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Abstract

Breast cancer is one of the leading cause deaths among women. Although there are many advanced treatments, some types 
of breast cancer are refractory to therapy. Neoadjuvant systemic therapy has been regarded as an effective way that can be used 
throughout the cancer treatment process, which including topoisomerase inhibitors such as doxorubicin. Topoisomerase enzymes 
play a specific role in changing of DNA topology, which are the premise of DNA replication, transcription and repair. Topoi-
somerase inhibition researches are increasing, because topoisomerase inhibitors have a good targeting effect on rapidly proliferating 
tumor cells, and are not depend on hormone receptors in breast cancer cells. Since the difference between catalytic inhibition and 
poisons, the mechanism of topoisomerase inhibitors are not unique, but the path of cell death after DNA damage is roughly the 
same. Recent years, intensive efforts were devoted to explore the mechanism on resistance to topoisomerase inhibitors. In order to 
reverse resistance, topoisomerase inhibitors can also exert anti-tumor effects in conjunction with other anti-cancer drugs, such as 
olaparib (PARP inhibitor). This review presents biology and molecular mechanics of the topoisomerase enzymes, and the effects of 
their inhibition in breast cancer, are discussed to explain and support the application of topoisomerase inhibitors in breast cancer.
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Introduction

Breast cancer is one of the most common malignant tumors 
in women [1]. According to a survey conducted in 2018 [2], the 
incidence of breast cancer is the highest, and the mortality rate is 
the second among women in the United States. Similarly, breast 
cancer mortality among women in Asia is increasing every year 

[3]. Collectively, breast cancer still remains a life-threatening 
malignant disease. The regimens are related to the classification 
of diseases. The main treatments in breast cancer methods include 
surgery, chemotherapy, radiotherapy, endocrine therapy and 
gene-targeted therapy [4]. Treatments for early breast cancer, with 
cytotoxic drugs, have better outcomes such as minimized surgical 
management [5]. DNA topoisomerase inhibitors play a basic role 
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in treatment programs not only for those who did not participate 
anthracycline or taxane chemotherapy, but in neoadjuvant for 
many kinds of breast cancer [6].

With the development of modern pharmacology, we 
know the relationship between topoisomerase and cancer. The 
topological configuration of DNA in cells can keep the stability of 
genetic material, but it is also the biggest obstacle to DNA activity. 
DNA topoisomerases exist in all biological cells which can break 
single or double strands of the DNA to release the tension caused 
by entanglement, so that the cell life activities can continue [7]. 
Therefore, DNA topoisomerases play important roles in DNA 
replication, repair, cell proliferation and other cell processes [8]. 
DNA topoisomerase inhibitors have been used as chemotherapy 
drugs for malignant tumors with remarkable clinical effect, 
especially in breast cancer. The studies on DNA topoisomerases 
have increasingly gained attention. This review summarizes the 
results of topoisomerase enzymes study and the effect of their 
inhibitors in breast cancer. 

Structure and Function of Topoisomerases

Advancing replication forks cause double-strand DNA 
strain, leading to gene expression errors, chromatin rupture, 
mitosis failure, eventually cell death [9]. The main function of 
DNA topoisomerase is to regulate the topological structure of 
DNA which can reduce the tension generated by both positive 
and negative DNA superhelix, and enable the normal process of 
DNA to replicate, transcript and repair [10,11]. According to the 
mechanism of DNA topoisomerase and structural characteristics, 
it can be divided into two main categories: type I topoisomerase 
and type II topoisomerase [12].

Type I topoisomerase (Topo I) belongs to the monomer 
enzyme, including the Topo IA, Topo IB and Topo IC [13]. There 
are four domains: amino-terminal domain, core domain, linker 
domain and carboxy-terminal domain [14]. The concentration 
level of Topo I is stable in mammal cells [15]. Among the multiple 
active sites in Topo I, Arg488, Arg590, His632 and Tyr723 are the 
four active sites that are well-defined in the study. Except Tyr723 
is located in the carboxy-terminal domain, the other three are 
located in the core domain of Topo I. In the catalytic process of 
the enzyme, Tyr723 covalently binds to the 3’ phosphate end of the 
DNA single-strand break.

Type II topoisomerase (Topo II) is a dimer enzyme ranging 
from 160-180kDa that causes DNA double-strand broken [10,16]. 
Topo II can be divided into three domains: N-terminal domain, the 

central domain of the enzyme and C-terminal domain [17]. The 
central domain contains the active site, tyrosine 782 residue, which 
forms the covalent bound to DNA [18]. The dimer consists of two 
subtypes, Topo IIα and Topo IIβ, whose physiological functions 
are quite different: Topo IIα can release the tension generated 
by positively supercoiled DNA. The concentration of Topo IIα is 
highly expressed in cell growth phase and is associated with cell 
proliferation; Topo IIβ is similar to Topo I, which can release 
positive and negative supercoiled DNA; Topo IIβ is expressed 
stably in cells, but has no direct relationship with cell cycle [19,20]. 
Moreover, Topo IIβ cannot compensate for the loss of Topo IIα in 
mammalian cells, which means two isoforms have different roles 
in cells [21,22].

The Topo I inhibitors used in clinical practice are mostly 
water-soluble derivatives of camptothecin, and the Topo II 
inhibitors with better effect are podophyllotoxin derivatives, such 
as etoposide. The structure and activity of topoisomerase targeting 
agents are shown in Table 1.

Mechanism of Topoisomerases

Topo I first recognizes and binds to a specific DNA 
sequence. Topo I breaks one strand of DNA in the absence of 
energy [30]. Tyrosine in Topo I attacks DNA phosphodiester 
bond in one strand of DNA by nucleophilic way, then tyrosine in 
Topo I binds covalently to the 3’ phosphate of one DNA strand, 
and the 5’ end forms a hydroxyl group. In this way to form the 
topo I-DNA covalent complex (Topo I cc). Because the tension of 
the DNA drives the helix to unwind in the direction of reducing 
tension, the broken single strand with the end of the 5’ hydroxyl 
group is rotated around another complete single strand, untying 
the positive or negative superhelix. After changing the topology 
of DNA, Topo I is released from DNA [7]. The nickle DNA single 
strand is rejoined under the action of repair proteins such as poly 
(ADP-ribose) polymerase (PARP), then the DNA is restored intact 
and subsequent life activities continued [31]. The specific process 
is shown in Figure 1.

There are two closely related isoforms of topoisomerase 
II in mammalian cells, one is Topo IIα (170 kDa form), and the 
other is Topo IIβ (180 kDa form) [32]. Biochemical and function 
of Topo II indicate that this enzyme is essential in the segregation 
of newly replicated pairs of intertwined chromosomes, which 
highly associated with mitosis [33]. Topo II creates a DNA double-
strand broken with the participation of two ATP molecules and 
divalent metal ions to form the gate of DNA. A complete DNA 
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Table 1: The structure and activity of toposiomerase targeting agents.
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Topo IIα [26,29]

duplex near the gate passing through this gap for increasing or 
decreasing the linking numbers of the DNA rings [34]. After the 
complete DNA double-strand is passed, the dimer undergoes a 
certain configuration change, and the separated DNA ends 5', 3' 
are re-ligated. Then, the formed gate of DNA structure is closed 
and DNA recovery integrity [35] (Figure 2).

Topoisomerases Inhibition

DNA topoisomerase inhibitors are used as chemotherapeutic 
drugs in the clinical treatment of tumors. In general, their inhibition 
function referred to two categories: catalytic inhibition mechanism 
and poison mechanism [26,36].

Catalytic inhibition means that they can directly affect 
topoisomerase enzymes, for example, interferencing the action of 
the enzyme or disrupting the enzyme. Topo II catalytic inhibitors 
can be used in various steps of enzyme-catalyzed reactions. The 
main reaction mechanisms are as follows:

(a) The compounds inhibit the catalytic function and change the 
conformation of the enzyme, so that the Topo II enzyme cannot 
relax the DNA supercoil, which result that condensation of mitotic 
chromosomes is increasing, such as aclarubicin.

(b) Compounds that stabilize noncovalent DNA-Topo II complex 
to stop DNA re-ligate, which results are same with aclarubicin, 
such as ICRF-187.

(c) Other compounds can inhibit ATP binding, such as novobiocin 
[36,37].

In order to blocking DNA recovery, poisons can be linked to 
the DNA-Topo cleavage complex to form ternary complexes. Topo 
poisons stabilize DNA fragments in cell cycle process, increasing 
the concentration of the cleavage complex. The fragments of DNA 
could activate the apoptotic pathway to kill the cells [38]. Drug-
DNA-topo ternary complexes are not always to cause cytotoxicity 
results (cell death) directly. As for Topo II poisons (anthracyclines 
in particular), they can inhibit the DNA repair way, then active the 
cell death pathway [39,40]. Allan Chen, et al. [41]  demonstrated 
that the cytotoxicity of poisons are highly related to DNA synthesis, 
so that they can arrest cancer cells in S phase and inhibitors can
work at low concentration to topoisomerase in S phase. This finding 
demonstrates that topoisomerase inhibitors working depend on 
topoisomerase protein concentration.

Studies in Topo I have shown that Topo I agents, DNA and 
Topo I protein formed a complex by itself is not fatal, but collision 

Figure 1: Mechanisms of Topo I.
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with the replication forks or transcription complex will cause cell 
death [42]. If the cell cycle checkpoint kinase detects DNA nicks 
before the collision, the cells will be arrested in G2/M phase. 
However, if not repaired in time, the cells will die [43]. In the 
molecular model, the Topo I-DNA covalent complex (Topo Icc) 
is transiently present [44]. Under normal conditions, the complex 
acts as intermediate in the DNA re-connection process, and the 
concentration is within a certain range in nucleus [15]. When 
the Topo I inhibitor is inserted into the base pair of the Topo I 
cleavage complex, there are certain requirements for the site of the 
ligation with drugs: 

(a) π-π connecting with the DNA nicks.

(b) hydrogen bonds formed in Topo I amino acid residues [45].

In Camptothecin (CPT), three hydrogen bonds are formed 
between camptothecin residues 1, 17 and 20 and amino acid 
residues Arg364, Asn722, and Asp533 respectively [46]. Noticeably, 
mutations in other amino acid sites of Topo I do not prevent Topo 
I agents from attaching to DNA covalent complex [45]. However, if 
there were changes in connected sites of Topo I protein, these will 
cause CPT to fail to connect with drug and lead to high resistance 
to CPT. Topo I from CPT-producing plants have 4 amino acid 
substitutions in the positions that are proposed to influence CPT 
binding: Ile-420 to Val, Asn-421 to Lys, Leu-530 to Ile and 
Asn-722 to Ser. Recently, it was found that Asn722Ser in human 
tumor cells has changed which caused CPT resistance [47].

The mechanism of action of Topo II poison is divided into two 
types: one group of poisons are traditional, interfacial, noncovalent, 
and redox-independent [17,22,48,49]. These chemicals form 
noncovalent with Topo II protein interface in the vicinity of the 
active site tyrosine [22]. The other group of poisons are covalent to 
Topo II amino acid residues and require redox activity to against 

Topo II [22,48]. Both of two mechanisms can enhance the DNA 
cleavage. But the letter group can abrogate the Topo II poisons 
activity by reducing agents and delay DNA recovery that can 
not affect compounds in former group [50,51]. Topo II poisons 
decrease DNA re-ligation rate, increase intracellular DNA broken 
and chromatin irregular recombination. When these poisons 
cause permanent DNA breaks in sufficient concentration, they can 
trigger death pathways [22,52].

Actually, Topo II inhibitors are the most effective anticancer 
drugs but often cause serious side effects, such as secondary 
malignancies [53,54]. Some studies found that the drawbacks of 
targeting Topo IIβ include the induction of cardiotoxicity and 
the potential development of secondary malignancies, such as 
doxorubicin [28,55]. Therefore, inhibitors that target Topo IIα will 
have a better effect in chemotherapy [56].

Topoisomerase Inhibition and Breast Cancer

According to website, type of breast cancer can be divided 
into invasive and non-invasive breast cancers [4]. Early studies 
identified two types of Estrogen Receptor (ER) positive breast 
cancer subtypes by using cDNA microarray technology: ductal 
A and B breast cancers, which have highly response to treatment 
[57]. As for ER-negative patients, they can be divided into three 
groups: HER-2 high expression type, basal type, and normal type. 
Compared with ER-positive breast cancer, these three subtypes 
have poor response to treatment and poor prognosis [58]. Triple-
Negative Breast Cancer (TNBC) defined by Estrogen Receptor 
(ER), Progesterone Receptor (PR), and human epidermal growth 
factor receptor 2 (HER2) negativity is a group with poor prognosis,
refractory to therapy, and become a major problem in the treatment 
of breast cancer [59]. Topoisomerase inhibitors as cytotoxic 
drugs plays a certain roles in treatment. On the one hand, Topo I 

Figure 2: Mechanism of Topo II.
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inhibitors can exert anti-tumor effects in combination with other 
anti-cancer drugs, such as olaparib (PARP inhibitor) [60]. On the 
other hand, there exist a positive correlation between Topo IIα
expression levels and pathological grades of breast cancer. Topo IIα 
expression is up-regulated in breast cancer cells [61,62]. So Topo 
II inhibitors could exert anti-tumor effects. Due to expression of 
Topo IIα, anthracyclines may be effective in treatment of TNBC 
[59].

Topo I Inhibitors and Breast Cancer

As the mechanism of Topo I inhibitors, they stabilize the 
Topo I-DNA cleavage complex, and DNA single strand broken 
in the complex can become DNA double-strand broken near the 
advancing replication fork, which is the main cause of cell death 
[63,64]. Topo I inhibitors are not frequently used as a monotherapy 
in clinical, and they are not interfere with anti-metabolites drugs 
either [65]. Iben Kümler and colleges have investigated and 
reviewed the use of Topo I inhibitors in metastatic breast cancer, 
and they concluded: Irinotecan seem to be effective in some 
patients previously treated with anthracyclines and taxanes [66]. 
However, Topo I inhibitors have certain Adverse Events (AE), such 
as neutropenia, diarrhea and nausea/vomiting [67]. Some studies 
have suggested that following biomarkers to select which patients 
are sensitive to Topo I inhibitors can increasing effect of Topo I 

inhibitors in individualized treatments [60,68]. These biomarkers 
are mainly involved in DNA repair functions such as PTEN, Chk 
I, TDP I, PARP, BRCA I, P53, WRN protein, and Topo I gene copy 
numbers (Table 2).

Topo II Inhibitors and Breast Cancer

The peak concentration of Topo II is in G2/M phase, which 
means that Topo II is connected with proliferation cells [69]. Cells 
that express high levels of the enzymes are sensitive to Topo II 
poisons, and the decrease of Topo II inhibitors activity contributes 
to the drug resistance [17,70]. There are many researches about 
Topo II and breast cancer [71-73]. Topo IIα is overexpression in 
Estrogen Receptor (ER), Progesterone Receptor (PR) negative and 
vimentin positive breast cancer [61]. Vimentin is a protein that has 
relationship with invasion and metastasis of tumor cells. In addition, 
high level of Topo IIα is correlated with the high expression of 
the proliferation markers Ki67, RacGAPI and c-Myc [73,74]. But 
why is Topo II inhibitors more effective in ER-negative breast 
cancer, only for levels of Topo II protein? What is the correlation 
mechanism between Topo II and cancer-promoting genes? As 
highlighted by Qi, et al. [75]  that Topo II drugs can active p38γ 
specifically in intrinsically sensitive cells leads to phosphorylation 
and stabilization of Topo IIα, promoting the action of drugs to 
inhibit cell proliferation eventually. However, p38γ lose activity in 
ER-positive breast cancer cells. It has long been recognized that 

Table 2: Biomarkers related to Topo I inhibitors.

Name Function Type of response Reference

TDP I A enzyme can recognize Top1cc then remove 3’-
phosphoglycolates lesions to restore DNA integrity. TDP I inhibition [94]

PARP A DNA binding protein that repair damaged region of DNA. PARP inhibition [60,91]

ERCC I A DNA repair protein involved in processes of nucleotide excision 
repair as well as Homologous Recombination (HR).

Low levels of ERCC1 protein 
expression [91]

Chk I Checkpoint kinase I makes cell cycle arrest in G2/M phase and 
helps stabilize stalled replication forks.

Chk I down-regulation or disruption 
of ATR/Chk1 pathway [95,96]

BRCA I A repair protein for error-free DSB by Homologous Recombination 
(HR).

Spontaneous and transplanted 
BRCA1-/- mammary tumors [81]

P53 A repair protein for DSB that can stimulate TOP1 catalytic activity. In breast cancer, MCF-7 p53-/- is 
hypersensitive to CPT. [80,81]

PTEN A tumor suppressor gene Overexpression of PTEN [97]

Mismatch Repair 
genes (MMR)

MMR proteins involved in DSB repair and induction of apoptosis in 
response to DNA damage. MMR-deficient tumors [98]

Topo I gene copy 
number - >4 copies of the TOP1 gene per 

nuclei [99]

Werner syndrome 
protein (WRN) WRN is a RecQ helicase that participates in DNA repair. WRN degradation [100]
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p38γ is belonged to p38/MAPK pathway, and their experiments 
also indicate that Mitogen-Activated Protein Kinase (MAPK) 
activity is up-regulated by treatment of breast cancer with Topo 
II drugs. Besides this, rare signal pathway be found to clarify the 
regulator mechanism about Topo II drugs and breast cancer types
so far. There is an analysis from multiple advanced breast cancer 
clinical trials established that monotherapy with mitoxantrone 
achieved an overall response rate of approximately 33% in patients 
with no prior exposure to chemotherapy [76,77]. Generally, 
targeted therapies in Triple-Negative Breast Cancer (TNBC) have 
no effect. If there is high expression of Topo IIα, the anthracycline 
anticancer drug can be used as a viable chemotherapy proposal. 
Some studies have shown that mutations in BRCA1 and BRCA2 
account for the majority of families with hereditary susceptibility 
to breast and ovarian cancer [78]. In this population with breast 
cancer, Topo II mediated Double-Strand Broken (DSB) is more 
sensitive than other cells, and therefore etoposide has better results 
[79]. In summary, monotherapy with Topo II inhibitors can get 
therapeutic effects for breast cancer.

Resistance to Topoisomerase Inhibitors

Resistance to topoisomerase inhibitors may result from 
many processes. We can summarize several reasons as follows. 
From Topo I inhibitors aspect, resistance maybe from: 

(a) Concentration of drugs are insufficiently in tumor tissues. 

(b) The drug exclusion rate is increasingly.

(c) Mutation of Topo I causes connection failure with drugs.

(d) Altered signaling triggered by the drug-DNA-Topo I complex.

(e) Overexpression of DNA repair protein and degradation of 
Topo I [80]. 

As for Topo II inhibitors, resistance involved in Topo II 
activity which including: 

(a) Decreasing Topo II activity; 

(b) Mutation in Topo II encoding genes [70].

Tumors are sensitive to topoisomerase inhibitors in initial 
treatment, but acquire resistance eventually. In the research of 
acquired resistance of mammary tumors to the Topo I inhibitors, 
Serge Zander AL, et al. illustrated that topotecan resistance can 
be delayed in Abcg2-/- tumors, and overexpress of ABCG2 is 
related to camptothecin/topotecan resistance [81,82]. The drug 
efflux transporters ABCG2 has been reported as a crucial factor 
in resistance of various tumor types [83,84]. During the therapy of 

topoisomerase inhibitors, P-glycoprotein (P-gp) is not effective in 
resistance. P-gp leading to resistance may work with other weak 
resistance mechanisms [81].

Nowadays, on the one hand, there are many effective 
topoisomerase inhibitors under preclinical studies. 
Indenoisoquinoline agents which belong to non-camptothecin 
Topo I inhibitors are chemically stable and are not as substrates 
for the ABCG2 transporters that related to resistance of topotecan 
[43,85]. As a kind of promise direction, targeting Topo IIα 
compounds continue to be isolated from etoposide-related 
nature products [86]. Wang Chen, et al. [56] demonstrated that 
design and synthesis podophyllotoxin derivatives have good 
prospects. Nevertheless, betulinic acid which from plant sources 
has multiple molecular targets in breast cancer, including function 
of topoisomerase inhibition [87]. On the other hand, researchers 
can repress some overexpression factors, such as DFF40 [88], 
phosphoglycerate dehydrogenase [89], substance P [90]. Perhaps 
we can select another compound as a topoisomerase inhibitor 
sensitizer to overcome resistance. It is effective in combination 
of PARP inhibitor and topoisomerase inhibitor [91]. A novel 
histone deacetylase inhibitor TMU-35435 can enhance etoposide 
cytotoxicity in triple-negative breast cancer [92]. In the way of 
sensitization, topoisomerase drugs can work at a lower dose and 
minimized side effects.

Conclusion

DNA topoisomerases are widely presented in mammalian 
cells. Topoisomerases in cancer cells can efficiently unwind DNA 
and make cells proliferation rapidly. Breast cancer is an aggressive 
disease that affects a large number of patients and families every 
year. Chemotherapy plays an important role in most types of 
breast cancer. As for high level of topoisomerase I and II in breast 
cancer, targeting topoisomerase is recognized as effective regimens 
and always be used in combination with other basic chemotherapy 
drugs, even target drugs, such as taxanes, gefitinib. Generally, many 
patients treated with chemotherapies develop drug resistance, 
therefore, it is pivotal to find effective sensitization methods 
and detect new topoisomerase inhibitors. Nowadays, there are 
many continuing researches in molecular targets promoted the 
development of breast cancer drugs, which could enhance the 
power of topoisomerase inhibitors, for example, Epidermal Growth 
Factor Receptor (EGFR), Vascular Endothelial Growth Factor 
(VEGF) receptors, protein tyrosine kinases, phosphatases, PI3K/
Akt signal pathway, microRNAs (miRs) and long non-coding RNAs 
(lncRNAs) [93]. However, it is still a problem that how to connect 
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topoisomerases work with those molecular targets. Actually, many 
topoisomerase inhibitors not only affect protein itself, but cause 
changes of other genes and protein function. If those changed 
molecules can enhance the effect of drugs, can we think those kinds 
of cell lines or cancer are sensitive to topoisomerase inhibitors, or 
they could become targets to reverse topoisomerase inhibitors 
resistance, such as p38γ [75]. All much we want are to control the 
disease and improve the quality of life for patients. This review as a 
summary of the topoisomerase mechanisms and their inhibitors in 
breast cancer treatment to provide a reference for future research. 
It is our hope that these potential biomarkers mechanism works 
and signal transduction pathways about topoisomerase enzymes 
could be getting clearer. 

References
Miller KD,  Nogueira L, Mariotto AB, Rowland JH, Yabroff KR, et al. 1. 
(2019) Cancer treatment and survivorship statistics. CA Cancer J Clin 
69: 363-385.

Siegel RL, Miller KD, Jemal A (2018) Cancer statistics. CA Cancer J 2. 
Clin 68: 7-30.

Kwong A, Shin VY, Ho JC, Kang E, Nakamura S, et al. (2016) 3. 
Comprehensive spectrum of BRCA1 and BRCA2 deleterious mutations 
in breast cancer in Asian countries. Journal of medical genetics 53: 15-
23.

Akram M, Iqbal M, Daniyal M, Khan AU (2017) Awareness and current 4. 
knowledge of breast cancer. Biological research 50: 33.

Brennan M, Gass P, H5. äberle L, Wang D, Hartmann A, et al. (2018) 
The effect of participation in neoadjuvant clinical trials on outcomes 
in patients with early breast cancer. Breast cancer research and 
treatment 171: 747-758.

Cardoso F, Senkus E, Costa A, Papadopoulos E, Aapro M, et al. (2018) 6. 
4th ESO-ESMO International Consensus Guidelines for Advanced 
Breast Cancer (ABC 4)dagger. Annals of oncology : official journal of 
the European Society for Medical Oncology 29: 1634-1657.

Champoux JJ (2001) DNA topoisomerases: structure, function, and 7. 
mechanism. Annual review of biochemistry 70: 369-413.

Subramanian D, Kraut E, Staubus A, Young DC, Muller MT (1995) 8. 
Analysis of topoisomerase I/DNA complexes in patients administered 
topotecan. Cancer research 55: 2097-2103.

Null AP, Hudson J, Gorbsky GJ (2002) Both alpha and beta isoforms 9. 
of mammalian DNA topoisomerase II associate with chromosomes in 
mitosis. Cell Growth Differ 13: 325-333.

Liu LF (1983) DNA topoisomerases--enzymes that catalyse the 10. 
breaking and rejoining of DNA. CRC critical reviews in biochemistry 
15: 1-24.

Wilstermann AM, Osheroff N (2001) Positioning the 3’-DNA terminus 11. 
for topoisomerase II-mediated religation. The Journal of biological 
chemistry 276: 17727-17731.

Wang JC (1996) DNA topoisomerases. Annual review of biochemistry 12. 
65: 635-692.

Li TK, Liu LF (2001) Tumor cell death induced by topoisomerase-13. 
targeting drugs. Annual review of pharmacology and toxicology 41: 
53-77.

Stewart L, Ireton GC, Parker LH, Madden KR, Champoux JJ (1996) 14. 
Biochemical and biophysical analyses of recombinant forms of human 
topoisomerase I. The Journal of biological chemistry 271: 7593-7601.

Chhatriwala H, Jafri N, Salgia R (2006) A review of topoisomerase 15. 
inhibition in lung cancer. Cancer Biol Ther 5: 1600-1607.

Fortune J M, Osheroff N (2000) Topoisomerase II as a target for 16. 
anticancer drugs: when enzymes stop being nice. Progress in nucleic 
acid research and molecular biology 64: 221-253.

Wilstermann AM, Osheroff N (2003) Stabilization of eukaryotic 17. 
topoisomerase II-DNA cleavage complexes. Current topics in medicinal 
chemistry 3: 321-338.

Worland ST, Wang JC (1989) Inducible overexpression, purification, 18. 
and active site mapping of DNA topoisomerase II from the yeast 
Saccharomyces cerevisiae. The Journal of biological chemistry 264: 
4412-4416.

Heck MM, Earnshaw WC (1986) Topoisomerase II: A specific marker 19. 
for cell proliferation. J Cell Biol 103: 2569-2581.

Lyu YL,  Lin CP, Azarova AM, Cai L, Wang JC, et al. (2006) Role of 20. 
topoisomerase IIbeta in the expression of developmentally regulated 
genes. Molecular and cellular biology 26: 7929-7941.

Grue P,21.  Alexander Gräßer, Maxwell Sehested, Peter B. Jensen, Annette 
Uhse, et al. (1998) Essential mitotic functions of DNA topoisomerase 
IIalpha are not adopted by topoisomerase IIbeta in human H69 cells. 
The Journal of biological chemistry 273: 33660-33666.

Deweese JE, Osheroff N (2009) The DNA cleavage reaction of 22. 
topoisomerase II: wolf in sheep’s clothing. Nucleic acids res 37: 738-
748.

de Man FM, Goey AKL, van Schaik RHN, Mathijssen RHJ, Bins 23. 
S (2018) Individualization of Irinotecan Treatment: A Review of 
Pharmacokinetics, Pharmacodynamics, and Pharmacogenetics. Clin 
pharmacokinet 57: 1229-1254.

Riemsma R, Simons JP, Bashir Z, Gooch CL, Kleijnen J (2010) 24. 
Systematic Review of topotecan (Hycamtin) in relapsed small cell lung 
cancer. BMC cancer 10: 436

Clark, WJ Rubitecan (2006) Expert Opinion on Investigational Drugs 25. 
15: 71-79.

Liu LF (1989) DNA topoisomerase poisons as antitumor drugs. Annu 26. 
Rev Biochem 58: 351-375.

McVie JG (1992) Teniposide (VM-26) in brain tumors. Seminars in 27. 
oncology 19: 85-88.

Tewey KM, Rowe TC, Yang L, Halligan BD, Liu LF (1984) Adriamycin-28. 
induced DNA damage mediated by mammalian DNA topoisomerase 
II. Science 226: 466-468.

Crespi MD, Ivanier SE, Genovese J, Baldi A (1986) Mitoxantrone 29. 
affects topoisomerase activities in human breast cancer cells. Biochem 
Biophys Res commun 136: 521-528.

Chen SJ, Wang JC (1998) Identification of active site residues in 30. 
Escherichia coli DNA topoisomerase I. The Journal of biological 
chemistry 273: 6050-6056.

Whitehouse CJ, Taylor RM, Thistlethwaite A, Zhang H, Caldecott KW 31. 
(2001) XRCC1 Stimulates Human Polynucleotide Kinase Activity at 
Damaged DNA Termini and Accelerates DNA Single-Strand Break 
Repair. Cell 104: 107-117.

Watt PM, Hickson ID (1994) Structure and function of type II DNA 32. 
topoisomerases. The Biochemical journal 303: 681-695.

Uemura T, Morikawa K, Yanagida M (1986) The nucleotide sequence 33. 
of the fission yeast DNA topoisomerase II gene: structural and 

https://www.ncbi.nlm.nih.gov/pubmed/31184787
https://www.ncbi.nlm.nih.gov/pubmed/31184787
https://www.ncbi.nlm.nih.gov/pubmed/31184787
https://www.ncbi.nlm.nih.gov/pub
https://www.ncbi.nlm.nih.gov/pub
https://www.ncbi.nlm.nih.gov/pubmed/26187060
https://www.ncbi.nlm.nih.gov/pubmed/26187060
https://www.ncbi.nlm.nih.gov/pubmed/26187060
https://www.ncbi.nlm.nih.gov/pubmed/26187060
https://www.ncbi.nlm.nih.gov/pubmed/28969709
https://www.ncbi.nlm.nih.gov/pubmed/28969709
https://www.ncbi.nlm.nih.gov/pubmed/29951969
https://www.ncbi.nlm.nih.gov/pubmed/29951969
https://www.ncbi.nlm.nih.gov/pubmed/29951969
https://www.ncbi.nlm.nih.gov/pubmed/29951969
https://www.ncbi.nlm.nih.gov/pubmed/30032243
https://www.ncbi.nlm.nih.gov/pubmed/30032243
https://www.ncbi.nlm.nih.gov/pubmed/30032243
https://www.ncbi.nlm.nih.gov/pubmed/30032243
https://www.ncbi.nlm.nih.gov/pubmed/11395412
https://www.ncbi.nlm.nih.gov/pubmed/11395412
https://www.ncbi.nlm.nih.gov/pubmed/7743509
https://www.ncbi.nlm.nih.gov/pubmed/7743509
https://www.ncbi.nlm.nih.gov/pubmed/7743509
https://www.ncbi.nlm.nih.gov/pubmed/12133901
https://www.ncbi.nlm.nih.gov/pubmed/12133901
https://www.ncbi.nlm.nih.gov/pubmed/12133901
https://www.tandfonline.com/doi/abs/10.3109/10409238309102799
https://www.tandfonline.com/doi/abs/10.3109/10409238309102799
https://www.tandfonline.com/doi/abs/10.3109/10409238309102799
https://www.researchgate.net/publication/11977946_Positioning_the_3'-DNA_Terminus_for_Topoisomerase_II-mediated_Religation
https://www.researchgate.net/publication/11977946_Positioning_the_3'-DNA_Terminus_for_Topoisomerase_II-mediated_Religation
https://www.researchgate.net/publication/11977946_Positioning_the_3'-DNA_Terminus_for_Topoisomerase_II-mediated_Religation
https://www.annualreviews.org/doi/abs/10.1146/annurev.bi.65.070196.003223
https://www.annualreviews.org/doi/abs/10.1146/annurev.bi.65.070196.003223
https://www.annualreviews.org/doi/abs/10.1146/annurev.pharmtox.41.1.53
https://www.annualreviews.org/doi/abs/10.1146/annurev.pharmtox.41.1.53
https://www.annualreviews.org/doi/abs/10.1146/annurev.pharmtox.41.1.53
http://www.jbc.org/content/271/13/7593.full
http://www.jbc.org/content/271/13/7593.full
http://www.jbc.org/content/271/13/7593.full
https://www.ncbi.nlm.nih.gov/pubmed/17224634
https://www.ncbi.nlm.nih.gov/pubmed/17224634
https://www.ncbi.nlm.nih.gov/pubmed/10697411
https://www.ncbi.nlm.nih.gov/pubmed/10697411
https://www.ncbi.nlm.nih.gov/pubmed/10697411
https://www.ingentaconnect.com/content/ben/ctmc/2003/00000003/000000
https://www.ingentaconnect.com/content/ben/ctmc/2003/00000003/000000
https://www.ingentaconnect.com/content/ben/ctmc/2003/00000003/000000
http://www.jbc.org/content/264/8/4412.short
http://www.jbc.org/content/264/8/4412.short
http://www.jbc.org/content/264/8/4412.short
http://www.jbc.org/content/264/8/4412.short
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2114590/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2114590/
https://www.ncbi.nlm.nih.gov/pubmed/16923961
https://www.ncbi.nlm.nih.gov/pubmed/16923961
https://www.ncbi.nlm.nih.gov/pubmed/16923961
http://www.jbc.org/content/273/50/33660
http://www.jbc.org/content/273/50/33660
http://www.jbc.org/content/273/50/33660
http://www.jbc.org/content/273/50/33660
https://www.ncbi.nlm.nih.gov/pubmed/19042970
https://www.ncbi.nlm.nih.gov/pubmed/19042970
https://www.ncbi.nlm.nih.gov/pubmed/19042970
https://www.ncbi.nlm.nih.gov/pubmed/29520731
https://www.ncbi.nlm.nih.gov/pubmed/29520731
https://www.ncbi.nlm.nih.gov/pubmed/29520731
https://www.ncbi.nlm.nih.gov/pubmed/29520731
https://www.ncbi.nlm.nih.gov/pubmed/20716361
https://www.ncbi.nlm.nih.gov/pubmed/20716361
https://www.ncbi.nlm.nih.gov/pubmed/20716361
https://www.ncbi.nlm.nih.gov/pubmed
https://www.ncbi.nlm.nih.gov/pubmed
https://www.ncbi.nlm.nih.gov/pubmed/1411642
https://www.ncbi.nlm.nih.gov/pubmed/1411642
https://www.ncbi.nlm.nih.gov/pubmed/3010982
https://www.ncbi.nlm.nih.gov/pubmed/3010982
https://www.ncbi.nlm.nih.gov/pubmed/3010982
http://www.jbc.or
http://www.jbc.or
http://www.jbc.or
https://www.ncbi.nlm.nih.gov/pubmed/11163244
https://www.ncbi.nlm.nih.gov/pubmed/11163244
https://www.ncbi.nlm.nih.gov/pubmed/11163244
https://www.ncbi.nlm.nih.gov/pubmed/11163244
https://www.ncbi.nlm.nih.gov/pmc/ar
https://www.ncbi.nlm.nih.gov/pmc/ar
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1167120/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1167120/


9Citation: Liao Y, Cheng X, Wang G, Luo K, Wan S, et al. (2019) Topoisomerase Inhibitors in Breast Cancer. J Obstet Gynecol Rep. 1: 001. 
JOGR-001.000001

Volume 1 : Issue 1           Chen Qing©

functional relationships to other DNA topoisomerases. The EMBO 
journal 5: 2355-2361.

Roca J, Wang JC (1992) The capture of a DNA double helix by an 34. 
ATP-dependent protein clamp: a key step in DNA transport by type II 
DNA topoisomerases. Cell 71: 833-840.

Osheroff N (1986) Eukaryotic topoisomerase II. Characterization 35. 
of enzyme turnover. The Journal of biological chemistry 261: 9944-
9950.

Larsen AK, Escargueil AE, Skladanowski A (2003) Catalytic 36. 
topoisomerase II inhibitors in cancer therapy. Pharmacol Ther 99: 
167-181.

Gormley N A, Orphanides G, Meyer A, Cullis PM, Maxwell A (1996) 37. 
The interaction of coumarin antibiotics with fragments of DNA gyrase 
B protein. Biochemistry 35: 5083-5092.

Anderson H, Roberge M (1996) Topoisomerase II inhibitors affect 38. 
entry into mitosis and chromosome condensation in BHK cells. Cell 
growth & differentiation : the molecular biology journal of the American 
Association for Cancer Research 7: 83-90.

Binaschi M, Capranico G, De Isabella P, Mariani M, Supino R, et 39. 
al. (1990) Comparison of DNA cleavage induced by etoposide and 
doxorubicin in two human small-cell lung cancer lines with different 
sensitivities to topoisomerase II inhibitors. International journal of 
cancer 45: 347-352.

Willmore E, de Caux S, Sunter NJ, Tilby MJ, Jackson GH, et al. (2004) 40. 
A novel DNA-dependent protein kinase inhibitor, NU7026, potentiates 
the cytotoxicity of topoisomerase II poisons used in the treatment of 
leukemia. Blood 103: 4659-4665.

Chen AY, Liu LF (1994) DNA topoisomerases: essential enzymes and 41. 
lethal targets. Annual review of pharmacology and toxicology 34: 191-
218.

Liu LF, Shyamal D Desai,Tsai42. -Kun Li, Yong Mao, Mei Sun, et al. 
(2000) Mechanism of action of camptothecin. Annals of the New York 
Academy of Sciences 922: 1-10.

Ashwell S, Zabludoff S (2008) DNA damage detection and repair 43. 
pathways--recent advances with inhibitors of checkpoint kinases in 
cancer therapy. Clin Cancer 14: 4032-4037.

Fiorani P, James F Amatruda, Alessandra Silvestri, Richard H 44. 
Butler, Mary-Ann Bjornsti, et al. (1999) Domain interactions affecting 
human DNA topoisomerase I catalysis and camptothecin sensitivity. 
Molecular pharmacology 56: 1105-1115.

Pommier Y, Cushman M (2009) The indenoisoquinolines 45. 
noncamptothecin topoisomerase I inhibitors: update and perspectives. 
Molecular cancer therapeutics 8: 1008-1014.

Staker BL, Feese MD, Cushman M, Pommier Y, Zembower D, et al. 46. 
(2005) Structures of three classes of anticancer agents bound to the 
human topoisomerase I-DNA covalent complex. Journal of medicinal 
chemistry 48: 2336-2345.

Sirikantaramas S, Yamazaki M, Saito K (2008) Mutations in 47. 
topoisomerase I as a self-resistance mechanism coevolved with 
the production of the anticancer alkaloid camptothecin in plants. 
Proceedings of the National Academy of Sciences of the United States 
of America 105: 6782-6786.

McClendon A K, Osheroff N (2007) DNA topoisomerase II, genotoxicity, 48. 
and cancer. Mut Res 623: 83-97.

Pommier Y, Marchand C (2005) Interfacial inhibitors of protein-nucleic 49. 
acid interactions. Curr med chem Anti-cancer agents 5: 421-429.

Wang H, Mao Y, Chen AY, Zhou N, LaVoie EJ, et al. (2001) Stimulation 50. 
of topoisomerase II-mediated DNA damage via a mechanism involving 
protein thiolation. Biochemistry 40, 3316-3323.

Lindsey RH, Bromberg KD, Felix CA, Osheroff N (2004) 1,4-51. 
Benzoquinone is a topoisomerase II poison. Biochemistry 43: 7563-
7574.

D’Arpa P, Beardmore C, Liu LF (1990) Involvement of nucleic acid 52. 
synthesis in cell killing mechanisms of topoisomerase poisons. Cancer 
research 50: 6919-6924.

Azarova AM, Yi Lisa Lyu,53.  Chao-Po Lin, Yuan-Chin Tsai, Johnson Yiu-
Nam Lau, et al. (2007) Roles of DNA topoisomerase II isozymes in 
chemotherapy and secondary malignancies. Proc Natl Acad Sci U.S.A 
104: 11014-11019.

Toyoda E, Shigehide Kagaya, Ian G. Cowell, Aya Kurosawa, Keiichi 54. 
Kamoshita, et al. (2008) NK314, a topoisomerase II inhibitor that 
specifically targets the alpha isoform. The Journal of biological 
chemistry 283: 23711-23720.

Evison BJ, Sleebs BE, Watson KG, Phillips DR, Cutts SM (2016) 55. 
Mitoxantrone, More than Just Another Topoisomerase II Poison. Med 
Res Rev 36: 248-299.

Chen W, Qiu J, Shen Y M (2012) Topoisomerase IIalpha, rather than 56. 
IIbeta, is a promising target in development of anti-cancer drugs. Drug 
Discov Ther 6: 230-237.

Malara N M, Leotta A, Sidoti A, Lio S, D’Angelo R, et al. (2006) Ageing, 57. 
hormonal behaviour and cyclin D1 in ductal breast carcinomas. Breast 
(Edinburgh, Scotland) 15, 81-89.

Liu P,  Xu Y  , Zhang, W , Li ,Y Tang L , et al. (2017) Prohibitin promotes 58. 
androgen receptor activation in ER-positive breast cancer. Cell cycle 
(Georgetown, Tex.) 16: 776-784.

Mrklic I, Pogorelic Z, Capkun V, Tomic S (2014) Expression of 59. 
topoisomerase II-alpha in triple negative breast cancer. Appl 
Immunohistochem Mol Morphol 22: 182-187.

Gilbert DC, Chalmers AJ, El-Khamisy SF (2012) Topoisomerase I 60. 
inhibition in colorectal cancer: biomarkers and therapeutic targets. 
British journal of cancer 106: 18-24.

Chen S, Huang L, Liu Y, Chen CM, Wu J, et al. (2013) The predictive 61. 
and prognostic significance of pre- and post-treatment topoisomerase 
IIalpha in anthracycline-based neoadjuvant chemotherapy for local 
advanced breast cancer. Eur J Surg Oncol 39: 619-626.

Koren R, Lea Rath-Wolfson, Edward Ram, Ofer Ben Itzhac, Benny 62. 
Schachter et al. (2004) Prognostic value of Topoisomerase II in female 
breast cancer. Oncology reports 12: 915-919.

Avemann K, Knippers R, Koller T, Sogo J M (1988) Camptothecin, a 63. 
specific inhibitor of type I DNA topoisomerase, induces DNA breakage 
at replication forks. Molecular and cellular biology 8: 3026-3034.

Ryan AJ, Squires S, Strutt HL, Johnson RT (1991) Camptothecin 64. 
cytotoxicity in mammalian cells is associated with the induction of 
persistent double strand breaks in replicating DNA. Nucleic acids 
research 19: 3295-3300.

Kashiwaba M, Inaba T, Komatsu H, Ishida K, Kawagishi R, et al. (2014) 65. 
A phase I study of capecitabine combined with CPT-11 in metastatic 
breast cancer pretreated with anthracyclines and taxanes. Oncology 
86: 206-211.

Kumler I, Brunner N, Stenvang J, Balslev E, Nielsen DLA (2013) 66. 
systematic review on topoisomerase 1 inhibition in the treatment of 
metastatic breast cancer. Breast cancer research and treatment 138: 
347-358.

Hwang JJ, Marshall JL, Rizvi N (2003) Combined inhibition of 67. 
topoisomerases: a phase I. Study of irinotecan and epirubicin. 
Oncology (Williston Park) 17: 46-51.

Shen J, Jia Wei, Hao Wang, Guofeng Yue, Lixia Yu, et al. (2013) A 68. 
three-gene signature as potential predictive biomarker for irinotecan 
sensitivity in gastric cancer. Journal of translational medicine 11: 73.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1167120/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1167120/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1167120/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1167120/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1167120/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1167120/
https://www.ncbi.nlm.nih.gov/pubmed/1330327
https://www.ncbi.nlm.nih.gov/pubmed/1330327
https://www.ncbi.nlm.nih.gov/pubmed/1330327
http://www.jbc.org/content/261/21/9944
http://www.jbc.org/content/261/21/9944
http://www.jbc.org/content/261/21/9944
https://www.ncbi.nlm.nih.gov/pubmed/12888111
https://www.ncbi.nlm.nih.gov/pubmed/12888111
https://www.ncbi.nlm.nih.gov/pubmed/12888111
https://pubs.acs.org/doi/abs/10.1021/bi952888n
https://pubs.acs.org/doi/abs/10.1021/bi952888n
https://pubs.acs.org/doi/abs/10.1021/bi952888n
https://www.ncbi.nlm.nih.gov/pubmed/2154411
https://www.ncbi.nlm.nih.gov/pubmed/2154411
https://www.ncbi.nlm.nih.gov/pubmed/2154411
https://www.ncbi.nlm.nih.gov/pubmed/2154411
https://www.ncbi.nlm.nih.gov/pubmed/2154411
https://www.ncbi.nlm.nih.gov/pubmed/15010369
https://www.ncbi.nlm.nih.gov/pubmed/15010369
https://www.ncbi.nlm.nih.gov/pubmed/15010369
https://www.ncbi.nlm.nih.gov/pubmed/15010369
https://www.ncbi.nlm.nih.gov/pubmed/8042851
https://www.ncbi.nlm.nih.gov/pubmed/8042851
https://www.ncbi.nlm.nih.gov/pubmed/8042851
https://nyaspubs.onlinelibrary.wiley.com/doi/10.1111/j.1
https://nyaspubs.onlinelibrary.wiley.com/doi/10.1111/j.1
https://nyaspubs.onlinelibrary.wiley.com/doi/10.1111/j.1
https://www.ncbi.nlm.nih.gov/pubmed/18593978
https://www.ncbi.nlm.nih.gov/pubmed/18593978
https://www.ncbi.nlm.nih.gov/pubmed/18593978
http://molpharm.aspetjournals.org/content/56/6/1105
http://molpharm.aspetjournals.org/content/56/6/1105
http://molpharm.aspetjournals.org/content/56/6/1105
http://molpharm.aspetjournals.org/content/56/6/1105
https://www.ncbi.nlm.nih.
https://www.ncbi.nlm.nih.
https://www.ncbi.nlm.nih.
https://www.ncbi.nlm.nih.gov/pubmed/15801827
https://www.ncbi.nlm.nih.gov/pubmed/15801827
https://www.ncbi.nlm.nih.gov/pubmed/15801827
https://www.ncbi.nlm.nih.gov/pubmed/15801827
https://europepmc.or
https://europepmc.or
https://europepmc.or
https://europepmc.or
https://europepmc.or
https://www.ncbi.nlm.nih.gov/pubmed/17681352
https://www.ncbi.nlm.nih.gov/pubmed/17681352
https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov/pubmed/11258951
https://www.ncbi.nlm.nih.gov/pubmed/11258951
https://www.ncbi.nlm.nih.gov/pubmed/11258951
https://pubs.acs.org/doi/abs/10.1021/bi049756r
https://pubs.acs.org/doi/abs/10.1021/bi049756r
https://pubs.acs.org/doi/abs/10.1021/bi049756r
https://www.ncbi.nlm.nih.gov/pubmed/1698546
https://www.ncbi.nlm.nih.gov/pubmed/1698546
https://www.ncbi.nlm.nih.gov/pubmed/1698546
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1904155/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1904155/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1904155/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1904155/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3259784/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3259784/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3259784/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3259784/
https://www.ncbi.nlm.nih.gov/pubmed/26286294
https://www.ncbi.nlm.nih.gov/pubmed/26286294
https://www.ncbi.nlm.nih.gov/pubmed/26286294
https://www.ncbi.nlm.nih.gov/pubmed/23229142
https://www.ncbi.nlm.nih.gov/pubmed/23229142
https://www.ncbi.nlm.nih.gov/pubmed/23229142
https://www.ncbi.nlm.nih.gov/pubmed/16473739
https://www.ncbi.nlm.nih.gov/pubmed/16473739
https://www.ncbi.nlm.nih.gov/pubmed/16473739
https://europepmc.org/abstract/med/28272969https:/europepmc.org/search?query=AUTH:%22Tang+L%22&page=1
https://europepmc.org/abstract/med/28272969https:/europepmc.org/search?query=AUTH:%22Tang+L%22&page=1
https://europepmc.org/abstract/med/28272969https:/europepmc.org/search?query=AUTH:%22Tang+L%22&page=1
https://www.ncbi.nlm.nih.gov/pubmed/23702653
https://www.ncbi.nlm.nih.gov/pubmed/23702653
https://www.ncbi.nlm.nih.gov/pubmed/23702653
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3251848/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3251848/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3251848/
https://www.ncbi.nlm.nih.gov/pubmed/23473851
https://www.ncbi.nlm.nih.gov/pubmed/23473851
https://www.ncbi.nlm.nih.gov/pubmed/23473851
https://www.ncbi.nlm.nih.gov/pubmed/23473851
https://www.spandidos-publications.com/10.3892/or.12.4.915
https://www.spandidos-publications.com/10.3892/or.12.4.915
https://www.spandidos-publications.com/10.3892/or.12.4.915
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC363528/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC363528/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC363528/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC328325/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC328325/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC328325/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC328325/
https://www.ncbi.nlm.nih.gov/pubmed/24820348
https://www.ncbi.nlm.nih.gov/pubmed/24820348
https://www.ncbi.nlm.nih.gov/pubmed/24820348
https://www.ncbi.nlm.nih.gov/pubmed/24820348
https://www.ncbi.nlm.nih.gov/books/NBK159091/
https://www.ncbi.nlm.nih.gov/books/NBK159091/
https://www.ncbi.nlm.nih.gov/books/NBK159091/
https://www.ncbi.nlm.nih.gov/books/NBK159091/
https://www.ncbi.nlm.nih.gov/pubmed
https://www.ncbi.nlm.nih.gov/pubmed
https://www.ncbi.nlm.nih.gov/pubmed
https://translational-medicine.biomedcentral.com/articles/10.1186/147
https://translational-medicine.biomedcentral.com/articles/10.1186/147
https://translational-medicine.biomedcentral.com/articles/10.1186/147


10Citation: Liao Y, Cheng X, Wang G, Luo K, Wan S, et al. (2019) Topoisomerase Inhibitors in Breast Cancer. J Obstet Gynecol Rep. 1: 001. 
JOGR-001.000001

Volume 1 : Issue 1           Chen Qing©

Rody A, Karn T, Ruckh69. äberle E, Müller V, Gehrmann M et al. (2009) 
Gene expression of topoisomerase II alpha (TOP2A) by microarray 
analysis is highly prognostic in estrogen receptor (ER) positive breast 
cancer. Breast Cancer Research and Treatment 113: 457-466.

Lage H, Helmbach H, Dietel M, Schadendorf D (2000) Modulation of 70. 
DNA topoisomerase II activity and expression in melanoma cells with 
acquired drug resistance. British journal of cancer 82: 488-491.

Sahin S, IsikGonul I, Cakir A, Seckin S, Uluoglu O (2016) 71. 
Clinicopathological Significance of the Proliferation Markers Ki67, 
RacGAP1, and Topoisomerase 2 Alpha in Breast Cancer. International 
journal of surgical pathology 24: 607-613.

Yamashita N, Tokunaga E, Kitao H, Hisamatsu Y, Taketani K et al. 72. 
(2013) Vimentin as a poor prognostic factor for triple-negative breast 
cancer. Journal of cancer research and clinical oncology 139, 739-
746.

Prat A, Cheang MC, Martín M, Parker JS, Carrasco E, et al. (2013) 73. 
Prognostic significance of progesterone receptor-positive tumor cells 
within immunohistochemically defined luminal A breast cancer. Journal 
of clinical oncology : official journal of the American Society of Clinical 
Oncology 31: 203-209.

Bidwell GL, Raucher D (2006) Enhancing the antiproliferative effect 74. 
of topoisomerase II inhibitors using a polypeptide inhibitor of c-Myc. 
Biochemical pharmacology 71: 248-256.

Qi X, Hou S, Lepp A, Li R, Basir Z, et al. (2011) Phosphorylation and 75. 
stabilization of topoisomerase IIalpha protein by p38gamma mitogen-
activated protein kinase sensitize breast cancer cells to its poisons. 
The Journal of biological chemistry 286: 35883-35890.

Faulds D, Balfour JA, Chrisp P, Langtry HD (1991) Mitoxantrone. A 76. 
review of its pharmacodynamic and pharmacokinetic properties, and 
therapeutic potential in the chemotherapy of cancer. Drugs 41: 400-
449.

Shenkenberg TD, Von Hoff DD (1986) Mitoxantrone: a new anticancer 77. 
drug with significant clinical activity. Annals of internal medicine 105: 
67-81.

Peto J, Collins N, Barfoot R, Seal S, Warren W, et al. (1999) Prevalence 78. 
of BRCA1 and BRCA2 gene mutations in patients with early-onset 
breast cancer. Journal of the National Cancer Institute 91: 943-949.

Treszezamsky AD, Kachnic LA, Feng Z, Zhang J, Tokadjian C, et al. 79. 
(2007) BRCA1- and BRCA2-deficient cells are sensitive to etoposide-
induced DNA double-strand breaks via topoisomerase II. Cancer Res 
67: 7078-7081.

Tomicic M T, Kaina B (2013) Topoisomerase degradation, DSB 80. 
repair, p53 and IAPs in cancer cell resistance to camptothecin-like 
topoisomerase I inhibitors. Biochim Biophys Acta 1835: 11-27.

Zander SAL, Kersbergen A, van der Burg E, de Water N, van Tellingen 81. 
O, et al. (2010) Sensitivity and Acquired Resistance of BRCA1;p53-
Deficient Mouse Mammary Tumors to the Topoisomerase I Inhibitor 
Topotecan. Cancer Res 70: 1700-1710.

Rasheed Z A, Rubin E H (2003) Mechanisms of resistance to 82. 
topoisomerase I-targeting drugs. Oncogene 22: 7296-7304.

Dean M, Fojo T, Bates S (2005) Tumour stem cells and drug resistance. 83. 
Nature reviews. Cancer 5: 275-284.

Chen A Y, Yu C, Potmesil M, Wall ME, Wani MC, et al. (1991) 84. 
Camptothecin overcomes MDR1-mediated resistance in human KB 
carcinoma cells. Cancer research 51: 6039-6044.

Antony S,  Agama KK, Miao ZH, Takagi K, Wright MH, et al. (2007) 85. 
Novel indenoisoquinolines NSC 725776 and NSC 724998 produce 
persistent topoisomerase I cleavage complexes and overcome 
multidrug resistance. Cancer research 67: 10397-10405.

Kang K, Oh SH, Yun JH, Jho EH, Kang JH, et al. (2011) A novel 86. 
topoisomerase inhibitor, daurinol, suppresses growth of HCT116 cells 
with low hematological toxicity compared to etoposide. Neoplasia 
(New York, N.Y.) 13: 1043-1057.

Luo R, Fang D, Chu P, Wu H, Zhang Z, et al. (2016) Multiple 87. 
molecular targets in breast cancer therapy by betulinic acid. Biomed 
pharmacother 84: 1321-1330.

Bagheri F, Safarian S, Eslaminejad MB, Sheibani N (2015) Sensitization 88. 
of breast cancer cells to doxorubicin via stable cell line generation and 
overexpression of DFF40. Biochemistry and cell biology = Biochimie 
et biologiecellulaire 93: 604-610.

Zhang X, Bai W (2016) Repression of phosphoglycerate dehydrogenase 89. 
sensitizes triple-negative breast cancer to doxorubicin. Cancer 
chemotherapy and pharmacology 78: 655-659.

Robinson P, Moses Kasembeli,90.  Uddalak Bharadwaj, Nikita 
Engineer, Kris T Eckols, et al. (2016) Substance P Receptor Signaling 
Mediates Doxorubicin-Induced Cardiomyocyte Apoptosis and Triple-
Negative Breast Cancer Chemoresistance. Biomed Res int 1959270.

Boerner J L, Nechiporchik N, Mueller KL, Polin L, Heilbrun L, et al. 91. 
(2015) Protein expression of DNA damage repair proteins dictates 
response to topoisomerase and PARP inhibitors in triple-negative 
breast cancer. PloS one 10: e0119614.

Wu YH, Hong CW, Wang YC, Huang WJ, Yeh YL, et al. (2017) A 92. 
novel histone deacetylase inhibitor TMU-35435 enhances etoposide 
cytotoxicity through the proteasomal degradation of DNA-PKcs in 
triple-negative breast cancer. Cancer letters 400: 79-88.

Nagini S (2017) Breast Cancer: Current Molecular Therapeutic Targets 93. 
and New Players. Anti-cancer agents in medicinal chemistry 17: 152-
163.

Pommier Y (2009) DNA topoisomerase I inhibitors: chemistry, biology, 94. 
and interfacial inhibition. Chemical reviews 109: 2894-2902.

Flatten K, Dai NT, Vroman BT, Loegering D, Erlichman C, Karnitz 95. 
LM, et al. (2005) The role of checkpoint kinase 1 in sensitivity to 
topoisomerase I poisons. The Journal of biological chemistry 280: 
14349-14355.

Ning Wu, Xi-Wei Wu,96.  Keli Agama, Yves Pommier, Jun Du, et al. (2010) 
A novel DNA topoisomerase I inhibitor with different mechanism from 
camptothecin induces G2/M phase cell cycle arrest to K562 cells. 
Biochemistry 49: 10131-10136.

Saga Y, Mizukami H, Suzuki M, Kohno T, Urabe M, et al. (2002) 97. 
Overexpression of PTEN increases sensitivity to SN-38, an active 
metabolite of the topoisomerase I inhibitor irinotecan, in ovarian cancer 
cells. Clin Cancer Res 8: 1248-1252.

Zeghari-Squalli N, Raymond E, Cvitkovic E, Goldwasser F (1999) 98. 
Cellular pharmacology of the combination of the DNA topoisomerase 
I inhibitor SN-38 and the diaminocyclohexane platinum derivative 
oxaliplatin. Clinical cancer research : an official journal of the American 
Association for Cancer Research 5: 1189-1196.

Kumler I, Balslev E, Stenvang J, Brunner N, Nielsen D (2015) A 99. 
phase II study of weekly irinotecan in patients with locally advanced 
or metastatic HER2- negative breast cancer and increased copy 
numbers of the topoisomerase 1 (TOP1) gene: a study protocol. BMC 
cancer 15: 78.

Shamanna RA, Lu H, Croteau DL, Arora A, Agarwal D, et al. (2016) 100. 
Camptothecin targets WRN protein: mechanism and relevance in 
clinical breast cancer. Oncotarget 7: 13269-13284.

https://www.ncbi.nlm.nih.gov/pubmed/18340528
https://www.ncbi.nlm.nih.gov/pubmed/18340528
https://www.ncbi.nlm.nih.gov/pubmed/18340528
https://www.ncbi.nlm.nih.gov/pubmed/18340528
https://www.ncbi.nlm.nih.gov/pubmed/10646909
https://www.ncbi.nlm.nih.gov/pubmed/10646909
https://www.ncbi.nlm.nih.gov/pubmed/10646909
https://www.ncbi.nlm.nih.gov/pubmed/27284123
https://www.ncbi.nlm.nih.gov/pubmed/27284123
https://www.ncbi.nlm.nih.gov/pubmed/27284123
https://www.ncbi.nlm.nih.gov/pubmed/27284123
https://www.ncbi.nlm.nih.gov/pubmed/23354842
https://www.ncbi.nlm.nih.gov/pubmed/23354842
https://www.ncbi.nlm.nih.gov/pubmed/23354842
https://www.ncbi.nlm.nih.gov/pubmed/23354842
https://www.ncbi.nlm.nih.gov/pubmed/23233704
https://www.ncbi.nlm.nih.gov/pubmed/23233704
https://www.ncbi.nlm.nih.gov/pubmed/23233704
https://www.ncbi.nlm.nih.gov/pubmed/23233704
https://www.ncbi.nlm.nih.gov/pubmed/23233704
https://www.n
https://www.n
https://www.n
https://www.ncbi.nlm.nih.gov/pu
https://www.ncbi.nlm.nih.gov/pu
https://www.ncbi.nlm.nih.gov/pu
https://www.ncbi.nlm.nih.gov/pu
https://www.ncbi.nlm.nih.gov/pubmed/1711446
https://www.ncbi.nlm.nih.gov/pubmed/1711446
https://www.ncbi.nlm.nih.gov/pubmed/1711446
https://www.ncbi.nlm.nih.gov/pubmed/1711446
https://www.ncbi.nlm.nih.gov/pubmed/3521429
https://www.ncbi.nlm.nih.gov/pubmed/3521429
https://www.ncbi.nlm.nih.gov/pubmed/3521429
https://www.ncbi.nlm.nih.gov/pubmed/10359546
https://www.ncbi.nlm.nih.gov/pubmed/10359546
https://www.ncbi.nlm.nih.gov/pubmed/10359546
https://www.ncbi.nlm.nih.gov/pubmed/17671173
https://www.ncbi.nlm.nih.gov/pubmed/17671173
https://www.ncbi.nlm.nih.gov/pubmed/17671173
https://www.ncbi.nlm.nih.gov/pubmed/17671173
https://www.ncbi.nlm.nih.gov/pubmed/23006513
https://www.ncbi.nlm.nih.gov/pubmed/23006513
https://www.ncbi.nlm.nih.gov/pubmed/23006513
https://www.ncbi.nlm.nih.gov/pubmed/20145144
https://www.ncbi.nlm.nih.gov/pubmed/20145144
https://www.ncbi.nlm.nih.gov/pubmed/20145144
https://www.ncbi.nlm.nih.gov/pubmed/20145144
https://www.ncbi.nlm.nih.gov/pubmed/14576839
https://www.ncbi.nlm.nih.gov/pubmed/14576839
https
https
https://www.ncbi.nlm.nih.gov/pubmed/1682041
https://www.ncbi.nlm.nih.gov/pubmed/1682041
https://www.ncbi.nlm.nih.gov/pubmed/1682041
https://www.ncbi.nlm.nih.gov/pubmed/17974983
https://www.ncbi.nlm.nih.gov/pubmed/17974983
https://www.ncbi.nlm.nih.gov/pubmed/17974983
https://www.ncbi.nlm.nih.gov/pubmed/17974983
https://www.ncbi.nlm.nih.gov/pubmed/22131880
https://www.ncbi.nlm.nih.gov/pubmed/22131880
https://www.ncbi.nlm.nih.gov/pubmed/22131880
https://www.ncbi.nlm.nih.gov/pubmed/22131880
https://www.ncbi.nlm.nih.gov/pubmed/27810789
https://www.ncbi.nlm.nih.gov/pubmed/27810789
https://www.ncbi.nlm.nih.gov/pubmed/27810789
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5215968/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5215968/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5215968/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5215968/
https://www.ncbi.n
https://www.ncbi.n
https://www.ncbi.n
https://www.ncbi.nlm.nih.gov/pmc/articl
https://www.ncbi.nlm.nih.gov/pmc/articl
https://www.ncbi.nlm.nih.gov/pmc/articl
https://www.ncbi.nlm.nih.gov/pmc/articl
https://www.ncbi.nlm.nih.gov/pubmed/25774912
https://www.ncbi.nlm.nih.gov/pubmed/25774912
https://www.ncbi.nlm.nih.gov/pubmed/25774912
https://www.ncbi.nlm.nih.gov/pubmed/25774912
https://www.ncbi.nlm.nih.gov/pubmed/28450160
https://www.ncbi.nlm.nih.gov/pubmed/28450160
https://www.ncbi.nlm.nih.gov/pubmed/28450160
https://www.ncbi.nlm.nih.gov/pubmed/28450160
https://www.ncbi.nlm.nih.gov/pubmed/27137076
https://www.ncbi.nlm.nih.gov/pubmed/27137076
https://www.ncbi.nlm.nih.gov/pubmed/27137076
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2707511/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2707511/
https://www.ncbi.nlm.nih.gov/pubmed/15699047
https://www.ncbi.nlm.nih.gov/pubmed/15699047
https://www.ncbi.nlm.nih.gov/pubmed/15699047
https://www.ncbi.nlm.nih.gov/pubmed/15699047
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3010555/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3010555/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3010555/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3010555/
https://www.ncbi.nlm.nih.gov/pubmed/12006545
https://www.ncbi.nlm.nih.gov/pubmed/12006545
https://www.ncbi.nlm.nih.gov/pubmed/12006545
https://www.ncbi.nlm.nih.gov/pubmed/12006545
https://www.ncbi.nlm.nih.gov/pubmed/10353756
https://www.ncbi.nlm.nih.gov/pubmed/10353756
https://www.ncbi.nlm.nih.gov/pubmed/10353756
https://www.ncbi.nlm.nih.gov/pubmed/10353756
https://www.ncbi.nlm.nih.gov/pubmed/10353756
https://www.ncbi.nl
https://www.ncbi.nl
https://www.ncbi.nl
https://www.ncbi.nl
https://www.ncbi.nl
https://www.ncbi.nlm.nih.gov/pubmed/26959889
https://www.ncbi.nlm.nih.gov/pubmed/26959889
https://www.ncbi.nlm.nih.gov/pubmed/26959889

	Title
	Abstract
	Introduction
	Structure and Function of Topoisomerases
	Mechanism of Topoisomerases
	Topoisomerases Inhibition
	Topoisomerase Inhibition and Breast Cancer
	Topo I Inhibitors and Breast Cancer
	Topoα Inhibitors and Breast Cancer
	Resistance to Topoisomerase Inhibitors
	Conclusion
	References
	Table 1
	Table 2
	Figure 1
	Figure 2

