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Topotecan is a clinically active anticancer agent for the management of various human
tumors. While the principal mechanism of tumor cell kiling by topotecan is due to
its interactions with topoisomerase | and formation of DNA double-strand breaks,
recent studies suggest that mechanisms involving generation of reactive free radicals
and induction of oxidative stress may play a significant role in topotecan-dependent
tumor cell death. We have shown that topotecan generates a topotecan radical
following one-electron oxidation by a peroxidase-hydrogen peroxide system which
reacts with reduced glutathione and cysteine, forming the glutathiyl and cysteinyl
radicals, respectively. While little is known how these events are involved in topotecan-
induced tumor cell death, we have now examined the effects of topotecan short (1 h)
and long (24 h) exposure on global gene expression patterns using gene expression
microarray analysis in human breast MCF-7 cancer cells, a wild-type p53 containing
cell line. We show here that topotecan treatment significantly down-regulated estrogen
receptor alpha (ERa/ESR1) and antiapoptotic BCL2 genes in addition to many other
p53-regulated genes. Furthermore, 8-oxoguanine DNA glycosylase (OGG1), ferredoxin
reductase (FDXR), methionine sulfoxide reductase (MSR), glutathione peroxidases
(GPx), and glutathione reductase (GSR) genes were also differentially expressed by
topotecan treatment. The differential expression of these genes was observed in a wild-
type pb3-containing breast ZR-75-1 tumor cell line following topotecan treatment. The
involvement of reactive oxygen free radical sensor genes, the oxidative DNA damage
(OGG1) repair gene and induction of pro-apoptotic genes suggest that reactive free
radical species play a role in topotecan-induced tumor cell death.

Keywords: microarray, gene expression, topotecan, ROS, MCF-7

Abbreviations: BCL2, B cell lymphoma 2; ERa/ESRI, estrogen receptor alpha; FDXR, ferredoxin reductase; GPx,
glutathione peroxidases; GSR, glutathione reductase; MGMT, O°-methylguanine-DNA methyltransferase; MSR, methionine
sulfoxide reductase; OGG1, 8-oxoguanine DNA glycosylasel; ROS, reactive oxygen species; RT-PCR, real-time polymerase
chain reaction; TPT, topotecan.
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INTRODUCTION

Gene expression profiling is an important tool to understand
pharmacological effects of drugs in complex biological systems
(Kannan et al., 2001; Daoud et al., 2003; CEsperance et al., 2008;
Januchowski et al., 2017; Qin et al., 2017; Monks et al., 2018). It is
now well known that overexpression of certain genes (e.g., wild-
type (wt) p53 gene) controls DNA damage, its repair, and cell
survival (Levine, 1997; Kannan et al., 2001; Daoud et al., 2003;
Januchowski et al., 2017). Topotecan (TPT, Figure 1), a water-
soluble analog of camptothecin (CPT), is an important anticancer
agent for the treatment of various human malignancies in the
clinic (Rowinsky and Verweij, 1997). It is currently used in
refractory ovarian cancer as well as for the management of small
cell lung carcinoma (Kollmannsberger et al., 1999; Herzog, 2002;
Horita et al., 2015). While TPT is not currently utilized for the
treatment of breast cancer, it has shown significant activities
against breast tumors and is currently used for the treatment of
metastatic breast cancer (Oberhoff et al., 2001; Wolff et al., 2005).
The major mechanism of action of TPT is believed to results from
the formation of highly cytotoxic double-stranded DNA damage
produced by the ternary complex formed by DNA-topotecan, and
topoisomerase I (Pommier et al., 1994; Sinha, 1995). However,
other mechanisms of action of TPT have also been reported e.g.,
induction of oxidative stress (Akbas et al., 2005; Timur et al.,
2005) and inhibition of hypoxia-inducible factor (Rapisarda et al.,
2004; Puppo et al., 2008). Various investigators (Akbas et al., 2005;
Timur et al., 2005) have reported that TPT induced formation
of reactive oxygen species (ROS) in human breast MCF-7 tumor
cells. Furthermore, significant decrease in glutathione levels as
well as enhancement of lipid peroxidation was observed following
TPT treatment. These authors have also found significant
increases in levels of antioxidant enzymes, superoxide dismutase,
glutathione peroxidase and catalase, following TPT treatment,
indicating oxidative stress was induced in MCF-7 tumor cells by
TPT. We have recently shown that in the presence of H,O; and
peroxidases, TPT generates a TPT radical (TPT®), which rapidly
reacts with glutathione and cysteine, forming the corresponding
GS®and Cys® radicals and regenerating TPT (Sinha et al., 2017).
It has been shown by several investigators that ROS, produced
by arsenic trioxide, and H,O, cytotoxicity is partly mediated by
the formation of DNA-topo I complexes (Daroui et al., 2004;
Sordet et al., 2004). These observations, taken together, suggest
that TPT-dependent ROS formation could also contribute to topo
I-induced DNA damage and cytotoxicity.

Since a direct effect of free radicals generated by TPT
in its cytotoxicity in MCF-7 tumor cells was not addressed
in our previous study although we found that that ascorbic
acid, a cellular generator of hydrogen peroxide, was extremely
synergistic with TPT in inducing cell death (Sinha et al., 2017). To
further define the involvement of free radical-mediated pathways
in the mechanism (s) in TPT-induced tumor cell death, we have
now utilized global gene expression induced by TPT following 1
and 24 h treatment in MCF-7 breast tumor cells. We choose these
time points as our preliminary experiments indicated that MCF-7
cells were not affected (showed no sign of cell death) at 1 h and
but showed about 35-40% cell death at 24 h of TPT exposure.
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FIGURE 1 | Structure of Topotecan. Phenolic OH, shown in red, is oxidized by
peroxidases to generate the corresponding phenoxy radical.

We believe that examination of differential gene expression at
these time points would be indicative of genes and, therefore,
pathways and mechanisms responsible for TPT-induced cell
death in MCEF-7 cells. We found that TPT significantly modulates
ERa/ESR1 and BCL2 genes, in addition to several p53-dependent
DNA damage repair genes at 24 h of TPT exposure. Furthermore,
various ROS sensor genes were also differentially regulated at 24 h
by TPT. We also utilized another human breast ZR-75-1 tumor
cell line to confirm differential regulations of these genes using
RT-PCR. Thus, up-regulation of p53-dependent pathways and
down-regulation of ERa/ESR1, BCL2 and ROS sensor genes are
extremely important in the mechanism of cytotoxicity of TPT.

MATERIALS AND METHODS

Materials

Topotecan hydrochloride was purchased from Cayman
Chemicals (Ann Arbor, MI, United States). TPT was dissolved in
doubly distilled water, and solutions were stored at —80°C.

Cell Culture and Drug Treatment

Human breast MCF-7 (ATCC, Rockville, MD, United States)
tumor cells were grown in Phenol Red-free RPMI 1640 media
and supplemented with 10% fetal bovine serum and antibiotics.
Human breast ZR-75-1 tumor cells (ATCC, Rockville, MD,
United States) were grown in Gibco’s DMEM medium containing
glucose and glutamine and supplemented with 10% FBS and
antibiotics. Both tumor cells were routinely used for 20-25
passages, after which the cells were discarded, and a new cell
culture was started from the frozen stock. Three independent
experiments of exponentially growing MCF-7 cells (70-75%
confluency) were left untreated or treated with TPT (1 pM) for
1 and 24 h. ZR-75-1 cells were treated with TPT (1 wM) for
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24 h. Cells were washed twice with PBS (pH 7.4) and total RNA
was extracted with TRIzol (Ambion, Life Technologies, Grand
Island, NY, United States) and RNeasy mini kit columns (Qiagen,
Valencia, CA, United States).

Global Gene Expression and Data
Acquisition

Gene expression analysis was conducted using Agilent Whole
Human Genome 4 x44K multiplex format oligo arrays (014850)
(Agilent Technologies, Santa Clara, CA, United States) following
the Agilent 1-color microarray-based gene expression analysis
protocol. Starting with 500 ng of total RNA, Cy3 labeled cRNA
was produced per manufacturer’s protocol. For each sample,
1.65 pg of Cy3 labeled cRNAs were fragmented and hybridized
for 17 h in a rotating hybridization oven. Slides were washed
and then scanned with an Agilent Scanner. Data was obtained
using the Agilent Feature Extraction software (v12), using the 1-
color defaults for all parameters. The Agilent Feature Extraction
Software performed error modeling, adjusting for additive and
multiplicative noise. The resulting data were processed using
OmicSoft Array Studio (Version 10.1) software.

Preprocessing of the Data

Pixel intensity values of probes that map to the same gene
were averaged. The data was log2 transformed and quantile
normalized. To remove noisy genes at the low end of the
intensity distribution, genes above the 40th percentile in 18 of 24
samples were retained. Thus, 32, 379 genes were filtered down
to 18, 248 genes.

Statistical Data Analysis

The following two-way analysis of variance (ANOVA) was used
to model the log2 quantile normalized data from the 18,248 genes
passing the low intensity filter:

Vik = w+Ci+Tj +(C*T)jj + ek

where |1 is grand mean of the experiment, Yjj represents
the kth gene expression observation on the ith compound
(C) and jth time (T) and Eijk the random error assumed
to be normally and independently distributed with mean 0
and standard deviation § for all measurements. Fisher’s least
significant difference t-test was performed for each gene to
compare the mean of the Topo 24 h samples and WT to
the mean of the control 24 h samples. Differentially expressed
genes (DEGs) were detected at a Benjamini and Hochberg
(1995) false discovery rate (FDR) <0.05 and absolute fold change

>2.0. Using the Database for Annotation, Visualization, and
Integrated Discovery (DAVID) v6.8 (Huang da et al., 2009a,b)
the 2,941 DEGs were enriched for KEGG pathways and Gene
Ontology biological processes at an FDR <0.05 with minimum
category size >5.

Pattern-Driven Analysis of Gene

Expression

To identify patterns in 18,248 filtered genes, ratio values for each
gene were generated by subtracting the average log2 quantile
normalized pixel intensity of the time-matched controls from
the log2 quantile normalized pixel intensity of the time-matched
samples. The ratio values were then analyzed to extract patterns
and identify co-expressed genes using the EPIG software (Chou
et al., 2007) with the EPIG parameters Pearson correlation >0.7,
signal/noise <2.5, minimum pattern size >6, magnitude of fold
change >0.5 and p-value < 0.0001.

Real-Time RT-PCR

The expression levels of selected transcripts were confirmed by
real-time polymerase chain reaction (RT-PCR) using absolute
SYBR green ROX Mix (Thermo Fisher Scientific, Rochester,
NY, United States). Data were analyzed using A ACt method
of relative quantification in which cycle times were normalized
to B-actin from the same sample. Primers for the selected
genes were designed using Primer Express 1.0 software and in
some cases were synthesized (Integrated DNA Technologies, San
Diego, CA, United States) from published literature. All real-
time fluorescence detection was carried out on an iCycler (Bio-
Rad, Hercules, CA, United States). Statistical analysis represents
the mean + SEM from three independent experiments and
were performed using unpaired Student’s ¢-test and considered
significant when p < 0.05.

RESULTS

Enrichment analysis of the 2,197 genes (2,604 transcripts,
Supplementary Table 1) showing significant differences between
24 h-treated MCF-7 tumor cells and vehicle-treated controls
are presented in Tables 1-3. Using KEGG pathways, the gene
ontology (GO) biological process and Ingenuity Pathway analysis
(IPA), p53 signaling pathway, DNA replication, and positive
regulator of apoptotic process were identified to be significantly
enriched. We also found that DEGs involved in DNA repair
pathways were also over-expressed following TPT treatment.

TABLE 1 | Enrichment of biological pathways by the TPT at 24 h differentially expressed genes.

KEGG pathway KEGG Term Gene Count Pop Hits % Fold Enrichment FDR (%)
p53 signaling pathway hsa04115 29 67 1.37 3.79 2.4E-07
Cell cycle hsa04110 39 124 1.84 2.76 6.3E-06
DNA replication hsa03030 19 36 0.90 4.62 1.4E-05

Based on KEGG enrichment of the 2,197 DEGs (2,604 transcripts) using the David Database v6.8. The population (pop) total = 6,879 and the list total = 785. FDR:

false discovery rate.
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TABLE 2 | Enrichment of biological processes by the TPT at 24 h differentially expressed genes.

BP BP Term Gene Count Pop Hits % Fold Enrichment FDR (%)
DNA replication G0:0006260 53 155 2.50 3.18 3.38E-11
G1/S transition of mitotic cell cycle G0:0000082 35 102 1.65 3.19 1.37E-06
Cellular response to DNA damage stimulus GO:0006974 51 208 2.41 2.28 5.70E-05
Cell division GO:0051301 71 350 3.35 1.89 3.50E-04
DNA replication initiation G0:0006270 16 32 0.75 4.65 4.99E-04
DNA repair G0:0006281 53 235 2.50 2.10 5.31E-04
Positive regulation of GTPase activity G0:0043547 100 565 4.72 1.65 0.001
Telomere maintenance via recombination GO0:0000722 15 32 0.71 4.36 0.004
Positive regulation of apoptotic process G0:0043065 60 300 2.83 1.86 0.006
DNA damage response, signal transduction by p53 class G0O:0006977 21 62 0.99 3.15 0.008
mediator resulting in cell cycle arrest

CENP-A containing nucleosome assembly G0:0034080 17 43 0.80 3.68 0.009
G2/M transition of mitotic cell cycle G0O:0000086 34 137 1.60 2.31 0.012
Sister chromatid cohesion GO:0007062 28 103 1.32 2.53 0.015
Signal transduction G0:0007165 171 1161 8.07 1.37 0.023
Mitotic nuclear division GO:0007067 50 248 2.36 1.88 0.033

Based on GO biological process (BP) enrichment of the 2,197 DEGs (2,604 transcripts) using the David Database v6.8. The population (pop) total = 16,792 and the list

total = 1,804. FDR: false discovery rate.

TABLE 3 | Canonical pathways impacted by the TPT at 24 h differentially
expressed genes.

Ingenuity canonical pathways Ratio z-score —log(p-value)
p53 signaling 0.28 2.71 7.89
Molecular mechanisms of cancer 0.18 NaN 7.15
Estrogen-mediated S-phase Entry 0.46 —2.31 5.98
Cell cycle: G2/M DNA damage 0.34 1 5.91
checkpoint regulation

Role of BRCA1 in DNA damage 0.28 —0.54 5.67
response

Mitotic roles of polo-like kinase 0.29 0.26 5.3
Cell cycle control of chromosomal 0.30 NaN 5.15
replication

Breast cancer regulation by stathmin1 0.19 NaN 4.68
NER pathway 0.22 —0.23 4.28
Axonal guidance signaling 0.15 NaN 4.24
Cell cycle: G1/S checkpoint regulation 0.25 1.07 4.04

NaN, No activity pattern detected.

Table 4 shows a list of some of the DNA repair genes
significantly affected following TPT treatment (24 h). Of interest
are significant decreases (4.5-fold) related to DNA damage
repair genes, e.g., O%-methylguanine-DNA methyl transferase
(MGMT) gene and 8-oxoguanine DNA glycosylase (OGGI)
gene following TPT treatment. MGMT is responsible for the
removal (and repair) of alkyl groups from DNA and protects
cells from cytotoxic effects of alkylating anticancer drugs.
OGGI is involved in the repair of 8-oxoguanine, formed
from reactions of hydroxyl radical with DNA. DNA repair
gene, p53-dependent RAD51 was also significantly decreased
(4.0-fold) following TPT treatment. RADS5I is known to
be involved in homologous repair of DNA double strand
breaks following DNA damage in a p53-dependent mechanism

(Arias-Lopez et al., 2006; Hannay et al., 2007; Nogueira et al.,
2011). The growth arrest and DNA damage 45 alpha gene
(GADD450) was significantly (16.8-fold) induced. GADD45a
is a stress and DNA damage response protein and is
increased during growth arrest following treatment with DNA
damaging drugs.

BCL2, the anti-apoptotic protein, was significantly decreased
(8.2-fold) following TPT treatment in the breast MCF-7 tumor
cells, suggesting an apoptosis-based cell death. Furthermore, a
significant decrease in the ERa receptor gene was also detected
following TPT treatment. Interestingly, IPA enrichment of DEGs
at 24 h (Table 4) shows a central role for ERa receptor and
its interactions with various genes involved in TPT-induced cell
death (Figure 2). This conclusion is also supported by a previous
study (Punchihewa et al., 2007) involving treatment of MCF-7
cells with a topoisomerase inhibitor (XR5944), like topotecan,
where authors found significant inhibition of ESRI activity. In
our Ingenuity molecular interaction network (Figure 2), many of
the DEGs from topotecan exposure at 24 h interact with ESRI as
a central hub. ESR1 is down-regulated as are the majority of the
genes in the network.

Differential analysis of the 1 h treated samples yielded no
significant changes in genes. However, 1,132 gene transcripts
were identified as co-expressed in nine patterns across the 1
and 24 h treatments (Figure 3 and Supplementary Table 2).
These co-expressed genes by principal component analysis (PCA)
capture more than 96% of the variation in the data, the co-
expressed gene group the biological replicates very well and
separate the vehicle treated controls (1 and 24 h) from the
TPT-treated samples (Figure 4). Furthermore, the 1st principal
component (PC #1) separates 24 h TPT-treated samples from
the controls and the 1 h TPT-treated samples. Most co-expressed
genes are in pattern #3 (426 transcripts) and pattern #9 (552
transcripts). As shown in Figures 3, 5, pattern #3 genes are up-
regulated at the 24 h TPT treatment and the pattern #9 genes
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TABLE 4 | DNA repair genes differentially regulated by TPT 24 h treatment in MCF-7 tumor cells.

GenBank Acc. # Probe ID Gene Symbol  Description Log2 Fold-Change
NM_016819, NM_002542 A 24 _P414183, A_23_P344392 OGG1 8-oxoguanine DNA glycosylase —2.1
NM_006763 A_23_P62901 BTG2 BTG family, member 2 5.0
NM_000057 A_23_P88630 BLM Bloom syndrome, RecQ helicase-like —2.6
NM_000123 A_23_P117225 ERCC5 excision repair cross-complementing rodent repair 2.3
deficiency, complementation group 5
NM_005244 A_23_P500421 EYA2 eyes absent homolog 2 (Drosophila) -5.8
NM_000135 A_23_P206441 FANCA Fanconi anemia, complementation group A —2.7
NM_000136 A_23_P32021 FANCC Fanconi anemia, complementation group C —6.4
NM_001018115 A_32_P24165 FANCD2 Fanconi anemia, complementation group D2 —-3.6
NM_018193 A_32_P95729 FANCI Fanconi anemia, complementation group | —3.1
NM_002431 A_23_P32615 MNAT1 menage a trois homolog 1, cyclin H assembly factor -2.3
(Xenopus laevis)

NM_145080 A_23_P95823 NSMCE1 non-SMC element 1 homolog (S. cerevisiae) —2.1
NM_002412 A_23_P104323 MGMT O-6-methylguanine-DNA methyltransferase —-4.5
NM_148894 A_24_P264928 BOD1L biorientation of chromosomes in cell division 1-like 3.8
NM_001274 A_23_P116123 CHEK1 checkpoint kinase 1 —-2.3
NM_005483 A_24_P53519 CHAF1A chromatin assembly factor 1, subunit A (p150) -29
NM_005441 A_23_P57306 CHAF1B chromatin assembly factor 1, subunit B (p60) —2.2
NM_000107 A_23_P52610 DDB2 damage-specific DNA binding protein 2, 48kDa 2.0
NM_003686 A _23_P23303 EXO1 exonuclease 1 —-3.1
NM_001136198 A 23 _P142325 FZRA1 fizzy/cell division cycle 20 related 1 (Drosophila) 2.3
NM_004111 A_24_P84898 FEN1 flap structure-specific endonuclease 1 —2.2
NM_202002 A_23_P151150 FOXMA1 forkhead box M1 -5.2
NM_001924 A_23_P23221 GADD4A growth arrest and DNA-damage-inducible, alpha 16.8
NM_002439 A _24_P203479 MSH3 mutS homolog 3 (E. coli) —-2.1
NM_001031716 A_24_P229531 OBFC2A oligonucleotide/oligosaccharide-binding fold containing 2A 2.5
NM_198949 A_23_P134295 NUDT1 nudix (nucleoside diphosphate linked moiety X)-type motif 1 2.1

down-regulated at the 24 h TPT treatment. Pattern #3 genes
enrich for the p53 signaling pathway and pattern # 9 genes enrich
for DNA replication and cell cycle pathways.

As TPT treatment at 1 h did not significantly affected
expressions of genes, we used the RT-PCR analysis to confirm
expression of these representative (from microarray analysis)
genes at 24 h in MCF-7 tumor cells (Figure 6). A significant
correlation was found between microarray (C) and RT-PCR data
(A) for MCF-7 cells. Our RT-PCR studies in ZR-75-1 cells, a
wild-type p53-containg human breast tumor cell line, indicated
similar results, confirming results obtained in MCF-7 tumor cells
(Figures 6A,B). Our results strongly suggest that these genes are
similarly regulated by TPT in both cell lines.

The microarray analysis also indicated that various oxy-radical
sensor genes were also significantly differentially expressed by
TPT treatment of MCF-7 breast cancer cells at 24 h. We used
RT-PCR then to confirm differential expressions of oxy-radical
sensor genes in MCF-7 breast tumor cells. Again, RT-PCR was
utilized to examine the effects of TPT on these various oxy-radical
sensor genes in ZR-71-1 tumor cells and data in Table 5 clearly
show that there is a significant correlation with microarray and
RT-PCR in both MCF-7 and ZR-75-1 cells. Ferredoxin reductase
(FDXR) is reported to be involved in p53-mediated apoptosis
via generation of ROS in mitochondria (Hwang et al., 2001).
Glutathione peroxidases (GPx) are selenium containing cellular

proteins responsible for detoxifications of hydrogen peroxide
and lipid peroxides. Data presented in Table 5 clearly show
a significant correlation with data obtained with microarray
analysis and RT-PCR data obtained with both MCF-7 and ZR-
75-1 tumor cells.

DISCUSSION

The main mechanism of TPT-dependent tumor cell killing is
based on its known interactions with topoisomerase I that results
in the stabilization of DNA-enzyme-drug complexes and the
formation of toxic DNA double-strand breaks (Pommier et al.,
1994; Sinha, 1995). While this remains one of the most accepted
mechanism of tumor cell death by TPT, several studies indicate
that generation of ROS and oxidative stress may also be important
in TPT-induced cell death (Akbas et al., 2005; Timur et al., 2005).

Recently, we used MCF-7 breast cancer cells to show that
TPT is readily oxidized to a free radical intermediate (TPT*) and
we found that ascorbic acid, a cellular generator of hydrogen
peroxide, was extremely synergistic with TPT in inducing cell
death (Sinha et al.,, 2017). One of the main reasons for utilizing
MCEF-7 tumor cells to identify free radical based pathways for
TPT-induced tumor cell death was that we have shown that
MCEF-7 breast tumor cells are extremely efficient in activating
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FIGURE 2 | IPA molecular interaction network. The 2,197 DEGs (2,604 transcripts) from the comparison of Topotecan at 24 h vs. control at 24 h were used to
generate the top scoring (-log1g p-value = 38) molecular interaction network containing 34 focus molecules. The intensity of the colors represents the fold change of
expression; red is up-regulated, and green is down-regulated. The shapes represent molecular entities; diamond: enzyme, oval: transcription regulator, triangle:
kinase, rectangle: ligand-dependent nuclear receptor, double circle: complex group, circle: other. Solid lines denote a direct interaction. An arrow symbolizes

adriamycin to its free radical species and these cells contain
significant numbers of free radical-based detoxification enzymes
e.g., SOD, catalase and GPx (Sinha et al., 1987, 1989). In this
study, we used microarray gene expression analysis to identify
and delineate the roles of various genes responsible for TPT
cytotoxicity in human MCF-7 breast tumor cells. We have
identified several genes belonging to the p53 signaling pathway,
DNA replication, and positive regulators of apoptotic process that
were differentially expressed by TPT treatment. Using microarray
differential gene expression analysis, Davis et al. (2015) have
reported that topotecan exposure in rat bone marrow resulted in
enrichment of cell cycle and DNA replication pathways similar
to our observations in this study. It should be noted that the
relationship between chromatin remodeling, cell cycle and DNA
repair factors are usually not discussed in relation to DNA
damage response mechanisms following topotecan exposure.
Our analysis described here clearly shows a possible relationship
between chromatin remodeling complexes and mechanisms of
topotecan toxicity and repair that needs further investigation.
Microarray analysis indicated that several genes involved
in DNA damage repair pathways were differentially expressed.

We, therefore, utilized RT RT-PCR analysis to confirm results
obtained by the microarray analysis in MCF-7 tumor cells.
Furthermore, these findings were confirmed in another human
wt53-conaining ZR-75-1 breast tumor cell line by RT-PCR.
We found that TPT treatment caused significant decreases
in both O°-methylguanine-DNA methyl transferase (MGMT)
and 8-oxoguanine DNA glycosylase (OGGI) genes. MGMT is
responsible for the repair of alkyl groups from O°-guanine
and protects cells from cytotoxic effects of alkylating anticancer
drugs, e.g., BCNU and temozolomide (TMZ) (Gerson, 2004;
Hegi et al, 2005; Zhang et al, 2012; Thomas et al, 2017).
TMZ is currently used for the treatment of glioblastoma
multiforme. TMZ is rapidly converted to an alkylating species
and forms O°-methylguanine for its cytotoxicity. Therefore,
the formation and persistence of O®-methylguanine is critical
for its toxicity. It has been reported that TMZ is significantly
more cytotoxic to cells with low MGMT activity and increases
in MGMT expression have been shown to play a key role in
the development of resistance to TMZ and other similar O°-
alkylating drugs (Ostrowski et al., 1991; Nagane et al., 1992).
Because of the potential of TMZ for the treatment of glioblastoma
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FIGURE 3 | Heat map of the expression of the co-expressed genes. The log, ratio values of the 1,132 co-expressed genes categorized to the nine EPIG patterns
are represented as a heat map. Red is up-regulated, blue is down-regulated, and gray is no change. The color legend depicts the relative expression change (each
sample to the average of the time-matched control). The x-axis is the samples and the y-axis are the genes grouped into the nine patterns colored according to the

pattern # legend.
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FIGURE 4 | PCA of the samples. PCA was performed on the 1,132 EPIG
co-expressed genes using log2 ratio values (expression of each topotecan
sample or control minus the average of the log2 of the time matched
controls). The total amount of variability captured by the 1st two principal
components (PCs) is 95.2%. The x-axis is PC1 (88.3%) and the y-axis is PC2
(6.92%). The samples are color coded as depicted in the legend.

and other malignancies e.g., metastatic melanoma, it would be
ideal to combine TMZ with other anticancer agents. Since our
present study demonstrates that treatment of tumors with TPT
significantly decreases the expression of MGMT, it would be of
interest to combine TMZ with TPT for synergistic tumor cell
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FIGURE 5 | EPIG patterns. Expression patterns of genes co-expressed by (A)
up-regulation by Topotecan (pattern #3 represents 426 genes) and (B)
down-regulation by Topotecan (pattern #9 represents 552 genes). The x-axis
is the biological samples that are color coded and represented by symbols as
depicted in the legend. The y-axis is the logy ratio.
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killing. Preliminary studies indicate that co-treatment of MCF-
7 tumor cells with TPT (125 nM) with TMZ (100 uM) for 48 h
results in synergistic tumor cells death. Under these conditions
we found 35-40% cell death with this combination of TPT and
TMZ while very little or no cells death was observed with either
agent alone. MCF-7 tumor cells are extremely resistant to TMZ
due to high MGMT activities. Further studies are currently under
active investigation in our laboratory using various mer+ tumors
cells, including human brain tumor cell lines which overexpress
MGMT (Ostrowski et al., 1991; Nagane et al., 1992).
8-Oxoguanine glycosylase (OGGI1) is involved in the repair
of 8-oxoguanine in DNA which is formed from the oxidation
of DNA with hydroxyl radical (OH), generated from the
H,0, by metal ion catalysis (Grollman and Moriya, 1993;

TABLE 5 | Oxy-radical sensor genes differentially up-regulated/down-regulated
following TPT exposure (24 h) in MCF-7 and ZR-75-1 breast tumor cells.

Gene Symbol Fce FCb FC®
FDXR 6.4 3.5 5.0
MSRA —-5.8 —-5.0 —6.0
GSR 2.2 2.1 -2.0
GPx 2.0 4.0 5.0

@microarray in MCF-7 cell line; bRT-PCR in MCF-7 cell line; °RT-PCR in ZR-75-
1 cells line.

Valavanidis et al., 2009). Formation of 8-oxoguanine in cells
has been implicated in oxidative stress. In the present study,
OGG1 was significantly decreased by TPT treatment, suggesting
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Outside

FIGURE 7 | Topotecan-induced modulation of free radical sensing genes, up-regulation of ROS production, and regulation of cell proliferation and death.

decreased repair of OH radical-mediated 8-oxoguanine and
enhanced tumor cell killing. Increases in OGG1 activity have been
reported to result in the development/emergence of resistance
to ionizing radiation. It is interesting to note that TPT and
ionizing radiation act synergistically in inducing tumor cell death
(Mattern et al.,, 1991; Lamond et al., 1996; Chen et al., 1999).
Various anticancer drugs, including doxorubicin and arsenic-
containing drugs generate ROS and form 8-oxyguanine in tumor
cells (Piedade et al., 2002; Pu et al., 2007). It would, therefore,
be ideal to combine TPT with other free radical generating
anticancer drugs for enhanced/synergistic tumor cell killing. It
is possible that enhanced MCEF-7 tumor cell killing observed
with TPT and ascorbic acid observed in our previous study
may, in part, have resulted from this decrease in OGGI by TPT
(Sinha et al., 2017).

The present study indicated a significant upregulation of
ferredoxin reductase (FDXR) and a significant down-regulation
of methionine sulfoxide reductase (MSR) genes following TPT
treatment in both MCF-7 and ZR-75-1 tumor cells. The role
of FXDR in free radical biology is well established as it has
been reported to be involved in p53-mediated apoptosis via
generation of ROS in mitochondria (Hwang et al, 2001),
causing oxidative stress in cells. Normal and tumor cells
have various protective mechanisms, including induction of
cellular antioxidant enzymes (e.g., SOD, catalase, and various
peroxidases) as well as DNA repair enzymes for oxidative DNA
damage (e.g., glycosylases). Both free and bound methionine
are readily oxidized by ROS. In cellular systems, methionine is
oxidized to methionine sulfoxide, altering protein confirmation
and/or inactivating proteins (Romsang et al., 2013). Methionine
sulfoxide is reduced by methionine sulfoxide reductase (MSR)
to methionine using NADPH/thioredoxin reductase/thioredoxin

system (Romsang et al., 2013). Decreases or inactivation of
MSR increases sensitivity to ROS-mediated cell killing and has
been suggested to be involved in the killing of neutrophils by
HOCL, a powerful oxidant inducing oxidation of methionine
(Moskovitz et al., 1996; Boschi-Muller et al., 2008; Rosen et al.,
2009). We also found a small but a significant decrease in
the glutathione reductase gene (GSR) following TPT exposure
in MCF-7 tumor cells. GSR is required for the reduction
of oxidized glutathione (GSSG) that is formed from the
reaction of GSH with increased ROS in cells. Furthermore,
TPT treatment caused increases in glutathione peroxidase (GPx)
which are selenium containing enzymes that are involved
in the removal of peroxides, including lipid peroxides from
cells. Modulation of both GPx and GSR genes have been
implicated in the oxidative stress induced by CCl4 in hepatocytes
(Iskusnykh et al., 2013).

Taken together e.g., modulations of FXDR, MSR, GSR, and
GPx genes by TPT in MCF-7 (and ZR-75-1) tumor cells strongly
indicate formation of ROS and induction of cellular imbalance of
homeostasis, resulting in increased oxidative stress by TPT. This
would lead to the formation of cytotoxic species and damage to
critical cellular macromolecules. This is further supported by our
results showing a significant decrease in OGGI gene expression,
the DNA repair enzyme for 8-oxoguanine, indicating decrease
in repair of oxidant-dependent damaged DNA. These results
indicate that increased cellular ROS formation and resulting
oxidative stress may have implications in the TPT-induced
tumor cell death.

Finally, our studies indicate a significant down-regulation
of ERa/ESR1 by TPT treatment. It is interesting to note that
XR5944, a topoisomerase I poison, has also been reported to
down-regulate ESR1, similar to our observations. A significant
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amount of published data would suggest that ERa/ESRI is
involved in apoptosis, cell death and drug resistance (Mobley
and Brueggemeier, 2004; Sui et al., 2007; Bailey et al., 2012;
Cook et al., 2014; Zhou and Zhu, 2014). Cook et al. (2014)
have shown that the knock-down of ERa receptor leads to ROS-
mediated autophagy and cell death in breast cancer cells. In
addition, studies of Mobley and Brueggemeier (2004) indicate
that treatment of MCF-7 breast cancer cells with estrogen
decreases the cell’s ability to metabolize H,O,, resulting in
increased sensitivity to DNA damage by peroxides. It is also
interesting to note that this treatment of MCF-7 cancer cells also
resulted in decreased levels of GSH, and increased activities of
both GPx and SOD (Mobley and Brueggemeier, 2004), results
which are similar to those reported in this manuscript with
TPT treatment of both MCF-7 and ZR-75-1 cancer cells. Taken
together, these observations suggest that ERa is directly involved
in free radical mediated tumor cell death. It should also be noted
that the antiestrogen drug Tamoxifen is highly synergistic with
TPT in cells and in the clinic, indicating that ERa receptor
signaling is involved in TPT-induced cell death in ERa positive
tumor cells (Sugimoto et al., 2003; Morgan et al., 2010; Khuroo
et al., 2014). BCL2, the anti-apoptotic protein was significantly
decreased following TPT treatment in the MCF-7 tumor cells,
suggesting an apoptosis-based cell death. Based on the heat map
(Figure 3) of genes up-regulated and down-regulated following
TPT treatment, and the Ingenuity Pathway Analysis of the
differentially expressed genes (DEGs) at 24 h, a central role for
ERa receptor and its interactions with various genes involved in
TPT-induced cell death is apparent (Figure 2). Based on these
findings, a possible ROS-dependent mechanism of tumor cell
death by TPT is proposed and is shown in Figure 7.

CONCLUSION

Our study shows that treatment of human breast MCF-7 tumor
cells with TPT results in DEGs that regulate p53-dependent
pathways as well as genes that regulate apoptosis. Our results also
indicate a central role of ERa in TPT cytotoxicity. Furthermore,
expressions of DNA damage repair genes, MGMT and OGG, were
found to be significantly decreased following TPT treatment. Our
study has further identified several genes, FDXR, MSR, GSR,
and GPx, involved in maintenance of cellular homeostasis due
to increased ROS formation, were differentially expressed by

REFERENCES

Akbas, S. H., Timur, M., and Ozben, T. (2005). The effect of quercetin on topotecan
cytotoxicity in MCF-7 and MDA-MB 231 human breast cancer cells. J. Surg. Res.
125, 49-55. doi: 10.1016/j.jss.2004.11.011

Arias-Lopez, C., Lazaro-Trueba, 1., Kerr, P., Lord, C. J., Dexter, T., Iravani, M.,
et al. (2006). p53 modulates homologous recombination by transcriptional
regulation of the RAD51 gene. EMBO Rep. 7, 219-224. doi: 10.1038/sj.embor.
7400587

Bailey, S. T., Shin, H., Westerling, T., Liu, X. S., and Brown, M. (2012).
Estrogen receptor prevents p53-dependent apoptosis in breast cancer.
Proc. Natl. Acad. Sci. U.S.A. 109, 18060-18065. doi: 10.1073/pnas.101885
8109

TPT, indicating a putative role of ROS and oxidative stress in
TPT cytotoxicity.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the NCBI’s
Gene Expression Omnibus (GEO) and are accessible through
GEO Series accession number GSE138442 (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE138442).

AUTHOR CONTRIBUTIONS

BS conceived and designed the experiments. BS and ET
performed the experiments. BS, ET, and PB analyzed the data. BS,
ET, and PB wrote the manuscript. All authors contributed to the
article and approved the submitted version.

FUNDING

This research was supported by the intramural research program
(grant number ZIA E505013922) of the National Institute of
Environmental Health Sciences, NTH.

ACKNOWLEDGMENTS

We thank Dr. Kevin Gerrish for carrying out the microarray gene
analysis. We also thank Drs. M. Kadiiska and Keith Shockley for
critical evaluations of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2020.00775/full#supplementary-material

TABLE S1 | Excel spreadsheet containing the TPT 24 h treatment differentially
expressed genes.

TABLE S2 | Excel spreadsheet containing the TPT 24 h treatment EPIG
down-regulation genes categorized to pattern #9.

Benjamini, Y., and Hochberg, Y. (1995). Controling the false discovery rate: a
practical and powereful approach to multiple testing. J. R. Stat. Soc. Ser. B 57,
289-300.

Boschi-Muller, S., Gand, A., and Branlant, G. (2008). The methionine sulfoxide
reductases: catalysis and substrate specificities. Arch. Biochem. Biophys. 474,
266-273. doi: 10.1016/j.abb.2008.02.007

Chen, A. Y, Choy, H., and Rothenberg, M. L. (1999). DNA topoisomerase
I-targeting drugs as radiation sensitizers. Oncology 13(10 Suppl. 5),
39-46.

Chou, J. W., Zhou, T., Kaufmann, W. K., Paules, R. S., and Bushel, P. R. (2007).
Extracting gene expression patterns and identifying co-expressed genes from
microarray data reveals biologically responsive processes. BMC Bioinformatics
8:427. doi: 10.1186/1471-2105-8-427

Frontiers in Genetics | www.frontiersin.org

July 2020 | Volume 11 | Article 775


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE138442
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE138442
https://www.frontiersin.org/articles/10.3389/fgene.2020.00775/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2020.00775/full#supplementary-material
https://doi.org/10.1016/j.jss.2004.11.011
https://doi.org/10.1038/sj.embor.7400587
https://doi.org/10.1038/sj.embor.7400587
https://doi.org/10.1073/pnas.1018858109
https://doi.org/10.1073/pnas.1018858109
https://doi.org/10.1016/j.abb.2008.02.007
https://doi.org/10.1186/1471-2105-8-427
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Sinha et al.

Topotecan-Induced Gene Expression Changes

Cook, K. L., Clarke, P. A., Parmar, J., Hu, R., Schwartz-Roberts, J. L., Abu-Asab,
M., et al. (2014). Knockdown of estrogen receptor-alpha induces autophagy
and inhibits antiestrogen-mediated unfolded protein response activation,
promoting ROS-induced breast cancer cell death. FASEB J. 28, 3891-3905.
doi: 10.1096/fj.13-247353

Daoud, S. S., Munson, P. J., Reinhold, W., Young, L., Prabhu, V. V., Yu, Q,, et al.
(2003). Impact of p53 knockout and topotecan treatment on gene expression
profiles in human colon carcinoma cells: a pharmacogenomic study. Cancer Res.
63, 2782-2793.

Daroui, P., Desai, S. D., Li, T. K., Liu, A. A,, and Liu, L. F. (2004). Hydrogen
peroxide induces topoisomerase I-mediated DNA damage and cell death. J. Biol.
Chem. 279, 14587-14594. doi: 10.1074/jbc.M311370200

Davis, M., Li, J., Knight, E., Eldridge, S. R., Daniels, K. K., and Bushel, P. R. (2015).
Toxicogenomics profiling of bone marrow from rats treated with topotecan in
combination with oxaliplatin: a mechanistic strategy to inform combination
toxicity. Front. Genet. 6:14. doi: 10.3389/fgene.2015.00014

Gerson, S. L. (2004). MGMT: its role in cancer aetiology and cancer therapeutics.
Nat. Rev. Cancer 4, 296-307. doi: 10.1038/nrc1319

Grollman, A. P., and Moriya, M. (1993). Mutagenesis by 8-oxoguanine: an enemy
within. Trends Genet. 9, 246-249. doi: 10.1016/0168-9525(93)90089-z

Hannay, J. A., Liu, J., Zhu, Q. S., Bolshakov, S. V., Li, L., Pisters, P. W, et al.
(2007). Rad51 overexpression contributes to chemoresistance in human soft
tissue sarcoma cells: a role for p53/activator protein 2 transcriptional regulation.
Mol. Cancer Ther. 6, 1650-1660. doi: 10.1158/1535-7163.MCT-06-0636

Hegi, M. E., Diserens, A. C., Gorlia, T., Hamou, M. F., de Tribolet, N., Weller,
M., et al. (2005). MGMT gene silencing and benefit from temozolomide in
glioblastoma. N. Engl. J. Med. 352, 997-1003. doi: 10.1056/NEJMoa043331

Herzog, T.]. (2002). Update on the role of topotecan in the treatment of recurrent
ovarian cancer. Oncologist 7(Suppl. 5), 3-10. doi: 10.1634/theoncologist.7-
suppl_5-3

Horita, N., Yamamoto, M., Sato, T., Tsukahara, T., Nagakura, H., Tashiro, K., et al.
(2015). Topotecan for relapsed small-cell lung cancer: systematic review and
meta-analysis of 1347 patients. Sci. Rep. 5:15437. doi: 10.1038/srep15437

Huang da, W., Sherman, B. T., and Lempicki, R. A. (2009a). Bioinformatics
enrichment tools: paths toward the comprehensive functional analysis of large
gene lists. Nucleic Acids Res. 37, 1-13. doi: 10.1093/nar/gkn923

Huang da, W., Sherman, B. T., and Lempicki, R. A. (2009b). Systematic and
integrative analysis of large gene lists using DAVID bioinformatics resources.
Nat. Protoc. 4, 44-57. doi: 10.1038/nprot.2008.211

Hwang, P. M., Bunz, F., Yu, J., Rago, C., Chan, T. A., Murphy, M. P, et al. (2001).
Ferredoxin reductase affects p53-dependent, 5-fluorouracil-induced apoptosis
in colorectal cancer cells. Nat. Med. 7,1111-1117. doi: 10.1038/nm1001-1111

Iskusnykh, I. Y., Popova, T. N., Agarkov, A. A., Pinheiro de Carvalho, M. A., and
Rjevskiy, S. G. (2013). Expression of glutathione peroxidase and glutathione
reductase and level of free radical processes under toxic hepatitis in rats.
J. Toxicol. 2013:870628. doi: 10.1155/2013/870628

Januchowski, R., Sterzynska, K., Zawierucha, P., Rucinski, M., Swierczewska, M.,
Partyka, M., et al. (2017). Microarray-based detection and expression analysis
of new genes associated with drug resistance in ovarian cancer cell lines.
Oncotarget 8, 49944-49958. doi: 10.18632/oncotarget.18278

Kannan, K., Amariglio, N., Rechavi, G., Jakob-Hirsch, J., Kela, I., Kaminski, N.,
et al. (2001). DNA microarrays identification of primary and secondary target
genes regulated by p53. Oncogene 20, 2225-2234. doi: 10.1038/sj.0nc.1204319

Khuroo, T., Verma, D., Talegaonkar, S., Padhi, S., Panda, A. K., and Igbal, Z. (2014).
Topotecan-tamoxifen duple PLGA polymeric nanoparticles: investigation of
in vitro, in vivo and cellular uptake potential. Int. J. Pharm. 473, 384-394.
doi: 10.1016/.ijpharm.2014.07.022

Kollmannsberger, C., Mross, K., Jakob, A., Kanz, L., and Bokemeyer, C. (1999).
Topotecan - A novel topoisomerase I inhibitor: pharmacology and clinical
experience. Oncology 56, 1-12. doi: 10.1159/000011923

Lamond, J. P, Wang, M., Kinsella, T. J., and Boothman, D. A. (1996).
Concentration and timing dependence of lethality enhancement between
topotecan, a topoisomerase I inhibitor, and ionizing radiation. Int. J. Radiat.
Oncol. Biol. Phys. 36, 361-368. doi: 10.1016/s0360-3016(96)00328-8

LEsperance, S., Bachvarova, M., Tetu, B., Mes-Masson, A. M., and Bachvarov,
D. (2008). Global gene expression analysis of early response to chemotherapy
treatment in ovarian cancer spheroids. BMC Genomics 9:99. doi: 10.1186/1471-
2164-9-99

Levine, A. J. (1997). p53, the cellular gatekeeper for growth and division. Cell 88,
323-331. doi: 10.1016/50092-8674(00)81871-1

Mattern, M. R.,, Hofmann, G. A., McCabe, F. L., and Johnson, R. K. (1991).
Synergistic cell killing by ionizing radiation and topoisomerase I inhibitor
topotecan (SK&F 104864). Cancer Res. 51, 5813-5816.

Mobley, J. A., and Brueggemeier, R. W. (2004). Estrogen receptor-mediated
regulation of oxidative stress and DNA damage in breast cancer. Carcinogenesis
25, 3-9. doi: 10.1093/carcin/bggl75

Monks, A., Zhao, Y., Hose, C., Hamed, H., Krushkal, J., Fang, J., et al
(2018). The NCI transcriptional pharmacodynamics workbench: a tool to
examine dynamic expression profiling of therapeutic response in the NCI-60
cell line panel. Cancer Res. 78, 6807-6817. doi: 10.1158/0008-5472.CAN-18-
0989

Morgan, R. J., Synold, T., Mamelak, A., Lim, D., Al-Kadhimi, Z., Twardowski,
P., et al. (2010). Plasma and cerebrospinal fluid pharmacokinetics of
topotecan in a phase I trial of topotecan, tamoxifen, and carboplatin,
in the treatment of recurrent or refractory brain or spinal cord tumors.
Cancer Chemother. Pharmacol. 66, 927-933. doi: 10.1007/s00280-010-
1242-z

Moskovitz, J., Weissbach, H., and Brot, N. (1996). Cloning the expression of a
mammalian gene involved in the reduction of methionine sulfoxide residues
in proteins. Proc. Natl. Acad. Sci. U.S.A. 93, 2095-2099. doi: 10.1073/pnas.93.5.
2095

Nagane, M., Asai, A., Shibui, S., Nomura, K., Matsutani, M., and Kuchino,
Y. (1992). Expression of O6-methylguanine-DNA methyltransferase and
chloroethylnitrosourea resistance of human brain tumors. Jpn. J. Clin. Oncol.
22,143-149.

Nogueira, A., Catarino, R, and Medeiros, R. (2011). “DNA damage repair an
cancer: the role of RAD51 Protein and its genetic variants, DNA repair and
human health,” in DNA Repar and Human Health, ed. S. Vengrova (London:
InTech).

Oberhoff, C., Kieback, D. G., Wurstlein, R., Deertz, H., Sehouli, J., van Soest,
C., et al. (2001). Topotecan chemotherapy in patients with breast cancer and
brain metastases: results of a pilot study. Onkologie 24, 256-260. doi: 10.1159/
000055088

Ostrowski, L. E., von Wronski, M. A., Bigner, S. H., Rasheed, A., Schold,
S. C., Brent, T. P, et al. (1991). Expression of O6-methylguanine-DNA
methyltransferase in malignant human glioma cell lines. Carcinogenesis 12,
1739-1744. doi: 10.1093/carcin/12.9.1739

Piedade, J. A., Fernandes, 1. R, and Oliveira-Brett, A. M. (2002). Electrochemical
sensing of DNA-adriamycin interactions. Bioelectrochemistry 56, 81-83. doi:
10.1016/51567-5394(02)00013-0

Pommier, Y., Tanizawa, A., and Kohn, K. W. (1994). Mechanisms of topoisomerase
I inhibition by anticancer drugs. Adv. Pharmacol. 29B, 73-92. doi: 10.1016/
$1054-3589(08)61132-1

Pu, Y. S, Jan, K. Y., Wang, T. C,, Wang, A. S., and Gurr, J. R. (2007). 8-
Oxoguanine DNA glycosylase and MutY homolog are involved in the incision
of arsenite-induced DNA adducts. Toxicol. Sci. 95, 376-382. doi: 10.1093/toxsci/
kfl166

Punchihewa, C., De Alba, A,, Sidell, N., and Yang, D. (2007). XR5944: a potent
inhibitor of estrogen receptors. Mol. Cancer Ther. 6, 213-219. doi: 10.1158/
1535-7163.MCT-06-0392

Puppo, M., Battaglia, F., Ottaviano, C., Delfino, S., Ribatti, D., Varesio, L., et al.
(2008). Topotecan inhibits vascular endothelial growth factor production and
angiogenic activity induced by hypoxia in human neuroblastoma by targeting
hypoxia-inducible factor-1lalpha and -2alpha. Mol. Cancer Ther. 7, 1974-1984.
doi: 10.1158/1535-7163.MCT-07-2059

Qin, Y., Conley, A. P, Grimm, E. A., and Roszik, J. (2017). A tool for discovering
drug sensitivity and gene expression associations in cancer cells. PLoS One
12:e0176763. doi: 10.1371/journal.pone.0176763

Rapisarda, A., Uranchimeg, B., Sordet, O., Pommier, Y., Shoemaker, R. H., and
Melillo, G. (2004). Topoisomerase I-mediated inhibition of hypoxia-inducible
factor 1: mechanism and therapeutic implications. Cancer Res. 64, 1475-1482.
doi: 10.1158/0008-5472.can-03-3139

Romsang, A., Atichartpongkul, S., Trinachartvanit, W., Vattanaviboon, P., and
Mongkolsuk, S. (2013). Gene expression and physiological role of Pseudomonas
aeruginosa methionine sulfoxide reductases during oxidative stress. J. Bacteriol.
195, 3299-3308. doi: 10.1128/JB.00167-13

Frontiers in Genetics | www.frontiersin.org

July 2020 | Volume 11 | Article 775


https://doi.org/10.1096/fj.13-247353
https://doi.org/10.1074/jbc.M311370200
https://doi.org/10.3389/fgene.2015.00014
https://doi.org/10.1038/nrc1319
https://doi.org/10.1016/0168-9525(93)90089-z
https://doi.org/10.1158/1535-7163.MCT-06-0636
https://doi.org/10.1056/NEJMoa043331
https://doi.org/10.1634/theoncologist.7-suppl_5-3
https://doi.org/10.1634/theoncologist.7-suppl_5-3
https://doi.org/10.1038/srep15437
https://doi.org/10.1093/nar/gkn923
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1038/nm1001-1111
https://doi.org/10.1155/2013/870628
https://doi.org/10.18632/oncotarget.18278
https://doi.org/10.1038/sj.onc.1204319
https://doi.org/10.1016/j.ijpharm.2014.07.022
https://doi.org/10.1159/000011923
https://doi.org/10.1016/s0360-3016(96)00328-8
https://doi.org/10.1186/1471-2164-9-99
https://doi.org/10.1186/1471-2164-9-99
https://doi.org/10.1016/s0092-8674(00)81871-1
https://doi.org/10.1093/carcin/bgg175
https://doi.org/10.1158/0008-5472.CAN-18-0989
https://doi.org/10.1158/0008-5472.CAN-18-0989
https://doi.org/10.1007/s00280-010-1242-z
https://doi.org/10.1007/s00280-010-1242-z
https://doi.org/10.1073/pnas.93.5.2095
https://doi.org/10.1073/pnas.93.5.2095
https://doi.org/10.1159/000055088
https://doi.org/10.1159/000055088
https://doi.org/10.1093/carcin/12.9.1739
https://doi.org/10.1016/s1567-5394(02)00013-0
https://doi.org/10.1016/s1567-5394(02)00013-0
https://doi.org/10.1016/s1054-3589(08)61132-1
https://doi.org/10.1016/s1054-3589(08)61132-1
https://doi.org/10.1093/toxsci/kfl166
https://doi.org/10.1093/toxsci/kfl166
https://doi.org/10.1158/1535-7163.MCT-06-0392
https://doi.org/10.1158/1535-7163.MCT-06-0392
https://doi.org/10.1158/1535-7163.MCT-07-2059
https://doi.org/10.1371/journal.pone.0176763
https://doi.org/10.1158/0008-5472.can-03-3139
https://doi.org/10.1128/JB.00167-13
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Sinha et al.

Topotecan-Induced Gene Expression Changes

Rosen, H., Klebanoff, S. J., Wang, Y., Brot, N., Heinecke, J. W., and Fu, X. (2009).
Methionine oxidation contributes to bacterial killing by the myeloperoxidase
system of neutrophils. Proc. Natl. Acad. Sci. U.S.A. 106, 18686-18691. doi:
10.1073/pnas.0909464106

Rowinsky, E. K., and Verweij, J. (1997). Review of phase I clinical studies with
topotecan. Semin. Oncol. 24(6 Suppl. 20), S20-S23.

Sinha, B. K. (1995). Topoisomerase inhibitors. A review of their therapeutic
potential in cancer. Drugs 49, 11-19. doi: 10.2165/00003495-199549010-
00002

Sinha, B. K. Katki, A. G., Batist, G., Cowan, K. H.,, and Myers, C. E.
(1987). Differential formation of hydroxyl radicals by adriamycin in sensitive
and resistant MCF-7 human breast tumor cells: implications for the
mechanism of action. Biochemistry 26, 3776-3781. doi: 10.1021/bi0038
7a006

Sinha, B. K., Mimnaugh, E. G., Rajagopalan, S., and Myers, C. E. (1989).
Adriamycin activation and oxygen free radical formation in human breast
tumor cells: protective role of glutathione peroxidase in adriamycin resistance.
Cancer Res. 49, 3844-3848.

Sinha, B. K., van ’t Erve, T. J., Kumar, A., Bortner, C. D., Motten, A. G., and
Mason, R. P. (2017). Synergistic enhancement of topotecan-induced cell death
by ascorbic acid in human breast MCF-7 tumor cells. Free Radic. Biol. Med. 113,
406-412. doi: 10.1016/j.freeradbiomed.2017.10.377

Sordet, O., Khan, Q. A,, Plo, I, Pourquier, P., Urasaki, Y., Yoshida, A., et al.
(2004). Apoptotic topoisomerase I-DNA complexes induced by staurosporine-
mediated oxygen radicals. J. Biol. Chem. 279, 50499-50504. doi: 10.1074/jbc.
M410277200

Sugimoto, Y., Tsukahara, S., Imai, Y., Sugimoto, Y., Ueda, K., and Tsuruo,
T. (2003). Reversal of breast cancer resistance protein-mediated drug
resistance by estrogen antagonists and agonists. Mol. Cancer Ther. 2,
105-112.

Sui, M., Huang, Y., Park, B. H., Davidson, N. E., and Fan, W. (2007). Estrogen
receptor alpha mediates breast cancer cell resistance to paclitaxel through
inhibition of apoptotic cell death. Cancer Res. 67, 5337-5344. doi: 10.1158/
0008-5472.CAN-06-4582

Thomas, A., Tanaka, M., Trepel, J., Reinhold, W. C., Rajapakse, V. N., and
Pommier, Y. (2017). Temozolomide in the era of precision medicine. Cancer
Res. 77, 823-826. doi: 10.1158/0008-5472.CAN-16-2983

Timur, M., Akbas, S. H., and Ozben, T. (2005). The effect of Topotecan on oxidative
stress in MCF-7 human breast cancer cell line. Acta Biochim. Pol. 52, 897-902.
doi: 10.18388/abp.2005_3404

Valavanidis, A., Vlachogianni, T., and Fiotakis, C. (2009). 8-hydroxy-2’ -
deoxyguanosine (8-OHdG): a critical biomarker of oxidative stress and
carcinogenesis. J. Environ. Sci. Health C Environ. Carcinogen. Ecotoxicol. Rev.
27, 120-139. doi: 10.1080/10590500902885684

Wolff, A. C.,, O'Neill, A.,, Kennedy, M. J., Stewart, J. A., Gradishar, W. J,,
Lord, R. S, et al. (2005). Single-agent topotecan as first-line chemotherapy
in women with metastatic breast cancer: final results of eastern cooperative
oncology group trial E8193. Clin. Breast Cancer 6, 334-339. doi: 10.3816/CBC.
2005.n.037

Zhang, J., Stevens, M. F., and Bradshaw, T. D. (2012). Temozolomide: mechanisms
of action, repair and resistance. Curr. Mol. Pharmacol. 5,102-114. doi: 10.2174/
1874467211205010102

Zhou, W., and Zhu, X. (2014). Estrogen as Jekyll and Hyde: regulation of cell death.
F1000Research 3:161. doi: 10.12688/f1000research.4753.2

Disclaimer: Statements contained herein do not necessarily represent the
statements, opinions, or conclusions of NIEHS, NTH, or the US Government.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Sinha, Tokar and Bushel. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

12

July 2020 | Volume 11 | Article 775


https://doi.org/10.1073/pnas.0909464106
https://doi.org/10.1073/pnas.0909464106
https://doi.org/10.2165/00003495-199549010-00002
https://doi.org/10.2165/00003495-199549010-00002
https://doi.org/10.1021/bi00387a006
https://doi.org/10.1021/bi00387a006
https://doi.org/10.1016/j.freeradbiomed.2017.10.377
https://doi.org/10.1074/jbc.M410277200
https://doi.org/10.1074/jbc.M410277200
https://doi.org/10.1158/0008-5472.CAN-06-4582
https://doi.org/10.1158/0008-5472.CAN-06-4582
https://doi.org/10.1158/0008-5472.CAN-16-2983
https://doi.org/10.18388/abp.2005_3404
https://doi.org/10.1080/10590500902885684
https://doi.org/10.3816/CBC.2005.n.037
https://doi.org/10.3816/CBC.2005.n.037
https://doi.org/10.2174/1874467211205010102
https://doi.org/10.2174/1874467211205010102
https://doi.org/10.12688/f1000research.4753.2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	Elucidation of Mechanisms of Topotecan-Induced Cell Death in Human Breast MCF-7 Cancer Cells by Gene Expression Analysis
	Introduction
	Materials and Methods
	Materials
	Cell Culture and Drug Treatment
	Global Gene Expression and Data Acquisition
	Preprocessing of the Data
	Statistical Data Analysis
	Pattern-Driven Analysis of Gene Expression
	Real-Time RT-PCR

	Results
	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


