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Abstract

Bioflavonoids have a similar chemical structure to etoposide, the well-characterized topoisomerase 

II (Top2) poison, and evidence shows that they also induce DNA double-strand breaks (DSBs) and 

promote genome rearrangements. The purpose of this study was to determine the kinetics of 

bioflavonoid-induced DSB appearance and repair, and their dependence on Top2. Cells were 

exposed to bioflavonoids individually or in combination in the presence or absence of the Top2 

catalytic inhibitor dexrazoxane. The kinetics of appearance and repair of γH2AX foci were 

measured. In addition, the frequency of resultant MLL-AF9 breakpoint cluster region 

translocations was determined. Bioflavonoids readily induced the appearance of γH2AX foci, but 

bioflavonoid combinations did not act additively or synergistically to promote DSBs. Myricetin-

induced DSBs were mostly reduced by dexrazoxane, while genistein and quercetin-induced DSBs 

were only partially, but significantly, reduced. By contrast, luteolin and kaempferol-induced DSBs 

increased with dexrazoxane pre-treatment. Sensitivity to Top2 inhibition correlated with a 

significant reduction of bioflavonoid-induced MLL-AF9 translocations. These data demonstrate 

that myricetin, genistein, and quercetin act most similar to etoposide although with varying Top2-

dependence. By contrast, luteolin and kaempferol have distinct kinetics that are mostly Top2-

independent. These findings have implications for understanding the mechanisms of bioflavonoid 

activity and the potential of individual bioflavonoids to promote chromosomal translocations. 

Further, they provide direct evidence that specific Top2 inhibitors or targeted drugs could be 

developed that possess less leukemic potential or suppress chromosomal translocations associated 

with therapy-related and infant leukemias.
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1. Introduction

Infant acute leukemias are characterized by early onset after birth (<one year of age), rapid 

progression, and aggressive invasion. Approximately 85% of infant acute lymphoblastic 

leukemia (ALL) and 50% of infant acute myeloblastic leukemia (AML) cases harbor 

chromosomal translocations involving the MLL gene at chromosome position 11q23[1,2] 

almost exclusively concentrated in an 8.3-kb region named the breakpoint cluster region 

(BCR)[3,4]. Chromosomal rearrangements involving the MLL gene with more than 80 

partner genes have been found though a majority of rearrangements occur with 9 partner 

genes[2,5,6]. MLL rearrangements can be detected in neonatal blood spots of infants who 

later develop leukemia, including in identical twins, supporting the theory that formation of 

the initiating rearrangement occurs in utero[7–9]. Sequenced translocation breakpoint 

junctions of infant leukemia patient samples cluster together in the MLL BCR with those of 

therapy-related leukemia (tAML) samples that are tightly associated with previous exposure 

to the potent topoisomerase II (Top2) poison etoposide[3,8,10,11]. Thus, it has been 

hypothesized that exposure to compounds biochemically similar to etoposide may contribute 

to infant leukemia from in utero exposure.

Top2 is an essential enzyme involved in relaxation of DNA for transcription and replication, 

and interference with normal Top2 function has been shown to cause DNA double-strand 

breaks (DSBs)[2,9–12]. Top2α is primarily active in proliferating cells and has roles in 

DNA replication, chromosome condensation and separation. Top2β is expressed in all cells 

and is primarily active in regions of active transcription[2,12]. Both Top2 isoforms have 

multistep cleavage and religation reactions involving initial binding to two dsDNA 

molecules, transient DSB in the first DNA molecule creating a cleavage complex, ATP 

hydrolysis passage of the second DNA helix through the DSB, and religation of the 

DSB[2,13]. While both isoforms act in this manner, recent studies have suggested 

interference with Top2β function is responsible for carcinogenic translocations[14,15]. Top2 

poisons, including etoposide and doxorubicin, act by binding to the cleavage complex and 

preventing religation of the DSB from occurring[2,10]. By contrast, Top2 catalytic 

inhibitors, including dexrazoxane, act by binding to Top2 to prevent its initial interaction 

with dsDNA[16–18].

Bioflavonoids are found in fruits, vegetables, legumes, tea, coffee and wine[19–21]. 

Bioflavonoids are antioxidants and have anti-inflammatory, anti-viral, anti-carcinogenic, 

cardioprotective and cytoprotective properties[19,20,22]. Given the range of desirable health 

effects, bioflavonoids can also be found in over-the-counter supplements. However, similar 

to the Top2 poison etoposide, bioflavonoids contain pendant rings that feature a 4’-OH 

group essential for activity[23–25]. Additionally, bioflavonoids inhibit Top2α and Top2β 
activity[23,25], induce cleavage in the MLL gene locus, and can result in MLL 
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rearrangements detectable by inverse PCR and karyotype analysis[11,26]. Along with the 

ability to poison Top2, bioflavonoids can impact DNA repair processes, alter epigenetic 

markers, and activate signal transduction pathways leading to altered protein expression in 

multiple pathways, such as cell cycle regulation, cell survival and cytokine expression[27–

31]. Thus, it remains unclear which of these pleiotropic activities in cells are responsible for 

the potential mutagenic and carcinogenic impacts of bioflavonoids[32]. Average adult intake 

of soy that contains the bioflavonoid genistein is approximately 0.15–3.0 mg/day, but can 

reach up to 8.6 mg/day in women and 7.5 mg/day in men[33,34]. Additionally, 

bioflavonoids are bio-accumulative which can increase plasma concentrations. Natural and 

synthetic bioflavonoids cross the placental barrier [35], and exposure in utero is likely more 

damaging due to differences in metabolic and excretion rates of mother and fetus[36] as well 

as due to rapid proliferation and developmental programs of fetal cells that make them more 

sensitive to topoII inhibiting agents [37].

In this study, we examined a panel of bioflavonoids to quantify dose-dependent and time-

dependent appearance, persistence, and repair of DSBs. We further determined the extent of 

bioflavonoid activity is due to inhibition of Top2 by treatment with dexrazoxane. Finally we 

examined the effect of Top2 inhibition on the formation of MLL translocations induced by 

bioflavonoid treatment. For these studies we used our recently established a stem cell 

reporter system that can systematically examine, quantitate, and stratify the potential for 

bioflavonoids and a larger panel of compounds to interfere with Top2 activity, induce DNA 

DSBs and promote chromosomal translocations involving the MLL BCR, analogous to those 

observed in infant leukemia[38]. This study demonstrates the range of potency of 

bioflavonoids to induce DNA DSBs and which bioflavonoids act primarily through Top2-

dependent or Top2-independent mechanisms to promote chromosomal translocations. These 

findings have implications for understanding the biochemical activity of bioflavonoids and 

other dietary supplements with regard to their direct interaction with DNA, and they provide 

evidence to support a mode of action similar to that of etoposide in promoting the types of 

genome instability and chromosomal translocations that are associated with therapy-related 

and infant leukemias.

2. Materials and Methods

2.1 Compounds.

Etoposide and bioflavonoids were obtained from LKT Laboratories (St Paul, MN). Dipyrone 

and dexrazoxane were obtained from Sigma (St. Louis, MO). Compounds were diluted in 

dimethyl sulfoxide (DMSO; Sigma) and stored as 20 mM stock solutions. Stock solutions 

were diluted in 1X phosphate buffered saline pH 7 (PBS; Fisher, Hampton, NH) prior to 

each experiment.

2.2 Cell lines.

Mouse embryonic stem (ES) cells (all obtained from ATCC, Old Town Manassas, VA) 

D3[39], EtG2a[40] and MAG[38] cell lines were maintained at 37°C 5% CO2 on tissue 

culture dishes pre-treated with 0.2% gelatin (Sigma). Cells were authenticated by ATCC. 

Mycoplasma testing occurred yearly using InvivoGen Mycoplasma Detection kit according 
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to manufacturer instructions. Cells were passaged and expanded 3–8 times, and then frozen 

as stocks. Stocks were thawed for each replicate experiment. Cells were maintained in non-

selective medium consisting of Dulbecco’s Modified Eagle Medium (DMEM; Gibco, 

Waltham, MA), 15% ES qualified STASIS fetal bovine serum (FBS; Gemini, Sacramento, 

CA), 100U/mL penicillin/streptomycin (Gemini), 2mM L-glutamine (Gemini), 0.1 mM non-

essential amino acids (Gibco), 1000U/ml ESGRO® leukemia inhibitory factor (LIF; 

Gemini), 100 μM β-mercaptoethanol (Sigma).

2.3 Exposure to bioflavonoids and detection of γ-H2AX foci.

1 × 106 stem cells were plated on 15 mm gelatin-coated coverslips (Neuvitro Corporation, 

Vancouver, WA) with 4 mL non-selective medium and incubated 12 h at 37°C 5% CO2. 

Cells were treated with each compound at 0, 25, 50, 75, 100, 150, or 200 μM doses by 

addition to culture medium and incubated 1 h at 37°C 5% CO2. In preliminary trials no 

difference was observed between untreated and vehicle only treated cells. Thus in all 

experiments in this report, 0 μM dose indicated untreated cells. All dose ranges were 

selected based around approximate LD50 values as previously reported by our lab [38]. Eto 

& M: 50 μM,G & Q: 75 μM, K: 100 μM, & L: 175 μM [38]. Medium was aspirated and cells 

washed with 1X PBS, then cells were incubated in media for 0, 1, 4, or 8 h at 37°C 5% CO2. 

Culture medium was aspirated and cells washed with 1X PBS, then cells were fixed with 3% 

paraformaldehyde (Sigma) for 15 min at room temperature with rocking. Then coverslips 

were incubated with 0.2% Triton-X (Sigma) for 15 min at room temperature. Next, 

coverslips were blocked with 5% non-fat milk resuspended in 1x Tris-Buffered Saline-

Tween 20 (TBS-T, Fisher, Waltham, MA) for 30 min at room temperature with rocking. 

Anti-phospho-Histone H2A.X antibody conjugated to Alexa Fluor 488 (Millipore, 

Burlington, MA) was diluted 1:100 in 5% non-fat milk/TBS-T and applied to coverslips for 

1 h at room temperature in the dark. Coverslips were washed thrice with 1X PBS and 

mounted to slides (VWR, Radnor, PA) with ProLong Gold Antifade Mountant with DAPI 

(Life Technologies, Carlsbad, CA). Slides were stored at −20°C until confocal images were 

recorded with an Olympus FV1000 microscope. One-way ANOVA with Sidak’s multiple 

comparisons test was used for statistical analysis.

2.4 Pre-treatment with dexrazoxane, exposure to bioflavonoids, and detection of γ-H2AX 
Foci.

1 × 106 stem cells were plated on 15 mm gelatin-coated coverslips with 4 mL of culture 

medium, and incubated 12 h at 37°C 5% CO2. Cells were untreated (0 μM) or treated with 

200 μM dexrazoxane for 1 or 5 h at 37°C 5% CO2. After dexrazoxane treatment, cells were 

treated with compounds for 1 h at 37°C 5% CO2 [38]. Medium was aspirated and cells were 

washed with 1X PBS. Then cells were stained for γ-H2AX foci and mounted to slides as 

described above. Slides were stored at −20°C until confocal images were recorded with an 

Olympus FV1000 microscope.

2.5 Quantification of chromosomal translocations.

MAG ES translocation Reporter cells [38] were plated at a density of 2 × 107 cells per 10 cm 

tissue culture plate. Cells were treated with 200 μM dexrazoxane for 1 or 5 h, then 

compounds at doses of 0, 50, 75, or 100 μM were added to the culture medium and 
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incubated 1 h 37°C 5% CO2. Following exposure, cells were washed with 1X PBS before 

trypsinization. Cells were washed with 1X PBS again following trypsinization and plated on 

96 well culture dishes with ES media. All treatment cohorts were washed with 1X PBS on 

the first 2 d after treatment, then incubated in ES media 37°C 5% CO2. For each experiment, 

all cells on all plates in all treatment groups were screened at days 5–7 post-treatment for 

GFP+ fluorescence at 400X magnification on an inverted Zeiss Axiovert25 microscope with 

images recorded by Zeiss AxioCam MRc digital camera. GFP+ cell colonies represent a 

translocation between two engineered GFP exons within huMLL and huAF9 bcr transgene 

inserts (Supplemental Fig. 1)[38]. Each complete experiment including controls was 

repeated a minimum of three independent times (n = 3). One-way ANOVA using Bonferroni 

post-hoc tests were used for statistical analysis.

3. Results

3.1 Bioflavonoids stimulate the appearance of DNA DSBs in a dose-dependent manner

We tested the potential of bioflavonoids to directly induce DNA DSBs as determined by the 

appearance of γH2AX foci. Untreated asynchronous cultures of ES cells contained few, if 

any, spontaneous γH2AX foci across all experiments and timepoints. As a control, cells 

were exposed to the potent Top2 poison etoposide. An increasing number of γH2AX foci 

were scored immediately following exposure to etoposide (Fig. 1A). All averages and p-

values are listed in Supplemental Table 1. A similar pattern of persistence and kinetics of 

DSB repair was observed for all doses of etoposide tested; the average number of γH2AX 

foci persisted or slightly increased 1h post-exposure and then significantly declined over the 

total 8 h period (Fig. 1A).

We then exposed ES cells to increasing doses of a panel of bioflavonoids. Consistent with 

previous studies, genistein and quercetin robustly induced the appearance of γH2AX foci in 

a dose-dependent manner (Fig. 1B&C). Kaempferol only weakly induced γH2AX foci 

(Fig.1D). Myricetin and luteolin induced γH2AX foci but the number of observed foci 

peaked at 50 μM or 100 μM respectively. The number of γH2AX foci at higher doses of 

myricetin and luteolin, while still significantly higher than untreated cells, were quenched in 

comparison to the lower doses (Fig. 1E&F).

3.2 Persistence and kinetics of repair of bioflavonoid-induced DNA DSBs

Since bioflavonoids have structural similarity to etoposide and induced DSBs across the 

genome with no distinct pattern of distribution, we wanted to determine if the DSBs induced 

by bioflavonoids are sensed and repaired with kinetics similar to those induced by etoposide. 

To quantify the persistence and repair of bioflavonoid-induced DNA damage, cells were 

exposed to increasing doses of bioflavonoids, and γH2AX foci scored at 1, 4, and 8 h post-

exposure (Fig. 1).

The overall cellular response, persistence, and repair kinetics of bioflavonoid-induced DSBs 

were similar to those observed following etoposide exposure. Agents induced a rapid 

appearance and significant average number of γH2AX foci/cell immediately post-exposure 

Consistent with the kinetics of DDR signaling and spread of γH2AX marks across 
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chromatin away from each DSB, the appearance of γH2AX foci continued over the first 

hour post-exposure. DSBs persisted then disappeared, indicating repair of DSBs, with 

slower kinetics. As expected, since lower concentrations of bioflavonoids produced an 

absolute lower number of foci/cell, their disappearance and repair led to a return to baseline 

levels at earlier timepoints post-exposure than higher concentrations. Several bioflavonoids 

induced a second wave of γH2AX foci at later timepoints indicating a secondary indirect 

impact on chromosome stability.

In cells exposed to genistein, the average number of γH2AX foci persisted at 1 h post-

exposure as compared to the 0 h timepoint. The presence of γH2AX foci decreased at 4 h 

and 8 h post-exposure following all doses. By 4 h post-exposure, the average number of foci/

cell with 25 μM treatment decreased to baseline, and by 8 h post-exposure, 50 μM treatment 

decreased to baseline as well (Fig. 1B). Overall, when accounting for all four concentrations 

of genistein, the average number of DNA DSBs decreased slightly 1 h post-exposure, before 

drastically decreasing at 4 h and remaining low or undetectable by 8 h post-exposure.

Cells exposed to quercetin showed significant number of γH2AX foci immediately 

following exposure at all doses, that rapidly and significantly decreased within 1 h at all 

concentrations. At 1 h post-exposure with 25 μM, the average number foci/cell decreased by 

approximately 50%. The average foci/cell remained constant or further decreased by 4 h 

post-exposure. Interestingly, by 8 h post-exposure of higher concentrations, we observed a 

significant increase in the average number of foci/cell compared to the 4 h (Fig. 1C). When 

all quercetin concentration treatments are considered, there was a significant decline in 

DSBs by 1 and 4 h post-exposure, with a significant increase 8 h post-exposure.

Increasing concentrations of kaempferol led to an immediate small, but statistically 

significant increase, in γH2AX foci. All doses of kaempferol caused a similar number of 

γH2AX foci. By 4 h and 8 h post-exposure, γH2AX foci decreased down to approximately 

the same amount observed immediately following treatment at the 0 h timepoint (Fig. 1D).

Cells treated with increasing doses of myricetin or luteolin led to an overall significant 

increase in the average number foci/cell, although not with dose dependent increases 

observed with other bioflavonoids tested. However, the appearance of γH2AX persisted or 

continued to significantly increase by 1 h post-exposure, before significantly decreasing at 4 

and 8 h post-exposure (Fig. 1E&F). Myricetin treatment showed the most similar trend to 

etoposide treatment with an increase in γH2AX foci after 1 h, followed by decreases by 4 

and 8 h, with all doses returning to baseline by 8 h post-exposure (Fig. 1E).

We wanted to determine if combinatorial exposure to bioflavonoids would promote an 

additive or synergistic impact on the appearance, persistence, and repair of γH2AX foci that 

would better mimic dietary exposure to these compounds that are often contained in the 

same dietary sources. Cells were exposed to equal concentrations of both genistein and 

quercetin (G/Q) at the same concentrations used for single exposures to each. Unexpectedly, 

cells exposed to increasing concentrations of G/Q produced a similar average number of 

foci/cell compared to genistein or quercetin individually (Fig. 2A compared to Fig. 1B&C). 
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By 1 h post-exposure, the observed range of average foci/cell in the G/Q cells mirrored 

exposure to genistein alone and consistent with the 0 h timepoint.

Overall, the amount of DNA DSBs in cells exposed to G/Q decreased slightly at 4 h, then 

drastically decreased by 8 h post-exposure, except in the 100/100 μM group which showed a 

significant increase in average foci/cell from 1 to 4 h post-exposure, before decreasing by 8 

h post-exposure (Fig. 2A).

Cells were exposed to the same concentrations of genistein, quercetin and luteolin (G/Q/L) 

as used for individual exposures. Increasing concentrations of G/Q/L induced an immediate 

increase in the incidence of γH2AX foci to levels similar to what was observed in cells 

exposed to each individual bioflavonoid at 0 h post-exposure (Fig. 2B compared to Fig. 

1B,C,&F). γH2AX foci continued to appear over the first hour post-exposure to G/Q/L. 

These observations suggest an additive, rather than synergistic, impact of exposure to 

luteolin to the combination of G/Q. The kinetics of repair of DNA DSBs mirrored single 

exposures and significantly decreased by 4 h post-exposure compared to 1 h, but at elevated 

levels similar to the 0 h timepoint. The average number of foci/cell continued to decrease by 

8 h post-exposure. The kinetics with all four doses is similar to the trend observed with 

etoposide exposure, with an increase in DNA DSBs by 1 h post-exposure followed by repair 

of DSBs by 4 and 8 h post-exposure (Fig. 2B).

3.3 Bioflavonoid-induced DNA DSBs through Top2-dependent and -independent 
mechanisms

Some bioflavonoids such as kaempferol, quercetin and myricetin have been shown to 

directly inhibit Top2 in cell free systems, but bioflavonoids also have pleiotropic effects. To 

understand what portion of the bioflavonoid-induced DNA DSBs are a direct effect of Top2 

inhibition, cells were pre-treated with 200 μM dexrazoxane (+DEX) for 1 or 5 h, followed 

by 1 h exposure to each of the compounds, and immediately scored for the presence of 

γH2AX foci. As expected, asynchronous cultures +DEX contained few, if any, spontaneous 

γH2AX foci across all experiments and timepoints (Fig. 3). As expected, pre-treatment with 

DEX was sufficient to produce a significant reduction in the average number of foci/cell 

following etoposide exposure. Exposure to etoposide alone induced an average 20.1 foci/cell 

that was significantly reduced by 51% with 1 h/+DEX and reduced by almost 75% with 5 h/

+DEX (Fig. 3A).

A significant portion of bioflavonoid-induced DSBs was inhibited by the pre-treatment of 

cells with dexrazoxane consistent with a Top2-dependent mechanism of bioflavonoid 

activity. Myricetin exposure alone induced an average 10.5 foci/cell that was significantly 

reduced with 1 h/+DEX and inhibited by approximately 80% or to baseline levels with 5 h/

+DEX indicating that the significant majority of induced DSBs were created via a Top2-

dependent mechanism (Fig. 3B). Quercetin exposure induced an average 15.4 foci/cell that 

was significantly reduced by 57% with 1 h/+DEX and remained consistent with 5 h/+DEX 

(Fig. 3C). Exposure to genistein induced an average 15.6 foci/cell that was significantly 

reduced by 48% with 1 h/+DEX and slightly but significantly increased with 5 h/+DEX, 

although still significantly lower than genistein only (Fig. 3D).
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Luteolin exposure induced an average 17.0 foci/cell. 1 h/+DEX treatment resulted in a 51% 

decrease in the average foci/cell, but 5 h/+DEX led to a small but significant increase in the 

average foci/cell (Fig. 3E). This increase was greater than what was observed for luteolin 

alone. Although 1 h/+DEX significantly inhibited DNA DSBs induced by quercetin, 

genistein, or luteolin, increased pre-treatment time to 5 h was not sufficient for any further 

reduction in the average number of foci/cell, and in fact increased after luteolin exposure, 

supporting a Top2-independent mechanism for the remaining observed DSBs. Uniquely, 

dexrazoxane pre-treatment did not inhibit the appearance or persistence of γH2AX foci after 

kaempferol exposure. 1 hr/+DEX produced a significant 165% increase in γH2AX foci, and 

5 h/+DEX showed a 300% increase compared to exposure to kaempferol alone (Fig. 3F).

We wanted to determine if dexrazoxane pre-treatment would inhibit the appearance of 

γH2AX foci induced by combinatorial exposure to bioflavonoids. Cells exposed to G/Q 

induced an average 17.3 foci/cell that significantly decreased with 1 h/+DEX. However, the 

average number foci/cell significantly increased with 5 h/+DEX, compared to the 1 h/+DEX, 

though the 5 h/+DEX group to levels statistically consistent with G/Q alone (Fig. 3G). Cells 

exposed to G/Q/L alone induced an average 17.8 foci/cell that remained constant after 1 h/

+DEX and significantly increased after 5 h/+DEX compared to both G/Q/L alone and 1 h/

+DEX (Fig. 3H).

3.4 Bioflavonoid-induced chromosome translocations through Top2-dependent and -
independent mechanisms

We wanted to understand the consequences of bioflavonoid-induced DSBs and determine 

what portion of, bioflavonoid-induced chromosomal translocations are Top2-dependent and 

sensitive to dexrazoxane pre-treatment. We used our previously developed MAG Reporter 

cell line that only expresses green fluorescent protein (GFP) if DSB repair leads to a 

chromosomal translocation [38] (Sup. Fig. 1). In the MAG Reporter cell line, two 

engineered GFP exons within huMLL and huAF9 bcr transgene inserts are upstream 

(GFPe1) or downstream (GFPe2) of mapped breakpoints identified in infant- and t-AML. 

DNA DSBs in each of chromosome transgene inserts may be repaired to ligate the GFPe1 

exon and the GFPe2 exon onto the same DNA duplex, generate a chromosomal 

translocation, and generate a functional GFP gene (Sup. Fig. 1). The Reporter cell line 

previously demonstrated that exposure to etoposide, a panel of bioflavonoids, or ROS was 

sufficient to promote the formation of DSB-induced chromosomal translocations[38,41].

As expected, the translocation frequency observed after etoposide exposure alone 

significantly decreased by 71% following dexrazoxane pre-treatment (Table 1). Similarly, 

the translocation frequency observed after myricetin exposure significantly decreased 

following dexrazoxane pre-treatment (Table 1). By contrast, the formation of translocations 

induced by genistein or kaempferol exposure was not sensitive to Top2-inhibition. The 

translocation frequency observed after genistein exposure did not decrease but increased 

slightly although not significantly, and the translocation frequency observed after 

kaempferol exposure had a significant increase by more than 400% (Table 1). The impact of 

dexrazoxane and Top2 inhibition of GFP+ chromosomal translocations was overall 

consistent with the observed γH2AX scoring.
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4. Discussion

Overall, this study demonstrated the potential for individual bioflavonoids to lead to DNA 

DSBs in a dose-dependent manner through both Top2-dependent and Top2-independent 

mechanisms. Consistent with its known major activity as a Top2 inhibitor in the cleavage-

ligation reaction, this study supported etoposide’s potential to rapidly induce multiple and 

persistent DNA DSBs and translocations that were significantly reduced with Top2 

inhibition. The bioflavonoids examined here all demonstrated the similar ability to directly 

cause DSBs immediately post-exposure, although at lower absolute levels than induced by 

etoposide. Exposure to etoposide and myricetin showed the most similar overall kinetics of 

DNA damage and repair, as well as dependence on Top2. Etoposide and its metabolites act 

as both an interfacial (traditional) and as a covalent Top2 poison[10,42]. Bandele et al 
demonstrated that myricetin also works through both mechanisms to poison Top2 in cell free 

systems suggesting that the biochemical mechanism of Top2 poisoning is more predictive of 

a bioflavonoid’s potential to induce DNA DSBs, than its subclass[10]. Bandele et al also 

showed myricetin causes more DNA cleavage than traditional poisons but at a slower rate, 

which could in part explain the significantly greater inhibition of DSB formation in cells 

exposed to myricetin as compared to cells exposed to genistein or quercetin that act 

exclusively as traditional poisons[10].

Top2 has two isoforms, α and β, with distinct patterns of expression and functions. Top2α is 

highly expressed in highly proliferative cell types including stem cells. Top2α associates 

with replication forks and remains bound to chromosomes in mitotic cells. Top2β is 

expressed in most cell types, including stem cells, regardless of proliferation status and is 

required for viability of some post-mitotic cells such as neurons[1,2]. Unrelated to its direct 

activity to release torsional strain in DNA through DSBs, Top2β binding is enriched at 

promoters and associated with cohesion, TAD boundaries, CTCF binding sites, and 

H3K4me2, a mark of active chromatin[43,44]. Dexrazoxane inhibits both Top2 isoforms by 

stabilizing the closed clamp Top2 conformation preventing DNA binding, however with 

longer DEX treatment the drug induces the proteasomal degradation of Top2β [18]. 

Therefore, any persistent DNA damage after DEX treatment is likely due to Top2-

independent mechanisms.

Only a portion of DNA DSBs induced by genistein and quercetin were inhibited by 

dexrazoxane pre-treatment, and formation of DSBs induced by luteolin and kaempferol were 

resistant to dexrazoxane pre-treatment and increased. These data indicate these compounds 

promote at least some DNA damage and chromosomal translocations through Top2-

indepependent mechanisms. Bioflavonoids may lead to replication fork collapse, 

transcription machinery collision, or early apoptotic triggers leading to DSBs[45].

Repair of DNA DSBs can occur by one of several competing pathways including 

homologous recombination, classical nonhomologous end-joining (c-NHEJ), or alternative 

end-joining (alt-EJ)[46]. Recent studies suggest that alt-EJ preferentially leads to 

translocations, and inhibition of proteins involved in alt-EJ suppress translocation 

formation[47]. Exposure to bioflavonoids in our Reporter cell system both decreases 

expression of c-NHEJ proteins and increases expression of alt-EJ proteins[48]. Thus, 
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bioflavonoid activity could direct DSBs to more mutagenic repair associated with 

chromosomal translocations.

Unexpectedly, DSBs induced by quercetin and luteolin were repaired rapidly post-exposure, 

to be followed by a second wave of DSBs appearing at later timepoints. When all quercetin 

concentration treatments are considered, there is a significant drop in the number of DSBs at 

1 and 4 h post-exposure, with a significant increase 8 h post-exposure. The delayed 

appearance of new γH2AX foci suggests an indirect secondary effect of quercetin.

Oxidative stress is implicated in multiple chronic diseases and cancers[49,50]. While 

bioflavonoids have been shown to have antioxidant capabilities, some antioxidants can 

induce oxidative stress at higher doses[40,41,50]. The kinetics of γH2AX following 

quercetin and luteolin treatment would be consistent with a role of inducing oxidative stress 

through increased reactive oxygen/nitrogen species (ROS/RNS), that in turn lead to DSBs at 

later times post-exposure[40,50]. In support of this, ROS can cause DNA damage, and we 

previously showed that ROS are sufficient to promote translocations between MLL and AF9 
bcrs in our Reporter cell line[41].

Exposure to combinations of bioflavonoids did not additively nor synergistically induce 

DNA DSBs. Exposure to multiple bioflavonoids led to the appearance and persistence of 

γH2AX foci with kinetics of the individual bioflavonoid that led to the greatest level of 

persistent damage at a single timepoint. This result suggests some redundancy or overlap of 

the chromosomal loci susceptible to damage by bioflavonoids even if individual 

bioflavonoids induce a greater or lesser average number foci/cell. If susceptible breakpoints 

overlap then exposure to multiple compounds at a given time would not present on a global 

scale with breaks at new loci. In addition, if luteolin indirectly induces damage at a later 

secondary timepoint after repair of any immediate G/Q/L breakpoints, then these would be 

expected to appear as newly formed foci.

Recently, END-seq has been used for genome mapping of etoposide-induced chromosomal 

breakpoints and the correlation of these with Top2 binding sites[43]. Direct mapping of 

bioflavonoid-induced breakpoints by END-seq could provide insight into specific loci of the 

genome are susceptible to bioflavonoid damage, the overlap of susceptible loci to individual 

bioflavonoids and Top2 binding sites. We would predict that genome mapping will reveal 

that quercetin promotes cleavage at a smaller number of hotspots that largely overlap with a 

subset of genistein-induced cleavage hotspots. Further, genome mapping studies may reveal 

which bioflavonoids promote DNA damage with unique patterns to suggest possible synergy 

in their dietary consumption. Identification of overlap between bioflavonoid-induced and 

etoposide-induced cleavage hotspots may be the strongest predictors of potential 

oncogenesis events, particularly if they occur in known leukemic BCRs or proto-oncogene 

loci.

Top2β activity is required for etoposide-induced DNA DSBs and chromosomal 

rearrangements initiating within the MLL locus in cell lines[51]. Similarly, inhibition, but 

not complete loss, of Top2 activity by dexrazoxane, led to a reduction of etoposide-induced 

translocations in this study. We were also able to stratify the potential for individual 
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bioflavonoids to promote translocations and show which ones specifically were also 

sensitive to Top2 inhibition. Overall, these findings have implications for understanding the 

biochemical activity of bioflavonoids and other dietary supplements to interact directly with 

DNA to promote DNA DSBs and genome instability, and provide direct evidence that 

specific Top2 inhibitors or targeted drugs could be developed that possess less leukemic 

potential or suppress chromosomal translocations associated with therapy-related and infant 

leukemias. This work further highlights the need for in vivo models to understand 

physiological consequences of bioflavonoids and their contribution to infant and t- AML.
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Highlights:

• Bioflavonoids induce persistent DNA damage similar to etoposide

• Bioflavonoid-induced DNA damage is partially dependent on Top2 activity

• Bioflavonoid-induced translocations can be reduced by inhibition of Top2

• Bioflavonoid structure impacts mechanism of DNA damage and 

chromosomal translocations
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Figure 1. Bioflavonoids Stimulate DNA DSBs and Kinetics of DNA Damage and Repair.
Cells were treated with A, etoposide (Eto), B, genistein (G), C, quercetin (Q), D, kaempferol 

(K), E, myricetin (M), or F, luteolin (L) at a range of doses before being stained for γH2AX 

foci either immediately after treatment or after 1, 4, or 8 h post-exposure. Doses for 

etoposide include 6.25, 12.5, and 18.75 μM. Doses for genistein, quercetin, kaempferol, and 

myricetin include 25, 50, 75, and 100 μM. Doses for luteolin doses include 50, 100, 150, and 

200 μM. Each point represents the number of foci in one cell, a minimum of 100 cells were 

examined in each group. The mean is displayed with the 95% confidence interval as error 

bars. All p-values are provided in Supplemental Table 1.

Goodenow et al. Page 16

Mutat Res. Author manuscript; available in PMC 2021 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Combinations of Bioflavonoid Exposures Display Similar DNA DSBs and Kinetics to 
Singular Bioflavonoid Exposures.
Cells were treated with A, genistein/quercetin (G/Q), or B, genistein/quercetin/luteolin 

(G/Q/L) at a range of doses before being stained for γH2AX foci either immediately after 

treatment or after 1, 4, or 8 h post-exposure. Doses for genistein/quercetin include 25/25, 

50/50, 75/75, and 100/100 μM and for genistein/quercetin/luteolin doses include 25/25/50, 

50/50/100, 75/75/150, and 100/100/100/200 μM. Each point represents the number of foci in 

one cell, a minimum of 100 cells were examined in each group. The mean is displayed with 

the 95% confidence interval as error bars. All p-values are provided in Supplemental Table 

1.
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Figure 3. Dexrazoxane Pre-treatment Reduces Bioflavonoid-induced DNA DSBs Through Top2-
dependent Mechanisms.
Cells were pre-treated with dexrazoxane at 200 μM for either 1 or 5 h before 1 h treatment 

with A, etoposide (Eto) 6.25 μM, B, myricetin (M) 50 μM, C, quercetin (Q) 75 μM, D, 

genistein (G) 75 μM, E, luteolin (L) 100 μM, F, kaempferol (K) 100 μM, G, genistein/

quercetin (G/Q) 75/75 μM, or H, genistein/quercetin/luteolin (G/Q/L) 50/50/100 μM. 

Immediately after treatment, cells were stained for γH2AX foci. Each point represents the 

number of foci in one cell, a minimum of 100 cells were examined in each group. The mean 

is displayed with the 95% confidence interval as error bars. * p<0.05, *** p<0.0001
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Table 1.

Inhibition of Top2 with Pre-treatment with Dexrazoxane and Frequency of Bioflavonoid-induced 

Translocations.

Scored GFP+ Events Average Frequency

Compound Dose −DEX +DEX −DEX +DEX

Untreated n/a 0 0, 2, 4 <0.007 × 10−6 0.20 × 10−6

Etoposide 50 μM 80, 92, 68, 97 23, 25, 26 8.43 × 10−6 2.47 × 10−6

Genistein 75 μM 15, 8, 14 11, 17, 19 1.23 × 10−6 1.57 × 10−6

Kaempferol 100 μM 6, 2, 3, 4 10, 18, 19 0.38 × 10−6 1.57 × 10−6

Myricetin 100 μM 1, 1, 2 1, 0, 0 0.13 × 10−6 0.03 × 10−6

The MAG translocation reporter cell line was treated with 200 μM dexrazoxane for 5 h before 1 h treatment with etoposide (50 μM), genistein (75 
μM), kaempferol (100 μM) or myricetin (50 μM). Number of GFP+ colonies were counted after 5–7 days. Experiment was repeated in triplicate 
and compared to our previous reported data without dexrazoxane pre-treatment. The translocation frequency decreased with dexrazoxane pre-
treatment for etoposide (p= 0.0006), increased for kaempferol (p= 0.0058) and remained statistically unchanged for untreated, genistein, and 
myricetin (p= 0.272, 0.363, and 0.101, respectively).
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