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Abstract: Topoisomerases are very important enzymes that regulate DNA topology and are vital for
biological actions like DNA replication, transcription, and repair. The emergence and spread of cancer
has been intimately associated with topoisomerase dysregulation. Topoisomerase inhibitors have
consequently become potential anti-cancer medications because of their ability to obstruct the normal
function of these enzymes, which leads to DNA damage and subsequently causes cell death. This
review emphasizes the importance of topoisomerase inhibitors as marketed, clinical and preclinical
anti-cancer medications. In the present review, various types of topoisomerase inhibitors and their
mechanisms of action have been discussed. Topoisomerase I inhibitors, which include irinotecan
and topotecan, are agents that interact with the DNA-topoisomerase I complex and avert resealing
of the DNA. The accretion of DNA breaks leads to the inhibition of DNA replication and cell death.
On the other hand, topoisomerase II inhibitors like etoposide and teniposide, function by cleaving
the DNA-topoisomerase II complex thereby effectively impeding the release of double-strand DNA
breaks. Moreover, the recent advances in exploring the therapeutic efficacy, toxicity, and MDR
(multidrug resistance) issues of new topoisomerase inhibitors have been reviewed in the present
review.

Keywords: cancer; clinical; marketed drugs; pre-clinical; topoisomerase

1. Introduction

Topoisomerases are a crucial class of enzymes that play a pivotal role in various
DNA-related processes, including DNA replication and transcription. They intricately
control DNA topology, enabling the strands to unwind, separate, and rejoin seamlessly
during essential cellular processes [1]. There are mainly two categories of topoisomerases
(TOPO): topoisomerase I (TOPO I) and topoisomerase II (TOPO II). Further, there are three
subcategories of type I topoisomerases: type IA, IB, and IC [2]. Type IA topoisomerases, also
known as bacterial topoisomerase I, require a single-stranded region in the DNA to bind [3].
They cleave one of the strands in double-stranded DNA and process a transient covalent
bond (via tyrosine residue) with the 5’-phosphoryl group of the DNA [4,5]. This covalent
attachment allows the enzyme to pass the unbroken DNA strand through the nick, altering
the DNA topology. The process by which the enzyme allows the DNA to pass through is
referred to as the “strand passage” mechanism. Type IA topoisomerases relax negative
supercoils, resolve DNA knots, and facilitate DNA replication and transcription [6].
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Whereas, type IB topoisomerases are discovered in both prokaryotes and eukaryotes,
including humans. This subtype includes human topoisomerase I. Type IB topoisomerases
break one strand of the DNA, similar to type IA enzymes [1]. However, they differ in the
attachment of the catalytic site of tyrosine residue [7]. Type IB topoisomerases covalently
link the tyrosine to the 3’-phosphoryl group of the DNA [8]. They use a mechanism called
the “swivel” mechanism to relax the DNA supercoils. In this mechanism, the enzyme
interacts with the DNA, breaks one strand, allows the DNA to rotate around the intact
strand, and finally reveals the nick [9]. Type IB topoisomerases are involved in DNA
replication, transcription, repair, and chromatin remodeling. Type IC topoisomerases are
structurally similar to type IB enzymes and share some functional characteristics. They
break a single strand in the DNA and covalently link with the catalytic-pocket tyrosine
to the 3’-phosphoryl end of the DNA [10]. Type IC topoisomerases follow the swivel
mechanism to relax the DNA supercoils, similar to type IB topoisomerases. These enzymes
were primarily discovered in archaea, but they are also present in some bacteria and viruses.
Their specific functions and role in DNA metabolism are still being studied [11].

Similarly, TOPO II also consists of two subtypes: type IIA and IIB. It is probable that
TOPO IIA plays a key function in the cell division process. TOPO IIB is expressed in
post-mitotic cells and may be important in regulating the expression of long genes, even at
this early stage [12].

1.1. Topoisomerase I Mechanism of Action

The general mechanism of action (MOA) of TOPO I involves the relaxation of DNA
supercoiling and the prevention of DNA torsional stress at the outset; TOPO I recognizes
and binds to a specific DNA sequence, usually regions with single-stranded DNA, through
non-covalent interactions [13]. Then, TOPO I introduces a reversible cleave in one of the
DNA strands [14]. This break occurs by forming a covalent linkage between the active site
or catalytic site of tyrosine (TYR) residue and the 3’-phosphoryl group of the DNA [15].
Inhibitors of TOPO I interfere with the denaturation and annealing of the DNA backbone,
which is important for DNA replication and transcription. By blocking the action of
TOPO enzymes, it is possible to disrupt the ligation step in DNA during replication or
transcription, leading to DNA cleavage [16]. These breakdowns can disrupt the genomic
integrity of cells and activate mechanisms, such as apoptosis or necrosis (Figure 1) [17].

Mammalian cells typically possess seven different active sites in topoisomerase en-
zymes (Figure 1), with four encoding type I enzymes and three encoding type II enzymes.
Type I topoisomerases are monomeric enzymes discovered in mammalian cells [18]. They
bind to double-stranded DNA and relieve torsional stress during transcription by cleaving
one strand of DNA. TOPO I drugs or inhibitors are primarily employed in colorectal and
ovarian cancer treatments [19]. Examples of topoisomerase I inhibitors include camp-
tothecin derivatives, particularly camptothecin 9, topotecan 10, irinotecan 11, and belotecan
12, which are accepted by the U.S. Food and Drug Administration (FDA) for colon, lung,
and ovarian cancer treatments, however, these drugs have certain limitations [20,21]. They
can undergo spontaneous inactivation in the blood, requiring longer infusion times due
to rapid drug reversal, and some cancer cells with increased membrane transporters may
develop resistance to these drugs [11,13].

1.2. Mechanism of Action of Topoisomerase II

TOPO II is an enzyme that recognizes specific DNA sequences, usually regions with
double-stranded DNA, during its mechanism of action (MOA) [22]. It cleaves both strands
of the double helix, creating double-strand breaks in a coordinated manner [23,24]. Unlike
type I topoisomerases, type II topoisomerase enzymes exist as multimeric complexes with α

and β domains. Inhibitors of TOPO II induce double-strand breaks, leading to the activation
of apoptosis in cells [6,25]. The capability of TOPO II in the denaturation and annealing
of DNA is central to its active site. All topoisomerases utilize catalytic site tyrosine amino
acid residues to facilitate DNA distraction and ligation. Type II enzymes, which break
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both strands of the double helix, have one of these tyrosine residues in each protomer
subunit [11,26]. TOPO II starts DNA breakdown through the nucleophilic attack of the
catalytic position of the tyrosine amino acid residue on the 3’ end of the phosphate group
in the nucleic acid backbone [24].
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As a result, a covalent phosphotyrosine bond is formed that binds the protein to the
freshly generated 5’ end of the DNA chain [27,28]. Simultaneously, a 3’-hydroxyl group
is generated on the opposite end of the cleaved strand. The cleavage occurs at staggered
scissile bonds across the major groove in the double helix, generating four-base 5’ single-
stranded cohesive ends that are covalently linked to separate protomer subunits of the
enzyme. TOPO II inhibitors used in anti-cancer drugs exert their effects by interfering with
the enzyme’s mechanism of action. They induce double-strand breaks, leading to DNA
damage and the activation of apoptosis in cancer cells [29]. Drugs, such as anthracycline,
anthracenedione, acridine, and epipodophyllotoxin derivatives, are well-known inhibitors
of topoisomerase II [10,30,31] as shown in Figure 2.
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Figure 2. Topoisomerase II mechanism of action.

In recent literature, several noteworthy reviews have been published detailing the
crystal structures of topoisomerase enzymes in a complex with their corresponding in-
hibitors. Specifically, these reviews have shed light on the structural characteristics of both
topoisomerase I (TOPO I) and topoisomerase II (TOPO II) proteins. Here, we provide a
comprehensive overview of the protein structures complex with TOPO, as revealed by
these crystallographic studies [1,32,33] as depicted in Figure 3.
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Figure 3. Structures of human topoisomerases. Shown are the structures of the full-length human
topoisomerase I (left, PDB ID 1k4t) and topoisomerase IIβ (right, PDB ID 5gwi) enzymes with bound
DNA, representative of the overall structure and domains of the two sub-family types.

2. Drugs in Clinical Usage
2.1. Anthracycline-Based Clinically Used DNA-Topoisomerase Inhibitors

The anthracycline agents were the primary class of TOPO inhibitors used in cancer
treatment. They were initially discovered in bacterial Streptomyces species and found to
have anti-proliferative and antibiotic properties [32]. Some clinically marketed anthracy-
cline congeners are doxorubicin 1, epirubicin 2, valrubicin 3, daunorubicin 4, and idarubicin
5. Doxorubicin, in particular, is used for various cancers, such as breast cancer, leukemia,
lymphoma, sarcomas, carcinomas, and other tumors [34]. Daunorubicin and idarubicin are
used for leukemia [35], while epirubicin is used after breast cancer surgery and valrubicin
for urinary bladder carcinoma [36–38]. Anthracycline agents exert their cytotoxic effects
by acting as “poisons” for topoisomerases, specifically type IIα topoisomerases (TOPO IIα
and TOPO IIβ). They intercalate into DNA, bind to it, and are subsequently broken down
by topoisomerases. This interaction stabilizes the DNA–TOPO complex, inhibiting DNA
re-ligation [39,40].

This mechanism contributes to their ability to induce cell death. Additionally, an-
thracyclines generate free radicals in an iron-dependent manner, which further enhances
their cytotoxic effects on cancer cells [41]. Recent studies advise that the inhibition of
TOPO IIβ, which is excessively expressed in cardium, by anthracycline congeners may
lead to cardiotoxicity through apoptosis and reactive oxygen species (ROS) production [42]
(Figure 4, Table 1).

2.2. Anthracenedione and Acridine Derivatives

Anthracenedione agents, including mitoxantrone 6 and pixantrone 7, are synthetic
drugs that mimic the action of anthracycline drugs (Figure 5). Analogous to anthracyclines,
anthracenedione agents act as topoisomerase poisons, primarily targeting TOPO II. Mi-
toxantrone intercalates into DNA bound by topoisomerase, avoiding DNA re-ligation and
finally causing DNA breakage and interruption of the DNA repair processes. Pixantrone, an
aza-anthracenedione, was accepted for the treatment of non-Hodgkin B-cell lymphoma. It
depicts cytotoxic effects through DNA intercalation, similar to anthracyclines. Animal mod-
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els have shown that treatment with doxorubicin leads to increased heart weight, whereas
treatment with pixantrone does not have the same effect [43] (Table 1).
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Figure 5. Anthracenedione and acridine analogues as DNA–TOPO inhibitors.

Amsacrine (m-AMSA 8) is the only marketed agent in its chemical class. It is a synthetic
drug that consists of an acridine ring (Figure 5). Similar to the previously discussed agents,
amsacrine acts as a TOPO inhibitor, specifically aimed at type II TOPO. Notably, amsacrine
was the first drug recognized to inhibit eukaryotic TOPO II. The acridine ring of the
amsacrine is responsible for its intercalation into DNA and contributes to its activity. On
the other hand, the non-interactive m-AMSA head group provides specificity for the DNA–
TOPO cleavage complex. This combination of structural components enables amsacrine to
exert its cytotoxic effects [44] (Table 1).

2.3. Camptothecin Analogues

Several clinically used camptothecin derivatives are available in the market, including
camptothecin 9, topotecan 10, irinotecan 11, and belotecan 12 (Figure 6). These derivatives
stem from the camptothecin alkaloid, initially obtained from the Chinese tree Camptotheca
acuminata. Camptothecin-derived congeners act initially as topoisomerase inhibitors af-
fecting TOPO I. Many researchers have demonstrated that camptothecin inhibits TOPO I,
leading to DNA strand breaks and inhibition of DNA replication. Irinotecan and topotecan
are clinically accessible hydrophilic versions of camptothecin. They reversibly coordinate
and form a ternary complex with TOPO I and DNA, as mentioned earlier [1,41]. The FDA
approved it as a second-line treatment for lung cancer, with a cisplatin 27 combination for
stage IV-B cervical carcinoma patients instead of surgery or radiation [42,43]. Irinotecan is
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used for metastatic colon or rectal carcinoma following treatment failure or progression
with fluorouracil 26 [45–48]. It can also be given in combination with leucovorin 28 and
5-fluorouracil [49] (Figure 9). Belotecan, one of the comparatively newer camptothecin
congeners, has been approved in South Korea for lung and ovarian cancer treatment since
2003. It shares the same MOA as other agents in its class. In comparison to previously
known camptothecin-based agents, belotecan demonstrates similar efficacy with decreased
toxicities [50] (Figure 6, Table 1).
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2.4. Epipodophyllotoxin Derivatives

Etoposide 13 and teniposide 14 (Figure 7) were obtained from epipodophyllotoxins,
which are natural sources obtained from the mayapple plant (Podophyllum peltatum). These
drugs act as topoisomerase poisons by binding to type II TOPO, similar to the derivatives
discussed earlier. Etoposide has been used in combination with chemotherapy regimens
for refractory testicular tumors and as part of the treatment for lung cancer in combination
with cisplatin [51]. Teniposide is approved for use in combination with other chemotherapy
medications to treat refractory pediatric acute lymphoblastic leukemia [52].
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Table 1. Marketed topoisomerase inhibitors.

Sl. Drug Class Mechanism/Target Indications Adverse Drug
Reactions Ref.

1 Doxorubicin Anthracycline
Topoisomerase IIα and
IIβ poison, intercalation,

free radicals
Various cancers

Cardiotoxicity,
myelosuppression,

nausea, potential for
cumulative toxicity

[53,54]

2 Epirubicin Anthracycline
Topoisomerase IIα and
IIβ poison, intercalation,

free radicals
Breast cancer

Cardiotoxicity,
myelosuppression,

nausea, potential for
cumulative toxicity

[36]

3 Valrubicin Anthracycline
Topoisomerase IIα and
IIβ poison, intercalation,

free radicals

Urinary bladder
carcinoma

Local irritation, urinary
symptoms,

myelosuppression
[55]

4 Daunorubicin Anthracycline
Topoisomerase IIα and
IIβ poison, intercalation,

free radicals
Leukemia

Cardiotoxicity,
myelosuppression,

nausea, potential for
cumulative toxicity

[56]

5 Idarubicin Anthracycline
Topoisomerase IIα and
IIβ poison, intercalation,

free radicals
Leukemia

Cardiotoxicity,
myelosuppression,

nausea, potential for
cumulative toxicity

[57]

6 Mitoxantrone Anthracenedione Topoisomerase II
poison, intercalation

Leukemia,
prostate cancer,

MS

Myelosuppression,
potential for cumulative

toxicity, potential for
myelosuppression

[58]

7 Pixantrone Anthracenedione Topoisomerase II
poison, intercalation

Non-Hodgkin
B-cell lymphoma

Myelosuppression,
potential for cumulative

toxicity
[43]

8 Amsacrine Acridine Topoisomerase II
poison, intercalation Acute leukemia

Myelosuppression,
potential for cumulative

toxicity

9 Camptothecin Camptothecin
Topoisomerase I

inhibitor, DNA strand
breaks

Not specified

Gastrointestinal toxicity,
myelosuppression,

potential for cumulative
toxicity

[59]

10 Topotecan Camptothecin
Topoisomerase I

inhibitor, DNA strand
breaks

Small-cell lung
cancer

Myelosuppression,
gastrointestinal toxicity,
potential for cumulative

toxicity

[60,61]

11 Irinotecan Camptothecin
Topoisomerase I

inhibitor, DNA strand
breaks

Colon and rectal
carcinoma

Diarrhea,
myelosuppression,

potential for cumulative
toxicity

[62]

12 Belotecan Camptothecin
Topoisomerase I

inhibitor, DNA strand
breaks

Non-small-cell
lung cancer,

ovarian cancer

Myelosuppression,
gastrointestinal toxicity,
potential for cumulative

toxicity

[50]

13 Etoposide Epipodophyllotoxin Topoisomerase II
poison, intercalation

Testicular tumors,
small-cell lung

cancer

Myelosuppression,
gastrointestinal toxicity,
potential for cumulative

toxicity

[63]

14 Teniposide Epipodophyllotoxin Topoisomerase II
poison, intercalation

Childhood acute
lymphoblastic

leukemia

Myelosuppression,
gastrointestinal toxicity,
potential for cumulative

toxicity

[64]

3. TOPO Inhibitors in Clinical Trials

This segment is focused on novel and new TOPO inhibitor scaffolds that were ex-
amined in human clinical trials, with a summary provided in Table 2. The clinical trials
discussed in this section are categorized based on their phase (1, 2, or 3) and include
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relevant identifiers, such as National Clinical Trial (NCT) numbers or other regulatory
agency identifiers. The information is sourced from the U.S. National Library of Medicine’s
clinical trials database and the WHO/ICMJE ISRCTN registry.

Table 2. Clinical trials on DNA–topoisomerase inhibitors (clinicaltrials.gov, accessed on 17 August
2023).

Sl. Drug Class Mechanism/Target Study Phase NCT Number

1 Indenoisoquinolines
15, 16, 17

Non-camptothecin
type I inhibitors

Stabilize DNA–topoisomerase
cleavage complex, preferential

DNA cleavage sites
Phase 1 NCT-01794104

2 Namitecan
(ST1968)

Topoisomerase I
inhibitor

Inhibits topoisomerase I,
demonstrated anti-tumor

activity
Phase 1 Not specified

3 Vosaroxin
Anti-cancer
quinolone

derivative (AQD)

Targets type II
topoisomerases, induces DNA

damage and apoptosis
Phase 2 NCT-02658487

4 Cytarabine Nucleoside
analogue

Incorporates into DNA,
inhibits DNA synthesis Phase 2 NCT-02658487

5 CRLX101
Camptothecin
nanoparticle

conjugate

Increases tumor cell exposure
to camptothecin,

tumor-specific targeting
Phase 2 NCT-01380769

6 Pixantrone Anthracenedione Induces DNA damage,
anti-tumor activity Phase 3 NCT-01321541

7 Aldoxorubicin Pro-drug of
doxorubicin

Delivers doxorubicin directly
to tumor tissue Phase 3 NCT-02049905

8 Silatecan
Silicon-containing

camptothecin
derivative

Inhibits topoisomerase I,
being evaluated for

gliosarcoma
Phase 2 NCT-01124539

9 Becatecarin Rebeccamycin
analogue

Dual topoisomerase I and II
poison, clinical development

ceased
Phase 2 NCT-00132600

10 Edotecarin Rebeccamycin
analogue

Dual topoisomerase I and II
poison, clinical development

ceased
Phase 2 NCT-02310763

3.1. Topoisomerase Inhibitors in Phase 1 Clinical Trials

The U.S. National Cancer Institute (NCI) conducted a phase 1 clinical trial (NCT-
01794104, (Figure 8, Table 2) investigating a novel class of non-camptothecin type I topoiso-
merase poisons, called indenoisoquinolines, indotecan 15, inimitecan 16, and indenoiso-
quinoline NSC 314622 17, for neoplasm lymphoma [65]. Indenoisoquinolines create a
stable DNA–TOPO cleavage complex like camptothecin analogues, but exhibit a prefer-
ence for specific DNA cleavage sites. This preference enables them to effectively target
camptothecin-resistant cell lines. These derivatives are chemically stable and target their ac-
tion on cells that overexpress ATP-binding cassette transporters ABCG2 and P-glycoprotein
(MDR1). By stabilizing the breakdown complex, they induce DNA destruction, represent-
ing their efficacy as potent anti-cancer treatments. Furthermore, indenoisoquinolines delay
DNA repair, leading to apoptosis. After five days of administration, LMP400 has linear
pharmacokinetics, at which point drug aggregation is seen. Weekly dosing is thought to
raise the drug’s peak levels, resulting in improvements in safety and efficacy [66].

clinicaltrials.gov
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Namitecan (ST1968) 23 is a TOPO I inhibitor that has demonstrated good anti-prolifera
tive activity and has a far better safety profile compared to topotecan 10 and irinotecan
12. Pharmacokinetic studies using repeated dosing schedules have shown no production
or accumulation of metabolites due to its short half-life. Current research has validated
the safety and pharmacokinetic profile of namitecan, including manageable neutropenia,
and has shown efficacious anti-proliferative activity, with positive responses observed in
endometrium and bladder cancers [67].

3.2. Topoisomerase Inhibitors in Phase 2 Clinical Trials

The Vanderbilt-Ingram Cancer Center enrolled subjects for phase 2 clinical trials (NCT-
02658487) to evaluate the effectiveness of vosaroxin 18 and cytarabine 29 (Figure 9) in
treating patients with untreated acute myeloid leukemia. Vosaroxin is an anti-proliferative
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quinolone conjugate that targets type II TOPO (Figure 8). Quinolone conjugates act on
the DNA–TOPO to breakdown complex and intercalate DNA at exact GC-rich sites to
avoid DNA annealing by TOPO. It leads to specific site DNA destruction, prolongation
of the S-phase, G2-phase cell cycle arrest, and finally leads to apoptosis [32]. Vosaroxin
consists of a quinolone core, which makes it less active compared to the remaining classes
of TOPO inhibitors. It produces fewer toxic metabolites, ROS and cardiotoxicity. Further-
more, vosaroxin can induce p53-independent apoptosis, making it effective against drug
resistance mechanisms associated with p53 inactivation. Its stable quinolone structure is
not extensively metabolized by enzymes or capable of inducing or inhibiting p450 activity,
minimizing the potential for drug–drug interactions and even enhancing the activity of
other anti-cancer drugs, such as cytarabine [68].
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The primary goal of this research is to assess the proportion of patients achieving
complete remission after undergoing initial treatment with a combination of vosaroxin and
cytarabine. This study focuses on individuals who have recently been diagnosed with acute
myelogenous leukemia and have not received any prior treatment. The aim is to evaluate
the effectiveness of the vosaroxin and cytarabine combination during the induction therapy
phase [69]. In another phase 2 clinical trial completed by NewLink Genetics Corporation
(NCT-01380769), the impact of CRLX101 on the average survival of patients with advanced
non-small-cell lung cancer (NSCLC) was studied. CRLX101 is a camptothecin nanoparticle
conjugated to a cyclodextrin-based polymer, designed to increase tumor cell exposure to
camptothecin, while minimizing side effects. The nanoparticle size facilitates tumor-specific
targeting by extravasating from the leakier blood vessels found in tumors [70] (Figure 8).

3.3. Topoisomerase Inhibitors in Phase 3 Clinical Trials

CTI BioPharma performed a phase 3 study (NCT-01321541) comparing the ability of
pixantrone 7 with rituximab to gemcitabine 19 with rituximab in 260 patients with relapsed
or refractory diffuse large B-cell lymphoma or follicular grade 3 lymphoma. The major
results measure in the study was progression-free survival (PFS), with secondary outcome
measures including total survival, and complete and total response rate, as well as safety
evaluations, such as adverse events and laboratory values falling outside predetermined
ranges [71]. Aldoxorubicin 20, a pro-drug of doxorubicin, is considered a promising option
for the treatment of soft tissue sarcomas [72]. It contains a carboxylic hydrazine that binds
to albumin in the blood and is then released in the acidic tumor environment, delivering
doxorubicin directly to the tissue. A phase 3 study, sponsored by CytRx (NCT-02049905),
investigated the administration of aldoxorubicin to patients with soft tissue sarcomas, with
the active comparator being the investigator’s choice among various treatment options. The
study assessed the overall survival, safety parameters, and tumor response. Other notable
topoisomerase inhibitors undergoing clinical trials include silatecan 21, a silicon-containing
camptothecin analogue [73], and rebeccamycin analogs obtained from the natural product
rebeccamycin 22 [74]. Silatecan is being evaluated in a phase 2 study for gliosarcoma
(NCT-01124539), while rebeccamycin analogs, such as becatecarin 24 and edotecarin 25,
have progressed to phase 2 trials. These compounds exhibit dual TOPO I and II inhibitors.
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However, the clinical development of becatecarin and edotecarin has stopped, and it
remains uncertain whether additional rebeccamycin compounds will be tested clinically
(Figure 8) [75].

4. Topoisomerase Inhibitors in Preclinical Studies
4.1. Naphthalimide–Benzothiazole Derivatives

Rao et al. reported novel naphthalimide–benzothiazole derivatives as topoisomerase
IIα inhibitors. Among the series of compounds, compounds 30 and 31, containing the
6-aminobenzothiazole ring, exhibited significant cytotoxic activity against lung cancer
(IC50: 4.074 and 3.890 µM) and colon cancer (IC50: 3.715 and 3.467 µM) cell lines when
compared to the standard compound (amonafide 32) (IC50: 5.459 and 7.762 µM). They also
investigated the DNA-binding properties of the active analogues using various techniques,
such as DNA viscosity, CD, UV/Vis, fluorescence spectroscopy, and molecular docking,
revealing a strong intercalation between the two DNA strands. Additionally, the most
potent analogues, 30 and 31, were successfully inhibited by DNA TOPO II (Figure 10) [76].
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4.2. β-Carboline Hybrids as Topoisomerase Inhibitors

In our previous studies, we have described the topoisomerase I inhibitory potential
of β-carboline hybrids (33–58). A series of new β-carboline hybrids were prepared by
introducing a phenyl group at the C1 position, along with chalcone/(N-acetyl)/pyrazole
molecules at the position C3, and all the synthesized analogues were assessed for their
anti-proliferative activity. Additionally, DNA photocleavage studies demonstrated that two
of the analogues, compound 36 and compound 49, successfully cleaved pBR322 plasmid
DNA upon UV light irradiation. The potent hybrid compound 49 efficiently inhibited DNA
TOPO I activity and maintained the DNA in the supercoiled form (Figure 11) [77].

In another study, dithiocarbamate-linked β-carboline analogues were reported as DNA
TOPO II inhibitors. Among the derivatives, compounds 59 and 60 displayed a prominent
anti-proliferative profile, with IC50 values of 1.34 µM and 0.79 µM on the DU-145 cell line,
respectively. Both biophysical investigations and in silico studies indicated a complexion-
type interaction between these analogues and DNA, distinguishing them from simple
β-carbolines. To gain insight into their MOA, a DNA TOPO II inhibition assay was also
performed (Figure 11) [78].

Similarly, C3-trans-cinnamide linked β-carboline analogues were described as signifi-
cant anti-proliferative and DNA TOPO I poisons. These analogues were subjected to the
cytotoxic profile against selected human cancer cell lines. The results indicated that the
newly designed analogues displayed prominent activity against all the tested cell lines,
having IC50 values in the range of 13–45 nM. Particularly, conjugates 61 and 62 demon-
strated the highest activity against the breast cancer cell line (MCF-7 cells), with IC50 values
of 14.05 nM and 13.84 nM, respectively. They also investigated the TOPO I inhibition assay,
DNA-binding affinity, and in silico studies, disclosing that these novel analogues function
as DNA-interactive TOPO I inhibitors (Figure 11) [79].

In related studies, β-carboline-combretastatin carboxamides were reported as DNA
intercalation and TOPO II inhibitors. They were subjected to such studies for their potential
DNA-binding affinity, cytotoxicity, and TOPO II inhibition activity. Among them, com-
pounds 63 and 64 demonstrated potent cytotoxic effects against the A549 cell line, with
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IC50 values of 1.01 µM and 1.17 µM, respectively. The most potent conjugate, 63, was tested
for DNA TOPO II inhibition activity (Figure 11) [80].
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In another example, β-carboline-bisindole analogues were described as DNA binding,
photocleavage agents, and TOPO I inhibitors. A series of β-carboline-bisindole analogues
were synthesized and subjected to studies for their anti-proliferative activity against various
human cancer cell lines. All the analogues demonstrated significant anti-proliferative
activity. Particularly, compounds 65 and 66 exhibited noteworthy activity against DU-
145 cells, with IC50 values of 1.86 µM and 1.80 µM, respectively. The active conjugates
significantly inhibited DNA TOPO I enzyme and were capable of cleaving the pBR322
plasmid under UV light irradiation. The results also reported a combilexin-type interaction
between the compounds and DNA (Figure 11) [81].

4.3. Imidazopyridinyl-1,3,4-Oxadiazole Derivatives

A series of imidazopyridinyl-1,3,4-oxadiazole analogues were synthesized and sub-
jected to an anti-proliferative assay, revealing promising results for some compounds.
Notably, compound 67 (NSC 763639) exhibited significant growth inhibition with a sin-
gle dose (10 µM) across all human cancer cell lines, meeting the threshold criteria. This
compound was used in five different dose levels (0.01, 0.1, 1, 10, and 100 µM) and yielded
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GI50 values ranging between 1.30 to 5.64 µM. Conjugate 67 exhibited significant inhi-
bition of TOPO II activity, as observed in the TOPO II-mediated DNA relaxation assay
(Figure 12) [82].
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4.4. Pyrazole-Linked Benzothiazole-β-Naphthol Derivatives

Pyrazole-linked benzothiazole-β-naphthol analogues were synthesized using environ-
mentally friendly methods without the need for catalysts, yielding good to excellent yields.
Notably, some derivatives, 68, 69, and 70, exhibited prominent cytotoxicity against human
cervical cancer cells (HeLa), with IC50 values ranging from 4.63–5.54 µM. Furthermore,
these derivatives effectively inhibited TOPO I activity (Figure 13) [83].
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4.5. Podophyllotoxin Congeners

Kamal and others reported a novel class of polyaromatic podophyllotoxin (71–82)
congeners, specifically 4β-N-polyaromatic substituted podophyllotoxins, as DNA TOPO
inhibitors (Figure 14) [84].

Similarly, novel 4β-sulphonamido and 4β-[(4-sulphonamido)benzamide] podophyl-
lotoxin analogues demonstrated potential DNA topoisomerase IIα inhibitory potential.
Among them, compounds 83, 84, and 85 exhibited greater potency than etoposide, a known
anti-cancer drug. Additionally, compound 84 triggered both single-strand and double-
strand DNA breaks, as noticed through a comet assay and c-H2AX analysis, respectively.
Western blot analysis and related studies confirmed that compound 84 inhibited TOPO
IIα activity. The compounds also activated ATM and Chk1 proteins, indicating effective
DNA damage. Moreover, compound 84 induced apoptotic cell death, as evidenced by the
triggering of caspase-3, the upregulation of p21 and p16, the downregulation of NF-kB,
and the decreased expression of the Bcl-2 protein (Figure 14) [85].



Pharmaceuticals 2023, 16, 1456 15 of 24

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 17 of 27 
 

 

Kamal and others reported a novel class of polyaromatic podophyllotoxin (71–82) 

congeners, specifically 4β-N-polyaromatic substituted podophyllotoxins, as DNA TOPO 

inhibitors (Figure 14) [84]. 

 

Figure 14. Podophyllotoxin congeners as DNA–topoisomerase inhibitors. 

Similarly, novel 4β-sulphonamido and 4β-[(4-sulphonamido)benzamide] 

podophyllotoxin analogues demonstrated potential DNA topoisomerase IIα inhibitory 

potential. Among them, compounds 83, 84, and 85 exhibited greater potency than 

etoposide, a known anti-cancer drug. Additionally, compound 84 triggered both single-

Figure 14. Podophyllotoxin congeners as DNA–topoisomerase inhibitors.

In another study, 4β-[4′-(1-(aryl)ureido)benzamide]podophyllotoxin congeners were
reported as DNA TOPO I and IIα inhibitors. Some conjugates, 86, 87, 88, and 89, exhib-
ited significant anti-proliferative activity in Colo 205 cells, surpassing the effectiveness
of etoposide. Furthermore, enhanced inhibitory activities against DNA TOPO I and IIα
enzymes were demonstrated. The active analogues also induced apoptosis by upregu-
lating the caspase-3 protein, as observed through Western blotting and ELISA analysis
(Figure 14) [86].
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A highly efficient one-pot iodination method, utilizing zirconium tetrachloride and
sodium iodide, has been successfully developed for synthesizing benzothiazolo-4β-anilino-
podophyllotoxin (90–97) and benzothiazolo-4β-anilino-4-O-demethylepipodophyllotoxin
(98–105) analogues. Selected representative conjugates were assessed with an anti-proliferat
ive assay against specific human cancer cell lines and their capability to inhibit DNA TOPO
II activity (Figure 15) [87].
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Similarly, podophyllotoxin–thiourea congeners were reported as DNA TOPO II in-
hibitors. Among them, selective cytotoxicity was observed on DU-145 (human prostate can-
cer) cells, with compound 106 displaying the most potent activity (IC50 of 0.50 ± 0.03 µM).
Importantly, it demonstrated a favorable safety therapeutic window, exhibiting a 4-fold
difference in potency compared to the non-cancerous human prostate cell line (RWPE-1,
IC50 of 40.85 ± 0.78 µM). Flow cytometric analysis of this compound (106) revealed a
significant G2/M-phase arrest and notable inhibition of TOPO II activity (Figure 15) [88].

In another study, a series of novel 4β-amidotriazole-linked podophyllotoxin congeners
were designed and synthesized using click chemistry and assessed for their biological activ-
ities. Notably, compounds 107, 108, and 109 displayed remarkable cytotoxicity, with IC50
values of less than 1 µM against the tested cancer cell lines, surpassing the activity of the ref-
erence etoposide. Furthermore, these derivatives efficiently inhibited the activity of TOPO
II, as demonstrated by topoisomerase-mediated DNA relaxation assays (Figure 15) [89].

Similarly, podophyllotoxin-linked β-carbolines analogous were reported as a signif-
icant anti-cancer agent and DNA TOPO II inhibitor. Among them, compounds 110 and
111 exhibited the highest cytotoxicity against the DU-145 cell line, with IC50 values of
1.07 ± 0.07 µM and 1.14 ± 0.16 µM, respectively. They also investigated cell cycle analy-
sis, DNA-binding studies, a comet assay, TOPO II inhibition, and molecular modelling,
which revealed that these derivatives interact with DNA and function as inhibitors of
topoisomerase II (Figure 15) [90].

4.6. Benzimidazoles Congeners

Benzimidazoles have demonstrated their ability to disrupt DNA topoisomerases, as
the significant class of enzymes involved in DNA manipulation. Notably, bibenzimidazole
and terbenzimidazole compounds have emerged as distinctive Top1 poisons, constituting
a class that stems from structural modifications of Hoechst 33342 (112), a blue fluorescent
dye employed in DNA staining for molecular biology applications (Figure 16) [91].
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The LaVoie Laboratory has been instrumental in advancing the understanding of
terbenzimidazoles’ impact on DNA. Multiple terbenzimidazoles were identified to induce
DNA breakdowns in the presence of mammalian TOPO I. These conjugates were also sub-
jected to analysis for their cytotoxic effects on various human cancer cell lines, supporting
the notion of TOPO I-mediated DNA cleavage. Comparisons with the TOPO I poison
compound 112, based on Hoechst 33342, highlighted the comparable potency of several
terbenzimidazoles. Compounds 113a and 113b displayed analogous TOPO I inhibition to
that of compound 112 (Figure 15). The 5-phenyl-substituted terbenzimidazole 113c exhib-
ited approximately half the potency of compound 112 as a TOPO I poison. Meanwhile, the
3- and 4-pyridyl analogs 113e and 113f demonstrated greater activity than the 2-pyridyl
derivative 113d, both as TOPO I poisons and anti-proliferative agents (Figure 16) [92].

In 2009, Coban et al. [93] conducted research involving congeners of benzimidazole
with alteration mainly at the second and fifth positions. Remarkably high activity was
observed with analogs 114a and 114c (95.4% and 90.2% supercoiled vs. relaxed DNA
bands), showing significant TOPO 1 inhibition and cytotoxicity (Figure 15). Additionally,
in 2011, a series of benzimidazole congeners (2-aryl-5-substituted-2,5-bisbenzimidazole)
were synthesized and subjected to analysis for their capacity to induce DNA cleavage in
the presence of TOPO I (115a–d). These derivatives exhibited significant cancer growth
inhibition against tested cancer cell lines, with IC50 values falling within the micromolar
range (Figure 16) [94,95].

Ananda and others developed and tested a library of 11 dual inhibitors (DiPT-1 to
DiPT-11) targeting PARP1 and TOP1. DiPT-4 (116) emerged as a standout, effectively
inducing DNA damage, cell cycle arrest, and apoptosis, while sparing normal cells. DiPT-4
stabilizes the TOPO I-DNA complex, intensifying DNA breaks and impeding PARylation,
countering resistance. It is a promising candidate for improved single-agent therapy,
circumventing toxicities and enhancing clinical efficacy (Figure 17) [96].
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Chauhan et al. reported on fluoroquinolones, known as bacterial topoisomerase in-
hibitors and vital antibacterial agents, which also exhibit anti-proliferative effects attributed
to their impact on eukaryotic TOPO II, inducing DNA damage similar to TOPO II poi-
sons [97]. Additional mechanisms, like tumor growth factor regulation, might contribute
to their anti-proliferative actions. Leveraging the structures of tyrosine kinase inhibitor
sunitinib (117) and bacterial topoisomerase inhibitor ciprofloxacin (118) [98], researchers
designed hybrid molecules (e.g., HMNE3, 119), integrating features of both drugs. HMNE3
displayed notable inhibitory activity against tyrosine kinases and TOPO II, demonstrating
cytotoxicity across multiple cell lines (Panc-1, T24, BGC-823, PU145, HCG-27, Capan-1),
with nanomolar IC50 values [99]. Since TOPO II and the epidermal growth factor recep-
tor (EGFR) mutually influence expression, targeting them simultaneously emerges as a



Pharmaceuticals 2023, 16, 1456 19 of 24

promising anti-cancer approach. Novel dual inhibitors of TOPO II and EGFR have been
developed to enhance treatment efficacy (Figure 17) [100].

5. Conclusions

In conclusion, topoisomerase inhibitors have emerged as potential anti-cancer med-
ications due to their ability to disrupt the normal function of these enzymes and induce
DNA damage, leading to cell death. This review has discussed different types of TOPO
inhibitors, including type I and II inhibitors, and their mechanisms of action in the treat-
ment of cancer. TOPO I inhibitors stabilize the cleavage complex, while TOPO II inhibitors
cleave the complex with DNA, resulting in DNA breaks. These inhibitors have shown
therapeutic efficacy in the treatment of various cancers, such as breast, lung, and ovarian
cancer. The development of targeted therapies that selectively inhibit overexpressed iso-
forms of topoisomerases in cancer cells holds great promise. By specifically targeting these
isoforms, the inhibitors can disrupt DNA replication and repair processes in cancer cells,
while minimizing damage to normal cells. Furthermore, combining TOPO inhibitors with
other anti-cancer agents, such as chemotherapeutic drugs, immunotherapies, or targeted
therapies, can enhance treatment outcomes and overcome drug resistance.

Researchers have also explored natural products and structural modifications to
discover and optimize new topoisomerase inhibitors. Additionally, advances in struc-
tural biology, computational modelling, and virtual screening techniques have facilitated
structure-based drug design, leading to the development of inhibitors with improved
drug-like properties and the ability to overcome drug resistance mechanisms. These recent
advances in the discovery and design of topoisomerase inhibitors offer promising avenues
to address drug resistance, enhance treatment outcomes, and progress the overall efficacy
and safety of cancer therapies. New methods to improve the therapeutic efficiency include
nano-delivery systems and microneedle patches. Continued research and development in
this field holds great potential for advancing cancer treatment approaches.

6. Recent Advances in the Discovery of New and Novel Topoisomerase Inhibitors

Researchers have been working on developing targeted therapies that specifically
inhibit the isoforms of topoisomerases overexpressed in cancer cells. By selectively tar-
geting these isoforms, the inhibitors can effectively disrupt DNA replication and repair
processes in cancer cells, while minimizing damage to normal cells. Combining topoiso-
merase inhibitors with other anti-cancer agents has shown promise in overcoming drug
resistance and enhancing treatment outcomes. Combinations with chemotherapy drugs,
immunotherapies, or targeted therapies can synergistically enhance the cytotoxic effects
and overcome resistance mechanisms. Dual inhibitors simultaneously target multiple
isoforms of topoisomerases or combine topoisomerase inhibition with the inhibition of
other essential cellular processes. This approach enhances therapeutic efficacy and mini-
mizes the likelihood of resistance development. Natural products, such as marine-derived
compounds and plant extracts, continue to be a valuable source for the discovery of new
topoisomerase inhibitors. Structural modifications and synthesis of analogues derived
from these natural compounds can enhance their potency, selectivity, and pharmacokinetic
properties. Researchers have been exploring novel DNA binding modes for topoisomerase
inhibitors to enhance their affinity and specificity. By targeting unique DNA-binding sites
or inducing structural changes in DNA, these inhibitors can disrupt topoisomerase function
more effectively. Advances in structural biology, computational modeling, and virtual
screening techniques have enabled the rational design of topoisomerase inhibitors with
improved drug-like properties. By utilizing the three-dimensional structures of topoiso-
merases, researchers can design inhibitors with optimized binding interactions and reduced
off-target effects. Understanding the molecular mechanisms of drug resistance has paved
the way for the development of inhibitors that can overcome these resistance mechanisms.
Strategies include the development of inhibitors that are not susceptible to drug efflux
pumps, bypass resistant mutations, or target alternative DNA repair pathways. These
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recent advances in the discovery of topoisomerase inhibitors offer promising avenues to
address drug resistance, enhance treatment outcomes, and improve the overall efficacy and
safety of cancer therapies.
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O.; Mazurová, Y.; Adamcová, M.; et al. Investigation of Structure-Activity Relationships of Dexrazoxane Analogs Reveals
Topoisomerase IIβ Interaction as a Prerequisite for Effective Protection against Anthracycline Cardiotoxicity. J. Pharmacol. Exp.
Ther. 2020, 373, 402–415. [CrossRef]

54. Deng, S.; Yan, T.; Jendrny, C.; Nemecek, A.; Vincetic, M.; Gödtel-Armbrust, U.; Wojnowski, L. Dexrazoxane May Prevent
Doxorubicin-Induced DNA Damage via Depleting Both Topoisomerase II Isoforms. BMC Cancer 2014, 14, 842. [CrossRef]

55. Marinello, J.; Delcuratolo, M.; Capranico, G. Anthracyclines as Topoisomerase II Poisons: From Early Studies to New Perspectives.
Int. J. Mol. Sci. 2018, 19, 3480. [CrossRef]

56. Saleem, T.; Kasi, A. Daunorubicin. In xPharm: The Comprehensive Pharmacology Reference; Elsevier: Amsterdam, The Netherlands,
2022; pp. 1–4. [CrossRef]

57. Volkova, M.; Raymond Russell, I. Anthracycline Cardiotoxicity: Prevalence, Pathogenesis and Treatment. Curr. Cardiol. Rev. 2011,
7, 214. [CrossRef] [PubMed]

58. Evison, B.J.; Sleebs, B.E.; Watson, K.G.; Phillips, D.R.; Cutts, S.M. Mitoxantrone, More than Just Another Topoisomerase II Poison.
Med. Res. Rev. 2016, 36, 248–299. [CrossRef] [PubMed]

59. Rose, W.C.; Marathe, P.H.; Jang, G.R.; Monticello, T.M.; Balasubramanian, B.N.; Long, B.; Fairchild, C.R.; Wall, M.E.; Wani, M.C.
Novel Fluoro-Substituted Camptothecins: In Vivo Antitumor Activity, Reduced Gastrointestinal Toxicity and Pharmacokinetic
Characterization. Cancer Chemother. Pharmacol. 2006, 58, 73–85. [CrossRef] [PubMed]

60. Lv, C.; Liu, X.; Zheng, Q.; Chen, H.; Yang, X.; Zhong, J.; Wang, Y.; Duan, J.; Wang, Z.; Bai, H.; et al. Analysis of Topoisomerase I
Expression and Identification of Predictive Markers for Efficacy of Topotecan Chemotherapy in Small Cell Lung Cancer. Thorac.
Cancer 2018, 9, 1166–1173. [CrossRef] [PubMed]

61. Vennepureddy, A.; Atallah, J.-P.; Terjanian, T. Role of Topotecan in Non-Small Cell Lung Cancer: A Review of Literature. World J.
Oncol. 2015, 6, 429. [CrossRef]

62. Tsavaris, N.; Ziras, N.; Kosmas, C.; Giannakakis, T.; Gouveris, P.; Vadiaka, M.; Dimitrakopoulos, A.; Karadima, D.; Rokana,
S.; Papalambros, E.; et al. Two Different Schedules of Irinotecan (CPT-11) in Patients with Advanced Colorectal Carcinoma
Relapsing after a 5-Fluorouracil and Leucovorin Combination. A Randomized Study. Cancer Chemother. Pharmacol. 2003, 52,
514–519. [CrossRef]

63. Smith, N.A.; Byl, J.A.W.; Mercer, S.L.; Deweese, J.E.; Osheroff, N. Etoposide Quinone Is a Covalent Poison of Human Topoiso-
merase IIβ. Biochemistry 2014, 53, 3229–3236. [CrossRef]

64. Fraser, J.; Wills, L.; Fardus-Reid, F.; Irvine, L.; Elliss-Brookes, L.; Fern, L.; Cameron, A.L.; Pritchard-Jones, K.; Feltbower, R.G.;
Shelton, J.; et al. Oral Etoposide as a Single Agent in Childhood and Young Adult Cancer in England: Still a Poorly Evaluated
Palliative Treatment. Pediatr. Blood Cancer 2021, 68, e29204. [CrossRef]

65. Cushman, M. Design and Synthesis of Indenoisoquinolines Targeting Topoisomerase I and Other Biological Macromolecules for
Cancer Chemotherapy. J. Med. Chem. 2021, 64, 17572–17600. [CrossRef]

66. Pommier, Y.; Cushman, M. The Indenoisoquinolines Non-Camptothecin Topoisomerase I Inhibitors: Update and Perspectives.
Mol. Cancer Ther. 2009, 8, 1008. [CrossRef]

https://doi.org/10.1021/acsmedchemlett.2c00475
https://www.ncbi.nlm.nih.gov/pubmed/36923920
https://www.ncbi.nlm.nih.gov/pubmed/29312794
https://doi.org/10.2147/TCRM.S1771
https://www.ncbi.nlm.nih.gov/pubmed/18728710
https://doi.org/10.1016/S1470-2045(16)30104-8
https://doi.org/10.3748/wjg.v21.i43.12234
https://doi.org/10.3892/ol.2012.782
https://doi.org/10.1179/joc.2010.22.3.197
https://doi.org/10.1016/B978-008055232-3.62724-2
https://doi.org/10.1124/jpet.119.264580
https://doi.org/10.1186/1471-2407-14-842
https://doi.org/10.3390/ijms19113480
https://doi.org/10.1016/B978-008055232-3.61549-1
https://doi.org/10.2174/157340311799960645
https://www.ncbi.nlm.nih.gov/pubmed/22758622
https://doi.org/10.1002/med.21364
https://www.ncbi.nlm.nih.gov/pubmed/26286294
https://doi.org/10.1007/s00280-005-0128-y
https://www.ncbi.nlm.nih.gov/pubmed/16228206
https://doi.org/10.1111/1759-7714.12819
https://www.ncbi.nlm.nih.gov/pubmed/30058109
https://doi.org/10.14740/wjon950e
https://doi.org/10.1007/s00280-003-0659-z
https://doi.org/10.1021/bi500421q
https://doi.org/10.1002/pbc.29204
https://doi.org/10.1021/acs.jmedchem.1c01491
https://doi.org/10.1158/1535-7163.MCT-08-0706


Pharmaceuticals 2023, 16, 1456 23 of 24

67. Zuco, V.; Supino, R.; Favini, E.; Tortoreto, M.; Cincinelli, R.; Croce, A.C.; Bucci, F.; Pisano, C.; Zunino, F. Efficacy of ST1968
(Namitecan) on a Topotecan-Resistant Squamous Cell Carcinoma. Biochem. Pharmacol. 2010, 79, 535–541. [CrossRef] [PubMed]

68. Benton, C.B.; Ravandi, F. Targeting Acute Myeloid Leukemia with TP53-Independent Vosaroxin. Future Oncol. 2017, 13, 125–133.
[CrossRef]

69. Faruqi, A.; Tadi, P. Cytarabine. In xPharm: The Comprehensive Pharmacology Reference; Elsevier: Amsterdam, The Netherlands, 2022;
pp. 1–5. [CrossRef]

70. Gadade, D.D.; Pekamwar, S.S. Cyclodextrin Based Nanoparticles for Drug Delivery and Theranostics. Adv. Pharm. Bull. 2020, 10,
166. [CrossRef]

71. Pettengell, R.; Długosz-Danecka, M.; Andorsky, D.; Belada, D.; Georgiev, P.; Quick, D.; Singer, J.W.; Singh, S.B.; Pallis, A.;
Egorov, A.; et al. Pixantrone plus Rituximab versus Gemcitabine plus Rituximab in Patients with Relapsed Aggressive B-Cell
Non-Hodgkin Lymphoma Not Eligible for Stem Cell Transplantation: A Phase 3, Randomized, Multicentre Trial (PIX306). Br. J.
Haematol. 2020, 188, 240–248. [CrossRef] [PubMed]

72. Chamberlain, F.E.; Jones, R.L.; Chawla, S.P. Aldoxorubicin in Soft Tissue Sarcomas. Future Oncol. 2019, 15, 1429–1435. [CrossRef]
[PubMed]

73. Lazareva, N.F.; Baryshok, V.P.; Lazarev, I.M. Silicon-Containing Analogs of Camptothecin as Anticancer Agents. Arch. Pharm.
2018, 351, 1700297. [CrossRef]

74. Van Arnam, E.B.; Ruzzini, A.C.; Sit, C.S.; Currie, C.R.; Clardy, J. A Rebeccamycin Analog Provides Plasmid-Encoded Niche
Defense. J. Am. Chem. Soc. 2015, 137, 14272–14274. [CrossRef]

75. Robey, R.W.; Obrzut, T.; Shukla, S.; Polgar, O.; MacAlou, S.; Bahr, J.C.; Di Pietro, A.; Ambudkar, S.V.; Bates, S.E. Becatecarin
(Rebeccamycin Analog, NSC 655649) Is a Transport Substrate and Induces Expression of the ATP-Binding Cassette Transporter,
ABCG2, in Lung Carcinoma Cells. Cancer Chemother. Pharmacol. 2009, 64, 575. [CrossRef]

76. Sankara Rao, N.; Nagesh, N.; Lakshma Nayak, V.; Sunkari, S.; Tokala, R.; Kiranmai, G.; Regur, P.; Shankaraiah, N.; Kamal, A.
Design and Synthesis of DNA-Intercalative Naphthalimide-Benzothiazole/Cinnamide Derivatives: Cytotoxicity Evaluation and
Topoisomerase-IIα Inhibition. Medchemcomm 2019, 10, 72–79. [CrossRef]

77. Kamal, A.; Srinivasulu, V.; Nayak, V.L.; Sathish, M.; Shankaraiah, N.; Bagul, C.; Reddy, N.V.S.; Rangaraj, N.; Nagesh, N.
Design and Synthesis of C3-Pyrazole/Chalcone-Linked Beta-Carboline Hybrids: Antitopoisomerase I, DNA-Interactive, and
Apoptosis-Inducing Anticancer Agents. ChemMedChem 2014, 9, 2084–2098. [CrossRef]

78. Kamal, A.; Sathish, M.; Nayak, V.L.; Srinivasulu, V.; Kavitha, B.; Tangella, Y.; Thummuri, D.; Bagul, C.; Shankaraiah, N.; Nagesh,
N. Design and Synthesis of Dithiocarbamate Linked β-Carboline Derivatives: DNA Topoisomerase II Inhibition with DNA
Binding and Apoptosis Inducing Ability. Bioorg. Med. Chem. 2015, 23, 5511–5526. [CrossRef] [PubMed]

79. Sathish, M.; Chetan Dushantrao, S.; Nekkanti, S.; Tokala, R.; Thatikonda, S.; Tangella, Y.; Srinivas, G.; Cherukommu, S.; Hari
Krishna, N.; Shankaraiah, N.; et al. Synthesis of DNA Interactive C3-Trans-Cinnamide Linked β-Carboline Conjugates as Potential
Cytotoxic and DNA Topoisomerase I Inhibitors. Bioorg. Med. Chem. 2018, 26, 4916–4929. [CrossRef] [PubMed]

80. Jadala, C.; Sathish, M.; Reddy, T.S.; Reddy, V.G.; Tokala, R.; Bhargava, S.K.; Shankaraiah, N.; Nagesh, N.; Kamal, A. Synthesis and
in Vitro Cytotoxicity Evaluation of β-Carboline-Combretastatin Carboxamides as Apoptosis Inducing Agents: DNA Intercalation
and Topoisomerase-II Inhibition. Bioorg. Med. Chem. 2019, 27, 3285–3298. [CrossRef]

81. Kovvuri, J.; Nagaraju, B.; Nayak, V.L.; Akunuri, R.; Rao, M.P.N.; Ajitha, A.; Nagesh, N.; Kamal, A. Design, Synthesis and Biological
Evaluation of New β-Carboline-Bisindole Compounds as DNA Binding, Photocleavage Agents and Topoisomerase I Inhibitors.
Eur. J. Med. Chem. 2018, 143, 1563–1577. [CrossRef] [PubMed]

82. Subba Rao, A.V.; Vishnu Vardhan, M.V.P.S.; Subba Reddy, N.V.; Srinivasa Reddy, T.; Shaik, S.P.; Bagul, C.; Kamal, A. Synthesis and
Biological Evaluation of Imidazopyridinyl-1,3,4-Oxadiazole Conjugates as Apoptosis Inducers and Topoisomerase IIα Inhibitors.
Bioorg. Chem. 2016, 69, 7–19. [CrossRef] [PubMed]

83. Nagaraju, B.; Kovvuri, J.; Kumar, C.G.; Routhu, S.R.; Shareef, M.A.; Kadagathur, M.; Adiyala, P.R.; Alavala, S.; Nagesh, N.; Kamal,
A. Synthesis and Biological Evaluation of Pyrazole Linked Benzothiazole-β-Naphthol Derivatives as Topoisomerase I Inhibitors
with DNA Binding Ability. Bioorg. Med. Chem. 2019, 27, 708–720. [CrossRef]

84. Kamal, A.; Kumar, B.A.; Suresh, P.; Agrawal, S.K.; Chashoo, G.; Singh, S.K.; Saxena, A.K. Synthesis of 4β-N-Polyaromatic
Substituted Podophyllotoxins: DNA Topoisomerase Inhibition, Anticancer and Apoptosis-Inducing Activities. Bioorg. Med. Chem.
2010, 18, 8493–8500. [CrossRef]

85. Kamal, A.; Suresh, P.; Ramaiah, M.J.; Mallareddy, A.; Imthiajali, S.; Pushpavalli, S.N.C.V.L.; Lavanya, A.; Pal-Bhadra, M.
Synthesis and Biological Evaluation of 4β-Sulphonamido and 4β-[(4′-Sulphonamido)Benzamide]Podophyllotoxins as DNA
Topoisomerase-IIα and Apoptosis Inducing Agents. Bioorg. Med. Chem. 2012, 20, 2054–2066. [CrossRef]

86. Kamal, A.; Suresh, P.; Ramaiah, M.J.; Srinivasa Reddy, T.; Kapavarapu, R.K.; Rao, B.N.; Imthiajali, S.; Lakshminarayan Reddy, T.;
Pushpavalli, S.N.C.V.L.; Shankaraiah, N.; et al. 4β-[4′-(1-(Aryl)Ureido)Benzamide]Podophyllotoxins as DNA Topoisomerase i
and IIα Inhibitors and Apoptosis Inducing Agents. Bioorg. Med. Chem. 2013, 21, 5198–5208. [CrossRef]

87. Kamal, A.; Kumar, B.A.; Suresh, P.; Shankaraiah, N.; Kumar, M.S. An Efficient One-Pot Synthesis of Benzothiazolo-4β-Anilino-
Podophyllotoxin Congeners: DNA Topoisomerase-II Inhibition and Anticancer Activity. Bioorg. Med. Chem. Lett. 2011, 21,
350–353. [CrossRef]

https://doi.org/10.1016/j.bcp.2009.09.012
https://www.ncbi.nlm.nih.gov/pubmed/19765546
https://doi.org/10.2217/fon-2016-0300
https://doi.org/10.1016/B978-008055232-3.61536-3
https://doi.org/10.34172/apb.2020.022
https://doi.org/10.1111/bjh.16255
https://www.ncbi.nlm.nih.gov/pubmed/31879945
https://doi.org/10.2217/fon-2018-0922
https://www.ncbi.nlm.nih.gov/pubmed/30873850
https://doi.org/10.1002/ardp.201700297
https://doi.org/10.1021/jacs.5b09794
https://doi.org/10.1007/s00280-008-0908-2
https://doi.org/10.1039/C8MD00395E
https://doi.org/10.1002/cmdc.201300406
https://doi.org/10.1016/j.bmc.2015.07.037
https://www.ncbi.nlm.nih.gov/pubmed/26264845
https://doi.org/10.1016/j.bmc.2018.08.031
https://www.ncbi.nlm.nih.gov/pubmed/30172625
https://doi.org/10.1016/j.bmc.2019.06.007
https://doi.org/10.1016/j.ejmech.2017.10.054
https://www.ncbi.nlm.nih.gov/pubmed/29129513
https://doi.org/10.1016/j.bioorg.2016.09.002
https://www.ncbi.nlm.nih.gov/pubmed/27656775
https://doi.org/10.1016/j.bmc.2019.01.011
https://doi.org/10.1016/j.bmc.2010.10.042
https://doi.org/10.1016/j.bmc.2012.01.039
https://doi.org/10.1016/j.bmc.2013.06.033
https://doi.org/10.1016/j.bmcl.2010.11.002


Pharmaceuticals 2023, 16, 1456 24 of 24

88. Shankaraiah, N.; Kumar, N.P.; Amula, S.B.; Nekkanti, S.; Jeengar, M.K.; Naidu, V.G.M.; Reddy, T.S.; Kamal, A. One-Pot Synthesis
of Podophyllotoxin-Thiourea Congeners by Employing NH2SO3H/NaI: Anticancer Activity, DNA Topoisomerase-II Inhibition,
and Apoptosis Inducing Agents. Bioorg. Med. Chem. Lett. 2015, 25, 4239–4244. [CrossRef] [PubMed]

89. Reddy, V.G.; Bonam, S.R.; Reddy, T.S.; Akunuri, R.; Naidu, V.G.M.; Nayak, V.L.; Bhargava, S.K.; Kumar, H.M.S.; Srihari, P.; Kamal,
A. 4β-Amidotriazole Linked Podophyllotoxin Congeners: DNA Topoisomerase-IIα Inhibition and Potential Anticancer Agents
for Prostate Cancer. Eur. J. Med. Chem. 2018, 144, 595–611. [CrossRef] [PubMed]

90. Sathish, M.; Kavitha, B.; Nayak, V.L.; Tangella, Y.; Ajitha, A.; Nekkanti, S.; Alarifi, A.; Shankaraiah, N.; Nagesh, N.; Kamal,
A. Synthesis of Podophyllotoxin Linked β-Carboline Congeners as Potential Anticancer Agents and DNA Topoisomerase II
Inhibitors. Eur. J. Med. Chem. 2018, 144, 557–571. [CrossRef] [PubMed]

91. Kim, J.S.; Gatto, B.; Yu, C.; Liu, A.; Liu, L.F.; LaVoie, E.J. Substituted 2,5′-Bi-1H-Benzimidazoles: Topoisoraerase I Inhibition and
Cytotoxicity. J. Med. Chem. 1996, 39, 992–998. [CrossRef] [PubMed]

92. Kim, J.S.; Yu, C.; Liu, A.; Liu, L.F.; LaVoie, E.J. Terbenzimidazoles: Influence of 2′′-, 4-, and 5-Substituents on Cytotoxicity and
Relative Potency as Topoisomerase I Poisons. J. Med. Chem. 1997, 40, 2818–2824. [CrossRef]

93. Coban, G.; Zencir, S.; Zupkó, I.; Réthy, B.; Gunes, H.S.; Topcu, Z. Synthesis and Biological Activity Evaluation of 1H-
Benzimidazoles via Mammalian DNA Topoisomerase I and Cytostaticity Assays. Eur. J. Med. Chem. 2009, 44, 2280–2285.
[CrossRef]

94. Singh, M.; Tandon, V. Synthesis and Biological Activity of Novel Inhibitors of Topoisomerase I: 2-Aryl-Substituted 2-Bis-1H-
Benzimidazoles. Eur. J. Med. Chem. 2011, 46, 659–669. [CrossRef]

95. Talukdar, A.; Kundu, B.; Sarkar, D.; Goon, S.; Mondal, M.A. Topoisomerase I Inhibitors: Challenges, Progress and the Road
Ahead. Eur. J. Med. Chem. 2022, 236, 114304. [CrossRef]

96. Majumdar, A.G.; Shree, S.; Das, A.; Kumar, B.K.; Dey, P.; Subramanian, M.; Patro, B.S. Design, Synthesis and Development of a
Dual Inhibitor of Topoisomerase 1 and Poly (ADP-Ribose) Polymerase 1 for Efficient Killing of Cancer Cells. Eur. J. Med. Chem.
2023, 258, 115598. [CrossRef]

97. Idowu, T.; Schweizer, F. Ubiquitous Nature of Fluoroquinolones: The Oscillation between Antibacterial and Anticancer Activities.
Antibiotics 2017, 6, 26. [CrossRef]
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