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Abstract

In vitro genotoxicity testing that employs metabolically active human cells may be better suited for evaluating human in vivo
genotoxicity than current bacterial or non-metabolically active mammalian cell systems. In the current study, 28 compounds,
known to have different genotoxicity and carcinogenicity modes of action (MoAs), were evaluated over a wide range of
concentrations for the ability to induce DNA damage in human HepG2 and HepaRG cells. DNA damage dose—responses in
both cell lines were quantified using a combination of high-throughput high-content (HTHC) CometChip technology and
benchmark dose (BMD) quantitative approaches. Assays of metabolic activity indicated that differentiated HepaRG cells
had much higher levels of cytochromes P450 activity than did HepG2 cells. DNA damage was observed for four and two
out of five indirect-acting genotoxic carcinogens in HepaRG and HepG2 cells, respectively. Four out of seven direct-acting
carcinogens were positive in both cell lines, with two of the three negatives being genotoxic mainly through aneugenicity.
The four chemicals positive in both cell lines generated HTHC Comet data in HepaRG and HepG2 cells with comparable
BMD values. All the non-genotoxic compounds, including six non-genotoxic carcinogens, were negative in HepaRG cells;
five genotoxic non-carcinogens also were negative. Our results indicate that the HTHC CometChip assay detects a greater
proportion of genotoxic carcinogens requiring metabolic activation (i.e., indirect carcinogens) when conducted with Hep-
aRG cells than with HepG2 cells. In addition, BMD genotoxicity potency estimate is useful for quantitatively evaluating
CometChip assay data in a scientifically rigorous manner.
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Introduction

Genotoxicity testing is an important part of the safety
assessment of all xenobiotics, generally being performed
for predicting carcinogenic potential. A battery of short-
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lymphoma assay (MLA), and in vitro micronucleus (MNvit)
or chromosomal aberration (CA) assay, has been recom-
mended by several international authoritative bodies, such
as the Organization for Economic Co-operation and Devel-
opment (OECD), International Council for Harmonization
of Technical Requirements for Registration of Pharmaceu-
ticals for Human Use (ICH), and International Cooperation
on Harmonization of Technical Requirements for Registra-
tion of Veterinary Medicinal Products (VICH) for assisting
regulatory agencies’ decision-making (ICH 2011; OECD
2015; VICH 2013). The performance of the three most com-
monly used assays (Ames, MLA, and MNvit or CA) has
been evaluated in terms of their sensitivity, specificity, and
positive and negative predictivity using data from 700 rodent
carcinogens and non-carcinogens (Kirkland et al. 2005).
The three-test battery of mammalian cell-based assays had
high sensitivity but a surprisingly low specificity (<45%)
for testing chemicals for carcinogenic potential. In addition,
75-95% of non-carcinogens were positive in at least one
assay of the test battery. These observations highlight the
limitations of the current test battery and the need for devel-
oping testing systems with better sensitivity and specificity
for predicting genotoxicity.

In vitro genotoxicity assays generally are performed in
human or rodent cell lines that have restricted metabolic and
DNA repair capacities, such as TK6 human lymphoblastoid
cells, V79 Chinese hamster lung fibroblasts, or mouse lym-
phoma cells, which may be a source of at least some false-
positive or false-negative responses (Kirkland et al. 2016;
Le Hegarat et al. 2014). Typically, an exogenous metabolic
activation system, such as the rat liver S9 fraction, is used to
provide the metabolic activation that occurs in vivo. How-
ever, researchers have been increasingly aware of differ-
ences in drug metabolism between humans and commonly
used nonclinical test species (i.e., mice, rats, and dogs) with
improvements in methods for the identification and meas-
urement of drug metabolites, because some metabolites are
identified only in humans. (Josse et al. 2012; Le Hegarat
et al. 2010; Robison and Jacobs 2009).

Many human carcinogens require metabolic activa-
tion to elicit adverse effects including genotoxicity (Luch
2005), and primary human hepatocytes (PHHs) are con-
sidered to be the golden standard for the in vitro evaluation
of metabolism, drug—drug interactions, and hepatotoxicity
(Zeilinger et al. 2016). However, PHHs have well-known
drawbacks, such as inter-donor variability, limited avail-
ability, and the lack of proliferative capacity, that restrict
their application in genotoxicity testing. HepG2 cells
are a relatively easy-to-handle and widely used human
hepatoma cell line for genotoxicity evaluations. How-
ever, HepG2 cells express only low levels of cytochrome
P450 (CYP450s), resulting in limited metabolic capacities
as compared to PHHs (Westerink and Schoonen 2007).
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HepaRG cells, a human non-tumorigenic hepatoma cell
line, retain much of the metabolic activity of primary liver
cells by expressing Phase I and Phase II enzymes, various
transporters, and nuclear receptors at the levels compa-
rable to those found in PHHs. Thus, HepaRG cells are
considered as a promising surrogate to PHHs for use in
studies on xenobiotic drug metabolism and liver toxicity
(Antherieu et al. 2010; Guillouzo et al. 2007; Marrone
et al. 2016; Tryndyak et al. 2018).

Inclusion of a metabolically competent human cell line
as part of a genotoxicity test battery has the potential of
advancing the drug development, as it would provide a test
where unique human metabolites might potentially be gener-
ated and characterized for genetic toxicity. A limited number
of studies have demonstrated that traditional genotoxicity
assays, such as MNvit and Comet assays, can be conducted
using HepaRG cells (Le Hegarat et al. 2010, 2014). How-
ever, it remained to be determined whether HepaRG cells
could be adapted to a 96-well format for high-throughput
genetic toxicity evaluations. In the current study, we used
the Comet assay as a genotoxicity indicator test for detect-
ing primary DNA damage. The Comet assay, also known
as the single cell gel electrophoresis assay, is a sensitive
method for detecting various types of DNA damage, includ-
ing alkali-labile sites, abasic sites, and single and double
stranded breaks at a single cell level (Ge et al. 2015). How-
ever, the Comet assay has some recognized shortcomings,
for example, the labor intensive and relatively low through-
put (Sykora et al. 2018; Wood et al. 2010). Recently, a novel
96-well CometChip platform was developed (Ge et al. 2015).
The CometChip uses the micro-patterned agarose in the chip
wells to facilitate high-throughput analysis, with a high level
of reproducibility, and the potential for generating a large
number of data points covering a wide range of chemical
concentrations.

Quantitative approaches for assessing dose-response
relationships and for deriving point-of-departure (PoD)
metrics have been increasingly utilized in genetic toxicol-
ogy studies (Gollapudi et al. 2013; Zeller et al. 2017). The
benchmark dose (BMD) is the PoD metric recommended by
the Working Group on Quantitative Approaches to Genetic
Toxicology Risk Assessment (QWG) of the International
Workshops on Genotoxicity Testing (IWGT). BMDs can be
used for estimating reference exposure doses and for potency
ranking using genetic toxicology data (MacGregor et al.
2015; Sand et al. 2017). Our previous studies demonstrated
the feasibility of the BMD approach for discriminating the
mutagenic responses and DNA damaging effects produced
by chemicals and cigarette whole smoke solutions using data
generated from the ML A and Comet assay (Guo et al. 2015,
2018b, 2018a). Furthermore, our studies have indicated the
value of increasing the number of test article concentrations/
doses for improving the BMD precision.
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In the present study, we have evaluated the suitability
of using metabolically competent human HepaRG cells
and high-throughput high-content (HTHC) CometChip
technology for detecting genotoxic potential. This evalu-
ation was performed by testing a series of agents known
to have different genotoxic and carcinogenic modes
of action (MoAs), including genotoxic carcinogens,

non-genotoxic carcinogens, genotoxic non-carcinogens,
and cytotoxic non-genotoxic non-carcinogens (Table 1).
The BMD approach was employed for determining PoDs
using the dose-response data generated from the HTHC
in vitro Comet assay. The resulting quantitative genotoxic-
ity responses were compared with similar data generated
using HepG?2 cells.

Table 1 Chemicals tested and their cytotoxicities (%) in HepaRG and HepG2 cells*

Group Chemical CAS# Max. dose HepaRG HepG2
EiSth)d ATP (%) Blue (%) MTS (%) ATP (%) Blue (%) MTS (%)
Genotoxic carcinogens 2,4-Diaminotoluene 95-80-7 10,000 ++ ++ + ++ ++ ++
(require metabolic (2,4-DAT)
activation) Benzo[alpyrene (B[a]P) 50-32-8 200 + + + + - +
Cyclophosphamide 6055-19-2 10,000 + + + - - +
(CPA)
7,12-Dimethylbenzan- 57-97-6 1000 ++ ++ + + - -
thracene (DMBA)
Dimethylnitrosamine 62-75-9 10,000 + + + - - -
(DMNA)
Genotoxic carcinogens  4-Nitroquinoline 1-oxide 56-57-5 10 +++ +++ ++ + + +
(not require metabolic (4-NQO)
activation) Cadmium chloride 10108-64-2 8 + + + + + +
(CdCl,)
Cisplatin 15663-27-1 100 ++ ++ + +++ ++ +
Colchicine 64-86-8 40 ++ + + - - -
N-Ethyl-N-nitrosourea ~ 759-73-9 3200 + + + ++ + +
(ENU)
Hydroquinone (HQ) 123-31-9 200 ++ ++ + + + +
Methyl methanesul- 66-27-3 500 + + + + + +
fonate (MMS)
Non-genotoxic carcino-  Amitrol 61-82-5 10,000 - - - - - -
gens Di-(2-ethylhexyl) phtha- 117-81-7 10,000 + - + - - -
late (DEHP)
Diethanolamine 111-42-2 10,000 + - - - - -
Melamine 108-78-1 10,000 + ++ + - - +
Methyl carbamate 598-55-0 10,000 + - - - - -
Progesterone 57-83-0 100 + ++ ++ - - +
Genotoxic non-carcin- 2-Ethyl-1,3-hexanediol ~ 94-96-2 10,000 + + + - - +
ogens o-Anthranilic acid 118-92-3 10,000 +++ ++ + + - -
Curcumin 458-37-7 40 +++ ++ + - - +
Ethionamide 536-33-4 5000 ++ ++ ++ + + ++
Resorcinol 108-46-3 4000 ++ + ++ - - -
Cytotoxic non-genotoxic Ampicillin trihydrate 7177-48-2 10,000 - - + - - -
non-carcinogens Alosetron 122852-69-1 1000 + - + - - +
D-mannitol 69-65-8 10,000 - - + - - -
Phenformin HCI 834-28-6 100 +++ ++ ++ + - +
Sodium diclofenac 15307-79-6 500 +++ ++ ++ + - +

*Values represent the percentage of cytotoxicity compared to the vehicle control. The cytotoxicity of chemicals was determined by quantifying
metabolically active cells (ATP), cell viability (CellTiter-Blue), and cell proliferation (MTS) following a 24-h treatment

—, Cytotoxicity of 0-10%; +, 11-30%; ++, 31-50%; +++, >50%
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Materials and methods
Materials

Twenty-eight test agents (Table 1) were selected from
the compounds recommended by the European Centre
for the Validation of Alternative Methods (ECVAM) for
the assessment of new or improved genotoxicity tests
(Kirkland et al. 2008, 2016). The compounds include 12
genotoxic carcinogens [benzo[a]pyrene (B[a]P), cyclo-
phosphamide (CPA), 7,12-dimethylbenz[a]anthracene
(DMBA), dimethylnitrosamine (DMNA), 2,4-diamino-
toluene (2,4-DAT), cadmium chloride (CdCl,), cisplatin,
colchicine, N-ethyl-N-nitrosourea (ENU), hydroquinone
(HQ), methyl methanesulfonate (MMS), and 4-nitroqui-
noline 1-oxide (4-NQO)], 6 non-genotoxic carcinogens
[amitrol, di-(2-ethylhexyl) phthalate (DEHP), diethanola-
mine, melamine, methyl carbamate, and progesterone], 5
genotoxic non-carcinogens [o-anthranilic acid, curcumin,
ethionamide, 2-ethyl-1,3-hexanediol, and resorcinol], and
5 cytotoxic non-genotoxic non-carcinogens [ampicillin
trihydrate, alosetron, D-mannitol, phenformin HCI, and
sodium diclofenac]. All the 28 test compounds, along with
other chemicals used for this study (phenacetin, bupro-
pion, diclofenac, midazolam, and dextromethorphan) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The
CometChip and other Comet supplies were obtained from
Trevigen (Gaithersburg, MD, USA). Kits for perform-
ing the ATP, CellTiter-Blue cell viability assays, and cell
proliferation (MTS) assay were obtained from Promega
(Madison, WI, USA).

Cell culture

The HepaRG human hepatoma cell line was obtained
from Biopredic International (Saint Grégoire, France)
and cultured according to the supplier’s protocol. Briefly,
the cells were seeded at a density of 1.3 x 10* cells/cm?
and cultured in William’s E medium (Thermo Fisher Sci-
entific, Waltham, MA, USA) supplemented with 2 mM
L-glutamine (Sigma-Aldrich) and growth additives (Lonza,
Walkersville, MD, USA) for 14 days at 37 °C in a humidi-
fied atmosphere with 5% CO,. The cells were then differ-
entiated by adding a differentiation supplement (Lonza) to
the medium for an additional 14 days. The culture medium
was changed every 2-3 days.

The HepG2 human hepatoma cell line was purchased
from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The cells were cultured in William’s
Medium E with [L-glutamine (Sigma-Aldrich) supple-
mented with 2.2 g/l sodium bicarbonate (Sigma-Aldrich),
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10% fetal bovine serum (FBS, Atlanta Biologicals, Flow-
ery Branch, GA, USA), and 1% Antibiotic—Antimycotic
supplement (Invitrogen, Carlsbad, CA, USA) at 37 °C in
a humidified atmosphere with 5% CO,.

CYP activity measurement by LC-MS/MS

CYP450 activities in HepaRG and HepG?2 cells were meas-
ured by the high-performance liquid chromatography—tan-
dem mass spectrometry (LC-MS/MS) method as described
by Dierks et al. with minor modifications (Dierks et al.
2001). Briefly, the cells were incubated for 2 h with 100 pl
of medium without FBS but containing substrate cock-
tails of 100 uM phenacetin (CYP1A2), 100 uM bupropion
(CYP2B6), 20 uM diclofenac (CYP2C9), 50 uM midazolam
(CYP3A4), and 20 uM dextromethorphan (CYP2D6), at
37 °C in a humidified atmosphere with 5% CO,. At the end
of the incubation, the medium was collected and 10 volumes
of ice-cold acetonitrile were added to precipitate proteins.
After centrifugation at 16,000g for 5 min, the supernatants
were transferred to sample vials and 10 pl of the superna-
tants were injected onto a Shimadzu Prominence UFLC
coupled with an AB SCIEX 3200 QTRAP mass spectrom-
eter (SCIEX LLC, Framingham, MA). The analytes were
eluted at a flow rate of 0.5 ml/min on a Waters Atlantis T3
C18 column (4.6 X 150 mm, 5 pm) at 40 °C using a gradi-
ent mobile phase containing water (Solvent A) and acetoni-
trile (Solvent B), both containing 0.1% formic acid. Elu-
tion started with 10% Solvent B for 0.2 min, followed by a
linear gradient of 10-90% Solvent B for 9.8 min, returning
to 10% Solvent B for 0.5 min; and the column was re-equil-
ibrated for 4.5 min. The eluates were monitored by mass
spectrometry using the positive electrospray mode (ESI*)
and the multiple reaction monitoring (MRM) mode. The
MRM transitions monitored for individual CYP metabolites
were m/z 152.2-150.0 for 4-acetamidophenol (CYP1A2),
m/z 256.2—130.2 for hydroxybupropion (CYP2B6), m/z
312.1-230.0 for 4-hydroxydiclofenac (CYP2C9), m/z
342.1-203.1 for 1-hydroxymidazolam (CYP3A4), and m/z
258.2-157.2 for dextrorphan (CYP2D6). For determining
the protein content, the cells were lysed with RIPA buffer
(Thermo Fisher Scientific) and the protein concentrations
were measured using a Direct Detect® spectrometer (EMD
Millipore, Burlington, MA, USA). Final CYP activities were
expressed as pmol metabolite/min/mg protein.

Cell treatments

Figure 1 shows the experimental protocols used to treat the
HepaRG cells (Fig. 1a) and HepG2 cells (Fig. 1b). Briefly,
fully differentiated HepaRG cells (28 days after initial seeding)
were replated at a density of 5x 10* cells/well into a 96-well
plate in William’s E differentiation medium and cultured
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Fig.1 CometChip assay study design. HepaRG cells (a) were cul-
tured in complete growth medium for 14 days and then differentiated
in complete differentiation medium for another 14 days. Differenti-
ated cells were seeded at a density of 5x 10* cells/well into a 96-well
plate and maintained for 3 days prior to the chemical treatments.
HepG2 cells (b) were cultured for 3 days, and then seeded at a den-

for 3 days prior to the chemical treatment. Rapidly dividing
HepG2 cells were seeded at a lower density of 2 x 10* cells/
well into a 96-well plate and cultured for 24 h prior to the
treatments. Dose range-finding tests were conducted to estab-
lish an appropriate concentration range for each chemical to
avoid excessive cytotoxicity (approximately 80—100% cell
viability). All chemicals were dissolved in DMSO (Sigma-
Aldrich), except for CdCl, and DMNA, which were dissolved
in deionized water, and cisplatin, which was dissolved in
0.9% NaCl (Sigma-Aldrich). The 100X chemical working
solutions for each test chemical concentration were prepared
fresh from stocks. The working solutions were diluted in cell
culture medium to make the top primary concentrations, and
serial dilution was performed to generate the lower treatment

Controls

sity of 2x 10* cells/well into a 96-well plate and incubated overnight
prior to the treatments. HepaRG and HepG2 cells were treated with
various chemicals using a consistent serial dilution method (c). Fol-
lowing a 24-h treatment, the CometChip and cytotoxicity assays were
conducted in both cell lines

concentrations (Fig. 1¢). The final concentration of DMSO in
the medium never exceeded 1%. HepaRG and HepG2 cells
were exposed to various concentrations of the test chemical
in a total volume of 100 ul for 24 h at 37 °C in a humidified
atmosphere with 5% CO,. The cytotoxicity and CometChip
assays were performed following the treatment. The experi-
ments were repeated independently at least three times for each
chemical as described below.

Cell viability, cell proliferation, and cellular ATP
levels

Following a 24-h treatment, the cells were detached by add-
ing 30 pl accutase (Sigma-Aldrich) at room temperature,
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resuspended in 250 pl 1 X PBS per well, and gently mixed
by pipetting to produce a single cell suspension. Cell viabil-
ity and cell proliferation (MTS) assays were measured as
described previously using a CellTiter-Blue cell viability
assay kit (Promega) and a CellTiter 96 aqueous one solu-
tion cell proliferation assay kit (Promega), respectively
(Guo et al. 2018b). Briefly, the CellTiter-Blue or MTS rea-
gents were added into each well at a ratio of 1:10 and were
incubated for 1 h at 37 °C in a humidified atmosphere with
5% CO,. Fluorescence at 530gx/590g); (CellTiter-Blue) or
absorbance at 490 nm (MTS assay) was measured with a
Synergy H4 Hybrid multi-mode microplate reader (BioTek,
Winooski, VT, USA). The relative cytotoxicity was calcu-
lated by comparing the intensity levels of the treated cells
to that of the vehicle controls.

Cellular ATP levels were measured using a CellTiter-Glo
luminescent cell viability assay kit (Promega). Cells in a
white 96-well flat-bottomed plate were mixed with Cell-
Titer-Glo reaction reagent at a ratio of 1:1 and the lumines-
cence was recorded immediately with a Synergy H4 Hybrid
multi-mode microplate reader (BioTek). The relative cellular
ATP content was calculated by comparing the luminescence
intensities of the treated cells to that of the vehicle controls.

CometChip assay

The CometChip assay was performed under alkaline condi-
tions according to the manufacturer’s instructions (Trevigen)
to detect single and double DNA strand breaks. Following
the 24-h treatment, the cells were dislodged by trypsiniza-
tion and 100 pl of treated cells were transferred into each
well of a 96-well CometChip, with each well containing
approximately 400-500 microwells. The cells were gravity
loaded into the 30-micron sized microwells for 40 min at
37 °C in a humidified atmosphere with 5% CO,. Follow-
ing cell loading, the CometChip was gently rinsed with
1 X PBS and sealed with 1% low melting point agarose in
PBS (Thermo Fisher Scientific). The CometChip next was
treated with lysis solution (Trevigen) for 1 h at 4 °C, and
then submerged into a chilled alkaline buffer (0.2 M NaOH,
1 mM EDTA, 0.1% TritonX-100, pH > 13) for 40 min in the
dark to unwind the DNA. Electrophoresis was performed at
22 V for 50 min at 4 °C in the same solution. After neutrali-
zation with 0.4 M Tris—HCI buffer (pH 7.4, Sigma—Aldrich)
and equilibration with 0.02 M Tris—HCl buffer (pH 7.4), the
CometChip was stained overnight at 4 °C with 0.2 x SYBR®
Gold (Invitrogen) diluted in 0.02 M Tris—HCI buffer (pH
7.4) and then de-stained in 0.02 M Tris—HCl buffer (pH 7.4)
for 1 h. The comet images were acquired using an imaging
analysis system consisting of a Leica DMI4000 B fluores-
cence microscope and Leica application suite software. The
percentage of DNA in tails was scored in more than 100
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cells for each concentration using Trevigen Comet Analysis
Software.

Benchmark dose analysis

The Comet dose—response data were analyzed by bench-
mark dose (BMD) analysis using PROAST software running
in R (version 65.5, developed at the Netherlands National
Institute for Public Health and the Environment, RIVM),
and following the manual provided by the European Food
Safety Authority (EFSA) (Hardy et al. 2017). BMDs were
estimated without using covariant analysis. The BMD is the
dose resulting in a predetermined change in the response cal-
culated from mathematically modeled dose-response rela-
tionships. BMDs, BMD,;, BMDs,, and BMD,,, were calcu-
lated based on 5%, 10%, 50%, or 100% (twofold) increases in
response above the vehicle control, respectively. BMDL and
BMDU values, the lower and upper bounds of the 95% confi-
dence interval (CI) of the BMD, were also calculated for 5%,
10%, 50%, and 100% changes in response above the vehi-
cle control. PROAST Software fits data to dose—response
curves using two nested models, the exponential model and
the Hill model. The model that had a better precision (i.e.,
the smaller BMDU/BMDL ratio) was chosen for making
BMD estimates.

Statistical analysis

Data are presented as the mean =+ standard deviation (SD) of
measurements from at least three independent experiments.
Statistical significance (p <0.05) was determined by one-
way analysis of variance (ANOVA) followed by Dunnett’s
test for comparisons between different concentrations to the
vehicle control using SigmaPlot 13.0 (Systat Software, San
Jose, CA, USA).

Results

CYP activities in differentiated HepaRG cells
and HepG2 cells

The activities of five major CYPs (CYP1A2, CYP2C9,
CYP2D6, CYP2B6, and CYP3A4) involved in drug metabo-
lism were monitored in two batches of differentiated Hep-
aRG cells and HepG2 cells. Overall, HepaRG cells main-
tained much higher levels of CYP activities over a period
of 28-day period as compared to CYP levels in HepG2
cells (Fig. 2). Under the present experimental conditions,
CYP3A4 and CYP2C9 activities ranged from 22 to 58 pmol/
min/mg protein in HepaRG cells. The activities of CYP1A2
and CYP2B6 ranged from 2.1 to 6.4 pmol/min/mg protein,
and CYP2D6 had low but detectable activity (<3 pmol/
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Fig.2 CYP activity measured in HepG2 and differentiated HepaRG
cells. Five major CYP450 activities were measured in differentiated
HepaRG cells on Days 1, 2, 3, 5, 7, 14, 21, and 28 and in HepG2
cells on Day 1 after seeding into a 96-well plate, respectively. The
cells were incubated for 2 h with William’s E medium without fetal

min/mg protein) in HepaRG cells. HepaRG cells showed
stable or slightly enhanced activities for the five CYPs over
an extended 28-day period in culture. In contrast to their
activities in HepaRG cells, the activities of all five CYPs
in HepG2 cells were undetectable or less than 1 pmol/min/
mg protein.

Cytotoxicity profiles of the 28 tested compounds
in HepaRaG cells and HepG2 cells

Cytotoxicity was evaluated following a 24-h exposure to
each of the 28 tested compounds using assays measuring
metabolically active cells (ATP assay), cell viability (CellTi-
ter-Blue assay), and cell proliferation (MTS assay). When no
cytotoxicity was observed with any of the three assays, the
highest test concentration used for subsequent testing was
10 mM as recommended by the OECD guidance (OECD
2015).

Overall, the 28 compounds were more cytotoxic in Hep-
aRG cells than HepG2 cells (Table 1). The five genotoxic
carcinogens that require metabolic activation (2,4-DAT,
B[a]P, CPA, DMNA, and DMBA) induced cytotoxic-
ity of 12—40% in HepaRG cells, whereas three of them,
CPA, DMNA, and DMBA, showed little or no cytotoxic-
ity in HepG2 cells (Table 1; Fig. 3). The cytotoxicity of
the remaining two compounds in this class, 2,4-DAT and
B[a]P, was similar in HepaRG and HepG2 cells. The six
direct-acting genotoxic carcinogens also induced similar
cytotoxic effects in the two cell lines, except for 4-NQO
and colchicine, which were more cytotoxic in HepaRG
cells than in HepG2 cells (Table 1; Fig. 4). It is worth not-
ing that although colchicine-induced cytotoxicity was not
detected in HepG?2 cells with the three assays, remarkable

bovine serum but containing enzyme substrate cocktails. Metabolites
released into the medium were quantified by LC-MS/MS. CYP activ-
ities are expressed as pmol/min/mg protein and the results are pre-
sented as the mean =+ SD of triplicate incubations

morphological changes indicative of cytotoxicity were
observed in HepG2 cells treated with this test article (Sup-
plementary Fig. 1).

All the 16 compounds in the non-genotoxic carcinogen,
genotoxic non-carcinogen, and cytotoxic non-genotoxic
non-carcinogen categories had little or no cytotoxicity in
HepG?2 cells at the highest tested concentration of 10 mM.
In contrast to their weak cytotoxicity in HepG2 cells, all five
genotoxic non-carcinogens and two out of six non-genotoxic
carcinogens (melamine and progesterone) induced signifi-
cant cytotoxicity in HepaRG cells, with values ranging from
17-55% in the three cytotoxicity assays; while two out of
five cytotoxic non-genotoxic non-carcinogens (phenformin
HCI, and sodium diclofenac) induced 20-58% cytotoxicity
at various concentrations in HepaRG cells (Table 1 and Sup-
plementary Fig. 2).

DNA damage profiles of the 28 tested compounds
in HepaRaG cells and HepG2 cells

The highest concentration used for each compound in the
CometChip assay was either 10 mM for compounds display-
ing no cytotoxicity or the maximum concentration reducing
viability no less than 70% in any of the three cytotoxicity
assays that we conducted (ATP, CellTiter-Blue, and MTS
assays). For the five carcinogens requiring metabolic acti-
vation (i.e., indirect-acting carcinogens), positive responses
were observed for four test compounds in HepaRG cells
and for two test compounds in HepG2 cells, thus revealing
a sensitivity of 80% in HepaRG vs. 40% in HepG2 cells
(Fig. 3; Table 2). Specifically, CPA, DMBA, and DMNA
induced concentration-dependent increases in % tail DNA
only in HepaRG cells (2.0-5.1-fold increase over the vehicle
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Fig.3 Comparison of cytotoxicity and genotoxicity of indirect-acting
genotoxic carcinogens in HepaRG and HepG2 cells. HepaRG (a) and
HepG2 (b) cells were exposed to various concentrations of the indi-
rect-acting genotoxic carcinogens (2.4-DAT, B[a]P, CPA, DMBA,
and DMNA) for 24 h. DNA damage (% DNA tail intensity, black bar)
was detected using the CometChip assay and the relative cell viabil-
ity (% of control) was measured using the ATP, CellTilter-Blue, and
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MTS assays. The data are expressed as the mean+SD (n>3). Sig-
nificant differences between data from the treated cells and the cor-
responding control were determined by one-way ANOVA followed
by Dunnett’s test (*P <0.05, **P<0.01, and ***P <0.001). 2.4-DAT
2,4-diaminotoluene, B/a]P benzola]pyrene, CPA cyclophosphamide,
DMBA 7,12-dimethylbenzanthracene, DMNA dimethylnitrosamine
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control), while the DNA damage produced by B[a]P was
detected equally well in HepaRG and HepG?2 cells (2.2- and
2.0-fold increase over control, respectively). In contrast, 2,4-
DAT induced a weak but significant increase in DNA dam-
age (1.8-fold at a concentration of 8 mM) only in HepG2
cells.

For the seven direct-acting genotoxic carcinogens or
probable carcinogens tested, five had the same response calls
in the two cell lines (Fig. 4; Table 2). Three compounds,
4-NQO, ENU, and MMS, induced significant DNA damage
in both cell lines, i.e., 1.6-, 3.0-, and 16.2-fold increases in
HepaRG and 3.4-, 2.3-, and 7.0-fold increases in HepG2
cells. No significant DNA damage was observed for colchi-
cine or HQ in either cell line. Two compounds were positive
in only one cell line, but the positive responses were very
weak. CdCl, induced a statistically significant increase (1.9-
fold) in DNA damage only in HepG2 cells, while cisplatin
was positive only in HepaRG cells (1.9-fold increase).

Sixteen compounds, including six non-genotoxic carcin-
ogens, five genotoxic non-carcinogens, and five cytotoxic
non-genotoxic non-carcinogens (Table 1) were negative for
DNA breakage detected in the Comet assay in HepaRG cells
(Supplementary Fig. 3).

Quantification of DNA damage potencies using
benchmark dose (BMD) analysis

Quantitative analysis was performed on the compounds
producing positive responses for DNA damage in the
CometChip assays conducted with either HepaRG cells or
HepG2 cells. BMDs, BMD,,, BMD5,, and BMD,,, were
calculated for each positive response, corresponding to
5%, 10%, 50%, or 100% increases in % tail DNA over the
vehicle control, respectively (Table 3). For the eight posi-
tive responses in HepaRG cells, the exponential model was
used for the 4-NQO, DMBA, MMS data, and the Hill model
was used for the B[a]P, CdCl,, cisplatin, CPA, DMNA data.
When compared by their BMD) s, the eight responses could
be divided into three groups. Three compounds (4-NQO,
B[a]P, and cisplatin) had the BMD, values of <0.6 uM;
four compounds (CPA, DMBA, DMNA, and ENU) had val-
ues of between 2 and 4 uM; while MMS had the greatest
BMD, value, > 8 uM.

For the six positive responses in HepG?2 cells, the expo-
nential model was used for the MMS, ENU, 4-NQO and
2,4-DAT data, while the Hill model was used for data gener-
ated by treatments with B[a]P and CdCl,. Three compounds
(4-NQO, B[a]P, and CdCl,) had BMD, values of <0.5 uM;
two compounds (ENU and MMS) had moderate BMD,, val-
ues of between 2 and 5 uM; while 2,4-DAT had the greatest
BMD,, value, 746 uM (Table 3).

The lowest effect concentration (LEC) for each posi-
tive response also was determined using one-way ANOVA,

followed by pairwise comparison (Table 3). The LEC values
for most of the compounds fell into a concentration range
between the BMDs, and BMD,, values for both HepaRG
and HepG2 cell lines. The exceptions were for DMNA and
MMS, which had LEC values higher than their correspond-
ing BMD,,. For the four carcinogens that were positive in
both cell lines, the calculated BMDs for B[a]P, ENU, and
MMS in HepG?2 cells were similar or slightly lower than
those in HepaRG cells, and their 95% upper and lower BMD
ClIs for the responses in the two cell lines overlapped each
other. The BMDs calculated for 4-NQO in the two cell lines
were also similar, with one exception, the BMD,,. The
BMD,, for 4-NQO in HepaRG cells were two times higher
than that in HepG2 cells, and the CIs for the two BMDs did
not overlap (Table 3; Fig. 5).

Discussion

In the landmark report Toxicity Testing in the twenty-first
Century: A Vision and a Strategy, the U.S. National Acad-
emy of Sciences envisioned using a series of human-cell-
based, high- or medium-throughput pathway-based in vitro
assays covering a broad dose range to yield quantitative
dose-response data for performing toxicological evalua-
tions (Krewski et al. 2010). Accordingly, the present study
assessed the usefulness of DNA damage data generated
from metabolically competent HepaRG cells and HepG2
cells using HTHC CometChip technology for quantita-
tive genotoxicity evaluation. We first confirmed the stable
high expression of CYP enzymes in HepaRG cells relative
to HepG2 cells by measuring the activities of five primary
CYPs over an extended 28-day culture period. Next, we
evaluated the chemical-induced cytotoxicity in both cell
lines, and minimized false-positive responses for subsequent
CometChip assays by setting a cell viability cutoff value of
>70%. Overall, a greater cytotoxic effect for approximately
two-thirds of the tested chemicals was observed in HepaRG
cells than HepG?2 cells, regardless whether the chemical
required metabolic activation or not (Table 1). Differentiated
HepaRG cells contain two morphologically distinct popula-
tions: hepatocyte-like and biliary epithelial-like cells, and
thus are a unique model that mimic the in vivo environment
for drug metabolism (Cerec et al. 2007). Because HepaRG
cells possess considerably high levels of CYP activity, we
anticipated that they would be more sensitive than HepG2
cells to DNA damage induced by genotoxic carcinogens that
require metabolic activation.

The expectation about metabolically competent Hep-
aRG cells was confirmed. HepaRG cells were much more
sensitive in assessing the DNA damage effects for carcin-
ogens that require metabolic activation than were HepG2
cells (Table 2; Fig. 3). CPA, DMBA, and DMNA showed
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a significant induction of DNA damage following a 24-h
treatment only in HepaRG cells. This observation is in
agreement with results from previous studies in a traditional
Comet assay where three compounds induced increased
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% DNA in tail with both HepaRG cells and HepG2 cells
with S9, but not with HepG2 cells without S9 (Hong et al.
2018; Le Hegarat et al. 2010, 2014). CPA and DMNA
require CYP2B6 and CYP2EI, respectively, for metabolic
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«Fig.4 Comparison of cytotoxicity and genotoxicity of direct-acting
genotoxic carcinogens in HepaRG and HepG2 cells. HepaRG (a) and
HepG2 (b) cells were exposed to various concentrations of the direct-
acting genotoxic carcinogens (4-NQO, CdCl,, cisplatin, colchicine,
ENU, HQ, and MMS) for 24 h. DNA damage (% DNA tail intensity,
black bar) was detected using the CometChip assay and the relative
cell viability (% of control) was measured using the ATP, CellTiter-
Blue, and MTS assays. The data are expressed as the mean+SD
(n>3). Significant difference between data from the treated cells and
the corresponding control were determined by one-way ANOVA fol-
lowed by Dunnett’s test (*P<0.05, **P<0.01, and ***P <0.001).
4-NQO 4-nitroquinoline 1-oxide, CdCl, cadmium chloride, ENU
N-ethyl-N-nitrosourea, HQ hydroquinone, MMS methyl methanesul-
fonate

activation, which ultimately leads to DNA damage in the
form of O%-and/or N”-alkylation of the guanine (Khoury
et al. 2013; Kirkland et al. 2016; Le Hegarat et al. 2010).
CYP1A1 and CYP1BI1 are required for DMBA to produce
the DMBA-3,4-diol-1,2-epoxide metabolite that generates
DNA adducts (Quesnot et al. 2016). It was not surprising
that CPA, DMBA, and DMNA were negative for both cyto-
toxicity and DNA damaging effects in HepG2 cells due to
the low activities of CYP enzymes in these cells. B[a]P
induced statistically significant DNA damage both in Hep-
aRG and HepG2 cells in our study, with LECs of 20 uM and
32 uM, respectively (Table 3). These results are consistent
with other studies in HepaRG cells showing that 24-h treat-
ment with 50-250 uM B[a]P significantly increased DNA
fragmentation (Le Hegarat et al. 2010), and increased comet
tails % DNA and YH2AX foci formation in HepG2 cells
in a dose- and time-dependent manner (Hong et al. 2018;
Khoury et al. 2016; Uhl et al. 1999; Valentin-Severin et al.
2003). Activation by CYP1A1, CYP1B1 and/or CYP3A4 is
required for the B[a]P to form B[a]P-7,8-diol-9,10-epoxide
intermediate producing DNA adducts (Valentin-Severin
et al. 2003). The observation that B[a]P produced similar
responses in terms of cytotoxicity, % DNA in tail, as well as
BMDs in HepaRG and HepG?2 cells (Tables 1, 2, 3; Fig. 3)
indicate that the lower CYP levels in HepG2 cells are not a
limiting factor for the metabolism of B[a]P to DNA damag-
ing species (Fig. 2).

2,4-DAT, a hepatocarcinogenic aromatic amine, increased
the percentage of tail DNA only at the highest concentra-
tion tested (8 mM) in HepG2 cells but not in HepaRG cells.
Similarly, 2,4-DAT induced comet formation and yH2AX
phosphorylation in HepG2 cells (Khoury et al. 2016; Sev-
erin et al. 2005), but has been negative response in HepaRG
cells in previous studies (Le Hegarat et al. 2014). 2,4-DAT
genotoxicity was linked to CYP1A2 bioactivation along with
metabolism by Phase II enzymes, sulfotransferases (SULTSs)
or N-acetyltransferases (NATs), to form DNA-reactive
metabolites (Cheung et al. 1996; Le Hegarat et al. 2014).
The positive response for 2,4-DAT in HepG2 cells might be
explained by higher SULT1A1 gene expression and higher

SULT1A3/1A4 and NAT10 protein expression in HepG2
cells compared with HepaRG cells or PHH (Jennen et al.
2010; Sison-Young et al. 2015). In addition, 2,4-DAT was
mutagenic in L5178Y cells only in the absence of exogenous
bioactivation (rat liver S9 fraction) (Coppinger et al. 1984).
Khoury and colleagues speculated that the positive response
for 2,4-DAT in HepG2 cells may result from an oxidative
stress-driven genotoxic MoA rather than DNA adduct for-
mation (Khoury et al. 2016).

Among the seven direct-acting genotoxic compounds
that were tested, 4-NQO, ENU, and MMS are highly muta-
genic direct-acting clastogens and DNA alkylating agents
(Kawaguchi et al. 2010; Khoury et al. 2016; Kirkland et al.
2016). The three compounds induced DNA damage in both
HepaRG and HepG2 cells in the HTHC CometChip assay,
a result consistent with the findings of other studies (Hong
et al. 2018; Josse et al. 2012; Khoury et al. 2016; Le Hegarat
et al. 2014; Valentin-Severin et al. 2003). However, differ-
ences in responses were observed between the two cell lines.
For example, 4-NQO was more cytotoxic in HepaRG cells
than HepG?2 cells, but more genotoxic in HepG?2 cells than
HepaRG cells in the present study, and the % DNA in tail
induced by MMS was twofold higher in HepaRG cells than
in HepG2 cells. The mechanisms for the differences warrant
further investigation. In fact, the amount of MMS-induced
DNA damage was reduced in HepG2 cells after 24-h treat-
ment as compared to a 4-h treatment (data not shown). The
base excision repair pathway may account for the reduced
DNA strand breaks by removing few oligonucleotides con-
taining the MMS-induced damage during the 24-h treat-
ment time (Hong et al. 2018). As different exposure periods
can cause different responses to DNA damage and repair
signaling for various chemicals, sampling time is a critical
component to consider when performing the Comet assay
(Sasaki et al. 2007).

The two known aneugens, colchicine and HQ, are posi-
tive in various genotoxicity tests, including in vitro and
in vivo chromosome aberration and micronucleus tests, but
have given negative responses in the in vitro and in vivo
Comet assay (Hong et al. 2018; Josse et al. 2012; Kirkland
et al. 2016). That was also the case in our study: colchi-
cine and HQ were cytotoxic but did not produce DNA dam-
age in either HepaRG or HepG?2 cells in the CometChip
assay (Fig. 3). Cisplatin, a cross-linking agent, has been
reported to increase comet tails and H2AX phosphorylation
(YH2AX) in HepG2 cells (Hong et al. 2018; Khoury et al.
2016). However, in our study, cisplatin-induced DNA dam-
age was significantly increased only in HepaRG cells—not
in HepG2 cells. CdCl,, an inorganic carcinogen, induced
DNA damage in HepG2 cells, whereas no DNA damage was
detected in HepaRG cells, a finding that was in agreement
with previous studies (Le Hegarat et al. 2014; Skipper et al.
2016). Nucleotide excision repair and/or base excision repair
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Table 3 Comparison of the lowest effecting concentration (LEC) and benchmark doses (BMDs) producing a 5%, 10%, 50%, and 100% increase

(BMDy_,) in HepaRG and HepG2 cells using PROAST*

Chemical LEC® (uM) BMDs (uM) BMD,, (uM) BMDs;, (uM) BMD,y, (uUM)
HepaRG HepG2 HepaRG HepG2 HepaRG HepG2 HepaRG HepG2 HepaRG HepG2

2,4-DAT = 8000 - 330.4 - 746.1 - 4343 - 8339
4-NQO 5 32 0.220 0.236 0.538 0.455 3.735 1.894 7.653 3.209
Bla]P 20 32 0.005 0.004 0.066 0.057 11.86 10.24 60.04 51.83
CdcCl, - 2 - 0.001 - 0.007 - 1.321 - 6.689
Cisplatin 2 - 0.476 - 0.592 - 1.170 - 3.951 -
CPA 1600 - 0.249 - 3.308 - 597.8 - 3027 -
DMBA 25 - 1.896 - 3.761 - 24.51 - 156.2 -
DMNA 4000 - 0.189 - 2.510 - 453.7 - 2297 -
ENU 800 640 0.164 0.145 2.177 1.923 393.5 347.6 1992 1760
MMS 125 160 4.867 2.544 8.491 4.920 30.92 23.51 53.94 48.17

*BMDs for the CometChip data were calculated using the PROAST Software
LEC, the lowest effecting concentration, determined by one-way ANOVA followed by Dunnett’s test, is the lowest concentration that induced a

significant increase in %2DNA in tail
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and mismatch repair are important DNA repair pathways
responsible for cisplatin- and CdCl,-induced DNA damage
(Hartwig 2010; Zhang et al. 2010). As cells were harvested
following a 24-h treatment in our study, any differences in
the DNA repair capacities of HepaRG and HepG2 cells may
be responsible for the different DNA damage responses in
the two cell lines. In addition, oxidative stress plays a key
role in CdCl,-induced DNA damage (Skipper et al. 2016).
The high level of glutathione in HepaRG cells may attenu-
ate the CdCl,-induced DNA damaging effects in these cells
(Badisa et al. 2007; Xu et al. 2018).

To summarize these findings, the CometChip assay con-
ducted with HepaRG cells had an 80% sensitivity for detect-
ing genotoxic carcinogens requiring metabolic activation,
and a 57% sensitivity for direct-acting genotoxic carcino-
gens. HepG2 cells had a sensitivity of 40% for carcinogens
requiring metabolic activation and 57% for direct-acting
genotoxic carcinogens. The overall sensitivities of HepaRG
cells and HepG2 cells for detecting the 12 genotoxic car-
cinogens tested in the CometChip assay were 67% and 50%,
respectively.

The five genotoxic non-carcinogens tested in our study
(Table 1) are reported to be positive in one or more in vitro
genotoxicity assays at high concentrations, but have nega-
tive or equivocal genotoxicity in vivo or have no available
in vivo data (Kirkland et al. 2008). All five compounds,
along with 11 non-genotoxic carcinogens or non-genotoxic
non-carcinogens, had negative responses in the CometChip
assay conducted with HepaRG cells, indicating a specificity
of 100% (these compounds were not tested in the CometChip
assay with HepG2 cells). In our study of 28 compounds, the
HepaRG CometChip assay was positive only for compounds
that were both carcinogens and genotoxicants.

Quantitative dose—response analysis was employed
using the PROAST software to calculate the BMDs for
the dose—responses generated from the HTHC CometChip
assay. Taking advantage of the high throughput feature of
the CometChip assay, we were able to test 20—22 closely
spaced concentrations for each compound in an effort
to improve the BMD precision by testing a large num-
ber of concentrations (Wills et al. 2016). By performing
BMD analysis for the 14 dose-responses, and systemi-
cally removing one or more data points from the assays,
we found that the number of concentrations giving the
optimal BMD precision (as determined by the size of the
BMD ClIs) was in the range of 12—15, and that the shape of
the dose-response curve affected the optimum number of
doses. For compounds producing large responses over the
background (i.e., > fivefold), increasing the number of low
concentrations tested improves precision by decreasing the
ClIs for the BMDs and BMD,,,. Significant responses that
are less than threefold increases over the control usually
produce large BMDU Cls, as was the case for ENU and
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B[a]P (Fig. 4). With the exception of the responses gen-
erated by DMNA and MMS, the LECs for all the posi-
tive responses fell between the BMDs, and BMD,,. The
LECs for DMNA and MMS were much higher than their
corresponding BMD,,,. These results suggest that most
of the positive responses began at concentrations produc-
ing 1.5—-twofold or higher increases over the control, and
that the BMD approach is often more sensitive than the
LEC approach in determining the PoDs. In addition, BMD
values generated from four carcinogens (4-NQO, B[a]
P, ENU, and MMS) that were positive in both HepaRG
and HepG?2 cells had overlapping upper and lower BMD
ClIs, indicating that data generated from both cell types
are equally useful for deriving PoDs, at least for these
genotoxicants.

In conclusion, our results suggest that metabolically
competent HepaRG cells and HepG2 cells can be adapted
to the in vitro CometChip assay for quantifying DNA
damage over a wide range of concentrations. HepaRG
cells generally were superior to HepG2 cells in terms of
detecting chemical-induced cytotoxicity and genotoxicity,
especially for detecting the effects of indirect-acting geno-
toxic carcinogens. The HepaRG CometChip assay showed
an overall sensitivity of 80% for genotoxic carcinogens
requiring metabolic activation. Notably, the HepaRG
CometChip assay had a specificity of 100% for identifying
potential genotoxic carcinogens, as none of the 16 nongen-
otoxic compounds and genotoxic non-carcinogens tested
positive in the assay. However, further studies are required
to explore how the responses in HepaRG and HepG2 cells
compare to those in PHHs and whether the sensitivity
of the assay can be improved, especially by altering the
treatment and/or sampling time. Our study also demon-
strated improvement in the precision of BMD analysis by
increasing the number of chemical concentrations that are
tested. The integration of the HTHC HepaRG genotoxicity
assay with quantitative analysis is a promising approach
for evaluating human in vivo hazard by providing data in
a scientifically rigorous manner.
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