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Simple Summary: Increasing number of cancer patients and significant mortality among these
patients are attributed to many factors including anticancer drug resistance. Among a pool of
available anticancer drugs, topoisomerase-active drugs, e.g., doxorubicin and topotecan are used
by cancer patients at high dose and that leads to various side effects and post anticancer therapies
complications. Therefore, efforts are warranted to understand the reasons behind such anticancer
drug resistance so that better therapeutic management of cancer patients can be achieved. Such
efforts could be achieved in the preclinical and clinical laboratory settings so that safer and highly
efficacious anticancer drug combinations could be explored for the cancer patients. In the future,
combinatorial anticancer drug approaches targeting topoisomerase enzymes can combine newer
tools and technologies aided by artificial intelligence and machine learning for rapid and reliable
validations of anticancer effects by combinatorial therapeutic approaches.

Abstract: In recent years, the emergence of cancer drug resistance has been one of the crucial tumor
hallmarks that are supported by the level of genetic heterogeneity and complexities at cellular levels.
Oxidative stress, immune evasion, metabolic reprogramming, overexpression of ABC transporters,
and stemness are among the several key contributing molecular and cellular response mechanisms.
Topo-active drugs, e.g., doxorubicin and topotecan, are clinically active and are utilized extensively
against a wide variety of human tumors and often result in the development of resistance and failure
to therapy. Thus, there is an urgent need for an incremental and comprehensive understanding of
mechanisms of cancer drug resistance specifically in the context of topo-active drugs. This review
delves into the intricate mechanistic aspects of these intracellular and extracellular topo-active drug
resistance mechanisms and explores the use of potential combinatorial approaches by utilizing
various topo-active drugs and inhibitors of pathways involved in drug resistance. We believe that
this review will help guide basic scientists, pre-clinicians, clinicians, and policymakers toward holistic
and interdisciplinary strategies that transcend resistance, renewing optimism in the ongoing battle
against cancer.

Keywords: topoisomerases; drug resistance; molecular heterogeneity; neoplasms; combinatorial
approaches

1. Introduction

Demographic projections suggest that by 2040 there will be 16.3 million cancer deaths
worldwide, with 27.5 million new instances of the disease. Data also show that cancer
has caused 10 million deaths globally, with breast, lung, colon, rectal, prostate, skin, and
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stomach cancer being the most common types [1,2]. Cancers are highly heterogeneous
with many subtypes and molecular profiles, and thus present complex challenges. Tumor
heterogeneity at cellular levels is related to genetic and environmental factors. Lifestyle
choices, modes of preventive strategies, and modalities of therapies for cancer patients also
play roles in inducing tumor heterogeneity, leading to chemotherapy resistance to various
anticancer drugs including topoisomerase-active drugs (topo-active drugs) [3–5].

Chemotherapy resistance, a formidable obstacle in cancer treatment, arises from gene
mutations, gene amplification, or epigenetic changes affecting the uptake, metabolism, or
export of drugs from cells. Acquired resistance further involves intricate interactions with
intracellular and extracellular signaling pathways, as well as metabolic adaptations [6,7].
Due to these extreme challenges in therapy, both the understanding of the mechanisms
of topo-active drug resistance and innovative approaches to successful therapy are ur-
gently needed.

Topoisomerase enzymes are crucial enzymes involved in DNA replication, chromo-
somal segregation, transcription, and recombination. They exist in two classes: Topoiso-
merase I (TOPI), which cleaves one DNA strand, and Topoisomerase II (TOPII), which
cuts simultaneously on both strands [8,9]. Camptothecin (CPT), an alkaloid, discovered
in 1958, is an inhibitor of TOPI. FDA-approved derivatives like topotecan and irinotecan
target TOPI, while TOPII inhibitors like the anthracycline-based drug doxorubicin (DOX)
cause cytotoxic DNA double-strand breaks [10–12]. Although these topo-active drugs are
extremely effective and utilized to treat a wide variety of cancers, they face the common
hurdle of resistance development in tumor cells, necessitating novel approaches.

A prominent contributor to multidrug resistance is the ABC transporter (ATP-binding
cassette) protein family, with P-glycoprotein (P-gp)/ATP-binding cassette subfamily B
member 1 (ABCB1) being the most studied. Overexpression of the ABC transporter con-
tributes to the efflux of topo-active drugs and is a recognized mechanism [13–16]. Hence,
combinatorial approaches that can target both ABC transporters and TOPI and TOPII
enzymes concomitantly may lead to better drug responsiveness.

Glutathione (GSH) is one of the most abundant low-molecular-weight non-protein
thiols, immensely regulates the physiological levels of reactive oxygen species (ROS), and,
in turn, mediates oxidative stress response during genotoxic drug responses [17–21]. The
modulation of GSH-mediated oxidative stress in cancer cells is suggested as an important
step to mitigate drug resistance and achieve better drug responsiveness.

Genotoxic chemicals, including topo-active drugs, induce enhanced DNA repair in
cancer cells, allowing them to survive and proliferate. Cancer cells develop resistance
mechanisms by modulating DNA repair response pathways, enhancing their survival
during genotoxic insults [22–25].

In immunotherapy-based resistance, the primary resistance to checkpoint inhibitors
occurs due to both intrinsic and extrinsic factors, preventing immune response and antigen
recognition [26–28]. However, combining immune checkpoint inhibitors with topo-active
drugs is recommended to minimize resistance.

Cancer stem cells (CSCs) play a crucial role in the formation, growth, and resilience of
tumors [29–32]. Understanding CSC pathways provides insight into combined approaches
for effective anticancer drug treatments [33,34].

Increased lipid metabolism, glutaminolysis, glycolysis, mitochondrial biogenesis, and
the pentose phosphate pathway are all aspects of metabolic reprogramming in cancer that
play a significant role in survival and resistance against topoisomerase-active drugs [35,36].
For instance, the Warburg effect and metabolic reprogramming are crucial events during
the survival and resistance strategies of cancer cells against topo-active drugs [37–40].
Therefore, a holistic understanding at the molecular, preclinical, and clinical levels is
crucial for developing innovative approaches, such as combining metabolite mimetics with
topoisomerase-active drugs, to enhance responsiveness and induce cancer cell death.

Based upon the lacunae in current understanding of topo-active drug resistance in
cancer cells, this review offers insights into diverse adaptations at the molecular and cellular
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levels. These adaptations encompass but are not limited to ABC transporters, oxidative
stress, DNA damage response mechanisms, immune heterogeneity, plasticity of CSCs,
and metabolic reprogramming. Moreover, we extend prospective avenues for synergistic
pharmacological strategies by combining small-molecule inhibitors with topo-active agents.
The overarching goal is to enhance the efficacy of cancer cell death while concurrently
ameliorating the adverse effects attributed to topo-active drugs.

2. Topoisomerases

DNA topoisomerases play a pivotal role in fundamental cellular processes such as
DNA replication, transcription, recombination, and chromatin remodeling [41,42]. These
enzymes exert control over the topological status of the DNA double helix by inducing
either single-strand (TOPI) or double-strand (TOPII) DNA breaks [41,42].

TOPI, a 100 kDa monomeric protein, is expressed by a single copy gene on chromosome
20q12-13.2, which must be phosphorylated for its catalytic activity [41]. The TOPI cleaves
one strand of DNA [41]. It is not an ATP-dependent enzyme (reverse gyrase is an exception).
TOPI can also be further divided into type IA (TOP3α and TOP3β) and type IB (TOPI and
human mitochondrial topoisomerase) enzymes based on whether the protein is linked at
a 5′-phosphate or 3′-phosphate [41,43]. The functional role of TOPI is paramount, as it is
indispensable for various cellular processes, contributing to the synchronous dynamic of
DNA structure and function.

Parallelly, TOPII emerges as a critical player, essential for chromosome segregation
and reprogramming replicons. Topo II inhibition impairs the entirety of DNA replication,
leading to the stabilization of replication protein A (RPA) onto (ssDNA) [42,44]. This
intricate connection illustrates the importance of TOPII in maintaining genomic stability
and integrity [42,44].

The significance of topoisomerases in cellular processes has encouraged extensive
research efforts, particularly in the context of pharmacological intervention. Various agents,
including irinotecan, topotecan, doxorubicin (DOX), and etoposide (VP-16), have been
developed to target these enzymes [45–47]. The focus on these pharmacological agents
emphasized the potential for therapeutic actions aimed at modulating topoisomerase
activity, paving the way for critical cellular processes and, consequently, diseases associated
with DNA structural dynamics.

3. Mechanisms of Action of Topo-Active Drugs

TOPI and TOPII are vital cellular targets of many chemotherapeutic drugs, playing a
pivotal role in orchestrating the intricate structure of chromatin, a dynamic amalgamation
of DNA and proteins within cells. Chemotherapeutic agents that inhibit TOPI and TOPII
induce distinctive effects on chromatin [45–48].

TOPI, a preferred target for many chemotherapeutics, serves as a crucial indicator
of malignant cell proliferation [46–52]. TOPI inhibitors, categorized as TOPI poisons and
TOPI suppressors, act at the TOPI-DNA complex level, promoting DNA breakage [51].
TOPI poisons like topotecan induce single-stranded breaks after DNA cleavage, inhibiting
ligation. The overexpression of TOPI is correlated with an increase in the susceptibility
of tumor cells to TOPI inhibitors. In tumor cells with minimal TOPI expression, TOPI
suppressor activity is higher. As a result, the choice between these inhibitors depends on
TOPI expression levels in tumor cells, offering distinct anticancer therapeutic strategies [51].

CPT, a compound altering the topographic state of duplex DNA through single-strand
breaks and relegation, targets TOPI [46,47]. CPT stabilizes the covalently bonded TOPI-
DNA complex, inhibiting the reconnecting stage of the cleavage/relegation reaction [46,47].
Nemorubicin (MMDX), a third-generation anthracycline derivative, utilizes intercalation
in DNA as a TOPI inhibitor, demonstrating efficacy in various tumor models without
cardiotoxicity [53–58].

Topoisomerase poisons, CPT, and related compounds are key drugs for treating solid
tumors. The unique semisynthetic CPT derivative, containing a bulky piperidino side chain



Cancers 2024, 16, 680 4 of 32

at the 10 position, is known as irinotecan. This side chain can be cleaved enzymatically
by the enzyme carboxylesterase to 7-ethyl-10-hydroxy-campthothecin (SN38), which is
a potent TOPI inhibitor [10,40,51,52]. Topotecan and SN38 both stabilize TOPI cleavage
complexes (TOPIcc), which are then converted into DNA damage during DNA replication
and transcription [50,51], inhibiting DNA strands from re-ligation, causing permanent
replication fork arrest and cell death [24].

TOPII inhibitors exhibit clinical effectiveness against several human malignancies [53,55].
They are classified as TOPII poisons and catalytic inhibitors. DOX and VP-16, popular
chemotherapeutic drugs, form a ternary complex with DNA and TOPII, inhibiting tran-
scription and replication and inducing apoptosis in cancer cells [53–59].

Nitric oxide (NO), a physiological signaling molecule, is involved in a variety of
cellular activities, including cell growth, survival, and death. It plays a substantial role in
detoxifying VP-16 and affects critical cellular proteins, including topoisomerases, but does
not affect Adriamycin resistance [60,61].

Studies suggest that secondary metabolites produced by plants like alkaloids, ter-
penoids, polyphenols, and quinones could serve as alternatives to synthetic topoisomerase
inhibitors, overcoming drug resistance and other epigenetic changes [62,63]. Terpenoids,
a diverse class of plant natural products that include taxol, a complex polyoxygenated
diterpenoid, were isolated from the Pacific yew Taxus brevifolia, used in treating various
cancers. Taxotere, a semisynthetic derivative, enhances water solubility and microtubule
polymerization, leading to apoptosis [63].

{2-(1-Ethyl-7-methyl-4-oxo-1,4-dihydro-1,8-naphthyridine-3-carbonyl)-N-(m-tolyl)-
hydrazinecarbothioamide}, a derivative of nalidixic acid, inhibits both TOPIIα and TOPIIβ,
inducing cell cycle arrest at the G2 m phase and apoptosis [64]. Ellipticine, an alkaloid de-
rived from Ochrosia elliptica labil, is approved for metastatic breast cancer treatment [65,66].
Additionally, carbazole derivatives also exhibit inhibitory activity against both TOPI and
TOPII [67–69].

4. Tumor Heterogeneity and Topo-Active Drugs

Chemotherapy resistance, a pervasive challenge in cancer treatment, particularly
against topo-active drugs, represents a multifaceted phenomenon intricately tied to the
extensive heterogeneity observed within tumors at various molecular and cellular lev-
els [70,71]. Tumor heterogeneity manifests both intra- and inter-tumorally, influenced by
factors such as genome doubling, mutational burden, and somatic copy number alterations.
Intra-tumoral heterogeneity, encompassing genetic, epigenetic, neo-antigenic, metabolic,
and tumor microenvironment (TME) variations, is a complex landscape [72].

The acidic microenvironment prevalent in tumors creates several obstacles to chemother-
apy efficacy, including drug protonation, diminished cellular uptake, elevated MDR1 and
P-gp gene expression, heightened MDR proteins, angiogenesis, metastasis, hypoxic condi-
tions, gene downregulation, and diminished chemotherapeutic efficacy [73–76].

Studies emphasize the critical function of components of the tumor microenvironment
(TME), such as cancer-associated fibroblasts (CAFs) and immune suppression cells, in
shaping tumor progression. CAFs, through secretion of transformative factors like TGF-
beta, HGF, interleukins, and metalloproteinases, modulate the extracellular matrix (ECM)
during tumor growth, fostering an environment conducive to chemoresistance [77,78].
Notably, the resistance exhibited by cancer cells, particularly against topo-active drugs, is
substantiated by the supportive influence of TME-secreted factors, including those derived
from CAFs and immune suppression cells [79–83].

Genetic tumor heterogeneity, exemplified by chromosomal instability, gives rise to
cancer genome alterations such as aneuploidy. Aberrant chromosome numbers impact
tumor suppressor genes, instigating drug resistance, particularly against topoisomerase-
targeting agents [84–87]. Macro-evolutionary events, signified by substantial chromosomal
alterations, contribute significantly to the development of drug resistance to topo-active
agents [71,88].
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Tumor cells exhibit remarkable epigenetic and phenotypic plasticity, potentially result-
ing in drug-tolerant persistence and resistance through stable non-genetic alterations in
gene expression [89–91]. Global epigenetic changes, exemplified by CpG island hypomethy-
lation, augment cell-to-cell variability in cancer cells due to genetic and microenvironmental
heterogeneity [87,92,93]. The DNA methylome, a critical epigenetic facet in human can-
cers, involves promoter CpG island DNA hypermethylation of tumor suppressor genes
and global DNA hypomethylation. Cytosine methylation impacts tumorigenicity, as 5-
methylcytosine is mutagenic and can undergo spontaneous hydrolytic deamination, result-
ing in C → T transitions [94–97]. Clinical and integrated multi-omics analyses suggested
the relevance of topoisomerases in tumor heterogeneity [98,99].

5. Mutation of Target Enzymes

Resistance to chemotherapeutic drugs can arise due to mutations in genes encod-
ing topoisomerases. In the context of SN38-resistant HCT116 clones, novel mutations
were pinpointed in the core subdomain III (p.R621H and p.L617I) and the linker domain
(p.E710G), strategically positioned at the interface between these domains. These mutations,
while not influencing topoisomerase I (TOPI) expression or activity, induced a reduction in
TOPI-DNA cleavage complexes and the formation of double-stranded breaks [100].

Concurrently, Adriamycin-selected resistant ovarian cancer (OVCAR-8) cells exhibited
heightened resistance to VP-16, exhibiting diminished DNA strand breaks. Mechanistically,
resistance encompasses multifaceted factors, such as diminished drug uptake, altered topoi-
somerase sensitivity, and reduced phosphorylation, collectively attenuating the binding
affinity of TOPI and topoisomerase II (TOPII) inhibitors [101,102].

Humans possess two distinct TOPII genes, hTOPIIA on chromosome 17 and hTOPIIB
on chromosome 3 [103], each yielding proteins with unique yet overlapping functions.
While hTOPIIα is indispensable for cell viability in proliferating cells, hTOPIIβ is expressed
in quiescent cells, regulating transcription [104–106]. Somatic mutations in TOPII, specifi-
cally the ID_TOPIIα pattern, manifest in a mutator phenotype, associated with genomic
rearrangements and potential oncogenes in established driver genes. Another mutation
type renders the enzyme insensitive to inhibitors, diminishing DNA cleavage activity and
elevating drug resistance frequency. These mutations are common but limited due to
homozygous requirements [106,107].

Numerous single-nucleotide polymorphisms (SNPs) are evident in both TOPI and
TOPII coding genes. Distinct point mutations in the TOPI gene confer resistance to camp-
tothecin (CPT) derivatives. For instance, the substitution of Phe-361 or Asn-722 by Ser
induces insensitivity to topotecan. Similarly, a mutation of Ala-653 to Pro in the linker
domain imparts resistance to CPT-related drugs [14].

Mutations in TOPII genes are prevalent in resistant cell lines, occurring predominantly
in the nucleotide-binding and tyrosine-comprised domains involved in the covalent bind-
ing of TOPII to nicked DNA. Notable examples include the Arg 486 to Lys substitution
conferring resistance to amsacrine in human leukemia (HL-60) cells and the deletion of
Ala 429 resulting in resistance against VP-16 in human melanoma (FEM) cells. Validation
of these mutations’ role in drug resistance was accomplished using the yeast expression
model [108–110].

While research on TOPI and TOPII mutants provides valuable insights, a certain degree
of discordance exists regarding their functional relevance. To address this, more study is
required elucidating the genetic-based mechanisms of drug resistance in cancer cells for a
comprehensive understanding and effective circumvention of resistance [111,112].

6. Altered Drug Metabolisms and Topo-Active Drugs

The deregulated transportation of drugs is identified as a potential factor impacting
drug metabolic pathways, leading to the inactivation of topo-active drugs. This phe-
nomenon, as outlined in existing research [63,113–116], holds implications for decreased
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binding and the formation of inactive metabolites, consequently inducing resistance to
topo-active drugs.

The metabolic conversion of DOX results in the production of alcohol metabolites,
such as doxorubicinol (DOXol), alongside DOX deoxy aglycone and DOXol hydroxy agly-
cone. These transformations contribute to altered toxicity and diminished antineoplastic
activity [113,115]. Conversely, the reductive metabolism of DOX, facilitated by NADPH
(nicotinamide adenine dinucleotide phosphate), yields reactive species with heightened
cytotoxicity [117,118]. Notably, the polymorphism of the cytochrome P450 1B1 gene is
implicated in reduced sensitivity to various DNA-interacting anticancer agents, including
alkylators, CPT, and TOPII inhibitors [119]. Furthermore, an intriguing study supports
the notion that nitrogen oxide-derived species can detoxify VP-16 through direct nitrogen
oxide radical attack, potentially contributing to increased drug resistance in VP-16-treated
cancer patients [63].

The study by Pathania et al. indicates the significant roles played by phase II drug
metabolism enzymes, including uridine diphospho-glucuronosyltransferase (UGTs),
glutathione-S-transferases (GSTs), dihydropyrimidine dehydrogenase (DPDs), and thiop-
urine methyltransferases (TPMTs), in inducing resistance to topo-active drugs [120]. Ge-
netic variants of phase I and II enzymes, such as cytochrome P450 (CYP) 3A4 and uridine
diphosphate glucuronosyltransferase (UGT) 1A, are associated with the metabolism of
irinotecan and VP-16. These genetic variations potentially influence the efficacy and toxicity
outcomes [121,122].

Therefore, the efficacies of topo-active drugs and other anticancer agents are intricately
linked to the generation of intracellular metabolized products. These products, arising
from both non-enzymatic and enzymatic biotransformation, modulate the therapeutic and
toxic properties of topo-active drugs. Additionally, the involvement of glutathione (GSH)
in the biotransformation of topo-active drugs further contributes to the complex landscape
of anticancer drug responses [116].

7. ABC Transporter-Mediated Resistance of Topo Drugs

Multidrug resistance (MDR) poses a formidable challenge in chemotherapy, com-
promising its efficacy and elevating the risk of patient mortality. Extensive research has
revealed the intricacies of drug transport regulation, a process tightly governed by mem-
bers of the ABC transporter protein family. Notably, P-glycoprotein (P-gp/ABCB1), the
pioneering ABC transporter, serves as a focal point in this intricate network [13,123,124].
This protein is accountable for an energy-dependent expulsion of intracellular drugs from
cancer cells, precipitating diminished drug concentrations and engendering drug resistance,
particularly in the context of multidrug resistance (MDR).

Further complicating this landscape, certain efflux proteins, such as P-gp (ABCB1),
multidrug proteins (MRPs or ABCCs), and breast cancer resistance protein (BCRP or
ABCG2), are localized on the luminal membrane. They are responsible for extruding sub-
strates from blood–brain barrier (BBB) endothelial cells back into the bloodstream, thereby
diminishing the central bioavailability of numerous drugs [125]. Within the expansive ABC
transporter superfamily, membrane proteins facilitate the extrusion of a diverse array of
substrates across cellular membranes. The classification into seven subfamilies, based on
sequence similarity and structural organization, underscores the complexity inherent in
this molecular repertoire [13,126].

Topo-active drugs, including DOX, VP-16, CPT, and their derivatives, emerge as sub-
strates for ABC transporters, contributing to drug resistance in tumors. The manifestation of
ATP-binding cassette transporters in cancer patients with resistant disease further stresses
the critical role of ABC transporters in thwarting targeted chemotherapy efforts.

Elucidating the inner workings of ABC transporters during substrate translocation
necessitates a comprehensive understanding, a demand addressed by advances in single-
particle cryogenic electron microscopy. This innovative technology has furnished critical
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insights into ABC transporter architecture, supramolecular assemblies, and mechanistic
intricacies [127].

Adding another layer to the intricacies of cancer treatment, the secreted phosphopro-
tein 1 (SPP1), also known as osteopontin (OPN), exhibits upregulation in malignancies,
correlating with treatment resistance [128]. Treatment with exogenous OPN amplifies the
expression of ABCB1 and ABCG2 transporters, consequently heightening resistance to
topotecan and DOX [129].

Furthermore, an overexpression of ABCG2, also known as Breast Cancer Resistance
Protein (BCRP), in tumors contributes significantly to drug resistance. ABCG2, an ATP-
binding cassette efflux transporter, has been implicated in conferring resistance to clinically
used anticancer drugs, including topotecan and irinotecan [130,131]. Inhibitory inter-
ventions, such as elacridar and tariquidar, small-molecule inhibitors, exhibit promise by
inducing synergistic apoptosis and heightened drug sensitivity in small cell lung cancer
(SCLC) cells resistant to VP-16 or SN-38 [132].

BCRP, categorized as an ABC half-transporter, is notably overexpressed in cancer
cell lines treated with topotecan or mitoxantrone (MXT), leading to resistance against
camptothecin (CPT) derivatives like irinotecan and SN-38 [133,134].

Although the potential of ABC transporter modulators to enhance the efficacy of
anticancer drugs has been recognized, the development of MDR1 as a therapeutic target
has encountered setbacks [13,135,136]. However, recent work in pharmacophore enhance-
ment, tumor uptake, and carrier–drug association, exemplified by the hydrolytically ac-
tivatable PF108-[SN22]2, present a promising therapeutic strategy for patients grappling
with multidrug-resistant disease [137,138]. A summarized flow model is presented in
Figure 1 [135–138].
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Figure 1. The role of ABC transporter in topo-active cancer drug resistance. Organic anion trans-
porting polypeptide (OATP) transporters for the influx of topo-active drugs. ATP-binding cassette
(ABC) efflux transporters such as P-gp are overexpressed in cancer cells and contribute to multidrug
resistance (MDR) against topo-active drugs. P-glycoprotein (P-gp).

8. GSH Depletion and Topo-Drug Resistance

Glutathione (GSH) emerges as an important molecule in the context of cytotoxicity
induced by topo-active drugs, comprising a tripeptide structure composed of glutamate,
cysteine, and glycine. The intricate involvement of GSH extends across various cellular
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processes, encompassing cell differentiation, ferroptosis, apoptosis, proliferation, and
anticancer responsiveness [19].

Recent research illustrates the multifaceted regulatory role of GSH, with perturbations
in its concentration linked to tumor genesis, progression, and treatment response. Notably,
elevated GSH concentrations within neoplastic cells correlate with heightened chemore-
sistance. Molecular modifications in the GSH antioxidant system and disruptions in GSH
homeostasis establish critical links to resistance against cancer therapeutics [139,140].

Among the various molecular mechanisms potentiating resistance to topo-active
drugs in cancer cells, GSH depletion and reactive oxygen species (ROS) elevation leading to
oxidative damage are observed. Depletion of GSH and elevation of ROS induce oxidative
stress, contributing to resistance against topo-active drugs. Inhibitors of GSH biosynthesis
reduce the effects of the topo-active drug VP-16, while N-Acetylcysteine, a GSH synthesis
promoter, enhances the anticancer effects of topo-active drugs [141–143].

Nano-particle-loaded GSH proves effective in reducing resistance to drugs such as
DOX and CPT in cancer cells [144–147]. The topo-active drug CPT, known to induce ROS
formation, sees its sensitivity modulated by GSH, which detoxifies these ROS, mitigating
drug-induced oxidative stress. Topotecan, inducing both ROS formation and GSH–drug
conjugation, exhibits synergistic cytotoxicity with ascorbic acid [148–150].

Reduced GSH-mediated oxidative stress levels contribute to topotecan-mediated cell
death in liver cancer cells, emphasizing the role of GSH in mitigating drug-induced cyto-
toxic effects. Antioxidants like neobavaisoflavone are proposed to enhance GSH depletion,
potentially potentiating the effects of DOX. Irinotecan exacerbates hepatic oxidative stress,
lowering GSH levels in cancer cells [32,151].

Recently, some data have indicated that irinotecan may worsen hepatic oxidative
stress by inducing the formation of ROS and lipid peroxides while simultaneously lowering
GSH, superoxide dismutase (SOD), and catalase (CAT) in cancer cells [152]. As topo-active
drugs decrease the level of GSH, newer derivatives with redox-sensitive targeted delivery
which will maintain the GSH level in treated cancer cells are recommended to avoid drug
resistance and desirable apoptotic cell death [153,154].

The development of multidrug resistance (MDR) is associated with the maintenance of
H2O2 and GSH levels. Monitoring GSH levels emerges as an efficient strategy for detecting
drug resistance and guiding patient responses to therapy. Small molecules like IND-2
(4-chloro-2-methylpyrimido [1′′,2′′:1,5] pyrazolo [3,4-b] quinolone), by modulating ROS
levels and inhibiting TOPII, demonstrate the potential to induce apoptotic cell death in
prostate cancer cells [143,155,156].

In the context of oxidative stress, the enzyme phosphodiesterase 10A (PDE10A) is
elevated in cancer cells, hydrolyzing cAMP and cGMP. The inhibition of this enzyme
is linked to the proliferation of tumor cells. PDE10A deficiency or inhibition reduces
the apoptosis, malfunction, and atrophy caused by DOX. Recent findings suggest that
inhibiting PDE10A attenuates DOX-induced cardiotoxicity and prevents cancer growth,
and thus could be a promising strategy in cancer therapy [157,158].

GSH is important in the protection against tumor microenvironment-related aggres-
sion, apoptosis evasion, colonizing ability, and multidrug and radiation resistance. In-
creased levels of GSH and resistance to chemotherapeutic agents have been observed for
various anticancer drugs, including platinum-containing compounds, alkylating agents, an-
thracyclines, and arsenic [141]. Overall, the role of GSH in topo-active drug cytotoxicity and
resistance is intricate and context-dependent, necessitating a detailed understanding for the
development of more effective cancer therapies and strategies to overcome drug resistance.

9. DNA Damage Response Pathways and Topo-Active Drug Resistance

Various malignancies exhibit chemotherapeutic resistance due to DNA integrity and
replication issues. This resistance, attributed to DNA damage, especially that arising from
the inhibition of topoisomerase II (TOPII), allows the persistence of damaged cell popu-
lations. Homologous recombination (HR) and non-homologous end joining (NHEJ) are
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primary repair pathways for double-strand breaks (DSBs), with nucleotide excision repair
(NER) addressing lesions causing structural distortions in the DNA double helix [159–162].

However, TOPII inhibitors create DNA adducts, inter-strand crosslinks, and ROS-
induced DNA damage, with some evidence reporting the involvement of alternative
repair pathways in removing chemotherapeutic drug damage [163–167]. Notably, tyrosyl-
DNA phosphodiesterase plays a crucial role in reconnecting and regenerating damaged
DNA fragments, forming a covalent intermediate with a tyrosine residue. Moreover,
topoisomerase-associated DNA replication forks, particularly TOP3α, are linked to genomic
instability, emphasizing the intricate connection between DNA replication, repair, and drug-
induced damage [168–170].

Topo-active drugs are genotoxic, causing significant DNA damage that triggers a
robust repair response pathway. This process potentially plays a role in the development
of drug resistance in treated cancer cells. Therefore, combinations of small molecular
inhibitors against specific DNA repair proteins, such as PARP, ATM, Rad51, and MGMT,
with cytotoxic topo-active drugs prove promising for enhanced anticancer efficacy. Pre-
vious studies have indicated the role of MGMT in the emergence of drug resistance to
irinotecan, SN-38, and DX-8951f. The elevated expression of the MGMT gene decreased
drug sensitivity, while the inhibition of MGMT resulted in an enhanced sensitivity of cancer
cells to topo-active drugs [171,172].

Topo-active drugs like topotecan and methotrexate (MTX) cause DNA strand breaks
that, in turn, phosphorylate histone H2AX, which may not involve double-stranded DNA
breaks. However, double-strand DNA breaks are formed during DNA repair, and analyses
of H2AX phosphorylation may be indicative of the extent of the repair process [173]. Data
also indicate the involvement of DNA repair proteins, e.g., a mutation in BRCA1 may be
related to the drug responsiveness of topo-active drugs. Hence, combinations of small
molecular inhibitors against specific DNA repair proteins and cytotoxic drugs such as
topo-active drugs could be combined to achieve successful combinatorial anticancer drug
approaches [174,175]. Topotecan- and MXT-dependent double-strand breaks also induce
activation of DNA repair proteins, ATM and Chk2, in human lung adenocarcinoma A549
cells [176,177]. And combinatorial approaches using small-molecule inhibitors of ATM and
Chk2 with topo-active drugs, therefore, were investigated as a novel anticancer approach
for better sensitivity and reduced toxicity.

Evidence of the combinatorial approach is further supported by the combined effects
of the tyrosine kinase inhibitors erlotinib or gefitinib with CPT that resulted in increased
anticancer effects in breast cancer cells [178]. Additional research indicated that the combi-
natorial role of TOPII inhibitors (idarubicin, daunorubicin, MXT, VP-16) and selinexor (a
selective inhibitor of XPO1) was more effective in acute myelogenous leukemia [179].

Notably, andrographolide analog 3A.1, a novel TOPII inhibitor, induces apoptosis
by cleaving DNA repair protein PARP-1. Designing dual inhibitors targeting both PARP
and topoisomerase, such as 4-amido benzimidazole acridines, enhances cell death in
breast cancer cells [180–182]. The exploration of concomitant targeting of tyrosyl-DNA
phosphodiesterase enzymes and TOPI/TOPII reveals potential avenues for anticancer
agents [183].

Emerging combinatorial approaches involving platinum (II) complexes, e.g., [PtCl
(NH3)2(9-(pyridin-2-ylmethyl)-9H-carbazole)]NO3 (OPPC), [PtCl(NH3)2(9-(pyridin-3-
ylmethyl)-9H-carbazole)]NO3 (MPPC), and [PtCl(NH3)2(9-(pyridin-4-ylmethyl)-9H-
carbazole)]NO3 (PPPC), targeting the DNA repair proteins Ku70 and TOPII were effec-
tive [184]. Additionally, 2-Amino-Pyrrole-Carboxylate (2-APC) amplifies doxorubicin
(DOX) cytotoxicity by inhibiting DNA damage repair via Rad51 recombinase reduction.
These intricate combinatorial strategies showcase the evolving landscape of anticancer
research, emphasizing the interconnected roles of DNA repair proteins and topo-active
drugs [185,186].
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10. Metabolic Reprogramming and Topo-Active Drug Resistance

Cancer is characterized by a profound shift in metabolism, a phenomenon known as
metabolic re-programming. This intricate process encompasses increased lipid metabolism,
glutaminolysis, glycolysis, mitochondrial biogenesis, and activation of the pentose phos-
phate pathway, among other metabolic alterations. In addition, these adaptations furnish
cancer cells with essential metabolites, enabling substantial biosynthesis, sustained prolifer-
ation, and pivotal processes in tumorigenesis [35]. One exemplification of this metabolic
shift is the Warburg effect, a preference for glycolysis and lactate production even in the
presence of oxygen, indicating cell-autonomous regulation by oncogenes in numerous
proliferating cancer cells and tumors [37].

Petrella et al.’s findings revealed metabolic changes following VP-16 treatment, show-
casing an immediate glycolysis arrest succeeded by a gradual recovery marked by epithelial–
mesenchymal transition (EMT) and repopulation. Intriguingly, oxidative phosphorylation
(OXPHOS) initially surged but subsequently decreased, persisting above control levels.
These insights shed light on the energy metabolism dynamics during topo-active drug
therapy, unveiling potential pharmacological targets for castration-resistant prostate cancer
(CRPC) treatment, which presents a distinct scenario [187].

Metabolic processes, responsible for converting nutrients into energy and crucial cel-
lular chemicals, play a pivotal role in cancer development. The PI3K/AKT and MAPK
signaling pathways exert significant influence on both tumor progression and immunity. Si-
multaneous suppression of metabolic pathways, such as glycolysis and PI3K/AKT/mTOR,
halts tumor development. In particular, immune cells undergo shifts in energy consump-
tion, while tumor cells adapt their metabolism to fuel their growth. This creates a compet-
itive environment for nutrients between tumors and immune cells, thereby influencing
immune responses. The development of dual signaling pathway inhibitors targeting
PI3K/AKT/mTOR and other pathways is underway to enhance cancer therapy [188,189].

Frequently, cancer cells undergo altered metabolic states, increasing tumor aggres-
siveness [190]. Clinical studies targeting these metabolic pathways show promise, but
success hinges on meticulous consideration of toxicity and strategic implementation of
combination therapy. In the pursuit of common metabolic reprogramming pathways in
cancer cells, a note of caution is essential when employing metabolic regulators, given their
potential for toxicity concerns [191].

11. Immune Checkpoint Inhibitors and Topo-Active Drugs

Checkpoint inhibitors (CPIs) have emerged as a pivotal component in immunotherapy,
revolutionizing the treatment of various cancers. The intricate interplay between the
immune system’s checkpoints and cancer cells is a critical focus, as malignant cells exploit
these checkpoints to evade detection. CPIs effectively disrupt these interactions, allowing
the immune system to discern and eliminate cancer cells with heightened efficacy. This
therapeutic approach is particularly promising for metastatic and chemotherapy-resistant
malignancies [192].

In the tumor microenvironment (TME) of numerous human cancers, there is a preva-
lent upregulation of immune checkpoints and their responsive ligands, acting as formidable
barriers to initiating an effective antitumor immune response [193,194]. The primary strate-
gies for checkpoint blockades involve targeting the interaction between programmed
cell death 1 (PD-1 or CD279) and programmed cell death ligand 1 (PD-L1 or CD274 or
B7 homolog 1) and inhibiting cytotoxic T-lymphocyte-associated protein 4 (CTLA-4 or
CD152) [195].

During the immune-response-induction phase, co-stimulation of CD80/CD86 via
CD28 provides crucial stimulus signals for T-cell proliferation and efficient differentia-
tion [196]. The ligands for PD1 (PDL1 and PDL2) are expressed in both cancer cells and
antigen-presenting cells [197]. PD1, an immune-cell-specific surface receptor, lowers the
apoptosis threshold, dampens T-cell receptor signaling, induces T-cell exhaustion, and
depletes T cells in the presence of a ligand [198,199]. Upregulated PDL1 expression in some
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tumor cells enhances T-cell suppression, favoring tumor cell survival. Monoclonal antibod-
ies against PD1 disrupt the PD1-PDL1 link, increasing the immune system’s response and
halting tumor progression [200,201].

In the realm of immunotherapy, the potentiation of antitumor therapy is exemplified
by blocking PD-1 or PD-L1 using various inhibitors, including anti-PD1 antibodies [202].
Combining topo-active drugs such as SN-38 with anti-PD1 antibodies is being explored at
both preclinical and clinical levels [203,204]. Drug conjugates, like combining a TDO in-
hibitor with irinotecan, showcase potential in inhibiting TDO enzyme activity and inducing
apoptosis in cancer cells [205,206].

Clinical trials utilizing antibody–drug conjugates targeting Trop-2, like Sacituzumab
govitecan and SN-38, have been reported, with a focus on breast cancers [207,208]. The
antibody–drug conjugates are explored as drug payloads against TOPI and target selective
tumor antigens, predominantly TROP-2. Emerging evidence supports the link between
chemotherapeutic drugs, as topo-acting drugs such as MTX may upregulate major his-
tocompatibility class I (MHC-I) antigen processing and presentation [209,210]. In turn,
propositions of the combinatorial approaches that can combine topo-acting drugs and
immune checkpoint inhibitor therapies (ICIT) such as the PD-1/PD-L1 [PD-(L)1] blockade
are warranted [209–212]. Another topo-active drug, SN-38, has shown increased efficacy in
immune checkpoint blockade therapies in a syngeneic tumor model [204,213].

An interesting observation suggested that the use of the chemo-immunotherapeutic
approach, combining the topo-active drug teniposide with anti-PD1 antibodies, shows
promise for enhanced antitumor efficacy in mouse tumor models, with implications
for the STING pathway [214,215]. Recent emphasis on antibody–drug conjugates, like
trastuzumab-L6 and the DNA TOPI inhibitor MF-6, highlights their role in achieving
immunogenic tumor cell death [216,217].

Pancreatic cancer is highly resistant to topo-active drugs due to their ability to in-
duce intrinsic physical and biochemical stresses, causing an increase in interstitial fluid
pressure, vascular constriction, and hypoxia. Immunotherapies, e.g., therapeutic vac-
cines, immune checkpoint inhibition, CAR-T cell therapy, and adoptive T-cell therapies
are also ineffective against pancreatic cancers due to their highly immunosuppressive
nature. This drug-resistant and immunosuppressive nature could be overcome by the
development of nanocarrier-based drug formulations [218]. PEGylation, the conjugation of
polyethylene glycol (PEG) to drugs, has been employed in Doxil and Genex-ol-PM drug
formulations that are FDA-approved nanocarrier drug formulations against PDAC and
metastatic PDAC [219]. The use of PLGA-NPs coated with taxol led to 90% drug release,
leading to decreased pancreatic tumor volume as compared to controls [220]. Cationic
poly-lysine NPs coated with HIF1alpha siRNA and GEM (gemstones) are used in siRNA-
adjuvant GEM therapy in the treatment of pancreatic cancers. The chemo-resistant and
invasive nature of pancreatic CSCs is mediated by miRN,A resulting in the manifestation
of cancer recurrence and drug resistance [221]. Micelles conjugated with GEM and miRNA
mimetics were tested against pancreatic CSCs. The synergistic effect of GEM and miRNA
mimetics showed decreased tumor growth in CSCs, GEM-resistant CSCs, and xenograft
pancreatic cancer [222].

In conclusion, checkpoint inhibitors represent a remarkable advancement in cancer
treatment, notably for melanoma, lung cancer, and kidney cancers (Figure 2). Despite
their notable efficacy, CPIs are not without drawbacks, as immune-related toxicities can
arise from an overactivation of the immune system, necessitating vigilant monitoring for
potential side effects.
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12. Topo-Active Drugs and CSCs

CSCs, also referred to as tumor-initiating cells, and crucial for tumor development,
growth, and resistance, can emerge under therapeutic pressure and altered microenviron-
ments. CSCs can be generated when therapeutic pressure and an altered microenvironment
are present and formed from non-CSCs or senescent tumor cells following therapy [223].
Compared to non-CSCs, CSCs are distinct for their immune resistance, and cancer immuno-
surveillance enhances certain populations of cancer cells with stem-like characteristics.
For CSCs to maintain the tumorigenic process, CSC immune evasion is essential, includ-
ing elevated PD-L1 expression [224,225]. In addition to immune evasion, CSCs display
plasticity in terms of favorable DNA repair pathways in response to genotoxic-mediated
DNA damage. Therefore, understanding CSC pathways influencing resistance against
topo-active drugs is crucial for designing effective combinational anticancer therapies.

Recent studies identify drugs, such as aloe-emodin and digoxin, displaying anticancer
and anti-CSC properties. In vitro and in vivo analysis, notably using lung cancer PDX
models, revealed that the single-cell transcriptomics analysis of digoxin could suppress
the CSC subpopulation and cytokine production in CAF-cultured cancer cells [226]. More-
over, combinatorial approaches involving digoxin and topo-active drugs may enhance
therapeutic outcomes, addressing drug resistance linked to topo-active agents.

Standard cancer therapies often fail due to the generation of CSCs, with signaling
pathways like Wnt, Hedgehog, Notch, hypoxia and PI3K/AKT/mTOR being aberrantly
regulated in these cells [225–227]. These signaling pathways are also involved directly
or indirectly with resistance to topo-active drugs in cancer cells [33]. In this context,
mesenchymal stem cells (MSCs) are reported to show adjustability to TOPI and TOPII
inhibitors even after being exposed to high dosages of irinotecan or VP-16, suggesting their
potential as therapeutic targets for chemotherapy-induced bone marrow damage [228].
TOPII gene expression varies between CSCs and non-CSCs in the glioma with higher levels
present in CSCs. Silencing of TOPII has been shown to induce cell cycle arrest and apoptosis
in CSCs [229]. This link between resistance and topoisomerase is supported by the fact
that dual treatment with CPT-containing nanoparticle–drug conjugates and CRLX10, an
inhibitor of HIF-1α, resulted in enhanced efficacy in breast cancer cells [229–231].

Topo-active drug resistance is a significant problem in the treatment of cancer because
the cancer cells develop mechanisms against therapeutic drugs, giving rise to more aggres-
sive and fit clones that worsen treatment. There are several CSC clones already present,
and some of them can quickly adapt to changes in the TME and/or grow when exposed
to radiation and chemotherapy [223]. Targeting CSC subpopulations has been suggested
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to eliminate tumors and prevent their recurrence. Both ROS and RNS (reactive nitrogen
species) are expertly managed by CSCs, and they use the TME to their benefit. CSCs
also have improved DNA repair capability, and the ability to turn off apoptotic pathways,
leading to drug resistance [223,228,232]. As a result, combating CSC drug resistance by
using the proper medications to block both TOPI and TOPII seems logical [233].

Intriguingly, recent developments in the field suggest that the utilization of topo-active
drugs, such as DOX and VP-16, in conjunction with an autophagy inhibitor, may lead
to a favorable induction of cell death in drug-resistant CSCs (Figure 3) [33] [224,228,234].
In addition, recent studies indicate that the deregulation of TOPIIα is strongly linked to
the growth and progression of CSC features with the involvement of Laminin-332 and
YM-1 [224]. DOX-resistant non-small cell lung cancer (NSCLC) exhibited stem-related
markers CD133 and OCT4 and showed strong canonical Wnt activity over DOX-sensitive
cells [235].
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13. Epigenetic Changes and Topo-Active Drugs

Alterations in chromatin structure are evident in cancer-associated histone muta-
tions, leading to chromatid remodeling, heightened histone exchange, and nucleosome
displacement. These changes, alongside epigenetic modifications, including DNA methyla-
tion, histone acetylation, and RNA interference, play pivotal roles in cancer development,
progression, and drug resistance [236–240].
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In the epigenomic remodeling process, histone modification involves changes to his-
tones, the proteins around which DNA strands coil, encompassing the addition or removal
of acetyl groups. The addition of acetyl groups, referred to as histone acetylation, serves to
activate the corresponding chromosomal region, while their removal (deacetylation) leads
to deactivation. Key enzymes in the regulation of gene expression are histone deacetylases
(HDACs) [12,239].

The dynamic equilibrium of acetylation levels on histone-conserved lysine residues,
which control chromatin remodeling and gene expression, is maintained by them. The
connection between cancer and abnormal HDAC activity has been widely documented,
and the inhibition of human tumor cell line proliferation by HDAC inhibitors has been
demonstrated in vitro. Moreover, potent antitumor activity in human xenograft models
has been observed with several HDAC inhibitors (HDACis), suggesting their potential as
new cancer therapeutic agents [241,242].

In a typical cellular environment, HDACs play a role in promoting cell cycle progres-
sion by repressing gene transcription at the promoter level and direct deacetylation of
important regulators of the cell cycle, and also contribute to the development of cancer drug
resistance. Novel strategies could be employed to enhance the therapeutic effectiveness of
HDACis, potentially resulting in improved, targeted classes of drugs with reduced adverse
effects. FDA-approved inhibitors like vorinostat and depsipeptide have demonstrated effi-
cacy and safety in treating hematologic malignancies. However, treating both hematologic
and solid tumors will likely involve combining HDACis with genotoxic drugs such as
topo-active drugs [241,243,244].

VP-16-resistant lung cancer cells have been shown to display elevated levels of histone
deacetylase 4 (HDAC4) and concomitant treatment with both trichostatin A (an HDAC
inhibitor) and VP-16 resulted in enhanced cell death in lung cancer cells [245]. Further-
more, combinations of the pan-HDAC inhibitor panobinostat and topo-active drugs have
demonstrated increased effects in cervical cancer cells [246]. Results suggested that the
combination of the HDACi vorinostat with the DNA-damaging agent Topo I-active drug
SN-38 may also be beneficial and could result in enhanced cytotoxic effects [247,248].

The idea to develop small-molecule agents that can work as dual inhibitors of both
HDAC and TOPI/TOPII has been explored [249–257]. Kim et al. have also emphasized
the importance of dual targeting by the combinatorial treatment of CI-994, an HDAC
inhibitor, with VP-16, leading to synergistic anticancer effects through Topo II and Ac-H3
regulation [258]. Studies on agents containing pyrimido [5,4-b] indole and pyrazolo [3,4-d]
pyrimidine motifs as novel compounds indicated the relevance of dual inhibitors of HDAC
and Topo II and such combinations have been suggested as a new avenue for enhanced
anticancer responses [259].

Thus, epigenetic modifications, specifically DNA methylation and histone acetylation,
influence cancer cells to acquire resistance against various topo-active drugs [248]. Modifi-
cation leading to hypomethylation can either increase or decrease the sensitivity of cells
to topoisomerase inhibitors due to altered mechanisms. Also, it has been reported that
the dysregulation of histone acetyltransferase (HAT) and histone deacetylases (HDACC),
which play a key role in regulating the level of acetylation in histone proteins, results in
resistance against topoisomerase inhibitors (Figure 4) [12,248–260].
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14. Miscellaneous Mechanisms of Resistance and Topo-Active Drug-Induced
Senescence and Drug Resistance

Genotoxic drug-induced senescence is one of the many observed changes in cancer
cells that correlate with drug responsiveness to various precision and targeted inhibitors,
including topo-active drugs, immune checkpoint inhibitors, DNA repair protein inhibitors,
and kinase inhibitors [260]. Drug-induced senescence is often related to distinct forms of
cell cycle arrest, telomere instability, and overall genomic instability.

As G2-M-phase cell cycle checkpoints play significant roles in topo-active-drug-
mediated responsiveness, the inhibitor UCN-01 has been reported to modulate the activity
of p53, which in turn potentiates toxicity in cancer cells [261]. Furthermore, a different
type of TOPI inhibitor, imidazoacridinone C-1311, and the TOPII inhibitor SN 28049 have
been reported to induce growth arrest and senescence in human lung cancer cells [262,263].
Further studies have also shown that the TOPI inhibitor SN-38 can cause G2 arrest and
lead to senescence via downregulation of Aurora-A kinase [264,265].

The relevance of the chromosome instability in cancer cells caused by topo-active
drugs such as the TOPII inhibitor ICRF-193 was reported to be due to telomere dysfunction
and cellular senescence [66]. Taschner-Mandl et al. have emphasized the action of low-dose
topotecan to induce proliferative arrest and a typical senescence-associated secretome in
cancer cells [266]. Hao et al. have also shown that TOPI inhibitors such as irinotecan may
lead to an elevation of drug-mediated senescence via the cGAS pathway [267]. Topo-active
drugs such as irinotecan modulate p53 activity and induce the acetylation of several lysine
residues within p53, leading to drug-induced senescence [268]. The sequential combina-
tion of therapy-induced senescence and ABT-263 could shift the response to apoptosis.
The administration of ABT-263 after either VP-16 or DOX also resulted in marked, pro-
longed tumor suppression in tumor-bearing animals. These findings support the premise
that senolytic therapy following conventional cancer therapy may improve therapeutic
outcomes and delay disease recurrence [269].

Mercaptopyridine oxide, a new class of TOPII inhibitor, also demonstrated the ac-
tivation of G2/M arrest and cellular senescence [270–272]. Recent work has shown that
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DOX treatment of cancer cells leads to the enrichment of miR-433 into exosomes, which in
turn induces bystander senescence [273]. Topo I inhibitors such as SN-38 and irinotecan
have shown their abilities to induce G2 arrest and cellular senescence via modulation of
the activities of p21, p53, Bcl-xL, Bcl-2, and PGC-1-related coactivator [254,273,274]. These
modulatory effects are associated with the drug responsiveness and potential relapse of
tumors in cancer patients treated with topo-active drugs [275–282].

14.1. Regulatory RNAs and Topo-Active Drugs

The interfering role of microRNAs and long noncoding RNAs (lncRNAs) is suggested
to modulate the levels of TOPI and TOPII enzymes that, in turn, are related to topo-
active drug resistance in cancer cells [12,283–286]. The regulatory role of microRNAs
and lncRNAs is extensively reported and is associated with oncogenic as well as tumor
suppressor roles in cancer cells. Previous studies have shown that the downregulation
of TOPI observed in hepatic cancer cells is due to an overexpression of miR-23a and this
may be one of the factors for drug-induced effects in cancer cells [3]. miR-627 has been
suggested to work by inhibiting the intracellular drug metabolism of irinotecan, inducing a
better responsiveness [287]. Recent findings have suggested that miR-9-3p and miR-9-5p
could contribute to VP-16 resistance in cancer cells by influencing the reduction in TOPII
protein levels [288].

Another study investigated the role of miR-21-5p in drug resistance in colorectal
cancer cells. High levels of miR-21-5p were found to be associated with poor prognosis
in colorectal cancer patients. Overexpressing miR-21-5p in DLD-1 colorectal cancer cells
led to drug resistance against topoisomerase inhibitors. The resistance was attributed to
reduced apoptosis and increased autophagy without affecting topoisomerase expression or
activity. Bioinformatics analysis revealed genetic reprogramming and downregulation of
proteasome pathway genes in response to miR-21-5p overexpression. These findings have
provided valuable insights into the development of drug resistance in colorectal cancer and
suggest potential clinical strategies to overcome it [287,288].

14.2. EMT and Topo-Active Drugs

The elevation of epithelial-to-mesenchymal transition (EMT) during topo-active drug
resistance has been observed as one of the many changes within the TME. Limited stud-
ies are available to decipher the molecular basis of EMT and topo-active drug resistance.
A finding suggested that the EMT genes ZEB1 and CDH2 are upregulated in colorectal
cancer cells following the development of resistance to DOX [289]. The role of EMT as an
enhancer of DOX-mediated drug resistance is indicated via mediators such as ZEB proteins,
microRNAs, Twist1, and TGF-β. Combinational uses of small-molecule inhibitors of EMT
and topo-active drugs have been proposed as one of the newer approaches for anticancer
therapy [290]. TOPII is demonstrated to induce EMT by using a TCF (T-Cell Factor) tran-
scription inducer. To achieve combinatorial avenues, inhibitors of TCF with topo-active
drugs have been explored as a new class of therapy [291,292]. Maximum tolerable dosing
(MTD) of topotecan is suggested to cause enhanced EMT while extended exposure to topote-
can induces increased long-term drug sensitivity by decreasing malignant heterogeneity
and preventing EMT [293].

The role of epidermal growth factor receptors in topo-active drugs in cancer drug
resistance has also been examined. A study indicated that epidermal growth factor receptor
tyrosine kinase inhibitors (EGFR TKIs) like gefitinib and erlotinib combined with TOPI
inhibitors could be a promising treatment option for resistant NSCLCs [294]. Osteopro-
tegerin (OPG) has been reported to be associated with various cancer types, including
bladder carcinoma, gastric carcinoma, prostate cancer, multiple myeloma, and breast can-
cer [295]. High levels of OPG secretion were associated with metastasis and drug resistance
in aggressive breast cancer treated with topo-active drugs.

The complicated metabolism of irinotecan makes it a potential target for drug in-
teractions, and it was shown that the UGT 1A1-mediated glucuronidation of SN-38 to
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SN-38G resulted from the elevated levels of UGT at both the protein and mRNA levels.
Overexpression of UGT at both the mRNA and protein levels can be responsible for SN-38
resistance in a human lung cancer cell line [51]. Studies have indicated that irinotecan
therapy activates nuclear factor kappa B (NF-kB), a ubiquitous transcription factor, with
the elevation of TNF-alpha and oncogenic Ras and the emergence of drug resistance in
cancer cells [296].

The modulation of TOPI expression via the ubiquitin/26S proteasome pathway is
suggested for TOPI drug resistance. Data have indicated that the formation of ·NO/·NO-
derived species in cancer cells can induce a reduction in the level of TOPI via the ubiq-
uitin/26S proteasome pathway [64]. Exploring combinatorial approaches by combining
proteasome inhibitors such as MG132 and lactacystin along with topo-active drugs includ-
ing SN-38 have been reported to potentiate anticancer effects in cancer cells [261,297,298].

15. Conclusion and Future Developments

As we have gained a better understanding of the mechanisms involved in the forma-
tion and progression of cancers, significant progress has been achieved in the treatment of
human cancers in the clinic. Unfortunately, chemotherapy resistance has also remained
a challenge both in the treatment of patients and in the discovery of novel cancer drugs.
One main aim of this review was to describe the various mechanisms of resistance to
topoisomerase-based therapies, and we also believe that with a better understanding of
these mechanisms, topoisomerase drugs can be discovered for the treatment of patients
in the clinic in the future. The development and synthesis of novel topoisomerase-active
compounds may lead to the discovery of new topoisomerase inhibitors with improved
efficacy and safety profiles. Recent advances in understanding tumor transformation and
progression mechanisms and their regulation by proteins have led to a new era in drug
formulation and clinical evaluation. Research on developing drugs that target specific types
of topoisomerases could show promising results by reducing off-target effects with better
treatment accuracy and reduced side effects. Also, the use of natural compounds from
various organisms or plants needs to be explored for their unique structure and mechanism
of action as novel topoisomerase inhibitors.

Recent advances in drug delivery system(s) also offer exciting opportunities for pack-
aging active topo-active drugs. Significant progress has been made in the field of encapsu-
lation of chemotherapeutics and the FDA has now approved various liposomes for therapy
which should be tried with topo-active drugs. Another area that needs to be explored is uti-
lizing antibody–drug conjugate delivery systems as they are highly specific for the precise
delivery of drugs to tumors. While exosomes for the delivery of chemotherapeutics are
not well studied, recent advancements would suggest chemotherapeutic drugs like DOX
and SN-38 can also be packaged into exosomes for the treatment of human cancers. The
discovery of nanoparticles plays a key role in improved drug formulation by enhancing the
delivery, solubility, and stability of the drug. More research on nanoparticle-based cancer
drugs helps in developing sustained release and targeted delivery of topo-drugs, which
can eventually reduce the side effects of these drugs and can also prevent the development
of drug resistance.

The implementation of combinatorial therapies by combining a topoisomerase in-
hibitor with another type of drug in a single formulation can improve efficacy and simplify
treatment regimens. Researchers and clinicians must develop combination therapies or
newer drugs that target multiple mechanisms simultaneously or employ strategies to re-
verse or prevent resistance. Although combinatorial therapy is complex, it is recommended
to conduct more investigations on different combinations of drugs for better treatment
and to overcome drug resistance in the clinic. Our recent research has shown that ni-
tric oxide-generating drugs, e.g., J-SK or NCX4040, are highly effective in inhibiting the
functions of ABC transporters, resulting in the sensitization DOX and topotecan in ABC-
transporter-expressing cells [299,300]. We believe that this needs to be further explored
in a clinical setting as these combinations may be highly beneficial for the treatment of
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patients overexpressing an MDR phenotype. Another active area of research is the use
of combinations of ferroptosis inducers, e.g., Erastin or RSL3, with anticancer drugs to
overcome resistance. We have found that such combinations of ferroptosis inducers such
as erastin with the topo-active drug DOX result in an overcoming of drug resistance in
Pgp-overexpressing tumor cells (Sinha et al., unpublished observations).

Treatments have become precise, personalized, and targeted toward each patient,
and have been widely adopted in clinical practice due to the development of techniques
like next-generation sequencing (NGS), comparative proteomics, structural biology, and
computational methods. As genetic mutations, chromosomal abnormalities, epigenetic
alterations, and extracellular vesicles (EVs) play significant roles in the growth of tumors,
these also represent a vast untapped resource of knowledge with enormous potential as
cancer biomarkers in precision medicine. By sequencing a patient’s genetic information, it
is possible to identify any abnormal gene expressions and genetic aberrations, leading to
rapid diagnosis and targeted therapy.

As precision medicine has become essential, it also has its disadvantages such as the
cost of the test, reachability among the population, and ethical concerns. Therefore, for
successful precision therapy, it is necessary to obtain additional knowledge on comparative
genomics, transcriptomics, and proteomics for better understanding. Furthermore, more
research should be conducted on a large population model to stop adverse events, eliminate
unnecessary and inefficient treatments, and deliver more efficient targeted medicines.

In cancer, understanding the resistance mechanisms of existing drugs is crucial. Cur-
rently, the problem of multidrug resistance in cancer is treated by implementing var-
ious strategies like combinational therapy, synthetic analogs, precision medicine, and
immunotherapy. Eventually, these cancer cells become resistant to new drugs by under-
going genetic alteration, epigenetic changes, and other strategies. Therefore, it is essential
to study the resistance mechanisms of cancer for the development of new treatments to
overcome or bypass these multidrug-resistant cancer cells.

The development of clinical care for many cancers with poor prognoses has been
made possible by the promising emergence and success of cancer immunotherapy. Despite
significant advancements in immunotherapies, there still are various difficulties, e.g., low
response rates, an inability to anticipate clinical effectiveness, and possible adverse effects
such as cytokine storms or autoimmune responses. Therefore, it is recommended to
find newer immunotherapeutic agents and immunotherapy technologies for improved
treatment with a quick onset of action, reduced toxicity, and increased efficiency.

Although CSC targeting is an interesting area of research in cancer therapy, it is
essential to address the root cause of cancer for the treatment of CSCs as they survive much
longer than normal cells and accumulate genetic mutations. It is recommended that the
implementation of different strategies like epigenetic therapies, personalized medicine, and
combinational therapies is further researched for the improvement of treatments. Novel
CSC-targeting inhibitors can become potential drugs that disrupt self-renewal and the
differentiation of CSCs with less toxicity and more accuracy.

In conclusion, an increased understanding of the mechanisms underlying topo-active
drug resistance suggests an integrated approach that mitigates pro-tumor molecular pro-
gramming such as oxidative stress, metabolic reprogramming, DNA repair response,
epigenetic remodeling, EMT, and CSCs (Figure 5). The recent utilization of molecular
targeting agents for these signaling pathways remains an important approach towards
the desired success of topo-active drugs. However, the use of these targeted therapies
in combination with topo-active drugs is not without limitations, specifically in terms of
success at the preclinical and clinical levels. Further research is needed to identify combina-
torial approaches to repurpose existing drugs and to explore new classes of drugs that can
demonstrate multiple targeting properties in different human cancer types and at the same
time minimal side effects in cancer patients.
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GSH Glutathione
HDAC Histone deacetylase
HGF Hepatocyte growth factor
HR Homologous recombination
ICIT Immune checkpoint inhibitor therapies
MCH-I Major histocompatibility class I
MDR1 Multi-Drug Resistance Protein 1
miRNA microRNA
MMDX Nemorubicin
MXT Mitoxantrone
NADPH Nicotinamide adenine dinucleotide phosphate
NGS Next-generation sequencing
NHEJ Non-homologous end joining
PARP Poly(ADP-ribose) polymerase
PD-1/PD-L1 [PD-(L)1] Programmed cell death protein 1/Programmed death-ligand 1
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ROS Reactive oxygen species
RPA Replication Protein A
SNP Single nucleotide polymorphism
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ssDNA Single-stranded DNA
TGF Tumor growth factor
TGF-β Transforming growth factor beta
TME Tumor microenvironment
TNBC Triple-negative breast cancer
TOP1cc Topoisomerase I cleavage complex
TOP3α Topoisomerase III alpha
TOP3β Topoisomerase III beta
TOPI DNA topoisomerase I
TOPII DNA topoisomerase II
TOPmt Mitochondrial DNA topoisomerase
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25. Jurkovicova, D.; Neophytou, C.M.; Gašparović, A.Č.; Gonçalves, A.C. DNA Damage Response in Cancer Therapy and Resistance:
Challenges and Opportunities. Int. J. Mol. Sci. 2022, 23, 14672. [CrossRef]

26. Sharma, P.; Hu-Lieskovan, S.; Wargo, J.A.; Ribas, A. Primary, Adaptive, and Acquired Resistance to Cancer Immunotherapy. Cell
2017, 168, 707–723. [CrossRef] [PubMed]

27. Jackson, C.M.; Choi, J.; Lim, M. Mechanisms of Immunotherapy Resistance: Lessons from Glioblastoma. Nat. Immunol. 2019, 20,
1100–1109. [CrossRef]

28. van Elsas, M.J.; van Hall, T.; van der Burg, S.H. Future Challenges in Cancer Resistance to Immunotherapy. Cancers 2020, 12, 935.
[CrossRef]

29. Dragu, D.L.; Necula, L.G.; Bleotu, C.; Diaconu, C.C.; Chivu-Economescu, M. Therapies Targeting Cancer Stem Cells: Current
Trends and Future Challenges. World J. Stem. Cells 2015, 7, 1185–1201. [CrossRef]

30. Harris, K.S.; Shi, L.; Foster, B.M.; Mobley, M.E.; Elliott, P.L.; Song, C.J.; Watabe, K.; Langefeld, C.D.; Kerr, B.A. CD117/c-kit Defines
a Prostate CSC-Like Subpopulation Driving Progression and TKI Resistance. Sci. Rep. 2021, 11, 1465. [CrossRef]

31. Lei, X.; He, Q.; Li, Z.; Zou, Q.; Xu, P.; Yu, H.; Ding, Y.; Zhu, W. Cancer Stem Cells in Colorectal Cancer and the Association with
Chemotherapy Resistance. Med. Oncol. 2021, 38, 43. [CrossRef] [PubMed]

32. Zhou, G.; Qin, M.; Zhang, X.; Yang, J.; Yu, H. Topotecan Induces Hepatocellular Injury via ASCT2 Mediated Oxidative Stress.
Gastroenterol. Hepatol. 2021, 44, 1–12. [CrossRef] [PubMed]

33. El-Far, A.H.; Tantawy, M.A.; Al Jaouni, S.K.; Mousa, S.A. Thymoquinone-Chemotherapeutic Combinations: New Regimen to
Combat Cancer and Cancer Stem Cells. Naunyn Schmiedebergs Arch. Pharmacol. 2020, 393, 1581–1598. [CrossRef] [PubMed]

34. Garcia-Mayea, Y.; Mir, C.; Masson, F.; Paciucci, R.; LLeonart, M.E. Insights into New Mechanisms and Models of Cancer Stem
Cell Multidrug Resistance. Semin. Cancer Biol. 2020, 60, 166–180. [CrossRef] [PubMed]

35. Phan, L.M.; Yeung, S.C.; Lee, M.H. Cancer Metabolic Reprogramming: Importance, Main Features, and Potentials for Precise
Targeted Anti-Cancer Therapies. Cancer Biol. Med. 2014, 11, 1–19. [CrossRef] [PubMed]

36. Szwed, A.; Kim, E.; Jacinto, E. Regulation and Metabolic Functions of mTORC1 and mTORC2. Physiol. Rev. 2021, 101, 1371–1426.
[CrossRef]

37. Faubert, B.; Solmonson, A.; DeBerardinis, R.J. Metabolic Reprogramming and Cancer Progression. Science 2020, 368, eaaw5473.
[CrossRef] [PubMed]

38. Wagner, A.; Kosnacova, H.; Chovanec, M.; Jurkovicova, D. Mitochondrial Genetic and Epigenetic Regulations in Cancer:
Therapeutic Potential. Int. J. Mol. Sci. 2022, 23, 7897. [CrossRef]

39. Karlstaedt, A.; Moslehi, J.; de Boer, R.A. Cardio-Onco-Metabolism: Metabolic Remodeling in Cardiovascular Disease and Cancer.
Nat. Rev. Cardiol. 2022, 19, 414–425. [CrossRef]

40. Martínez-Reyes, I.; Chandel, N.S. Cancer Metabolism: Looking Forward. Nat. Rev. Cancer 2021, 21, 669–680. [CrossRef]
41. Pommier, Y.; Kerrigan, D.; Hartman, K.D.; Glazer, R.I. Phosphorylation of Mammalian DNA Topoisomerase I and Activation by

Protein Kinase C. J. Biol. Chem. 1990, 265, 9418–9422. [CrossRef] [PubMed]

https://doi.org/10.1080/07853890.2023.2203946
https://www.ncbi.nlm.nih.gov/pubmed/37092854
https://doi.org/10.5732/cjc.011.10466
https://www.ncbi.nlm.nih.gov/pubmed/22257384
https://doi.org/10.5604/01.3001.0012.8131
https://doi.org/10.1186/s13046-019-1353-2
https://www.ncbi.nlm.nih.gov/pubmed/31438997
https://doi.org/10.2174/1389200223666220621113524
https://www.ncbi.nlm.nih.gov/pubmed/35726814
https://doi.org/10.1016/S1734-1140(09)70018-0
https://doi.org/10.3892/mco.2019.1854
https://doi.org/10.3390/biom10101429
https://doi.org/10.1093/jn/nxab309
https://doi.org/10.1155/2021/8863789
https://doi.org/10.1098/rstb.1994.0115
https://www.ncbi.nlm.nih.gov/pubmed/7846129
https://doi.org/10.1038/nprot.2008.174
https://www.ncbi.nlm.nih.gov/pubmed/18927559
https://doi.org/10.2174/1389450117666160502151707
https://doi.org/10.3390/ijms232314672
https://doi.org/10.1016/j.cell.2017.01.017
https://www.ncbi.nlm.nih.gov/pubmed/28187290
https://doi.org/10.1038/s41590-019-0433-y
https://doi.org/10.3390/cancers12040935
https://doi.org/10.4252/wjsc.v7.i9.1185
https://doi.org/10.1038/s41598-021-81126-6
https://doi.org/10.1007/s12032-021-01488-9
https://www.ncbi.nlm.nih.gov/pubmed/33738588
https://doi.org/10.1016/j.gastrohep.2020.05.017
https://www.ncbi.nlm.nih.gov/pubmed/33039171
https://doi.org/10.1007/s00210-020-01898-y
https://www.ncbi.nlm.nih.gov/pubmed/32458010
https://doi.org/10.1016/j.semcancer.2019.07.022
https://www.ncbi.nlm.nih.gov/pubmed/31369817
https://doi.org/10.7497/j.issn.2095-3941.2014.01.001
https://www.ncbi.nlm.nih.gov/pubmed/24738035
https://doi.org/10.1152/physrev.00026.2020
https://doi.org/10.1126/science.aaw5473
https://www.ncbi.nlm.nih.gov/pubmed/32273439
https://doi.org/10.3390/ijms23147897
https://doi.org/10.1038/s41569-022-00698-6
https://doi.org/10.1038/s41568-021-00378-6
https://doi.org/10.1016/S0021-9258(19)38865-9
https://www.ncbi.nlm.nih.gov/pubmed/2160979


Cancers 2024, 16, 680 22 of 32

42. Liu, L.F.; Rowe, T.C.; Yang, L.; Tewey, K.M.; Chen, G.L. Cleavage of DNA by Mammalian DNA Topoisomerase II. J. Biol. Chem.
1983, 258, 15365–15370. [CrossRef] [PubMed]

43. Champoux, J.J. DNA topoisomerases: Structure, function, and mechanism. Annu. Rev. Biochem. 2001, 70, 369–413. [CrossRef]
[PubMed]

44. Nitiss, J.L. DNA topoisomerase II and its growing repertoire of biological functions. Nat. Rev. Cancer. 2009, 9, 327–337. [CrossRef]
[PubMed]

45. Buzun, K.; Bielawska, A.; Bielawski, K.; Gornowicz, A. DNA Topoisomerases as Molecular Targets for Anticancer Drugs. J. Enzym.
Inhib. Med. Chem. 2020, 35, 1781–1799. [CrossRef]

46. Sinha, B.K. Topoisomerase Inhibitors. A Review of Their Therapeutic Potential in Cancer. Drugs 1995, 49, 11–19. [CrossRef]
[PubMed]

47. Robert, J.; Rivory, L. Pharmacology of Irinotecan. Drugs Today 1998, 34, 777–803. [CrossRef] [PubMed]
48. Takagi, T.; Saotome, T. Chemotherapy with Irinotecan (CPT-11), a Topoisomerase-I Inhibitor, for Refractory and Relapsed

Non-Hodgkin’s Lymphoma. Leuk. Lymphoma 2001, 42, 577–586. [CrossRef] [PubMed]
49. Staker, B.L.; Hjerrild, K.; Feese, M.D.; Behnke, C.A.; Burgin, A.B., Jr.; Stewart, L. The Mechanism of Topoisomerase I Poisoning by

a Camptothecin Analog. Proc. Natl. Acad. Sci. USA 2002, 99, 15387–15392. [CrossRef]
50. Pommier, Y.; Barcelo, J.M.; Rao, V.A.; Sordet, O.; Jobson, A.G.; Thibaut, L.; Miao, Z.H.; Seiler, J.A.; Zhang, H.; Marchand, C.; et al.

Repair of Topoisomerase I-Mediated DNA Damage. Prog. Nucleic Acid. Res. Mol. Biol. 2006, 81, 179–229. [CrossRef]
51. Zhang, F.L.; Wang, P.; Liu, Y.H.; Liu, L.B.; Liu, X.B.; Li, Z.; Xue, Y.X. Topoisomerase I Inhibitors, Shikonin and Topotecan, Inhibit

Growth and Induce Apoptosis of Glioma Cells and Glioma Stem Cells. PLoS ONE 2013, 8, e81815. [CrossRef] [PubMed]
52. Sakasai, R.; Iwabuchi, K. The Distinctive Cellular Responses to DNA Strand Breaks Caused by a DNA Topoisomerase I Poison in

Conjunction with DNA Replication and RNA Transcription. Genes Genet. Syst. 2016, 90, 187–194. [CrossRef] [PubMed]
53. Pommier, Y.; Orr, A.; Kohn, K.W.; Riou, J.F. Differential Effects of Amsacrine and Epipodophyllotoxins on Topoisomerase II

Cleavage in the Human c-myc Protooncogene. Cancer Res. 1992, 52, 3125–3130.
54. Danesi, R.; Agen, C.; Grandi, M.; Nardini, V.; Bevilacqua, G.; Del Tacca, M. 3’-Deamino-3’-(2-methoxy-4-morpholinyl)-doxorubicin

(FCE 23762): A New Anthracycline Derivative with Enhanced Cytotoxicity and Reduced Cardiotoxicity. Eur. J. Cancer 1993, 29,
1560–1565. [CrossRef]

55. Burden, D.A.; Kingma, P.S.; Froelich-Ammon, S.J.; Bjornsti, M.A.; Patchan, M.W.; Thompson, R.B.; Osheroff, N. Topoisomerase
II-Etoposide Interactions Direct the Formation of Drug-Induced Enzyme-DNA Cleavage Complexes. J. Biol. Chem. 1996, 271,
29238–29244. [CrossRef] [PubMed]

56. Quintieri, L.; Geroni, C.; Fantin, M.; Battaglia, R.; Rosato, A.; Speed, W.C.; Zanovello, P.; Floreani, M. Formation and Antitumor
Activity of PNU-159682, A Major Metabolite of Nemorubicin in Human Liver Microsomes. Am. Assoc. Cancer Res. 2005, 11,
1608–1617. [CrossRef] [PubMed]

57. McClendon, A.K.; Osheroff, N. DNA Topoisomerase II, Genotoxicity, and Cancer. Mutat. Res. 2007, 623, 83–97. [CrossRef]
58. Scalabrin, M.; Quintieri, L.; Palumbo, M.; Riccardi Sirtori, F.; Gatto, B. Virtual Cross-Linking of the Active Nemorubicin Metabolite

PNU-159682 to Double-Stranded DNA. Chem. Res. Toxicol. 2017, 30, 614–624. [CrossRef]
59. Selas, A.; Martin-Encinas, E.; Fuertes, M.; Masdeu, C.; Rubiales, G.; Palacios, F.; Alonso, C. A Patent Review of Topoisomerase I

Inhibitors (2016–Present). Expert Opin. Ther. Pat. 2021, 31, 473–508. [CrossRef]
60. Sinha, B.K.; Kumar, A.; Bhattacharjee, S.; Espey, M.G.; Mason, R.P. Effect of Nitric Oxide on the Anticancer Activity of the

Topoisomerase-Active Drugs Etoposide and Adriamycin in Human Melanoma Cells. J. Pharmacol. Exp. Ther. 2013, 347, 607–614.
[CrossRef]

61. Sharma, N.K.; Kumar, A.; Kumari, A.; Tokar, E.J.; Waalkes, M.P.; Bortner, C.D.; Williams, J.; Ehrenshaft, M.; Mason, R.P.; Sinha,
B.K. Nitric Oxide Down-Regulates Topoisomerase I and Induces Camptothecin Resistance in Human Breast MCF-7 Tumor Cells.
PLoS ONE 2015, 10, e0141897. [CrossRef]

62. Baikar, S.; Malpathak, N. Secondary Metabolites as DNA Topoisomerase Inhibitors: A New Era towards Designing of Anticancer
Drugs. Pharmacogn. Rev. 2010, 4, 12–26. [CrossRef]

63. Muhammad, N.; Usmani, D.; Tarique, M.; Naz, H.; Ashraf, M.; Raliya, R.; Tabrez, S.; Zughaibi, T.A.; Alsaieedi, A.; Hakeem, I.J.;
et al. The Role of Natural Products and Their Multitargeted Approach to Treat Solid Cancer. Cells 2022, 11, 2209. [CrossRef]

64. Khalil, O.M.; Gedawy, E.M.; El-Malah, A.A.; Adly, M.E. Novel nalidixic acid derivatives targeting topoisomerase II enzyme;
Design, synthesis, anticancer activity and effect on cell cycle profile. Bioorg. Chem. 2019, 83, 262–276. [CrossRef]

65. Kizek, R.; Adam, V.; Hrabeta, J.; Eckschlager, T.; Smutny, S.; Burda, J.V.; Frei, E.; Stiborova, M. Anthracyclines and ellipticines as
DNA-damaging anticancer drugs: Recent advances. Pharmacol. Ther. 2012, 133, 26–39. [CrossRef]

66. Okoro, C.O.; Fatoki, T.H. A Mini Review of Novel Topoisomerase II Inhibitors as Future Anticancer Agents. Int. J. Mol. Sci. 2023,
24, 2532. [CrossRef]

67. Iacopetta, D.; Rosano, C.; Puoci, F.; Parisi, O.I.; Saturnino, C.; Caruso, A.; Longo, P.; Ceramella, J.; Malzert-Fréon, A.; Dallemagne,
P.; et al. Multifaceted properties of 1,4-dimethylcarbazoles: Focus on trimethoxybenzamide and trimethoxyphenylurea derivatives
as novel human topoisomerase II inhibitors. Eur. J. Pharm. Sci. 2017, 96, 263–272. [CrossRef] [PubMed]

68. Saturnino, C.; Caruso, A.; Iacopetta, D.; Rosano, C.; Ceramella, J.; Muià, N.; Mariconda, A.; Bonomo, M.G.; Ponassi, M.;
Rosace, G.; et al. Inhibition of Human Topoisomerase II by N,N,N-Trimethylethanammonium Iodide Alkylcarbazole Derivatives.
ChemMedChem 2018, 13, 2635–2643. [CrossRef] [PubMed]

https://doi.org/10.1016/S0021-9258(17)43815-4
https://www.ncbi.nlm.nih.gov/pubmed/6317692
https://doi.org/10.1146/annurev.biochem.70.1.369
https://www.ncbi.nlm.nih.gov/pubmed/11395412
https://doi.org/10.1038/nrc2608
https://www.ncbi.nlm.nih.gov/pubmed/19377505
https://doi.org/10.1080/14756366.2020.1821676
https://doi.org/10.2165/00003495-199549010-00002
https://www.ncbi.nlm.nih.gov/pubmed/7705211
https://doi.org/10.1358/dot.1998.34.9.485276
https://www.ncbi.nlm.nih.gov/pubmed/14988754
https://doi.org/10.3109/10428190109099317
https://www.ncbi.nlm.nih.gov/pubmed/11697485
https://doi.org/10.1073/pnas.242259599
https://doi.org/10.1016/S0079-6603(06)81005-6
https://doi.org/10.1371/journal.pone.0081815
https://www.ncbi.nlm.nih.gov/pubmed/24303074
https://doi.org/10.1266/ggs.15-00023
https://www.ncbi.nlm.nih.gov/pubmed/26616758
https://doi.org/10.1016/0959-8049(93)90295-Q
https://doi.org/10.1074/jbc.271.46.29238
https://www.ncbi.nlm.nih.gov/pubmed/8910583
https://doi.org/10.1158/1078-0432.CCR-04-1845
https://www.ncbi.nlm.nih.gov/pubmed/15746066
https://doi.org/10.1016/j.mrfmmm.2007.06.009
https://doi.org/10.1021/acs.chemrestox.6b00362
https://doi.org/10.1080/13543776.2021.1879051
https://doi.org/10.1124/jpet.113.207928
https://doi.org/10.1371/journal.pone.0141897
https://doi.org/10.4103/0973-7847.65324
https://doi.org/10.3390/cells11142209
https://doi.org/10.1016/j.bioorg.2018.10.058
https://doi.org/10.1016/j.pharmthera.2011.07.006
https://doi.org/10.3390/ijms24032532
https://doi.org/10.1016/j.ejps.2016.09.039
https://www.ncbi.nlm.nih.gov/pubmed/27702608
https://doi.org/10.1002/cmdc.201800546
https://www.ncbi.nlm.nih.gov/pubmed/30347518


Cancers 2024, 16, 680 23 of 32

69. Ceramella, J.; Iacopetta, D.; Caruso, A.; Mariconda, A.; Petrou, A.; Geronikaki, A.; Rosano, C.; Saturnino, C.; Catalano, A.; Longo,
P.; et al. 5,8-Dimethyl-9H-Carbazole Derivatives Blocking hTopo I Activity and Actin Dynamics. Pharmaceuticals 2023, 16, 353.
[CrossRef]

70. Kumar, S.; Kushwaha, P.P.; Gupta, S. Emerging Targets in Cancer Drug Resistance. Cancer Drug. Resist. 2019, 2, 161–177.
[CrossRef] [PubMed]

71. Vasan, N.; Baselga, J.; Hyman, D.M. A View on Drug Resistance in Cancer. Nature 2019, 575, 299–309. [CrossRef]
72. Lim, Z.F.; Ma, P.C. Emerging Insights of Tumor Heterogeneity and Drug Resistance Mechanisms in Lung Cancer Targeted

Therapy. J. Hematol. Oncol. 2019, 12, 134. [CrossRef]
73. Galmarini, C.M.; Galmarini, F.C. Multidrug Resistance in Cancer Therapy: Role of the Microenvironment. Curr. Opin. Investig.

Drugs 2003, 4, 1416–1421.
74. Liu, Y.; Zhang, J.; Li, L.; Yin, G.; Zhang, J.; Zheng, S.; Cheung, H.; Wu, N.; Lu, N.; Mao, X.; et al. Genomic Heterogeneity of

Multiple Synchronous Lung Cancer. Nat. Commun. 2016, 7, 13200. [CrossRef]
75. Haider, T.; Pandey, V.; Banjare, N.; Gupta, P.N.; Soni, V. Drug Resistance in Cancer: Mechanisms and Tackling Strategies. Phamacol.

Rep. 2020, 72, 1125–1151. [CrossRef] [PubMed]
76. Maleki, E.H.; Bahrami, A.R.; Matin, M.M. Cancer Cell Cycle Heterogeneity as a Critical Determinant of Therapeutic Resistance.

Genes Dis. 2023, 11, 189–204. [CrossRef]
77. Asif, P.J.; Longobardi, C.; Hahne, M.; Medema, J.P. The Role of Cancer-Associated Fibroblasts in Cancer Invasion and Metastasis.

Cancers 2021, 13, 4720. [CrossRef]
78. Wright, K.; Ly, T.; Kriet, M.; Czirok, A.; Thomas, S.M. Cancer-Associated Fibroblasts: Master Tumor Microenvironment Modifiers.

Cancers 2023, 15, 1899. [CrossRef]
79. Li, M.; Li, M.; Yin, T.; Shi, H.; Wen, Y.; Zhang, B.; Chen, M.; Xu, G.; Ren, K.; Wei, Y. Targeting of Cancer-Associated Fibroblasts

Enhances the Efficacy of Cancer Chemotherapy by Regulating the Tumor Microenvironment. Mol. Med. Rep. 2016, 13, 2476–2484.
[CrossRef]

80. Mao, X.; Xu, J.; Wang, W.; Liang, C.; Hua, J.; Liu, J.; Zhang, B.; Meng, Q.; Yu, X.; Shi, S. Crosstalk between Cancer-Associated
Fibroblasts and Immune Cells in the Tumor Microenvironment: New Findings and Future Perspectives. Mol. Cancer 2021, 20, 131.
[CrossRef]

81. Rimal, R.; Desai, P.; Daware, R.; Hosseinnejad, A.; Prakash, J.; Lammers, T.; Singh, S. Cancer-Associated Fibroblasts: Origin,
Function, Imaging, and Therapeutic Targeting. Adv. Drug. Deliv. Rev. 2022, 189, 114504. [CrossRef] [PubMed]

82. Tie, Y.; Tang, F.; Peng, D.; Zhang, Y.; Shi, H. TGF-β Signal Transduction: Biology, Function and Therapy for Diseases. Mol. Biomed.
2022, 3, 45. [CrossRef] [PubMed]

83. Zhang, C.; Fei, Y.; Wang, H.; Hu, S.; Liu, C.; Hu, R.; Du, Q. CAFs Orchestrates Tumor Immune Microenvironment-A New Target
in Cancer Therapy? Front. Pharmacol. 2023, 14, 1113378. [CrossRef]

84. Beca, F.; Polyak, K. Intratumor Heterogeneity in Breast Cancer. Adv. Exp. Med. Biol. 2016, 882, 169–189. [CrossRef]
85. Tong, M.; Deng, Z.; Zhang, X.; He, B.; Yang, M.; Cheng, W.; Liu, Q. New Insights from the Widening Homogeneity Perspective to

Target Intratumor Heterogeneity. Cancer Commun. 2018, 38, 17. [CrossRef]
86. Turajlic, S.; Sottoriva, A.; Graham, T.; Swanton, C. Resolving Genetic Heterogeneity in Cancer. Nat. Rev. Genet. 2019, 20, 404–416.

[CrossRef]
87. Marusyk, A.; Janiszewska, M.; Polyak, K. Intratumor Heterogeneity: The Rosetta Stone of Therapy Resistance. Cancer Cell 2020,

37, 471–484. [CrossRef] [PubMed]
88. Comaills, V.; Castellano-Pozo, M. Chromosomal Instability in Genome Evolution: From Cancer to Macroevolution. Biology 2023,

12, 671. [CrossRef]
89. Guo, M.; Peng, Y.; Gao, A.; Du, C.; Herman, J.G. Epigenetic Heterogeneity in Cancer. Biomark. Res. 2019, 7, 23. [CrossRef]
90. Mattos, E.C.; Silva, L.P.; Valero, C.; de Castro, P.A.; Dos Reis, T.F.; Ribeiro, L.F.C.; Marten, M.R.; Silva-Rocha, R.; Westmann, C.; da

Silva, C.H.T.P.; et al. The Aspergillus fumigatus Phosphoproteome Reveals Roles of High-Osmolarity Glycerol Mitogen-Activated
Protein Kinases in Promoting Cell Wall Damage and Caspofungin Tolerance. mBio 2020, 11, e02962-19. [CrossRef]

91. Beyes, S.; Bediaga, N.G.; Zippo, A. An Epigenetic Perspective on Intra-Tumour Heterogeneity: Novel Insights and New Challenges
from Multiple Fields. Cancers 2021, 13, 4969. [CrossRef]

92. Vessoni, A.T.; Filippi-Chiela, E.C.; Lenz, G.; Batista, L.F.Z. Tumor Propagating Cells: Drivers of Tumor Plasticity, Heterogeneity,
and Recurrence. Oncogene 2020, 39, 2055–2068. [CrossRef]

93. Biswas, A.; De, S. Drivers of Dynamic Intratumor Heterogeneity and Phenotypic Plasticity. Am. J. Physiol. Cell Physiol. 2021, 320,
C750–C760. [CrossRef] [PubMed]

94. Jones, P.A.; Baylin, S.B. The Fundamental Role of Epigenetic Events in Cancer. Nat. Rev. Genet. 2002, 3, 415–428. [CrossRef]
[PubMed]

95. Garinis, G.A.; Patrinos, G.P.; Spanakis, N.E.; Menounos, P.G. DNA Hypermethylation: When Tumour Suppressor Genes Go Silent.
Hum. Genet. 2002, 111, 115–127. [CrossRef] [PubMed]

96. Vaissière, T.; Sawan, C.; Herceg, Z. Epigenetic Interplay between Histone Modifications and DNA Methylation in Gene Silencing.
Mutat. Res. 2008, 659, 40–48. [CrossRef] [PubMed]

97. Zhao, S.; Allis, C.D.; Wang, G.G. The Language of Chromatin Modification in Human Cancers. Nat. Rev. Cancer 2021, 21, 413–430.
[CrossRef] [PubMed]

https://doi.org/10.3390/ph16030353
https://doi.org/10.20517/cdr.2018.27
https://www.ncbi.nlm.nih.gov/pubmed/35582722
https://doi.org/10.1038/s41586-019-1730-1
https://doi.org/10.1186/s13045-019-0818-2
https://doi.org/10.1038/ncomms13200
https://doi.org/10.1007/s43440-020-00138-7
https://www.ncbi.nlm.nih.gov/pubmed/32700248
https://doi.org/10.1016/j.gendis.2022.11.025
https://doi.org/10.3390/cancers13184720
https://doi.org/10.3390/cancers15061899
https://doi.org/10.3892/mmr.2016.4868
https://doi.org/10.1186/s12943-021-01428-1
https://doi.org/10.1016/j.addr.2022.114504
https://www.ncbi.nlm.nih.gov/pubmed/35998825
https://doi.org/10.1186/s43556-022-00109-9
https://www.ncbi.nlm.nih.gov/pubmed/36534225
https://doi.org/10.3389/fphar.2023.1113378
https://doi.org/10.1007/978-3-319-22909-6_7
https://doi.org/10.1186/s40880-018-0287-y
https://doi.org/10.1038/s41576-019-0114-6
https://doi.org/10.1016/j.ccell.2020.03.007
https://www.ncbi.nlm.nih.gov/pubmed/32289271
https://doi.org/10.3390/biology12050671
https://doi.org/10.1186/s40364-019-0174-y
https://doi.org/10.1128/mBio.02962-19
https://doi.org/10.3390/cancers13194969
https://doi.org/10.1038/s41388-019-1128-4
https://doi.org/10.1152/ajpcell.00575.2020
https://www.ncbi.nlm.nih.gov/pubmed/33657326
https://doi.org/10.1038/nrg816
https://www.ncbi.nlm.nih.gov/pubmed/12042769
https://doi.org/10.1007/s00439-002-0783-6
https://www.ncbi.nlm.nih.gov/pubmed/12189484
https://doi.org/10.1016/j.mrrev.2008.02.004
https://www.ncbi.nlm.nih.gov/pubmed/18407786
https://doi.org/10.1038/s41568-021-00357-x
https://www.ncbi.nlm.nih.gov/pubmed/34002060


Cancers 2024, 16, 680 24 of 32

98. McLeod, H.L.; Douglas, F.; Oates, M.; Symonds, R.P.; Prakash, D.; van der Zee, A.G.; Kaye, S.B.; Brown, R.; Keith, W.N.
Topoisomerase I and II Activity in Human Breast, Cervix, Lung and Colon Cancer. Int. J. Cancer 1994, 59, 607–611. [CrossRef]
[PubMed]

99. Zhou, X.; Yao, G.; Zhang, J.; Bian, J.; Li, G.; Xu, J. An Integrated Multi-Omics Analysis of Topoisomerase Family in Pan-Cancer:
Friend or Foe? PLoS ONE 2022, 17, e0274546. [CrossRef]

100. Gongora, C.; Vezzio-Vie, N.; Tuduri, S.; Denis, V.; Causse, A.; Auzanneau, C.; Collod-Beroud, G.; Coquelle, A.; Pasero, P.;
Pourquier, P.; et al. New Topoisomerase I Mutations Are Associated with Resistance to Camptothecin. Mol. Cancer 2011, 10, 64.
[CrossRef]

101. Sinha, B.K.; Haim, N.; Dusre, L.; Kerrigan, D.; Pommier, Y. DNA Strand Breaks Produced by Etoposide (VP-16,213) in Sensitive
and Resistant Human Breast Tumor Cells: Implications for the Mechanism of Action. Cancer Res. 1988, 48, 5096–5100.

102. Beck, W.T.; Danks, M.K. Mechanisms of Resistance to Drugs That Inhibit DNA Topoisomerases. Semin. Cancer Biol. 1991, 2,
235–244.

103. Pommier, Y.; Leo, E.; Zhang, H.; Marchand, C. DNA Topoisomerases and Their Poisoning by Anticancer and Antibacterial Drugs.
Chem. Biol. 2010, 17, 421–433. [CrossRef] [PubMed]

104. Vos, S.M.; Tretter, E.M.; Schmidt, B.H.; Berger, J.M. All Tangled Up: How Cells Direct, Manage and Exploit Topoisomerase
Function. Nat. Rev. Mol. Cell Biol. 2011, 12, 827–841. [CrossRef] [PubMed]

105. Pommier, Y.; Sun, Y.; Huang, S.N.; Nitiss, J.L. Roles of Eukaryotic Topoisomerases in Transcription, Replication and Genomic
Stability. Nat. Rev. Mol. Cell Biol. 2016, 17, 703–721. [CrossRef]

106. Boot, A.; Liu, M.; Stantial, N.; Shah, V.; Yu, W.; Nitiss, K.C.; Nitiss, J.L.; Jinks-Robertson, S.; Rozen, S.G. Recurrent Mutations in
Topoisomerase IIα Cause a Previously Undescribed Mutator Phenotype in Human Cancers. Proc. Natl. Acad. Sci. USA 2022, 119,
e2114024119. [CrossRef] [PubMed]

107. Bandak, A.F.; Blower, T.R.; Nitiss, K.C.; Shah, V.; Nitiss, J.L.; Berger, J.M. Using Energy to Go Downhill—A Genoprotective Role
for ATPase Activity in DNA Topoisomerase II. Nucleic Acids Res. 2023, gkad1157. [CrossRef] [PubMed]

108. Hinds, M.; Deisseroth, K.; Mayes, J.; Altschuler, E.; Jansen, R.; Ledley, F.D.; Zwelling, L.A. Identification of a Point Mutation in the
Topoisomerase II Gene from a Human Leukemia Cell Line Containing an Amsacrine-Resistant Form of Topoisomerase II. Cancer
Res. 1991, 51, 4729–4731.

109. Campain, J.A.; Gottesman, M.M.; Pastan, I. A Novel Mutant Topoisomerase II Alpha Present in VP-16-Resistant Human Melanoma
Cell Lines Has a Deletion of Alanine 429. Biochemistry 1994, 33, 11327–11332. [CrossRef]

110. Robert, J.; Larsen, A.K. Drug Resistance to Topoisomerase II Inhibitors. Biochimie 1998, 80, 247–254. [CrossRef]
111. Borst, P. Genetic Mechanisms of Drug Resistance. A Review. Acta. Oncol. 1991, 30, 87–105. [CrossRef]
112. Ganapathi, R.N.; Ganapathi, M.K. Mechanisms Regulating Resistance to Inhibitors of Topoisomerase II. Front. Pharmacol. 2013, 4,

89. [CrossRef]
113. Licata, S.; Saponiero, A.; Mordente, A.; Minotti, G. Doxorubicin Metabolism and Toxicity in Human Myocardium: Role of

Cytoplasmic Deglycosidation and Carbonyl Reduction. Chem. Res. Toxicol. 2000, 13, 414–420. [CrossRef]
114. Chen, A.Y.; Chou, R.; Shih, S.J.; Lau, D.; Gandara, D. Enhancement of Radiotherapy with DNA Topoisomerase I-Targeted Drugs.

Crit. Rev. Oncol. Hematol. 2004, 50, 111–119. [CrossRef]
115. Kumar, A.; Patel, S.; Bhatkar, D.; Sarode, S.C.; Sharma, N.K. A Novel Method to Detect Intracellular Metabolite Alterations in

MCF-7 Cells by Doxorubicin Induced Cell Death. Metabolomics 2021, 17, 3. [CrossRef]
116. Potęga, A. Glutathione-Mediated Conjugation of Anticancer Drugs: An Overview of Reaction Mechanisms and Biological

Significance for Drug Detoxification and Bioactivation. Molecules 2022, 27, 5252. [CrossRef]
117. Sinha, B.K.; Mimnaugh, E.G. Free Radicals and Anticancer Drug Resistance: Oxygen Free Radicals in the Mechanisms of Drug

Cytotoxicity and Resistance by Certain Tumors. Free Radic. Biol. Med. 1990, 8, 567–581. [CrossRef] [PubMed]
118. Bartoszek, A.; Wolf, C.R. Enhancement of Doxorubicin Toxicity Following Activation by NADPH Cytochrome P450 Reductase.

Biochem. Pharmacol. 1992, 43, 1449–1457. [CrossRef] [PubMed]
119. Laroche-Clary, A.; Le Morvan, V.; Yamori, T.; Robert, J. Cytochrome P450 1B1 Gene Polymorphisms as Predictors of Anticancer

Drug Activity: Studies with In Vitro Models. Mol. Cancer Ther. 2010, 9, 3315–3321. [CrossRef] [PubMed]
120. Pathania, S.; Bhatia, R.; Baldi, A.; Singh, R.; Rawal, R.K. Drug Metabolizing Enzymes and Their Inhibitors’ Role in Cancer

Resistance. Biomed. Pharmacother. 2018, 105, 53–65. [CrossRef] [PubMed]
121. Mathijssen, R.H.; de Jong, F.A.; van Schaik, R.H.; Lepper, E.R.; Friberg, L.E.; Rietveld, T.; de Bruijn, P.; Graveland, W.J.; Figg, W.D.;

Verweij, J.; et al. Prediction of Irinotecan Pharmacokinetics by Use of Cytochrome P450 3A4 Phenotyping Probes. J. Natl. Cancer
Inst. 2004, 96, 1585–1592. [CrossRef] [PubMed]

122. de Man, F.M.; Goey, A.K.L.; van Schaik, R.H.N.; Mathijssen, R.H.J.; Bins, S. Individualization of Irinotecan Treatment: A Review
of Pharmacokinetics, Pharmacodynamics, and Pharmacogenetics. Clin. Pharmacokinet. 2018, 57, 1229–1254. [CrossRef]

123. Riordan, J.R.; Ling, V. Purification of P-Glycoprotein from Plasma Membrane Vesicles of Chinese Hamster Ovary Cell Mutants
with Reduced Colchicine Permeability. J. Biol. Chem. 1979, 254, 12701–12705. [CrossRef]

124. Alpsoy, A.; Yasa, S.; Gündüz, U. Etoposide Resistance in MCF-7 Breast Cancer Cell Line Is Marked by Multiple Mechanisms.
Biomed. Pharmacother. 2014, 68, 351–355. [CrossRef]

125. Goldwirt, L.; Beccaria, K.; Carpentier, A.; Farinotti, R.; Fernandez, C. Irinotecan and Temozolomide Brain Distribution: A Focus
on ABCB1. Cancer Chemother. Pharmacol. 2014, 74, 185–193. [CrossRef]

https://doi.org/10.1002/ijc.2910590506
https://www.ncbi.nlm.nih.gov/pubmed/7960233
https://doi.org/10.1371/journal.pone.0274546
https://doi.org/10.1186/1476-4598-10-64
https://doi.org/10.1016/j.chembiol.2010.04.012
https://www.ncbi.nlm.nih.gov/pubmed/20534341
https://doi.org/10.1038/nrm3228
https://www.ncbi.nlm.nih.gov/pubmed/22108601
https://doi.org/10.1038/nrm.2016.111
https://doi.org/10.1073/pnas.2114024119
https://www.ncbi.nlm.nih.gov/pubmed/35058360
https://doi.org/10.1093/nar/gkad1157
https://www.ncbi.nlm.nih.gov/pubmed/38038260
https://doi.org/10.1021/bi00203a030
https://doi.org/10.1016/S0300-9084(98)80007-2
https://doi.org/10.3109/02841869109091819
https://doi.org/10.3389/fphar.2013.00089
https://doi.org/10.1021/tx000013q
https://doi.org/10.1016/j.critrevonc.2003.09.005
https://doi.org/10.1007/s11306-020-01755-2
https://doi.org/10.3390/molecules27165252
https://doi.org/10.1016/0891-5849(90)90155-C
https://www.ncbi.nlm.nih.gov/pubmed/2113883
https://doi.org/10.1016/0006-2952(92)90201-S
https://www.ncbi.nlm.nih.gov/pubmed/1567469
https://doi.org/10.1158/1535-7163.MCT-10-0673
https://www.ncbi.nlm.nih.gov/pubmed/20889730
https://doi.org/10.1016/j.biopha.2018.05.117
https://www.ncbi.nlm.nih.gov/pubmed/29843045
https://doi.org/10.1093/jnci/djh298
https://www.ncbi.nlm.nih.gov/pubmed/15523087
https://doi.org/10.1007/s40262-018-0644-7
https://doi.org/10.1016/S0021-9258(19)86370-6
https://doi.org/10.1016/j.biopha.2013.09.007
https://doi.org/10.1007/s00280-014-2490-0


Cancers 2024, 16, 680 25 of 32

126. Choi, Y.H.; Yu, A.M. ABC Transporters in Multidrug Resistance and Pharmacokinetics, and Strategies for Drug Development.
Curr. Pharm. Des. 2014, 20, 793–807. [CrossRef] [PubMed]

127. Thomas, C.; Tampé, R. Structural and Mechanistic Principles of ABC Transporters. Ann. Rev. Biochem. 2020, 89, 605–636.
[CrossRef] [PubMed]

128. Wei, T.; Bi, G.; Bian, Y.; Ruan, S.; Yuan, G.; Xie, H.; Zhao, M.; Shen, R.; Zhu, Y.; Wang, Q.; et al. The Significance of Secreted
Phosphoprotein 1 in Multiple Human Cancers. Front. Mol. Biosci. 2020, 7, 565383. [CrossRef]
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