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ABSTRACT
Understanding the mode-of-action (MOA) of genotoxic compounds and differentiating between direct DNA interaction and
indirect genotoxicity is crucial for their reliable safety assessment. ToxTracker is a stem cell-based reporter assay that
detects activation of various cellular responses that are associated with genotoxicity and cancer. ToxTracker consists of 6
different GFP reporter cell lines that can detect the induction of DNA damage, oxidative stress, and protein damage in a
single test. The assay can thereby provide insight into the MOA of compounds. Genotoxicity is detected in ToxTracker by
activation of 2 independent GFP reporters. Activation of the Bscl2-GFP reporter is associated with induction of DNA adducts
and subsequent inhibition of DNA replication and the Rtkn-GFP reporter is activated following the formation of DNA
double-strand breaks. Here, we show that the differential activation of these 2 genotoxicity reporters could be used to
further differentiate between a DNA reactive and clastogenic or a non-DNA-reactive aneugenic MOA of genotoxic
compounds. For further classification of aneugenic and clastogenic compounds, the ToxTracker assay was extended with
cell cycle analysis and aneuploidy assessment. The extension was validated using a selection of 16 (genotoxic) compounds
with a well-established MOA. Furthermore, indirect genotoxicity related to the production of reactive oxygen species was
investigated using the DNA damage and oxidative stress ToxTracker reporters in combination with different reactive
oxygen species scavengers. With these new extensions, ToxTracker was able to accurately classify compounds as genotoxic
or nongenotoxic and could discriminate between DNA-reactive compounds, aneugens, and indirect genotoxicity caused by
oxidative stress.
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Every year, large numbers of new compounds are being devel-
oped for a wide range of purposes. Due to the large numbers of
compounds that require safety assessment, there is an increas-
ing demand for rapid and reliable in vitro assays that assess gen-
otoxicity in an early phase of development. The most
commonly used in vitro genotoxicity tests, as recommended in
international guidelines by the regulatory authorities, are the
Ames test and mouse lymphoma assay for mutation induction
and the in vitro micronucleus (MN) assay and chromosomal

aberrations (CA) test for clastogenicity or aneugenicity (Kirkland
et al., 2005). Using a battery of standard in vitro assays, com-
pounds can readily be classified as genotoxic. However, several
studies have shown that these dichotomous outcomes overesti-
mate the number of genotoxicants, as “positive” compounds
frequently score negative in rodent carcinogenicity assays
(Kirkland et al., 2005). Independently, the approach for risk as-
sessment has also changed and adverse outcome pathways
(AOPs) (Sasaki et al., 2020) and weight of evidence (WoE)
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approaches (Hern!andez et al., 2009) are becoming increasingly
important for hazard evaluation, especially in relation to the in-
terpretation of the results of in vitro assays. One of the major
shortcomings of the current standard battery is that they pro-
vide very limited insight into the mode-of-action (MOA) of com-
pounds. For example, both clastogenic and aneugenic
compounds are positive in the MN assay and the CA test
(Table 1), whereas aneugenic substances, in contrast to clasto-
genic agents, are generally considered as noncarcinogenic
(Kirkland et al., 2016).

The ToxTracker assay was previously developed to provide
insight into the MOA of genotoxic compounds. ToxTracker is a
mouse stem cell-based reporter assay that can identify geno-
toxic compounds with high accuracy (Hendriks et al., 2016,
2012). By detecting the activation of specific cellular signaling
responses following chemical exposure, ToxTracker can dis-
criminate between the induction of DNA damage, oxidative
stress, and protein damage in a single test (Hendriks et al., 2016).
Mouse embryonic stem (mES) cells are, in contrast to cancer-
derived cell lines, genetically stable and proficient in all cellular
pathways necessary for accurate detection of potentially carci-
nogenic properties of compounds (Giachino et al., 2013). In
ToxTracker, genotoxicity is readily detected by 2 independent
fluorescent reporters: Bscl2-GFP and Rtkn-GFP. The Bscl2-GFP
reporter is activated upon the formation of bulky DNA adducts
and subsequent inhibition of DNA replication. Activation of the
Rtkn-GFP genotoxicity reporter is associated with induction of
DNA double-strand breaks. Many clastogenic compounds cause
DNA damage by direct interaction with the DNA and typically
activate both the Bscl2-GFP and Rtkn-GFP ToxTracker reporters.
For such DNA-reactive compounds, which pose a cancer risk
even at very low doses, a linear approach is typically used for
risk assessment (Nohmi, 2018). In contrast, there are also sub-
stances that are genotoxic without directly interacting with the
DNA (indirect genotoxicity) (Kirsch-Volders et al., 2003). Tubulin

poisons, which interfere with proper chromosome segregation
during mitosis, are indirect genotoxins and exposure to such
agents can lead to aneuploidy (Lynch et al., 2019). Activation of
the Rtkn-GFP reporter is often observed for aneugens (Hendriks
et al., 2016), because DNA breaks can be formed during mitosis
(Mehta and Haber, 2014) or by activation of the apoptotic re-
sponse. In general terms, the AOP of aneugens could be de-
scribed as follows: (1) Molecular initiating event: binding of the
chemical to its (unintended) target, (2) key event (KE) mitotic or
cytokinetic abnormalities, and (3) adverse outcome: aneuploidy.
Different aneugens, such as aurora kinase inhibitors or tubulin
poisons, have a different MOA with more specific KEs, therefore
specific AOPs are under development (Sasaki et al., 2020).

Also compounds that cause high levels of oxidative stress
in the cells can indirectly affect the DNA. Oxidative DNA dam-
age can be caused by a variety of reactive oxygen species (ROS),
such as superoxide and hydroxyl radicals and ROS are also pro-
duced endogenously by the mitochondria in response to cellu-
lar stress (Yang et al., 2016). Reaction of ROS with the DNA can
lead to the formation of damaged bases, such as 8-oxo-20-deox-
yguanosine (Markkanen, 2017). Such damaged bases are usu-
ally repaired via base excision repair, during which the
damaged base is removed and the remaining single-strand
break is filled by a DNA polymerase (David et al., 2007).
Insufficient or faulty repair of these damaged bases can lead to
mutations or CA. High levels ROS can also lead to indirect DNA
damage by affecting the cellular ROS: antioxidant balance or by
oxidation of other cellular macromolecules which can adduct
the DNA (Dedon et al., 1998). For these types of indirect damage,
or if the total damage load is relatively low, compensatory
mechanisms might exist, such as the presence of endogenous
antioxidants. These compensatory mechanisms might give
rise to a nonlinear dose response and therefore a threshold ap-
proach might be appropriate for such indirect genotoxins
(Nohmi, 2018).

Table 1. Genotoxicity Testing Results for All Compounds Used in This Study

Substance MOA Ames In Vitro MN In Vitro CA In Vivo Genotoxic

Taxol Aneugen !a "a,b "a !a

Vincristine Aneugen !c,d "c,d "c,d

Nocodazole Aneugen "b,c

Carbendazim Aneugen "e "b,e Ee "e

Cisplatin Clastogen "a "b "a "a

Etoposide Clastogen "a "a,b "a "a

MMS Clastogen "a "a "a "a

HU Clastogen "e "e "e "e

AMG900 Aneugen
Hesperadin Aneugen
VX680 Aneugen
DEM Nongenotoxic !c,f

Tunicamycin Nongenotoxic
Rosuvastatin Nongenotoxic !a !a !a "a (rodent-specific MOA)
Econazole Nongenotoxic !g Ed "d

DEHP Nongenotoxic !h !h !h ! In vivo UDSf

E, equivocal result, response is weak or not reproduced between experiments or between laboratories.
aKirkland et al. (2016).
bWilde et al. (2019).
cHendriks et al. (2016).
dKirkland et al. (2011).
eCorvi and Madia (2018).
fECHA dossier diethyl maleate, https://echa.europa.eu/nl/registration-dossier/-/registered-dossier/24170, last accessed July 3, 2020.
gNTP database study no. 268926.
hECHA dossier bis(2-ethyl-hexyl)phthalate, https://echa.europa.eu/nl/registration-dossier/-/registered-dossier/15358/7/7/1, last accessed July 3, 2020.
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The ability to distinguish between different types of geno-
toxic compounds and better insight into their MOA is needed to
improve the assessment of the toxicity and genotoxicity profile
of new substances for screening purposes and regulatory appli-
cations. Here, we report 2 important extensions of ToxTracker
for the reliable classification of genotoxic compounds and to
distinguish between direct DNA reactivity and indirect genotox-
icity through an aneugenic or oxidative stress-related MOA.

MATERIALS AND METHODS
Cell culture and compound treatments. C57/Bl6 B4418 wild-type
mES cells were cultured in mES knockout medium (Gibco) con-
taining 10% fetal calf serum (FCS), 2 mM glutamax, 1 mM sodium
pyruvate, 1# minimal essential medium nonessential amino
acids, 100 mM b-mercaptoethanol, and leukemia inhibitory fac-
tor (complete mES cell culture medium) and were propagated
on irradiated primary mouse embryonic fibroblasts as feeders
according to established protocols (Hendriks et al., 2012). For
chemical exposure, cells were seeded 24 h prior to exposure on
gelatin-coated plates in complete mES cell culture medium in
the absence of feeder cells and subsequently exposed to the test
compounds for 4 or 24 h.

The following compounds were used in this study: AMG900
(Selleckchem cat no.: S2719), bis(2-ethyl-hexyl)phthalate (DEHP,
CAS no.: 117-81-7), carbendazim (CAS no.: 10605-21-7), cisplatin
(CAS no.: 15663-27-1), diethyl maleate (DEM, CAS no.: 141-05-9),
econazole (CAS no.: 27220-47-9), etoposide (CAS no.: 33419-42-
0), hesperadin (Selleckchem, cat no.: S1529), hydroxyurea (HU,
CAS no.: 127-07-1), methyl methanesulfonate (MMS, CAS no.:
66-27-3), nocodazole (CAS no.: 31430-18-9), potassium bromate
(KBrO3, CAS no.: 7758-01-2), rosuvastatin (CAS no.: 147098-20-
02), sodium (meta)arsenite (NaAsO2, CAS no.: 7784-46-5), taxol
(CAS no.: 33069-62-4), tunicamycin (CAS no.: 11089-65-9), vin-
cristine (CAS no.: 2068-78-2), and VX680 (Selleckchem, CAS no.:
639089-54-6). All tested compounds were purchased from
Merck/Sigma Aldrich, unless stated otherwise. All compounds
were dissolved in Dimethyl sulfoxide except cisplatin and so-
dium arsenite, which were dissolved in PBS.

ToxTracker analysis. ToxTracker analysis was performed as pre-
viously described (Hendriks et al., 2016). In brief, GFP reporter ex-
pression was determined by flow cytometry using a
MACSQuant X flow cytometer (Miltenyi Biotech), equipped with
a 488-nm blue laser, 405-nm UV laser, and an orbital shaker
suitable for 96-well plates. Following 24 h of exposure, cells
were washed with PBS, detached with trypsin, and resuspended
in PBS supplemented with 2% FCS, immediately followed by
flow cytometry analysis. Reporter activity was determined by
the mean fluorescence intensity of 10 000 intact cells. Cell num-
bers were determined using the absolute cell count that was
performed during GFP detection by the flow cytometer.
Activation of a reporter cell line was considered positive when,
at any applied dose, exposure to a compound resulted in > 2-
fold induction of GFP expression compared with vehicle treat-
ment. This threshold is based on statistic analysis (99% confi-
dence interval) of the historical control ranges in solvent
control cultures in the various reporter cell lines. Experiments
were performed in 3 independent biological experiments.

Cell cycle and polyploidy analysis. For analysis of cell cycle progres-
sion following exposure of the ToxTracker cells, a DNA staining
was performed after 3.5 or 23.5 h of compound exposure. To
stain the DNA, Hoechst 33342 was added to a final

concentration of 10 lg/ml in medium and cells were incubated
for 30 min at 37$C. From here on, the cells were protected from
light. After incubation, cells were washed twice in PBS, detached
using trypsin, and resuspended in PBS " 2% FCS. Cells were
then collected by centrifugation, resuspended, and incubated
for 10 min in extraction buffer, fixed by adding 25% glutaralde-
hyde to a final concentration of 0.5% and incubated for another
10 min. The fixative was quenched and samples were then ana-
lyzed on the MACSQuant X. For cell cycle and DNA content anal-
ysis of the cells, at least 10 000 single cells were analyzed by
flow cytometry. Compound concentrations that induced more
than 75% cell death in the ToxTracker cells after 24-h exposure
were not considered in the aneuploidy and cell cycle analysis.

ToxTracker with ROS scavengers. For the analysis of indirect geno-
toxicity caused by oxidative stress, ToxTracker was performed
as described above in the presence of 10 mM N-Acetyl-L-cyste-
ine (NAC, Merck CAS no.: 616-91-1) or 10 mM reduced L-glutathi-
one (GSH, Merck CAS no.: 70-18-8). The ROS scavengers were
added to the cells together with the test compound.

Data analysis. The GFP reporter activation was determined after
24-h exposure by the flow cytometer. The induction levels were
calculated as the ratio in GFP signal of intact cells in treated ver-
sus control samples. Activation of a reporter cell line was consid-
ered positive when at any applied dose exposure to a compound
resulted in > 2-fold induction of GFP expression. The relative cell
survival after 24-h exposure was calculated as the ratio in con-
centration of intact cells for treated versus vehicle control
treated samples as determined by the flow cytometer.
Measurements at concentrations that induced >75% cytotoxicity
after 24-h exposure were not considered for data analysis.
ToxTracker data were analyzed using the ToxPlot software
(Hendriks et al., 2016). ToxPlot was used to perform statistical
analysis of the data and hierarchical clustering of the tested
compounds. The data were visualized in a heatmap using ag-
glomerative hierarchical clustering at a specified level of cytotox-
icity. GFP induction levels were calculated by linear regression
between 2 data points around the specified cytotoxicity level.

Cell cycle and aneuploidy analysis was performed using
FlowLogic software (Inivai Technologies). For samples taken af-
ter 4 h of exposure, the percentage of cells in G1, S, and G2/M
phase was quantified. For samples taken after 24 h of exposure,
the percentage of cells with > 4n DNA content (more DNA than
the G2/M peak) and the percentage of cells in each phase of the
cell cycle were determined. A compound was classified as aneu-
genic when the percentage of aneuploid cells was above the an-
euploidy threshold and an accumulation of cells in the G2/M
phase of the cell cycle was observed after 4 h of treatment. The
threshold for aneuploidy was based on the analysis of the aver-
age percentage of aneuploid cells in untreated samples (2.44%,
n% 80) plus 2 standard deviations (0,79%). p values were calcu-
lated using Student’s t test comparing vehicle treated cell to the
highest treatment concentration with < 75% cytotoxicity. For
the treatments with ROS scavengers, a comparison was made
between treatment in absence and presence of the ROS scaven-
ger at the same concentration of the test substance.

RESULTS

Aneugen Versus Clastogen Evaluation
Genotoxic compounds with an aneugenic MOA often selectively
activate the Rtkn-GFP reporter in ToxTracker but not the Bscl2-
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GFP reporter (Hendriks et al., 2016). However, at high cytotoxic
concentrations, exposure to aneugenic compounds occasionally
resulted in activation of both genotoxicity reporters in
ToxTracker. Confirmation of the aneugenic MOA could be
obtained from the kinetics of Rtkn-GFP reporter activation. For
directly DNA-reactive chemicals, activation of Rtkn-GFP was
readily observable after 6–8 h. For tubulin poisons, the activa-
tion of the Rtkn-GFP took 12–14 h (Hendriks et al., 2016). The
standard ToxTracker assay only analyzes reporter activation af-
ter 24 h of exposure, as this was determined to be the optimal
timepoint for the detection of both DNA-damaging agents and
pro-oxidants (Hendriks et al., 2011, 2012).

To further explore the ability of the ToxTracker assay to dis-
criminate between genotoxic compounds with a clastogenic or
aneugenic MOA, we tested a selection of different aneugens,
clastogens, and nongenotoxic compounds in ToxTracker
(Table 1). The clastogenic compounds cisplatin, etoposide, MMS,
and HU induced both genotoxicity reporters in ToxTracker
(Figure 1 and Supplementary Figure S1A) more than 2-fold and
were therefore classified as genotoxic in ToxTracker. The lowest
observed genotoxic effect level (LOGEL), the concentrations at
which more than 2-fold activation of the Rtkn-GFP and Bscl2-
GFP genotoxicity reporters was observed, was identical for the
direct DNA-reactive compounds cisplatin and MMS and the
DNA replication inhibitor HU (Table 2). For the topoisomerase II
inhibitor etoposide, activation of the Rtkn-GFP DNA double-
strand break reporter was observed at lower concentrations
compared with the Bscl2-GFP reporter for DNA replication
inhibition.

Tubulin poisons and Aurora kinase inhibitors are not DNA
reactive but have been shown to have a genotoxic effect with an
aneugenic MOA (Elhajouji et al., 1998; Gollapudi et al., 2014). Both
types of agents disrupt mitotic progression and have been
shown to cause aneuploidy. The tubulin poisons carbendazim,
nocodazole, taxol, and vincristine showed very similar patterns
of ToxTracker reporter activation (Figure 1B and Supplementary
Figure S1). There was a strong activation of the Rtkn-GFP re-
porter, as well as the Btg2-GFP reporter for p53 activation.
However, the Bscl2-GFP genotoxicity reporter was only induced
at highly cytotoxic concentrations. For all tubulin poisons, the
LOGEL was lower for the Rtkn-GFP genotoxicity than for Bscl2-
GFP (Table 2).

Inhibitors of Aurora kinases are under development for the
treatment of cancer (Yan et al., 2016), but Aurora kinases are
also prominent off-target hits from other kinase inhibitors
(Anastassiadis et al., 2011). Aurora kinases, part of the family of
serine/threonine kinases, play an essential role in the onset and
progression of mitosis (Willems et al., 2018). Inhibition of the
Aurora kinases leads to disruption of proper mitotic progression
and chromosome segregation, which can lead to the formation
of micronuclei (Gollapudi et al., 2014) or binucleated cells due to
the inhibition of cytokinesis (Carmena et al., 2012). However,
like the microtubule poisons, exposure to these compounds
generally does not cause cancer. The aurora kinase inhibitors
AMG900 and VX680 did not activate the ToxTracker genotoxicity
reporters (Figure 1C). Both of these compounds inhibit Aurora
kinase A, B, and C in the nanomolar range (Yan et al., 2016). The
Aurora B inhibitor Hesperadin (Hauf et al., 2003) did weakly acti-
vate both genotoxicity markers in ToxTracker but only at highly
cytotoxic concentrations (Supplementary Figure S1). Therefore,
Aurora kinase inhibitors are generally not detected as genotoxic
by ToxTracker.

To compare the ToxTracker reporter activation for the tested
clastogenic and aneugenic compounds, the induction levels of

the Rtkn-GFP and Bscl2-GFP reporters were calculated at equi-
toxic doses and clustered based on the induction patterns
(Figure 1D). Also, 4 nongenotoxic compounds, econazole, DEHP,
DEM, and tunicamycin, were included in the analysis
(Supplementary Figure S1). Based on the clustering, 5 main clus-
ters could be separated. The first cluster contains 3 nongeno-
toxic substances that induce protein stress, whereas the second
cluster contains strong activators (> 10-fold induction) of the
oxidative damage response. In the third cluster, most clasto-
genic compounds were grouped together and cluster 4 con-
tained all tested microtubule poisons. The final group contains
the substances for which little reporter activation was observed,
containing 2 pan-Aurora kinase inhibitors. Based solely on
ToxTracker reporter activation, not all aneugens (eg, taxol)
could be identified or clearly distinguished from clastogens. For
the tubulin poison taxol, activation of both genotoxicity report-
ers was observed, comparable to the clastogenic compounds.
Furthermore, 2 of the aneugenic Aurora kinase inhibitors are
classified as nongenotoxic based on the ToxTracker reporter
activation.

Extension of the ToxTracker Assay With Cell Cycle and Aneuploidy
Analysis
To improve the classification of compounds as clastogen or
aneugen and the detection of Aurora kinase inhibitors, we in-
vestigated whether the addition of cell cycle analysis and aneu-
ploidy detection to ToxTracker could further extent
genotoxicity identification. Malfunctioning of the mitotic spin-
dle can lead to mitotic arrest and lagging or missegregation of
chromosomes during cell division. Exposure to agents affecting
mitosis is known to arrest cells in G2/M phase of the cell cycle
and to cause aneuploidy (Manchado et al., 2012). In contrast,
DNA-reactive clastogenic and mutagenic compounds generally
do not cause aneuploidy (Bryce et al., 2008).

The ToxTracker cells were exposed to the well-established
clastogenic compound cisplatin or the tubulin poison taxol. The
cell cycle distribution and DNA content of the cells were deter-
mined after 4 and 24 h of exposure by flow cytometry using the
cell permeable DNA dye Hoechst 33342. After 4-h exposure, the
microtubule poison taxol induced an accumulation of cells in
G2/M phase, whereas treatment with cisplatin did not affect the
cell cycle distribution (Figure 2A). After 24-h exposure, the cell
cycle distribution was severely affected by both taxol and cis-
platin, although the effect on the cell cycle was clearly different.
Cisplatin exposure primarily resulted in an arrest of the cells in
S and G2 phase. Taxol treatment resulted in a prolonged arrest
of the cells in G2/M phase. Furthermore, taxol exposure resulted
in a significant increase (4.5-fold, p% .01) in the percentage of
aneuploid cells (> 4n DNA content), whereas for cisplatin, no in-
crease in aneuploid cells was observed (Figure 2B and
Supplementary Figs. S2A and S2B).

To further test the applicability of the extended ToxTracker
protocol for aneugen and clastogen classification, we tested a
selection of genotoxins with a clastogenic or aneugenic MOA
(Table 1). The DNA-reactive genotoxins cisplatin, etoposide,
MMS, and HU activated the Bscl2 reporter, which is activated by
formation of bulky DNA lesions and subsequent replication
stress and as well as the Rtkn-GFP reporter for DNA double-
strand breaks at similar concentrations (Figs. 1A and 2C and
Supplementary Figure S1). Treatment with clastogenic agents
cisplatin and etoposide for 4 h did not affect the cell cycle distri-
bution. However, for MMS and HU, the percentage of cell in G1
phase increased, whereas the percentage of G2/M phase cells
decreased after 4 h (Figure 2D). The 24 h of exposure resulted in
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an increase in S phase cells for cisplatin, whereas for etoposide,
MMS and HU, an increase in G2/M phase cells was observed
(Supplementary Figure S2A). No increase in aneuploidy was ob-
served for any of these compounds (Figure 2E). Based on the

activation of the different genotoxicity reporters in ToxTracker,
the delayed cell cycle progression after 24 h and the absence of
an increase in aneuploid cells after exposure, all 4 compounds
were classified as clastogens.

Figure 1. Mode-of-action insight using the standard ToxTracker assay. A, ToxTracker profiles for the DNA-damaging agents cisplatin and hydroxyurea. GFP induction
levels in intact cells were determined by flow cytometry at 24 h after initiation of the exposure. Cell survival was also determined by flow cytometry after 24-h exposure
as the relative decrease in cell concentration compared with vehicle treated controls. Dashed line for reporter activation indicates threshold for GFP induction (2-fold).
Dashed line in cytotoxicity plot indicates cytotoxicity cutoff (75%). B, ToxTracker profiles and cytotoxicity graphs for the microtubule poisons taxol and carbendazim as
in (A). C, ToxTracker profiles for the Aurora kinase inhibitors AMG900 and VX680 as in (A). D, Heatmap showing the differential ToxTracker reporter activation of aneu-
genic (A), clastogenic (C), and nongenotoxic compounds (NG) in ToxTracker. Clustering based on hierarchical clustering at 50% cytotoxicity.
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The microtubule poisons taxol, vincristine, nocodazole, and
carbendazim all primarily activated the Rtkn-GFP marker for
DNA double-strand breaks, although at highly cytotoxic concen-
trations (more than 60% cytotoxicity), also activation of Bscl2-
GFP was observed (Figs. 1B and 2F and Supplementary Figure
S1). All microtubule poisons also induced a more than 4-fold ac-
tivation of the Btg2-GFP marker that is associated with the p53
tumor suppressor pathway (Figure 1B and Supplementary
Figure S1). After 4-h exposure to the tubulin poisons, cells accu-
mulated in G2/M phase of the cell cycle (Figure 2G). After 24 h of
exposure, the percentage of cells in G2/M phase increased
(Supplementary Figure S2B) and we observed a significant in-
crease in the percentage of aneuploid cells for taxol (taxol: 4.5-
fold, p% .01), vincristine (3.6-fold, p% .002), and carbendazim
(11.5-fold, p% .00002), but not nocodazole (1.6-fold, p% .06). For
nocodazole, a clear increase in G2/M phase cells was also ob-
served after 4 h of treatment and therefore this compound was
also classified as an aneugen, although the increase in aneu-
ploid cells was not statistically significant.

As described above, Aurora kinase inhibitors often do not ac-
tivate the genotoxicity reporters in ToxTracker (Figs. 1C and 2I
and Supplementary Figure S1). However, exposure to all tested
aurora kinase inhibitors lead to accumulation of cells in G2/M
phase of the cell cycle after 4-h of exposure, comparable to the
tubulin poisons (Figure 2J). Treatment with the Aurora kinases
also resulted in an increase in the percentage of G2/M phase af-
ter 24-h of exposure (Supplementary Figure S2C). Furthermore,
the kinase inhibitors induced the formation of aneuploid cells
after 24-h exposure (Figure 2K). Exposure increased the percent-
age of aneuploid cells 11.7-fold for AMG900 (p% .0006), 8.8-fold
for VX680 (p% .0005), and 15-fold for hesperadin (p% .0002).
Although the Aurora kinase inhibitors AMG00 and VX860 could
not be classified as genotoxic in the standard ToxTracker assay,
extension of the test with cell cycle analysis and polyploidy de-
tection clearly allowed for the proper classification of these
compounds as aneugens.

Finally, none of the tested nongenotoxic compounds acti-
vated the Rtkn-GFP or Bscl2-GFP genotoxicity reporters
(Figure 2L and Supplementary Figure S1), even at highly cyto-
toxic concentrations. Diethyl maleate, tunicamycin, econazole,
and DEHP activated the oxidative stress (Srxn1-GFP and Blvrb-
GFP) and/or unfolded protein response (Ddit3-GFP) reporters
(Supplementary Figure S1 and Figure 2L). Only rosuvastatin

(Supplementary Figure S1) did not activate any of the
ToxTracker reporters, even at cytotoxic concentrations.
Furthermore, exposure to these agents did not result in sub-
stantial changes in the cell cycle distribution, except for rosu-
vastatin, where the fraction of G2/M phase cells increased after
4 h (Figure 2M). Exposure to tunicamycin resulted in a decrease
of the fraction of cells in S phase (Supplementary Figure S2D).
No increase in aneuploidy was observed after exposure to these
5 substances (Figure 2N).

Overall, adding cell cycle analysis and aneuploidy detection
to the ToxTracker assay facilitates the proper classification of
aneugenic and clastogenic compounds. In addition, also the
genotoxicity of aneugens such as the Aurora kinase inhibitors
can be detected, increasing the sensitivity of the assay for geno-
toxicity testing.

Indirect Genotoxicity Due to Oxidative Damage
In addition to mitotic spindle disruption and interference with
cell cycle progression, also oxidative stress can indirectly cause
genotoxicity. The production of ROS can lead to oxidative DNA
lesions that, if inadequately repaired, can lead to mutations and
CA. Induction of oxidative stress is readily detected in
ToxTracker by the Srxn1-GFP and Blvrb-GFP reporters, reflecting
activation of the major cellular antioxidant responses (Chang
et al., 2004; Smith et al., 2008). To discriminate between geno-
toxic compounds that directly react with DNA or are indirectly
genotoxic via the induction of oxidative stress, the ToxTracker
assay was extended by adding different ROS scavengers during
compound exposure. In the case of indirect genotoxicity due to
ROS, addition of ROS scavengers should abrogate activation of
the genotoxicity reporters.

The ToxTracker cells were exposed to the test substance in
the presence of ROS scavengers reduced L-Glutathione or N-
Acetyl-L-cysteine (NAC), both capable of reacting with ROS and
other reactive free radicals. A concentration of 10 mM for NAC
or GSH did not result in any cytotoxicity or reporter activation
in the ToxTracker assay (Supplementary Figure S3). Addition of
the ROS scavengers significantly reduced the activation of the
reporters for oxidative stress, Srxn1-GFP and Blvrb-GFP in the
ToxTracker cells following exposure to sodium arsenite
(NaAsO2), potassium bromate (KBrO3), MMS, and DEM (Figs. 3A
and 3B and Supplementary Figure S4). The activation of Srxn1
upon NaAsO2 exposure reduced from 34-fold to 8-fold in the
presence of NAC (75% decrease, p% .004) and 12.3-fold in the
presence of GSH (35% decrease, p% .007) (Supplementary Figure
S4). Furthermore, cytotoxicity was decreased in the presence of
the ROS scavengers for substances causing oxidative damage.
Exposure to etoposide and cisplatin also activated the Srxn1-
GFP oxidative stress reporter and this was also reduced upon
exposure in the presence of the ROS scavengers.

Activation of either one or both ToxTracker genotoxicity
reporters was observed following exposure to MMS, KBrO3, eto-
poside, and cisplatin, but not to DEM, NaAsO2, and tunicamycin.
Exposure to KBrO3 activated only the Rtkn-GFP reporter,
whereas exposure to MMS, etoposide, and cisplatin activated
both Rtkn-GFP and Bscl2-GFP genotoxicity reporters. Activation
of both reporters for genotoxicity is often observed for directly
DNA-reactive substances, such as MMS and cisplatin. Addition
of the ROS scavengers reduced the activation of Rtkn-GFP for
KBrO3, whereas the genotoxicity reporters were still activated
by MMS, cisplatin, and etoposide in the presence of at least one
of the ROS scavengers. Exposure to KBrO3 in presence of NAC re-
duced the Rtkn-GFP activation 40% (p% .014) and 96% in the
presence of GSH (p% .006). Therefore, the genotoxicity observed

Table 2. Lowest Observed Genotoxic Effect Level (LOGEL)

Substance LOGEL Bscl2 LOGEL Rtkn

Taxol (nM) 20 10
Vincristine (nM) 10 2.5
Nocodazole (nM) — 50
Carbendazim (lM) 20 5
Cisplatin (lM) 0.625 0.625
Etoposide (nM) 100 25
MMS (lM) 250 125
HU (lM) 250 250
AMG900 — —
Hesperadin (nM) 50 50
VX680 — —
DEM — —
Tunicamycin — —
Rosuvastatin — —
Econazole — —
DEHP — —
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upon exposure to KBrO3 is likely to be indirect, in contrast to the
DNA-reactive compounds MMS, cisplatin, and etoposide. This is
consistent with earlier publications, showing that KBrO3 is a

non-DNA-reactive carcinogen (Kurokawa et al., 1990). MMS acti-
vated both the genotoxicity and oxidative stress reporters.
Addition of the ROS scavengers reduced activation of the

Figure 2. ToxTracker cell cycle and aneuploidy analysis. A, Histograms showing cell cycle distributions after 4 h of exposure. Wild-type mES cells were treated with
taxol or cisplatin for 4 and 24 h. At the end of the exposure period, cells were treated with Hoechst for 30 min before extraction, fixation, and flow cytometry analysis.
Examples of the cell cycle distribution of untreated mES cells and cells treated with 20 nM taxol or 5 mM cisplatin for 4 h. B, Examples of cell cycle distributions for
untreated mES cells and cells treated with 10 nM taxol or 5 mM cisplatin for 24 h. The 24-h treatment with 20 nM taxol was too toxic for reliable cell cycle quantification.
Aneuploid cells (> 4n) are shown in red. C, F, I, and L, ToxTracker reporter cells were exposed to 5 concentrations of the test substance. Bar graphs show the maximum
reporter induction for the genotoxicity reporters Bscl2-GFP and Rtkn-GFP. Dashed line shows threshold for positive test (2-fold). Bar graph displays average of 3 inde-
pendent experiments, error bars show SEM. ToxTracker reporter and cytotoxicity graphs are shown in Figure 1 and Supplementary Figure S1. D, G, J, and M, Cell cycle
analysis after 4 h of compound exposure. Wild-type mES cells were exposed to 5 concentrations of the test substance and cell cycle distributions were quantified. Bars
show the average percentage of cells in that cell cycle phase. E, H, K, and N, Aneuploidy analysis after 24 h of compound exposure. Wild-type mES cells were exposed
to 5 concentrations of the test substance and cell cycle distributions were quantified. If the cytotoxicity was more than 75%, the cell cycle distribution could not be reli-
ably determined (*). Dashed line indicates threshold for aneuploidy (4%). Bar graph displays average of 3 independent experiments, and error bars show SEM.
Quantification of the cell cycle distribution after 24-h exposure is shown in Supplementary Figures S2A–D. Abbreviations: Cis, cisplatin; Etp, etoposide; Tax, taxol; Vin,
vincristine; Car, carbendazim; DEM, diethyl maleate; Tun, tunicamycin; Ros, rosuvastatin; Eco, econazole; Hesp, hesperadin.
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Figure 3. Separating direct from indirect genotoxicity using ROS scavengers. A, ToxTracker GFP reporter cells were exposed to increasing concentrations of methyl
methanesulfonate and potassium bromate (KBrO3) in absence and presence of the ROS scavengers N-Acetyl-L-cysteine (NAC, 10 mM) and reduced L-glutathione (10
mM). GFP induction levels in intact cells were determined by flow cytometry at 24 h after initiation of the exposure. Cell survival was also determined by flow cytome-
try after 24-h exposure as the relative decrease in cell concentration compared with untreated controls. Dashed lines show threshold for positive test (top panels) and
cutoff for cytotoxicity (bottom panels). B, Table showing the ToxTracker reporter activation in absence and presence of ROS scavengers.
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oxidative stress reporters but did not affect the DNA damage re-
sponse reporters (Srxn1 activation " NAC: 88% decrease,
p% .000003; Rtkn activation " NAC: 5% decrease, p% .03), indi-
cating that genotoxicity by MMS is caused by direct binding of
MMS to the DNA. Sodium arsenite was classified as nongeno-
toxic in ToxTracker, as no activation of the Rtkn-GFP or Bscl2-
GFP reporters was observed.

In conclusion, the inclusion of ROS scavengers in the
ToxTracker assay can help to obtain further insight into the
genotoxic properties of compounds and to discriminate be-
tween DNA-reactive compounds and indirectly genotoxicity
due to the formation of ROS. Understanding the MOA of geno-
toxic compounds can be very valuable for AOP and read-across
approaches and can provide vital information for regulatory
chemical safety dossiers.

DISCUSSION
Insight into the MOA of compounds is important for the accu-
rate and reliable safety assessment of compounds. To support
the use of a specific AOP or to accumulate sufficient evidence
for a WoE approach, experimental evidence or in silico data are
needed. An explanation of the MOA is crucial, as for substances
with different MOAs, such as aneugenic and clastogenic agents,
different approaches can be used for risk assessment (threshold
vs nonthreshold approach). Using the standard battery of geno-
toxicity assays, little mechanistic information can be acquired.
Over the last few years, several new assays have been devel-
oped to provide more insight into the MOA of substances. The
ToxTracker assay provides insight into the MOA of test substan-
ces by detecting the activation of cellular pathways that have
been linked to (cyto)toxicity, DNA damage, and cancer
(Hendriks et al., 2016). Genomically stable mES cells were used
to create the ToxTracker reporter cell lines in, because the cells
are proficient in all cellular pathways necessary for accurate de-
tection of potentially carcinogenic properties of compounds.
Based on the activation of the DNA damage reporters Bscl2-GFP
and Rtkn-GFP in ToxTracker, most genotoxic agents can be
readily identified (Hendriks et al., 2016). However, in addition to
classification as genotoxic or nongenotoxic, identification of the
MOA of genotoxic compounds can be important for chemical
safety assessment. Therefore, the ToxTracker protocol was ex-
tended to distinguish directly genotoxic from indirectly geno-
toxic agents and to establish whether indirect genotoxicity is
due to an aneugenic mechanism or related to oxidative stress.
Evidence for these specific MOAs is essential for appropriate
hazard assessment and can have consequences for the inter-
pretation of other in vitro data and the use of specific AOPs
(Sasaki et al., 2020).

Aneugens and Clastogens
Clastogenic compounds directly damage the DNA, resulting in
DNA double-strand breaks. Aberrant repair of such DNA double-
strand breaks can lead to insertions, deletions, and other chro-
mosomal rearrangements. In time, these genomic changes can
lead to cancer. It is thought that there is no safe level of expo-
sure, as these agents pose a cancer risk, even at very low doses
(Nohmi, 2018). Aneugenic compounds interfere with proper pro-
gression of mitosis, which can lead to the loss or gain of com-
plete chromosomes. Although aneuploidy is often observed in
cancer, aneugenic agents such as taxol and vincristine are gen-
erally not carcinogenic (Tweats et al., 2019) and are actually
used for the treatment of cancer, as they effectively inhibit cell
proliferation. Furthermore, aneugens are expected to show no

effect at low exposure concentrations and therefore the cellular
response will have a certain threshold (Lynch et al., 2019).

In the MN assay, chromosome loss and broken chromo-
somes result in the formation of micronuclei. In the standard
in vitro MN assay, both clastogenic and aneugenic compounds
are positive and cannot be segregated (Table 1). However, for
regulatory safety assessment, distinguishing between the 2
types of agents is very important, especially for the prediction
of carcinogenicity in humans.

By using a kinetochore stain or fluorescence in situ hybridiza-
tion with a specific probe for the centromere, broken chromo-
somes can be distinguished from whole chromosomes that
were gained or lost (Hern!andez et al., 2013), thereby separating
aneugens from clastogens. However, fluorescence in situ hybrid-
ization or a CREST staining is laborious, often requires manual
scoring of positive cells and these techniques are not suited for
high-throughput testing. Aneugenic compounds can also be dis-
tinguished from clastogenic compounds by assessing the differ-
ential phosphorylation of histone proteins H2AX and H3. The
MultiFlow DNA damage assay combines staining for p53 (DNA
damage), cH2AX (DNA damage), phospho-histone H3 (mitotic
cells), and polyploidy in a single flow cytometry assay (Bryce
et al., 2016). Using machine learning approaches, compounds
can be classified as an aneugen, clastogen, or nongenotoxic
agent (Bryce et al., 2018). Also various high content imaging-
based approaches for clastogenicity and aneugenicity assess-
ment have been reported (Khoury et al., 2016; Takeiri et al.,
2019).

Here, we describe an extension of the ToxTracker assay that
includes cell cycle and aneuploidy analysis. Addition of these
endpoints next to the detection of DNA damage, oxidative dam-
age, protein stress, and p53 activation provided more insight
into the MOA. Apart from the detection of genotoxicity, clasto-
genic agents could now be separated from aneugenic agents
based on the differential reporter activation as well as disrup-
tion of proper cell cycle progression and the occurrence of aneu-
ploid cells. The extension of the assay will be referred to as
ToxTracker ACE (Aneugen Clastogen Evaluation).

Improving the classification of aneugenic and clastogenic
agents aids the safety assessment of chemicals by providing in-
formation on the MOA. However, to make optimal use of AOPs
and to support WoE approaches, more evidence for a MOA is re-
quired. To justify the use of a specific AOP, evidence, and prefer-
able quantitative data, multiple KEs are required. For example,
both tubulin poisons and Aurora kinase inhibitors give rise to
micronuclei and aneuploid cells. Different AOPs describe the
events leading to these adverse outcomes (Sasaki et al., 2020).
Therefore, additional assays are required to distinguish the 2
types of aneugens. One example of such as assay is the aneugen
molecular mechanism assay (Bernacki et al., 2019), in which tu-
bulin stability and histone H3 phosphorylation are measured to
separate mitotic kinase inhibitors from tubulin poisons.

Oxidative Damage and ROS
Oxidative DNA lesions, caused by either endogenous cellular
respiration or exposure to exogenous oxidizing agents, damage
the DNA and can give rise to point mutations as well as single-
or double-strand breaks, depending on the type and effect of
the DNA repair pathway used (Markkanen, 2017). Although effi-
cient repair pathways and endogenous antioxidant systems are
present in cells to cope with oxidative damage, high levels of
oxidative damage can result in permanent genomic changes,
predisposing cells to become cancerous. Many known carcino-
gens induce oxidative stress as part of their MOA (Smith et al.,
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2016). In ToxTracker, induction of oxidative stress is detected
via the activation of the Blvrb-GFP and Srxn1-GFP reporters.
Activation of these reporters is strongest at high concentrations
and high levels of cytotoxicity (Hendriks et al., 2016). However,
in vivo, when lower exposure concentrations are used, genotox-
icity and/or carcinogenicity is often not observed. For example,
tertiary-butylhydroquinone was positive in the CA assay, but
negative in mice and rats (Kirkland et al., 2016) and tertiary-
butylhydroquinone strongly induced the oxidative stress
reporters in ToxTracker, but no activation of the DNA damage
reporters is observed. To properly extrapolate in vitro findings to
predict carcinogenicity in humans, assays to measure oxidative
stress and oxidative DNA damage are required.

Several methods are available to measure oxidative stress
and DNA damage in vitro. Oxidative DNA damage can be
detected in the comet assay when lesion specific enzymes are
used. Formamidopyrimidine DNA glycosylase (FPG), ENDO III,
and human OGG1, the human analog of FPG, can all recognize
8-oxo-20-deoxyguanosine and convert the damaged base into a
single-strand break (Smith et al., 2006). However, FPG and
ENDOIII can also cleave alkylated bases (Speit et al., 2004) and
therefore caution should be taken when interpreting data from
compounds with an unknown MOA. To look at the oxidation
state of the cell, the levels of for example glutathione and gluta-
thione disulfide can be measured, as glutathione is the most
abundant antioxidant in cells. However, the outcome of these
assays cannot directly be related to genotoxicity, as not all
agents causing oxidative stress are genotoxic.

Indirect genotoxicity can be assessed by adding ROS scav-
engers to the treatment with oxidizing agents in for example
the in vitro MN assay (Li et al., 2017) or the comet assay (Bhaskar
et al., 2008). Addition of the scavengers is expected to lead to a
reduction in micronuclei or DNA in the tail moment in the case
of indirect genotoxicity. In ToxTracker, indirect genotoxicity
was often characterized by activation of the Rtkn-GFP but not
the Bscl2-GFP reporter. If the indirect genotoxicity was due to
oxidative stress, usually activation of the Srxn1-GFP reporter for
oxidative stress was observed at lower concentrations than the
activation of the Rtkn-GFP reporter. To verify this proposed
MOA, ToxTracker was performed in the presence of ROS scav-
engers. By using the reporters for oxidative stress, the effective-
ness of the antioxidant treatment was assessed. Substances
that were directly DNA reactive still activated both reporters for
genotoxicity, whereas for indirectly genotoxic substances, such
as potassium bromate, the activation of Rtkn-GFP was reduced
to below the threshold. For substances such as cisplatin, oxida-
tive damage contributed to the observed genotoxicity but was
not the sole cause. Sodium arsenite, an IARC group 1 carcino-
gen, was classified as nongenotoxic in ToxTracker, as no more
than 2-fold activation of the DNA damage reporters was ob-
served. In vitro, sodium arsenite was negative in the Ames test
but was classified as positive in the MN and CA test (Kirkland
et al., 2016), which could have been caused indirectly by ROS
and the subsequent formation of DSBs (Faita et al., 2013; Ziech
et al., 2011). Overall, the differential activation of the biomarkers
in the presence and absence of ROS scavengers helped to delin-
eate the contribution of different types of toxicity in
ToxTracker.

The use of the ROS scavengers in different genotoxicity
assays provides evidence for indirect genotoxicity and this in-
formation can be used to support the use of an AOP (Sasaki
et al., 2020). However, at this moment, quantitative data on how
much reduction in ROS is required for the genotoxicity to be in-
direct are not available. To assess this, also the relation between

oxidative damage and the repair capacity of cells needs to be
determined, as this process will also contribute to the threshold
for genotoxicity. Mutations and CA due to oxidative stress will
most likely only occur when the antioxidant system is over-
loaded and the repair capacity of cells has been surpassed.
When this happens might differ for different chemicals, based
on their reactivity with cellular components.

In conclusion, addition of cell cycle analysis and aneuploidy
assessment or ROS scavengers to the ToxTracker assay provides
additional insight into the MOA of compounds. Using these
extensions, direct genotoxicity can be distinguished from indi-
rect genotoxicity and furthermore, indirect genotoxicity due to
oxidative stress or aneugenicity can be confirmed. These assays
can be used in early screening phases as well as to provide addi-
tional insight when unexpected or contradictory results are
obtained using the standard battery of in vitro assays. Both the
ToxTracker ACE and the ToxTracker assay with ROS scavengers
can be used to support an AOP approach for regulatory applica-
tions by providing evidence for specific KEs. The extensions of
the ToxTracker assay help to fulfill the demand for more MOA
assays from industry as well as regulatory bodies such as the
ICH and OECD.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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