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ABSTRACT

Chemical exposure of cells may damage biomolecules, cellular structures, and organelles thereby jeopardizing cellular
homeostasis. A multitude of defense mechanisms have evolved that can recognize specific types of damaged molecules
and will initiate distinct cellular programs aiming to remove the damage inflicted and prevent cellular havoc. As a
consequence, quantitative assessment of the activity of the cellular stress responses may serve as a sensitive reporter for
the induction of specific types of damage. We have previously developed the ToxTracker assay, a mammalian stem cell-
based genotoxicity assay employing two green fluorescent protein reporters specific for DNA damage and oxidative stress.
We have now expanded the ToxTracker assay with an additional four reporter cell lines to include monitoring of additional
stress signaling pathways. This panel of six green fluorescent protein reporters is able to discriminate between different
primary reactivity of chemicals being their ability to react with DNA and block DNA replication, induce oxidative stress,
activate the unfolded protein response, or cause a general P53-dependent cellular stress response. Extensive validation
using the compound library suggested by the European Centre for the Validation of Alternative Methods (ECVAM) and a
large panel of reference chemicals shows that the ToxTracker assay has an outstanding sensitivity and specificity. In
addition, we developed Toxplot, a dedicated software tool for automated data analysis and graphical representation of the
test results. Rapid and reliable identification by the ToxTracker assay of specific biological reactivity can significantly
improve in vitro human hazard assessment of chemicals.
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Pharmaceutical, chemical, and cosmetics industries yearly de-
velop increasing numbers of novel chemical compounds for a
wide range of applications that benefit society. With the in-
creasing production of new chemicals comes a strong demand
for novel approaches that can reliably assess the adverse and
potentially carcinogenic properties of chemicals already during
the early phases of the development process. Currently, in vitro
genotoxicity prediction of chemicals generally relies on the clas-
sical Ames bacterial mutation test, followed by a mammalian
mutation test and chromosome damage assay (Kirkland et al.,
2011). Unfortunately, this battery of genotoxicity assays has a
relative low specificity and importantly provides only limited

insight into the mechanisms of genotoxicity. Currently, various
efforts are ongoing to include novel technologies, adverse out-
come pathways, and physiological relevant cell models to im-
prove safety assessment of novel chemicals (Lynch et al., 2010).

Interaction of newly developed materials, chemicals, and
drugs with biomolecules may disrupt cellular homeostasis and
can ultimately lead to severe tissue damage or induction of can-
cer (Kidane et al., 2014; Ray et al., 2012). Quantitative assessment
of the activation status of damage-specific cellular stress re-
sponse pathways upon exposure to chemicals or xenobiotics
provides insight into the type and extent of cellular damage
that has been induced and thus the biological reactivity of
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compounds (Hendriks et al., 2013; Jennings et al., 2013). For this
purpose, a cellular system is required in which all these path-
ways are unimpaired. Mouse embryonic stem (mES) cells are, in
contrast to cancer-derived cell lines, eg, TK6 or HepG2 that are
often used for in vitro genotoxicity testing, genetically stable and
proficient in all cellular pathways necessary for accurate detec-
tion of potentially carcinogenic properties of compounds
(Giachino et al., 2013). In addition, stem cells have a high rate of
cell proliferation making them highly sensitive to DNA damage.
Furthermore, stem cells are considered to be the cells of origin
for most cancers and therefore a highly relevant cell type for
genotoxicity studies.

Although cancer is a complex, multifactorial disease, only
for limited types of cellular damage a direct association has
been established (Jennings et al., 2013). DNA damage can lead to
gene mutations that are a hallmark for tumor induction and
promotion. Reactive oxygen species (ROS), often originating
from dysfunctional mitochondria, can not only lead to oxidative
DNA damage but also affect cell metabolism. Furthermore,
upregulation of the unfolded protein response (UPR) and vari-
ous heat shock proteins (HSPs) has been associated with the de-
velopment of various tumor types. To determine the activity of
these different cancer-associated cellular stress responses, we
have previously identified a panel of biomarker genes that are
preferentially activated upon exposure to different classes of
genotoxic carcinogens, nongenotoxic carcinogens, and noncar-
cinogenic chemicals by extensive whole-genome transcription
profiling of mES cells (Hendriks et al., 2011; Schaap et al., 2014).
Interestingly, the majority of genes that were induced by the
various carcinogens was associated with the DNA damage,
anti-oxidant, and unfolded protein responses. Based on the
identified biomarker genes, we have generated various green
fluorescent protein (GFP) mES reporter cell lines (Hendriks et al.,
2012). The original ToxTracker assay consisted of the DNA dam-
age-associated Berardinelli-Seip congenital lipodystrophy 2
(BSCL2)-GFP reporter and the SRXN1 (sulfiredoxin 1)-GFP repor-
ter that is induced by oxidative stress. Bscl2 encodes the SEIPIN
protein and was identified in patients suffering from
Berardinelli–Seip congenital lipodystrophy who completely lack
adipocyte differentiation (Magré et al., 2001). SEIPIN accumu-
lates in the endoplasmic reticulum (ER) and associates with lip-
ids (Szymanski et al., 2007). We previously found that in mES
cells, induction of BSCL2 in response to DNA damage is associ-
ated with the ATR (ataxia telangiectasia and Rad3-related)/
Checkpoint Kinase 1 (CHK1) DNA damage signaling pathway
(Hendriks et al., 2012). ATR together with the CHK1 kinase acti-
vates multiple DNA repair mechanisms and checkpoint re-
sponses to delay cell cycle progression, modulates DNA
replication, and induces apoptosis (Smith et al., 2010). The
SRXN1-GFP reporter is strongly activated upon cellular oxidative
stress and is directly controlled by the nuclear factor (erythroid-
derived 2)-like 2 (NFE2L2/NRF2) transcription factor (Soriano
et al., 2008). NRF2 plays a key role in the oxidative stress re-
sponse and is involved in the activation of various antioxidant
gene networks (Itoh et al., 1999).

ATM (ataxia telangiectasia mutated) is another major kinase
involved in the cellular DNA damage response. ATM is rapidly
activated upon induction of DNA double-strand breaks (Lecona
and Fernandez-Capetillo, 2014). ATM directly phosphorylates
both the CHK2 checkpoint kinase and the P53 tumor suppressor,
thereby inhibiting cell cycle progression, activating DNA repair
or inducing apoptosis (Shiloh and Ziv, 2013). Also the cytokine
signaling-associated nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-jB) transcription factor, which plays a

pivotal role in cell proliferation, cell survival and apoptosis, is
rapidly activated in response to DNA damage (Sabatel et al.,
2011). Activation of the ATR, ATM, and NF-jB signaling cascades
is associated with different types of DNA damage and their rela-
tive activation can therefore indicate the primary mechanism of
genotoxicity of DNA reactive compounds. Expansion of the
ToxTracker assay with reporters for the ATM and NF-jB sig-
naling pathways could therefore significantly improve its ability
to identify hazardous properties of chemicals.

Although NRF2 plays a central role in the antioxidant re-
sponse upon cellular oxidative stress (Kensler et al., 2007), also
other cellular signaling pathways are activated by increased
ROS levels. Various MAPK and PI3K signaling pathways are as-
sociated with oxidative stress and control cell proliferation, dif-
ferentiation, and apoptosis in response to increased ROS levels
(Ray et al., 2012). Chemical exposure will also often elicit protein
damage. Accumulation of damaged and unfolded proteins trig-
gers a signal transduction cascade referred to as the UPR and
originates from the ER (Hetz, 2012). Accumulation and aggrega-
tion of misfolded proteins in the cytoplasm will activate an
HSF1 (heat shock factor 1)-associated cellular response
(Vihervaara and Sistonen, 2014). Induction of protein misfolding
and subsequent activation of the UPR and HSF1 signaling path-
ways, P53 activation, cytokine secretion, and apoptosis has
been associated with various cancers (Wang and Kaufman,
2014). Biomarkers that would be able to identify activation of
different oxidative stress and protein unfolding signaling path-
ways could further improve the in vitro chemical hazard
assessment.

Because there is extensive cross-talk between the different
cellular signaling pathways in response to different cellular
damages and because compounds often induce multiple types
of biological damage, integration of the activated cellular path-
ways is essential to interpret the biological reactivity of
compounds.

Here, we report on the expansion of the original ToxTracker
assay into a panel of six different mES GFP reporter cell lines
representing four distinct biological responses, ie, general cellu-
lar stress, DNA damage, oxidative stress, and the UPR. The spe-
cificity and sensitivity of the ToxTracker reporter cell lines were
validated using the ECVAM-recommended compound library
(Kirkland et al., 2008), supplemented with a library of
Organisation for Economic Co-operation and Development
(OECD)-recognized nongenotoxic carcinogens and an additional
selection of reference genotoxins.

MATERIALS AND METHODS

ES cell culture and treatments. C57/Bl6 B4418 wild-type mES cells
were cultured in mES knockout medium (Gibco) containing 10%
fetal calf serum (FCS), 2 mM glutamax, 1 mM sodium pyruvate,
100 mM b-mercaptoethanol and leukemia inhibitory factor and
were propagated on irradiated primary mouse embryonic fibro-
blasts 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 Buffalo rat liver (BRL)-
conditioned mES cell medium in the absence of feeder cells,
and subsequently exposed to the test compounds for 24 h. For
analysis of compounds that required metabolic activation, cells
were exposed for 3 h in the presence of 1% S9 rat liver extract in
3.2 mM KCl, 0.8 mM MgCl2, 0.5 mM glucose-6-phosphate, and
0.4 mM NADP. After 3 h cells were washed with phosphate-buf-
fered saline (PBS) and cultured for 24 h in BRL-conditioned
medium without the tested compounds and S9.
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Generation of GFP reporter cell lines. The biomarker genes that
were used to create GFP-based reporters were selected from ear-
lier whole-genome transcription profiling studies of mES cells
following exposure to 40 genotoxic and nongenotoxic carcino-
gens (Hendriks et al., 2011; Schaap et al., 2014). The GFP reporters
were generated by bacterial artificial chromosome (BAC) recom-
bineering as described previously (Hendriks et al., 2012).
Bacterial strains with a BAC containing the biomarker gene
were selected using mouse BAC finder ( http://www.mitocheck.
org/cgi-bin/BACfinder) and ordered from BACPAC (http://bac
pac.chori.org). The BACs used in the ToxTracker assay contain
apart from the biomarker gene on average 70-100 kb of
upstream sequence and 50-70 kb of downstream sequence
encompassing all regulatory sequences that are in close prox-
imity to the gene. The putative biomarker genes on the BAC
were modified with a C-terminal GFP marker (Poser et al., 2008)
using the Quick & Easy BAC modification Kit (Gene Bridges) as
described previously (Hendriks et al., 2012). PCR fragments that
contain a GFP-IRES-neomycin/kanamycin reporter cassette and
on both ends 50 nucleotides of sequence homology to the 30-
sequence of the biomarker gene on the BAC were generated
using the KAPA HiFi PCR system (Kapa Biosystems). BAC strains
were transformed with the GFP-IRES-Neo PCR fragment by elec-
troporation, incubated at 37�C for 2 h to allow recombination of
the PCR fragment with the BAC and plated on kanamycin selec-
tion plates. Individual clones were analyzed for proper integra-
tion of the GFP cassette by PCR. Modified BACs were isolated
using the Nucleobond PC100 DNA isolation kit (Macherey-
Nagel). Current modification of the BAC was confirmed by
sequence analysis.

Mouse ES cells were seeded on gelatin-coated culture dishes
24 h prior to transfection. Modified BACs were transfected into
mES cells using Lipofectamine 2000 (Invitrogen) as described
previously (Hendriks et al., 2012). Monoclonal mES cell lines
were selected based on the level of induction of the GFP report-
ers after exposure to cisplatin, diethyl maleate (DEM), or
tunicamycin.

Detection of GFP expression. GPF reporter expression was deter-
mined by flow cytometry (Guava easyCyte 6HT, Millipore). Cells
were exposed to genotoxic agents in gelatin-coated 96 wells. All
tested compounds were dissolved in Dimethyl sulfoxide (DMSO)
or phosphate buffered saline (PBS) and diluted in fresh BRL-con-
ditioned mES cell medium just before incubation with the cells.
After 24-h exposure, cells were washed with PBS, trypsinized,
and resuspended into PBS supplemented with 2% FCS, immedi-
ately followed by flow cytometry analysis. Reporter activity was
determined as the mean fluorescence intensity (MFI) of 5000
intact cells.

Test criteria. Activation of a reporter cell line was considered pos-
itive when at any applied dose exposure to a compound
resulted in> 1.5-fold induction of GFP expression. This 1.5-fold
increase cut-off for a positive test result is based on extensive
validation of the ToxTracker assay using various libraries of
reference compounds (Hendriks et al., 2012, this study, and
unpublished data G. Hendriks). Statistical support for this
threshold comes from the fact that a 1.5-fold induction is at
least five times higher than the standard deviation of back-
ground fluorescence in DMSO-exposed cells. Measurements at
concentrations that induce> 75% cytotoxicity were not consid-
ered for data analysis. Application of the 1.5-fold induction cut-
off threshold provides positive test results with a confidence
of> 99.9%. In a representative experiment, reporter cells were

exposed to five different concentrations of a compound, gener-
ally at 2-fold dilutions, starting with a concentration that shows
no cytotoxicity up to a concentration that results in 50%-75%
cell killing. The relative cell survival after 24 h of treatment was
calculated as the ratio in concentration of intact cells for treated
versus untreated samples as determined by the flow cytometer
(Guava, Millipore). In case of no or limited induction of cytotox-
icity, the highest dose applied was 1 mM. All presented data are
the summary of at least three independent biological replicates.
All shown error bars represent the standard error.

Toxplot data analysis. Toxplot is a collection of custom scripts writ-
ten in the R statistical analysis language (http://www.r-project.org).
Toxplot imports the raw data files in CSV format that are gener-
ated by the flow cytometer and that contain for each exposure
data on the MFI and cell concentration. Following calculation of
GFP induction as well as cytotoxicity levels, GFP fold induction
is plotted against cytotoxicity. The extent of GFP induction at a
particular level of cytotoxicity is calculated by linear regression
between the two adjacent cytotoxicity measurements. Next,
GFP induction levels for each of the ToxTracker reporters are
used for hierarchical clustering of the analyzed compounds
based on similarity of reporter activation. Results are visualized
in a heat map. Toxplot can be run as a Windows, Linux or
MacOS shell script and uses the R-library shiny for a web
browser-based graphical user interface.

Validation of GFP reporter cell lines. GFP reporter cells were
exposed to 50 genotoxic and nongenotoxic compounds at five
or more concentrations. The selection of compounds was
largely based on the ECVAM suggested list of chemicals for vali-
dation of in vitro genotoxicity test assays (Kirkland et al., 2008).
Compound concentrations were based on cytotoxicity with the
highest concentration inducing significant cell death (25%-50%
viable cells after 24-h treatment).

RESULTS

The carcinogenicity hazard of novel chemicals, xenobiotics, and
biologicals is often assessed by testing their ability to induce
DNA damage. DNA damage perturbs gene transcription and
DNA replication, affects cell cycle progression, induces muta-
tions and genome instability, and is strongly correlated with
carcinogenesis (Figure 1A). However, also damage to other cellu-
lar biomolecules, structures and organelles has been associated
with carcinogenicity. The relative ability of compounds to
induce various types of cellular damage and their potency to
perturb cellular homeostasis are important determinants in car-
cinogenicity hazard. Current in vitro carcinogenicity hazard
assays are primarily focused on assessing genotoxic potential,
but generally do not consider alternative types of biological
damage and fail to integrate the various reactive properties of
compounds for human hazard prediction.

Biomarker identification. We previously described our extensive
toxicogenomics approaches to identify biomarker genes in mES
cells that are preferentially activated upon cellular exposure to
different classes of carcinogenic compounds (Hendriks et al.,
2011; Schaap et al., 2014). We identified two highly specific bio-
marker genes for DNA damage and oxidative stress that were
used to generate fluorescent reporter cell lines which together
we named ToxTracker. Utilizing these transcription profiling
data we aimed to expand the panel of biomarker genes to allow
monitoring of a broader spectrum of cellular stress responses
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following exposure. In addition to the previously described
BSCL2 reporter for DNA replication stress, we identified RTKN
(Figure 1B) as a second biomarker to monitor activation of DNA
damage responses. Rhotekin is encoded by the Rtkn gene which
is strongly upregulated following exposure to a wide variety of
DNA damaging agents. RTKN modulates Rho activity and is
involved in cytokinesis, cell growth, and transformation
(Thumkeo et al., 2013).

We previously described the NRF2-associated SRXN1 reporter
for detection of oxidative stress. To extend our ability to detect
induction of oxidative stress, we searched for a biomarker gene
that was preferentially induced by multiple oxidative treatments
but was not regulated by NRF2. BLVRB (biliverdin reductase B) has
been shown to play an important role in heme metabolism and
has been associated with the cellular antioxidant response
(Smith et al., 2008). Importantly, the BLVRB promoter sequence
does not contain any NRF2 binding motif.

Finally, we searched for a marker that could be used to
monitor activation of the UPR. The UPR is in addition to
genotoxicity and oxidative stress the third biological stress
pathway that has been directly associated with carcinogenicity.
DDIT3 (DNA damage-inducible transcript 3) is a multifunctional
transcription factor that has been associated with cell cycle
arrest, apoptosis, and the ER stress response (Tabas and Ron,
2011).

Whole-genome transcription data of mES cells after
exposure to various genotoxic and nongenotoxic carcinogens

clearly demonstrate the differential responsiveness of the
selected biomarker genes (Figure 1B). Bscl2 and Rtkn are prefer-
entially induced by DNA damaging agents, Srxn1 and Blvrb
are induced upon oxidative stress. Upregulated B-cell transloca-
tion gene 2 (BTG2) expression reflects activation of the P53
response and is therefore induced upon DNA damage and oxi-
dative stress. Finally, enhanced DDIT3 expression represents
activation of the UPR.

GFP-based reporter cell lines. Next, we created GFP-based reporters
for RTKN, BTG2, BLVRB, and DDIT3 in a similar way as the initial
ToxTracker cell reporters (Hendriks et al., 2012). In short, GFP
was tagged to the C-terminus of the biomarker genes by the
Red/ET-mediated BAC recombineering system, reporters were
introduced into mES cells by transfection, and stable cell lines
were generated. A single cell line was selected for each bio-
marker gene where the specificity of the induction of GFP
expression after carcinogen treatment closely resembled the
observed transcriptional response of the endogenous biomarker
gene as was verified by Quantitative Reverse Transcription PCR
(Hendriks et al., 2012 and results not shown).

To demonstrate their differential responsiveness, we
exposed the six ToxTracker reporter cell lines to the DNA dam-
aging agents cisplatin and etoposide, the genotoxin methyl
methanesulfonate (MMS) that was previously shown to strongly
activate the cellular antioxidant response (Lee et al., 2007),
the pro-oxidant DEM and the UPR-inducing compounds

FIG. 1. Biomarkers for cancer-associated biological damages. A, Overview of the three major types of biological damage and the respective cellular consequences that

have been associated with increased carcinogenicity hazard. B, Heatmap indicating the preferential induction of six selected biomarker genes at 8 h after exposure to

various genotoxic and nongenotoxic carcinogens as determined by whole-genome transcription profiling of mouse embryonic stem cells.
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tunicamycin and nitrophenol. For each exposure, the fold-
change in GFP reporter induction is determined by flow cytome-
try. It is important to note that although the same fold-induc-
tion threshold (> 1.5) is used for all reporters to indicate a
positive response, the reporters differ considerably in the maxi-
mum fold-induction that has historically been observed by us.
Maximum fold-inductions range between 6� (BSCL2), 6� (BTG2),
8� (DDIT3), 12� (BLVRB), 20� (RTKN), and 50� (SRXN1).
Differences in fold-induction levels between the reporters are
caused by variation in background levels and extent of changes
in gene expression upon exposure. All reporter cell lines show a
uniform response where increased GFP expression is observed
in all cells (Supplementary Figs. 1 and 2). After 24 h of exposure
to cisplatin and etoposide, the BSCL2 and RTKN genotoxicity
reporters (red) as well as the P53-responsive BTG2 reporter
(gray) were strongly induced (Figs. 2A and B). Although the
NRF2-dependent SRXN1 oxidative stress reporter was slightly
induced, the BLVRB and DDIT3 reporters for oxidative and pro-
tein stress were not activated indicating that the genotoxins cis-
platin and etoposide either induce only limited levels of
oxidative stress or that activation of the NRF2 antioxidant
response is secondary to P53 activation as has been reported
previously (Wakabayashi et al., 2010). Exposure to the genotoxin
MMS induced both DNA damage reporters, BSCL2 and RTKN,
but resulted in a much stronger response for the SRXN1 and
BLVRB oxidative stress reporters as observed previously
(Hendriks et al., 2011, 2012). The preferential induction of the
SRXN1 and BLVRB reporters following oxidative stress was also
detected after exposure to the pro-oxidant DEM. Here, no induc-
tion of the DNA damage reporters BSCL2 or RTKN was observed
even at higher cytotoxicity levels (Figure 2B), indicating that oxi-
dative stress is a poor inducer of the DDR. Increased levels of
oxidative stress following DEM exposure did induce activation
of the P53 response pathway as indicated by the activation of
the BTG2-GFP reporter. Finally, exposure to tunicamycin, a
strong inducer of the ER-associated UPR or to nitrophenol,
which induces protein unfolding, selectively activated the
DDIT3-GFP protein stress reporter. Even at high levels of cyto-
toxicity, none of the DNA damage or oxidative stress reporters
was activated, confirming their specificity. GFP reporter induc-
tion levels for these reference chemicals, as well as assessment
of their statistical significance, are summarized in
Supplementary Table 1.

As expression of RTKN has been associated with the NF-jB
cytokine signaling pathway, we tested whether addition of the
synthetic NF-jB inhibitor BMS-345541 during cisplatin treat-
ment could selectively abolish the induction of RTKN. Indeed,
although expression of RTKN was strongly reduced, the respon-
siveness of the BSCL2 genotoxicity biomarker was largely unaf-
fected (Figure 2C). This result suggests that BSCL2 and RTKN
function in distinct subpathways of the DNA damage response.

Metabolic activation. Occasionally, compounds are not directly
reactive but can become genotoxic following metabolic activa-
tion during detoxification reactions in the liver, kidney, and
lung (Nebert and Dalton, 2006). The major enzymes that are
involved in the metabolic activation of pro-genotoxins, eg, cyto-
chrome P450s and epoxide hydrolyses, are scarcely or not
expressed in mESC. We tested whether addition of S9 rat liver
extract during pro-carcinogen treatment could supplement the
ToxTracker assay with the necessary enzymatic activities
to allow detection of the genotoxic properties of compounds
that required metabolic activation. Reporter cell lines were
exposed to six reference pro-genotoxins in the presence of S9

rat liver extract for 3 h. After removal of S9 and compounds,
fresh medium was added and after 24-h recovery, GFP reporter
induction was measured by flow cytometry. All tested pro-
genotoxins induced both DNA damage reporters BSCL2 and
RTKN, consistent with the reported DNA damage inducing
properties of these pro-genotoxins after metabolic activation
(Supplementary Figure 3). In addition to activation of the DNA
damage reporters, exposure to the pro-genotoxins in the pres-
ence of S9 extract frequently led to activation of the oxidative
stress reporters. Only after treatment with benzo[a]pyrene
induction of the UPR was detected, as observed previously in
other studies (Boysen and Hecht, 2003).

ToxTracker data integration. In order to allow comparison of
induction levels of the ToxTracker reporter cell lines for large
number of compounds, we developed Toxplot, a dedicated data
analysis software package. Toxplot is a collection of R scripts
that imports fluorescence data and cell concentration informa-
tion from the flow cytometer, calculates GFP induction levels
and cytotoxicity, performs statistical analysis of the data, hier-
archically clusters tested compounds based on similarity in
reporter activation, and visualizes reporter activities in a heat-
map allowing convenient interpretation of obtained test results.
To compare the induction of the six GFP reporters for a collec-
tion of compounds, each with different biological reactivity,
dose–response relationships and kinetics, Toxplot calculates for
every reporter and for each compound the extent of GFP induc-
tion at a specified level of cytotoxicity (Figure 3A). In this way,
the relative induction of the various GFP reporters by different
compounds can be compared at equitoxic doses. As GFP induc-
tion by flow cytometry is determined exclusively in intact, via-
ble cells, we generally determine the extent of GFP reporter
activation at compound concentrations that induce 50% cyto-
toxicity after 24-h exposure.

Validation of the ToxTracker assay. The sensitivity and specificity
of the ToxTracker reporter assay were further validated using
the reference compound library as suggested by ECVAM
(Kirkland et al., 2008). The library consists of genotoxic carcino-
gens (class 1) that should be positive in an in vitro genotoxicity
test, a collection of nongenotoxic carcinogens and noncarcino-
gens (class 2) that should give negative results in a genotoxicity
test and a set of noncarcinogenic compounds that are occasion-
ally found positive in an in vitro genotoxicity assay (class 3). All
compounds were tested either up to a concentration that indu-
ces 75% cytotoxicity or up to a maximum concentration of
1 mM. For compounds that required metabolic activation, expo-
sures were performed in the presence of S9 rat liver extract.

Almost all class 1 ECVAM compounds induced the DNA
damage-associated GFP reporters (Figure 3B). Only chloroaniline
failed to activate the genotoxicity reporters. Of note, chloroani-
line is generally found negative in other in vitro genotoxicity
assays (Birrell et al., 2010). Many of the tested carcinogenic com-
pounds not only activated the genotoxicity reporters but also
displayed additional biological reactivities. For MMS, hydroqui-
none and sodium arsenite, induction of oxidative stress, rather
than induction of DNA damage, appear to be the primary mode
of reactivity. These data underscore the often complex reactive
properties of compounds and subsequent cellular responses
upon exposure. None of the class 2 ECVAM-suggested com-
pounds induced the BSCL2 or RTKN reporters, correctly classify-
ing these compounds as being nongenotoxic (Figure 3C). A
number of these compounds did induce the oxidative stress or
protein stress reporters. Results for the genotoxicity reporters
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FIG. 2. Selective activation of the ToxTracker reporter cell lines. A, green fluorescent protein (GFP) reporter cells were exposed to increasing concentrations of the DNA

damaging agents cisplatin and etoposide, the alkylating agent methyl methanesulfonate (MMS), the oxidative stress-inducing agent diethyl maleate (DEM), and the

unfolded protein response-activating compounds tunicamycin and nitrophenol. GFP induction levels in intact cells were determined by flow cytometry at 24 h after ini-

tiation of the exposure. B, Cell survival was determined by flow cytometry after 24-h exposure as the relative decrease in cell concentration compared with untreated

controls. C, Reporter cell lines were exposed to 10 lM cisplatin in the presence of an increasing concentration of the NF-jB inhibitor BMS-345541.
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FIG. 3. Validation of the differential activation of the ToxTracker reporter cell lines. A, Induction levels of the different GFP reporters were calculated for all compounds

at an equitoxic concentration that induced 50% cytotoxicity. GFP levels were determined by linear regression of the GFP induction data points of the two doses encom-

passing 50% cytotoxicity. B, Induction of the GFP reporter upon exposure to a selection of ECVAM-recommended carcinogens that are established positives in an

in vitro genotoxicity assay. Cisplatin (red), diethyl maleate (blue), and tunicamycin (green) are considered as positive controls for induction of DNA damage, oxidative

stress and activation of the unfolded protein response and color-coded in all heatmaps and graphs. C, Induction of ToxTracker reporters following exposure to a selec-

tion of ECVAM-recommended noncarcinogens that are established negatives in an in vitro genotoxicity assay. D, Activation of ToxTracker reporters after exposure to

ECVAM-recommended compounds that are noncarcinogens or nongenotoxic carcinogens but that occasionally scored positive in a conventional in vitro/in vivo geno-

toxicity test.
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were generally also negative for the class 3 ECVAM noncarcino-
gens with the exception of eugenol and propyl gallate (Figure
3D). Although eugenol is negative in carcinogenicity studies in
rats and mice, it has been reported positive in both the in vitro
and in vivo micronucleus assay and the in vivo chromosome
aberration test, indicative for genotoxic properties of eugenol
(Maralhas et al., 2006). Also propyl gallate is a rodent noncarci-
nogen but has occasionally been found positive in an in vivo
mutation assay and chromosome aberration test (Fowler et al.,
2012). Various class 3 compounds strongly induced the
ToxTracker reporters for oxidative stress (eg, curcumin, ethyl
acrylate, tert-butyl hydroquinone, resorcinol) or the UPR (eg,
dinitrophenol, chlorophenol). This reactivity may be related to
their occasional positive score in conventional genotoxicity
assays.

Extended validation. To extend the validation of the ToxTracker
assay, we tested a collection of 13 nongenotoxic carcinogens
that were previously used for whole-genome transcription
profiling in mESC (Schaap et al., 2014). As anticipated, none of
the tested nongenotoxic carcinogens activated the BSCL2 or
RTKN DNA damage reporters (Figure 4A). However, various non-
genotoxic carcinogens induced the oxidative stress response
and the UPR.

Next, we tested a collection of compounds which have been
positive in conventional in vitro genotoxicity tests. All well-
established DNA damaging agents including mitomycin C,
camptothecin, and doxorubicin strongly induced both the
BSCL2 and RTKN genotoxicity reporters (Figure 4B).
Interestingly, also the nucleoside analog and DNA replication
chain inhibitor cytosine arabinoside (cytarabine) and the cyclin-

dependent kinase inhibitor flavopiridol were identified as geno-
toxin. In addition, we observed a slight induction of the two
genotoxicity reporters by the protein phosphatase inhibitors
calyculin A and okadaic acid. The protein phosphatases PP2A
and PP2B are broad-range serine/threonine phosphatases
and their inhibition has been shown to affect various
DNA-associated processes including transcription, DNA replica-
tion, cell growth, and apoptosis (Wurzenberger and Gerlich,
2011). As a consequence inhibition of these phosphatases is
likely to indirectly induce a DNA damage response. In addition
to induction of the DNA damage reporters, many of the tested
compounds activated the oxidative stress-responsive reporters
SRXN1 and BLVRB. For some of these compounds, eg, potassium
bromate and tert-butyl hydroperoxide, oxidative stress induc-
tion appears to be the primary mode of toxicity. The flavonoid
quercetin and copper sulfate did not display DNA damaging
properties. The HDAC inhibitor valproic acid, which promotes
chromatin relaxation and stimulates general gene transcription,
did not induce any reporter of the ToxTracker assay under the
tested conditions. The specificity of the DDIT3 reporter for acti-
vation of the UPR was confirmed after exposure to the well-
established UPR-activator thapsigargin.

All ToxTracker results are summarized and compared with
test results in the conventional genotoxicity assays (Table 1 and
Supplementary Table 2). A compound was classified as geno-
toxic in the ToxTracker assay when either the BSCL2-GFP or the
RTKN-GFP DNA damage reporter was induced more than 1.5-
fold. This validation indicates that the ToxTracker reporter
assay displays a much higher sensitivity (95%) and specificity
(94%) than the classical genotoxicity tests. The ability to dis-
criminate between induction of DNA damage, oxidative stress,

FIG. 4. Extended validation of the GFP reporter cell lines. A, ToxTracker reporter cell lines were exposed to a collection of reference nongenotoxic carcinogens. GFP

induction levels were calculated for a compound concentration that induce 50% cytotoxicity. Cisplatin, DEM, and tunicamycin were used as positive controls for the

induction of DNA damage, cellular oxidative stress, and protein damage, respectively. B, Induction of the GFP reporters following exposure to a selection of established

genotoxic and nongenotoxic chemicals.
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and protein unfolding allows the ToxTracker genotoxicity assay
to discern between genuine and false-positive genotoxicity
measurements.

Reporter specificity independent of cytotoxicity. Although we quan-
tify GFP measurements by flow cytometry at a single cell level
exclusively in intact cells, we questioned whether the sensitiv-
ity or specificity of the different GFP reporters may be affected
by the level of cytotoxicity. We therefore calculated the extent
of induction for each of the ToxTracker reporters at four differ-
ent cytotoxicity levels (10%, 25%, 50%, and 75%) for the collec-
tion of genotoxins suggested by ECVAM (Figure 5). Nearly all
compounds that were classified as genotoxic at high levels of
cytotoxicity (75%) were already positive at low cytotoxicity lev-
els (25%). Furthermore, the identification of the primary mode
of toxicity, ie, DNA damage, oxidative stress of protein damage,
was not affected by the level of cytotoxicity. The only exception
is chloramphenicol, which at weak cytotoxic concentrations
already induced the DDIT3 protein damage reporter, but at high
levels of cytotoxicity in addition activated the BSCL2 genotoxic-
ity reporter. As described before, no reactivity was observed for
chloroaniline. Only at very low levels of cytotoxicity (< 10%)
induction of the ToxTracker reporters does not for all genotoxic
compounds meet the 1.5-fold increase threshold any more,
although often a significant induction of the reporters was
observed.

ToxTracker reporter kinetics. We previously established 24 h as an
optimal exposure time for reliable assessment of GFP reporters
activation in mESC for both DNA damaging agents and pro-oxi-
dants (Hendriks et al., 2011, 2012). To gain more insight into the
response kinetics of the different GFP reporter genes, we
exposed the ToxTracker cell lines to the genotoxins cisplatin
and doxorubicin, the microtubule disruptor taxol, the oxidative
stress-inducing agent DEM and the UPR inducer tunicamycin,
and determined at various time points GFP induction. For
BSCL2-GFP, RTKN-GFP, BLVRB-GFP, SRXN1-GFP, and BTG2-GFP,
the earliest time point at which a response could be detected
was at 8 h after which induction levels increased steadily over
time (Figure 5B). The kinetics of induction for DDIT3-GFP by the
UPR-inducing compound tunicamycin was clearly deviant from
those of the other reporters by their respective potentiating
agents. The DDIT3 reporter was strongly induced after 8 h of
exposure to tunicamycin, after which the levels of induction
remained constant over time. We did not observe any indica-
tions for the appearance of a secondary wave of stress response
induction for any of the tested compounds that may occur at
late exposure times when significant cytotoxicity is expected to
occur. We conclude that the specificity of the ToxTracker
reporter assay is not affected by the time of exposure although
the GFP levels increase over time.

Detection of aneugenic compounds. A distinct class of compounds
that are notoriously difficult to classify by the conventional geno-
toxicity assays are microtubule disrupting agents. Microtubule
disruption leads to missegregation of chromosomes during
mitosis, resulting in chromosome breakage and aneuploidy.
Microtubule disruptors are generally noncarcinogenic but give a
positive score in the micronucleus test (Kirsch-Volders et al.,
2011). To determine the reactivity of such aneugenic compounds
in the ToxTracker assay, we exposed the reporter cell lines to a
collection of the well-established microtubule disrupting agents
colcemid, nocodazole, vinorelbine, and taxol. In contrast to the
direct DNA damaging agents cisplatin, etoposide, mitomycin C,
and doxorubicin that induce both BSCL2- and RTKN-GFP DNA
reporters, the tested mitotic spindle poisons predominantly acti-
vated only the RTKN-GFP reporter (Figure 6A). In addition, expo-
sure to the microtubule disruptors also induced the P53- and
NRF2-associated cellular signaling response.

Next, we investigated the kinetics of reporter activation by
the microtubule disruptors. Although induction of the DNA
damage reporters BSCL2 and RTKN after exposure to the DNA
damaging agents cisplatin, etoposide, mitomycin C, and doxor-
ubicin could already be observed after approximately 8 h, acti-
vation of the RTKN-GFP reporter by the microtubule disruptors
took significantly longer (12 h) (Figs. 6B and C). Interestingly, the
BSCL2-GFP reporter that is associated with DNA replication
inhibition was hardly induced within 24-h exposure to the
microtubule disrupting agents. Together, these data indicate
that the ToxTracker assay is able to identify mitotic spindle poi-
sons as genotoxic agents. By comparing the differential induc-
tion and kinetics of the BSCL2 and RTKN DNA damage
reporters, ToxTracker is able to discriminate between direct
DNA damaging agents and non-DNA reactive aneugenic agents.

DISCUSSION

The current standard battery of in vitro genotoxicity assays gen-
erally includes the bacterial Ames gene mutation test and a
micronucleus test using mammalian cell line, often TK6 human
lymphoblastoid cells, occasionally expanded with a mamma-
lian gene mutation assay (Kirkland et al., 2011). Extensive evalu-
ations indicate that this battery of in vitro genotoxicity assay
can identify genotoxic carcinogens and in vivo genotoxins with
a high accuracy (Kirkland et al., 2011). However, the relative high
frequency of false positive results in the in vitro micronucleus
test occasionally identifies nongenotoxic carcinogens and non-
carcinogens as potentially genotoxic. Recently, it was shown
that misleading “false positive” test results could dramatically
be reduced by using p53 proficient human cell lines (Fowler
et al., 2014). In addition to the regulatory in vitro genotoxicity
assays, the Comet assay is occasionally included for detection
of DNA strand breaks (Witte et al., 2007).

A profound limitation of the conventional in vitro genotoxic-
ity assays is that they often lack the ability to provide insight
into the mechanisms of toxicity that are exerted by a com-
pound. Understanding the mechanisms of toxicity of com-
pounds is important to identify false-positive genotoxicity
findings and to better estimate the relevance of obtained test
results for human hazard assessment. An attractive approach
to obtain mechanistic insight into toxicity is to visualize the cel-
lular stress response pathways that are activated after expo-
sure. Various in vitro systems have been developed that use
quantitation of the activation of a specific cellular stress
response for the assessment of genotoxicity of compounds. The
Vitotox test visualizes activation of the bacterial S.O.S. DNA

TABLE 1. Sensitivity and Specificity of the Conventional and
ToxTracker in vitro Genotoxicity Tests

Sensitivity (%) Specificity (%)

Ames testa 46b 81
In vitro micronucleus testa 96 47
Chromosome aberration testa 94 50
ToxTracker assay 95 94

aData obtained from Kirkland et al. (2008, 2011, 2014).
bSensitivity increases to 62% when microtubule disrupting compounds were

omitted from the calculations.
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damage response (van der Lelie et al., 1997), and the yeast
RadarScreen employs a Rad54-beta galactosidase reporter for
detection of double-strand DNA breaks (Westerink et al., 2011).
Mammalian reporter cell lines have been described in which the
promoters of rad51c P53, cystatin, and NRF2 are fused to a luci-
ferase gene to detect induction of DNA damage, apoptosis, and
cellular oxidative stress (Westerink et al., 2010). More recently a
HepG2 liver cell assay has been reported that uses phosphoryla-
tion of histone variant H2AX for detection of DNA damage

(Khoury et al., 2013). Phosphorylation of H2AX is a hallmark for
induction of double-strand DNA breaks and plays an essential
role in initiating repair of these breaks (Scully and Xie, 2013).
Validation of the H2AX-based assay indicates a high sensitivity
and specificity for detection of genotoxic carcinogens. However,
various noncanonical functions of H2AX phosphorylation,
including chromatin remodeling have been described which
could complicate interpretation of the H2AX-based genotoxicity
assay (Scully and Xie, 2013).

FIG. 5. Specificity of the GFP reporters is largely unaffected by cytotoxicity. A, GFP reporter induction levels were calculated at compound concentrations that induce

10%, 25%, 50%, or 75% cytotoxicity using the panel of ECVAM-selected genotoxic carcinogens. Clustering of compounds was based on the similarity in reporter activa-

tion at 50% cytotoxicity. B, Kinetics of GFP induction was determined by flow cytometric analysis of intact cells following 4-, 8-, 12-, 16-, and 24-h exposure to the DNA

damaging agents cisplatin and doxorubicin, the microtubule disrupting agent taxol and the control compounds DEM and tunicamycin for induction of oxidative stress

and protein unfolding, respectively.
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The most extensively validated in vitro cell signaling-based
genotoxicity test is the GreenScreen HC assay, a fluorescent
reporter assay that uses the GADD45a (growth arrest and DNA
damage inducible alpha) gene promoter fused to a GFP marker
for the detection of genotoxic agents (Hastwell et al., 2006).
GADD45a is a member of the growth arrest and DNA damage
(GADD) proteins that are induced upon various cellular stresses
including nutrient deprivation, oxidative stress, and DNA dam-
age (Rosemary Siafakas and Richardson, 2009). GADD45a

expression is directly activated by P53 upon induction of DNA
damage (Zhan, 2005). However, GADD45a is also induced by NF-
jB and the NRF2 antioxidant pathway (Han et al., 2008). The
GreenScreen HC assay has been validated using large libraries
of reference chemicals as well as proprietary compounds
(Birrell et al., 2010; Olaharski et al., 2009). GreenScreen HC shows
an excellent sensitivity and specificity compared with the con-
ventional genotoxicity tests. More recently, the BlueScreen HC,

a luciferase-based version of the GADD45a reporter assay, has
been described (Hughes et al., 2012).

To gain understanding of the often complex biological reac-
tivity and interactions of chemicals, biologics and (micro/nano)-
materials, monitoring of various cellular damage response
pathways will be required. For the development of the
ToxTracker assay, we employed whole-genome transcription
analysis of mES cells to identify biomarker genes that were
selectively activated upon exposure to different classes of
chemicals and biologics (Hendriks et al., 2011). The original
ToxTracker assay consisted of the DNA damage-associated
BSCL2-GFP reporter, associated with perturbed DNA replication,
and controlled by ATR and the oxidative stress SRXN1-GFP
reporter being part of the NRF2 antioxidant response pathway.

We identified Rhotekin (Rtkn) as another gene that is prefer-
entially induced in response to DNA damaging agents. RTKN is
an effector of the RHO GTPase with relative unknown function

FIG. 6. Differential responses of the BSCL2 and RTKN-GFP reporters discriminate between clastogenic and aneugenic compounds. A, ToxTracker reporter cell lines

were exposed to a selection of 11 established microtubule disrupting agents. GFP induction levels were determined after 24-h exposure by flow cytometry. B, Kinetics

of BSCL2-GFP and RTKN-GFP following exposure to the DNA damaging compounds cisplatin, etoposide, mitomycin C, and doxorubicin or the mitotic spindle poisons

colcemid, nocodazole, vinorelbine and taxol. GFP induction was determined after 4-, 8-, 12-, 16-, and 24-h exposure. C, Exposure times that resulted in a 1.5-fold

increase in GFP signal for the BSCL2-GFP and RTKN-GFP reporters after exposure to the tested clastogenic and aneugenic compounds were calculated by linear regres-

sion of the GFP induction data points of the two time points encompassing 1.5-fold induction.
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(Reid et al., 1996) and has been implicated in neural stem cell dif-
ferentiation and apoptosis regulation (Collier et al., 2009).
Activation of RHO/RTKN has been associated with the NF-jB
cytokine signaling pathway and its overexpression has been
implemented in the activation of antiapoptotic responses
leading to increased chemoresistance of gastric cancer cells
(Liu et al., 2004). In this study, we confirmed the association
between RTKN induction and NF-jB signaling (Figure 2C).

Combining the BSCL2 and RTKN biomarkers in a single geno-
toxicity test further increased the high sensitivity and specific-
ity of the ToxTracker assay. More importantly, the different
reporters allow assessment of the mechanisms of genotoxicity.
The BSCL2-GFP reporter identifies compounds that induce DNA
replication blocking lesions that are particularly hazardous in
proliferating cells and tissues. Microtubule disruption agents
that can induce chromosome breakage during mitosis selec-
tively activate the RTKN-GFP reporter. Activation of NF-jB by
these mitotic spindle poisons has previously been associated
with activation of the ATM DNA damage kinase and its effector
NF-jB essential modulator (NEMO) (McCool and Miyamoto,
2012).

We previously identified SRXN1 as biomarker for cellular
oxidative stress. SRXN1 is involved in the reduction of hyperoxi-
dized peroxiredoxin (Prx) after oxidative stress (Chang et al.,
2004). We extended the ToxTracker assay with a second
reporter for oxidative stress. The Blvrb gene encodes an oxidore-
ductase that catalyzes the NADPH-dependent reduction of a
variety of flavins (Komuro et al., 1996). Overexpression of BLVRB
has been associated with prostate cancer (Pallua et al., 2013). We
showed that in mES cells, BLVRB expression is specifically
induced upon oxidative stress although the specificity and
kinetics of the BLVRB-GFP reporter clearly deviate from the
NRF2-controlled SRXN1-GFP reporter (Figs. 3 and 4). Currently,
the cellular signaling pathways that control expression of
BLVRB are largely unknown.

In addition to DNA damage and induction of ROS production,
also protein unfolding has been associated with increased carci-
nogenicity. The UPR is mediated by the ER protein chaperone
GRP78 (BiP) (78 kDa glucose regulated protein), three ER trans-
membrane receptors PERK, ATF6 and IRE1, and the transcription
factor X-box binding protein 1 (XBP1) (Hetz, 2012). Accumulation
of misfolded proteins in the cytosol is recognized by various
members of the HSP family including HSP70 and HSP90 and the
HSF1 transcription factor (Frydman, 2001; Whitesell and
Lindquist, 2005). Various UPR and HSPs have been associated
with cancer (Wang et al., 2014). We expanded the ToxTracker
assay with the DDIT3-GFP reporter. DDIT3 encodes the tran-
scription factor CHOP, which plays an essential role in the
response to a wide variety of cell stresses and induces cell cycle
arrest and apoptosis following ER stress but is not activated by
DNA damage in mES cells.

The sixth reporter in the ToxTracker assay is P53-controlled
BTG2-GFP. P53 is a transcription factor that plays a pivotal role
in multiple cellular stress responses including the DNA damage,
oxidative stress, and the UPRs (Meek, 2009). BTG2 is a compo-
nent of the P53-dependent DNA damage response, is involved
in regulation of the G1/S cell cycle checkpoint (Winkler, 2010),
and is induced by various cellular stressors.

In general, the fold-induction of the various ToxTracker
reporters is determined at exposure levels with a relatively high
level of cytotoxicity (i.e. 50%) which in theory might affect their
specificity. However, assessment of the response of the various
reporters over a wide dose range showed that the identification
of the primary mode of toxicity, ie, DNA damage, oxidative

stress of protein damage, was not affected by the level of
cytotoxicity.

One might wonder to what extent the stress response specif-
icity of the ToxTracker biomarkers is specific for mouse ES cells.
Both SRXN1 and DDIT3 have recently been used as stress
reporters in human HepG2 cells (Wink, 2014) and behave with a
similar preferentiality as in mouse ES cells. In addition, we
found BSCL2 expression to be highly upregulated in mouse lym-
phoma which suffered from high levels of replication stress
(unpublished results), whereas Btg2 has been reported also in
human cells to be induced in response to DNA damage through
a p53-dependent pathway (Cortes 2000). Conservation of the
stress response specificity of the remaining two biomarker
genes (Blvrb and Rtkn) in human cells and tissues is unclear.

Here, we report on the extended ToxTracker assay for mech-
anistic genotoxicity screening. By utilizing a panel of reporter
genes that are preferentially induced by either DNA damage,
oxidative stress or protein damage, the ToxTracker assay pro-
vides toxicologists with a valuable tool to gain understanding of
the principal types of biological damage induced by chemicals,
biologicals, and other materials. Detailed dissection of the sig-
naling cascades that underlie induction of the various reporters
is required to fully unravel the cellular reactivity of compounds.
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