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ABSTRACT: The ecological and health concern of mutagenicity and carcinoge-
nicity potentially associated with an overwhelmingly large and ever-increasing
number of chemicals demands for cost-effective and feasible method for
genotoxicity screening and risk assessment. This study proposed a genotoxicity
assay using GFP-tagged yeast reporter strains, covering 38 selected protein
biomarkers indicative of all the seven known DNA damage repair pathways. The
assay was applied to assess four model genotoxic chemicals, eight environmental
pollutants and four negative controls across six concentrations. Quantitative
molecular genotoxicity end points were derived based on dose response modeling of
a newly developed integrated molecular effect quantifier, Protein Effect Level Index
(PELI). The molecular genotoxicity end points were consistent with multiple
conventional in vitro genotoxicity assays, as well as with in vivo carcinogenicity assay
results. Further more, the proposed genotoxicity end point PELI values
quantitatively correlated with both comet assay in human cell and carcinogenicity
potency assay in mice, providing promising evidence for linking the molecular disturbance measurements to adverse outcomes at
a biological relevant level. In addition, the high-resolution DNA damaging repair pathway alternated protein expression profiles
allowed for chemical clustering and classification. This toxicogenomics-based assay presents a promising alternative for fast,
efficient and mechanistic genotoxicity screening and assessment of drugs, foods, and environmental contaminants.

■ INTRODUCTION

The ecological and health concern of an overwhelmingly large
and ever-increasing number of chemicals (i.e., over 83 000
chemicals are in production by 2010) demands for toxicity
screening and risk assessment of the potential toxicants.1 It is
recognized that, unless the approaches can be revised, the time
and resources required to meet the demands of anticipated
toxicity testing efforts will be measured in decades or beyond.2

Genotoxicity is of particular importance because of its link to
mutagenicity, carcinogenicity as well as cancer.3,4 Genotoxicity
assays have been used to predict carcinogenic potential when
carcinogenicity data are absent, or support carcinogenicity data
in cancer risk assessment.4,8,9 Genotoxicity is caused by agents
interacting with DNA and other cellular targets that control the
integrity of the genetic materials, including induction of DNA
adducts, strand breaks, point mutations, and structural and
numerical chromosomal changes.5−7 Current genotoxicity
assays, such as Ames test, comet test and micronucleus test
(in vitro or in vivo), require relatively long testing time (up to
days or weeks). And, depending on the detection target and
mechanism of the genotoxicity assay, it identifies one or limited
types of genetic material damage and cannot capture all DNA

damage effects, therefore may lead to inconsistency among test
outcome and sometimes fail to capture potential genotoxicity.
There is a pressing need for less costly and more rapid, yet
informative and reliable genotoxicity screening and testing
methods.
The Tox21 vision proposed by National Research Council

(NRC) points out the promises of taking advantage of advances
in genomics, computational toxicity, high throughput in vitro
assay techniques to improve the ability to assess the impacts of
chemically induced genetic damage in all its possible forms, to
assess new and existing chemicals more efficiently, cost-
effectively, and with less reliance on animal models.10,11

Batteries and/or tiered testing strategy that combine both in
vitro and in vivo assays have been employed by U.S. EPA for
evaluation of genotoxicity.12 In recent years, high-throughput
genotoxicity assessment based on single or a few biomarkers
indicative of DNA damage recognition and repair have been
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demonstrated with RT-qPCR technique or in engineered cell
reporter systems (e.g., recombinant bioluminescent bacteria or
yeast).4,10,13−17 However, these assays are specific for certain
targets and may not capture all types of genetic damage. For
example, GreenScreen assay, which is listed in the Alternatives
Assessment Program of ToxCast and uses yeast cells with GFP-
infused single biomarker RAD54, can only detect genotoxicants
that lead to HR activation for DSB repair (implying lower assay
sensitivity).15,16 Over the past decade, toxicogenomics, which
examines the molecular-level activity of multiple biomarkers
and pathways in response to environmental stressors, have
shown promises to allow for rapid and sensitive evaluation of
genotoxicants, to more properly classify putative carcinoge-
nicity and to reveal the potential mode of action
(MOA).10,17−19 However, one of the major challenges is how
to develop more quantitative molecular assay end points and
link them to adverse effects,20,21 so-called phenotypic
anchoring.22,23 Adverse outcome pathway (AOP) concept has
been proposed to provide roadmap for establishing linkage
between a molecular end point and an adverse outcome at a
biological level of organization relevant to risk assessment.20,24

Based on the AOP concept and our current knowledge of
DNA damage and repair pathways, we proposed and developed
a new quantitative toxicogenomics assay, which detects and
quantifies molecular level changes in proteins involved in
known DNA damage repair pathways, for fast, sensitive and
mechanistic genotoxicity evaluation of environmental pollu-
tants. This genotoxicity assay employs a library of in frame GFP
fusion proteins of Saccharomyces cerevisiae consisting of 38
reporter strains (key proteins) covering all the seven recognized
DNA damage repair pathways, which measures in situ and real-
time protein expression changes in exposure to any chemical,
yielding chemical-specific temporal DNA damage repair
response profiles (fingerprints) within 1−2 h.25 By covering
all the seven known DNA damage repair pathways and
monitoring temporal protein expression levels, this approach
aims to more comprehensively capture the impacts of
chemically induced genetic damage in various forms, therefore
improves the assay’s sensitivity and reliability. Furthermore, in
order to quantify the molecular-level effects, a Protein Effect
Level Index (PELI) was proposed based on the concept from
our previous work by quantifying the accumulative altered
protein expression change over certain exposure period for a
given protein, specific pathway, or selected multiple biomarkers

ensemble library (i.e., DNA damage and repair pathway
biomarkers ensemble).25−27 The derived molecular end points
based on PELI values quantitatively correlated (or phenotypi-
cally anchored) with conventional phenotypic genotoxicity end
points, demonstrating that the proposed approach has potential
to serve as an alternative high-throughput in vitro genotoxicity
assay. The assay was tested against a number of model
genotoxicants as well as genotoxicity-negative control chem-
icals, in order to demonstrate its specificity and sensitivity. In
addition, the information-rich and high-resolution data reveal
potential DNA damaging mechanisms related to genotoxicity
and were used for chemicals classification based on their
distinct molecular responses in DNA damage and repair
pathways.

■ MATERIALS AND METHODS

Chemicals. Twelve known genotoxic chemicals and four
nongenotoxic negative controls (details in Supporting
Information (SI) Table S1) were selected to evaluate the
proposed genotoxicity assay. The selected model genotoxicants
include 4-nitroquinoline 1-oxide (4-NQO, a tumorigenic
quinoline), mitomycin C (MMC, bioreactive alkylating
agent), hydrogen peroxide (H2O2, oxidizing agent), and
benzo[a]pyrene (BaP, enzymatically activated polycyclic
aromatic hydrocarbon (PAH) genotoxicant); three environ-
mental pollutants that were reported to exhibit genotoxicity:
lead(II) nitrate (Pb(NO3)2), ibuprofen, and atrazine; five
drinking water disinfection byproducts (DBPs) with genotox-
icity reported: trichloroacetic acid (TCA), N-nitrosodimethyl-
amine (NDMA), bromodichloromethane (BDCM), chlorodi-
bromomethane (CDBM) and formaldehyde. Four negative
controls are aspirin, tetracycline hydrochloride, erythromycin,
and bisphenol A. They were selected as negative controls since
they were reported negative in most genotoxicity assays and in
vivo carcinogenicity assays (details in Result and Discussion).28

All the chemicals were evaluated across approximately six-log
concentration range (except H2O2) (SI Table S1), up to the
pre-determined maximum noncytotoxic concentration (over
95% cell survival tested by growth inhibition in yeast for 24 h as
shown in SI Figure S1).

Selection of Proteins as Biomarkers and Construction
of Yeast Whole Cell Array for Genotoxicity Assessment.
A library of 38 in frame GFP fusion proteins (selected proteins
listed in Table 1) of S. cerevisiae (Invitrogen, no. 95702, ATCC

Table 1. DNA Damage Type, Corresponding Repair Pathways and Biomarkers Selected for the Molecular Genotoxicity Assay
Using GFP-Tagged Yeast Cells25,27,30

DNA damage repair pathway proteins selected in the assay

general damage DNA damage signaling (DDS) CHK1,RAD9
DNA lesions translesion synthesis (TLS) RAD30
base alkylation Direct reversal repair (DRR) PHR1
base oxidation base excision repair (BER) OGG1
base alkylation and
deamination

NTG1, NTG2, UNG1, MAG1, RAD27, APN1, APN2

single strand break
cross-links nucleotide excision repair (NER) RAD1, RAD2, RAD4, RAD9, RAD14,RAD16, RAD23,

RAD34pyrimidine dimers
bulky adduct
mismatches mismatch repair (MMR) MSH1, MSH2, MSH3, MSH6, PMS1, MLH1, MLH2
double strand break (DSB) DSB repair general response to DSB XRS2, MRE11

homologous recombination (HR) RFA1, RFA2, RFA3, RAD51, RAD52, RAD54, HTA1
nonhomologous end joining (NHEJ) LIF1, YKU70
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201388), constructed by oligonucleotide-directed homologous
recombination to tag each open reading frame (ORF) with

Aequrea victoria GFP (S65T) in its chromosomal location at
the 3′ end, was employed in this study.25,29,30 The selected

Figure 1. Temporal protein expression profiles of 38 biomarkers indicative of different DNA damage repair pathways upon exposure to A: 4-NQO
(4-nitroquinoline 1-oxide, model genotoxicant), and B: BPA (bisphenol A, negative control),25 across six concentrations. The mean natural log of
induction factor (ln I) indicates the magnitude of altered protein expression (represented by a green-black−red color scale at bottom. Red spectrum
colors indicate up regulation, green spectrum colors indicate down regulation. Values beyond ±1.5 are shown in the same color as ±1.5). X-axis top:
concentrations for each chemical, X-axis bottom: testing time in minutes, the first data point shown is at 20 min after exposure due to data
smoothing with moving average of every five data points. Y-axis left: clusters of proteins by DNA damage repair pathways; Y-axis right: list of proteins
(ORFs) tested, with details in Table 1. n = 3. Similar profiles for all other chemicals tested are shown in SI Figure S3.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b05097
Environ. Sci. Technol. 2016, 50, 3202−3214

3204

http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b05097/suppl_file/es5b05097_si_001.pdf
http://dx.doi.org/10.1021/acs.est.5b05097


proteins were either specific for a certain type of DNA damage
or play a pathway-specific role, therefore, changes in expression
levels of these biomarkers would indicate the particular pathway
responses associated with different DNA damages.31−41 A
housekeeping gene PGK1 was selected as an internal control
for plate normalization.42

Real Time Protein Expression Analysis upon Chemical
Exposures. Details of the proteomics assay for using GFP-
tagged reporter yeast cells were described in our previous
reports.25,27,30 Briefly, yeast strains selected for genotoxicity
assessment (Table 1) were grown in clear bottom black 384-
well plates (Costar) with SD medium for 4−6 h at 30 °C to
reach early exponential growth (OD600 about 0.2−0.4). 10 μL
chemical (dissolved in PBS) or control (PBS only) was added
to each well to reach the final concentrations (SI Table S1). For
Benzo [a] pyrene (BaP), liver extract (S9 fractions, final
concentration at 1.4%) (Sprague−Dawley Rat, Invitrogen, NY)
was added for enzymatic bioactivation before exposure, with
equal amount of S9 in PBS served as vehicle control.30 The
plates were then placed into a Micro plate Reader (Synergy H1
Multi-Mode, Biotech, Winooski, VT) for absorbance (OD600
for cell growth) and GFP signal (filters with 485 nm excitation
and 535 nm emission for protein expression) measurements
every 5 min for 2 h after fast shake for 1 min. All tests were
performed in dark in triplicate.
Protein Expression Profiling Data Processing and

Quantitative Molecular End points Derivation. Protein
expression profiling data of yeast library were processed as
described previously.25,27,30 Temporal OD and GFP raw data
were first corrected by background OD and GFP signal of
medium control (with or without chemical). Protein expression
P for each measurement was then normalized by cell number as
P = (GFPcorrected/ODcorrected). The P values were also corrected
with vehicle internal control (housekeeping gene PGK1) for
plate normalization among replicates. The alteration in protein
expression for a given protein at each time point due to
chemical exposure, also referred as induction factor I, was
represented by as I = Pexperiment/Pcontrol. Where, Pexperiment =
(GFPcorrected/ODcorrected)experiment as the normalized gene ex-
pression GFP level in the experiments condition with chemical
exposure, and Pcontrol = (GFPcorrected/ODcorrected)vehicle in the
vehicle control condition without any chemical exposure.
To quantify chemical-induced protein expression level

changes with consideration of exposure time, Protein Effect
Level Index (PELI) was proposed and derived as a quantitative
molecular end point.25,27,30 PELI can be derived to quantify the
accumulative altered protein expression change averaged over
the exposure period for a given protein (ORFi) (PELIORFi), a
specific pathway (PELIpathway) or for the overall DNA damage
and repair pathway ensemble library (PELIgeno) as described in
detail in the previous reports25,27,30 and in SI (Part 3). All tests
were conducted in triplicates, and induction factor I, PELIORF,
PELIpathway and PELIgeno were evaluated by mean ± SD. For a
given chemical, PELIgeno based dose−response pattern was
modeled using Four Parameter Logistic (4PL) nonlinear
regression model,43−45 which allowed the calculation of
PELImax. A chemical is considered genotoxicity positive if the
PELImax value derived from the PELIgeno-dose response curve is
higher than 1.5, a predetermined threshold. The value of 1.5
was selected to reflect a statistically significant increase in
protein expression levels compared to the untreated control,
which is over 1 + 3 × SD (SD refers to system standard
deviation and was determined as 95% confidence interval for

the coefficient of variation (CV%) of PELIgeno values in this
study, data not shown). The threshold of fold change in genes
or proteins as 1.5 has been widely used and verified in the
literature.46−51 Results from this study confirmed the
appropriateness of the threshold value since all genotoxic
negative chemicals exhibited PELImax value less than 1.5,
whereas all genotoxic positive chemicals yielded PELImax values
above 1.5.

DNA Damage Alkaline Comet Assay in Human A549
Cells for Phenotypic Confirmation. Alkaline comet assay in
human A549 cells upon exposure to the 16 chemicals at
selected concentrations (details in SI Table S1) or 1% FBS-F12
medium only (as untreated control) for 24 h was carried out
according to the protocol of ITRC53 using CometAssay 96 Kit
of Trevigen Inc. (www.trevigen.com). All these procedures
were performed in dark with triplicates. Twenty-five cells of
each treatment were measured by software CASP randomly
(University of Wroclaw, Institute of Theoretical Physics) and
the damage was valued as % Tail DNA. Genotoxicity positive
was defined as significant increase of tail DNA % compared to
vehicle control with p < 0.05.

Clustering Analysis. Hierarchical clustering (HCL) was
performed to cluster all the 16 chemicals across six
concentrations (96 samples in total) based on protein
expression levels of each chemical (ln I, average of triplicates)
during 2 h exposure by software suit MeV (MutiExperiment
Viewer) v4.8.52 The relationships were elucidated using the
order of complete average linkage clustering based on euclidean
distance.
Principal component analysis (PCA) was performed for all

the chemicals too, to simplify the complex data sets of
categories by analyzing the components with the greatest
amount of variance based on their protein expression profiles.
The analysis was conducted based on protein expression levels
of each chemical (ln I, average of triplicates) during 2 h
exposure by software suite MeV (MutiExperiment Viewer)
v4.8,52 with centering mode as mean and number of neighbors
for KNN imputation as 10.

■ RESULTS AND DISCUSSION
Concentration-Dependent, Chemical-Specific Tempo-

ral Differential Protein Expression Profiles. The temporal
altered protein expression profiles (Figure 1 and SI Figure S3)
indicative of DNA damage and repair pathway activities were
distinctive for the tested chemicals, suggesting compound-
specific cellular responses likely resulted from their different
DNA-damaging molecular mechanisms. For genotoxicants that
interact with DNA directly such as 4-NQO (Figure 1A) and
MMC25 (SI Figure S3A), proteins involved in DNA damage
and repair pathways were significantly up-regulated immedi-
ately upon exposure and sustained during the 2 h exposure,
suggesting strong DNA-damaging nature of the chemicals. In
comparison, for chemicals that likely cause DNA damage
indirectly such as H2O2 and BaP30 (SI Figure S3B and C),
more temporally dynamic protein expression change was
observed with the maximum up regulations occurred with
delay. The diffusion of H2O2 across membranes may be delayed
since extracellular and membrane structure of yeast play
important role in ROS defense,54−56 and BaP genotoxicity
was reported in a time-dependent manner, which requires
enzymatic bioactivation.57 For all the four negative controls
(Figure 1B and SI Figure S3, L to N), most proteins were not
up-regulated or with averaged changes in activities near
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threshold level, and also with many proteins down regulated,
demonstrating that these genotoxicity-negative controls indeed
have less effect on DNA repair pathways.
These chemical-specific response patterns were also concen-

tration-dependent, which led to increase in magnitude of
changes as concentration increases (e.g., 4-NQO and MMC),
or up regulation of proteins that occur only at higher
concentrations (e.g., H2O2 and BaP). For most chemicals
tested, the highest exposure concentration led to decreases in
the magnitude of up-regulation, or even shift from up-
regulation to down-regulation in most of the tested proteins,
which was likely caused by the transition from MOA-specific
subcytotoxic effect to nonspecific cellular stress responses such
as apoptosis, which led to overall cellular suppression effect.30

Quantitative Molecular Genotoxicity End points
Derivation. Using the newly proposed molecular effect
quantifier PELI, we demonstrated that the molecular PELIgeno
values exhibited dose response with characteristic sigmoid-
shaped patterns for all the 16 chemicals tested as shown in
Figure 2. End point PELImax (the maximal PELI value
determined based on the PELIgeno-dose response curve using
4PL model fitting) can be derived (Table 2). PELImax quantifies
the maximal protein expression effect for the overall DNA
damage and repair pathway ensemble library that can be
induced by a chemical in a 2 h exposure period, and indicates
the limit of the dose−response relationship on the response
axis for a certain chemical.37,38 The end point PELI1.5 was
derived based on the dose−response curve, which was defined
as the corresponding concentration that causes the PELI value
to reach 1.5, similar to the approach that has been applied for
the umuC genotoxicity assay by Escher et al.58 and our previous
study.59

Both genotoxic positive and negative model chemicals were
selected in this study to demonstrate the validity of our
proposed molecular genotoxicity assay. All the chemicals that
are known to be genotoxic showed PELImax value higher than
1.5, ranging from 1.850 to 2.705. The four negative controls
had PELImax value below 1.5 (ranging from 1.247 to 1.489).
The results demonstrated that our quantitative toxicogenomics
assay indeed captured the genotoxicity potential of the

Figure 2. Dose−response curves of the 16 chemicals tested based on PELIgeno values. A: model genotoxicants for positive control, B: environmental
pollutants, C: DBPs; D: genotoxicity negative controls. Data points with an error bar represent the PELIgeno value determined at each concentration.
R2 indicative of fitness are listed in Table 2. Genotoxicity positive is defined as having PELImax value (determined via model fitting dose response
curves) greater than 1.5. X-axis: concentration for chemicals studied (mg/L). Y-axis: PELIgeno. Mean ± SD, n = 3. For MMC and BPA, see ref 25.

Table 2. Summary of PELI Based Molecular End Points
(PELImax and PELI1.5, R2 Indicates the Fitness of the Data
to Four Parameter Logistic Models)a

chemical PELImax PELI1.5(mM) R2 (p value)

4-NQO 2.705 7.46 × 10−4 0.9548 (0.0041)
mitomycin C 1.850 2.15 × 10−3 0.7796 (0.0472)
H2O2 2.016 280.4 0.9791 (0.0013)
benzo [a] pyrene (with S9) 2.005 8.72 × 10−3 0.7388 (0.1405)
lead(II) nitrate 1.818 1.43 × 10−3 0.6708 (0.1810)
ibuprofen 1.941 6.00 × 10−5 0.9699 (0.0152)
atrazine 4.720 9.80 × 10−7 0.9082 (0.0121)
trichloroacetic acid (TCA) 3.479 1.06 × 10−3 0.9313 (0.0078)
NDMA 5.021 1.97 × 10−9 0.9631 (0.0030)
bromodichloromethane
(BDCM)

3.653 6.00 × 10−5 0.7356 (0.0631)

chlorodibromomethane
(CDBM)

2.249 1.2 × 10−4 0.6126 (0.2173)

formaldehyde 4.351 5.71 × 10−6 0.8675 (0.0686)
tetracycline hydrochloride 1.481 NA 0.9439 (0.0285)
aspirin 1.376 NA 0.3258 (0.4292)
erythromycin 1.247 NA 0.7657 (0.0520)
bisphenol A 1.489 NA 0.8763 (0.0192)
aNote: NA: not available. PELI1.5 was not determined for negative
control chemicals with PELImax less than 1.5.
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chemicals tested and the genotoxicity threshold we chose is
appropriate. Of course, further testing with a larger and wider
range of chemicals is warranted.
NDMA is a pro-mutagen and requires S9 metabolic

activation to become genotoxic. However, strong genotoxicity
was observed for NDMA without S9 added in this assay, with
PELImax = 5.021, which may be related to the cytochrome of
yeast. Several cytochrome monooxygenase enzymes in yeast
(including S. cerevisiae of this study) can perform Phase I
metabolism on some compounds in a manner analogous to
mammalian microsomes, but less efficiently.60−62

Correlation of Molecular End Points with Conven-
tional Genotoxicity End Points-Phenotypic Anchoring.
One key challenge for wide application of a protein expression
based-assay is to establish the relationship between protein
expression-based end points to conventional phenotypic end
points at relevant biological level and then further incorporate
these in vitro assays into toxicity and risk assessment
framework.23 We evaluated the correlation of quantitative
genotoxicity molecular end points derived from the yeast assay
with the results from a conventionally accepted genotoxicity
assay, comet test in human A549 cells. In addition, we also
examined the ability of our assay for predicting in vivo
carcinogenicity in mice. Figure 3 shows the correlation of

PELIgeno values with the % Tail DNA valued from the comet
assay for 15 chemicals at their selected concentrations (see
details of comet assay in SI Figure S4). A statistically strong
correlation (rP = 0.9238, P < 0.0001) was observed between
molecular genotoxicity end point (PELIgeno) and the phenotpyic
DNA damage end point (% Tail DNA), suggesting that the
quantiative molecular disturbance quantifier based on altered
protein expression of key proteins involved in various known
DNA damage and repair pathways is able to successfully
capture the DNA damage potenital, and therefore possibly

quantitatively predict phenotypical outcome in terms of DNA
damage. Importantly, a statistically strong correlation between
molecular end point PELI1.5 and in vivo carcinogenic end
point TD50 (mice) was observed (Figure 4), demonstrating

the consistency between our genotoxicity molecular assay end
points and in vivo carcinogenic potency, suggesting the
potential ability of our assay for carcinogenicity prediction.
Current in vivo rodent carcinogenicity bioassay is resource-
intensive and time-consuming, which makes it infeasible for
evaluating a large number of chemicals.1,63

To further evaluate the sensitivity and specificity of the
proposed molecular genotoxicity assay, we qualitatively
(positive or negative) compared our genotoxicity end point
with more conventional in vitro genotoxicity results from
literature for the chemicals studied (Table 3). Since
genotoxicity potentially leads to carcinogenicity,3,4 we also
included in vivo carcinogenicity according to the assessment
approach reported in literature. Sensitivity is estimated as
positive correctly classified over the total positives, specificity is
defined as negatives correctly classified over the total negatives
and accuracy is determined as the sum of both positive and
negatives correctly classified over the total sum of positives and
negatives.64 Comparing to other accepted in vitro genotoxicity
assays, our assay showed higher consistency to predict in vivo
carcinogenicity with high sensitivity (100%) and accuracy
(93.75%) (Table 4). The assay results also exhibited good
specificity (80%) for the 16 chemicals tested.
Note that comparisons among different in vitro assays are

not necessarily appropriate as each conventional assay only
detects a specific type of DNA damage. For example, Ames test
targets on frame shift or point mutations,65 comet assay detects
strand breaks66 and, micronucleus assay detects chromosome
damages.67 The discrepancy between in vitro genotoxicity
assays and in vivo rodent carcinogenic potency may come from
the inherent limitations in in vitro assay: pharmacokinetics and
metabolic aspects of chemicals cannot be reflected in in vitro
assays. For example, in vivo metabolism may alter genotoxicity
compared to in vitro tests because of metabolism of the
compound (e.g., the negative response of ibuprofen in

Figure 3. Correlation of molecular end point PELIgeno with phenotypic
end point of DNA damage induced in alkaline comet assay for selected
concentrations shown in SI Table S1. The brown dotted line
(horizontal) indicates cutoff line of PELIgeno (1.5). The purple dashed
line (vertical) indicates %Tail DNA of untreated control (ratio = 1).
Chemicals: model genotoxicants, 1:4-NQO, 2: MMC, 3, H2O2, 4: BaP;
environmental pollutants, 5: Pb(NO3)2, 6: ibuprofen, 7: atrazine;
DBPs, 8: TCA, 9: NDMA, 10:BDCM; 11: formaldehyde; negative
controls, 12: aspirin, 13: tetracycline hydrochloride, 14: erythromycin
and 15: bisphenol A. X-axis: 24-h DNA damage measured by % Tail
DNA compared to vehicle control in human A549 cells (Details in SI
Figure S4); Y-axis: PELIgeno. rP indicates Pearson correlation coefficient
of PELIgeno to DNA damage comet assay phenotypic end points (%
Tail DNA). Mean ± SD, n = 3.

Figure 4. Correlation of molecular end point−PELI1.5 with
phenotypic end point−carcinogenic potency from 2-year carcino-
genesis test in mice (SI Table S1), X-axis: PELI1.5 determined via
model fitting dose response curves (lg(PELI1.5), mM); Y-axis:
carcinogenic potency in mice (lg(TD50), mM/kg/day). rP indicates
Pearson correlation coefficient of PELI1.5 to carcinogenic potency. n =
7.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b05097
Environ. Sci. Technol. 2016, 50, 3202−3214

3207

http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b05097/suppl_file/es5b05097_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b05097/suppl_file/es5b05097_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b05097/suppl_file/es5b05097_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b05097/suppl_file/es5b05097_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b05097/suppl_file/es5b05097_si_001.pdf
http://dx.doi.org/10.1021/acs.est.5b05097


carcinogenesis may be due to its metabolism). S9 fraction has
been used to simulate possible metabolic activation, to partially
overcome the limitation of in vitro cell-based assays.
Furthermore, nongenotoxic carcinogens such as endocrine-
modifiers cannot be detected by the genotoxicity assays such as
those in vitro assays or our assay. At last, the variations in the
genotoxicity results associated with varying testing conditions
studies should also be taken into consideration when
comparing independent studies. Nevertheless, the comparison
and correlation of PELI based molecular end points with
conventional in vitro genotoxicity end points and in vivo
carcinogenic end point provided preliminary validation of the
proposed toxicogenomics based genotoxicity assay approach,
and its potential for carcinogenicity prediction. Of course, the
assay needs to be further tested and refined with more
cumulative genotoxicity data for more and variety of chemicals.
Great challenges remain for understanding the principles and

developing approaches to convert toxicogenomics information
into quantitative toxicity end points at biological and regulatory
relevant levels. On a fundamental level, our results demon-
strated two important points related to the challenges in
molecular toxicology regarding molecular end point quantifi-

cation and validation. First, molecular changes (in this study,
protein expression changes of DNA repair pathways) at
pathway level with multiple biomarkers can be potentially
quantified and they exhibit dose−response manner similar to
phenotypic observations. Second, it is possible to phenotypi-
cally anchor the molecular end points to biological DNA
damage end points, therefore possibly predict the genotoxicity,
across different species and even from cellular to organism
level. This provides promising information and evidence for the
concept of adverse outcome pathways, to link the molecular
initiating events to adverse outcomes at a biological relevant
level.

Chemical-Specific Protein Expression Profiling and
Pathway Activation Reveal Distinct Genotoxicity Mech-
anisms among Chemicals. The real-time protein expression
profiling of key proteins indicative of various DNA damage and
repair pathways provide insights into the detailed DNA damage
mechanisms induced by the tested chemicals. Table 5
summarized the various DNA damage repair pathway activation
(quantified by PELIpathway values) and suggested potential DNA
damage mechanisms revealed by this study, as well as known
genotoxicity mechanisms for the chemicals examined.
For the four negative controls, DNA damage was below or

near detection threshold level, suggesting little DNA-damaging
related genotoxicity for these chemicals as expected.73,77,84,101

DNA damage mechanisms of all the known genotoxic
chemicals in this study were generally consistent with their
reported mechanisms. For example, model genotoxicant 4-
NQO induced base-pair substitutions, bulky adducts, base
damage, and mismatches103 indicated by activation of
nucleotide excision repair (NER), base excision repair (BER)
and mismatch repair (MMR). MMC induced similar DNA base
damage and mismatches, cross-links and bulky adducts as well
as severe double strand breaks (DSB), which is consistent with
its reported genotoxic mechanism.91 H2O2 induced severe
damage of DSBs, by its strong oxidative damage as a strong

Table 3. Comparison of End Points (Genotoxicity Positive or Negative) From Our Proposed Quantitative Toxicogenomics
Based Genotoxicity Assay with Conventional Genotoxicity and in Vivo Carcinogenesis Assays Across Different Species

genotoxicity assay

bacteria mammalian cells

chemical yeast assay in this studya
Ames

test68−74
comet

test57,74−81
micronucleus

test2,57,74,80,82−90
in vivo carcinogenesis

assay21,57

4-NQO + + + + +
mitomycin C + + + + +
H2O2 + + + + +
benzo [a] pyrene (with S9) + + (with S9) + + +
lead(II) nitrate + + + + +
ibuprofen + − + + −
atrazine + − + + +
trichloroacetic acid + − + − +
N-nitrosodimethylamine (NDMA) + + + + +
bromodichloromethane + + − − +
chlorodibromomethane + + − − +
formaldehyde + + + + +
tetracycline hydrochloride − − + − −
aspirin − − + − −
erythromycin − − + + −
bisphenol A − − + − −
aGenotoxicity positive (+) in our assay is defined as PELImax value greater than 1.5, based on the comparison of the PELImax value derived from the
PELI-dose response curve with both postive and negative genotoxic chemicals, the signal-to-noise ratio for similar systems according to literature, as
well as the standard deviation range of our testing systems (see details in Materials and Methods section).

Table 4. Comparison of Our Quantitative Toxicogenomics
Based Genotoxicity Assay with Other in Vitro Conventional
Assays for Predicting in Vivo Carcinogenicitya

sensitivity specificity accuracy

yeast assay in this study 11/11 (100%) 4/5 (80%) 15/16 (93.75%)
Ames test 9/11 (81.82%) 5/5 (100%) 13/16(81.25%)
comet test 9/11 (81.82%) 0/5 (0%) 9/16 (56.25%)
micronucleus test 8/11 (72.73%) 3/5 (60%) 11/16 (68.75%)
aNote: Sensitivity, specificity and accuracy of the assays were
determined by comparing the results against in vivo 2-year rodent
carcinogenic potency, according to the approach described in previous
literature as shown in Table 3.64
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model oxidant. Genotoxicant BaP induced DNA adducts,
oxidative damage and apurinic sites indicated by the activation
of NER,86 BER,87 MMR,104 and direct reversal repair (DRR).
The consistency of DNA damage repair pathway activation
with reported genotoxic mechanisms of both known genotox-
icants and negative controls demonstrated the validity of our
proposed assay. Biomarkers of DSB (for example, RAD51 and
RAD54) were also up-regulated by BaP exposure at high
concentration (>100 μg/L), although DSB has not been
reported for BaP. Previous study has reported that DNA strand
breaks may be introduced directly by genotoxic compounds,
through the induction of apoptosis or necrosis, secondarily
through the interaction with oxygen radicals or other reactive
intermediates, or as a consequence of excision repair
enzymes.105 The DSB led by BaP may be indirect consequences
of other cellular toxic effects or DNA damages.
The information obtained from our assay also provides

insights into potential genotoxic mechanisms of chemicals that
have not been well studied. The genotoxicity of Pb(NO3)2 is
still not clear with conflicting reports, which may be related to
oxidative stress, DNA repair inhibition and interaction with
related proteins.85,106 Pb(NO3)2 exposure moderately activated
BER and MMR in this assay, suggesting that it may cause DNA
base damage to produce mismatches. Ibuprofen seemed to
affect various DNA repair pathways, likely as a result of its
direct membrane activity or oxidative stress.107,108 Atrazine
induced wide activation across all the DNA damage repair
pathways similar to H2O2, suggesting the damage may be
contributed by ROS production as reported previously.96 TCA,

NDMA, and formaldehyde also induced wide activation of
DNA repair pathways, suggesting strong DNA damage related
to oxidative damage, alkylation or cross-link respectively as
reported.97−99 According to the strong DNA repair pathway
activation, BDCM and CDBM may also induce oxidative
damage, base damage and double strand DNA break. Since
there has been no report for their genotoxic mode, the results
of our study could provide more information to better
understand their genotoxic mechanisms. Although more
investigation is needed to confirm these hypotheses, the results
can provide mechanistic insight for further exploration.

Chemical Clustering Based on Their DNA Damage
Repair Pathway Protein Expression Profiles. The
chemical-specific and concentration-dependent real time
protein expression profiles may serve as fingerprints to allow
chemicals clustering and classification based on their distinct
biological responses and underlying DNA damaging mecha-
nisms in a dose-sensitive manner, as shown in Figure 5. In
general, the same chemical at varying concentrations clustered
mostly together (i.e., bisphenol A, H2O2 and CDBM) as a
result of the conserved DNA-damaging nature of each
individual chemical. Although, some chemicals seemed to
show more dose-sensitive separation (i.e., BaP, MMC) as
results of changing DNA-damaging effects at varying
concentrations. The chemicals that shared more similar DNA
damaging nature had closer distance such as MMC, Pb(NO3)2,
4-NQO and BaP. The negative control chemicals with weak
DNA damaging effects clustered together. A principal
component analysis (PCA) based on the temporal differential

Table 5. Summary of DNA Damage Repair Pathway-Activationa and Potential Genotoxicity Mechanisms Revealed

aDNA damage and repair pathway activation indicated by mean natural log value of PELIpathway of triplicate tests. Red spectrum colors indicate
activation, with black−red color scale from 0 to 1.5 (values greater than 1.5 shown as same color as 1.5). X-axis top: seven known pathways of DNA
damage repair (see Table 1 for details). Y-axis left: chemical and six concentrations from lowest to highest (top to bottom). Aberrations for DNA
repair pathways: DDS: DNA damage signaling; TLS: translesion synthesis; DRR: direct reversal repair; BER: base excision repair; NER: nucleotide
excision repair; MMR: mismatch repair; DSB: double strand break. For MMC and BPA, see reference.25
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protein expression profiles (SI Figure S5) also suggested the
profiles had high resolution to distinguish various chemicals
and toxic mechanisms. The clustering analysis suggested the
high-resolution altered protein expression profiles were
sensitive enough to differentiate chemicals based on their

genotoxic mechanisms, therefore potentially allows for
genotoxicity-based chemical classification and identification.
This study demonstrated a sensitive, rapid, mechanistic and

quantitative toxicogenomics-based approach for genotoxicity
assessment based on DNA damage and repair pathway

Figure 5. Hierarchical Cluster (HCL) analysis diagram based on ln I values of the 16 chemicals across six concentrations in this study (Euclidean
distance, complete linkage clustering). The magnitude of altered protein expression (ln I) is represented by a green-black−red color spectrum. Red
spectrum colors indicate up regulation, green spectrum colors indicate down regulation. Values beyond ±1.5 are shown in the same color as ±1.5. X-
axis top: cluster roots of protein biomarkers used in this study; X-axis bottom: DNA damage and repair pathways with color codes; Y-axis right:
cluster roots and list of chemicals tested. Aberrations for DNA repair pathways: DDS: DNA damage signaling; TLS: translesion synthesis; DRR:
direct reversal repair; BER: base excision repair; NER: nucleotide excision repair; MMR: mismatch repair; DSB: double strand break.
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ensemble activities using GFP-tagged yeast library. This assay
can potentially be applied as an alternative method or as part of
the tiered testing system for genotoxicity screening and
evaluation for large number of chemicals and environmental
pollutants. Compared to current available in vitro genotoxicity
assays that take several days (e.g., over 2 days for Ames test and
comet assay, 2−3 days for in vivo micronucleus test), our high
throughput assay is faster (2 h), more cost-effective (yeast can
be easily cultured with minimal cost) and yet yields more
information regarding the underlying mechanisms. Compared
to existing biomarkers-based molecular genotoxicity assays that
employ single or a limited number of biomarkers, the proposed
assay covers most of known biomarkers involved in DNA
damage repair pathways, and therefore provides improved
performance with at least equivalent or higher sensitivity,
specificity and accuracy for genotoxicity assessment, and
possible in vivo carcinogenicity prediction. In addition, current
PCR-based assays measure transcriptional activities, whereas
our assay uses in frame GFP fusion that detects protein
expression directly, therefore more accurately reflecting cellular
responses beyond genetic activation. Most importantly, the
proposed new quantitative molecular genotoxicity end points
were shown to correlate well with the phenotypic genotoxicity
end points, suggesting possible phenotypically anchoring to
higher organism, therefore making the assay applicable in
health and environmental risk assessment. At last, the pathway
ensemble-based assay approach can be potentially extended to
other types of toxicity detection, such as oxidative, membrane,
and protein damage.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.5b05097.

Details for chemicals and their concentration range in the
study; 24-h cytotoxicity of chemicals in yeast cells for
concentration range selection; data processing procedure
for real-time protein expression profiles of yeast cell
array; real-time protein expression profiles of all the other
14 chemicals tested in this study; results of comet assay
in human A549 cells; principal component analysis
(PCA) result of the 16 chemicals (PDF).

■ AUTHOR INFORMATION
Corresponding Authors
*(April Z. Gu) E-mail: april@coe.neu.edu.
*(Miao He) E-mail: hemiao@tsinghua.edu.cn.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This study was supported by National Science Foundation
(NSF) (EEC-0926284, CAREER CBET- 0953633, CBET-
1437257), PROTECT (NIEHS P42ES017198) and CRECE
(NIH P50ES026049). We are grateful to Professor Penny
Beuning at Chemistry and Chemical Biology in Northeastern
University for her advice and critique of the manuscript.

■ REFERENCES
(1) Johnson, T. D. Report calls for examination of chemical safety:
National coalition notes difficulty determining exposures. Nation’s
Health 2011, 41 (6), 9−9.

(2) NRC. Toxicity Testing in the 21st century: A Vision and a Strategy;
National Academy Press: Washington DC, 2007.
(3) Reifferscheid, G.; Buchinger, S. Cell-Based Genotoxicity Testing.
Whole Cell Sensing System II 2009, 85−111.
(4) Ahn, J. M.; Hwang, E. T.; Youn, C. H.; Banu, D. L.; Kim, B. C.;
Niazi, J. H.; Gu, M. B. Prediction and classification of the modes of
genotoxic actions using bacterial biosensors specific for DNA damages.
Biosens. Bioelectron. 2009, 25 (4), 767−772.
(5) Baumstark-Khan, C.; Hellweg, C. E.; Reitz, G. Cytotoxicity and
Genotoxicity Reporter Systems Based on the Use of Mammalian Cells.
Adv. Biochem Eng. Biot 2010, 118, 113−151.
(6) Friedberg, E. C. DNA damage and repair. Nature 2003, 421
(6921), 436−440.
(7) Friedberg, E. C., W, G., Siede, W, Wood, R. D., Schultz, R. A.,
Ellenberger, T DNA Repair and Mutagenesis; ASM Press: Washington,
DC, 2006.
(8) Knight, A. W.; Little, S.; Houck, K.; Dix, D.; Judson, R.; Richard,
A.; McCarroll, N.; Akerman, G.; Yang, C.; Birrell, L. Evaluation of
high-throughput genotoxicity assays used in profiling the US EPA
ToxCast chemicals. Regul. Toxicol. Pharmacol. 2009, 55 (2), 188−199.
(9) Walmsley, R. M.; Billinton, N. How accurate is in vitro prediction
of carcinogenicity? British journal of pharmacology 2011, 162 (6),
1250−1258.
(10) Mahadevan, B.; Snyder, R. D.; Waters, M. D.; Benz, R. D.;
Kemper, R. A.; Tice, R. R.; Richard, A. M. Genetic Toxicology in the
21st Century: Reflections and Future Directions. Environmental and
molecular mutagenesis 2011, 52 (5), 339−354.
(11) Judson, R.; Houck, K.; Martin, M.; Knudsen, T.; Thomas, R. S.;
Sipes, N.; Shah, I.; Wambaugh, J.; Crofton, K. In vitro and modelling
approaches to risk assessment from the U.S. Environmental Protection
Agency ToxCast programme. Basic Clin. Pharmacol. Toxicol. 2014, 115
(1), 69−76.
(12) Lambert, I. B.; Singer, T. M.; Boucher, S. E.; Douglas, G. R.
Detailed review of transgenic rodent mutation assays. Mutat. Res., Rev.
Mutat. Res. 2005, 590 (1−3), 1−280.
(13) Muellner, M. G.; Attene-Ramos, M. S.; Hudson, M. E.; Wagner,
E. D.; Plewa, M. J. Human cell toxicogenomic analysis of bromoacetic
acid: A regulated drinking water disinfection by-product. Environ. Mol.
Mutagen. 2010, 51 (3), 205−214.
(14) Attene-Ramos, M. S.; Wagner, E. D.; Plewa, M. J. Comparative
human cell toxicogenomic analysis of monohaloacetic acid drinking
water disinfection byproducts. Environ. Sci. Technol. 2010, 44 (19),
7206−7212.
(15) Walmsley, R.; Billinton, N.; Heyer, W. Green fluorescent
protein as a reporter for the DNA damage-induced gene RAD54 in
Saccharomyces cerevisiae. Yeast 1997, 13 (16), 1535−1545.
(16) Cahill, P.; Knight, A.; Billinton, N.; Barker, M.; Walsh, L.;
Keenan, P.; Williams, C.; Tweats, D.; Walmsley, R. The Green-
Screen® genotoxicity assay: A screening validation programme.
Mutagenesis 2004, 19 (2), 105−119.
(17) Rajakrishna, L.; Krishnan Unni, S.; Subbiah, M.; Sadagopan, S.;
Nair, A. R.; Chandrappa, R.; Sambasivam, G.; Sukumaran, S. K.
Validation of a human cell based high-throughput genotoxicity assay
‘Anthem’s Genotoxicity screen’ using ECVAM recommended lists of
genotoxic and non-genotoxic chemicals. Toxicol. In Vitro 2014, 28 (1),
46−53.
(18) Vinoth, K. J.; Manikandan, J.; Sethu, S.; Balakrishnan, L.; Heng,
A.; Lu, K.; Hande, M. P.; Cao, T. Evaluation of human embryonic
stem cells and their differentiated fibroblastic progenies as cellular
models for in vitro genotoxicity screening. J. Biotechnol. 2014, 184 (0),
154−168.
(19) Aubrecht, J.; Caba, E. Gene expression profile analysis: an
emerging approach to investigate mechanisms of genotoxicity.
Pharmacogenomics 2005, 6 (4), 419−28.
(20) Ankley, G. T.; Bennett, R. S.; Erickson, R. J.; Hoff, D. J.;
Hornung, M. W.; Johnson, R. D.; Mount, D. R.; Nichols, J. W.;
Russom, C. L.; Schmieder, P. K.; Serrrano, J. A.; Tietge, J. E.;
Villeneuve, D. L. Adverse Outcome Pathways: A Conceptual

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b05097
Environ. Sci. Technol. 2016, 50, 3202−3214

3211

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.est.5b05097
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b05097/suppl_file/es5b05097_si_001.pdf
mailto:april@coe.neu.edu
mailto:hemiao@tsinghua.edu.cn
http://dx.doi.org/10.1021/acs.est.5b05097


Framework to Support Ecotoxicology Research and Risk Assessment.
Environ. Toxicol. Chem. 2010, 29 (3), 730−741.
(21) Marchan, R.; van Thriel, C.; Bolt, H. M. Recent developments
in in vitro toxicology: perspectives of European research and Tox21.
Arch. Toxicol. 2013, 87 (12), 2043−6.
(22) McKim, J. M. Building a Tiered Approach to In Vitro Predictive
Toxicity Screening: A Focus on Assays with In Vivo Relevance. Comb.
Chem. High Throughput Screening 2010, 13 (2), 188−206.
(23) Paules, R. Phenotypic anchoring: Linking cause and effect.
Environ. Health Persp 2003, 111 (6), A338−A339.
(24) Kramer, V. J.; Etterson, M. A.; Hecker, M.; Murphy, C. A.;
Roesijadi, G.; Spade, D. J.; Spromberg, J. A.; Wang, M.; Ankley, G. T.
Adverse Outcome Pathways and Ecological Risk Assessment Bridging
to Population-Level Effects. Environ. Toxicol. Chem. 2011, 30 (1), 64−
76.
(25) Lan, J.; Gou, N.; Gao, C.; He, M.; Gu, A. Comparative and
Mechanistic Genotoxicity Assessment of Nanomaterials via A
Quantitative Toxicogenomics Approach Across Multiple Species.
Environ. Sci. Technol. 2014, 48 (21), 12937−12945.
(26) Gou, N.; Gu, A. Z. A New Transcriptional Effect Level Index
(TELI) for Toxicogenomics-based Toxicity Assessment. Environ. Sci.
Technol. 2011, 45 (12), 5410−5417.
(27) Lan, J.; Hu, M.; Gao, C.; Alshawabkeh, A.; Gu, A. Z. Toxicity
Assessment of 4-Methyl-1-cyclohexanemethanol and Its Metabolites in
Response to a Recent Chemical Spill in West Virginia, USA. Environ.
Sci. Technol. 2015, 49 (10), 6284−6293.
(28) Gold, L. S.; Slone, T. H.; Bernstein, L. Summary of
Carcinogenic Potency and Positivity for 492 Rodent Carcinogens in
the Carcinogenic Potency Database. Environ. Health Persp 1989, 79,
259−272.
(29) Huh, W. K.; Falvo, J. V.; Gerke, L. C.; Carroll, A. S.; Howson, R.
W.; Weissman, J. S.; O’Shea, E. K. Global analysis of protein
localization in budding yeast. Nature 2003, 425 (6959), 686−691.
(30) O’Connor, S. T. F.; Lan, J.; North, M.; Loguinov, A.; Zhang, L.;
Smith, M. T.; Gu, A. Z.; Vulpe, C. Genome-wide functional and stress
response profiling reveals toxic mechanism and genes required for
tolerance to benzo [a] pyrene in S. cerevisiae. Front. Genet. 2012, 3, 3.
(31) Prakash, S.; Prakash, L. Nucleotide excision repair in yeast.
Mutat. Res., Fundam. Mol. Mech. Mutagen. 2000, 451 (1−2), 13−24.
(32) Guo, C. X.; Tang, T. S.; Friedberg, E. C. SnapShot: Nucleotide
Excision Repair. Cell 2010, 140 (5), 754−U169.
(33) Kolodner, R. D.; Marsischky, G. T. Eukaryotic DNA mismatch
repair. Curr. Opin. Genet. Dev. 1999, 9 (1), 89−96.
(34) Li, G. M. Mechanisms and functions of DNA mismatch repair.
Cell Res. 2008, 18 (1), 85−98.
(35) Clancy, S. DNA damage & repair: mechanisms for maintaining
DNA integrity. Nature Education 1 (1) Email DNA integrity is always
under attack from environmental agents like skin cancer-causing UV
rays. How do DNA repair mechanisms detect and repair damaged DNA,
and what happens when they fail 2008, 10−4.
(36) Sancar, A.; Lindsey-Boltz, L. A.; Unsal-Kacmaz, K.; Linn, S.
Molecular mechanisms of mammalian DNA repair and the DNA
damage checkpoints. Annu. Rev. Biochem. 2004, 73, 39−85.
(37) Lan, J.; Gou, N.; Gao, C.; He, M.; Gu, A. Z. Comparative and
mechanistic genotoxicity assessment of nanomaterials via a quantita-
tive toxicogenomics approach across multiple species. Environ. Sci.
Technol. 2014, 48 (21), 12937−45.
(38) Lieber, M. R. The mechanism of double-strand DNA break
repair by the nonhomologous DNA end-joining pathway. Annu. Rev.
Biochem. 2010, 79, 181−211.
(39) Maynard, S.; Schurman, S. H.; Harboe, C.; de Souza-Pinto, N.
C.; Bohr, V. A. Base excision repair of oxidative DNA damage and
association with cancer and aging. Carcinogenesis 2009, 30 (1), 2−10.
(40) Milanowska, K.; Krwawicz, J.; Papaj, G.; Kosinski, J.; Poleszak,
K.; Lesiak, J.; Osinska, E.; Rother, K.; Bujnicki, J. M. REPAIRtoire–a
database of DNA repair pathways. Nucleic Acids Res. 2011, 39
(Database issue), D788−92.
(41) Taylor, E. M.; Lehmann, A. R. Conservation of eukaryotic DNA
repair mechanisms. Int. J. Radiat. Biol. 1998, 74 (3), 277−86.

(42) Nakatani, Y.; Yamada, R.; Ogino, C.; Kondo, A. Synergetic effect
of yeast cell-surface expression of cellulase and expansin-like protein
on direct ethanol production from cellulose. Microb. Cell Fact. 2013,
12 (1), 66.
(43) DeLean, A.; Munson, P. J.; Rodbard, D. Simultaneous analysis
of families of sigmoidal curves: application to bioassay, radioligand
assay, and physiological dose-response curves. Am. J. Physiol. 1978, 235
(2), E97−102.
(44) Ritz, C.; Spiess, A. N. qpcR: an R package for sigmoidal model
selection in quantitative real-time polymerase chain reaction analysis.
Bioinformatics 2008, 24 (13), 1549−51.
(45) Manning, G. E.; Mundy, L. J.; Crump, D.; Jones, S. P.; Chiu, S.;
Klein, J.; Konstantinov, A.; Potter, D.; Kennedy, S. W. Cytochrome
P4501A induction in avian hepatocyte cultures exposed to
polychlorinated biphenyls: comparisons with AHR1-mediated reporter
gene activity and in ovo toxicity. Toxicol. Appl. Pharmacol. 2013, 266
(1), 38−47.
(46) Emter, R.; Ellis, G.; Natsch, A. Performance of a novel
keratinocyte-based reporter cell line to screen skin sensitizers in vitro.
Toxicol. Appl. Pharmacol. 2010, 245 (3), 281−90.
(47) ISO/CD 13829. Water QualityDetermination of the Genotox-
icityof Water and Waste Water Using the Umu-Test.
(48) Bauch, C.; Kolle, S. N.; Ramirez, T.; Eltze, T.; Fabian, E.;
Mehling, A.; Teubner, W.; van Ravenzwaay, B.; Landsiedel, R. Putting
the parts together: combining in vitro methods to test for skin
sensitizing potentials. Regul. Toxicol. Pharmacol. 2012, 63 (3), 489−
504.
(49) Cahill, P. A.; Knight, A. W.; Billinton, N.; Barker, M. G.; Walsh,
L.; Keenan, P. O.; Williams, C. V.; Tweats, D. J.; Walmsley, R. M. The
GreenScreen genotoxicity assay: a screening validation programme.
Mutagenesis 2004, 19 (2), 105−19.
(50) Tucker, C. L.; Fields, S. Quantitative genome-wide analysis of
yeast deletion strain sensitivities to oxidative and chemical stress.
Comp. Funct. Genomics 2004, 5 (3), 216−224.
(51) McCarthy, D. J.; Smyth, G. K. Testing significance relative to a
fold-change threshold is a TREAT. Bioinformatics 2009, 25 (6), 765−
771.
(52) Saeed, A. I.; Bhagabati, N. K.; Braisted, J. C.; Liang, W.; Sharov,
V.; Howe, E. A.; Li, J.; Thiagarajan, M.; White, J. A.; Quackenbush, J.
TM4Microarray Software Suite. Methods Enzymol. 2006, 411, 134−
193.
(53) Dhawan, A.; Bajpayee, M. M.; Pandey, A. K.; Parmar, D. UP, I.,
Protocol for the single cell gel electrophoresis/comet assay for rapid
genotoxicity assessment. In ITRC: ThE SCGE/ Comet Assay Protocol,
Vol. 1077, p 1.
(54) Bienert, G. P.; Schjoerring, J. K.; Jahn, T. P. Membrane
transport of hydrogen peroxide. Biochim. Biophys. Acta, Biomembr.
2006, 1758 (8), 994−1003.
(55) Estruch, F. Stress-controlled transcription factors, stress-induced
genes and stress tolerance in budding yeast. Fems Microbiol Rev. 2000,
24 (4), 469−486.
(56) Jamieson, D. J. Oxidative stress responses of the yeast
Saccharomyces cerevisiae. Yeast 1998, 14 (16), 1511−1527.
(57) Plottner, S.; Borza, A.; Wolf, A.; Bolt, H. M.; Kuhlmann, J.;
Follmann, W. Evaluation of time dependence and interindividual
differences in benzo[a]pyrene-mediated CYP1A1 induction and
genotoxicity in porcine urinary bladder cell cultures. J. Toxicol.
Environ. Health, Part A 2008, 71 (13−14), 969−975.
(58) Escher, B. I.; Bramaz, N.; Mueller, J. F.; Quayle, P.; Rutishauser,
S.; Vermeirssen, E. L. Toxic equivalent concentrations (TEQs) for
baseline toxicity and specific modes of action as a tool to improve
interpretation of ecotoxicity testing of environmental samples. J.
Environ. Monit. 2008, 10 (5), 612−21.
(59) Gou, N.; Yuan, S.; Lan, J.; Gao, C.; Alshawabkeh, A. N.; Gu, A.
Z. A quantitative toxicogenomics assay reveals the evolution and
nature of toxicity during the transformation of environmental
pollutants. Environ. Sci. Technol. 2014, 48 (15), 8855−63.
(60) O’Connor, S. T. F.; Lan, J.; North, M.; Loguinov, A.; Zhang, L.;
Smith, M. T.; Gu, A. Z.; Vulpe, C. Genome-wide functional and stress

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b05097
Environ. Sci. Technol. 2016, 50, 3202−3214

3212

http://dx.doi.org/10.1021/acs.est.5b05097


response profiling reveals toxic mechanism and genes required for
tolerance to benzo [a] pyrene in S. cerevisiae. Front. Genet. 2013, 3,
316.
(61) King, D. J.; Wiseman, A.; Wilkie, D. Studies on the genetic
regulation of cytochrome P-450 production in Saccharomyces
cerevisiae. Mol. Gen. Genet. 1983, 192 (3), 466−70.
(62) Kappeli, O. Cytochromes P-450 of yeasts. Microbiol Rev. 1986,
50 (3), 244−58.
(63) Shukla, S. J.; Huang, R.; Austin, C. P.; Xia, M. The future of
toxicity testing: a focus on in vitro methods using a quantitative high-
throughput screening platform. Drug Discovery Today 2010, 15, 997.
(64) Fawcett, T. An introduction to ROC analysis. Pattern
Recognition Letters 2006, 27 (8), 861−874.
(65) Ames, B. N.; Durston, W. E.; Yamasaki, E.; Lee, F. D.
Carcinogens are mutagens: a simple test system combining liver
homogenates for activation and bacteria for detection. Proc. Natl. Acad.
Sci. U. S. A. 1973, 70 (8), 2281−2285.
(66) Fairbairn, D. W.; Olive, P. L.; O’Neill, K. L. The comet assay: a
comprehensive review. Mutat. Res., Rev. Genet. Toxicol. 1995, 339 (1),
37−59.
(67) Schmid, W. The micronucleus test. Mutation Research/
Environmental Mutagenesis and Related Subjects 1975, 31 (1), 9−15.
(68) Levin, D. E.; Hollstein, M.; Christman, M. F.; Schwiers, E. A.;
Ames, B. N. A new Salmonella tester strain (TA102) with AXT base
pairs at the site of mutation detects oxidative mutagens. Proc. Natl.
Acad. Sci. U. S. A. 1982, 79 (23), 7445.
(69) Marzin, D. R.; Phi, H. V. Study of the mutagenicity of metal
derivatives with Salmonella typhimurium TA102. Mutat. Res., Genet.
Toxicol. Test. 1985, 155 (1−2), 49−51.
(70) Jemnitz, K.; Veres, Z.; Torok, G.; Toth, E.; Vereczkey, L.
Comparative study in the Ames test of benzo [a] pyrene and 2-
aminoanthracene metabolic activation using rat hepatic S9 and
hepatocytes following in vivo or in vitro induction. Mutagenesis
2004, 19 (3), 245−250.
(71) Oldham, J. W.; Preston, R. F.; Paulson, J. D. Mutagenicity
testing of selected analgesics in Ames Salmonella strains. J. Appl.
Toxicol. 1986, 6 (4), 237−243.
(72) Philipose, B.; Singh, R.; Khan, K.; Giri, A. Comparative
mutagenic and genotoxic effects of three propionic acid derivatives
ibuprofen, ketoprofen and naproxen. Mutat. Res., Genet. Toxicol.
Environ. Mutagen. 1997, 393 (1−2), 123−131.
(73) Snyder, R. D. An Update on the Genotoxicity and
Carcinogenicity of Marketed Pharmaceuticals with Reference to In
Silico Preclictivity. Environ. Mol. Mutagen. 2009, 50 (6), 435−450.
(74) Richardson, S. D.; Plewa, M. J.; Wagner, E. D.; Schoeny, R.;
DeMarini, D. M. Occurrence, genotoxicity, and carcinogenicity of
regulated and emerging disinfection by-products in drinking water: A
review and roadmap for research. Mutat. Res., Rev. Mutat. Res. 2007,
636 (1−3), 178−242.
(75) Zhang, R.; Niu, Y. J.; Do, H. R.; Cao, X. W.; Shi, D.; Hao, Q. L.;
Zhou, Y. L. A stable and sensitive testing system for potential
carcinogens based on DNA damage-induced gene expression in
human HepG2 cell. Toxicol. In Vitro 2009, 23 (1), 158−165.
(76) Annas, A.; Brittebo, E.; Hellman, B. Evaluation of benzo (a)
pyrene-induced DNA damage in human endothelial cells using alkaline
single cell gel electrophoresis. Mutat. Res., Genet. Toxicol. Environ.
Mutagen. 2000, 471 (1−2), 145−155.
(77) Rocco, L.; Peluso, C.; Cesaroni, F.; Morra, N.; Cesaroni, D.,
Genomic Damage in Human Sperm Cells Exposed In Vitro to
Environmental Pollutants. J. Environment Analytic Toxicol 2012, 2,
(117),10.4172/2161-0525.1000117.
(78) Moreno, M. M.; Garidel, P.; Suwalsky, M.; Howe, J.;
Brandenburg, K. The membrane-activity of Ibuprofen, Diclofenac,
and Naproxen: A physico-chemical study with lecithin phospholipids.
Biochim. Biophys. Acta, Biomembr. 2009, 1788 (6), 1296−1303.
(79) Duez, P.; Dehon, G.; Dubois, J. Validation of raw data
measurements in the comet assay. Talanta 2004, 63 (4), 879−886.
(80) Olive, P. L.; Banath, J. P.; Durand, R. E. Heterogeneity in
Radiation-Induced DNA Damage and Repair in Tumor and Normal-

Cells Measured Using the Comet Assay. Radiat. Res. 1990, 122 (1),
86−94.
(81) Gao, C.; Weisman, D.; Gou, N.; Ilyin, V.; Gu, A. Z. Analyzing
High Dimensional Toxicogenomic Data Using Consensus Clustering.
Environ. Sci. Technol. 2012, 46 (15), 8413−8421.
(82) Matsuoka, A.; Yamazaki, N.; Suzuki, T.; Hayashi, M.; Sofuni, T.
Evaluation of the Micronucleus Test Using a Chinese-Hamster Cell-
Line as an Alternative to the Conventional Invitro Chromosomal
Aberration Test. Mutat. Res. 1992, 272 (3), 223−236.
(83) Bresson, A.; Fuchs, R. P. P. Lesion bypass in yeast cells: Pol eta
participates in a multi-DNA polymerase process. EMBO J. 2002, 21
(14), 3881−3887.
(84) Dunn, T. L.; Gardiner, R. A.; Seymour, G. J.; Lavin, M. F.
Genotoxicity of Analgesic Compounds Assessed by an Invitro
Micronucleus Assay. Mutat. Res., Genet. Toxicol. Test. 1987, 189 (3),
299−306.
(85) Ahmed, Y.; Eldebaky, H.; Mahmoud, K. G. M.; Nawito, M.
Effects of Lead Exposure on DNA Damage and Apoptosis in Reproductive
and Vital Organs in Female Rabbits; IDOSI Publications, 2012
(86) Petit, C.; Sancar, A. Nucleotide excision repair: from E. coli to
man. Biochimie 1999, 81 (1−2), 15−25.
(87) Rogan, E. G.; RamaKrishna, N.; Higginbotham, S.; Cavalieri, E.
L.; Jeong, H.; Jankowiak, R.; Small, G. J. Identification and
quantitation of 7-(benzo [a] pyren-6-yl) guanine in the urine and
feces of rats treated with benzo [a] pyrene. Chem. Res. Toxicol. 1990, 3
(5), 441−444.
(88) Aldini, G.; Yeum, K.-J.; Niki, E.; Russell, R. M. Biomarkers for
Antioxidant Defense and Oxidative Damage; Wiley. com, 2010.
(89) Mackay, J.; Fox, V.; Griffiths, K.; Fox, D.; Howard, C.; Coutts,
C.; Wyatt, I.; Styles, J. Trichloroacetic acid: Investigation into the
mechanism of chromosomal damage in the in virto human lymphocyte
cytogenetic assay and the mouse bone marrow micronucleus test.
Carcinogenesis 1995, 16 (5), 1127−1133.
(90) Hayashi, M.; Kishi, M.; Sofuni, T.; Ishidate, M. Micronucleus
tests in mice on 39 food additives and eight miscellaneous chemicals.
Food Chem. Toxicol. 1988, 26 (6), 487−500.
(91) Ganter, B.; Zidek, N.; Hewitt, P. R.; Muller, D.; Vladimirova, A.
Pathway analysis tools and toxicogenomics reference databases for risk
assessment. Pharmacogenomics 2008, 9 (1), 35−54.
(92) Duthie, S. J.; Collins, A. R. The influence of cell growth,
detoxifying enzymes and DNA repair on hydrogen peroxide-mediated
DNA damage (measured using the comet assay) in human cells. Free
Radical Biol. Med. 1997, 22 (4), 717−724.
(93) Mello Filho, A.; Hoffmann, M.; Meneghini, R. Cell killing and
DNA damage by hydrogen peroxide are mediated by intracellular iron.
Biochem. J. 1984, 218 (1), 273.
(94) Canova, S.; Degan, P.; Peters, L.; Livingstone, D.; Voltan, R.;
Venier, P. Tissue dose, DNA adducts, oxidative DNA damage and
CYP1A-immunopositive proteins in mussels exposed to waterborne
benzo [a] pyrene. Mutat. Res., Fundam. Mol. Mech. Mutagen. 1998, 399
(1), 17−30.
(95) Bonelli, P.; Tuccillo, F.; Calemma, R.; Pezzetti, F.; Borrelli, A.;
Martinelli, R.; De Rosa, A.; Esposito, D.; Palaia, R.; Castello, G.
Changes in the gene expression profile of gastric cancer cells in
response to ibuprofen: a gene pathway analysis. Pharmacogenomics J.
2011, 11, 412.
(96) Zhu, L. S.; Shao, B.; Song, Y.; Xie, H.; Wang, J.; Wang, J. H.;
Liu, W.; Hou, X. X. DNA damage and effects on antioxidative enzymes
in zebra fish (Danio rerio) induced by atrazine. Toxicol. Mech. Methods
2011, 21 (1), 31−36.
(97) Pals, J. Mechanisms of Monohalogenated Acetic Acid Induced
Genomic DNA Damage; University of Illinois at Urbana-Champaign,
2014.
(98) Swenberg, J. A.; Hoel, D. G.; Magee, P. N. Mechanistic and
statistical insight into the large carcinogenesis bioassays on N-
nitrosodiethylamine and N-nitrosodimethylamine. Cancer research
1991, 51 (23 Part 2), 6409−6414.
(99) Vock, E.; Lutz, W.; Ilinskaya, O.; Vamvakas, S. Discrimination
between genotoxicity and cytotoxicity for the induction of DNA

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b05097
Environ. Sci. Technol. 2016, 50, 3202−3214

3213

http://dx.doi.org/10.4172/2161-0525.1000117
http://dx.doi.org/10.1021/acs.est.5b05097


double-strand breaks in cells treated with aldehydes and diepoxides.
Mutat. Res., Genet. Toxicol. Environ. Mutagen. 1999, 441 (1), 85−93.
(100) Hagiwara, M.; Watanabe, E.; Barrett, J. C.; Tsutsui, T.
Assessment of genotoxicity of 14 chemical agents used in dental
practice: Ability to induce chromosome aberrations in Syrian hamster
embryo cells. Mutat. Res., Genet. Toxicol. Environ. Mutagen. 2006, 603
(2), 111−120.
(101) Tsutsui, T.; Umeda, M.; Sou, M.; Maizumi, H. Effect of
Tetracycline on Cultured Mouse Cells. Mutat. Res., Genet. Toxicol. Test.
1976, 40 (3), 261−267.
(102) Commission, E. Opinion of the scientific committee on
cosmetic products and non-food products intended for consumers
concerning salicylic acid. In SCCNFP, 2002..
(103) Snyderwine, E. G.; Bohr, V. A. Gene-and strand-specific
damage and repair in Chinese hamster ovary cells treated with 4-
nitroquinoline 1-oxide. Cancer Res. 1992, 52 (15), 4183−4189.
(104) Wu, J.; Gu, L.; Wang, H.; Geacintov, N. E.; Li, G.-M. Mismatch
repair processing of carcinogen-DNA adducts triggers apoptosis. Mol.
Cell. Biol. 1999, 19 (12), 8292−8301.
(105) Lee, R. F.; Steinert, S. Use of the single cell gel
electrophoresis/comet assay for detecting DNA damage in aquatic
(marine and freshwater) animals. Mutat. Res., Rev. Mutat. Res. 2003,
544 (1), 43−64.
(106) Garcia-Leston, J.; Mendez, J.; Pasaro, E.; Laffon, B. Genotoxic
effects of lead: an updated review. Environ. Int. 2010, 36 (6), 623−636.
(107) Manrique-Moreno, M.; Moreno, M. M.; Garidel, P.; Suwalsky,
M.; Howe, J.; Brandenburg, K. The membrane-activity of Ibuprofen,
Diclofenac, and Naproxen: a physico-chemical study with lecithin
phospholipids. Biochim. Biophys. Acta, Biomembr. 2009, 1788 (6),
1296−303.
(108) Tripathi, R.; Pancholi, S. S.; Tripathi, P. Genotoxicity of
ibuprofen in mouse bone marrow cells in vivo. Drug Chem. Toxicol.
2012, 00, 1−4.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b05097
Environ. Sci. Technol. 2016, 50, 3202−3214

3214

http://dx.doi.org/10.1021/acs.est.5b05097

