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Concentration-response studies of the chromosome-damaging 
effects of topoisomerase II inhibitors determined in vitro using 
human TK6 cells

P. Gollapudi, V.S. Bhata, and D.A. Eastmond*

Environmental Toxicology Graduate Program and Department of Molecular, Cell and Systems 
Biology, University of California, Riverside, Riverside, CA-92521, USA

Abstract

Topoisomerase II (topo II) inhibitors are commonly used as chemotherapy to treat multiple types 

of cancer, though their use is also associated with the development of therapy related acute 

leukemias. While the chromosome-damaging effects of etoposide, a topo II poison, have been 

proposed to act through a threshold mechanism, little is known about the chromosome damaging 

effects and dose responses for the catalytic inhibitors of the enzyme. The current study was 

designed to further investigate the potencies and concentration-response relationships of several 

topoisomerase II inhibitors, including the topoisomerase II poison etoposide, as well as catalytic 

inhibitors aclarubicin, merbarone, ICRF−154 and ICRF−187 using both a traditional in vitro 
micronucleus assay as well as a flow-cytometry based version of the assay. Benchmark dose 

(BMD) analysis was used to identify models that best fit the data and estimate a BMD, in this case 

the concentration at which a one standard deviation increase above the control frequency would be 

expected. All of the agents tested were potent in inducing micronuclei in human lymphoblastoid 

TK6 cells, with significant increases seen at low micromolar, and in the cases of aclarubicin and 

etoposide, at low nanomolar concentrations. Use of the anti-kinetochore CREST antibody with the 

microscopy-based assay demonstrated that the vast majority of the micronuclei originated from 

chromosome breakage. In comparing the two versions of the micronucleus assay, significant 

increases in micronucleated cells were observed at similar or lower concentrations using the 

traditional microscopy-based assay. BMD modeling of the data exhibited several advantages and 

proved to be a valuable alternative for concentration-response analysis producing points of 

departure comparable to those derived using traditional no-observed or lowest-observed genotoxic 

effect level (NOGEL or LOGEL) approaches.
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Introduction

Type II DNA topoisomerases are important nuclear enzymes that relieve topological stress 

during DNA replication, transcription, repair, and mitosis (1–4). The enzyme’s catalytic 

cycle involves covalent binding of the enzyme to DNA, forming a double stranded break and 

a cleavage complex through which another DNA duplex can pass. Following strand passage, 

the double stranded break is religated and the enzyme is released from the DNA (Fig 1) (4–

5). Due to the formation of the protected double-stranded break, disruptions in the enzyme’s 

catalytic cycle have the ability to lead to multiple types of chromosomal alterations 

including cancer-related translocations (1–4).

A number of compounds are known to disrupt or inhibit topoisomerase II (topo II) including 

some important classes of chemotherapeutic agents. These can act at various stages of the 

catalytic cycle (Fig 1) (1,6). Topo II poisons, such as etoposide, act to stabilize the cleavage 

complex and inhibit the religation step, an important step leading to the formation of 

unprotected double stranded breaks. Catalytic inhibitors, on the other hand, affect other parts 

of the topo II catalytic cycle and do not directly stabilize the cleavage complex, though have 

been shown to have clastogenic effects in vitro and in vivo (6–8).

While several drugs targeting topo II are front line therapies for the treatment of various 

types of cancer, one limitation of their use is increased risk for development of treatment-

related acute leukemia (1–4, 6). These leukemias are secondary to the original cancers for 

which the topo II inhibitors were originally prescribed and have characteristically short 

median latency periods of approximately 2–3 years (9–12). Topo II poisons etoposide and 

doxorubicin have been associated with treatment-related acute myelogenous leukemia (t-

AML), typically of monocytic or myelomonocytic origin, caused by balanced translocations 

involving the MLL (mixed lineage leukemia; also known as KMT2A) gene on chromosome 

band 11q23, which encodes a transcriptional coactivator that regulates gene expression 

during hematopoiesis (9,12). Similarly, mitoxantrone, has been associated with development 

of a different subtype of t-AML, acute promyelocytic leukemia, as a result of a reciprocal 

translocation fusing the retinoic acid receptor alpha gene (RARA) from chromosome 17 to 

the promyelocytic leukemia gene (PML) on chromosome 15 resulting in the stable 

expression of a PML-RARA fusion protein (10,11). In addition, there is some concern that 

exposure to naturally occurring topo II poisons such as genistein and other bioflavonoids in 
utero may play a role in development of infant AML (13,14). While most topo II inhibitors 

associated with leukemia fall under the category of topo II poisons, there is also evidence of 

similar leukemogenic effects in patients treated with the catalytic inhibitors ICRF-154 and 

bimolane (12,15)

The goal of the current study is to more thoroughly investigate concentration-response 

relationships of a variety of topo II inhibitors to better understand the concentrations at 
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which damage occurs and how different mechanisms of inhibition of topo II may affect the 

dose-response curves. To do so, we examined the concentration-responses of the topo II 

poison, etoposide, as well as two catalytic inhibitors that act prior to the formation of the 

cleavable complex (alcarubicin and merbarone) and two that act after the religation step 

(ICRF−154 and ICRF−187). In addition, these studies compared the results of a traditional 

in vitro micronucleus assay technique with those from a more recently developed flow 

cytometry-based micronucleus assay, and used benchmark dose modeling to evaluate the 

results.

Methods

Cell culture and treatments

The human lymphoblastoid cell line TK6 was maintained in RPMI 1640 medium (GIBCO; 

Carlsbad, CA) containing 10% iron-supplemented calf serum (Hyclone; Logan, UT) with 2 

mM l-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin (Fisher Scientific; 

Pittsburg, PA) at 37 °C in an atmosphere of 5% CO2/95% air. Exponentially growing cells 

with a doubling time of ~14 hrs were treated with various concentrations of each of the 

following topo II inhibitors: alcarubicin (Sigma; St. Louis, MO), merbarone (NCI; Bethesda, 

MD), ICRF−154 (NCI; Bethesda, MD), ICRF−187 (NCI; Bethesda, MD), and etoposide 

(Sigma; St. Louis, MO). All compounds were dissolved in dimethylsulfoxide (DMSO) with 

a final DMSO concentration of 0.1% in the culture flasks. Cells were harvested at 24 hours 

after treatment.

In vitro micronucleus assay with CREST staining

The procedure for the in vitro micronucleus assay was performed as previously described 

(16) with minor modifications. Cells were treated with varying concentrations of each topo 

II inhibitor as well as 4.5 μg/mL cytochalasin B for 24 hours before the cells were harvested 

for slide preparation. Aliquots of the cell suspension were centrifuged directly onto slides 

and then briefly air-dried and fixed in 100% methanol. Prepared slides were then stained 

with CREST primary antibody, followed by a FITC-conjugated secondary antibody (both 

obtained from Antibodies Inc.; Davis, CA), with DAPI used as a DNA counterstain. Slides 

were then coded and 1000 binucleated cells per test concentration were scored in a blind 

fashion for the presence of kinetochore-positive (K+) and kinetochore-negative (K-) 

micronuclei representing micronuclei formed from chromosome loss and chromosome 

breakage, respectively. Means and standard deviations were calculated with data from 2–3 

replicate experiments.

Micronucleus assay by flow-cytometry

Staining, instrumentation, and gating for the MN assay by flow-cytometry was performed as 

previously described by Avelsevich et al (17). Briefly, at time of harvest, cells previously 

treated in the absence of cytochalasin B were stained with ethidium monoazide (EMA). A 

photoactivation step resulted in covalent binding of EMA with DNA from necrotic and late-

stage apoptotic cells. Following this, the cells were lysed and stained with SYTOX-Green, 

which binds to all DNA, resulting in a suspension of nuclei and micronuclei with 

differentially stained DNA to distinguish between dead or dying cells (EMA+) and live cells 
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(EMA-/SYTOX+). Data from 20,000 EMA-/SYTOX+ cells per sample were acquired and 

analyzed using a Becton Dickinson FACSort flow cytometer and Cell Quest software. 

Micronuclei were enumerated based on size (Forward Scatter) and DNA content.

Statistical analysis and benchmark dose modeling

For MN data using the in vitro micronucleus assay with CREST staining, concentration-

related increases in micronucleated cells were determined using the Cochran–Armitage test 

for trend in binomial proportions. Following a positive response in the trend test, a one-tailed 

Fisher’s exact test was used to compare individual treatments against the respective DMSO-

treated controls. For data obtained from the flow-cytometry based assay, an ANOVA test 

was performed and Dunnett’s T-test was used to compare individual treatments to the 

control.

BMD modeling of the micronucleus frequency was conducted using U.S. EPA BMD 

software (version 2.4.0, 2013). The benchmark response was defined as one control standard 

deviation (BMD1SD) and its lower 95th percentile confidence limit (BMDL1SD) according to 

U.S. EPA (2012) guidance for continuous data (18). Data were fit to Exponential (3, 4, and 

5), Hill, Linear, Polynomial, and Power models assuming constant variance. The factors 

collectively taken into consideration for selecting the best-fit model included the global 

goodness-of-fit p value (must be≥ .1); lowest AIC value (a statistical estimate of model 

quality), Chi-square residual values of less than 2 at each dose level, visual fit, and the 

margin between the BMD1SD and BMDL1SD (18).

Results

Micronucleus induction by topo II inhibitors

Strong concentration-dependent increases in the induction of micronuclei, formed primarily 

from chromosome breakage, were seen with all of the topo II inhibitors tested. The results 

for each of the chemicals are briefly described below.

A strong monotonic increase in MN was seen with the pre-cleavage complex catalytic 

inhibitor aclarubicin. Statistically significant increases were observed beginning at the 12.5 

nM test concentration, where an approximate 2-fold increase in MN was observed compared 

to controls when measured using the flow-based assay. The maximum amount of MN 

observed at the highest test concentration was 5%, representing a 7-fold increase (Figure 

2A). These values and the fold increase were mirrored quite closely when MN were scored 

manually with microscopy (Figure 2B). The CREST data showed that most (approximately 

83–90%) of the MN induced were kinetochore-negative and formed due to chromosome 

breakage (Figure 7A). The effects seen in TK6 cells treated with aclarubicin occurred at 

nanomolar concentrations with approximately 55% cytotoxicity as measured by relative 

population doubling or relative increases in cell count occurring at 12.5 nM (Table 1).

Compared to aclarubicin, effects seen with merbarone, the other precleavage complex 

catalytic inhibitor, occurred at much higher concentrations and the compound induced 

considerably more MN (Figure 3A). A statistically significant 3.5-fold increase (8.5% total 

MN) was seen at 5 μM where <20% cytotoxicity was observed. Doubling of the test 
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concentration to 10 μM led to an average 11-fold increase in MN. While continued increases 

in MN were observed at concentrations above 10 μM, cytotoxicity greatly exceeded 60% 

(Table 1). Using the microscopy-based method (Figure 3B), a statistically significant 

increase was seen at the lowest test concentration of 2.5 μM, but overall increases measured 

on a fold basis were roughly comparable to those seen in the flow-based assay across the 

range.

The topo II poison etoposide induced significant increases in micronuclei across the entire 

concentration range tested using both the flow cytometry and microscopy based 

micronucleus assays (Figures 4A and 4B). While test concentrations of 100 nM or greater 

were associated with cytotoxicity exceeding 60%, increases in MN were seen at lower 

concentrations including an approximate 8-fold increase seen at 50 nM.

Lastly, increases in MN were also seen in TK6 cells treated with both ICRF−154 and ICRF

−187, which act as post-cleavage complex catalytic inhibitors at test concentrations as low as 

6.25 μM for ICRF-154 and 1.25 μM for ICRF-187 when measured by flow-cytometry 

(Figures 5A and 6A). With the exception of the highest concentrations tested for both 

compounds, the statistically significant increases in MN were observed at concentrations 

that were associated with approximately 60% cytotoxicity or lower (Table 1). Again, the 

majority of micronuclei induced were due to chromosome breakage as shown with large 

increases in K-MN using CREST staining (Figures 7D and 7E).

Comparison of flow-cytometry and manual scoring IVMN assays

Since one of the goals of this study was to assess if a flow-cytometry based micronucleus 

assay would help better understand dose-response relationships in vitro, we compared both 

assays using the same test compounds and concentrations (Figures 2–6). While the overall 

concentration responses for each of the test compounds were similar when comparing the 

two assays, there were some notable differences. First, the actual MN frequency in both the 

controls and treated cells tended to be higher when measured by flow-cytometry than 

compared to microscopy, presumably due to the detection of early apoptotic cells in the flow 

cytometry assay. When compared on a fold-change basis, however, roughly similar increases 

in MN were observed when using the two different types of assay. Another significant 

difference between the methods was that for 3 of the 5 compounds tested, significant 

increases in MN frequency were observed at lower concentrations using the microscopy-

based assay compared to the flow-cytometry assay. These results suggested that the 

microscopy-based assay might be more sensitive than the flow-based assay.

To rule out that the differences in sensitivity observed were not simply due to differences in 

statistical approaches used to analyze the flow-and manual-scoring datasets, we used BMD 

modeling to estimate points of departure (PoD) within the concentration ranges tested for 

each compound. Using this approach, the differences between the flow-cytometry and 

microscopy-based assays were much less pronounced than when simply comparing no 

observed-or lowest observed genotoxic effect levels (NOGEL and LOGEL, respectively) 

(Table 2). For instance, merbarone, ICRF-187, and aclarubicin all had comparably similar 

(2-fold or less) BMD and BMDL estimates when comparing results of the two different 

types of assay; however, for ICRF−154 and etoposide, manual scoring was still more 
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sensitive than the flow-based assay with BMD/BMDL estimates one-third to one-fifth of 

those seen with the flow assay.

Discussion

Overall, all of the topo II inhibitors induced concentration-dependent increases in 

micronuclei in the TK6 cells. In examining the results from the two methods of MN scoring, 

the increases appear to be linear or curvilinear at the test concentrations included in our 

studies. It should be noted that in most cases, cytotoxicity at the highest test concentrations 

for the five compounds often exceeded values generally considered in an acceptable range 

(<55% cytotoxicity; OECD, 2016) (19), but with the exception of aclarubicin, statistically-

significant increases in MN were seen at concentrations where relative population doubling 

(RPD) or relative increases in cell counts (RICC) were 75% or higher (Table 1).

CREST staining in manually scored cells revealed that a large majority of MN were 

kinetochore-negative in cells treated with all five inhibitors, indicating that most micronuclei 

were formed from chromosome breakage (Figure 7). It should be noted that increases in 

chromosome loss were also seen with all of the compounds tested, but the increases 

occurred at the higher test concentrations and at much lower magnitude than the increases in 

chromosome breakage.

In terms of potency, bisdioxopiperazines ICRF−154 and ICRF−187 as well as merbarone 

induced significant increases in MN at low micromolar concentrations (3.125 μM, 0.6125 

μM, and 2.5 μM respectively). These concentrations were roughly 500-fold greater than 

those at which the other catalytic inhibitor tested, aclarubicin, induced significant increases 

in micronuclei. In fact, the 6.25 nM aclarubicin concentration was similar to the 12.5 nM 

concentration of the topo II poison etoposide in terms of cytotoxicity and magnitude of 

micronucleus induction.

The mechanism underlying the clastogenic effects induced by topo II poisons such as 

etoposide is fairly well understood, as stabilization of the cleavage complex and interference 

with religation would also lead to persistence of the otherwise transient double stranded 

break that occurs during the enzyme’s catalytic cycle (20). Subsequent removal of the 

covalently bound topo II found in the cleavage complex can occur by either endonucleolytic 

cleavage (21), enzyme-mediated hydrolysis (22–23), or proteasomal degradation (24) 

exposing an unprotected DNA double strand break that can result in chromosomal breaks 

and translocations.

While the clastogenic effects induced by the catalytic inhibitors seen here are in agreement 

with previously reported findings, the mechanism by which chromosome breaks occur for 

the catalytic inhibitors is not as well understood (7–8, 25–29). Compounds such as ICRF

−154 and ICRF−187 are believed to trap topo II in a “closed-clamp” formation where the 

double strand break has been properly ligated and the enzyme is no longer covalently bound 

to the DNA. The inhibited enzyme is unable to be converted back to a catalytically active 

form, and the enzyme continues to encircle the DNA duplex (26–27). The resulting 

depletion of active topo II caused by these compounds could then lead to the observed 
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clastogenic responses as the enzyme is no longer available to relieve the torsional strain 

associated with DNA replication and transcription, or allow for the decatenation of sister 

chromatids during mitosis.

In our study, aclarubicin was the one catalytic inhibitor tested that behaved considerably 

differently than the others. It is believed that aclarubicn acts through intercalation, thereby 

preventing topo II from binding to DNA (28). The low nanomolar concentrations at which 

effects are seen, however, seem inconsistent with the results seen with other compounds 

believed to act through similar mechanisms (29). It seems likely, as has been reported by 

others (28, 31–32), that aclarubicin has additional targets in the cell and topo II is not be the 

only enzyme or process affected.

As shown in Table 1, substantial differences were seen using the different measures of 

cytotoxicity/cell proliferation. For manual scoring by microscopy using cytochalasin B, the 

OECD TG 487 recommends using the CBPI as the measurement of cytotoxicity (19). 

Compared to the two other measures, RPD and RICC, the CBPI showed substantially less 

cytotoxicity, particularly at higher concentrations. The reason for the observed differences is 

not known. However, previous studies have shown that treatment with ICRF 154 and 

bimolane, both topo II catalytic inhibitors, can produce binucleated cells in the absence of 

cytochalasin B (7, 33). These earlier results indicate that the CBPI may not be the most 

accurate measure of cytotoxicity for this class of compounds.

For concentration-response data from the flow-cytometry based assay, NOGEL values were 

identified for 4 of the 5 inhibitors studied (Table 2). In contrast using the microscopy-based 

assay, the MN frequency at the lowest concentrations tested for all of the inhibitors, except 

for aclarubicin, were significantly increased compared to the control, and as a result, 

NOGEL values could not be identified. While assay sensitivity may contribute to some of 

the differences seen, it should be noted that different statistical approaches were used to 

analyze data from the two different types of assay. The data from the microscopy-based 

assay was analyzed by conducting a binomial trend test followed by a Fisher’s exact test to 

compare individual treatments to DMSO-treated controls. This statistical analysis approach 

has been largely derived from earlier work evaluating chromosomal aberration frequencies 

where the numbers of cells scored were quite low. Using the microscopy-based assay with 

1000 cells scored and two to three combined replicates at each concentration, this approach 

for analysis of data begins to become quite sensitive though statistically significant increases 

still occur at what intuitively seem to be biologically relevant ranges of 70–80% above the 

control frequencies. When using this approach with the flow-cytometry data, however, 

increases in micronuclei as low as 8–10% above the control frequency would be concluded 

to be significantly elevated with low associated p-values due to the large numbers of cells 

scored (e.g. 20,000 cells per concentration). These small increases above the control 

frequency also lie well within the inter-replicate range of controls. For this reason, a 

different type of analysis was used; in this case, following a positive ANOVA result, a 

Dunnett’s T-test was used to analyze the flow data, a common statistical approach and 

consistent with the one recommended by Johnson et al (34). With ANOVA and the 

Dunnett’s test, the sample size is based on the number of experiments rather than the 

number of cells analyzed per experiment. The use of this approach resulted in statistically 
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significant increases at responses deemed to be more biologically relevant. The use of 

different approaches likely contributed to the different NOGEL values that were obtained 

using the microscopy and flow-cytometry based assays in our parallel experiments, making 

it more difficult to make direct comparisons between the two assays. Because of this, an 

alternative approach of BMD modeling was explored to describe the concentration-response 

data for the five topo II inhibitors tested.

As mentioned previously, BMD modeling has been used in other fields of toxicology and 

risk assessment to overcome pitfalls when estimating PoDs, and more recently in dose-

response modeling of genotoxicity data (34–35). BMD modeling is advantageous since it 

considers the entire range of the experimental data and is less influenced by sample size and 

dose-spacing (18,36). The BMR specified here was one standard deviation from controls as 

specified by the US EPA for modeling of continuous data (18). Selection of specific 

response rates is currently an area of active discussion. Recent reports from working groups 

utilizing the BMD approach with genotoxicity data have used response rates of 5% or 10%. 

Based on our experience, a 5–10% increase above the control frequency falls well within 

normal assay variability and would yield a highly conservative PoD estimate (35, 37). Table 

2 compares NOGEL or LOGEL values for each of the compounds tested to BMD1SD 

estimates and their associated lower confidence bounds (BMDL1SD). BMD1SD estimates 

were in a range where minimal but significant increases are expected to be observed. In most 

cases, the BMD1SD estimates fell between the NOGEL and the LOGEL values or, when a 

NOGEL was not available, between the control and the LOGEL, thus within the range of 

observation and consistent with the goal of having BMDLs agree, on average, with NOAELs 

(or in this case NOGELs) (38). Also, while using the NOGEL/LOGEL approach was 

problematic when comparing PoD estimates between manual and flow-cytometric studies, 

BMD1SD and BMDL1SD values were often quite comparable between the two assays, as 

seen with merbarone, ICRF−187, and aclarubicin.

Our results indicate that BMD modeling is an appropriate and useful method for 

quantitatively describing dose-response data for micronucleus induction, which combined 

with appropriate in vitro and in vivo mechanistic information, could help identify 

biologically relevant PoD estimates. This is in agreement with several recently published 

reports highlighting the use of BMD modeling for genotoxicity data with model compounds 

utilizing large curated datasets (36–37,39). In addition, BMD modeling can provide reliable 

PoD estimates for dose response studies even when relatively few doses are available. 

Further studies will be useful to refine study design to identify an optimal number of doses, 

dose spacing, and confirming one standard deviation or another value as the appropriate 

benchmark response.
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Highlights

• Topoisomerase II inhibitors were effective inducers of micronuclei.

• Micronuclei originated primarily from chromosome breakage.

• Most catalytic inhibitors of topoisomerase II were less potent than etoposide.

• Manual scoring was similar or more sensitive than flow cytometry for 

detecting micronuclei.

• Benchmark dose modeling proved to be valuable for dose-response analysis.
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Figure 1. 
Topo II catalytic cycle. The sites of action of the topo II inhibitors used in current study are 

shown. Adapted from Mondrala and Eastmond (5).
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Figure 2. 
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A. Percent micronuclei in TK6 cells treated with aclarubicin measured using an in vitro flow 

cytometry-based micronucleus assay. B. Frequency of total micronucleated cells using a 

microscopy-based assay. *Statistically significant vs. the DMSO controls (P ≤ 0.05; 

Dunnett’s T-test for the flow results; and Fisher’s exact test for the manual scoring).
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Figure 3. 
A. Percentages of micronuclei in TK6 cells treated with merbarone measured using a flow 

cytometry-based micronucleus assay. B. Frequency of total micronucleated cells using a 
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microscopy-based assay. *Statistically significant vs. the DMSO controls (P ≤ 0.05; 

Dunnett’s T-test for the flow results; and Fisher’s exact test for the manual scoring).
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Figure 4. 
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A. Percentages of micronuclei in TK6 cells treated with etoposide measured using a flow 

cytometry-based micronucleus assay. B. Frequency of total micronucleated cells using a 

microscopy-based assay. *Statistically significant vs. the DMSO controls (P ≤ 0.05; 

Dunnett’s T-test for the flow results; and Fisher’s exact test for the manual scoring).
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Figure 5. 
A. Percentages of micronuclei in TK6 cells treated with ICRF 154 measured using a flow 

cytometry-based micronucleus assay. B. Frequency of total micronucleated cells using a 
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microscopy-based assay. *Statistically significant vs. the DMSO controls (P ≤ 0.05; 

Dunnett’s T-test for the flow results; and Fisher’s exact test for the manual scoring).
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Figure 6. 
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A. Percentages of micronuclei in TK6 cells treated with ICRF 154 measured using a flow 

cytometry-based micronucleus assay. B. Frequency of total micronucleated cells using a 

microscopy-based assay. *Statistically significant vs. the DMSO controls (P ≤ 0.05; 

Dunnett’s T-test for the flow results; and Fisher’s exact test for the manual scoring).
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Figure 7. 
A-E. Frequency of micronucleated cells in TK6 cells treated with the tested topo II 

inhibitors measured using a in vitro microscopy-based micronucleus assay are represented in 

the bar graph as percent micronucleated cells (# per hundred). The percentages of 

micronucleated cells originating from chromosome loss (kinetochore-positive (K+)) and 

chromosome breakage (kinetochore-negative (K-)) are also shown. The means and standard 

deviations are shown. *Statistically significant vs. the DMSO controls (Fisher’s exact test; P 
≤ 0.05).

Gollapudi et al. Page 26

Mutat Res. Author manuscript; available in PMC 2020 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gollapudi et al. Page 27

Table 1

Measures of Cytotoxicity for TK6 cells treated with Topo II inhibitors

Concentration Relative Population Doubling (RPD) Relative Increase in Cell Counts 
(RICC)

Relative Cytokinesis-Blocked 
Proliferation Index (RCBPI)

Aclarubicin (nM)

0 100.00 100.00 100

3.125 98.74 98.07 92.47

6.25 82.84 73.56 80.54

12.5 50.11 36.09 67.67

25 26.25 16.92 51.37

50 19.89 11.77 31.97

Merbarone (μM)

0 100.00 100.00 100

2.5 97.52 96.07 92.67

5 87.97 82.01 73.69

10 40.24 27.07 63.61

20 7.93 4.42 52.96

Etoposide (nM)

0 100.00 100.00 100

12.5 86.76 79.12 89.42

25 76.18 64.82 76.00

50 59.56 45.45 66.03

100 9.23 5.23 57.06

200 0* 0* 33.76

ICRF-154 (μM)

0 100.00 100.00 100

3.125 103.13 104.78 95.41

6.25 101.60 102.38 94.40

12.5 98.29 97.95 80.88

25 49.32 37.00 73.42

50 0* 0* 57.36

ICRF-187 (μM)

0 100.00 100.00 100

0.6125 84.48 76.23 97.64

1.25 88.09 81.96 94.75

2.5 57.50 43.69 81.39

5 23.59 14.64 63.06

10 0* 0* 50.21

*
A minimum value of 0 used in cases where the cell counts after treatments became lower than initial pre-treatment counts.
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Table 2

Comparison of NOGEL/LOGEL values with BMD1SD and BMDL1SD for topo II inhibitors using microscopy 

and flow-cytometry based micronucleus assays

Microscopy Flow-cytometry

NOGEL LOGEL BMD1SD BMDL1SD NOGEL LOGEL BMD1SD BMDL1SD

Aclarubicin 6.25 nM 12.5 nM 4.9 nM 2.6 nM 6.25 nM 12.5 nM 4.1 nM 3.1 nM

Merbarone N/A 2.5 μM 1.8 μM 1.2 μM 2.5 μM 5 μM 3.2 μM 2.5 μM

Etoposide N/A 12.5 nM 6.2 nM 3 nM N/A 12.5 nM 29 nM 13 nM

ICRF-154 N/A 3.13 μM 2.4 μM 1.6 μM 3.13 μM 6.25 μM 8 μM 6 μM

ICRF-187 N/A 0.61 μM 0.7 μM 0.4 μM 0.61 μM 1.25 μM 0.7 μM 0.3 μM
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