, ***p < 0.0001 
vs. vehicle. 
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HCT-116 cells. The level of induced ROS was found to be abolished after 
NAC pretreatment, as also observed in HCT-116 cells (Fig. 5 and Fig. S6, 
Supplementary Information. Taken together, it seems that cellular stress 
is of importance in the anticancer activity of these novel carbazole 
analogs. 

2.2.7. Changes in mitochondrial morphology in HCT-116 and U-2 OS cell 
lines after treatment with 5aa and 8 

Overproduction of ROS can influence mitochondrial functions and 
initiate mitochondrial-mediated cell death via loss of mitochondrial 
transmembrane potential (ΔΨm) in cancer cells [39]. Therefore, we 
monitored ΔΨm using a 5,5,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzi-
mi-dazoylcarbocyanine iodide (JC-1) fluorescent probe. In apoptotic or 
necrotic cells, mitochondria sequester the red-fluorescent JC-1 aggre-
gate and diffuse it out in monomeric form to the cytosol, emitting green 
fluorescence [40]. Fig. 9 shows the representative histograms of 
JC-1-stained HCT-116 and U-2 OS cells, and the aggregate/monomer 
ratio determined by flow cytometry in different treated groups. The 
results obtained from stained cells showed a significant time-dependent 
reduction of ΔΨm in both 5aa- and 8-treated HCT-116 and U-2 OS cells. 
Furthermore, the observed loss of ΔΨm induced by 8 was higher 
compared to 5aa after treatment for a short time (6 h) indicating a 
decrease in the aggregate/monomer ratio (1.83 ± 0.24 and 3.18 ± 0.44, 
respectively) as compared to control. However, after exposure to 5aa 
and 8 for 24 h, the polarization of mitochondrial membrane was 
restored in HCT-116 cells, but only partially. The collapse of ΔΨm has 
often been viewed as a point of no return in cell death [41]. Moreover, 
ΔΨm maintains a driving force for energy production, and a gradual loss 
of this potential can disrupt the coupling efficiency between phosphor-
ylation and oxidation, resulting in considerable bioenergetic deficits. 
Besides the loss of ATP production through aerobic respiration, main-
tenance of ΔΨm is required for the import of several mitochondrial 
proteins that affect different mitochondrial functions [42]. 

Previous studies have shown that mitochondrial morphology is a 
sensitive indicator of the action of some chemotherapeutics and changes 
occur in morphology before cell death [43,44]. In addition to mito-
chondrial outer membrane permeabilization, the mitochondrial 
network succumbs to substantial fragmentation caused by decreased 
fusion and elevated mitochondrial fission [45]. Therefore, we 

investigated the influence of the studied compounds on mitochondrial 
phenotype. After treatment, the mitochondria of cells were visualized by 
confocal microscopy after labeling with mitochondria-targeted cationic 
dye MitoTracker Green and staining with DNA minor groove-binding 
ligand Hoechst 33342 (Fig. 10A). The results indicated that mitochon-
drial morphology was altered in cells exposed to both tested compounds 
8 and 5aa after 6 h of treatment and the cells showed a tendency to form 
short (Fig. 10C), circular-shaped (Fig. 10E) mitochondria, all of which 
are consistent with increased fission [46]. Compound 8 caused a 
stronger reduction in mitochondrial length than 5aa (50.34 ± 8.47% 
and 36.71 ± 7.61%, respectively; **p < 0.001), in comparison to the 
control. Quantification of mitochondrial morphology also revealed an 
increased number of mitochondria (Fig. 10B) and a reduction in the 
average size of mitochondria (Fig. 10D), which suggests massive 
swelling of fragmented mitochondria. Both tested compounds induced 
the release of mitochondrial DNA into the cytosol by increasing the 
permeabilization of the mitochondrial inner membrane, which could 
potentially lead to cell death-associated inflammation [47]. The 
observed alterations in mitochondrial phenotype were probably re-
flected by oxidative stress caused by treatment with the studied 
compounds. 

2.2.8. Oxidative DNA damage 
Elevated intracellular levels of ROS lead to the oxidization of nu-

cleotides, thereby inducing DNA double-strand breaks (DSBs) in a 
replication-dependent manner [39]. Therefore, we investigated the 
phosphorylation of H2AX at Ser 139, a marker of DSB, in treated 
HCT-116 and U-2 OS cell lines. As shown in Fig. 11, 5aa and 8 caused a 
comparable increase in H2AX phosphorylation at the early stage of 
exposure (24 h) in HCT-116 and U-2 OS cells. In HCT-116 cell line, the 
level of p-H2AX remained similar after longer exposure (48 and 72 h). 
However, a significant increase in the level of p-H2AX was observed at 
48 h (51.0 ± 2.8% positive cells; ***p < 0.001) and 72 h (68.2 ± 3.4% 
positive cells; ***p < 0.001) in compound 8-treated U-2 OS cells, but not 
in the cells treated with 5aa. Massive accumulation of DNA DSBs in cells 
treated with 8 could be one of the mechanisms of the observed G2/M 
arrest in these cells. 

Fig. 5. Colocalization analyses. (A–C) Representative confocal images showing the intracellular colocalization of LDs (BODYPI) with compound 5aa in HCT-116 cell 
line captured in Z-stack (B) and rendered with three-dimensional reconstruction (C). (D) Representative line scan (corresponding to top panel in (A)) showing the 
colocalization of LDs with compounds. (E) Scatter plot corresponding to the colocalization of pixels. (F) Correlations of overlapping pixel intensities are described as 
thresholded MCC and PCC from Z-stack images. 
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2.2.9. Induction of cell senescence 
Treatment with different doses of drugs may promote the suppres-

sion of carcinoma through different mechanisms. However, a low con-
centration of drugs may result in the induction of premature senescence 
rather than cell death [48]. Therefore, we examined the accumulation of 
the molecular markers of stress-induced premature senescence in cells 
treated with 5aa and 8 for 24 and 48 h. For this purpose, the cells were 
washed, cultured for an additional 96 or 72 h, and stained with x-gal. It 
was observed that compound 8 induced cellular senescence in HCT-116 
cells in all treatment time points, similar to the positive control (Doxo-
rubicin), which indicates the high activity of senescence-associated 
β-galactosidase (SA-β-Gal) (Fig. 12A and Fig. 12B), as well as flat-
tening and enlargement of cells (Fig. 12C). On the other hand, the 
morphology of 5aa-treated cells did not change during cultivation in 
comparison to vehicle. Similar results were obtained in the case of U-2 
OS cells, except that the activity of SA-β-Gal did not increase after 
treatment (Fig. S7, Supplementary Information). 

3. Conclusion 

In summary, a novel series of anticancer compounds based on a 
substituted carbazole scaffold were synthesized. The application of a 
recently developed method of synthesis allowed convenient formation 

of three or four substituted aminocarbazoles from oxopentanoate tryp-
tophan derivatives in a three-step process. Among the synthesized 
carbazole derivatives, compounds 5aa and 8 were found to be the most 
active, which effectively inhibited the growth of HCT-116 and U-2 OS 
cells compared with 5-fluorouracil used as reference compound. Com-
pound 8 showed a 3–6 times higher anticancer activity against these cell 
lines than compound 5aa, which indicates that the structural modifi-
cation of compound 5aa led to the discovery of a compound with better 
anticancer properties. Annexin-V staining revealed that treatment with 
both compounds for 6–48 h induced 10–40% (p < 0.05) apoptotic cell 
death in HCT-116 cell line, while negligible change occurred in 
apoptosis in U-2 OS cell line. Compound 8 induced intense senescence in 
both HCT-116 and U-2 OS cell lines. This reveals that both compounds 
exhibited a different mechanism of action depending on the cell line. 
Furthermore, they displayed a potent oxidative effect in HCT-116 and U- 
2 OS cells, inducing massive accumulation of DNA DSBs, which led to a 
parallel change in the assembly of mitochondria causing their dysfunc-
tion. These findings are expected to provide new leads for the treatment 
of colon cancer and osteosarcoma. 

4. Experimental section 

General: Commercially available reagents were purchased from 

Fig. 6. Analysis of cell migration by in vitro wound healing assay. Time-lapse microscopy images of wound closure of untreated and compound 5aa and compound 8- 
treated HCT-116 (A) and U-2 OS (B) cell lines at 0, 24, and 48 h after the removal of culture insert. Scale bars = 100 μm. Quantification of wound area is shown in (C) 
and (D). Data represent the mean ± SEM of n = 3 independent experiments. Statistical differences were analyzed with a one-way ANOVA post hoc Bonferroni test. 
nsp>0.05, ***p < 0.0001 vs. vehicle. 
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Sigma-Aldrich or Acros and used without further purification. THF was 
distilled in the presence of potassium under argon shortly before use. 
DCM was distilled over P4O10 and stored over molecular sieves. The 
reagents 2-((tert-butoxycarbonyl)amino)-3-(1H-indol-3-yl)propanoic 
acid (3aa) [29], 2-((ethoxycarbonyl)amino)-3-(1H-indol-3-yl)propanoic 
acid (3 ab) [27], 2-acetamido-3-(1H-indol-3-yl)propanoic acid (3ac) 
[26], 2-(((benzyloxy)carbonyl)amino)-3-(1H-indol-3-yl)propanoic acid 
(3ad) [28], and 2-(1,3-dioxoisoindolin-2-yl)-3-(1H-indol-3-yl)prop-
anoic acid (3ae) [25] were prepared as described in the literature. 
Analytical thin-layer chromatography was performed on aluminum 
sheets of UV-254 Merck silica gel, and flash chromatography using Sil-
icaFlash P60 silica gel (40–63 μm). 1H and 13C NMR spectra were 
recorded with Bruker Avance III HD 400 MHz, and NMR chemical shifts 
were reported in δ (ppm) using residual solvent peaks as standards with 
the coupling constant J measured in Hz. High-resolution mass spectra 
were recorded with an Agilent 6540 Q-TOF system. Melting points were 

determined with a Warsztat Elektromechaniczny W-wa apparatus and 
were used uncorrected. 

4.1. Boc-protected tryptophans. General procedure [29] 

To a solution of 2b-c (10 mmol) and NaHCO3 (1.64 g, 19 mmol) in a 
dioxane:water 1:1 mixture (20 ml) at 0 ◦C di-tert-butyl dicarbonate 
(3.37 ml, 15 mmol) was added in one portion. The reaction mixture was 
stirred 13 h at R.T concentrated in a vacuum. The residue was washed 
with AcOEt (2 × 15 ml) and discarded. The water layer was acidified to 
pH = 3 with 5% aqueous HCl and extracted with AcOEt (2 × 15 ml), 
organic extract was dried with MgSO4 filtered and evaporated to dryness 
under reduced pressure. The crude products were used without addi-
tional purification. 

In the case of 5-hydroksytryptophane 2c, the crude product was 
subject to additional O-acetylation with the following procedure. 

Fig. 7. Apoptosis assay. (A, B) Flow cytometric analysis of HCT-116 cell line after 6, 24, and 48 h of treatment with compounds 8 and 5aa, using Annexin V/7-AAD. 
DMSO and Etoposide were used as reference compounds. Representative dot-plot analyses are shown in the left panels (A), and quantitation of analysis is presented 
in the right panels (B). (C) Microscopic images obtained after 48 h of treatment with the indicated compounds and staining with Annexin V. Modulation of caspase-3/ 
7 in HCT-116 cells after treatment with compounds are presented on representative histograms (D) and bar charts (E). Error bars represent the SEM of data obtained 
in n = 3 independent experiments. Statistical differences were analyzed with a two-way ANOVA. nsp>0.05, *p < 0.01, **p < 0.001, ***p < 0.0001 vs. vehicle. 

M. Witkowska et al.                                                                                                                                                                                                                            

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


European Journal of Medicinal Chemistry 238 (2022) 114453

11

Crude N-Boc-5-hydroksytryptophane (100 mg, 0.31 mmol) was dis-
solved in 1 N NaOH (0.7 ml) and acetic anhydride was added (63 μl, 
0.67 mmol). The reaction mixture was stirred for 3 h at R. T. under 
argon. The solution was acidified with 5% citric acid and extracted with 
AcOEt (3 × 5 ml), organic extract was washed with brine (5 ml), dried 
with MgSO4 filtered, and evaporated to dryness under reduced pressure. 
The crude products were used without additional purification. 

4.2. 2-((tert-butoxycarbonyl)amino)-3-(5-((tert-butoxycarbonyl) 
amino)-1H-indol-3-yl)propanoic acid (3ba) 

Colorless oil; yield 98%; 1H NMR (400 MHz, CDCl3, δ): 8.54 (bs, 1H), 
7.54 (bs, 1H), 7.13–7.05 (m, 2H), 6.88 (s, 1H), 6.76–6.69 (m, 1H), 
5.23–5.11 (m, 1H), 4.62–4.60 (m, 1H), 3.20–3.04 (m, 2H), 1.55 (s, 9H), 
1.43 (s, 9H); 13C NMR (100 MHz, CDCl3, δ): 175.6, 171.3, 155.6, 133.3, 
130.1, 127.8, 124.2, 116.5, 111.4, 110.6, 109.6, 80.0, 53.9, 28.5, 28.4; 
HRMS (ESI+): m/z [M + H]+ calcd for C21H30N3O6, 420.2135; found, 
420.2157. 

4.3. 3-(5-acetoxy-1H-indol-3-yl)-2-((tert-butoxycarbonyl)amino) 
propanoic acid (3ca) 

Colorless oil; yield 39%; 1H NMR (400 MHz, CDCl3, δ): 8.46 (s, 1H), 

7.29–7.25 (m, 2H), 6.92–6.87 (m, 2H) 5.17–5.15 (m, 1H), 4.64–4.63 (m, 
1H), 3.31–3.18 (m, 2H), 2.33 (s, 3H), 1.46 (s, 9H); 13C NMR (100 MHz, 
CDCl3, δ): 172.1, 171.4, 166.2, 150.8, 139.4, 129.3, 123.4, 119.9, 111.4, 
107.0, 106.1, 75.5, 55.7, 23.6, 23.3, 16.4; HRMS (ESI+): m/z [M + Na]+

calcd for C18H22N2O6Na, 385.1375; found, 385.1397. 

4.4. General procedure for preparation of ethyl 5-(1H-indol-3-yl)-3- 
oxopentanoate derivatives (4aa-ca) 

To a solution of N-protected Trp 3aa-ca (0.59 mmol) in dry THF (12 
ml) carbonyldiimidazole (106 mg, 0.65 mmol) was added. The resulting 
mixture was stirred for 2 h at R.T under argon. Then MgCl2 (56 mg, 0.59 
mmol) was added following by ethyl potassium malonate (100 mg, 0.59 
mmol). The resulting reaction mixture was stirred for 1 h at R.T under 
argon and then was heated to 40–45 ◦C stirred for an additional 12 h. 
After completion of the reaction, the mixture was filtered and concen-
trated in vacuum. The residue was purified with flash chromatography 
as specified below. 

4.5. Ethyl 4-((tert-butoxycarbonyl)amino)-5-(1H-indol-3-yl)-3- 
oxopentanoate (4aa) 

Purification by flash column chromatography (EtOAc/Hex, 1:3). 

Fig. 8. Flow cytometric analyses of ROS induction in HCT-116 (A) and U-2 OS (B) cells after 1, 3, 6, and 24 h of treatment with compounds 8 and 5aa, using 
H2DCFDA probe. DMSO and H2O2 were used as reference compounds. The quantitation of analysis is presented in (C) and (D). Error bars represent the SEM of data 
obtained in n = 4 independent experiments. Statistical differences were analyzed with a two-way ANOVA. nsp>0.05, **p < 0.001, ***p < 0.0001 vs. vehicle. 
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Fig. 9. Analysis of ΔΨm. JC-1 staining 
images of HCT-116 (A) and U-2 OS (D) 
cells acquired after 6 and 24 h of treat-
ment with 5aa and 8. FCCP was used as a 
reference. Flow cytometric analyses of JC- 
1 staining are presented on representative 
histograms (B, E) and bar charts with 
statistical quantifications of JC-1 ratio (J- 
aggregates/J-monomers) (C, F). Data 
represent the mean ± SEM of at least n =
4 independent experiments. Statistical 
differences were analyzed with a Bonfer-
roni post hoc test. **p < 0.0001, ***p <
0.0001 compared with control (DMSO).   
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White amorphous solid; yield 44%; 1H NMR (400 MHz, CDCl3, δ): 8.23 
(s, 1H), 7.65–7.63 (m, 1H), 7.40–7.37 (m, 1H), 7.25–7.22 (m, 1H), 
7.20–7.12 (m, 1H), 7.04–7.03 (m, 1H), 5.18–5.16 (m, 1H), 4.74–4.69 
(m, 1H), 4.18–4.13 (m, 2H), 3.51 (d, J = 16.0 Hz, 1H), 3.44 (d, J = 16.0 
Hz, 1H), 3.34–3.22 (m, 2H), 1.44 (s, 9H), 1.26 (t, J = 8.0 Hz, 3H); 13C 
NMR (100 MHz, CDCl3, δ): δ = 202.7, 167.0, 155.4, 136.2, 127.5, 123.0, 
122.3, 119.8, 118.8, 111.2, 110.0, 80.1, 61.4, 59.9, 47.0, 28.3, 26.9, 
14.0; HRMS (ESI+): m/z [M + Na]+ calcd for C18H22N2O6Na, 397.1738; 
found, 397.1692. 

4.6. Ethyl 4-((ethoxycarbonyl)amino)-5-(1H-indol-3-yl)-3- 
oxopentanoate (4 ab) 

Purification by flash column chromatography (EtOAc/Hex, 1:2). 
Colorless oil; yield 16%; 1H NMR (400 MHz, CDCl3, δ): 8.27 (s, 1H), 
7.66–7.64 (m, 1H), 7.39–7.36 (m, 1H), 7.25–7.20 (m, 1H), 7.20–7.13 
(m, 1H), 7.03 (s, 1H), 5.36 (d, J = 7.2 Hz, 1H), 4.81–4.76 (m, 
1H),4.18–4.10 (m, 4H), 3.50 (d, J = 16.0 Hz, 1H), 3.44 (d, J = 16.0 Hz, 
1H), 3.34–3.25 (m, 2H), 1.27–1.22 (m, 6H); 13C NMR (100 MHz, CDCl3, 
δ): 202.4, 166.9, 156.2, 136.2, 127.4, 123.1, 122.4, 119.9, 118.7, 111.3, 
109.8, 61.5, 60.1, 47.2, 27.1, 14.0; HRMS (ESI+): m/z [M + H]+ calcd 

for C18H23N2O5, 347.1607; found, 347.1614. 

4.7. Ethyl 4-acetamido-5-(1H-indol-3-yl)-3-oxopentanoate (4ac) 

Purification by flash column chromatography (EtOAc/Hex, 1:3). 
Yellow amorphous solid; yield 46%; 1H NMR (400 MHz, CDCl3, δ): 8.53 
(s, 1H), 7.62–7.60 (m, 1H), 7.38–7.36 (m, 1H), 7.23–7.19 (m, 1H), 
7.16–7.13 (m, 1H), 7.01 (s, 1H), 6.38 (d, J = 7.2 Hz, 1H), 5.06–5.00 (m, 
1H), 4.15 (q, J = 7.2 Hz, 2H), 3.50 (d, J = 16.0 Hz, 1H), 3.45 (d, J = 16.0 
Hz, 1H), 3.34–3.22 (m, 2H), 1.94 (s, 3H), 1.24 (t, J = 7.2 Hz, 3H); 13C 
NMR (100 MHz, CDCl3, δ): 201.9, 170.5, 166.9, 136.2, 127.5, 123.1, 
122.3, 119.8, 118.5, 111.5, 109.5, 61.6, 58.9, 47.2, 26.6, 22.9, 14.0; 
HRMS (ESI+): m/z [M + H]+ calcd for C17H21N2O4, 317.1501; found, 
317.1495. 

4.8. Ethyl 4-(((benzyloxy)carbonyl)amino)-5-(1H-indol-3-yl)-3- 
oxopentanoate (4ad) 

Purification by flash column chromatography (EtOAc/Hex, 1:3). 
Yellow amorphous solid; yield 28%; 1H NMR (400 MHz, CDCl3): δ =
8.19 (s,1 H), 7.63 (d, J = 7.6 Hz, 1 H), 7.42–7.30 (m, 6 H), 7.26–7.20 (m, 

Fig. 10. Quantitative mitochondrial morphometric analyses. (A) Representative confocal images of the mitochondrial morphology of HCT-116 cells acquired after 6 
h of treatment with compounds 5aa and 8, and with DMSO (scale bar = 10 μm); Green—MitoTracker, blue—Hoechst 33342. (B) Number of counted mitochondrial 
particles. (C) Average length (μm) and (D) volume (μm3) of mitochondria. (E) Circularity of mitochondria (index of elongation). Statistical quantification of 
mitochondrial morphology was performed based on Z-axis confocal stacks. Data represent mean ± SEM of at least n = 4 independent experiments. Statistical dif-
ferences were analyzed with a Bonferroni post hoc test. ***p < 0.0001, **p < 0.001 compared with control (DMSO). 
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Fig. 11. Representative microscopy images presenting immunofluorescence in U-2 OS (A) and HCT-116 (B) cells indicating the formation of γ-H2AX foci and 
changes in microtubule structure upon treatment with 5aa and 8 (24, 48, and 72 h). Etoposide and DMSO were used as reference compounds. The microtubule is 
depicted in red, γ-H2AX in green, and nucleus in blue (DAPI). Scale bars = 100 μm. (C, D) Representative dot-plot diagrams after flow cytometric analyses of p- 
γ-H2AX staining. (E) Quantification showing the average percent of p-γ-H2AX-positive cells plotted as a bar graph depicting mean ± SEM. Error bars represent the 
SEM of data obtained in n = 3 independent experiments. Statistical differences were analyzed with a two-way ANOVA. 
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1 H), 7.17–7.12 (m, 1 H), 7.01–6.95 (m, 1 H), 5.48 (d, J = 7.6 Hz, 1 H), 
5.12 (s, 2 H), 4.82 (dd, J = 13.6 Hz, J = 6.4 Hz, 1 H), 4.15 (q, J = 7.2 Hz, 
2 H), 3.50 (d, J = 16.0 Hz, 1 H), 3.44 (d, J = 16.0 Hz, 1 H), 3.56–3.40 (m, 
2 H), 3.35–3.25 (m, 2H), 1.24 (t, J = 6.8 Hz, 3 H). 

4.9. Ethyl 4-(1,3-dioxoisoindolin-2-yl)-5-(1H-indol-3-yl)-3- 
oxopentanoate (4ae) 

Purification by flash column chromatography (EtOAc/Hex, 1:3). 
Yellow amorphous solid; yield 25%; 1H NMR (400 MHz, CDCl3): δ =
7.98 (bs, 1 H), 7.79–7.75 (m, 2 H), 7.69–7.65 (m, 2 H), 7.64–7.62 (m, 1 
H), 7.29–7.27 (m, 1 H), 7.17–7.12 (m, 1 H), 7.10–7.05 (m, 1 H), 7.03 (d, 
J = 2 Hz, 1 H), 5.30 (dd, J = 10.0 Hz, J = 6.0 Hz, 1 H), 4.22–4.16 (m, 2 
H), 3.84–3.73 (m, 2 H), 1.72–1.64 (m, 2 H), 0.92 (t, J = 7.6 Hz, 3 H). 

4.10. Ethyl 4-((tert-butoxycarbonyl)amino)-5-(5-((tert-butoxycarbonyl) 
amino)-1H-indol-3-yl)-3-oxopentanoate (4ba) 

Purification by flash column chromatography (EtOAc/Hex, 1:2). 
Colorless oil; yield 43%; 1H NMR (400 MHz, CDCl3): δ = 8.36 (s, 1 H), 
7.53 (s, 1 H), 7.27–7.23 (m, 1 H), 7.23–7.19 (m, 1 H), 6.97 (s, 1 H), 6.59 
(s, 1 H), 5.17 (d, J = 7.6 Hz, 1 H), 4.67–4.62 (m, 1 H),4.18–4.13 (m, 2 
H), 3.50 (d, J = 16.0 Hz, 1 H), 3.43 (d, J = 16.0 Hz, 1 H), 3.25–3.14 (m, 
2 H), 1.55 (s, 9 H), 1.42 (s, 9 H), 1.30–1.23 (m, 3 H). 13C NMR (100 MHz, 
CDCl3): δ = 202.8, 167.0, 155.4, 153.7, 133.2, 130.9, 127.6, 124.0, 
116.4, 111.5, 109.8, 109.5, 80.1, 61.4, 59.8, 47.0, 28.4, 26.9, 14.1. 
HRMS (ESI+): m/z [M + H]+ calcd for C25H36N3O7: 490.2552; found: 
490.2574. 

4.11. Ethyl 5-(5-acetoxy-1H-indol-3-yl)-4-((tert-butoxycarbonyl) 
amino)-3-oxopentanoate (4ca) 

Purification by flash column chromatography (EtOAc/Hex, 1:2). 
Colorless oil; yield 49%; 1H NMR (400 MHz, CDCl3, δ): 8.38 (s, 1H), 
7.53–7.31 (m, 2H), 7.01 (s, 1H), 6.94–6.91 (m, 1H), 5.16 (d, J = 7.2 Hz, 
1H), 4.68–4.63 (m, 1H), 4.19–4.12 (m, 2H), 3.52 (d, J = 16.0 Hz, 1H), 
3.45 (d, J = 16.0 Hz, 1H), 3.28–3.15 (m, 2H), 2.34 (s, 3H), 1.44 (s, 9H), 
1.30–1.24 (m, 3H); 13C NMR (100 MHz, CDCl3, δ): 202.4, 170.5, 167.0, 
155.3, 144.4, 134.0, 127.9, 124.5, 116.5, 111.8, 110.8, 110.3, 80.0, 
61.5, 59.9, 46.9, 28.3, 26.7, 21.2, 14.1; HRMS (ESI+): m/z [M + H]+

calcd for C22H29N2O7, 433.1975; found, 433.1981. 

4.12. General procedure for oxidative cyclization of 3-oxoesters 4aa-ca 
with Mn(OAc)3*2H2O 

Ester 4aa-ca (0.1 mmol) was dissolved in AcOH (2 ml). To a resulted 
solution Mn(OAc)3*2H2O (67 mg, 0.25 mmol) was added. The resulting 
mixture was heated for 2.5 h at 70 ◦C. After completion of the reaction, 
the solvent was removed under vacuum, and the residue was purified 
with flash chromatography as specified below. 

4.13. General procedure for oxidative cyclization of 3-oxoesters 4aa-ae 
with transition metal triflates 

Ester 4aa-ae (0.2 mmol) was dissolved in anhydrous DCM (4 ml). A 
resulting solution (0.4 mmol) of metal triflate specified in Table 1 was 
added, followed by I2 (0.3 mmol) and NEt3 (0.5 mmol, 69 μL). The 
resulting mixture was stirred for 12 h at R.T. After completion of the 
reaction, the residue was dissolved in DCM (30 mL) and washed with 
aqueous sat. Na2SO3. The organic layer was dried with MgSO4, the 

Fig. 12. (A) Representative microscopy images showing SA-β-Gal staining and morphology of HCT-116 cells acquired after 24 or 48 h of treatment with the 
investigated compounds (10 μM 5aa, 10 μM 8) and prolonged culturing for 96 or 72 h. Doxorubicin was used as a reference compound. (B) Quantification showing 
the average percent of SA-β-Gal-positive cells plotted as a bar graph depicting mean ± SEM. (C) Representative dot-plot analyses after 48 h of treatment with the 
investigated compounds (10 μM 5aa, 10 μM 8) and prolonged culturing for 96 h. Error bars represent the SEM of data obtained in n = 10 random fields of view. 
Statistical differences were analyzed with a two-way ANOVA. ***p < 0.0001 vs. vehicle. 
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solvent was removed under vacuum, and the residue was purified with 
flash chromatography as specified below. 

4.14. Ethyl 3-((tert-butoxycarbonyl)amino)-2-hydroxy-9H-carbazole-1- 
carboxylate (5aa) 

Purification by flash column chromatography (EtOAc/Hex, 1:5). 
Yellow amorphous solid; yield 67%; 1H NMR (400 MHz, CDCl3, δ): 11.60 
(s, 1H), 9.01 (s, 1H), 8.97 (s, 1H), 8.02 (d, J = 7.6 Hz, 1H), 7.46–7.44 (m, 
1H), 7.40–7.36 (m, 1H), 7.27–7.23 (m, 1H), 7.14 (s, 1H), 4.66 (q, J =
7.2 Hz, 2H), 1.61 (t, J = 7.2 Hz, 3H), 1.60 (s, 9H); 13C NMR (100 MHz, 
CDCl3, δ): 170.5, 153.3, 150.8, 138.6, 133.9, 124.7, 123.3, 120.7, 120.0, 
119.7, 116.9, 115.4, 110.6, 96.2, 80.3, 62.2, 28.5, 14.6; HRMS (ESI+): 
m/z [M]+ calcd for C20H22N2O5, 370.1528; found, 370.1481. 

4.15. Ethyl 3-((ethoxycarbonyl)amino)-2-hydroxy-9H-carbazole-1- 
carboxylate (5 ab) 

Purification by flash column chromatography (EtOAc/Hex, 1:5). 
Yellow amorphous solid; yield 28%; 1H NMR (400 MHz, CDCl3, δ): δ =
11.56 (s, 1H), 8.96 (s, 1H), 8.92 (s, 1H), 7.98 (d, J = 8.0 Hz, 1H), 
7.44–7.42 (m, 1H), 7.40–7.36 (m, 1H), 7.26–7.20 (m, 2H), 4.63 (q, J =
7.2 Hz, 2H), 4.32 (q, J = 7.2 Hz, 2H), 1.59 (t, J = 7.2 Hz, 3H), 1.40 (t, J 
= 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3, δ): 170.4, 154.1, 150.9, 
138.7, 134.1, 124.8, 123.2, 120.2, 120.1, 119.6, 117.0, 115.4, 110.6, 
96.2, 62.2, 61.2, 14.7, 14.6; HRMS (ESI+): m/z [M + H]+ calcd for 
C18H19N2O5, 343.1294; found, 343.1277. 

4.16. Ethyl 3-acetamido-2-hydroxy-9H-carbazole-1-carboxylate (5ac) 

Purification by flash column chromatography (EtOAc/Hex, 1:2). 
Yellow amorphous solid; yield 29%; 1H NMR (400 MHz, CDCl3, δ): 11.65 
(s, 1H), 9.19 (s, 1H), 9.01 (s, 1H), 8.00 (d, J = 7.6 Hz, 1H), 7.80 (s, 1H), 
7.45–7.43 (m, 1H), 7.40–7.36 (m, 1H), 7.27–7.24 (m, 1H), 4.64 (q, J =
7.2 Hz, 2H), 2.29 (s, 3H), 1.60 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, 
CDCl3, δ): 170.5, 168.3, 151.0, 138.7, 134.5, 124.9, 123.2, 120.2, 119.8, 
118.6, 115.4, 110.6, 96.1, 62.3, 24.8, 14.6; HRMS (ESI+): m/z [M + H]+

calcd for C17H17N2O4, 313.1187; found, 313.1165. 

4.17. Ethyl 3,6-bis((tert-butoxycarbonyl)amino)-2-hydroxy-9H- 
carbazole-1-carboxylate (5ba) 

Purification by flash column chromatography (EtOAc/Hex, 1:4). 
Colorless oil; yield 36%; 1H NMR (400 MHz, CDCl3, δ): 11.61 (s, 1H), 
8.91 (s, 1H), 8.87 (s, 1H), 7.97 (s, 1H), 7.35 (s, 2H), 7.09 (s, 1H), 6.56 (s, 
1H), 4.65 (q, J = 7.2 Hz, 2H), 1.60 (t, J = 7.2 Hz, 3H), 1.60 (s, 9H), 1.58 
(s, 9H); 13C NMR (100 MHz, CDCl3, δ): 170.5, 166.7, 153.2, 151.1, 
135.3, 134.5, 131.2, 123.6, 120.5, 117.3, 115.3, 110.6, 96.1, 80.3, 80.2, 
62.2, 28.5, 14.6; HRMS (ESI+): m/z M+ calcd for C25H31N3O7, 
485.2162; found, 485.2173. 

4.18. Ethyl 6-acetoxy-3-((tert-butoxycarbonyl)amino)-2-hydroxy-9H- 
carbazole-1-carboxylate (5ca) 

Purification by flash column chromatography (EtOAc/Hex, 1:4). 
White amorphous solid; yield 25%; 1H NMR (400 MHz, CDCl3, δ): 11.63 
(s, 1H), 9.00 (s, 1H), 8.91 (s, 1H), 7.72–7.71 (m, 1H), 7.41–7.39 (m, 1H), 
7.13–7.07 (m, 2H), 4.67 (q, J = 7.2 Hz, 2H), 2.37 (s, 3H), 1.61 (t, J = 7.2 
Hz, 3H), 1.59 (s, 9H); 13C NMR (100 MHz, CDCl3, δ): 170.4, 170.3, 
153.2, 151.2, 144.4, 136.4, 134.6, 123.8, 120.9, 118.4, 116.9, 115.2, 
112.4, 110.9, 96.3, 80.4, 62.3, 28.4, 21.2, 14.6; HRMS (ESI+): m/z [M +
Na]+ calcd for C22H24N2O7Na, 451.1480; found, 451.1455. 

4.19. General procedure for preparation of ethyl 3-(5-alkylfuran-2- 
carboxamido)-2-hydroxy-9H-carbazole-1-carboxylate derivatives (7aa- 
ba) 

Compound 5aa or 5ba (0.135 mmol) was dissolved in dry DCM (1 
ml) and TFA 0.5 ml was added. The reaction mixture was stirred and 
monitored with TLC until the substrate disappears. Then solvents were 
removed under reduced pressure, and the residue was evaporated three 
times with 3 ml of toluene. Crude trifluoroacetic acid salts of 6aa or 6ba 
were used for the next step without purification. 

Residue was dissolved in DMF (2 ml), and 5-metylfuran-2-carboxylic 
acid or 5-ethylfuran-carboxylic acid (0.135 mmol) was added followed 
by NEt3 (225 μL, 1.63 mmol) and TBTU (53 mg, 0.163 mmol). The re-
action mixture was stirred for 18h at R. T. Solvent was removed under 
reduced pressure, the residue was purified with flash chromatography as 
specified below. 

4.20. Ethyl 2-hydroxy-3-(5-methylfuran-2-carboxamido)-9H-carbazole- 
1-carboxylate (7aa) 

Purification by flash column chromatography (EtOAc/Hex, 1:3). 
Yellow oil; yield 15%; 1H NMR (400 MHz, CDCl3, δ): 10.04 (s, 1H), 9.28 
(s,1H), 8.38 (s, 1H), 8.12 (d, J = 7.6 Hz, 1H), 7.52–7.46 (m, 3H), 
7.31–7.27 (m, 1H), 7.15–7.14 (d, J = 3.6 Hz, 1H), 6.16–6.15 (m, 1H), 
4.37 (q, J = 7.2 Hz, 2H), 2.51 (s, 3H), 1.17 (t, J = 7.2 Hz, 3H); 13C NMR 
(100 MHz, CDCl3, δ): 165.8, 158.9, 156.3, 154.7, 146.2, 142.1, 140.3, 
127.0, 123.4, 122.4, 121.7, 120.8, 120.2, 118.8, 116.4, 111.1, 109.4, 
105.9, 61.5, 14.2, 13.7; HRMS (ESI+): m/z [M + H]+ calcd for 
C21H19N2O5, 379.1294; found, 379.1277. 

4.21. Ethyl 3-(5-ethylfuran-2-carboxamido)-2-hydroxy-9H-carbazole-1- 
carboxylate (7 ab) 

Purification by flash column chromatography (EtOAc/Hex, 1:3). 
Yellow oil; yield 31%; 1H NMR (400 MHz, CDCl3, δ): 10.05 (s, 1H), 9.34 
(s, 1H), 8.40 (s, 1H), 8.13 (d, J = 7.6 Hz, 1H), 7.53–7.52 (m, 1H), 
7.50–7.46 (m, 1H), 7.32–7.28 (m, 2H), 7.17–7.16 (m, 1H), 6.16–6.15 
(m, 1H), 4.37 (q, J = 7.2 Hz, 2H), 2.85 (q, J = 7.2 Hz, 2H), 1.14 (t, J =
7.2 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ = 165.8, 164.5, 160.1, 156.4, 
146.1, 141.9, 140.3, 126.7, 123.5, 122.5, 121.6, 120.8, 120.2, 118.5, 
116.2, 111.1, 107.6, 105.8, 61.5, 21.5, 13.7, 11.7. HRMS (ESI+): m/z [M 
+ H]+ calcd for C22H21N2O5, 393.1449; found, 393.1426. 

4.22. Ethyl 2-((5-methylfuran-2-carbonyl)oxy)-3,6-bis(5-methylfuran- 
2-carboxamido)-9H-carbazole-1-carboxylate (7ba) 

Purification by flash column chromatography (EtOAc/Hex, 1:3). 
Colorless oil; yield 54%; 1H NMR (400 MHz, CDCl3, δ): 9.96 (s, 1H), 9.09 
(s,1H), 8.33 (s, 1H), 8.23 (s, 1H), 8.21 (d, J = 1.7 Hz, 1H), 7.81 (dd, J =
8.7 Hz, J = 2.0 Hz, 1H), 7.50 (d, J = 3.4 Hz, 1H), 7.44 (d, J = 8.7 Hz, 
1H), 7.18 (d, J = 3.3 Hz, 1H), 7.13 (d, J = 3.3 Hz, 1H), 6.30 (dd, J = 3.4 
Hz, J = 0.8 Hz, 1H), 6.18 (dd, J = 3.3 Hz, J = 0.9 Hz, 1H), 6.14 (dd, J =
3.3 Hz, J = 0.8 Hz, 1H), 4.33 (q, J = 7.2 Hz, 2H), 2.50 (s, 3H), 2.43 (s, 
3H), 2.26 (s, 3H) 1.16 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3, δ): 
165.6, 158.9, 156.4, 156.3, 156.2, 157.8, 154.7, 146,5, 146.2, 142.1, 
139.2, 138.2, 137.4, 130.6, 123.2, 122.3, 122.1, 121.7, 120.5, 119.3, 
116.3, 116.2, 112.5, 111.5, 109.0, 108.9, 108.8, 106.0, 61.4, 14.2, 13.9, 
13.8, 13.7; HRMS (ESI+): m/z [M + H]+ calcd for C33H28N3O9, 
610.1825; found, 610.1838. 

4.23. 3-((tert-butoxycarbonyl)amino)-2-hydroxy-9H-carbazole-1- 
carboxylic acid (8) 

Compound 5aa (20 mg, 0.054 mmol) was dissolved in 0.5 M solution 
of NaOH (H2O:MeOH 1:1) (2 ml) and stirred for 12 h at R. T. Solution 
was acidified with 2 M HCl to pH = 3, and extracted with DCM (3 × 5 
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ml). Organic layers was washed with water (5 ml) brine (5 ml) and dried 
with MgSO4. Solvent was removed under reduced pressure and the 
residue was purified with flash chromatography. (EtOAc/Hex, 1:3). 
White amorphous solid; yield 99%; 

1H NMR (400 MHz, CDCl3, δ): 11.52 (s, 1H), 9.00 (s, 1H), 8.96 (s, 
1H), 8.01 (d, J = 8.0 Hz, 1H), 7.46–7.44 (m, 1H), 7.40–7.36 (m, 1H), 
7.26–7.22 (m, 1H), 7.13 (s, 1 H, 1.61 (s, 9H); 13C NMR (100 MHz, CDCl3, 
δ): 170.9, 153.3, 150.8, 138.7, 133.8, 124.8, 123.3, 120.6, 120.0, 119.7, 
117.1, 115.5, 110.6, 96.0, 80.4, 28.5; 

4.24. Cell cultivation 

HCT-116 cell line, which was kindly provided by Prof. Bert Vogel-
stein (Johns Hopkins University, Howard Hughes Medical Institute, 
USA), was cultured in McCoy’s5A medium. A-549 (CCL-185), Hep-G2 
(HB-8065), U-2 OS (HTB-96), MCF-7 (HB-8065), and HEK-293 (CRL- 
1573) were obtained from ATCC. A-549 and MCF-7 were cultured in 
RPMI-1640 medium, U-2 OS in McCoy’s5A medium, and HEK-293 and 
Hep-G2 in Dulbecco’s Modified Eagle medium. The culture medium 
used for cancer cell lines was supplemented with 10% fetal bovine 
serum, 2 mM L-glutamine, and antibiotics (penicillin 62.6 μg/ml and 
streptomycin 40 μg/ml). Cancer cells were cultured under humidified 
atmosphere containing 5% CO2 at 37 ◦C and routinely screened for 
Mycoplasma contamination. 

4.25. Cell viability assay 

The cell viability was determined after treatment with the synthe-
sized compounds using the MTT (Sigma-Aldrich) assay. Briefly, cells 
were seeded into 96-well culture plates and allowed to adhere over-
night. Then, they were exposed to various concentrations of compounds 
for 72 h. For vehicle control, DMSO (Merck) and Etoposide (Sigma- 
Aldrich) were used. After incubation, the MTT solution (0.4 mg/ml, final 
concentration) was added to the cells in each well, and the plates were 
incubated for an additional 2–3 h at 37 ◦C. After incubation, the cells 
were stained, and the medium was replaced with 100 μl DMSO. 

The absorbance of formazan was measured at 450 nm using an ASYS 
UVM340 microplate reader (Biochrom Ltd.). The IC50 value was esti-
mated for each compound in GraphPad Prism 8 software based on the 
curves plotted using survival as a function of dose, averaged from three 
independent experiments. 

4.26. Flow cytometry 

For flow cytometric experiments, HCT-116, A-549, and U-2 OS cells 
were seeded into Petri dishes and allowed to attach overnight. Then, 
they were incubated with each of the investigated compounds for the 
appropriate time. Analysis was performed using a Guava easyCyte 8 cell 
sorter (Merck Millipore) and FlowJo v10 software. Each experiment was 
repeated independently three times. 

4.27. Cell cycle analysis 

For analyzing the cell cycle, the harvested cells were fixed in ice-cold 
75% ethanol and stored overnight at − 20 ◦C. Then, they were rehy-
drated with phosphate-buffered saline (PBS) for 10 min. Subsequently, 
the cells were stained with 20 μg/μl propidium iodide (Sigma-Aldrich) 
and 50 μg/μl RNaseA (Thermo-Fisher) in PBS for 30 min at room tem-
perature and measured. 

4.28. H2AX phosphorylation 

After treatment with the studied compounds, the cells were har-
vested and fixed in 75% ethanol overnight or longer at − 20 ◦C. To detect 
H2AX phosphorylation, the cells were rehydrated with PBS in ice for 10 
min and permeabilized in 0.2% Triton X-100 in PBS for 5 min at room 

temperature. Then, they were washed with 1% bovine serum albumin 
(BSA) in PBS and incubated with Alexa Fluor™ 488-conjugated mouse 
anti-γH2AX (Ser139) antibody (#613406, 1:100 dilution; BioLegend). 
DNA was stained with 20 μg/μl propidium iodide and 50 μg/μl RNaseA 
in PBS for 30 min at room temperature and measured. 

4.29. Mitochondrial membrane potential 

For determining the mitochondrial membrane potential, 10 μM 
Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone FCCP (Sigma- 
Aldrich) was added 30 min before the end of incubation of cells with the 
investigated drug. The positive control consisted of 10 μM FCCP. After 
treatment, the culture medium of the HCT-116 and U-2 OS cells was 
replaced by a fresh medium supplemented with 5 μg/ml JC–1 dye 
(Sigma-Aldrich) and the cells were incubated in dark for 20 min at 37 ◦C. 
Subsequently, the cells were washed twice with PBS and measured. 

4.30. Reactive oxygen species generation 

For analyzing the ROS generation, 1 μM CM-H2DCFDA (#C6827; 
Thermo-Fisher) probe was added to the cells in each plate 30 min before 
the end of the drug treatment. As a reference, 250 μM H2O2 was used. 
After treatment, the cells were detached with 0.05% trypsin solution in 
PBS and Hank’s Balanced Salt Solution, treated with 7-AAD (Sigma- 
Aldrich), and measured. 

4.31. Apoptosis and caspase 3/7 assay 

As a positive control Cells were harvested and stained with Annexin 
V-FITC or Alexa Fluor 488 conjugate (#A13201; Thermo-Fisher) for 
performing apoptosis assay or with the reagents in the CellEvent™ 
Caspase-3/7 Green Flow Cytometry Assay Kit (Thermo-Fisher, 
#C10427) for investigating the activation of caspase-3/7, according to 
the manufacturer’s protocol. Finally, they were stained with 7-AAD 
(Sigma-Aldrich) and measured. For positive control, 10 μM Etoposide 
was used. 

4.32. Senescence 

After harvesting, the size and granularity of unstained cells were 
evaluated by analyzing the side scattering and forward scattering. 
Doxorubicin (Sigma-Aldrich) was used as a reference compound for the 
analysis. 

4.33. Colony formation assay 

HCT-116 and U-2 OS cell lines were seeded into six-well plates at a 
density of 500 cells well− 1. After attachment, the cells were pretreated 
with DMSO or different concentrations of 8 and 5aa for 24 h. Then, they 
were washed and cultured for an additional 9 days. Finally, the cell 
colonies were fixed in methanol and stained with 0.5% crystal violet. 
The visible colonies were counted by ImageJ software, and percentage 
viability was calculated in comparison to the control. 

4.34. Wound healing migration assay 

The possible antimigratory effects of the tested compounds were 
investigated by wound healing assay. HCT-116 and U-2 OS cell lines 
were seeded into an Ibidi-silicone insert on a cover glass-bottom 24-well 
plate for live-cell imaging and incubated for 24 h to allow the attach-
ment of cells. After incubation, the inserts were dislodged and the cells 
were washed twice with a fresh medium to remove any unattached cells. 
Then, the cells were exposed to various concentrations of compounds, 
and the plates containing cells were placed inside an imaging chamber 
(cellVivo incubation system; Olympus) maintained at 37 ◦C with 5% 
CO2 for incubation. Live-cell microscopy with time-lapse photography 
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was performed to monitor the migration of cells. Images were captured 
every 15 min for 48 h under × 10 magnification using a phase-contrast 
fluorescence microscope (IX83 Inverted Microscope; Olympus) which 
was connected to an XC50 digital color camera (Olympus). Using cell-
Sens software (Olympus), the images were combined to generate a 
video. The distance between gaps was measured using ImageJ software. 

4.35. Immunofluorescence 

Cells were treated with 5aa and 8 at their respective IC50 concen-
trations or with DMSO (1%) or Etoposide for 24, 48, and 72 h. After 
treatment, they were fixed with 4% Paraformaldehyde (Sigma-Aldrich) 
for 15 min, permeabilized with 0.2% Triton X-100 for 15 min, and 
blocked with 3% BSA in PBS with 0.1% Triton X-100 (PBS-T) for 1 h at 
room temperature. Then, the cells were incubated with Alexa Fluor 488 
mouse anti-H2AX (pS139) (#560445, 1:200 dilution; BD Pharmingen) 
and anti-β-Tubulin (#T8328; Sigma-Aldrich) antibodies diluted in PBS-T 
with 3% BSA in a humified chamber at 37 ◦C for 1.5 h. Next, they were 
incubated with Alexa Fluor 594-conjugated antirabbit IgG (#sc-516250, 
1:1000 dilution; Santa Cruz Biotechnology) for 1 h in a humidified 
chamber at 37 ◦C. Thereafter, the cells were stained with 1 μg/ml DAPI 
for 10 min. Images were acquired with an LSM 800 inverted laser- 
scanning confocal microscope (Carl Zeiss), equipped with an airyscan 
detector for high-resolution confocal scanning using a × 63 1.4 NA Plan 
Apochromat objective (Carl Zeiss). 

4.36. Confocal live-cell imaging 

For the analysis of mitochondrial morphology, HCT-116 cells were 
grown on a cover glass-bottom confocal 12-well plate. After 6 h of 
treatment with the tested compounds at their IC50 concentration and 
with DMSO, mitochondria were labeled by incubating the cells with 
MitoTracker Green FM probe (Thermo-Fisher) and Hoechst 33342 
(Thermo-Fisher) for 15 min, according to the manufacturer’s protocol. 
After incubation, the medium was replaced with a fresh growth medium. 
Confocal Z-stack images were acquired at 0.5-μm intervals for 10 stacks, 
with the parameters (laser intensity, exposure times, gain settings, etc.) 
kept constant for both cells treated with compounds and cells treated 
with DMSO. The excitation wavelengths for MitoTracker Green FM and 
Hoechst 33342 were 488 and 350 nm, respectively. 

Colocalization study was carried out the same way as the analysis of 
mitochondrial morphology with some modifications: (1) the cells were 
treated for 2 h with 10 μM of tested compounds, and (2) labeled with 
BODYPI (Thermo-Fisher) according to the manufacturer’s protocol. The 
excitation wavelengths for BODYPI and tested compounds were 580 and 
345 nm, respectively. Correlations of overlapping pixel intensities were 
calculated using thresholded MCC and PCC from Z-stack images. The 
scatter plot and coefficients were analyzed using the JACop plugin for 
ImageJ as previously described [49]. 

Images were acquired with an LSM 800 inverted laser-scanning 
confocal microscope (Carl Zeiss), equipped with an airyscan detector 
for high-resolution confocal scanning using a × 63 1.4 NA Plan Apo-
chromat objective (Carl Zeiss). Cells were incubated in an incubation 
chamber maintained at 37 ◦C with 5% CO2 during the experiments. 

4.37. Quantitative mitochondrial morphometric analyses 

Morphometric analyses, counting of mitochondrial particles, and 
analysis of circularity were performed using the mitochondrial 
morphology plugin of ImageJ (NIH) developed by Dagda et al. [50] The 
average mitochondrial volume was measured using the Particle 
Analyzer plugin of ImageJ (NIH). All measurements were obtained from 
the Z-axis confocal stacks. The mitochondrial length was determined 
with a macro developed by Merrill et al. [51] All data were compiled and 
analyzed in GraphPad Prism 8. 

4.38. Detection of SA-β-Gal 

SA-β-Gal was detected using the protocol described by Dimri et al. 
[52] Briefly, after incubation, the cells were washed with PBS and fixed 
for 5 min at room temperature in 3% formaldehyde (Sigma-Aldrich). 
Then, they were washed three times with PBS and incubated for 12–16 h 
at 37 ◦C (without CO2) with staining solution (1 mg/ml X-gal; A&A 
Biotechnology) in 40 mM citric acid/sodium phosphate (pH 6.0; 
Sigma-Aldrich), 5 mM potassium ferrocyanide (Fisher Scientific), 5 mM 
potassium ferricyanide (Fisher Scientific), 150 mM NaCl (POCH S.A), 
and 2 mM MgCl2 (POCH S.A). After incubation, the cells were washed 
again with 40 mM citric acid/sodium phosphate (pH 4.0) and observed 
under a BX60 inverted microscope (Olympus). SA-β-Gal-positive cells 
were quantified by counting the cells in 20 random fields of view using 
ImageJ software. Doxorubicin (Sigma-Aldrich) was used as a reference 
compound for the analysis. 

4.39. Statistical analyses 

Statistical analyses were performed using GraphPad Prism 8 soft-
ware. Data were obtained from n = 3 independent experiments and are 
presented as mean ± SEM. Statistical significance was calculated in 
comparison to the vehicle using one-way analysis of variance (ANOVA) 
post hoc Tukey’s test unless stated otherwise. A probability level of p <
0.05 was considered to be statistically significant. 
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Figure S1 Colocalization analyses. (A-C) Representative confocal images of intracellular colocalization of lipid droplets (BODYPI) and 

compound 8 in HCT-116 cell line captured in Z-stack (B) and rendered with 3D-reconstruction (C). (D) Representative linescan (corresponding 

to top panel in A) showing colocalization LD with compounds. (E) Scatter plot correspond to the colocalization of pixels. (F) Correlations of 

overlapping pixel intensities described as thresholded Mander’s (MCC) and Pearson`s (PCC) colocalization coefficients from z-stack images. D
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Figure S2 Apoptosis assay. (A-B) Flow cytometric analysis of U-2 OS cell line after 6h, 24h, 

and 48h of treatment with tested compounds: 8 and 5aa, using Annexin V/7-AAD. DMSO and 

Etoposide were used as reference compounds. In the left panels (A) representative dot-plot 

analyses. The quantitation of analysis was presented in right panels (B). Error bars represent 

the SEM of data obtained in n=3 independent experiments. Statistical differences were analyzed 

with two-way ANOVA test. ns > 0.05, * p<0.01, ** p<0.001, *** p<0.0001 vs. vehicle. 
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Figure S3 Flow cytometric analyses of ROS induction in HCT-116 cells after pre-treated with 

N-acetyl-L-cysteine (NAC), and 1 h, 3 h, 6 h and 24 h of treatment with compounds: 8 and 5aa, 

using H2DCFDA probe. DMSO and H2O2 were used as reference compounds.  

 

 
Figure S4 Quantitation of flow cytometric analysis of ROS induction in HCT-116 cells. Error 

bars represent the SEM of data obtained in n=4 independent experiments. Statistical differences 

were analyzed with two-way ANOVA test. ns > 0.05, ** p < 0.001, *** p<0.0001 vs. vehicle.  
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Figure S5 Flow cytometric analyses of ROS induction in U-2 OS cells after pre-treated with 

N-acetyl-L-cysteine (NAC), and 1 h, 3 h, 6 h and 24 h of treatment with compounds: 8 and 5aa, 

using H2DCFDA probe. DMSO and H2O2 were used as reference compounds. 

 

Figure S6 Quantitation of flow cytometric analysis of ROS induction in U-2 OS cells. Error 

bars represent the SEM of data obtained in n=4 independent experiments. Statistical differences 

were analyzed with two-way ANOVA test. ns > 0.05, ** p < 0.001, *** p<0.0001 vs. vehicle.  
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Figure S7 (A) Representative microscopy images of SA-β-Gal staining and cell morphology 

of U-2 OS cell line after 24h or 48h of treatment with investigated compounds (10µM 5aa, 

10µM 8) and additional post-culturing for 96h or 72h. Doxorubicin was used as reference 

compounds. (B) Representative dot-plot analyses after 48h of treatment with investigated 

compounds (10µM 5aa, 10µM 8) and additional post-culturing for 96h. Error bars represent the 

SEM of data obtained in n=10 random fields of view. Statistical differences were analyzed with 

two-way ANOVA test. *** p<0.0001 vs. vehicle 
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Table S2 Antifungal and antibacterial activities of compounds defined as MIC [μM]. 

 

 

 

  

 

 

 

 

 

 

 

 

 

Methods  

 

Antimicrobial Susceptibility Test: The synthesized carbazole derivatives were assessed for their 

antimicrobial activity against a panel of bacterial and fungal strains by broth microdilution 

method according to guidelines of the Clinical and Laboratory Standards Institute (M07-A10 

and M27-A3 documents). The antimicrobial activity was determined using commercial strains 

of bacteria: Bacillus cereus (PCM 2003) as an example of Gram-positive bacteria and 

Escherichia coli (ATCC 25922) as an example of Gram-negative bacteria, and the fungi: 

Candida albicans (ATCC 10231), Candida glabrata (DSM 11226), and Candida krusei (DSM 

6128). Briefly, DMSO was used to dissolve the tested compounds. Mueller-Hinton broth 

(MHS) (Sigma-Aldrich) and RPMI 1640 medium (Corning) were used for preparing serial 

dilutions of investigated and reference compounds using the 96-well microtiter plates. To each 

dilution in a ratio 1:1 was added the inoculum amounting 105 CFU/ml of all studied 

microorganisms prepared from 24 h cultures of bacteria and fungi grow at 37 °C. The results 

were obtained after 24h incubation at 37 °C under agitation at 180 rpm. Minimum Inhibitory 

Concentration (MIC) was established visually as the lowest concentration where no growth was 

observed after incubation with compounds. Ciprofloxacin and Fluconazole were used as control 

antimicrobial agents.   

  

 

Compound 

 

Bacterial strain Fungal strain 

Escherichia 

coli 

Bacillus 

cereus 

Candida 

albicans 

Candida 

albicans 

Sc 

Candida 

krusei 

Candida 

glabrata 

MIC [µM] 

AS262 >500 >500 >250 >250 >250 >250 

4aa >500 >500 >250 >250 >250 >250 

5aa >500 >500 >250 >250 >250 >250 

5ab >500 >500 >250 >250 >250 >250 

5ac >500 >500 >250 >250 >250 >250 

5ba >500 >500 >250 >250 250 >250 

5ca >500 >500 >250 >250 >250 >250 

7aa >500 >500 >250 >250 >250 >250 

7ab >500 >500 >250 >250 >250 >250 

7ba >500 >500 >250 >250 >250 >250 

8 >500 >500 >250 >250 >250 >250 

Ciprofloxacin 0.005 0.25 - - - - 

Fluconazole - - 125 125 62.5 62.5 
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Biological evaluation 

 

Figure S1 Flow cytometric analyses of A-549, H226, and H460 cells after Alexa Fluor 488 

Annexin V /PI staining. Representative dot-plots at 6, 24, and 48 h of treatment with PCH-1, 

Etoposide, or DMSO are presented on the left side. The quantitation of analysis is presented on a 

bar graph, on the right side. Error bars represent the SEM of data obtained in n=3 independent 

experiments. Statistical differences were analyzed with one-way ANOVA and post hoc Dunnet’s 

test. ns p>0.05, * p<0.01, ** p<0.001, *** p<0.0001, **** p<00001 vs. vehicle.  
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Figure S2 Fluorescence images of A-549, H226, and H460 cells at 6, 24, and 48 h of treatment 

with PCH-1 or DMSO. The cells were stained with DAPI and visualized by fluorescence 

microscopy, scale bar = 20 µM. The arrows indicate cell blebbing (white), cell shrinkage (green), 

polyploid cells (red), apoptotic bodies (yellow), and chromatin condensation (orange). 

To confirm proapoptotic properties of investigated compound, A-549, H226, and H460 

cells were treated with the PCH-1 for 6, 24, and 48 h, and their nuclei were stained with 

DAPI and visualized by fluorescent microscopy. As depicted in Figure S2, PCH-1 

treatment exhibited typical phenotypic features of cells undergoing apoptosis, as 

evidenced by chromatin condensation, cell shrinkage, and membrane blebbing. 

Increasing the time of exposure to PCH-1 triggered the formation of multinucleated 

polyploid cells, which is likely due to abnormalities of the spindle.  
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Figure S3 Flow cytometric analyses of caspase-3/7 activation in A-549, H226, and H460 cell 

lines at 6, 24, and 48 h of treatment. a. Representative histograms; b. The quantitation of analysis 

is presented on a bar graph. Data represent mean ± SEM of three independent experiments. 

Statistical differences were analyzed by one-way ANOVA and post hoc Dunnett`s test. * p<0.01, 

** p<0.001, *** p<0.0001. 
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Figure S4 a. Full length western blot presented in Figure 6 of the main article. Red boxes denote 

the cropped regions of the blots.  
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Figure S4 b. Full length western blot presented in Figure 6 of the main article. Red boxes denote 

the cropped regions of the blots.  
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Figure S4 c. Full length western blot presented in Figure 6 of the main article. Red boxes denote 

the cropped regions of the blots.  
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Figure S4 d. Representative images of a nitrocellulose membranes stained with Ponceau S dye 

for protein detection during western blot. 
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Figure S5 Analysis of TGF-β1 stimulated and unstimulated A-549 cell migration after treatment 

with PCH-1 by in vitro wound healing assay presented as time-lapse microscopy images after 

culture insert removal. Scale bars = 100 μm. 
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Figure S6 Flow cytometry analyses of ROS level at 3, 6, and 24 h of treatment A-549 cells with 

PCH-1. a. Representative dot plots after labelling with H2DCFDA/7-AAD; b. The quantitation 

of the analysis is presented in a graph bar. Data represent the mean ± SEM of three independent 

experiments. Statistical differences were analyzed by one-way ANOVA and post hoc Dunnett`s 

test. ** p<0.001, *** p<0.0001, **** p< 0.00001.  
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Methods 

Table S1 List of antibodies used in Western Blot 

Antibody name Company Dilution 

Anti-Caspase-3 (#9662) 

Anti-Cleavage caspase-3 (#9661) 

Cell Signaling 

Cell Signaling 

1:1000 

1:1000 

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

Anti-Caspase-8 (1C12) (#9746) Cell Signaling 1:1000 

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

Anti-Bcl-2 (#4223) Cell Signaling 1:1000 

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

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

Anti-Telomerase reverse  

transcriptase antibody [Y182] (ab32020) 

Cell Signaling 1:1000 

Anti-Vimentin (#5741) Cell Signaling 1:1000 

Anti- β-Catenin (#9562) Cell Signaling 1:1000 

Anti-N-cadherin (610920) BD Transduction Laboratories 1:250 

Anti-actin (sc-1616) Santa Cruz 1:100 

Anti-mouse-HRP (715-035-150) Jacson ImmunoResearch Labs 1:10000 

Anti-rabbit-HRP (711-035-152) Jacson ImmunoResearch Labs 1:10000 

Anti-goat-HRP (705-036-147) Jacson ImmunoResearch Labs 1:10000 
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