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ABSTRACT

Rainbow trout cell cultures were exposed to three genotoxicants and examined for effects on
YH2AX and p53 levels by western blotting and on cell viability using the indicator dyes Alamar
Blue (AB) for energy metabolism and 5'-carboxyfluorescein diacetate acetoxymethyl ester
(CFDA-AM) for plasma membrane integrity. Bleomycin induced YH2AX and p53 in a dose- and
time-dependent manner and had little cytotoxic effect. However, induction was first seen at 0.26
uM for yYH2AX but not until 16.52 uM for p53. Methyl methanesulfonate (MMS) increased
H2AX phosphorylation but diminished p53 levels as the dose was increased from 908 uM up to
2724 uM. Over this dose range cell viability was progressively lost. 4-nitroquinoline N-oxide
(NQO) induced both YH2AX and p53, beginning at 62.5 nM, which was also the concentration at
which cell viability began to decline. As the NQO concentration increased further, elevated
YH2AX was detected at up to 2.00 uM, while p53 was elevated up to 1.00 uM. Therefore, H2AX
phosphorylation was superior to p53 levels as a marker of DNA damage caused by genotoxicants
that act by introducing double-stranded DNA breaks (bleomycin), alkyl groups (MMS), and
quinoline adducts (NQO).

Key words: genotoxicity; cytotoxicity; YH2AX; p53; fish; cell lines

Abbreviations:

AB Alamar Blue

CFDA-AM 5'-carboxyfluorescein diacetate acetoxymethyl ester
DDR DNA damage response

DSB Double-stranded break

MMS Methyl methanesulfonate

NQO 4-nitroquinoline N-oxide

RT Rainbow trout

1. INTRODUCTION

Rainbow trout (RT), Oncorhynchus mykiss (Walbum), and RT cell lines are increasingly
being used to study and detect the genotoxicity of environmental contaminants and of
commercial products that might reach the aquatic environment (Antunes et al., 2016; Capkin et
al., 2017; Rodrigues et al., 2016; Vacchi et al., 2016; Zeng et al., 2016a). O. mykiss is used
because the species is widely distributed, easily maintained in the laboratory, and has long been
used in research, especially in toxicology (Wolf & Rumsey, 1985). RT cell lines have been
developed from most tissues and organs of this species and are collectively referred to as the RT
invitrome (Bols et al, 2017). Their experimental advantages include savings in cost and time,

simplified design and dosing, and reducing the use of animals (Bols, 1991). In environmental
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toxicology, they can be used to detect and rank toxicants and to identify and evaluate biomarkers
(Bols et al., 2005; Schirmer, 2006). Biomarkers can be used in vivo to determine whether fish
have been exposed to and impacted by a particular toxicant or toxicant class. For genotoxicants,
biomarkers might be sought among the proteins involved in the DNA damage response (DDR),
which is the collection of mechanisms for ameliorating DNA damage and involves proteins that
detect DNA lesions, signal their presence, and promote their repair (Jackson & Baretek, 2009).
However, relatively little is known about the DDR in RT cell lines. Two DDR proteins that

might be used as biomarkers of genotoxicants are H2AX and p53.

H2AX is the X variant of histone 2A and undergoes phosphorylation in response to DNA
damage (Fernandez-Capetillo et al. 2004), while p53 is a central regulatory protein of many
fundamental activities including DNA repair (Vogelstein et al., 2000ab) and can accumulate in
response to DNA-damaging agents (Fritsche et al., 1993). Upon the formation of double-
stranded DNA breaks (DSB) via oxidative stress, replicative stress, enzyme activity, chemical
exposure, or ionizing radiation, the Mrell1-Rad50-Nbsl (MRN) end-processing and sensor
complex interacts with DNA proximal to the break through Rad50 (van den Bosch et al., 2003).
Nbsl is required in order to recruit Ataxia telangiectasia mutated (ATM) to lesions, while Mrel1
possesses endonuclease activity (Ackermann & El-Deiry, 2008; Furuta et al., 2003; Stracker &
Petrini, 2011; van den Bosch et al., 2003). ATM, a sensor of the phosphoinositide-3-kinase
(PIKK) family, along with ataxia telangiectasia and Rad3-related (ATR) and the DNA protein

kinase catalytic subunit (DNA-PK), phosphorylate Ser139 of mammalian H2AX in the C’-

terminal SQ motif, and the result is commonly referred to as YH2AX (Rogakou et al., 1998;

Shiloh, 2003). The regulation of p53 activity and expression is complex. Some post-translational
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modifications include ubiquitylation, methylation, ~ADP-ribosylation, glycosylation,
SUMOylation (small ubiquitin-like modifiers), NEDDylation (neural precursor cell expressed,
developmentally down-regulated &), acetylation, and phosphorylation at multiple sites
(Vogelstein et al., 2000b, Zhou et al., 2017). Although mammalian cell lines have been used
intensively to study H2AX and p53 regulation, the focus has most commonly been to understand
the development and treatment of tumors (Mantovani et al., 2017; Tran et al., 2017) rather than
for an environmental purpose. However, several human cell lines have shown to be useful for

assessing the genotoxicity of polycylic aromatic hydrocarbons (PAHs) (Audebert et al., 2010).

Relatively few studies have been done on H2AX and p53 in RT and RT cell lines. H2AX was
phosphorylated in fish after exposure to tritiated water (Festarini et al., 2016) and in the cell
lines, RTgill-W1 and RTH-149, upon exposure to cadmium (Krumschnabel et al., 2010). Thus,
YH2AX would appear to be a biomarker for DNA damage in RT but studies on more classical
DNA damaging agents would help to confirm a relationship. Studies on p53 in RT cell lines hint
at p53 behaving slightly differently in RT cells than in mammalian cells. Several DNA damaging
agents that induced p53 in mammalian cells failed to increase p53 levels in RTL-W1 (Embry et
al., 2006) and RTbrain-W1 (Liu et al, 2011). Also, two p53 inhibitors, 2-
phenylethynesulfonamide and pifithrin-o,, had off-target actions on RTgill-W1 (Zeng et al.,

2014; 2016b). Thus, more studies are needed on H2AX and p53 in RT cell lines.

In the current study, changes in H2AX phosphorylation and p53 levels were investigated in
RTbrain-W1 in response to three model DNA-damaging compounds: bleomycin (BLEO),

methyl methanesulfonate (MMS), and 4-nitroquinoline N-oxide (NQO). Although the capacity
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of this cell line for xenobiotic metabolism has yet to be explored, RTbrain-W1 was used because
it has been characterized previously for expression of several genes in the DDR (Liu et al., 2011;
Steinmoeller et al., 2009) and because recent mammalian research has shown surprising roles for
the DDR in the brain. DNA repair is now being viewed as an essential part of brain physiology
(Suberbielle et al., 2013) and alterations in DNA repair are associated with neurodegenerative
diseases (Merlo et al., 2016) and stress (Hare et al., 2018). The compounds were chosen because
their mode of genotoxicity is reasonably well known in yeast and in mammals. Bleomycin
generates double-stranded breaks (DSBs) (Povirk, 1996) which are repaired by homologous
recombination (HR) or non-homologous end joining depending on cell phase (Thompson, 2012).
MMS monoalkylates DNA (Beranek, 1990; Ma et al., 2011), causing single-stranded breaks
repaired by base excision (Pascucci et al., 2005), or HR upon replication-dependent double-
stranded breaks (Nikolova et al., 2010). NQO metabolites form quinoline adducts (Galiegue-
Zouitina et al., 1985; Kohda et al., 1991) that can be repaired by nucleotide excision repair
(Snyderwine & Bohr, 1992), or when left unrepaired, leads to DSBs and chromosomal
rearrangements (Briisehafer et al., 2016). They were also chosen because their actions on
mammalian cell lines have been intensively studied (Arima et al., 2006; Banath & Olive, 2003;
Khoury et al., 2016; Liu et al., 2014; Schroeder et al., 2014; Valentin-Severin et al., 2003; Wang
et al.,, 2013). Our results showed that when RTbrain-W1 cells were exposed to these
genotoxicants, YH2AX levels were elevated in a dose- and time-dependent fashion, suggesting
that H2AX phosphorylation might be a good biomarker of genotoxicant exposure in rainbow

trout.

2. MATERIALS AND METHODS
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2.1 Chemicals

Biomarker testing was performed using methyl methanesulfonate (MMS; CAS 66-27- 3,
#129925), 4-Nitroquinoline N-oxide (NQO; CAS 56-57-5, #N8141), and bleocin (proprietary
name for bleomycin, referred to as BLEO; CAS 55658-47-4, #203408-M) that were all
purchased from Sigma-Aldrich. 4-NQO was dissolved in dimethyl sulfoxide (DMSO; CAS 67-
68-5, #472301) from Sigma-Aldrich for dosing. The final concentration of DMSO in media was
0.5% v/v, which is not cytotoxic on its own to cells (Schnell et al., 2009). BLEO and MMS were
dissolved in ultrapure deionized water for dosing, where the solvent never exceeded 1% of total
exposure volume. These solvents were used as mock-treated negative controls for exposure of

the respective chemicals they were used to dissolve.

2.2 Cell cultures and exposure

Testing was performed in an adherent glial cell line cultured from the brain of rainbow trout
(Onchorhynchus mykiss) named RTbrain-W1, which has seen limited use in the literature
(Fischer et al., 2011; Liu et al., 2011; Loncar et al., 2010; Steinmoeller et al., 2009; Vo et al.,
2015). Cells were routinely grown in 75 cm? (T75) polystyrene tissue culture flasks (BioLite,
Thermo Fisher Scientific) at room temperature (RT; 20 &+ 2 °C) in L-15 basal medium (HyClone,
GE Healthcare) supplemented with 15% fetal bovine serum (FBS; Gibco, Thermo Fisher
Scientific) and a 1% penicillin-streptomycin cocktail (P/S; HyClone, GE Healthcare). Routine
passaging and seeding was performed using 0.25% v/v trypsin (HyClone, GE Healthcare) diluted
in Dulbecco’s phosphate-buffered saline (DPBS; from HyClone, GE Healthcare), and cells were

used between their 5™ and 25 passages.

Prior to exposing cells to genotoxicants or solvent only for controls, cells were removed from
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T75s by trypsinization and centrifuged (3,000 RPM for 5 min at 18 °C). The trypsin was
removed, and cells were seeded on either a 96-well plate or a 6-well plate (BioLite, Fisher
Scientific) for cytotoxicity tests or western blots, respectively, in L-15 with 15% FBS and 1%
P/S for 24 h at RT. All genotoxicant exposures occurred in medium of L-15 with 10% FBS and

1% P/S.

2.3 Cytotoxicity

Cytotoxicity in cultures was evaluated through phase contrast microscopy observations and
the use of the two fluorescent indicator dyes, Alamar Blue (AB; Invitrogen) and 5-
carboxyfluorescein diacetate acetoxymethyl ester (CFDA-AM; CAS 124412-00-6, Sigma-
Aldrich). The microscopy approach had two particular strengths. The phase contrast observations
allowed cytotoxicity to be evaluated in the very same cultures that were actually going to be
analyzed by western blotting. They also indicated the exposure concentrations and times at
which cytotoxicity was just starting to be expressed, which was observed with cell rounding and
striation of cellular junctions, and at which cytotoxicity was complete, which was observed by
detachment of cells and the appearance of cellular debris. The indicator dyes provided
confirmation of these two extreme ends of the cytotoxicity responses and quantified cell viability
in cultures undergoing exposure conditions that elicit responses in between these two extremes.
The phase contrast observations were made on cultures in 6 to 8 independent experiments. The

indicator dyes were applied to cultures in 2 independent experiments.

The AB and CFDA-AM were applied to cultures in 96-well plates as described previously in
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a step-by-step protocol (Dayeh et al., 2005, 2013). The AB stock solution comes in water, and
was diluted in DPBS to form a working solution of 5% v/v, and the CFDA-AM was solubilized
in DMSO to form a 4 mM stock, which was further diluted to a working solution of 4 uM. Both
AB and CFDA-AM can be applied individually as outlined previously (Ganassin & Bols, 2000).
However, in all experiments AB was combined with CFDA-AM so that the two different
viability endpoints were simultaneously measurable on the same culture wells, as performed

previously (Schirmer et al., 1997).

To prepare experiments, cells were trypsinized and removed from T75s as described above.
Following centrifugation (3,000 RPM for 5 min at 18 °C) to remove trypsin, 200 pL of cells in
growth medium were seeded on a 96-well multiplate at a density of 4x10* cells per well. All
wells were inoculated except the top row, which was to be kept void of cells as a zero during
spectrophotometry for media containing genotoxicants. Plates were sealed in Parafilm and
incubated in the dark at RT for 24 h. Once a dilution series of the genotoxicant to be tested was
made and ready to be administered, the growth medium was aspirated and cells were treated with
200 pL of the genotoxicant dilution in described exposure medium, resealed, and incubated for
24 h in the dark at RT. The bottom row of the plate was not dosed, but rather left in original
growth medium as an internal control to ensure that the mechanical effect of dosing had no
significant impact on viability. Thus, 6 wells from each column were subjected to genotoxic
challenge, with two columns set aside for a mock-treatment solvent control and a positive control
for loss of viability, which was 4.54 mM MMS. The remaining 10 columns were challenged with
various concentrations of the genotoxicant. Following 24 h exposure, the entire plate was

aspirated, gently washed twice with DPBS and incubated with 100 puL of the working solution
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for 1 h at RT in the dark. Relative fluorescent units (RFUs) of each well were then measured
with a fluorescence multiplate reader, the CytoFluor 4000 (PerSeptive Biosystems). RFUs from
the untreated and positive control rows were used for the experimenter’s reference only, and
were not included in calculations. The top row was averaged and subtracted from the mean of
each treatment column in order to correct for background absorbance. The corrected mean values
(n=6 per concentration) of the 10 experimentally treated columns were normalized to the mean
corrected mock-treated control. RFUs were subjected to ANOVA, and when p < 0.05, the
Dunnett multiple comparisons test was applied. Mean RFUs for each genotoxicant treatment
were expressed as a percentage of the control RFUs and plotted as percent cell viability. The

standard deviation of each mean was shown by error bars.

2.4 Cell lysis and protein extract preparation

After treatment, cells were washed with DPBS and scraped off the surface of 6-well plates.
The cells were then centrifuged (3,000 RPM for 5 min at 4 °C) to remove the supernatant, and
the pellet was lysed in ice-cold modified radioimmunoprecipitate assay (RIPA) buffer (50 mM
HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate)
supplemented with Halt protease inhibitor (Roche). Cell debris was separated via centrifugation
(14,800 RPM for 10 min at 4 °C) and protein concentration of each lysate supernatant was
assayed by a bicinchoninic acid (BCA) kit (Pierce) using a VICTOR X3 1420 multilabel plate

reader (PerkinElmer Inc.). Samples were kept on ice at all times.

2.5 Electrophoresis and Immunoblotting
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Protein extracts were prepared for electrophoresis by addition of Laemmli buffer (0.0005%
bromophenol blue, 10% glycerol, 2% SDS, 63 mM Tris-HCI, pH: 6.8) containing 0.1% [-
mercaptoethanol and boiling for 10 min. After resting on ice, 50 pg aliquots of each sample were
resolved in 12% polyacrylamide gels via SDS-PAGE using a Mini-Protean™ electrophoretic
apparatus (Bio-Rad). Extracts were electrophoretically transferred to a 0.2 um nitrocellulose
membrane (Bio-Rad) using a Trans-Blot® Turbo™ semi-dry transfer system (Bio-Rad) and
Bjerrum Schafer-Nielsen buffer (48 mM Tris, 39 mM glycine, 20% MeOH, pH: 9.2), and stained
for extract quality and equal loading by Ponceau stain (Sigma). Blots were blocked in tris-
buffered saline with Tween-20 (TBS-T; 136 mM NaCl, 2.68 mM KCI, 24.8 mM Tris base, 0.1%
Tween-20) containing 5% bovine serum albumin (BSA, Sigma) for 1 h at RT with shaking or

statically overnight at 4 °C.

Blots were then sequentially incubated with rabbit anti-B-actin polyclonal antibody (A2066,
Sigma) at a 1:1,000 dilution in blocking buffer for 1 h at RT with shaking. After washing with
TBS-T, blots were incubated with rabbit anti-yH2AX monoclonal antibody (9718, CellSignal) at
a 1:1,000 dilution in blocking buffer overnight at 4 °C. The antibody specifically recognizes
pSer139 of the H2AX C’-terminus, and not the unphosphorylated residue. After washing with
TBS-T, blots were incubated overnight at 4 °C with rabbit anti-p53 polyclonal antibody (Liu et
al., 2011) at a 1:1,000 dilution in blocking buffer. Finally, blots were washed with TBS-T and
incubated for 1 h with a goat anti-rabbit secondary IgG antibody conjugated to horseradish
peroxidase (HRP) (Bio-Rad) at a 1:5,000 dilution in TBS-T with 5% skim milk for 1 h at RT
with shaking. Blots were washed in TBS-T and developed for 10 min in the dark with Clarity™

ECL substrate (Bio-Rad), and imaged using a ChemiDoc™ MP imaging system (Bio-Rad). Post-
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image processing was performed using ImageLab™ software (Bio-Rad). All detections for each
blot are from the same membrane (ie. p53, actin, YH2AX). In Fig. 4, antibody detections from

low and high doses are from the same exposure, and were processed together.

2.6 Immunocytochemical staining of yH2AX

Cultures exposed to bleomycin were examined by immunocytochemistry for nuclear foci of
YH2AX staining. This was done for YH2AX because as the research unfolded, this seemed to be
the most promising biomarker and because bleomycin could be studied without the
complications of cells dying in the cultures. Cells were suspended in growth medium at a density
of 1x10° cells/mL and 1 mL of the suspension was seeded into Nunc™ Lab-Tek™ slideflasks
(Thermo Fisher Scientific), sealed with Parafilm, and allowed to adhere in the dark at RT for 24
h. One slideflask was dosed only with solvent (H,O) to serve as a mock-treated control; a second
received 1 mM H,0, (Sigma-Aldrich) for 24 h at RT for the expected generation of foci as a
positive control; and a third was set aside with no 1° antibody treatment to account for any
background signal caused by non-specific binding of the 2° antibody. The remaining six flasks
were dosed with 8.26 uM bleomycin, resealed with Parafilm, and incubated at RT in the dark
until various time points. After exposure, medium was removed by aspiration and cells were
gently rinsed twice with cold DPBS and fixed with paraformaldehyde (3% in DPBS) at 4 °C for
20 min, followed by permeabilization with 0.1% v/v Triton X-100 in DPBS for 10 min at RT.
Slideflasks were then blocked overnight (3% v/v BSA, 10% v/v goat serum, 0.1% v/v Triton X-
100; in DPBS) at 4 °C. After aspiration, 1°rabbit anti-yH2AX monoclonal antibody at a
concentration of 1:1000 in the described blocking buffer was added to all slides except for

2° antibody control. Following 1 h incubation at RT with shaking, the wells were rinsed twice
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and the 2°antibody, goat anti-rabbit AlexaFluor® 488 (Thermo Fisher Scientific) at a
concentration of 1:8,000 in DPBS, was applied to all flasks. The slide was incubated at RT with
shaking in the dark for 1 h prior to removal of unbound antibody by aspiration. The wells were
rinsed twice and mounted with Fluoroshield™ (Thermo Fisher Scientific), which contains the
nuclear stain DAPI (4',6-Diamidine-2'-phenylindole dihydrochloride). Slides were left at RT in
the dark for 24 h, and then examined with a Carl Zeiss LSM 700 confocal microscope. Post-
image processing was performed using the supplied software, ZEN 2011. On three independent
occasions, cultures that had been exposed to bleomycin were stained and viewed by confocal
microscopy as described above. For one set of cultures, a scoring system was developed to
illustrate how the YH2AX staining patterns of cultures might be quantified. The DAPI-stained
nuclei were categorized into four types (A, B, C & D) based on a system that Festarini et al
(2016) used for YH2AX detection of cell suspensions from rainbow trout. The precise definitions

of the categories for RTbrain-W1 are given in the legend of Fig. 5.

3. RESULTS
3.1 Effect of NQO on cell viability

NQO exposures of 24 h caused a loss of cell viability in RTbrain-W1 cultures. Cells
remained attached to the plastic surface and retained their bipolar morphology in cultures dosed
with up to 500 nM NQO (Fig. 1A). At 1,000 nM NQO, many cells had rounded, and at higher
concentrations most cells had completely detached. AB readings were significantly diminished at
62.5 nM NQO, while a decrease in CFDA-AM readings was not seen until 250 nM, suggesting
again that the genotoxicant impaired energy metabolism before plasma membrane integrity (Fig.

2A). At the highest NQO concentrations (1,000 to 8,000 nM), neither AB nor CFDA-AM

12
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readings were recorded because the detached and detaching cells had been removed with the

medium changes necessary before the indicator dyes were added to the culture wells.

3.2 Effect of NOQO on yH2AX and p53 levels

As evaluated by western blotting, the addition of NQO to RTbrain-W1 cultures increased
YH2AX and p53 levels in a dose- and time-dependent manner (Fig. 3A & 4A). H2AX
phosphorylation and elevated p53 levels were first noted at a concentration where energy
metabolism began to be impaired, 62.5 nM (Fig 2A), and increased with increasing NQO
concentrations up to 250 nM (Fig. 3A). At 1,000 and 4,000 nM NQO, the signals for p53 and
YH2AX were completely lost, respectively (Fig. 3A). These were concentrations with no viable
cells in the culture (Fig. 2A). As for time-dependent response, exposures to 250 nM NQO, a
concentration that impaired energy metabolism (Fig. 2A), caused an elevation in p53 as early as
2 h after dosing and in H2AX phosphorylation after 12 h (Fig. 4A). However, with 1,000 nM
NQO, H2AX phosphorylation was seen as early as 2 h after dosing, but p53 levels declined over
time (Fig. 4C) as did cell viability. Therefore, both YH2AX and p53 induction appeared to

indicate DNA damage by NQO but only as the cells began to die.

3.3 Effect of MMS on cell viability

MMS exposures of 24 h caused a loss of cell viability in RTbrain-W1 cultures. Cells rounded
up but largely remained on the culture surface with 681 uM MMS (Fig. 1B). However, as the
concentration was increased up to 2,724 uM, more cells completely detached from the surface
(Fig. 1B). At 908 uM MMS, energy metabolism was impaired as evaluated with AB, whereas

plasma membrane integrity as measured with CFDA-AM was unchanged (Fig. 2B), suggesting

13
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that an impairment of energy metabolism is an early consequence of MMS exposure. At 1,589
uM and higher, plasma membrane integrity was compromised (Fig. 2B), with approximately an

80% decline at the highest MMS concentration, 2,497 uM.

3.4 Effect of MMS on yH2AX and p53 levels

The addition of MMS to RTbrain-W1 cultures increased H2AX phosphorylation in a dose-
dependent manner but not p53 levels (Fig. 3B). Without any exposure to genotoxicants (ie.
control cultures), no signal was seen for YH2AX (Fig. 3B & 4B), while the p53 signal was
usually faint (Fig. 3B). MMS at 908 uM was a pivotal concentration. This was the lowest
concentration at which a consistent induction of YH2AX was detected (Fig. 3B) and at which a
sign of cytotoxicity, a diminishment in AB readings, was observed (Fig 2B). As concentrations
were increased above 908 uM, YH2AX signal became stronger while the p53 signal declined
along with cell viability (Fig. 3B). The time course for H2AX phosphorylation began at 12 h and
became stronger at 24 h (Fig. 4B). A time course for p53 was not systematically studied because
a diminishment rather than an increase in levels of this protein was seen over 24 h (Fig. 3B).

Therefore, only H2AX phosphorylation appeared to indicate DNA damage by MMS.

3.5 Effect of bleomycin on cell viability

Bleomycin had no apparent effects on the viability of RTbrain-W1 cells as judged by the
appearance of cells under the phase contrast microscope and by the indicator dyes, AB for
energy metabolism and CFDA-AM for plasma membrane integrity. In monolayer cultures that
had been dosed at up to 264 uM of bleomycin, no changes in cellular morphology (Fig. 1C),

energy metabolism, and plasma membrane integrity (Fig. 2C) were observed over 24 h of
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exposure. The same results were obtained even when the concentration had been increased up to

5.29 mM.

3.6 Effect of bleomycin on yH2AX and p53 levels

As evaluated by western blotting, the addition of bleomycin to RTbrain-W1 cultures increased
YH2AX and p53 levels in a manner that was dose- (Fig. 3C) and time-dependent (Fig. 4C). For
dose, an increase in YH2AX was seen at concentrations as low as 0.26 uM, while the lowest
concentration increasing p53 was 16.53 uM, approximately 60-fold higher. The highest
bleomycin dose, 264.44 uM, elicited the strongest signal for both yYH2AX and p53 (Fig. 3C). For
time (Fig. 4C), YH2AX was elevated as early as 2 h of exposure, while p53 induction was first

seen after a 12 h exposure.

Immunocytochemical staining of cultures for YH2AX revealed four types of nuclei (Fig. 5A).
Nearly all the nuclei in control cultures had no YH2AX staining (Fig. SB). After 2 h treatment
with 8.26 uM bleomycin, three additional nuclear staining patterns were seen: some nuclei had a
few intensely stained foci of YH2AX; others had too many foci to conveniently count; and in
others the staining was so intense that the nuclei appeared completely stained (Fig. SA). By 4 h,
over 50% of the nuclei stained for YH2AX and this continued for up to 24 h. Therefore, YH2AX
staining clearly indicated DNA damage in RTbrain-W1 cells 4 to 24 h after the addition of

bleomycin.

4. DISCUSSION
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H2AX phosphorylation was superior to p53 levels as a marker of DNA damage caused by the
model genotoxicants, especially for MMS and NQO. For MMS, YH2AX was induced in a dose-
dependent fashion but p53 levels declined as the dose increased. These contradictory responses
occurred at concentrations that were starting to impair cell viability. In these experiments all
cells in cultures, including detached, dead, and dying cells, were collected by low speed
centrifugation (3,000 RPM for 5 min at 4 °C) into a pellet that was processed for western
blotting. The nuclear chromatin location of YH2AX likely meant that all the YH2AX in cultures
was anchored in nuclei and collected in the pellets. By contrast, as a protein whose levels are
constantly being modulated by several different degradation mechanisms (Tsvetkov et al., 2010)
and as a protein that shuttles between the cytoplasm and nucleus (Saha et al., 2016), p53 in dead
and dying cells might be more rapidly degraded and/or more easily leak out of nuclei into the
supernatant, which was not analyzed in the current study. This could explain the concurrent
decline in p53 levels and cell viability as the MMS dose increased. For NQO, p53 was elevated
earlier than YH2AX but the concentration range that triggered H2AX phosphorylation was much
wider. As with MMS, the responses to NQO were seen as cultures started to show declines in
cell viability and so the problem of p53 being lost from dying and dead cells likely accounted for
YH2AX but not p53 being detected in cultures treated with 1,000 nM NQO. At higher
concentrations, the cell killing was likely so early in the 24 h exposure that the cells did not have

time to phosphorylate H2AX.

For bleomycin, both YH2AX and p53 were elevated. However, YH2AX was elevated at a dose
as low as 0.26 uM and with 132.22 uM as early as 2 h. By contrast 8.26 uM of bleomycin and a

12 h exposure was needed for p53 to be elevated. Also, a variable constitutive level of p53
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protein was seen, making induction more difficult to detect and might explain the past failures to
see changes in p53 levels with bleomycin and fish cells in vitro (Embry et al., 2006; Liu et al.,
2011). Overall, from the perspectives of sensitivity and methodology YH2AX was a more robust

marker of DNA damage by the three test compounds.

NQO and MMS elicited DNA damage in RTbrain-W1, as judged by the phosphorylation of
H2AX, but over different concentration ranges. Of all the compounds, NQO induced YH2AX at
the lowest concentration, 62.5 nM. This was also the concentration at which NQO began to
impair cell viability as measured with Alamar Blue. At 2 uM NQO, YH2AX signal was still
detected but all the cells were dead by all measures of cell viability. For MMS, much higher
concentrations were needed. DNA damage, and concurrently an impairment in cell viability,
began at 908 uM, and continued up to 2,724 uM. In mammalian cells, the genotoxicity and
cytotoxicity of NQO and MMS have been compared on several occasions, and although the
exposures and endpoints have varied, several generalizations can be drawn. NQO is a more
potent genotoxicant and cytotoxicant than MMS, with NQO and MMS eliciting responses in the
micro- and milli-molar ranges, respectively (Valentin-Severin et al., 2003; Khoury et al., 2016).
Expression of phosphorylated H2AX has often been observed at concentrations where some
measure of cell viability declined (Banath & Olive, 2003). For example, NQO and MMS
strongly induced YH2AX in cultures of human cell lines at concentrations where the relative cell
count declined (Khoury et al., 2016). Thus, both a DNA-alkylating (MMS) and an adduct-
inducing (NQO) genotoxicant caused DNA damage and cytotoxicity in the rainbow trout cells at

similar concentrations as in mammalian cells. However, bleomycin behaved differently in

RTbrain-W1.
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Bleomycin caused DNA damage in the rainbow trout cells but was not cytotoxic. As judged
by H2AX phosphorylation in western blots, DNA damage occurred in RTbrain-W1 cells at
bleomycin concentrations from as low as 0.26 uM to as high as 5.29 mM, with slight or no
changes in cell viability. Bleomycin has been reported to induce H2AX phosphorylation in a
wide variety of mammalian cells (Banath & Olive, 2003; Liu et al., 2014; Tomilin et al., 2001;
Watters et al., 2009) and the common endpoint has been the appearance of YH2AX foci in nuclei
(Watters et al., 2009; Tomilin et al., 2001). In these mammalian cell studies, an increase in
H2AX phosphorylation has been seen at bleomycin concentrations as low as 0.07 — 0.7 uM
(Watters et al., 2009) and as high as 132.2 uM (Tomilin et al., 2001) and as early as 2 h after
exposure (Tomilin et al., 2001). RTbrain-W1 responded to similar concentrations and as quickly,
so the piscine and mammalian cells appear similarly sensitive to DNA damage by bleomycin. By
contrast, bleomycin at 16.53 uM and above is commonly found to be cytotoxic to mammalian
cells (Schroder et al., 2014), although under some circumstances bleomycin resistance has been
observed (Chen et al.,, 2012; Wang et al., 2013). In these circumstances, a reduction in
cytotoxicity has been attributed to culture conditions, such as hypoxia, to poor uptake, and to
metabolic inactivation (Sikic, 1986; Wang et al., 2013). These factors, acting independently or

together, could be contributing to the bleomycin resistance of rainbow trout cells.

NQO, bleomycin and MMS have been used occasionally by others to study genotoxic
endpoints in fish cells in vitro and briefly reviewing the results points to possible future research
directions in developing H2AX phosphorylation as a biomarker in ecotoxicology. The

genotoxicity of NQO has been studied with cell lines from goldfish (GEM 199) (Mitani et al.,
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1983), fathead minnow (FHM) (Walton et al., 1983), and rainbow trout (RTG-2 and RTO)
(Nehls & Segner, 2005; Walton et al., 1983) and with primary cultures from three different
rainbow trout tissues (Walton et al., 1984). The genotoxic endpoints have been the comet assay
(Nehls & Segner, 2005), the induction of oubain-resistant mutants (Mitani et al., 1983), and
unscheduled DNA repair synthesis (UDS) (Walton et al., 1983; 1984). NQO caused neither
mutation in GEM 199 (Mitani et al., 1983) nor UDS in primary intestinal cell cultures (Walton et
al., 1984), but did elicit responses in the other experimental systems, with the magnitude being
stronger in the cell lines than in the primary cultures (Walton et al., 1984). With respect to time
and dose required to elicit a response, the most sensitive of these was the comet assay in RTG-2
(Nehls & Segner, 2005). By contrast, the phosphorylation of H2AX in RTbrain-W1 required a
higher dose and longer exposure time. Differences in sensitivity might reflect differences in how
the two cell lines metabolize NQO. This might be explored further with other rainbow trout cell
lines, such as RTL-W1 and RTG-2, which in preliminary results responded like RTbrain-W1 to
bleomycin with elevated YH2AX. Bleomycin and MMS have been studied less frequently with
fish cells in vitro. Bleomycin caused UDS in rainbow trout hepatocytes that had been
permeablized with lysolecithin but this treatment bypasses the normal route of genotoxicant
uptake (Miller et al., 1989). MMS has been studied in a zebrafish cell line (ZF4) with the
endpoint being genome-wide changes in transcription (Li et al., 2016). Over 6,000 differentially
regulated genes were seen in ZF4 with MMS at a concentration and exposure time where H2AX
phosphorylation was first detectable in RTbrain-W1. Thus, RNA sequencing would appear to be
superior for detecting subtle/long term effects. The strength of YH2AX in fish cell lines might be
that this biomarker could more easily be incorporated into protocols for high throughput

screening (HTS) of environmental contaminants as have been described recently with a range of
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mammalian cell lines (Graepel et al., 2017). As well as the western blotting and
immunocytochemistry done here, the endpoint could also be evaluated by flow cytometry, which

has been used successfully with fish cells (Stuart et al., 2016).

5. CONCLUSIONS

In summary, the in vitro experiments of the current study support the use of yH2AX as a
biomarker of DNA damage in rainbow trout cell lines. Preliminary results show two other
rainbow trout cell lines, RTL-W1 and RTgill-W1, responded to bleomycin similarly to RTbrain-
W1. In future studies, one or more of these cell lines could be incorporated into protocols for
high throughput screening (HTS) of environmental contaminants as have been described recently
with a range of mammalian cell lines (Graepel et al., 2017). As well as providing predictive
information on sets of chemicals, such protocols could establish YH2AX as a genotoxicity
marker in fish. The endpoints could include western blotting or immunohistochemistry as done
here but another one could be flow cytometry, which has been used successfully with fish cells
(Stuart et al., 2016). Additionally, the strong induction of YH2AX without cytotoxicity by
bleomycin should make bleomycin/rainbow trout cell lines a good in vitro system for exploring
other participants in the DDR and to develop them as additional biomarkers for environmental

genotoxicants.
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Figure Legends

Figure 1: Phase contrast microscopy of RTbrain-W1 cells treated with genotoxicants for 24
h.

Phase contrast micrographs illustrate the appearance of cells 24 RTbrain-W1 after exposure to
NQO (A), MMS (B), and bleomycin (C). Images taken at 400X magnification. Scale bar represents
200 pm.

Figure 2: Effect of genotoxicants on cell viability in RTbrain-W1 cultures.

Cultures in 96-well plates were exposed to increasing concentrations of 4-nitroquinoline N-oxide
(NQO) (A), methyl methanesulfonate (MMS) (B) and bleomycin (C). After 24 h of genotoxicant
or solvent-only (control) exposure, cells were monitored with the fluorescent indicator dyes,
Alamar Blue (AB; blue squares) for energy metabolism and 5-carboxyfluorescein diacetate
acetoxymethyl ester (CFDA-AM; red triangles) for plasma membrane integrity. Results were
recorded as RFUs, and the means of each concentration (n=6) were normalized and expressed as
a percent of the control. Standard deviation is shown by error bars. Significant differences (p <
0.05) from the control are indicated with brackets under asterisks: for AB, a blue bar (upper) and
for CFDA-AM, a red bar (lower). For panel C, AB at the highest bleomycin concentration is the
only significantly different value from the control.

Figure 3: Effect of increasing concentration on YH2AX and p53 levels in RTbrain-W1 cells
treated with genotoxicants for 24 h.

RTbrain-W1 cultures were exposed to NQO (A) MMS (B), or bleomycin (C) and analyzed for
YH2AX and p53 induction after 24 h. Protein extracts were subjected to SDS-PAGE
electrophoresis and western blotting. Ponceau S staining of protein extracts for quality and loading
is shown at the top of the figures followed by detection of YH2AX, p53, and actin. The primary
antibodies used were a rabbit anti-B-actin polyclonal antibody (A2066, Sigma), a rabbit anti-
YyH2AX monoclonal antibody (9718, Cell Signal), and a rabbit anti-p53 polyclonal antibody made
in-house. The secondary antibody used was an HRP-conjugated goat anti-rabbit IgG. Each blot
represents one of two independent trials.

Figure 4: Effect of increasing exposure times on YH2AX and p53 levels in RTbrain-W1 cells
treated with genotoxicants.

RTbrain-W1 cultures were exposed to NQO (A) MMS (B), or bleomycin (C) at low or high
concentrations and analyzed for YH2AX and p53 induction at various time points up to 24 h.
Protein extracts were subjected to SDS-PAGE electrophoresis and western blotting. Ponceau S
staining of protein extracts for quality and loading is shown at the top of the figures followed by
detection of YH2AX, p53, and actin. The primary antibodies used were a rabbit anti-B-actin
polyclonal antibody (A2066, Sigma), a rabbit anti-yH2AX monoclonal antibody (9718, Cell
Signal), and a rabbit anti-p53 polyclonal antibody made in-house. The secondary antibody used
was an HRP-conjugated goat anti-rabbit IgG. Each blot represents one of two independent trials.
Antibody detections from low and high doses are from the same exposure, and were processed
together.

Figure 5: Categorization of nuclear YH2AX staining after various time points in RTbrain-
W1 cultures exposed to bleomycin.



After incubation with 8.26 mM bleomycin for up to 24 h, cultures were fixed immediately (Oh), or
after 2, 4, 12, or 24 h, and probed immunocytochemically for YH2AX (red) and counter-stained
with DAPI (blue). Cultures were then placed into four categories (A, B, C and D) based on the
intensity of their nuclear YH2AX staining pattern (A). The percentage of nuclei at each time point
in each category is shown graphically (B). Category A had no staining. For category B, the nuclei
had 1 to 8 yYH2AX foci. Category C had more than 8 distinct YH2AX foci. The YH2AX staining
was too intense to identify individual foci in category D. Scale bar represents 3 pm.



HIGHLIGHTS

e Three genotoxicants were studied on rainbow trout cells in vitro.

e Methyl methanesulfonate induced YH2AX but not p53.

e 4-nitroquinoline N-oxide induced both YH2AX and p53.

e Bleomycin induced YH2AX and p53, but YH2AX was more sensitive.



