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Palindromic carbazole derivatives: unveiling their antiproliferative effect via 
topoisomerase II catalytic inhibition and apoptosis induction
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Małgorzata Biedulskab, Mariusz Makowskib , Jos�e M. Padr�onc and Maciej Baginskia 
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bDepartment of Bioinorganic Chemistry, Faculty of Chemistry, University of Gdansk, Gdansk, Poland; cBioLab, Instituto Universitario de Bio- 
Org�anica “Antonio Gonz�alez”, Universidad de La Laguna, La Laguna, Spain 

ABSTRACT 
Human DNA topoisomerases are essential for crucial cellular processes, including DNA replication, tran-
scription, chromatin condensation, and maintenance of its structure. One of the significant strategies 
employed in cancer treatment involves the inhibition of a specific type of topoisomerase, known as topo-
isomerase II (Topo II). Carbazole derivatives, recognised for their varied biological activities, have recently 
become a significant focus in oncological research. This study assesses the efficacy of three symmetrically 
substituted carbazole derivatives: 2,7-Di(2-furyl)-9H-carbazole (27a), 3,6-Di(2-furyl)-9H-carbazole (36a), and 
3,6-Di(2-thienyl)-9H-carbazole (36b) – as anticancer agents. Among investigated carbazole derivatives, 
compound 3,6-di(2-furyl)-9H-carbazole bearing two furan moieties emerged as a novel catalytic inhibitor 
of Topo II. Notably, 3,6-di(2-furyl)-9H-carbazole effectively selectively inhibited the relaxation and decatena-
tion activities of Topo IIa, with minimal effects on the IIb isoform. These findings underscore the potential 
of compound 3,6-Di(2-furyl)-9H-carbazole as a promising lead candidate warranting further investigation 
in the realm of anticancer drug development.
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Introduction

Cancer, a complex disease that progresses through multiple stages, 
is influenced by global population growth, ageing, and advances in 
economic development. According to the World Health 
Organization, cancer stands as the second leading cause of mortal-
ity in developing countries, following cardiovascular diseases. It is 
also believed that some types of cancers are modern civilisation dis-
eases, which depend on lifestyle. The contemporary treatment of 
cancer involves a variety of therapeutic methods, including surgery, 
radiotherapy, immunotherapy, and commonly used chemother-
apy1–3. Despite the rising rates of cancer and the growing problem 
of drug resistance, chemotherapy with a use of small molecules con-
tinues to be the primary strategy for addressing this disease4. To 
address these challenges in combating cancer, we present research 
on the concept of symmetrically substituted carbazole derivatives 
as potential agents in cancer treatment.

The carbazole scaffold is already known to play a crucial role 
as a fundamental structural element in numerous biologically 
active compounds. These compounds include both natural and 
synthetic anticancer agents5. The anticancer mechanism of action 
of some unsymmetrical carbazole derivatives comprises cell cycle 
arrest6, intercalation into DNA7, inhibition of human topoisomer-
ases8,9, mitochondria disruption10, and apoptosis induction11. It is 
noteworthy that some modified carbazole-skeleton segments of 
anticancer agents, such as alectinib and midostaurin, have already 
received approval from the US Food and Drug Administration 
(FDA) for use in chemotherapy12. These successes underscore the 
potential of carbazole scaffolds in the pursuit of new and effective 
anticancer drug candidates.

Some compounds possessing the carbazole scaffold act as 
topoisomerase II (Topo II) inhibitors. Elliptinium (also known as 
celiptium), introduced in 1983, has demonstrated effectiveness as 
an efficient antineoplastic drug for the treatment of metastatic 
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breast cancer. It exerts its action by poisoning Topo II and interca-
lating into DNA (Figure 1(a))13. Depending on the structural modi-
fications of carbazole, new derivatives are continuously being 
reported. They can act as either poisons (Figure 1(b))14 or catalytic 
inhibitors (Figure 1(c))9 of Topo II. Consequently, our investiga-
tions into symmetrically substituted carbazoles, a new idea of the 
scaffold, were focused on confirming whether these compounds 
can interact with topoisomerases.

In this study, we have designed three symmetrically substituted 
carbazoles with a focus on their chemical synthetic availability 
and the incorporation of substituents (furan and thiophene). 
Previous research suggests that these modifications, when inte-
grated into the core structure (Figure 1(d)), could potentially con-
fer biological activity. It is known that furan and thiophene motifs 
act as pharmacologically active pharmacophores, and compounds 
containing these rings have garnered increasing attention due to 
their promising anticancer activity15,16. Notably, such compounds 
can be found as FDA-approved anticancer medications, including 
lapatinib17 and raltitrexed18. Our research can be seen as an initial 
idea to test the hypothesis regarding the potential of symmetric-
ally substituted carbazoles as anticancer agents. Consequently, we 
have designed and synthesised only three compounds: 2,7-di(2- 
furyl)-9H-carbazole (27a), 3,6-di(2-furyl)-9H-carbazole (36a), and 
3,6-di(2-thienyl)-9H-carbazole (36b) to gain preliminary insights 
into their activities.

The human genome encodes for six topoisomerases (Topo 1, 
Topo1mt, Topo IIa, Topo IIb, Topo IIIa, and Topo IIIb), which play 
essential roles in catalysing topological changes in both nuclear 
and mitochondrial DNA19. These enzymes function by alleviating 
unwanted tensions that arise during DNA replication or transcrip-
tion, involving the creation of transitional single-stranded breaks 
by type I topoisomerases or double-stranded breaks in the DNA 

double helix by type II topoisomerases20. In both cases, the pro-
cess relies on the formation of a transient enzyme-DNA adduct 
known as the Topo cleavage complex (Topo cc). Given the uncon-
trolled proliferation of cancer cells, topoisomerases have emerged 
as important targets for numerous anticancer drugs21.

Topo II exists in two isoforms, Topo IIa and Topo IIb, both of 
which require the presence of Mg2þ ions and ATP hydrolysis to 
carry out their functions. Drugs targeting Topo II can be classified 
into two broad groups based on their mechanism of action. The 
first group consists of compounds known as Topo II poisons, 
which stabilise the covalent complex of Topo II with DNA, leading 
to increased levels of DNA damage in cells and ultimately trigger-
ing apoptosis22. These poisons can further be categorised based 
on their ability to bind to DNA: those that do not intercalate with 
DNA, such as etoposide (ETP) and teniposide, and those that do 
intercalate, including doxorubicin (DOXO), amsacrine (m-AMSA), 
and mitoxantrone23.

The second category of agents includes catalytic inhibitors that 
target the critical enzymatic activity of Topo II. These inhibitors 
induce cytotoxic effects without significantly increasing DNA dam-
age, achieved by stabilising the Topo II/DNA complex. Catalytic 
inhibitors exert their effects through various mechanisms, such as 
preventing ATP hydrolysis (e.g. ICRF-187, ICRF-193), competing for 
the ATP binding site (e.g. novobiocin), or preventing DNA cleav-
age (e.g. merbarone)20,24. Collectively, targeting the functions of 
Topo II represents a systematic approach in oncology therapy, 
providing potential avenues for developing effective treatments 
for cancer25.

In our study, we conduct a biological evaluation of symmetric-
ally substituted carbazole derivatives containing furan or thio-
phene (Figure 1(d)). The novelty of our approach involves the 
symmetrical substitution and investigation of these compounds’ 

Figure 1. Chemical structures of Topo II inhibitors based on the carbazole scaffold (a–c), and symmetrically substituted carbazoles containing furan and thiophene (d).
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potential anticancer properties. Our assessment is based on exist-
ing literature reports that highlight carbazole’s activity towards 
Topo II and the potential impact of furan or thiophene presence 
on increased anticancer activity. The primary focus of the evalu-
ation lies in the molecular pharmacology of three derivatives, spe-
cifically examining their inhibitory activity against human Topo II. 
Additionally, we explore their potential as anticancer agents across 
various cancer cell lines, encompassing analysis of their cytotoxic, 
antiproliferative, and proapoptotic properties. To the best of our 
knowledge, such study of symmetrical carbazole derivatives has 
never been reported elsewhere. Moreover, our results presented 
in this work might be crucial for other scientists and shed light on 
cancer treatment based on this scaffold.

Synthesis of compounds

The three compounds under investigation are as follows: 2,7-di(2- 
furyl)-9H-carbazole (27a), 3,6-di(2-furyl)-9H-carbazole (36a), and 
3,6-di(2-thienyl)-9H-carbazole (36b) (Figure 2). These compounds 
were synthesised, purified, and subjected to physiochemical char-
acterisation before being tested in topoisomerase assays.

The synthesis of the two carbazole derivatives, 27a and 36a, 
was carried out according to the protocol outlined by O�guzt€urk 
et al.26, while the synthesis of compound 36b was described by 
Damit et al.27. Compounds 36a and 36b, which contain the 3,6- 
locants in the carbazole skeleton, differ by the heteroatoms in the 
substituent rings. In 36a, the oxygen atoms in the heterocyclic 
substituents (furyl) were replaced by sulphur atoms (thienyl) to 
create the 36b carbazole derivative. Interestingly, compounds 27a 
and 36a are constitutional isomers, with substituents located in 
the 2,7 and 3,6 positions of the carbazole skeleton, respectively.

Biological studies

Carbazole derivatives inhibit human Topo II

To investigate the potential of carbazole derivatives as Topo II 
inhibitors, we conducted a pBR322 DNA relaxation assay in the 
presence of Topo IIa/IIb. As illustrated in Figure 3(a,b), the tested 
compounds displayed concentration-dependent activity against 
both Topo II isoforms. Notably, compound 36a fully inhibited 
DNA relaxation in the presence of Topo IIa at the highest concen-
trations (20–100 mM), yet did not impact Topo IIb activity. These 
results suggest that compound 36a selectively inhibits the relax-
ation activity of Topo IIa. Moreover, compounds 36b and 27a 
moderately affected the functionality of both Topo IIa and Topo 
IIb, inhibiting the relaxation of supercoiled DNA at the highest 
tested concentrations. In contrast, ETP and ICRF-187 completely 
inhibited relaxation activity towards Topo IIa, but exerted rela-
tively lower inhibitory effects against Topo IIb compared to the 
negative control (Figure 3(a,b)).

To explore the intercalating properties of the tested com-
pounds, we performed a DNA unwinding assay using Topo I and 
relaxed pBR322 DNA as substrates. ETP, a non-intercalating agent, 
and DOXO, an intercalating agent, served as controls. The results, 
shown in Figure 3(c), indicate that the carbazole derivatives could 
not convert relaxed plasmid into supercoiled DNA form in the 
presence of Topo I. These findings strongly suggest that com-
pounds 36a, 36b, and 27a act as non-intercalating topoisomerase 
inhibitors, pointing to a distinct mechanism of action from interca-
lating agents such as DOXO.

Carbazole derivatives are not Topo IIa poisons

Topo II plays a crucial role in decatenation, a process required to 
separate catenated DNA duplexes at the end of replication28. To 
evaluate the capacity of carbazole derivatives to inhibit the cata-
lytic decatenation activity of Topo II, we performed electrophoretic 
separation experiments using highly knotted circular kDNA and 
the respective Topo II isoforms (Figure 4(a,b)).

In the absence of Topo II, the high molecular weight kDNA 
remained stationary in the well of the negative control. 
Compound 36a demonstrated effective and concentration- 
dependent inhibition of Topo IIa-mediated decatenation across 
the concentration range of 4–100 mM (Figure 4(a)). In contrast, 
compounds 36b and 27a either completely inhibited decatenation 
only at the highest concentration tested, or partially inhibited the 
decatenation of higher-order catenates containing two, three, 
four, or more minicircles (Figure 4(a)). These catenates migrated 
slower through the gel compared to the decatenated kDNA.

To thoroughly assess the inhibitory effects of the compounds 
on both Topo II isoforms, we conducted a decatenation assay 
using Topo IIb. Consistent with the results obtained from the 
relaxation test (Figure 3(a,b)), 36a displayed significantly lower 
inhibitory activity against Topo IIb (Figure 4(b)), partially inhibiting 
decatenation only at the highest concentration tested. In compari-
son, compound 36b showed similar levels of activity against both 
Topo IIa and Topo IIb. Interestingly, 27a completely inhibited dec-
atenation in the presence of Topo IIb at a concentration of 
100 mM (Figure 4(b)). It is noteworthy that ICRF-187, known for 
reducing the catalytic activity of Topo II, showed a more signifi-
cant effect than ETP, which stabilises the cleavage complex of 
DNA/Topo II.

To determine if carbazole derivatives could be classified as 
Topo II poisons, we performed a DNA cleavage assay using Topo 
IIa and pBR322 plasmid. The results, as shown in Figure 4(c), dem-
onstrate that only ETP, a well-known Topo II poison, induced a 
significant amount of linear plasmid visible on the gel. This sug-
gests that compounds 36a, 36b, and 27a do not stabilise the 
covalent cleavage complex formed between Topo II and DNA, 
unlike the effects of ETP. To further confirm this, we repeated the 
cleavage assay in the presence of ETP to establish whether 36a 
could inhibit Topo IIa similarly to ICRF-187, by stabilising the non- 
covalent Topo II/DNA complex after the Topo II/DNA cleavage 
complex had been induced by ETP treatment (Figure 4(d)). Co- 
treatment with 36a reduced the level of linear plasmid compared 
to ETP and ICRF-187, indicating that 36a prevented the formation 
of the ETP-induced DNA cleavage in reaction with Topo IIa. 
Further investigation is necessary to identify the specific step or 
steps of the Topo II catalytic cycle that 36a impacts.

Carbazoles display a potent cytotoxic effect and inhibit the 
capability to form colonies

The antiproliferative activity of the carbazole derivatives under 
study was examined. These compounds were tested at different 
concentrations over a 72-h period using five distinct human can-
cer cell lines, specifically A549 (non-small lung cancer), HCT-116 
(colon cancer), MCF-7 (breast cancer), U-2 OS (bone cancer), U- 
87 MG (brain cancer), and a non-malignant human embryonic 
kidney cell line, HEK293. The 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyl-2H-tetrazolium bromide (MTT) assay was employed to 
determine the IC50 concentration for each compound in compari-
son to cells treated with 1% v/v dimethyl sulphoxide (DMSO). The 
carbazole derivatives demonstrated high antiproliferative efficacy 
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against all tested cancer cell lines (Table 1). 27a exhibited the 
highest activity, with an IC50 below 1 mM for all investigated cell 
lines, including HEK293. 36b displayed similar growth inhibition 
activity to most of the studied cell lines as 27a, except for U- 
87 MG cells where the IC50 was 1.40 ± 0.24 mM. Compound 36a 
exhibited the highest and lowest cytotoxicity against HCT-116 and 
U87-MG cell lines, with IC50 values of 0.48 ± 0.06 mM and 
2.19 ± 0.30 mM, respectively. The effect of 36a on HEK293 cells 
was comparable to the IC50 value of ETP, used as a reference.

To further investigate the impact of carbazole derivatives on 
cancer cell growth, A549 and HCT-116 cells were subjected to a 
clonogenic assay. The results demonstrated that treatment with 
carbazole derivatives significantly reduced the number of colony- 
forming cells compared to control cells treated with DMSO (Figure 
5). In particular, treatment with compounds 27a and 36a reduced 
the colony number in both tested cell lines in a concentration- 

dependent manner, while 36b demonstrated lower inhibitory 
activity against the A549 cell line (p > 0.01).

Carbazole derivatives show potent antiproliferative activity

The in vitro antiproliferative effect of carbazole derivatives was fur-
ther demonstrated by evaluating the bromodeoxyuridine (BrdU) 
incorporation assay on selected cancer cells. Treatment with equi-
toxic concentrations of compounds led to a time-dependent reduc-
tion in DNA synthesis across almost all investigated cell lines (Figure 
6). The U-2 OS cell line exhibited the least antiproliferative effect 
(Figure 6), whereas HCT-116 cells showed the most substantial effect 
(Figure 6). The BrdU incorporation assay revealed that all tested car-
bazoles inhibited BrdU incorporation in the A549, HCT-116, and 
MCF-7 cell lines, with 36b being the most potent. This compound 
displayed its most significant antiproliferative properties on A549 and 

Figure 2. The synthetic routes of the three carbazole derivatives (27a, 36a, 36b) (a). The structures of compounds 27a, 36a, and 36b, including atom numbering, are 
displayed to facilitate the interpretation of NMR spectra (b).
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HCT-116 lines, leading to an approximately 4-fold and 3.5-fold 
decrease in BrdU-positive cells, respectively (Figure 6). Collectively, 
these findings suggest that carbazole derivatives have the potential 
to inhibit cancer cell proliferation in vitro.

Carbazole derivatives disrupt cell cycle progression

The effects of carbazole derivatives on cell cycle progression were 
evaluated by monitoring the phases of A549, HCT-116, MCF-7, and 

U-2 OS cells after exposure to equitoxic concentrations of com-
pounds for 24 and 48 h (Figure 7). Topoisomerases, essential for 
DNA replication and crucial in mitotic chromosome condensation 
and separation, can cause cell cycle arrest and apoptosis upon 
inhibition29.

The cell-cycle profiles depicted in Figure 7 indicate that all carba-
zole derivatives caused a significant G0/G1 arrest (p < 0.0001) in 
A549 cells, associated with a reduced G2/M phase. Among all tested 
compounds, only 36a displayed a time-dependent increase in the 

Figure 3. Inhibition of Topo IIa (a) and IIb (b) mediated pBR322 relaxation. The experiment was carried out either with Topo IIa/IIb in the presence of solvent (DMSO 
IIa/IIb (þ)) or with various concentrations of carbazole derivatives. ETP (100 mM), and ICRF-187 (100 mM) were used as references. (c) Unwinding assay. Determination 
of the ability of carbazole derivatives to intercalate into DNA in the presence of topoisomerase I (Top I). ETP and DOXO were used as negative and positive controls, 
respectively. The displayed gels have been cropped for clarity; full-length gels can be found in Supplementary Figures S1–S3.
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number of cells in the G0/G1 phase in HCT-116 cells (Figure 7). In 
MCF-7 cells, all carbazole derivatives resulted in a significant, time- 
dependent increase in the G0/G1 phase, with a concomitant reduc-
tion of the S phase compared to DMSO-treated cells. The most 

potent cell cycle blockade was observed after 48 h exposure to 36b, 
with the G0/G1 phase showing a substantial increase 
(59.85 ± 2.15%; p < 0.00001) (Figure 7). Time-dependent treatment 
of U-2 OS cells resulted in a �1.7-fold increase in the number of 

Figure 4. Inhibition of Topo IIa/IIb mediated kDNA decatenation by carbazole derivatives (a, b). DNA cleavage assay in the presence of 36a, 36b, and 27a, respectively 
(c, d). ETP (100 mM) and ICRF-187 (100 mM) were used as references. The displayed gels have been cropped for clarity; full-length gels can be found in Supplementary 
Figures S4–S7.
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cells in the G2/M phase compared to DMSO-treated cells, which was 
associated with a reduction in the G0/G1 phase (Figure 7). The effect 
of 36a on cell-cycle accumulation in the G1 phase correlated well 
with its cytotoxic and Topo IIa catalytic inhibitory activities30.

These findings suggest that carbazole derivatives can poten-
tially cause G0/G1 arrest in A549 and MCF-7 cells, as well as 
increase in the number of cells in the G2/M phase in U-2 OS cells. 
The varied responses of these cells to carbazole treatment could 

Table 1. In vitro growth inhibitory activity (IC50 ± SD, mM) of 27a, 36a, and 36ba.

Compound A549 HCT-116 MCF-7 U-2 OS U-87 MG HEK293

27a 0.26 ± 0.12 0.22 ± 0.04 0.79 ± 0.21 0.37 ± 0.05 0.45 ± 0.15 0.19 ± 0.07
36a 0.93 ± 0.15 0.48 ± 0.06 1.39 ± 0.29 0.99 ± 0.18 2.19 ± 0.30 1.65 ± 0.13
36b 0.60 ± 0.10 0.27 ± 0.11 0.83 ± 0.21 0.71 ± 0.06 1.40 ± 0.24 0.32 ± 0.11
Etoposide 0.54 ± 0.21 0.39 ± 0.01 0.83 ± 0.15 0.61 ± 0.04 11.86 ± 1.31 1.91 ± 0.97
aValues represent a concentration that inhibits 50% of cell growth and are means of three independent experiments. Etoposide was used as a reference.

Figure 5. Colony-forming ability of HCT-116 and A549 cells after treatment with 27a, 36a, and 36b. Representative images of the clonogenic assay for HCT-116 and 
A549 cell lines (a, b) and its quantification (c, d). Data represent the mean ± SD of three independent experiments.
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be attributed to their unique genetic profiles and variability in 
sensitivity to these compounds. Alternatively, the carbazole deriva-
tives may target different biological processes in the two types of 
cell lines. Further investigation is needed to elucidate the molecu-
lar mechanisms underlying the observed cell cycle effects and 
their relationship to the cytotoxic and Topo II inhibitory activities 
of the carbazole derivatives.

Carbazoles induce apoptotic cell death via a mitochondrial pathway

Apoptosis evasion is one of the hallmarks of tumour transform-
ation31. Commonly used chemotherapeutics aim to promote 

cancer cell death through apoptosis activation32,33 and especially 
Topo inhibitors among others are the most efficient inducers of 
apoptosis34. The confocal imaging with Annexin V-FITC and 
Hoechst33342 staining was performed to observe changes in 
nuclei morphology of A549 and HCT-116 after 24 h treatment with 
compounds (Figure S8). As depicted in Figure 8(a,b), 27a, 36a, 
and 36b showed typical features of cells undergoing apoptosis as 
evidenced by multiple shrunken cells, fragmented nuclei, and 
apoptotic bodies. The apoptotic potential of the carbazoles was 
measured by flow cytometry using double staining with Annexin 
V-FITC and 7-AAD, which allows for determining viable (Annexin 
V-FITC(–)/7-AAD(–)), early apoptotic (EA) (Annexin V-FITC(þ)/7- 

Figure 6. Cytometric analysis of BrdU incorporation. A549, HCT-116, MCF-7, and U-2 OS cells were treated with 27a, 36a, and 36b for either 24 or 48 h. 
Representative histograms and statistical analyses after DNA staining (a). The results of the quantification analysis are presented in bar graphs. Error bars represent the 
mean ± SD of data obtained from three independent experiments (b).
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AAD(–)), late apoptotic (LA) (Annexin V-FITC(þ)/7-AAD(þ)), and 
necrotic (Annexin V-FITC(–)/7-AAD(þ)) cells. As shown in Figure 
8(c), after 24 h of A549 cells treatment, tested compounds 
increased the proportion of apoptotic cells (EA þ LA) to above 
40%, compared to the control group (8.7 ± 2.3%). Later exposure 
(48 h) to carbazoles demonstrated a potent increase in the LA 
phase, from approximately 30–60%, depending on the compound 
(Figure 8(c)). Like A549, the treatment of HCT-116 cells with inves-
tigated compounds leads to a time-dependent increase of 

apoptotic cells, whereas the apoptotic potential of carbazoles was 
similar in both cell lines (Figure 8(c,d)). The most substantial pro- 
apoptotic properties were exhibited by compound 27a, which on 
both tested cancer lines caused an eightfold increase in the frac-
tion of apoptotic cells compared to the control. Moreover, in both 
tested cell lines, carbazoles also slightly activated necrosis, and 
this effect was only statistically significant for 27a and 36b against 
HCT-116 (��p < 0.001) (Figure 8(c,d) and Figure S9). Importantly, 
all tested compounds induced apoptosis approximately 2.5 times 

Figure 7. Cell cycle profiles of A549, HCT-116, MCF-7, and U-2 OS cells after treatment with 36a, 36b, and 27a. Representative histograms from PI staining and their 
corresponding quantification are presented in the bar graphs. Error bars represent the mean ± SD of data obtained in three independent experiments.
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Figure 8. Analyses of proapoptotic activities of carbazole derivatives. Confocal imaging of A549 (a) and HCT-116 (b) cells after 24 h of treatment with 27a, 36a, and 
36b. The cells were stained with Hoechst33342, scale bar ¼ 10 mm. The arrows indicate cell shrinkage (white), fragmented nuclei (red), and apoptotic bodies (yellow). 
Quantification of flow cytometry analysis of A549 (c) and HCT-116 (d) cell lines (24 and 48 h) using Annexin V/7-AAD. Modulation of caspase 3/7 in A549 (e) and HCT- 
116 (f) cells after 24 and 48 h of treatment with 27a, 36a, and 36b. Analysis of changes in mitochondrial potential using JC-1 staining. Bar charts (g) with statistical 
quantification and confocal images of A549 and HCT-116 cells (h) acquired after 24 h of treatment with the compounds. Error bars represent the mean ± SD of data 
obtained from three independent experiments. ETP or FCCP served as references.
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more than the reference compound ETP, a well-known Topo II 
inhibitor used in chemotherapies for treating numerous tumours, 
such as lung cancer35.

One of the characteristics of cells undergoing apoptosis is the 
activation of cysteine proteases known as caspases, Executioner 
caspases 3 and 7 are known as central players during apoptotic 
cell death36. To determine, whether carbazoles triggered caspase- 
dependent cell death, A549 and HCT-116 cells were treated with 
equitoxic concentrations of compounds and analysed by flow 
cytometry. As depicted in Figure 8(e), after 24 h of treatment of 
A549 cells, carbazoles activate caspase-3/7, as revealed by a 3.4- 
fold, 5.7-fold, and 2.5-fold increase in apoptosis for 27a, 36a, and 
36b respectively, as compared to control. Later treatment of A549 
cells (48 h) showed a slight increase in apoptotic cells. In compari-
son, exposure to HCT-116 cells led to a comparable increase in 
subpopulation cells with activated caspase 3/7 for all carbazole 
derivatives, as revealed by approximately five times higher than in 
control (DMSO) (Figure 8(f)). After 48 h of treatment with the com-
pounds, caspase-3/7 activity in HCT-116 cells was enhanced 1.5- 
to 2-fold compared to the vehicle (Figure 8(f)). Moreover, ETP also 
caused a significant increase in caspase-3/7 activity in both cell 
lines; however, this effect was more pronounced than that of the 
carbazoles (Figure 8(e,f), and Figure S10).

Mitochondria play a significant role in cell death, and loss of 
mitochondrial outer membrane potential (MOMP) is essential to 
initiate mitochondrial apoptosis37. The change in JC-1 fluorescence 
demonstrated a loss of DWm from red (aggregates) to green 
(monomers). As shown in Figure 8(g,h), treatment of A549 and 
HCT-116 cells with carbazoles for 24 h led to a significant rise in 
the percentage of cells with dissipated MOMP, as revealed by �5- 
fold increase in JC1-monomers by all carbazoles in comparison to 
a vehicle (DMSO). On the other hand, the reference compound 
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) led 
to an 11-fold and 6.3-fold increase in JC-1-monomers for A549 
and HCT-116 cells, respectively, compared to the control (Figure 
8(g) and Figures S11–S13).

DNA fragmentation is the hallmark of the last step of apop-
tosis, achieved by the activation of endonucleases, which cleave 
genomic DNA in dying cells into internucleosomal DNA 
fragments38. To confirm the proapoptotic properties of the investi-
gated carbazoles, terminal deoxynucleotidyl transferase dUTP nick 
end labelling (TUNEL) was assessed after treating A549 and HCT- 
116 cells for 24 and 48 h. As depicted in Figure S14, all com-
pounds led to a time-dependent, significant increase in the rates 
of TUNEL-positive cells on both cancer cell lines; however, 
observed DNA fragmentation was more pronounced on HCT-116 
than on A549 cells, where the most massive effect induced com-
pound 27a which is consistent with results obtained from 
Annexin V-FITC/7-AAD assay (Figure 8(c,d)).

Discussion

The global burden of cancer has been growing steadily, leading 
to increasing incidence and mortality rates. According to 
Globocan 2020 report, there were 19.3 million newly diagnosed 
cancer cases and 10 million deaths worldwide39. Notably, lung 
cancer accounted for 18% of cases, marking it as one of the most 
lethal forms of the disease. Similarly, colon cancer accounted for 
9.4% of cases, posing a significant health threat. These two types 
of cancer were particularly prominent among men, whereas, 
among women, the leading types were breast, colon, and lung 
cancers39. The incidence of lung and colorectal cancer is projected 
to rise significantly in the future, driven by factors such as genetic 

mutations, an ageing population, and growing resistance to con-
ventional pharmacological treatments40,41. Given this alarming 
trend, it is crucial to prioritise the search for novel and effective 
treatments, especially for lung, colon, and breast cancers.

Several drugs have been identified to inhibit the catalytic activ-
ity of Topo II, and recent research suggests that these catalytic 
inhibitors act through diverse mechanisms. The specific cellular 
effects of these drugs can vary significantly depending on the 
step or steps of the Topo II catalytic cycle they target42. In our 
study, we found that the tested carbazole compounds did not sta-
bilise the DNA/Topo II complex involved in the cleavage process. 
Compound 36a exhibited promising inhibitory properties against 
the catalytic activity of Topo IIa. It demonstrated high selectivity 
for the Topo IIa isoform, contrasting with most human Topo II 
inhibitors that act on both a and b isoforms43. This isoform select-
ivity is particularly noteworthy given recent research emphasising 
the need for isoform-selective poisons and catalytic inhibitors to 
mitigate side effects associated with Topo II poisons, such as car-
diomyopathy and secondary malignancies44. Moreover, targeting 
Topo IIb with chemotherapeutics has been linked to adverse 
effects, underscoring the increasing interest in the search for com-
pounds that preferentially inhibit one isoform45–47.

Further, we discovered that 36a might exert its mechanism of 
action by inhibiting a specific step in the catalytic cycle of the 
enzyme before the formation of the cleavable complex between 
Topo II and DNA. We also explored the possibility that the tested 
carbazole derivatives could disrupt the interaction between Topo 
II and DNA by distorting the DNA’s helical structure. Previous 
studies have suggested that the carbazole moiety has the poten-
tial to intercalate with DNA48–50. However, our findings indicate 
that none of the compounds investigated in this study bound to 
DNA, which suggests that their inhibitory effect on Topo II was 
direct and not mediated through DNA binding.

To assess their antiproliferative activity, we evaluated carbazole 
derivatives in various cancer cell lines, including bone, breast, 
colon, and lung. Among the tested cancer cell lines, 36a, 36b, 
and 27a showed significant nanomolar IC50 values, effectively sup-
pressing cancer cell proliferation and inhibiting colony formation. 
In most of the tested cancer cell lines, these compounds demon-
strated potent activity. Interestingly, when considering cytotox-
icity, 36a showed a relatively weaker impact on the HEK293 cell 
line compared to the other cancer cell lines investigated in this 
study. However, despite this observation, its effectiveness was on 
par with that of the reference compound, ETP. The studies carried 
out by Ortega’s group51 revealed that after 72 h, merbarone, act-
ing as a catalytic inhibitor, exhibited significantly reduced cyto-
toxic activity towards A549 and MCF-7 cell lines, with IC50 values 
of 40 ± 2.7 mM and 83.9 ± 3.0 mM, respectively, in comparison to 
36a. These findings underscore the potent inhibitory effect of 36a 
on Topo II catalytic activity, as well as its ability to suppress the 
proliferation of lung and colon cancer cells at nanomolar levels.

Cell cycle regulation plays a critical role in the development of 
malignancy and the emergence of chemotherapy resistance52. 
Notably, various catalytic inhibitors of Topo IIa have been found 
to operate through distinct mechanisms of cell cycle suppression 
compared to Topo II poisons53. Among all the compounds, 36a 
demonstrated significant reduction in cell proliferation and 
induced G1-phase cell cycle arrest in the majority of evaluated 
cancer cell lines. However, in U-2-OS cells, we observed a time- 
dependent block in the G2/M phase. These findings align with the 
research conducted by Perdih’s group, who discovered a novel 
chemical class of Topo IIa catalytic inhibitors that caused G1-phase 
cell cycle arrest in MCF-7 and Hep-G2 cells30. Similarly, Kang et al. 
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reported a distinct effect of a catalytic inhibitor of Topo IIa, which 
arrested the cell cycle in the S phase and suppressed the viability 
of ovarian cancer cells54. Conversely, Chen et al. described a G2/M 
delay in fibrosarcoma cells treated with ICRF-19355. These studies 
provide further evidence that the cellular response to treatment 
with catalytic inhibitors of Topo II differs from that of Topo II poi-
sons, particularly regarding their effects on cell cycle progression.

Current pharmacological therapies for cancer often exert their 
anticancer effects by inducing a decrease in mitochondrial mem-
brane potential (DWm) and permeabilisation of the mitochondrial 
membrane, leading to the release of apoptotic factors. 
Consequently, this triggers the activation of caspases, which initi-
ate cell degradation through the limited proteolysis of various cel-
lular proteins56. Topoisomerases, being important biological 
targets, play a role in multiple signalling pathways, including 
apoptosis, when their function is inhibited. In our study, we inves-
tigated the effects of carbazole derivatives on Topo II activity and 
its impact on apoptosis. Our research also revealed that these 
derivatives effectively inhibit the function of Topo II, triggering 
the mitochondria-dependent apoptosis pathway. This was evi-
denced by the activation of effector caspases 3/7 and DNA 
fragmentation in lung and colon cancer cells. Notably, many well- 
known Topo II poisons, such as ETP, DOXO, and mitoxantrone, are 
recognised as apoptosis inducers57,58. Similarly, previous reports 
have demonstrated that Topo II catalytic inhibitors, such as ICRF- 
187 and ICRF-193, induce apoptosis by activating caspases and 
causing internucleosomal DNA fragmentation59,60.

Conclusions

This study provides compelling in vitro evidence of the anticancer 
efficacy of symmetric carbazole derivatives (27a, 36a, and 36b). In 
particular, compound 36a, which contains a furyl moiety, effect-
ively inhibits proliferation and induces G1-phase arrest in cancer 
cells. 36a represents a novel and promising class of non-intercalat-
ing catalytic inhibitors targeting Topo II. It exhibits significant 
selectivity in inhibiting the relaxation and decatenation activity of 
the Topo IIa isoform, and its mode of action involves the induc-
tion of apoptosis through the intrinsic pathway, accompanied by 
DNA fragmentation. This compound is a promising example of 
symmetrically substituted carbazoles with potent anticancer prop-
erties demonstrated in vitro. However, to fully understand the 
mechanism by which compound 36a inhibits the catalytic activity 
of Topo IIa, further comprehensive studies are warranted. Such 
future investigations will elucidate the intricate molecular interac-
tions and signalling pathways contributing to the anticancer 
effects of this compound.

Furthermore, the flattening of the structure (27a) or the replace-
ment of the O-heteroatom in the pyrrole ring (36a) with an S-heter-
oatom in the thiophene substituent (36b) significantly alters the 
properties of the compounds. These alterations are clearly evident 
in the results of biological tests conducted on Topo II. This informa-
tion could have a substantial impact on the design of novel carba-
zole derivative structures. Compound 36a is particularly appealing 
because it features two highly electronegative oxygen atoms that 
are configurationally compatible with the active site of the enzyme 
under investigation. On the contrary, 36b, which contains sulphur 
atoms (larger and less electronegative than oxygen in 36a), is 
unable to form such strong interactions with the isoforms of Topo II. 
In the case of 27a, the linear structure may be the reason for its 
incompatibility with the size of the active centre pocket of the Topo 
II isoforms considered in this study.

Experimental

Apparatus and measurement methods

The MALDI-TOF mass spectra of the studied compounds 27a, 36a, 
and 36b were recorded on an autoflex TOF/TOF maX instrument 
(Br€uker Daltonics, Billerica, MA) with DHB matrix in the range of 
m/z 100–1000. Additionally, the 1H (500 Hz) and 13C NMR (125 Hz) 
spectra of the studied compounds 27a, 36a, and 36b in d6-DMSO 
solutions were obtained with a Br€uker AVANCE III 700 MHz spec-
trometer (Billerica, MA). UV absorption spectra of 27a, 36a, and 
36b acetonitrile solutions were recorded on an Evolution 300 
(Thermo Scientific, Waltham, MA) spectrophotometer with a data 
interval of 1.0 nm, a slit width of 1.0 nm and a scan speed of 
240 nm/min. The fluorescence emission spectra of all compounds 
studied in acetonitrile (kexc ¼ 300 nm for 36a and kexc ¼ 340 nm 
for 27a and 36b) were recorded using FL 6500 Fluorescence spec-
trophotometer (Perkin Elmer, Waltham, MA) in the wavelength 
area between 350 and 550 nm. The results obtained for all studied 
samples, 27a, 36a, and 36b by the fluorometric method are in 
excellent agreement with those reported previously27.

General procedure for the Stille cross-coupling reaction

Pathways and the consecutive steps of the three syntheses are 
shown in Figure 2(a).

First synthesis step: 3,6-Dibromo-9H-carbazole or 2,7-dibromo- 
9H-carbazole (substrate) (1 equiv.) and Pd[(C6H5)3P]4 (0.025 equiv.) 
as catalyst was dissolved in 7 ml of dry toluene. The toluene solu-
tion was vigorously stirred under argon (Ar) atmosphere at room 
temperature for 20 min. Then, 2-(tributylstannyl)thiophene (precur-
sor of 36b; CAS no.: 54663-78-4) or 2-(tributylstannyl)furan (pre-
cursor of 27a or 36a; CAS no.: 118486-94-5) (2.5 equiv.) was 
added and the reaction mixture was heated at 90 �C for 24 h. The 
exact weight and yield of the reagents are given in Table 2.

Second synthesis step: After the reactions were completed (con-
firmed by TLC), the toluene solutions were cooled to room tem-
perature. The solvent was removed under reduced pressure and 
crude products were extracted with ethyl acetate (EtOAc; 
3 � 20 ml), washed twice with water (first fraction), saturated KF 
(second fraction), and dichloromethane (DCM; third fraction) sol-
vents and all fractions dried over Na2SO4. Initial TLC and UV ana-
lysis confirmed that only the DCM fraction contained the 
expected product.

Third synthesis step: After evaporation, the crude products, oily 
for 27a and powdery for 36a and 36b, were purified by column 
chromatography. In the case of 27a derivative 1:10 (v/v) of the 
ethyl acetate:petroleum, ether mixture was used as an eluent, and 
in the case of 36a and 36b derivatives, the different, a specific 
mixture of toluene and petroleum ether (v/v ¼ 1:1) was used. The 
structures of the objects studied and their numbering style are 
introduced in Figure 2(b), and the equipment used as well as TLC 
monitoring made during syntheses are presented in Figure S15.

Structures confirmation

2,7-Di(2-furyl)-9H-carbazole (27a)

MALDI-TOF spectrum registered for 27a, DHB matrix (m/z signal; 
found (calc.)): [M] 299.101 (299.05) (Figure S16). ATR signals 
(cm−1): 3398 �(N–H); 2956–2854 �(C–H); 1599 �(C═C); 1454, 1422, 
and 1377 �(C–N); 1326 (C–C)interring; 1240 �(C–N); 1155, 1075, and 
1012 �(C–C)interring (Figure S17). Electronic absorption and fluores-
cence spectra obtained for 27a were included in the SI file (Figure 
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S18) and agreed with the data reported in Refs.26,27. The images 
of the colourful carbazole derivatives solutions in d6-DMSO are 
included in Figure S19.

1H NMR chemical shifts (500 Hz; d6-DMSO); d (ppm): 11.46 (s, 
1H, H-9); 8.18–8.09 (d, 2H, J4,3 ¼ J5,6 ¼ 6.95, H-5, H-4); 7.79 (s, 1H, 
H-8), 7.72 (s, 1H, H-1), 7.64–7.61 (d, 2H, H-3 and H-6); 7.34 (dd, 2H, 
J50 ,40 ¼ 3.4, J40 ,30 ¼ 1.79 both H-40); 7.02 (d, 2H, both H-50), 6.63 (d, 
2H, both H-30) (Figure S20).

13C NMR chemical shifts (125 Hz, d6-DMSO); d (ppm): 154.1 
(both C-20); 143.4 (both C-50); 141.3 (C-8a, C-9a); 131.9 (C-2, C-7); 
129.4 (C-4, C-5); 122.7 (C-3, C-6); 117.2 (C-1, C-8); 114.3 (both C-40); 
112.8 (C-4a, C-4b); 106.1 (both C-30) (Figure S21). Additionally, the 
2D COSY (Figure S22) and HSQC (Figure S23) of 27a were regis-
tered. Based on the last analysis, the assignment positions of car-
bons were established and the complementary pairs C–H were 
reported for 27a.

3,6-Di(2-furyl)-9H-carbazole (36a)

MALDI-TOF spectrum registered for 36a, DHB matrix (m/z signal; 
found (calc.)): [Mþ 2Hþ] 301.045 (301.0) (Figure S24). ATR signals 
(cm−1): 3420 �(N–H); 3252 �(C–H) in furan ring; 2957–2854 �(C–H); 
1635 and 1609 �(C═C); 1467 and 1379 �(C–N); 1325 (C–C)interring; 
1290 �(C–N); 1237 and 1153 �(C–N); 1073 �sym(–C═C–); 1011 �(C– 
C)ring. (Figure S25). Electronic absorption and fluorescence spectra 
obtained for 36a were included in the SI file (Figure S26) and 
agreed with the data presented in Refs.26,27.

1H NMR chemical shifts (500 Hz; d6-DMSO); d (ppm): 11.53 (s, 
1H, H-9); 8.53 (s, 1H, H-4); 8.44 (s, 1H, H-5); 7.72 (d, 2H, both H-50), 
7.52–7.47 (m, 4H, J1,2 ¼ J7,8 ¼ 8.67 Hz, H-1, H-2, H-7, H-8); 6.87 (d, 
2H, J30 ,40 ¼ 3.16, both H-30); 6.61 (t, 2H, J40 ,50 ¼ 2.94 Hz, 
J30 ,40 ¼ 1.17 Hz, both H-40) (Figure S27).

13C NMR chemical shifts (125 Hz, d6-DMSO); d (ppm): 154.7 
(both C-20); 142.4 (both C-50); 139.9 (C-8a); 139.3 (C-9a); 128.7 (C- 
2); 124.9 (C-7); 123.5 (C-3); 123.1 (C-6); 122.5 (C-4); 122.2 (C-5); 
116.3 (C-4a, C-4b); 113.6 (C-1); 112.5 (C-8); 112.1 and 111.3 (both 
C-40); 104.3 (C-30) (Figure S28).

The 2D COSY (Figure S29) and HSQC (Figure S30) of 36a were 
registered. Based on the last analysis, the assignment positions of 
carbons were established and the complementary pairs C–H were 
reported for 36a.

3,6-Di(2-thienyl)-9H-carbazole (36b)

MALDI-TOF spectrum registered for 36b, DHB matrix (m/z signal; 
found (calc.)): [M] 331.03 (331.05) (Figure S31). ATR signals (cm−1): 
3411 �(N–H); 3259–3100 �(C–H) in thiophene ring; 2955–2844 
�(C–H); 1629; 1602 �(C═C); 1468; 1378 �(C–N); 1288, 1234, 1176, 
and 1158 �(C–N); 1070 and 1050 �sym(–C═C–); 1017 �(C–C)ring 

(Figure S32). Electronic absorption and fluorescence spectra 
obtained for 36b were included in the SI file (Figure S33) and cor-
related with the data presented elsewhere61.

1H NMR chemical shifts (500 Hz; d6-DMSO); d (ppm): 11.54 (s, 
1H, H-9); 8.52 (s, 1H, H-4); 8.52 (s, 1H, H-4); 8.48 (s, 1H, H-5); 8.44 

(d, 2H, both H-50); 7.53–7.48 (m, 4H, J1,2 ¼ J7,8 ¼ 5.72 Hz H-1, H-2, 
H-7, H-8); 7.74 (t, 2H, J40 ,50 ¼ 4.32 Hz, J30 ,40 ¼ 3.71 Hz, both H-30); 
7.15 (d, 2H, both H-40) (Figure S34).

13C NMR chemical shifts (125 Hz, d6-DMSO); d (ppm): 145.3 
(both C-20); 139.2 (C-8a, C-9a); 129.2 (C-3, C-6); 128.8 (both C-50); 
124.8 (C-4, C-5); 123.8 (C-2, C-7); 122.8 (C-1, C-8); 118.1 (C-4a; C- 
4b); 113.7 (both C-40); 112.2 (both C-30) (Figures S35).

Moreover, the 2D COSY (Figure S36) and HSQC (Figure S37) of 
36b were registered. Based on the last analysis, the assignment 
positions of carbons were established and the complementary 
pairs C–H were reported for 36b.

The structural characterisation of the three carbazole deriva-
tives studied based on data obtained is in good agreement with 
those reported in Refs.26,27,61.

Cell culture

A549 (CCL-185), HCT-116 (CVCL-427), MCF-7 (HB-8065), U-2 OS 
(HTB-96), U-87 MG (HTB-14), and HEK-293 (CRL-1573) cells used in 
this study were acquired from ATCC (Manassas, VA). The non-small 
cell lung cancer cell line A-549 and breast cancer cell line MCF-7 
were cultured in RPMI-1640 medium, while the bone cancer cell 
line U-2 OS and colon cancer cell line HCT-116 were cultured in 
McCoy’s 5A medium. The brain cancer cell line U-87 MG was cul-
tured in MEM medium, while the non-malignant embryonic kidney 
cell line HEK293 was cultured in DMEM. All culture media were 
supplemented with 10% foetal bovine serum, 2 mM L-glutamine, 
and antibiotics (penicillin 62.6 mg/ml and streptomycin 40 mg/ml). 
The cells were cultured in a humidified atmosphere containing 5% 
CO2 at 37 �C and were routinely screened for Mycoplasma contam-
ination. All reagents used in this study were purchased from 
Corning (Corning, NY) unless otherwise stated.

Drug sensitivity assay

Cell viability was determined using the MTT (3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) assay. The cells 
were seeded into 96-well plates and treated with the compounds 
under investigation at concentrations ranging from 0 to 50 mM for 
72 h. ETP (Sigma-Aldrich, St. Louis, MO) and m-AMSA (Cayman 
Chemical, Arbor, MI) were used as reference compounds. After 
treatment, the cells were incubated with MTT solution (0.4 mg/ml 
in PBS) for three hours at 37 �C. The medium was removed, and 
the formazan crystals were dissolved in 100 ll of DMSO. The 
absorbance was measured at 540 nm using an ASYS UVM340 
microplate reader (Biochrom Ltd., Cambridge, UK). The experiment 
was conducted independently in triplicate.

Clonogenic assay

At a density of 400 cells/well, A549 and HCT-116 cells were 
seeded into six-well plates. The cells were treated with various 
concentrations of investigated carbazole derivatives for 24 h fol-
lowed by a wash and cultured for eight days. The methanol was 

Table 2. Molecular formula, mass, and yield of the reagents and crude products 27a, 36a, and 36b.

27a (C20H14NO2) 
M.W. ¼ 300.34

36a (C20H14NO2) 
M.W. ¼ 300.34

36b (C20H14NS2) 
M.W. ¼ 332.46

Substrate 0.2031 g (0.625 mmol) 0.1976 g (0.609 mmol) 0.2030 g (0.625 mmol)
Catalyst 0.0182 g (0.016 mmol) 0.0166 g (0.014 mmol) 0.0149 g (0.013 mmol)
Precursor 0.4800 ml (1.52 mmol) 0.4790 ml (1.52 mmol) 0.4840 ml (1.52 mmol)
Product after DCM extraction 0.0434 g (0.144 mmol) 0.0558 g (0.186 mmol) 0.0869 g (0.261 mmol)
Yield 23.1% 30.5% 41.8%
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used to fix the cells and then followed by 0.5% crystal violet stain-
ing. The visible colonies were counted using ImageJ software 
(Bethesda, MD), and viability was then calculated relative to the 
control.

Flow cytometry

For each flow cytometry experiment, A549, HCT-116, MCF-7, and 
U-2 OS cells were seeded onto tissue culture plates and allowed 
to attach for 24 h. Cells were incubated with the compounds 
under investigation at their respective IC50 concentrations for the 
designated time for each experiment. Ten thousand events were 
analysed using Guava easyCyte 8 cell sorter (Merck Millipore, 
Burlington, MA) and FlowJo v10 software. Each experiment was 
repeated independently three times.

Cell cycle analysis

A549, HCT-116, MCF-7, and U-2 OS cells were treated with carba-
zole derivatives for either 24 or 48 h. After that, the cells were har-
vested, fixed in ice-cold 75% ethanol, and stored overnight at 
–20 �C. In the final step, after centrifugation, the cells were rinsed 
with PBS and stained with 20 lg/ll PI (Sigma-Aldrich, St. Louis, 
MO) and 100 lg/ll RNaseA (Thermo Fisher Scientific, Waltham, 
MA) in PBS for 20 min at RT.

BrdU incorporation

To detect DNA synthesis, A549, HCT-116, MCF-7, and U-2 OS cells 
were incubated with 20 lM BrdU (5-bromo-20-deoxyuridine) 
(Sigma-Aldrich, St. Louis, MO) for 1 h before the end of treatment. 
Next, samples were harvested with trypsin solution and fixed in 
75% ethanol (overnight or longer, −20 �C). Following 10 min rehy-
dration with PBS, samples were denatured with 2 M HCl (45 min, 
RT), and the suspension was neutralised with 0.1 M sodium tetra-
borate, pH 8.5 (10 min, RT). 1% w/v bovine serum albumin (BSA) 
in PBS was used for blocking (30 min, RT). Following this, samples 
were incubated with rat anti-BrdU antibody (for 1 h at 37 �C at a 
1:100 dilution; Abcam, #ab6326, Cambridge, UK), and then with 
goat anti-rat conjugated antibody (for 30 min at 37 �C at a 1:200 
dilution; Abcam, #ab150157, Cambridge, UK). Twenty micrograms 
per microlitres PI and 100 lg/ll RNaseA in PBS (20 min, RT) were 
used to stain the DNA.

JC-1 staining

After the treatment period ended, the culture medium of the 
A549 and HCT-116 cells was replaced with fresh medium contain-
ing 5 mg/ml JC-1 dye (Sigma-Aldrich, St. Louis, MO) and incubated 
in the dark for an additional 20 min at 37 �C. Then, the cells were 
washed two times with PBS and measured. As a reference, 50 mM 
FCCP (Sigma-Aldrich, St. Louis, MO) was added 15 min before the 
end of drug treatment incubation.

Apoptosis and caspase 3,7 activation

Briefly, after incubation with tested compounds, ETP, A549, and 
HCT-116 cells were harvested by trypsinisation, rinsed twice with 
PBS, and stained with Annexin V FITC conjugate (Thermo Fisher 
Scientific, #A13199, Waltham, MA) for apoptosis assay and with 
CellEventTM Caspase-3/7 Green Flow Cytometry Assay Kit (Thermo 
Fisher Scientific, #C10427, Waltham, MA) for caspase-3/7 activation 

according to the manufacturer’s protocols. ETP was used as a 
reference.

DNA fragmentation analysis

A549 and HCT-116 cells were tested using TUNEL Assay Kit – FITC 
(Abcam, #ab66108, Cambridge, UK). After drug treatment, samples 
were harvested using trypsin solution, washed with PBS, and fixed 
with 1% formaldehyde. The experiment was performed according 
to the manufacturer’s protocol. ETP was used as a reference.

Relaxation/decatenation of human Topo IIa/IIb

Determination of the inhibitory activity of investigated com-
pounds was performed according to the manufacturer’s protocol 
(Inspiralis; #HT205, Norwich, UK). In brief, a mixture containing 
250 ng supercoiled pBR322 (Thermo Fisher; #SD0041, Waltham, 
MA), tested compounds, and a reaction buffer was prepared. The 
reaction was then initiated by adding diluted human Topo IIa or 
IIb in assay buffer, and the samples were incubated for 30 min at 
37 �C. The reaction was terminated by adding a loading buffer 
(New England BioLabs; #B7024S, Ipswich, MA). Samples were 
loaded onto 1% (w/v) agarose gel and subjected to electrophor-
esis in 1xTBE at 20 V for 18 h. The gel was stained with ethidium 
bromide, destained in H2O, and photographed by ChemiDoc 
Imaging System (Bio-Rad, Hercules, CA). Two hundred and fifty 
nanograms of kDNA (Inspiralis, #K1002, Norwich, UK) was used for 
the decatenation assay. ETP and ICRF-187 (Cayman Chemical, Ann 
Arbor, MI) were used as references.

Formation of cleavable complexes

The composition of the mixture was the same as for the relaxation 
of human Topo IIa assay, except for the amount of enzyme (five 
times more was used). The reaction was initiated by adding the 
enzyme to the samples and incubating for 10 min at 37 �C. Then, 
0.35% SDS and 0.3 mg/ml proteinase K (A&A Biotechnology, 
Gda�nsk, Poland) were added, and the probes were additionally 
incubated at 56 �C for 1 h, before adding loading buffer (New 
England BioLabs, #B7024S, Ipswich, MA) and chloroform:isoamyl 
alcohol (24:1 v/v). ETP and ICRF-187 were used as references. The 
electrophoresis was run in the presence of EtBr (1 mg/ml) in 
TBEx1.

Intercalation into DNA

The unwinding assay was performed according to the manufac-
turer’s instructions (Inspiralis, #DUKSR002, Norwich, UK) to deter-
mine the intercalating ability of the tested carbazole derivatives. 
ETP and DOXO (Sigma-Aldrich, St. Louis, MO) were used as refer-
ences. In brief, wheat germ topoisomerase I, diluted in assay buf-
fer, was added to a mixture containing assay buffer, the tested 
compounds, and relaxed pBR322. After incubation (30 min, 37 �C), 
the reaction was terminated by 50 ml of butanol and 20 ml of H2O. 
Next, samples were vortexed and centrifuged, and the aqueous 
layer was mixed with chloroform/isoamyl alcohol (24:1 v/v) and 
loading buffer (New England BioLabs, #B7024S, Ipswich, MA).

Live-cell imaging

For live-cell imaging of A549 and HCT-116 cells, JC-1 and Annexin 
V-FITC staining were performed by seeding them into glass- 
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bottom 24-well plates. The drug-treated samples were then 
stained in the same way as flow cytometry. Hoechst33342 (Sigma- 
Aldrich, St. Louis, MO) was used to visualise cell nuclei under the 
microscope. Images were obtained using an LSM 800 inverted 
laser-scanning confocal microscope (Carl Zeiss, Oberkochen, 
Germany), equipped with a �63 1.4-NA Plan Apochromat object-
ive (Carl Zeiss, Oberkochen, Germany) and an airyscan detector for 
high-resolution confocal scanning. The incubation chamber was 
maintained at 37 �C with 5% CO2 during the analysis. ETP was 
used as a reference. The microscopy analysis was performed using 
equipment funded by the Foster Foundation (Kirkland, WA).

Statistical analyses

Statistical analysis was performed using GraphPad Prism 9 soft-
ware (La Jolla, CA). Uniform significance levels were used through-
out the entire manuscript as follows: ns ¼ p > 0.01; �p < 0.01; 
��p < 0.001; ���p < 0.0001; ����p < 0.00001. Statistical signifi-
cance was calculated in comparison to the DMSO-treated control 
(1% v/v) using one or two-way ANOVA.
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