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MATERIALS AND METHODS
Cell Culture: Exponentially growing CHO-WBL cells were maintained in complete medium consisting of McCoy’s 5A medium supplemented with 10% (v/v)
heat-inactivated fetal-bovine serum, 2 mM L-glutamine, 100 U/mL penicillin G and 100 µg/mL streptomycin. Cells were seeded into 24-well tissue culture
plates at 25,000 cells/well. The plates were incubator at ~37°C in a humidified atmosphere of 5% CO2 in air, and the cultures ere treated approximately 24
hours after seeding.
Treatment: Test and control article formulations were prepared in dimethylsulfoxide (DMSO) and added into complete McCoys 5A medium at 1% (v/v) in the
presence or absence of S9 mix (containing 1.5% phenobarbital/β-naphthoflavone-induced rat liver homogenate, 2 mM NADP, and 14 mM isocitric acid (see
Table 1). Media was replaced with the appropriate aliquots of media + dose formulations, and plates were returned to the incubator.
Washing: Following the 4-hour treatment (0.5 hours) +S9, treatment medium was aspirated and cultures were refed with 1 mL of pre-warmed fresh complete
medium and returned to the incubator. For the 24-hour treatment –S9, cultures remained in the incubator until harvest.
Harvest: Approximately 24 hours after treatment initiation, cultures were processed according to procedures adapted from the MicroFlow® kit manual (Litron
Laboratories, Rochester, NY). Briefly, the nucleic acids of dead/dying cells were labeled with ethidium monoazide (EMA), the cells were lysed, and all nucleic
acids were cross stained with Sytox green. Whenever possible 10,000 healthy nuclei (EMANEG) were acquired on a FACSCanto II™ with FACSDiva v8.01
software (Becton Dickinson, CA). MN were characterized as having 1/10th to 1/100th the fluorescence intensity of healthy G1 nuclei, and hypodiploidy
(HYPO) was gated as a sub-2N population.
Calculations: The frequency of MN (#MN/#healthy nuclei*100), and HYPO (#hypodiploid nuclei/#healthy nuclei*100) were calculated (Figures 1 and 2).
Additionally, cell health (% EMANEG), qualitative cell cycle analysis (%G0/G1, %S, and %G2/M), and relative cytotoxicity (using nuclei-to-bead ratio’s) were
calculated. Data are displayed from cultures with ≤ 60% cytotoxicity (the OECD TG limit).
Criteria: An assay was considered valid if the %MN of DMSO (vehicle control) cultures was ≤ 2.4%, which is the upper bound of the 99% Tolerance Interval
(TI) for the distribution of data in this laboratory’s historical negative control database. A chemical was considered genotoxic if the separation between
treatment and vehicle control had a z` ≥ 0.6, and aneugenic if hypodiploidy ≥ 10%.

2 BACKGROUND AND OBJECTIVES
Assessment of genotoxic potential is a key part of product risk assessment. The field has moved away from
binning chemicals according to plus/minus genotoxicity test results, as more focus is placed on biological mode
of action (MOA) and how it contributes to the genotoxic/carcinogenic processes. For example, key aneugenic
events occur only after a specific exposure level is attained. Hence, there are lower exposure levels where
adverse biological effects are not observed and considered inoperable. This facilitates a more robust risk
assessment, especially for chemicals or products that are not DNA-reactive.

Currently, the information from a battery of genotoxicity assays can be used to assess whether DNA reactivity is
a concern (e.g., a positive Ames assay). In situations where only the mammalian cell micronucleus (MN) test
yields positive test results, understanding the mechanism of micronucleus formation is pivotal in supporting a
non-DNA reactive MOA. The AOP framework can be used to identify biologically meaningful KEs of different
genotoxicity pathways, with activity at different KEs elucidating which MOA is present. Information generated
from these experiments may be used to better identify safety factors used to calculate permissible daily human
exposures.

The purpose of this work was to validate a mid-throughput version of the mammalian cell micronucleus assay in
this laboratory, scored by flow cytometry, that provides built in information on MOA. CHO-WBL cells were used,
as aneugenic KEs, in the form of hypodiploidy detection (daughter cells with 2N-1 DNA), are detectible in this
test system when acquiring data via flow cytometry. This objective will provide an ‘all-in-one’ mammalian cell MN
assay, where MOA can be determined without having to conduct follow-up experiments.

1 ABSTRACT
Numerous efforts within the genetic toxicology field aim to move beyond measuring only apical endpoints to assess genotoxic
potential. More emphasis is being placed on understanding key molecular events (KEs) in adverse outcome pathways (AOPs)
that elicit genotoxicity. Presently, there are assemblies of AOPs (some draft) for DNA reactive and non-reactive modes of action.
These biological networks can be used to focus testing strategies on identifying upstream KEs responsible for an observed
apical endpoint. Thus, a comprehensive all-in-one mammalian cell assay that can screen for genotoxic potential and assist in
identifying relevant AOPs would be of value. Therefore, we implemented flow cytometric analysis of micronuclei (MN) in CHO
cells since such scoring facilitates rapid acquisition of induced MN and, uniquely, the CHO test system can discriminate
aneuploid daughter cell nuclei that survived non-disjunction (a KE in aneugenic AOPs). Several clastogens (benzo[a]pyrene,
cyclophosphamide, etoposide, methyl methanesulfonate, mitomycin C, and quinoline) were tested in a 24-well format with and
without metabolic activation (S9) to establish laboratory proficiency prior to challenging the assay with three reference aneugens
(carbendazim, colchicine, and vinblastine) and amsacrine (AMSA), a DNA intercalating agent that inhibits topoisomerase II
(Topo-II). Cells were processed as per the appropriate MicroFlow® kit (Litron Laboratories; Rochester, NY), and up to 10,000
nuclei were analyzed on a BD FACSCanto II. All chemicals evaluated were genotoxic, with significant increases in %MN
observed (as compared to the vehicle control; z’ > 0.6). However, only the three aneugens and AMSA induced significant
(>10%) hypodiploidy, a measurement of non-disjunction which is a KE in aneugenic AOPs. Except for AMSA, our results confirm
published findings in mammalian cell systems. AMSA and other topo-II inhibitors have shown aneugenic activity in vivo,
including in germ cells, which is something that was not observed for etoposide during assay proficiency testing. Hence, follow
up work will include closer examination of etoposide’s dose-response relationship (e.g., testing up to suitable cytotoxicity limits,
modifying concentration spacing, etc.) and evaluation of other Topo-II poisons in this assay.

3 RESULTS

Table 1: Chemicals Tested and Mode of Action
Figure 1: MN Induction 
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Chemical CAS Treatment 
Condition MOA

Vinblastine (VIN) 865-21-4 24-hr –S9 Tubulin Poison
Colchicine (COL) 64-86-8 24-hr –S9 Tubulin Poison
Carbendazim (CBZ) 10605-21-7 24-hr –S9 Tubulin Poison
m-Amsacrine (AMSA) 51264-14-3 24-hr –S9 Topo II Poison 
Etoposide (ETOP) 33419-42-0 24-hr –S9 Topo II Poison
Mitomycin C (MMC) 50-07-7 24-hr –S9 Cross-linker
Cyclophosphamide H2O (CP) 6055-19-2 4-hr +S9 Alkylator
Benzo(a)pyrene (BP) 50-32-8 4-hr +S9 Alkylator
Methyl methanesulfonate (MMS) 66-27-3 24-hr –S9 Alkylator
Quinoline (QUIN) 91-22-5 4-hr +S9 Alkylator

Figure 2: HYPO Induction 

Figure 1: Concentration response curves of CHO-WBL MN induction.
Red line indicates upper bounds of the historical control distribution for
MN frequencies from pooled negative controls. All responses were
above this line and considered positive for MN induction.

Figure 2: Concentration response curves of CHO-WBL HYPO
induction. Red line indicates a priori cut off for aneugenic potential
(10%). All responses above this line were considered positive for MN
induction with an aneugenic MOA.

DISCUSSION AND CONCLUSIONS
The test chemicals identified in Table 1 were used as they represent both
mechanisms of MN induction: aneugenicity and clastogenicity. The Topo-II
inhibitors are presented separately in Figures 1 and 2, as they have been
shown to have aneugenic activity in vivo, but classically are considered
clastogenic due to induction of strand breaks during DNA synthesis
(replication fork collapse). Utilizing CHO-WBL as the test system and scoring
MN by flow cytometry provided the opportunity to collect HYPO data and test
the hypothesis that Topo-II inhibitors have aneugenic potential in vitro.

From the experimental data presented herein, we can conclude:

 The flow cytometric MN assay can be used to detect genotoxic potential
and MOA when using CHO-WBL cells (Table 2).

 m-AMSA was the only chemical with aneugenic potential identified at
doses not adjacent to those inducing MN. This may suggest cell cycle
specific effects (i.e., aneugenicity exclusively induced in M phase).

 If aneugenic potential of Topo-II poisons may be identified by this assay,
more data on ETOP are needed, with different concentration spacing (or
synchronized cells) to determine suitability of this approach.

 This “all-in-one” genotoxicity MOA assay can be used when elucidating
mechanisms of genotoxicity within an AOP framework.
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Chemical MNPOS

LOEC (µM)
HYPOPOS

>10% LOEC (µM)
Vinblastine (VIN) 0.018 0.025
Colchicine (COL) 0.038 0.062
Carbendazim (CBZ) 6.6 8.8
m-Amsacrine (AMSA) 20. 72
Etoposide (ETOP) 220 NA
Mitomycin C (MMC) 0.10 NA
Cyclosphosphamide H2O (CP) 11 NA
Benzo(a)pyrene (BP) 23 NA
Methyl metanesulfonate (MMS) 91 NA
Quinoline (QUIN) 4,600 NA

Table 2: Summary Results

Table 2 Legend: LOEC (lowest effective concentration) indicates the lowest
concentration evaluated herein that induced MN with a z` > 0.6. Multiple
experiments would be required to define the true LOEC and/or point of departure.
NA = Not achieved, data displayed to 2 significant figures.
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